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Abstract The alarming increase in extreme weather
events, such as severe storms with torrential rain and
strong winds, is a direct result of climate change.
These events have led to discernible shifts in for-
est structure and the carbon cycle, primarily driven
by a surge in tree mortality. However, the impacts
caused by these severe storms on the production and
carbon increment from coarse woody debris (CWD)
are still poorly understood, especially in the Brazil-
ian Atlantic Forest. Thus, the goal proposed by the
study was to quantify the CWD volume, necromass,
and carbon stock before and after the occurrence of
a severe storm and to determine the importance of
spatial, structural, and qualitative variables of trees in
the CWD carbon increment. The increase in carbon
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by the storm was 2.01 MgC ha~!, with a higher con-
centration in the CWD less decomposed and smaller
diameter class. The forest fragment plots showed dis-
tinct increments (0.05-0.35 MgC), being influenced
by spatial (elevation, declivity, and slope angle) struc-
tural (basal area) and qualitative factors (trunk qual-
ity and tree health), intrinsic to the forest. Thus, it is
concluded that severe storms cause a large increase in
carbon in CWD, making it essential to understand the
susceptibility of forests to the action of intense rains
and strong winds to model and monitor the future
impacts of these extreme weather events on Atlantic
Forest and other tropical forests in the world.

Keywords Necromass - Tree mortality - Climate
changes - Extreme weather events

Introduction

Extreme weather events have been increasingly fre-
quent due to climate change (Neumann et al., 2017,
O’Neill et al., 2017; Taccoen et al., 2021). Storms
with intense rains and strong winds, for example, have
been observed in recent years, causing changes in the
forests structure and the carbon cycle due to increased
tree mortality (Aleixo et al., 2019; Chao et al., 2022;
Crockett & Westerling, 2018; Klein & Hartmann,
2018; Taccoen et al., 2019). In tropical forests, mor-
tality from severe storms is estimated to cause car-
bon reductions in aboveground living biomass on

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10661-024-12316-8&domain=pdf
https://doi.org/10.1007/s10661-024-12316-8
https://doi.org/10.1007/s10661-024-12316-8

203 Page?2of 16

Environ Monit Assess (2024) 196:203

the order of approximately 1.7 PgC year™! (Espirito-
Santo et al., 2014a; Silvério et al., 2019).

The impacts generated by these events on tree mor-
tality are influenced by storm strength (Canham et al.,
2010), topography (de Toledo et al., 2012), forest
structure (Schwartz et al., 2017), and the trees’ quali-
tative, physical, and anatomical characteristics (Rifai
et al., 2016). The way in which these variables inter-
act during the event determines the damage severity
caused to trees, ranging from crown or trunk break-
age or even the toppling of entire trees (Chao et al.,
2009; de Toledo et al., 2013; Fontes et al., 2018).

All these types of damage caused to trees increase
the coarse wood debris (CWD) production, impact-
ing the carbon cycle (Lladé et al., 2017; Malhi et al.,
2011). Initially, CWD accumulates under the forest
floor, storing substantial amounts of carbon (Kohl
et al., 2015). It is estimated that the carbon enclosed
within CWDs may endure retention for over 30 years
in tropical climate forests (Barbosa et al., 2017,
Yizhao et al., 2015). In subsequent phases, this car-
bon can be incorporated into the soil (dos Santos
et al., 2016) or returned to the atmosphere due to the
decomposition process (Brienen et al., 2015; Harmon
et al., 2020). This carbon loss can potentially be off-
set by the recruitment and growth of remaining trees
(Chambers et al., 2004).

While there exists a comprehensive understand-
ing of tree damage and carbon cycle, the impact of
severe storms on CWD production and carbon stock
remains insufficiently investigated, especially within
the ecosystem of the Atlantic Forest (Espirito-Santo
et al., 2014a, b). This knowledge gap is significant
due to the unique ecological characteristics of the
Atlantic Forest, coupled with its susceptibility to
extreme weather events (Bellard et al., 2014; Scarano
& Ceotto, 2015).

A factor contributing to this limited knowledge
is the stochastic nature of extreme weather events,
which makes it difficult to predict when they will
occur (Cushman et al., 2021; Ye et al., 2021). Another
challenging factor is the understanding of the carbon
stock existing in the CWD before the occurrence of
the storm. Generally, necromass forest inventories
are carried out once and using temporary sampling
methods (Maas et al., 2020; Moreira et al., 2019;
Russell et al., 2015), without recording the identity
of the CWD that were measured. However, this type
of approach makes it difficult to understand possible
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changes in the CWD carbon stock over time (Gora
et al., 2019; Palace et al., 2012). Therefore, the use
of permanent plots with the prior identification of
CWD measured before the occurrence of the storm
is essential to have accurate estimates of the impact
of storms on the CWD carbon increment (Campbell
et al., 2019; Gora et al., 2019; Villanova et al., 2019).

This study was conducted following these guide-
lines, with CWD being identified and measured in
permanent plots before and after the occurrence of
a severe storm in the municipality of Vigosa (Minas
Gerais State, Brazil), which impacted fragments of
seasonal semideciduous forests in the region (Emer-
ick & Martini, 2020; INMET, 2021). Thus, the goal
proposed for the study were (i) quantify the CWD
volume, necromass, and carbon stock before and
after the occurrence of a severe storm to determine
the impacts of this extreme climatic event on the
increment of these parameters and (ii) determine the
importance of spatial, structural, and qualitative vari-
ables of trees in the CWD carbon increment.

Material and methods
Study area

The research was conducted within a 17-ha secondary
fragment of Atlantic Forest, referred to as “Mata da
Silvicultura,” situated in Vigosa, Minas Gerais State,
Brazil (Fig. 1). The area has pedogeomorphological
gradients, featuring aluminum-rich dystrophic lato-
sols at hilltops, colluvial ramps with shallow latosols,
and cambic horizons, while the lower areas of the
groves are characterized by a prevalence of nutrient-
rich epieutrophic cambisols (Ferreira Junior et al.,
2012). The topographic characteristics, including
declivity, slope angle, and elevation (Table Al and
Fig. Al), were characterized using digital elevation
models developed by the Topodata project (INPE,
2011), which provides refined data from the Shuttle
Radar Topography Mission (SRTM) for the Brazilian
region (Valeriano & Rossetti, 2012).

The vegetation in the area falls under the clas-
sification of seasonal semideciduous forest (IBGE,
2012). The studied forest fragment is currently in an
intermediate stage of regeneration (da Rocha et al.,
2020), where the quadratic mean diameter and total
height of trees range from 10 to 20 cm and 5 to 12
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Fig. 1 Location of the
studied Atlantic Forest frag-
ment. Figure adapted from
Villanova et al. (2023). The
map was generated using
QGIS 3.10.6—http://qgis.
osgeo.org (QGIS.org, 2020)
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m, respectively (Brasil, 2007). A forest inventory
was executed in 2016. We measured all standing
trees with a diameter at breast height (dbh) > 5 cm
(Table 1). Subsequently, we calculate the floristic
composition, phytosociological parameters, and den-
drometric variables.

