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Abstract: The spatial and temporal distributions of vegetation can be influenced by edaphic and environmental
factors as well as disturbances. The present study was undertaken to characterize the distribution and spatial
dependence of species diversity in a fragment of semideciduous seasonal forest after a disturbance event by fire
and to identify changes during natural regeneration. The fire, occurred in 1999, and surveys were undertaken
in 2000, 2005 and 2014 in 26 geo-referenced plots (400 m?) distributed along two transects. The Fire Damage
Index (FDI) in each plot was based on a scale from 0 to 5, and all of the arboreal individuals with diameters at
breast height (DBH) > 5 cm were identified in each plot. Species diversity was calculated using the Shannon
index (H’), and species richness (S) was estimated using species accumulation curves; variations between the
surveys compared based on the means and standard errors. The S, H’ and FDI data were submitted to non-spatial
exploratory and geostatistical analyses. After adjusting the semivariograms, the levels of spatial dependence
were classified, and interpolation of the variables values were performed using ordinary kriging to characterize
their spatial distributions in the form of maps. Spatial analysis was used to identify and characterize differences
between the post-fire surveys in terms of the configurations of the arboreal community. The fire event influenced
the spatial and temporal structures of the variables S and H’. These variables showed spatial dependence and
aggregated distributions, with reduction in the distance under spatial influences and a uniformity of individuals
distribution in the forest fragment at the different surveys. This research characterized the distribution and spatial
dependence of the variables S and H” in a forest fragment after a fire event and the alterations in the arboreal
community structure during natural regeneration. Rev. Biol. Trop. 65 (2): 525-534. Epub 2017 June O1.

Key words: Atlantic Forest, Brazil, forest fragmentation, anthropogenic disturbance, long-duration study, spa-
tial dependence, geostatistics.

Forest fragmentation is one of the prin-
cipal factors promoting forest degradation. In
addition to generating forest mosaics at differ-
ent regeneration stages, fragmentation favors
the propagation of subsequent fires and other
environmental disturbances that promote spa-
tial discontinuity of forest composition (Ama-
ral, Ferreira, Watzlawick, Longhi, & Sebem,
2013b). In the Atlantic Forest biome, for

example, habitat degradation results in reduc-
tions of both forest cover and species diversity
(Ribeiro, Martensen, Metzer, Tabarelli, Scara-
no, & Fortin, 2011) with serious implications
for forest ecosystem functioning and organi-
zation (Silva-Matos, Fonseca, & Silva-Lima,
2005; Lima & Moura, 2008; Pereira, Filho,
Eisenlohr, Miranda, & Filho, 2015). The spatial
distribution of forest species is an interactive
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phenomenon involving competition, tree archi-
tecture, and the occurrence and availability of
forest openings (Sanquetta, Corte, Salzmann,
& Vulcanis, 2007; Rode, Filho, Machado,
& Galvao, 2010), and disturbances will be
reflected in the spatial dependence of forest
variables (Dormann, 2007; Miller, Franklin, &
Aspinall, 2007).

Studies of the uncertain, ambiguous, and
nonlinear natures of forest community dis-
turbances will require the use of statistical
tools capable of measuring those interactions
to be able to increase the efficiency of reme-
diation strategies. Geostatistics can be used
to represent the spatial distributions of envi-
ronmental factors and examine the ecological
aspects of recovery and these tools have been
used by numerous researchers to examine
the spatial dependence of forest components
(Rufino, Thiersch, Ferreira, Kanegae-Junior,
& Fais, 2006; Amaral, Ferreira, Watzlawick, &
Genu, 2010; Neves, Lemos, Gonzales, Vieira,
& Siqueira, 2010; Amaral, Ferreira, Lisboa,
Longhi, & Watzlawick, 2013a). These studies
can help generate a better understanding of the
establishment and reproduction of individu-
als (Condit et al., 2000), the maintenance of
species diversity, succession, evolution, and
adaptations (Legendre & Fortin, 1989), and
optimize techniques for sustainable forest man-
agement, and sampling and monitoring of
plant species (Pereira, Péllico-Netto, & Carv-
alho, 2006). Spatial distribution studies require
long-term monitoring of the ecological aspects
of forest communities and must accompany
recuperation processes and their rates long
after a disturbance event (Taylor, Hamilton,
Lewis, & Nantle, 2008).

Thus, this study was developed to charac-
terize the distribution and spatial dependence
of species richness and diversity in a forest
fragment, after a disturbance event by fire, and
to identify alterations in the arboreal commu-
nity structure during natural regeneration.