The study site experiences a Cwa climate classifi-
cation according to Koppen’s system, characterized by
an average temperature of 19.9°C, humidity levels of
79.9%, and an annual average precipitation of 1269.4
mm (UFV, 2021). The severe storm considered in

this study occurred on October 25, 2019 (Emerick
& Martini, 2020). The strongest wind gusts reached
82.40 km h™! and their directions varied between
south-southeast, south-southwest, and west-south-
west (Emerick & Martini, 2020). The precipitation
recorded during the first hour of this extreme weather
event was 67 mm. The accumulated rainfall for the
5-h period was 112.4 mm (INMET, 2021), exceeding
the historical average of precipitation for the refer-
ence month recorded between the years 1968 to 2019
(Fig. 2). Given these numbers, this severe storm can
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Table 1 Floristic

L Variables Plots
composition,
phytosociological 1 2 3 4 5 6 7 8 9 10
parameters and
dendrometric variables, Botanical families 22 26 23 21 21 18 23 15 28 21
per plot, of “Mata da Botanical genera 38 45 37 37 33 32 38 29 45 40
Silvicultura™ in 2016. Plots Identified species 147 141 130 123 93 108 120 160 192 132
size: 20 m X 50 m (0.1 ha) .
Pioneers 6 34 15 20 7 6 6 3 13 12
Initial secondary 121 79 9 71 70 8 97 128 147 80
Late secondary 26 28 25 32 16 16 17 29 32 40
Non-identified species 6 6 5 10 1 5 5 4 7 16
Shannon-Weaver Index (H') 3.07 326 347 351 296 3.06 3.19 278 326 343
Density (stems per plot) 160 149 136 137 95 116 125 166 200 148
Basal area (m? per plot) 352 249 208 202 1.61 295 513 3.31 3.00 3.26
Quadratic mean diameter (cm) 16.7 14.6 139 13.7 147 18.0 229 159 13.8 16.7
Minimum DBH (cm) 51 51 50 50 50 50 50 51 50 50
Maximum DBH (cm) 942 46.5 350 38.8 579 81.8 879 589 553 844
Average height (m) 122 131 130 129 119 138 149 133 11.2 120
Minimum height (m) 40 26 43 37 28 33 39 38 45 24
Maximum height (m) 33.6 340 27.0 256 33.0 33.6 38.0 33.0 345 307

be considered an extreme weather event, as defined
by the Intergovernmental Panel on Climate Change
(IPCC) (Field et al., 2012).

After the severe storm, various damage was
detected in the municipality of Vigosa (Emiliana
& Bottrel, 2019; Maior, 2019; Prefeitura de Vicosa,
2019). In the studied forest fragment, many trees died
uprooted or broken due the winds gusts and heavy
rain, leading to the formation of gaps in the forest
canopy and the accumulation of necromass above the
forest floor (Fig. 3).

Data collection

Coarse woody debris (CWD), including branches,
stumps, and fallen trees with a diameter greater than
or equal to 5 cm, was inventoried in ten permanent
plots measuring 20 m X 50 m. The CWD was sorted
into diameter classes with a 5-cm interval and further
categorized into four classes based on their decom-
position stage (Harmon et al., 1995; Keller et al.,
2004; Villanova et al., 2019, 2023): (DC1) materi-
als recently fallen to the forest floor, with leaves and
bark intact; (DC2) materials similar to those in class
“DC1,” but exhibiting signs of bark decay or peeling;
(DC3) materials in an advanced state of decomposi-
tion, displaying some resistance to breakage; (DC4)
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materials that are highly decayed and friable, lacking
resistance to breakage.

CWD inventories were carried out at two times:
before and after the occurrence of the severe storm.
The pre-storm inventory took place between August
and October 2019, ending on October 23, 2019
(Wednesday, 2 days before the storm). All CWD
found inside the plots were marked with plastic
platelets to identify the residues measured at that
first occasion. The second inventory was carried out
immediately after the storm, between the months of
October and November 2019, starting on October 26,
2019 (Saturday, 1 day after the storm). In this case,
only those residues that had not been identified by
plastic platelets in the first inventory were measured,
making it possible to quantify the CWD accumulation
due to the storm occurrence.

Volume, necromass, and carbon stock quantification

The apparent density and carbon content were
assessed following the methodology outlined by Vil-
lanova et al. (2023). Apparent density (g cm™) was
determined through mercury immersion, adopting the
procedure by Vital (1984) and ABNT (2003). Mean-
while, carbon content (%) was analyzed using a dry
combustion elemental analyzer (LECO TruSpec®
Micro Elemental Series CHN/CHNS/O; St. Joseph,
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Fig.2 Vigosa's climogram A) Vigosa’s Climogram (1968 - 2019)
indicating the average
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MI). The average values of apparent density and car-
bon content were extracted from distinct CWD decay
classes, as documented by Villanova et al. (2023),
within the same forest fragment analyzed in this study
(Fig. 4). These values played a key role in the quanti-
fication of necromass and carbon stock, respectively.
The CWD volume were calculated using the
Smalian’s formula (Smalian, 1837), according to
the expression V=(SA,+ SA,)/2x L, where V is the
volume, in m?; SA, and SA, are the sectional areas
obtained at the ends of the CWD sections, in m?;
and L is the length of the section, in m. The nec-
romass was quantified by multiplying the volume
per the CWD apparent density (N=VXp;, where

Month

= Temperature

N is the necromass, in Mg ha™!; V is the volume,
in m?; and p; is the CWD apparent density of the
ith decay class, in g cm™). The CWD carbon stock
were quantified by the product between the necro-
mass and the CWD carbon content, in each decay
class (CS=N,;xC,, where CS is the carbon stock,
in MgC ha™!, by decay class; N, is the necromass,
of the i-th decay class, in Mg ha™!; and C; is the
carbon content, of the i-th decay class, in %). The
CWD volume, necromass, and carbon stock were
quantified before and after the storm. The values
obtained after the storm characterize the increment
of these parameters as a function of the occurrence
of the extreme climatic event.
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Fig. 3 Photos taken in the
forest fragment after the
occurrence of the severe
storm, showing A) whole
trees uprooted; B) high
density of dead trees; C)
trees with broken crowns;
D) formation of gaps in the
forest canopy and accumu-
lation of necromass above
the forest floor

Principal component analysis

Principal component analysis (PCA) (Abdi & Wil-
liams, 2010; Hotelling, 1933) was used to indicate the
variables that most contributed to the CWD carbon
increase in in each plot. Seven variables were used
in the PCA, being divided into spatial variables and
intrinsic variables to the forest fragment. The spatial
variables refer to the terrain topography and express
the elevation (m), declivity (%), and slope angle
(degrees). These variables were obtained by the Point
Sampling Tool plugin from QGIS 3.10.6 software

@ Springer

(QGIS.org, 2020), using digital elevation models gen-
erated by the Topodata project (INPE, 2011; Valeri-
ano & Rossetti, 2012). The forest intrinsic variables
refer to the tree structure and quality. The forest struc-
ture was represented by the basal area variable, in
m?. The quality of the trees was represented by the
variables: (i) percentage of trees with lianas; (ii) per-
centage of trees that had defective trunks; (iii) num-
ber of standing dead trees. The basal area and the first
two qualitative variables (“1” and “ii”’) were obtained
from the forest inventory of living trees in the year
2016, while the last qualitative variable (“iii”’) was
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Fig. 4 A) Apparent density (g cm™) and B) carbon content
(%) for the decay classes of CWD (mean + standard devia-
tion) obtained by Villanova et al. (2023) and used in this study
to quantify necromass and carbon stock, respectively. Decay
classes: (DC1) materials recently fallen to the forest floor, with

obtained from the necromass inventory in the year
of 2018 (Table 2). The data used were standardized
to eliminate the effect of the different units (scales)
of the variables evaluated. The Stats (R Core Team,
2020) and factoextra (Kassambara & Mundt, 2020)
packages were used to calculate and plot the PCA,
respectively.

leaves and bark intact; (DC2) materials similar to those in class
“DCI1,” but exhibiting signs of bark decay or peeling; (DC3)
materials in an advanced state of decomposition, displaying
some resistance to breakage; (DC4) materials that are highly
decayed and friable, lacking resistance to breakage

Results

The CWD volume, necromass, and carbon stock
before the storm were 31.57 m> ha™', 16.05 Mg ha™!,
and 7.93 MgC ha™!, respectively. The increment of
these parameters after storm was 7.15 m® ha™! for the
volume, 4.07 Mg ha™! for the necromass, and 2.01
MgC ha~! for the carbon stock, reaching a total of
38.72 m® ha™!, 20.12 Mg ha™!, and 9.94 MgC ha~!,
respectively, after the storm (Fig. 5).

The carbon stock increment was higher in the
CWD classes with materials less decomposed and

Table 2 Variables used

ST Plots  Elevation  Slope_Angle  Declivity = Basal_Area  Lianas  Defects  Snags
in principal component

ana.ly;is perlplot: Spatial 1 705.48 191.56 21.79 3.52 35.76 39.74 13
variables: elevation (m); 2 709.93 154.26 3275 2.49 2133 3400 14
Slope angle (degrees);

and declivity (%). Forest 3 718.78 151.15 3275 2.08 2132 1838 12
intrinsic variables: basal 4 732.49 152.12 32.63 2.02 13.43 63.43 9
arfea (mz){Pﬂ?emage 5 732.75 205.42 26.10 1.61 1340 4124 9
of trees with flanas 6 739.95 203.65 26.01 2.95 1488 6281 6
incidence—Ilianas (%);

percentage of trees that 7 735.30 186.44 26.05 5.13 4.80 2640 9
had defective trunks— 8 721.64 162.02 28.41 3.31 2.37 14.20 15
defegFS (73); an number of 9 729.59 139.91 28.36 3.00 2754 7101 6
standing dead trees—snags 10 71106 19175 12.16 3.26 245 2857 13

(n)
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Fig. 5 A) Volume (m® ha™"), B) necromass (Mg ha™!), and C)
carbon stock (MgC ha™') before and after the storm, by decay
class. Decay classes: (DC1) materials recently fallen to the for-
est floor, with leaves and bark intact; (DC2) materials similar
to those in class “DC1,” but exhibiting signs of bark decay or

with smaller diameters. Decay classes 1 and 2,
together, showed an increase of 1.55 MgC ha™!
(decay class 1 = 0.78 MgC ha™! and decay class 2 =
0.77 MgC ha™!), representing 77% of the total incre-
ment. In contrast, decay classes 3 and 4 showed a
low carbon increment when compared to the less
decomposed classes, reaching 0.38 MgC ha~! and
0.08 MgC ha™!, respectively. The CWD with the
smallest diameter centers classes (7.5 to 17.5 cm)
showed an increase of 1.29 MgC ha™!' (64.34% of
the total increment) while the other centers of diam-
eter classes (22.5 to 42.5 cm) had an increase of
0.72 MgC ha™! (Fig. 6).

@ Springer

peeling; (DC3) materials in an advanced state of decomposi-
tion, displaying some resistance to breakage; (DC4) materials
that are highly decayed and friable, lacking resistance to break-
age

The carbon increment of the plots varied from 0.05
to 0.35 MgC. The largest increases were observed
in plots 5, 7, 8, and 9. Plot 5 showed an increase of
0.35 MgC, with the largest fraction being found in
the CWD larger diameter. In contrast, plot 9 showed
an increase of 0.32 MgC, with most of this increase
concentrated in CWD smaller diameter. Plots 7 and
8 showed an increment of 0.29 MgC and 0.25 MgC,
respectively, with the increment distributed over most
of the CWD diameter centers class (Table 3).

The first two main components of PCA explained
61.9% of the total variation in the data (Dim1=36.1%
and Dim2=25.8%). The most representative variables
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Fig. 6 A) Increase in carbon (MgC ha™') after the storm, by
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the storm, by CWD diameter classes. Decay classes: (DC1)
materials recently fallen to the forest floor, with leaves and
bark intact; (DC2) materials similar to those in class “DC1,”

but exhibiting signs of bark decay or peeling; (DC3) materials
in an advanced state of decomposition, displaying some resist-
ance to breakage; (DC4) materials that are highly decayed and
friable, lacking resistance to breakage

Table 3 CWD carbon

. Plots Diameter class (cm) Total

increment after the storm,

by plot and diameter center 7.5 12.5 17.5 22.5 27.5 42.5

class. Plots size: 20 m X 50

m (0.1 ha) 1 0.05 0.04 0.08 - 0.07 - 0.24
2 0.05 0.08 0.03 0.03 - - 0.19
3 0.04 0.03 0.01 - - - 0.08
4 0.07 0.03 0.02 - - - 0.12
5 0.02 0.01 - - - 0.32 0.35
6 0.02 0.03 - 0.05
7 0.06 0.03 0.03 0.08 0.05 - 0.25
8 0.03 0.04 0.05 0.17 - - 0.29
9 0.13 0.07 0.12 - - - 0.32
10 0.06 0.05 0.00 - - - 0.11
Total 0.52 0.43 0.35 0.28 0.12 0.32 2.01

of the first component (Diml) were the number of
standing dead trees, elevation of the plots, and the
percentage of trees with defective trunks. For the sec-
ond component (Dim2), the variables slope angle,
declivity, and basal area were the most representative.
The analysis of the principal components indicated
that the percentage of trees with defective trunks and
the elevation had greater weight in the carbon incre-
ment in plot 5. These variables, added to the decliv-
ity, had greater importance in the carbon increase in

plot 9. The number of standing dead trees had a great
weight in the increment of plot 8, while the basal area
and slope angle were the variables that most impacted
the increment in carbon of plot 7 (Fig. 7).

Discussion

Severe storms modify the structure of the tropical
forest and impact growth dynamics (Chambers et al.,

@ Springer
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«Fig.7 A) Biplot generated by the analysis of the main com-
ponents (PCA) of spatial and intrinsic variables to the forest
fragment; B) contribution of variables to the first component
of the PCA (Dim1); C) contribution of variables to the second
component of the PCA (Dim2). The points on the Biplot rep-
resent the plots and the colors represent the increase in carbon
due to the occurrence of the storm. The black arrows are the
variables used to build the PCA. Variables used: percentage
of trees with defective trunks (Defects); number of standing
dead trees (Snags); elevation (Elevation); slope angle (Slope_
Angle); declivity (Declivity); basal area (Basal_Area) and the
percentage of trees with lianas (Lianas)

2013; Chao et al., 2022; Schwartz et al., 2017; Silvé-
rio et al., 2019; Trumbore et al., 2015), causing sud-
den losses of living biomass (Negron-Juarez et al.,
2010) and altering forest carbon stocks and fluxes
(Espirito-Santo et al., 2014a, b; Vanderwel et al.,
2013). However, the effects of these storms on the
CWD carbon increment are still poorly understood,
especially in the Atlantic Forest. This study attempted
to elucidate this scientific gap by conducting CWD
forest inventories both before and after a severe storm.
Through this approach, we aim to improve our under-
standing of the factors that influence the estimates of
this parameter, contributing to a more comprehensive
view of the process.

The CWD volume, necromass, and carbon stock
exhibited a significant increase due to the occur-
rence of a severe storm (Fig. 5). The carbon increase
reached 2.01 MgC ha~!, representing about 25% of
the carbon stock already existing in the forest before
the storm. This increase was concentrated in the
CWD less decomposed (decay classes 1 and 2) and
with smaller diameter centers classes (7.5 to 17.5
cm), indicating that small and healthy trees had high
mortality during the extreme climatic event (Fig. 6).
The trees’ mortality with these characteristics occurs
mainly due to the fall of trunks or branches with high
diameters that, when falling on the forest floor, can
kill or damage neighboring trees. In addition, the
decrease in tree density can still indirectly affect the
survival probability of the remaining trees due to
their increased exposure to the storm (Canham et al.,
2001; Rifai et al., 2016; Vanderwel et al., 2013).

The carbon increase showed great variation
between the inventoried plots after the extreme cli-
matic event (Table 3). These differences can be
explained by the trunk and branch falls with different
diameters (Rifai et al., 2016) and by spatial, struc-
tural, and qualitative factors intrinsic to each plot (de