MATERIAL AND METHODS

Study area: The present study was con-
ducted in a remnant of seasonal semideciduous
montane forest (Instituto Brasileiro de Geo-
grafia e Estatistica, 2012), in the municipal-
ity of Ibituruna, Minas Gerais State, Brazil
(21°09°40 S - 44°50°10” W). The fragment
covers an area of 57.06 ha in a mountainous
region, with hillside inclinations between 25°
and 40°. The regional climate is humid in the
Austral summer and dry in winter (Cwb by the
Koppen classification), with an annual mean
temperature of 20.4 °C and an annual mean
rainfall of 1 460 mm (Dantas, Carvalho, & Fer-
reira, 2007). The soils are predominantly litho-
lic neosols, haplic cambisols, and red argisols
(Empresa Brasileira de Pesquisa Agropecuaria,
2006). The forest remnant studied was sur-
rounded by pastureland, coffee plantations,
fragments of native vegetation, and a lake
formed by a hydroelectric dam. A forest fire
occurred in the area in August/1999, affecting
an irregularly shaped area in a West to East
path through the fragment (Silva, Filho, Ven-
turin, Carvalho, & Gomes, 2005).

Delimitation of the plots and evalua-
tions: In January 2000, twenty-six 400 m? plots
(20 x 20 m) were established along two tran-
sects parallel to the Western and Eastern borders
of the fragment to represent the environmental
variability extant in the areas impacted by fire.
The plots were arranged approximately 30 m
one from the other along each transect. All of
the plots were geo-referenced.

Floristic surveys were undertaken in 2000,
2005 and 2014 by marking, recording, and
identifying all individuals with diameters at
breast height (DBH) > 5 cm in each plot, and
then calculating their Shannon diversity indices
(H”) (Magurran, 1988) and species richness (S).

The species accumulation curves were
plotted and the variations between the differ-
ent surveys compared, based on their means
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and standard errors. Comparisons between the was classified following Biondi, Myers and
curves were based on the 95 % confidence  Avery (1994) with SD considered as weak if
interval (Zar, 2010) using EstimateS version < 35.0 %, moderate if > 35.0 % and < 75.0 %,
9.1 software (Cowell, 2013). and strong if > 75.0 %.

The Fire Damage Index (FDI) was calcu- After adjusting the semivariograms, the
lated based on the scale proposed by Nasci-  data were interpolated by ordinary kriging to
mento et al. (2000), with evaluations varying  characterize, in the form of maps, the spatial
from zero (absence of fire in the plot) to five dependence structures of the variables in each
(maximum fire intensity) for each plot. survey. The R computational system was used

for the statistical and geostatistical analyses

Geostatistical analyses: The S, H’ and and for the plotting of maps (R Development
FDI values were used in the geostatistical Core Team, 2012) using the geoR packages
analyses in association with the central coor-  (Diggle & Ribeiro-Junior, 2007) and ArcGis,
dinates of each plot. The data were initially ~ version 10.1, with the Geostatistical Analyst
submitted to non-spatial exploratory analyses  extension (Environmental Systems Research

to calculate the mean, maximum and mini-  Institute, 2010).

mum values, the coefficients of variation, and

standard deviations. Based on these explor- RESULTS

atory analyses, geostatistical analyses were

undertaken to characterize the dependence and Species richness and diversity: No dif-
spatial variations of the variables. To analyze ferences were found between the different
the structure of their spatial dependence, var- surveys, based on the accumulation curves of

iographic analyses were made of the S, H>and S and H’ variables. Some increases in those
FDI data. The experimental semivariograms variables, proportional to species abundances,
were adjusted to the exponential and spheri-  were observed, although the curves of these
cal models (Journel & Huijbregts, 1978) using variables for all surveys (2000, 2005 and
the ordinary least square method. The adjusted ~ 2014), showed the same patterns and did not
models were used to estimate the nugget effect differ among themselves (Fig. 1).

(Cp), sill (Cy+C), and range (A) parameters, After the fire, the number of individuals
which were used, in turn, to calculate the  and species detected was similar: 1046 individ-
degree of spatial dependence (SD) using the  uals were catalogued in the year 2000, 979 in
equation: [C/(C,+C)]x100. Spatial dependence 2005, and 1093 in 2014; these represented 159,
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Fig. 1. Species accumulation curves as a function of abundance in a semideciduous seasonal forest in Ibituruna, MG, Brazil,
in 2000, 2005 and 2014. A. Mean species richness and B. Shannon Diversity Index.
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TABLE 1
Statistical summary of the species richness (S) and Shannon diversity index (H”) variables in three floristic surveys
undertaken in a fragment of semideciduous seasonal forest in Ibituruna, MG, Brazil

Variable Survey Year Average V. max.!