Toledo et al., 2013; Schwartz et al., 2017). The impact
of these factors on the plots carbon increment, mainly
in the ones with highest increments (plots 5, 7, 8,
and 9), was elucidated through the PCA (Fig. 7). The
PCA indicated that the percentage of trees with defec-
tive trunks and the elevation had major importance
in the carbon increment of plot 5. In fact, defective
trees with hollow trunks or that show apparent cracks
or rot are more likely to be broken during a storm
(Heineman et al., 2015; McDowell et al., 2018). In
addition, areas at higher altitudes and close to hilltops
are subject to greater exposure to wind, characterized
by higher speeds, which may cause greater breakage
or uprooting of trees (Marra et al., 2014; Ruel et al.,
2001). Elevation can also affect the plots’ floristic
composition (Brown et al., 2013; Jucker et al., 2018;
Toledo et al., 2017), with species of varying physi-
cal strengths. The fast-growing species (pioneers), for
example, have lower wood density and, consequently,
are more fragile when compared to species from other
ecological groups, being broken more easily (Ribeiro
et al., 2016; Rifai et al., 2016; Silvério et al., 2019).
The variables Defect and Elevation, added to
Declivity, had great weight in the plot 9 carbon
increase. Trees located in more sloping areas show
changes in the center of gravity of the crowns and
constantly suffer from soil creep and landslides,
which can be enhanced by the intensity of rainfall
during the storm, contributing to an elevated rate of
tree mortality (de Toledo et al., 2011; Gale & Hall,
2001; Sasaki et al., 2000; Young & Perkocha, 1994).
However, additional research into the anchorage of
trees to the ground and their resistance to uprooting
needs to be carried out in the study area to determine
potential variations between flat and sloped terrain
(Nicoll et al., 2005; Ribeiro et al., 2016; Yan et al.,
2016). The standing number of dead trees was the
most important variable to explain the plot 8 carbon
increment. Trees in this condition present great physi-
cal fragility because they have already been subjected
to some type of stress (competition, suppression,
water deficit, flooding, senescence, lightning, or path-
ogen attack), making the Snags a great carbon source
to the forest floor through the winds’ action (Chao
et al., 2009; de Toledo et al., 2013). The slope angle
and the basal area were the variables that had the
greatest weight for plot 7 carbon increase. In fact, top-
ographic variables, such as slope angle, and variables
that express forest structure, such as basal area, are
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positively correlated with the amount of wind damage
in a stand, affecting the carbon increment of the plots
(McGroddy et al., 2013; Negréon-Juarez et al., 2014;
Schwartz et al., 2017; Xi et al., 2008).

Severe storms, like the one observed in this study,
are anticipated to increase in frequency and intensity
as a result of climate change (Knutson et al., 2010;
Negron-Juarez et al., 2010; Taccoen et al., 2021).
This escalation is projected to lead to heightened
tree mortality and a substantial accumulation of car-
bon in CWD within forest ecosystems. Consequently,
understanding the susceptibility of forests to the
intense rains action and strong winds becomes fun-
damental to model and monitor the future impacts of
these extreme climatic events in the Atlantic Forest
fragments.

Conclusions

Severe storms events induce substantial increments
in coarse woody debris (CWD) carbon stocks within
fragments of the Atlantic Forest. This surge is notably
shaped by heightened mortality rates among smaller,
previously healthy trees. Tree mortality and the con-
sequent CWD carbon accumulation occurs non-ran-
domly in the forest fragment, being influenced by spa-
tial (elevation, slope angle, and declivity), structural
(basal area), and qualitative factors (trunk quality
and tree health) intrinsic to the forest. This research
underscores the significance of comprehending these
complex connections to advance our broader under-
standing of forest carbon dynamics and their implica-
tions for ecosystem management and climate change
mitigation strategies.

Author contributions Paulo Henrique Villanova: investiga-
tion; writing—original draft; formal analysis. Carlos Moreira
Miquelino Eleto Torres: supervision; project administration;
funding acquisition; writing—review and editing. Laércio
Antonio Gongalves Jacovine: writing—review and editing; val-
idation. Bruno Ledo Said Schettini: writing—review and edit-
ing; formal analysis. Sabina Cerruto Ribeiro: writing—review
and editing; validation. Samuel José Silva Soares da Rocha:
writing—review and editing; formal analysis. Maria Paula
Miranda Xavier Rufino: writing—review and editing; formal
analysis. Mariany Filipini de Freitas: writing—review and edit-
ing. Lucas Abreu Kerkoff: writing—review and editing.

Funding This study received financial support from Minas
Gerais Research Foundation (FAPEMIG: grant no. APQ-
03088-18); Fundagdo Arthur Bernardes (FUNARBE: grant

@ Springer

no. Funarpeq-4292); Coordination for the Improvement of
Higher Education Personnel of Brazil (CAPES: grant no.
88887.319055/2019-00); and the National Council for Sci-
entific and Technological Development (CNPq: grant no.
309128/2020-0 and grant no. 140467/2017-3).

Data availability The datasets generated during and/or ana-
lyzed during the current study are available from the corre-
sponding author on reasonable request.

Declarations

Ethical responsibilities of authors All authors have read,
understood, and have complied as applicable with the statement
on “Ethical responsibilities of Authors” as found in the Instruc-
tions for Authors.

Competing interests The authors declare no competing inter-
ests.

Ethics approval The collection of plant material, experimen-
tal research, and field studies complied with relevant institu-
tional, national, and international guidelines and legislation.

Consent to participate Not applicable.

Consent for publication Not applicable.

References

Abdi, H., & Williams, L. J. (2010). Principal component analy-
sis: Principal component analysis. Wiley Interdisciplinary
Reviews: Computational Statistics, 2(4), 433—-459. https://
doi.org/10.1002/wics.101

ABNT. (2003). Normas Técnicas NBR 11941: Madeira—
Determinagdo da densidade bdsica.

Aleixo, I., Norris, D., Hemerik, L., Barbosa, A., Prata, E.,
Costa, F., & Poorter, L. (2019). Amazonian rainforest tree
mortality driven by climate and functional traits. Nature
Climate Change, 9(5), 384-388. https://doi.org/10.1038/
s41558-019-0458-0

Barbosa, R. I., de Castilho, C. V., de Oliveira Perdiz, R.,
Damasco, G., Rodrigues, R., & Fearnside, P. M. (2017).
Decomposition rates of coarse woody debris in undis-
turbed Amazonian seasonally flooded and unflooded for-
ests in the Rio Negro-Rio Branco Basin in Roraima, Bra-
zil. Forest Ecology and Management, 397, 1-9. https://
doi.org/10.1016/j.foreco.2017.04.026

Bellard, C., Leclerc, C., Leroy, B., Bakkenes, M., Veloz, S.,
Thuiller, W., & Courchamp, F. (2014). Vulnerability of
biodiversity hotspots to global change. Global Ecology
and Biogeography, 23(12), 1376-1386. https://doi.org/10.
1111/geb.12228

Brasil, Resolugdo CONAMA N° 392, de 25 de junho de 2007:
Definicdo de vegetacdo primaria e secundéria de regen-
eracdo de Mata Atlantica no Estado de Minas Gerais.,


https://doi.org/10.1002/wics.101
https://doi.org/10.1002/wics.101
https://doi.org/10.1038/s41558-019-0458-0
https://doi.org/10.1038/s41558-019-0458-0
https://doi.org/10.1016/j.foreco.2017.04.026
https://doi.org/10.1016/j.foreco.2017.04.026
https://doi.org/10.1111/geb.12228
https://doi.org/10.1111/geb.12228

Environ Monit Assess (2024) 196:203

Page 13 0f 16 203

Ministério do Meio Ambiente / Conselho Nacional de
Meio Ambiente (2007). http://www.siam.mg.gov.br/sla/
download.pdf?idNorma=6991

Brienen, R. J. W., Phillips, O. L., Feldpausch, T. R., Gloor, E.,
Baker, T. R., Lloyd, J., Lopez-Gonzalez, G., Monteagudo-
Mendoza, A., Malhi, Y., Lewis, S. L., Vasquez Martinez,
R., Alexiades, M., Alvarez Davila, E., Alvarez-Loayza, P.,
Andrade, A., Aragdo, L. E. O. C., Araujo-Murakami, A.,
Arets, E. J. M. M., Arroyo, L., et al. (2015). Long-term
decline of the Amazon carbon sink. Nature, 519(7543),
344-348. https://doi.org/10.1038/nature 14283

Brown, C., Burslem, D. F. R. P, Illian, J. B., Bao, L., Brockel-
man, W., Cao, M., Chang, L. W., Dattaraja, H. S., Davies,
S., Gunatilleke, C. V. S., Gunatilleke, I. A. U. N., Huang,
J., Kassim, A. R., LaFrankie, J. V., Lian, J., Lin, L., Ma,
K., Mi, X., Nathalang, A., et al. (2013). Multispecies
coexistence of trees in tropical forests: Spatial signals of
topographic niche differentiation increase with environ-
mental heterogeneity. Proceedings of the Royal Society
B: Biological Sciences, 280(1764), 20130502. https://doi.
org/10.1098/rspb.2013.0502

Campbell, J. L., Green, M. B., Yanai, R. D., Woodall, C. W.,
Fraver, S., Harmon, M. E., Hatfield, M. A., Barnett, C. J.,
See, C. R., & Domke, G. M. (2019). Estimating uncer-
tainty in the volume and carbon storage of downed coarse
woody debris. Ecological Applications, 29(2). https://doi.
org/10.1002/eap.1844

Canham, C. D., Papaik, M. J., & Latty, E. F. (2001). Interspe-
cific variation in susceptibility to windthrow as a func-
tion of tree size and storm severity for northern temperate
tree species. Canadian Journal of Forest Research, 31(1),
1-10. https://doi.org/10.1139/x00-124

Canham, C. D., Thompson, J., Zimmerman, J. K., & Uriarte,
M. (2010). Variation in susceptibility to hurricane dam-
age as a function of storm intensity in Puerto Rican tree
species: Susceptibility to hurricane damage. Biotropica,
42(1), 87-94. https://doi.org/10.1111/j.1744-7429.2009.
00545.x

Chambers, J. Q., Higuchi, N., Teixeira, L. M., dos Santos, J.,
Laurance, S. G., & Trumbore, S. E. (2004). Response of
tree biomass and wood litter to disturbance in a Central
Amazon forest. Oecologia, 141(4), 596—611. https://doi.
org/10.1007/s00442-004-1676-2

Chambers, J. Q., Negron-Juarez, R. 1., Marra, D. M., Di Vitto-
rio, A., Tews, J., Roberts, D., Ribeiro, G. H. P. M., Trum-
bore, S. E., & Higuchi, N. (2013). The steady-state mosaic
of disturbance and succession across an old-growth Cen-
tral Amazon forest landscape. Proceedings of the National
Academy of Sciences, 110(10), 3949-3954. https://doi.
org/10.1073/pnas.1202894110

Chao, K.-J., Liao, P--S., Chen, Y.-S., Song, G.-Z. M., Phil-
lips, O. L., & Lin, H.-J. (2022). Very low stocks and
inputs of necromass in wind-affected tropical forests.
Ecosystems, 25(2), 488-503. https://doi.org/10.1007/
$10021-021-00667-z

Chao, K.-J., Phillips, O. L., Monteagudo, A., Torres-Lezama,
A., & Martinez, R. V. (2009). How do trees die? Mode of
death in Northern Amazonia. Journal of Vegetation Sci-
ence, 20(2), 260-268.

Crockett, J. L., & Westerling, A. L. (2018). Greater tempera-
ture and precipitation extremes intensify western U.S.

droughts, wildfire severity, and Sierra Nevada Tree Mor-
tality. Journal of Climate, 31(1), 341-354. https://doi.org/
10.1175/JCLI-D-17-0254.1

Cushman, K. C., Burley, J. T., Imbach, B., Saatchi, S. S., Silva,
C. E., Vargas, O., Zgraggen, C., & Kellner, J. R. (2021).
Impact of a tropical forest blowdown on aboveground car-
bon balance. Scientific Reports, 11(1), 11279. https://doi.
org/10.1038/s41598-021-90576-x

da Rocha, S. J. S. S., Torres, C. M. M. E., Villanova, P. H.,
Schettini, B. L. S., Jacovine, L. A. G., Leite, H. G., Gel-
cer, E. M., Reis, L. P., Neves, K. M., Comini, I. B., & Da
Silva, L. F. (2020). Drought effects on carbon dynamics
of trees in a secondary Atlantic Forest. Forest Ecology
and Management, 465, 118097. https://doi.org/10.1016/j.
foreco.2020.118097

de Toledo, J. J., Magnusson, W. E., & Castilho, C. V. (2013).
Competition, exogenous disturbances and senescence
shape tree size distribution in tropical forest: Evidence
from tree mode of death in Central Amazonia. Journal
of Vegetation Science, 24(4), 651-663. https://doi.org/10.
1111/.1654-1103.2012.01491 .x

de Toledo, J. J., Magnusson, W. E., Castilho, C. V., & Nas-
cimento, H. E. M. (2011). How much variation in tree
mortality is predicted by soil and topography in Central
Amazonia? Forest Ecology and Management, 262(3),
331-338. https://doi.org/10.1016/j.foreco.2011.03.039

de Toledo, J. J., Magnusson, W. E., Castilho, C. V., & Nasci-
mento, H. E. M. (2012). Tree mode of death in Central
Amazonia: Effects of soil and topography on tree mor-
tality associated with storm disturbances. Forest Ecol-
ogy and Management, 263, 253-261. https://doi.org/10.
1016/j.foreco.2011.09.017

dos Santos, L. T., Magnabosco Marra, D., Trumbore, S., de
Camargo, P. B., Negron-Juarez, R. 1., Lima, A. J. N,
Ribeiro, G. H. P. M., dos Santos, J., & Higuchi, N. (2016).
Windthrows increase soil carbon stocks in a central Ama-
zon forest. Biogeosciences, 13(4), 1299-1308. https://doi.
org/10.5194/bg-13-1299-2016

Emerick, T., & das G., & Martini, A. (2020). Diagndstico da
Arborizagdo Apds a Ocorréncia de Evento Climatico
Extremo. Nature and Conservation, 13(1), 77-85. https://
doi.org/10.6008/CBPC2318-2881.2020.001.0009

Emiliana, C., & Bottrel, F. (2019). Tempestade com ‘“nuvens
gigantes” deixa um morto e devasta campus da UFV em
Vigosa. Estado de Minas. https://www.em.com.br/app/
noticia/gerais/2019/10/26/interna_gerais,1096075/tem-
pestade-deixa-um-morto-e-devasta-campus-da-ufv-em-
vicosa.shtml.

Espirito-Santo, F. D. B., Gloor, M., Keller, M., Malhi, Y.,
Saatchi, S., Nelson, B., Junior, R. C. O., Pereira, C.,
Lloyd, J., Frolking, S., Palace, M., Shimabukuro, Y. E.,
Duarte, V., Mendoza, A. M., Lépez-Gonzilez, G., Baker,
T. R., Feldpausch, T. R., Brienen, R. J. W., Asner, G. P,
& Phillips, O. L. (2014a). Size and frequency of natural
forest disturbances and the Amazon forest carbon balance.
Nature Communications, 5(1), 3434. https://doi.org/10.
1038/ncomms4434

Espirito-Santo, F. D. B., Keller, M. M., Linder, E., Oliveira
Junior, R. C., Pereira, C., & Oliveira, C. G. (2014b).
Gap formation and carbon cycling in the Brazilian Ama-
zon: Measurement using high-resolution optical remote

@ Springer


http://www.siam.mg.gov.br/sla/download.pdf?idNorma=6991
http://www.siam.mg.gov.br/sla/download.pdf?idNorma=6991
https://doi.org/10.1038/nature14283
https://doi.org/10.1098/rspb.2013.0502
https://doi.org/10.1098/rspb.2013.0502
https://doi.org/10.1002/eap.1844
https://doi.org/10.1002/eap.1844
https://doi.org/10.1139/x00-124
https://doi.org/10.1111/j.1744-7429.2009.00545.x
https://doi.org/10.1111/j.1744-7429.2009.00545.x
https://doi.org/10.1007/s00442-004-1676-2
https://doi.org/10.1007/s00442-004-1676-2
https://doi.org/10.1073/pnas.1202894110
https://doi.org/10.1073/pnas.1202894110
https://doi.org/10.1007/s10021-021-00667-z
https://doi.org/10.1007/s10021-021-00667-z
https://doi.org/10.1175/JCLI-D-17-0254.1
https://doi.org/10.1175/JCLI-D-17-0254.1
https://doi.org/10.1038/s41598-021-90576-x
https://doi.org/10.1038/s41598-021-90576-x
https://doi.org/10.1016/j.foreco.2020.118097
https://doi.org/10.1016/j.foreco.2020.118097
https://doi.org/10.1111/j.1654-1103.2012.01491.x
https://doi.org/10.1111/j.1654-1103.2012.01491.x
https://doi.org/10.1016/j.foreco.2011.03.039
https://doi.org/10.1016/j.foreco.2011.09.017
https://doi.org/10.1016/j.foreco.2011.09.017
https://doi.org/10.5194/bg-13-1299-2016
https://doi.org/10.5194/bg-13-1299-2016
https://doi.org/10.6008/CBPC2318-2881.2020.001.0009
https://doi.org/10.6008/CBPC2318-2881.2020.001.0009
https://www.em.com.br/app/noticia/gerais/2019/10/26/interna_gerais
https://www.em.com.br/app/noticia/gerais/2019/10/26/interna_gerais
https://doi.org/10.1038/ncomms4434
https://doi.org/10.1038/ncomms4434

203 Page 14 of 16

Environ Monit Assess (2024) 196:203

sensing and studies in large forest plots. Plant Ecology &
Diversity, 7(1-2), 305-318. https://doi.org/10.1080/17550
874.2013.795629

Ferreira Junior, W. G., Schaefer, C. E. G. R., & Silva, A. F.
(2012). Uma visdo pedogeomorfolégica sobre as for-
magoes florestais da Mata Atlantica. In Em Ecologia de
Florestas Tropicais do Brasil (2o ed., pp. 141-174). Edi-
tora UFV.