S 2000 23.88 36
2005 2242 33
2014 23.31 31

H 2000 2.86 3.41

2005 2.80 3.32

2014 2.86 3.32
FDI 1999 2.19 4

V. min. 52 s CV
6 49.42 7.03 29.42
8 42.25 6.50 28.99
11 28.41 5.33 22.89
1.53 0.17 0.41 14.36
1.81 0.14 0.38 13.71
222 0.08 0.29 9.98
0 1.69 1.30 59.15

V. Max. = Maximum value; V. Min. = Minimum value; s*> = Variance; s = Standard Error; CV = Coefficient of variation.

154, and 163 species, respectively. The most
abundant species in all three forest surveys
were Cupania vernalis, Gymnanthes klotzschi-
ana, and Prunus myrtifolia; but only C. vernalis
and G. klotzschiana were among the ten species
with the highest densities in both transects. The
H’ values for the three surveys were 4.41, 4.39,
and 4.40 nats.ind."! respectively, indicating that
there were no statistical differences between
them, and making it impossible to characterize
the influence of fire on plant diversity, based on
the species accumulation curves for the evalu-
ated years after the fire event.

Spatial continuity analyses: Based on
the descriptive analyses of S and H’ data, there
were alterations of those variables after the fire
event and heterogeneity of the data, with higher
values in the year 2000 variance (s?), standard

error (s), and coefficient of variance (CV). The
median values of the variables did not oscil-
late during the surveys, although there were
variations in data amplitudes, with the largest
values observed in 2000 and the smallest in
2014 (Table 1), characterizing a de-structuring
of the variables as a possible consequence of
fire, with posterior stability. The reductions of
the variance (s?), and coefficient of variance
(CV) values of the S and H’ values between
the 2000 and 2014 surveys (Table 1), confirm
this observation.

Spatial analyses demonstrated alterations
in the structural variables following the fire.
There was spatial dependence of S and H’
variables and the spherical and exponential
models were adjusted accordingly (Fig. 2;
Table 2). The S variable spatial dependence
resulted moderate in all three surveys; while H’

TABLE 2
Parameters of semivariograms models referring to the species richness (S), Shannon diversity index (H’) and Fire Damage
Index (FDI) in a fragment of semideciduous seasonal forest in Ibituruna, M G, Brazil, during plant surveys
undertaken in 2000, 2005 and 2014

Variable Models Survey Year

S Spherical 2000
2005

2014

H’ Exponential 2000
2005

2014

FDI Spherical 1999

Co! (Co+C) A (m) SD (%)
17 44.82 221.90 62
16 38.86 185.43 59
10 28.25 132.54 65

0.03 0.17 317.57 82

0.02 0.16 207.81 87

0.03 0.09 299.57 68
0.3 2.01 117.85 87

1Co = Nugget effect; Co+C = Sill; A = Range; SD = Spatial dependence.
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Fig. 2. Spherical and exponential semivariograms for the variables of species richness (S), Shannon diversity index (H’) and
the Fire Damage Index (FDI) in a fragment of semideciduous seasonal forest in Ibituruna, MG, Brazil, during plant surveys

undertaken in 2000, 2005 and 2014.

was stronger for the 2000 and 2005 surveys,
and only moderate in 2014 (Table 2). Both vari-
ables demonstrated reductions in their value
ranger, nugget effect, and sill during the series
of three surveys (Table 2), that is, a reduc-
tion in the distance under spatial influence,
and the uniformity of tree distributions in the
forest fragment.

The variables FDI, S, and H’ showed
spatial dependence and aggregated patterns
of distribution (Fig. 2 and Fig. 3). The fire
spread from East to West and some fragment
areas were more severely damaged (FDI) (Fig.
3); these focal points likewise demonstrated
smaller S and H’ values and a gradient was
established from them (Fig. 3). In these cases,
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the spatial distributions of the arboreal species
were dependent on their distances from the
focal points of the fire.

There was an increase in areas showing
greater species richness and a reduction in
areas with high species diversity following the
first survey (Fig. 3).