Field, C. B., Barros, V., Stocker, T. F., Dahe, Q., & (Orgs.).
(2012). Managing the risks of extreme events and disas-
ters to advance climate change adaptation: Special Report
of the Intergovernmental Panel on Climate Change (1°
ed). Cambridge University Press. https://doi.org/10.1017/
CB09781139177245

Fontes, C. G., Chambers, J. Q., & Higuchi, N. (2018). Reveal-
ing the causes and temporal distribution of tree mortality
in Central Amazonia. Forest Ecology and Management,
424, 177-183. https://doi.org/10.1016/j.foreco.2018.05.
002

Gale, N., & Hall, P. (2001). Factors determining the modes of
tree death in three Bornean rain forests. Journal of Veg-
etation Science, 12(3), 337-348. https://doi.org/10.2307/
3236847

Gora, E. M., Kneale, R. C., Larjavaara, M., & Muller-Landau,
H. C. (2019). Dead wood necromass in a moist tropi-
cal forest: Stocks, fluxes, and spatiotemporal variability.
Ecosystems, 22(6), 1189-1205. https://doi.org/10.1007/
s10021-019-00341-5

Harmon, M. E., Fasth, B. G., Yatskov, M., Kastendick, D.,
Rock, J., & Woodall, C. W. (2020). Release of coarse
woody detritus-related carbon: A synthesis across for-
est biomes. Carbon Balance and Management, 15(1), 1.
https://doi.org/10.1186/s13021-019-0136-6

Harmon, M. E., Whigham, D. F., Sexton, J., & Olmsted, I.
(1995). Decomposition and mass of woody detritus in
the dry tropical forests of the Northeastern Yucatan Pen-
insula, Mexico. Biotropica, 27(3), 305. https://doi.org/10.
2307/2388916

Heineman, K. D., Russo, S. E., Baillie, I. C., Mamit, J. D.,
Chai, P. P-K., Chai, L., Hindley, E. W., Lau, B.-T., Tan,
S., & Ashton, P. S. (2015). Influence of tree size, tax-
onomy, and edaphic conditions on heart rot in mixed-
dipterocarp Bornean rainforests: Implications for above-
ground biomass estimates [Preprint]. Terrestrial. https://
doi.org/10.5194/bgd-12-6821-2015

Hotelling, H. (1933). Analysis of a complex of statistical vari-
ables into principal components. Journal of Educational
Psychology, 24(6), 417-441. https://doi.org/10.1037/
h0071325

IBGE. (2012). Manual técnico da vegetagcdo brasileira (2a
edicdo revista e ampliada). Instituto Brasileiro de Geogra-
fia e Estatistica-IBGE.

INMET. (2021). BDMEP: Banco de Dados Meteorélogicos
para Ensino e Pesquisa. https://portal.inmet.gov.br/dados
historicos

INPE. (2011). Topodata: Banco de dados Geomorfométricos
do Brasil. http://www.dsr.inpe.br/topodata/index.php.
Accessed 1 Dec 2023

Jucker, T., Bongalov, B., Burslem, D. F. R. P, Nilus, R.,
Dalponte, M., Lewis, S. L., Phillips, O. L., Qie, L., &
Coomes, D. A. (2018). Topography shapes the structure,

@ Springer

composition and function of tropical forest landscapes.
Ecology Letters, 21(7), 989-1000. https://doi.org/10.1111/
ele.12964

Kassambara, A., & Mundt, F. (2020). Factoextra: Extract and
visualize the results of multivariate data analyses. R pack-
age version 1.0.7. https://CRAN.R-project.org/package=
factoextra. Accessed 20 Sept 2023

Keller, M., Palace, M., Asner, G. P, Pereira, R., & Silva, J.
N. M. (2004). Coarse woody debris in undisturbed and
logged forests in the eastern Brazilian Amazon: Coarse
woody debris in the Eastern Amazon. Global Change
Biology, 10(5), 784-795. https://doi.org/10.1111/j.1529-
8817.2003.00770.x

Klein, T., & Hartmann, H. (2018). Climate change drives tree
mortality. Science, 362(6416), 758-758. https://doi.org/
10.1126/science.aav6508

Knutson, T. R., McBride, J. L., Chan, J., Emanuel, K., Holland,
G., Landsea, C., Held, 1., Kossin, J. P., Srivastava, A. K.,
& Sugi, M. (2010). Tropical cyclones and climate change.
Nature Geoscience, 3(3), 157-163. https://doi.org/10.
1038/ngeo779

Kohl, M., Lasco, R., Cifuentes, M., Jonsson, O., Korhonen,
K. T., Mundhenk, P., de Jesus Navar, J., & Stinson, G.
(2015). Changes in forest production, biomass and carbon:
Results from the 2015 UN FAO Global Forest Resource
Assessment. Forest Ecology and Management, 352,
21-34. https://doi.org/10.1016/j.foreco.2015.05.036

Lladé, S., Lopez-Mondéjar, R., & Baldrian, P. (2017). For-
est soil bacteria: Diversity, involvement in ecosystem
processes, and response to global change. Microbiology
and Molecular Biology Reviews, 81(2), e00063—00016.
https://doi.org/10.1128/MMBR.00063-16

Maas, G. C. B., Sanquetta, C. R., Marques, R., Machado, S.,
& do A., & Sanquetta, M. N. I. (2020). Quantification of
carbon in forest necromass: State of the art. Cerne, 26(1),
98-108. https://doi.org/10.1590/01047760202026012661

Maior, D. S. (2019). Estragos feitos pela chuva—Campus
Vicosa 25/10/19. Universidade Federal de Vigosa. https://
photos.app.goo.gl/7D1iwzwRTiQwAuDT9

Malhi, Y., Doughty, C., & Galbraith, D. (2011). The allocation
of ecosystem net primary productivity in tropical forests.
Philosophical Transactions of the Royal Society B: Bio-
logical Sciences, 366(1582), 3225-3245. https://doi.org/
10.1098/rstb.2011.0062

Marra, D. M., Chambers, J. Q., Higuchi, N., Trumbore, S. E.,
Ribeiro, G. H. P. M., dos Santos, J., Negrén-Juarez, R.
I, Reu, B., & Wirth, C. (2014). Large-scale wind distur-
bances promote tree diversity in a Central Amazon Forest.
PLoS ONE, 9(8), €103711. https://doi.org/10.1371/journ
al.pone.0103711

McDowell, N., Allen, C. D., Anderson-Teixeira, K., Brando,
P., Brienen, R., Chambers, J., Christoffersen, B., Davies,
S., Doughty, C., Duque, A., Espirito-Santo, F., Fisher, R.,
Fontes, C. G., Galbraith, D., Goodsman, D., Grossiord,
C., Hartmann, H., Holm, J., Johnson, D. J., et al. (2018).
Drivers and mechanisms of tree mortality in moist tropical
forests. New Phytologist, 219(3), 851-869. https://doi.org/
10.1111/nph.15027

McGroddy, M., Lawrence, D., Schneider, L., Rogan, J., Zager,
I., & Schmook, B. (2013). Damage patterns after Hurri-
cane Dean in the southern Yucatan: Has human activity


https://doi.org/10.1080/17550874.2013.795629
https://doi.org/10.1080/17550874.2013.795629
https://doi.org/10.1017/CBO9781139177245
https://doi.org/10.1017/CBO9781139177245
https://doi.org/10.1016/j.foreco.2018.05.002
https://doi.org/10.1016/j.foreco.2018.05.002
https://doi.org/10.2307/3236847
https://doi.org/10.2307/3236847
https://doi.org/10.1007/s10021-019-00341-5
https://doi.org/10.1007/s10021-019-00341-5
https://doi.org/10.1186/s13021-019-0136-6
https://doi.org/10.2307/2388916
https://doi.org/10.2307/2388916
https://doi.org/10.5194/bgd-12-6821-2015
https://doi.org/10.5194/bgd-12-6821-2015
https://doi.org/10.1037/h0071325
https://doi.org/10.1037/h0071325
https://portal.inmet.gov.br/dadoshistoricos
https://portal.inmet.gov.br/dadoshistoricos
http://www.dsr.inpe.br/topodata/index.php
https://doi.org/10.1111/ele.12964
https://doi.org/10.1111/ele.12964
https://CRAN.R-project.org/package=factoextra
https://CRAN.R-project.org/package=factoextra
https://doi.org/10.1111/j.1529-8817.2003.00770.x
https://doi.org/10.1111/j.1529-8817.2003.00770.x
https://doi.org/10.1126/science.aav6508
https://doi.org/10.1126/science.aav6508
https://doi.org/10.1038/ngeo779
https://doi.org/10.1038/ngeo779
https://doi.org/10.1016/j.foreco.2015.05.036
https://doi.org/10.1128/MMBR.00063-16
https://doi.org/10.1590/01047760202026012661
https://photos.app.goo.gl/7D1iwzwRTiQwAuDT9
https://photos.app.goo.gl/7D1iwzwRTiQwAuDT9
https://doi.org/10.1098/rstb.2011.0062
https://doi.org/10.1098/rstb.2011.0062
https://doi.org/10.1371/journal.pone.0103711
https://doi.org/10.1371/journal.pone.0103711
https://doi.org/10.1111/nph.15027
https://doi.org/10.1111/nph.15027

Environ Monit Assess (2024) 196:203

Page 150f 16 203

resulted in more resilient forests? Forest Ecology and
Management, 310, 812-820. https://doi.org/10.1016/j.
foreco.2013.09.027

Moreira, A. B., Gregoire, T. G., & do Couto, H. T. Z. (2019).
Estimation of the volume, biomass and carbon content of
coarse woody debris within two forest types in the State of
Sdo Paulo, Brazil. Forestry: An International Journal of
Forest Research, 92(3), 278-286. https://doi.org/10.1093/
forestry/cpz009

Negron-Juarez, R., Baker, D. B., Chambers, J. Q., Hurtt, G. C.,
& Goosem, S. (2014). Multi-scale sensitivity of Landsat
and MODIS to forest disturbance associated with tropical
cyclones. Remote Sensing of Environment, 140, 679-689.
https://doi.org/10.1016/j.rse.2013.09.028

Negron-Juarez, R. 1., Chambers, J. Q., Guimaraes, G., Zeng,
H., Raupp, C. F. M., Marra, D. M., Ribeiro, G. H. P. M.,
Saatchi, S. S., Nelson, B. W., & Higuchi, N. (2010). Wide-
spread Amazon forest tree mortality from a single cross-
basin squall line event: WIND-DRIVEN TREE MOR-
TALITY IN AMAZONIA. Geophysical Research Letters,
37(16), n/a-n/a. https://doi.org/10.1029/2010GL043733

Neumann, M., Mues, V., Moreno, A., Hasenauer, H., & Seidl,
R. (2017). Climate variability drives recent tree mortality
in Europe. Global Change Biology, 23(11), 4788-4797.
https://doi.org/10.1111/gcb.13724

Nicoll, B. C., Achim, A., Mochan, S., & Gardiner, B. A.
(2005). Does steep terrain influence tree stability? A
field investigation. Canadian Journal of Forest Research,
35(10), 2360-2367. https://doi.org/10.1139/x05-157

O’Neill, B. C., Oppenheimer, M., Warren, R., Hallegatte, S.,
Kopp, R. E., Portner, H. O., Scholes, R., Birkmann, J.,
Foden, W., Licker, R., Mach, K. J., Marbaix, P., Mastran-
drea, M. D., Price, J., Takahashi, K., van Ypersele, J.-P., &
Yohe, G. (2017). IPCC reasons for concern regarding cli-
mate change risks. Nature Climate Change, 7(1), 28-37.
https://doi.org/10.1038/nclimate3179

Palace, M., Keller, M., Hurtt, G., & Frolking, S. (2012). A
review of above ground necromass in tropical forests. Em
P. Sudarshana (Org.), Tropical Forests. InTech. https://doi.
org/10.5772/33085

Prefeitura de Vicosa. (2019). Prefeitura decreta situagcdo de
emergéncia nas dreas do municipio afetadas pela chuva
de sexta. https://www.vicosa.mg.gov.br/detalhe-da-mater
ia/info/prefeitura-decreta-situacao-de-emergencia-nas-
areas-do-municipio-afetadas-pela-chuva-de-sexta-25/
71896

QGIS.org. (2020). QGIS Geographic Information System.
QGIS Association. http://www.qgis.org

R Core Team. (2020). R: A language and environment for sta-
tistical computing. R Foundation for Statistical Comput-
ing, Vienna, Austria. https://www.R-project.org/

Ribeiro, G. H. P. M., Chambers, J. Q., Peterson, C. J., Trum-
bore, S. E., Magnabosco Marra, D., Wirth, C., Cannon, J.
B., Négron-Juarez, R. I., Lima, A. J. N., de Paula, E. V. C.
M., Santos, J., & Higuchi, N. (2016). Mechanical vulnera-
bility and resistance to snapping and uprooting for Central
Amazon tree species. Forest Ecology and Management,
380, 1-10. https://doi.org/10.1016/j.foreco.2016.08.039

Rifai, S. W.,, Urquiza Mufioz, J. D., Negrén-Juarez, R. 1.,
Ramirez Arévalo, F. R., Tello-Espinoza, R., Vanderwel,
M. C., Lichstein, J. W., Chambers, J. Q., & Bohlman, S.

A. (2016). Landscape-scale consequences of differential
tree mortality from catastrophic wind disturbance in the
Amazon. Ecological Applications, 26(7), 2225-2237.
https://doi.org/10.1002/eap.1368

Ruel, J.-C., Pin, D., & Cooper, K. (2001). Windthrow in
riparian buffer strips: Effect of wind exposure, thin-
ning and strip width. Forest Ecology and Manage-
ment, 143(1), 105-113. https://doi.org/10.1016/S0378-
1127(00)00510-7

Russell, M. B., Fraver, S., Aakala, T., Gove, J. H., Woodall, C.
W., D’Amato, A. W., & Ducey, M. J. (2015). Quantifying
carbon stores and decomposition in dead wood: A review.
Forest Ecology and Management, 350, 107-128. https://
doi.org/10.1016/j.foreco.2015.04.033

Sasaki, Y., Fujii, A., & Asai, K. (2000). Soil creep process and
its role in debris slide generation—Field measurements on
the north side of Tsukuba Mountain in Japan. Em Devel-
opments in Geotechnical Engineering, 84, 199-219).
Elsevier. https://doi.org/10.1016/S0165-1250(00)80017-6

Scarano, F. R., & Ceotto, P. (2015). Brazilian Atlantic forest:
Impact, vulnerability, and adaptation to climate change.
Biodiversity and Conservation, 24(9), 2319-2331. https://
doi.org/10.1007/s10531-015-0972-y

Schwartz, N. B., Uriarte, M., DeFries, R., Bedka, K. M., Fer-
nandes, K., Gutiérrez-Vélez, V., & Pinedo-Vasquez, M. A.
(2017). Fragmentation increases wind disturbance impacts
on forest structure and carbon stocks in a western Ama-
zonian landscape. Ecological Applications, 27(6), 1901—
1915. https://doi.org/10.1002/eap.1576

Silvério, D. V., Brando, P. M., Bustamante, M. M. C., Putz, F.
E., Marra, D. M., Levick, S. R., & Trumbore, S. E. (2019).
Fire, fragmentation, and windstorms: A recipe for tropical
forest degradation. Journal of Ecology, 107(2), 656—667.
https://doi.org/10.1111/1365-2745.13076

Smalian, H. L. (1837). Beitrag zur Holzmesskunst: Mit VII.
Beilagen, worunter zwei Steindruck-Zeichnungen. Loffler.

Taccoen, A., Piedallu, C., Seynave, 1., Gégout-Petit, A., Nage-
leisen, L.-M., Bréda, N., & Gégout, J.-C. (2021). Climate
change impact on tree mortality differs with tree social
status. Forest Ecology and Management, 489, 119048.
https://doi.org/10.1016/j.foreco.2021.119048

Taccoen, A., Piedallu, C., Seynave, 1., Perez, V., Gégout-Petit,
A., Nageleisen, L.-M., Bontemps, J.-D., & Gégout, J.-C.
(2019). Background mortality drivers of European tree
species: Climate change matters. Proceedings of the Royal
Society B: Biological Sciences, 286(1900), 20190386.
https://doi.org/10.1098/rspb.2019.0386

Toledo, J. J., Castilho, C. V., Magnusson, W. E., & Nascimento,
H. E. M. (2017). Soil controls biomass and dynamics
of an Amazonian forest through the shifting of species
and traits. Brazilian Journal of Botany, 40(2), 451-461.
https://doi.org/10.1007/340415-016-0351-2

Trumbore, S., Brando, P., & Hartmann, H. (2015). Forest
health and global change. Science, 349(6250), 814-818.
https://doi.org/10.1126/science.aac675

UFV. (2021). Departamento de Engenharia Agricola. Estagio
Climatoldgica Principal de Vigosa.

Valeriano, M. D. M., & Rossetti, D. D. F. (2012). Topodata:
Brazilian full coverage refinement of SRTM data. Applied
Geography, 32(2), 300-309. https://doi.org/10.1016/].
apgeog.2011.05.004

@ Springer


https://doi.org/10.1016/j.foreco.2013.09.027
https://doi.org/10.1016/j.foreco.2013.09.027
https://doi.org/10.1093/forestry/cpz009
https://doi.org/10.1093/forestry/cpz009
https://doi.org/10.1016/j.rse.2013.09.028
https://doi.org/10.1029/2010GL043733
https://doi.org/10.1111/gcb.13724
https://doi.org/10.1139/x05-157
https://doi.org/10.1038/nclimate3179
https://doi.org/10.5772/33085
https://doi.org/10.5772/33085
https://www.vicosa.mg.gov.br/detalhe-da-materia/info/prefeitura-decreta-situacao-de-emergencia-nas-areas-do-municipio-afetadas-pela-chuva-de-sexta-25/71896
https://www.vicosa.mg.gov.br/detalhe-da-materia/info/prefeitura-decreta-situacao-de-emergencia-nas-areas-do-municipio-afetadas-pela-chuva-de-sexta-25/71896
https://www.vicosa.mg.gov.br/detalhe-da-materia/info/prefeitura-decreta-situacao-de-emergencia-nas-areas-do-municipio-afetadas-pela-chuva-de-sexta-25/71896
https://www.vicosa.mg.gov.br/detalhe-da-materia/info/prefeitura-decreta-situacao-de-emergencia-nas-areas-do-municipio-afetadas-pela-chuva-de-sexta-25/71896
http://www.qgis.org
https://www.R-project.org/
https://doi.org/10.1016/j.foreco.2016.08.039
https://doi.org/10.1002/eap.1368
https://doi.org/10.1016/S0378-1127(00)00510-7
https://doi.org/10.1016/S0378-1127(00)00510-7
https://doi.org/10.1016/j.foreco.2015.04.033
https://doi.org/10.1016/j.foreco.2015.04.033
https://doi.org/10.1016/S0165-1250(00)80017-6
https://doi.org/10.1007/s10531-015-0972-y
https://doi.org/10.1007/s10531-015-0972-y
https://doi.org/10.1002/eap.1576
https://doi.org/10.1111/1365-2745.13076
https://doi.org/10.1016/j.foreco.2021.119048
https://doi.org/10.1098/rspb.2019.0386
https://doi.org/10.1007/s40415-016-0351-2
https://doi.org/10.1126/science.aac675
https://doi.org/10.1016/j.apgeog.2011.05.004
https://doi.org/10.1016/j.apgeog.2011.05.004

203 Page 16 of 16

Environ Monit Assess (2024) 196:203

Vanderwel, M. C., Coomes, D. A., & Purves, D. W. (2013).
Quantifying variation in forest disturbance, and its effects
on aboveground biomass dynamics, across the eastern U
nited S tates. Global Change Biology, 19(5), 1504-1517.
https://doi.org/10.1111/gcb.12152

Villanova, P. H., Torres, C. M. M. E., Jacovine, L. A. G., De
Cassia Oliveira Carneiro, A., Ballotin, F. C., Schettini, B.
L. S., Da Rocha, S. J. S. S., Rufino, M. P. M. X., De Frei-
tas, M. F., & Castro, R. V. O. (2023). Physical and chemi-
cal properties of Coarse Woody Debris submitted to the
natural process of decomposition in a Secondary Atlantic
Forest Fragment in Brazil. Scientific Reports, 13(1), 7377.
https://doi.org/10.1038/s41598-023-34526-9

Villanova, P. H., Torres, C. M. M. E., Jacovine, L. A. G.,
Soares, C. P. B., da Silva, L. F., Schettini, B. L. S., da
Rocha, S. J. S. S., & Zanuncio, J. C. (2019). Necromass
carbon stock in a secondary Atlantic forest fragment in
Brazil. Forests, 10(10), 833. https://doi.org/10.3390/f1010
0833

Vital, B. R. (1984). Boletim Técnico: Métodos de Determi-
nagdo de Densidade da Madeira ((1st) ed.). Sociedade de
Investigagdes Florestais.

Xi, W., Peet, R. K., Decoster, J. K., & Urban, D. L. (2008).
Tree damage risk factors associated with large, infrequent
wind disturbances of Carolina forests. Forestry, 81(3),
317-334. https://doi.org/10.1093/forestry/cpn020

Yan, W.-M., Zhang, L., Leung, F. T. Y., & Yuen, K.-V. (2016).
Prediction of the root anchorage of native young plants
using Bayesian inference. Urban Forestry & Urban

@ Springer

Greening, 19, 237-252. https://doi.org/10.1016/j.ufug.
2016.06.027

Ye, S., Rogan, J., Zhu, Z., & Eastman, J. R. (2021). A near-
real-time approach for monitoring forest disturbance
using Landsat time series: Stochastic continuous change
detection. Remote Sensing of Environment, 252, 112167.
https://doi.org/10.1016/j.rse.2020.112167

Yizhao, C., Jianyang, X., Zhengguo, S., Jianlong, L., Yiqi, L.,
Chengcheng, G., & Zhaoqi, W. (2015). The role of resi-
dence time in diagnostic models of global carbon stor-
age capacity: Model decomposition based on a traceable
scheme. Scientific Reports, 5(1), 16155. https://doi.org/10.
1038/srep16155

Young, T. P., & Perkocha, V. (1994). Treefalls, crown asym-
metry, and buttresses. The Journal of Ecology, 82(2), 319.
https://doi.org/10.2307/2261299

Publisher’s note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing
agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement
and applicable law.


https://doi.org/10.1111/gcb.12152
https://doi.org/10.1038/s41598-023-34526-9
https://doi.org/10.3390/f10100833
https://doi.org/10.3390/f10100833
https://doi.org/10.1093/forestry/cpn020
https://doi.org/10.1016/j.ufug.2016.06.027
https://doi.org/10.1016/j.ufug.2016.06.027
https://doi.org/10.1016/j.rse.2020.112167
https://doi.org/10.1038/srep16155
https://doi.org/10.1038/srep16155
https://doi.org/10.2307/2261299

	Impacts of a severe storm on carbon accumulation in coarse woody debris within a secondary Atlantic Forest fragment in Brazil
	Abstract 
	Introduction
	Material and methods
	Study area
	Data collection
	Volume, necromass, and carbon stock quantification
	Principal component analysis

	Results
	Discussion
	Conclusions
	References