DISCUSSION

It was not possible to characterize the influ-
ences of the fire on the structure of the arboreal
community studied here, based on numerical
analyses and the accumulation curves of S and
H’ variables. The S values in all three surveys
were intermediate in relation to other seasonal
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Fig. 3. Kriging maps for the species richness (S), Shannon diversity index (H’), and Fire Damage Index (FDI) variables

in a semideciduous seasonal forest fragment in Ibituruna, MG, Brazil, in three floristic surveys undertaken in 2000, 2005
and 2014.
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semideciduous forest with known fire occur-
rences; Peixoto et al. (2012) reported from 148
to 168 species, while Abreu, Pinto and Mews
(2014) reported from 102 to 100 species under
similar conditions, and the latter group was
unable to identify alterations in the forest com-
munity after a fire event (as was seen in the
present study).

The H’ values reported here were interme-
diate in terms of published results from other
forest fragments for the same region (Alto
Rio Grande) without reported fires (Botrel,
Filho, Rodrigues, & Curi, 2002; Nunes, Men-
donga, Filho, Botezelli, & Machado, 2003;
Dalanesi, Filho, & Fontes, 2004; Guilherme,
Filho, Appolinario, & Bearzoti, 2004; Carv-
alho, Filho, Fontes, & Curi, 2007). As such, the
numerical analyses of the H’ variable was not
useful to characterize the consequences of the
event of fire or alterations resulting from regen-
eration processes, and could only be character-
ized based on the spatial analyses of the data.

The differential effects of fire in the sam-
pled plots contributed to the observed variabil-
ity of the data, although the reductions of the
values of the coefficient of variation and the
measures of dispersion (s? and s), indicated the
reestablishment of homogeneous distributions
of S and H’ after the disturbance.

Aggregated patterns of spatial distribution
are characteristic results of fires in small for-
est fragments (Pereira, Barros, Acerbi-Junior,
Pereira, & Reis, 2013). After a fire event,
areas (or foci) are created with smaller S and
H’ values due to high fire damage intensity
in those sites, resulting in spatial distribution
gradients of the variables analyzed, which are
dependent on their distance from those foci. As
disturbances of equivalent proportions are not
repeated, this interference gradually becomes
reduced, characterizing natural regeneration.
This result could also be seen in the attenuation
of spatial dependence in sequential surveys. In
terms of the variable H’, the spatial dependence
was classified as strong in 2000, but alter-
nated to moderate in 2014; this demonstrated
a lower degree of dependence in relation to
the initial foci.

The occurrence of clearings in forest frag-
ments can initially result in independence
of the different regions of the forest com-
munity (Lima, 2005; Lima & Moura, 2000),
with consequent spatial dependence on the
pre-existing population. These canopy opening
sites are initially colonized by species that had
been excluded by interspecific competition,
but returned and became established in those
recently disturbed sites (Fox, 2013). This was
observed in the present study, with a reduction
in the areas that demonstrated small S values
in the 2000 survey, with distancing occurring
between new individuals and their mother
plants during the process of natural regenera-
tion, with consequent reductions in spatial
dependence. After forest reconstruction, the
renewed dominance of species adapted to low-
light environments resulted in reduced diver-
sity (Bello et al., 2013).

Natural phenomena, in the case of natural
regeneration, introduce spatial conditioning
(Amaral et al., 2013a). As such, variations in
plant distributions are not random and will
demonstrate some degree of spatial depen-
dence, and this dependence cannot be identi-
fied through classical analyses (Miller et al.,
2007; Batista et al., 2016) as observed in the
present study. In that sense, as described by
Amaral et al. (2013a), analyses that assume
independence among samples, have been sub-
stituted by geostatistical analyses that provide
more reliable and precise data for decision-
making by forest administrators.

As such, we were able to identify altera-
tions in the configuration of the arboreal com-
munity after a fire disturbance by its influence
on the spatial and temporal structures of the
variables S and H’. These variables dem-
onstrated spatial dependence and aggregated
distributions, with reduction in the distance
under spatial influences during the evalua-
tion period, characterizing the stability of the
arboreal community. During the process of
natural regeneration, the distributions of these
variables remained aggregated, although the
more advanced successional stage demonstrat-
ed lower spatial dependence.
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RESUMEN

Distribucion espacial y temporal de la diversidad
de especies en un bosque estacional semideciduo con un
episodio de incendio. La distribucion espacial y temporal
de la vegetacion esta influenciada por factores edaficos,
ambientales y alteraciones. En ese contexto, el objetivo
del estudio fue caracterizar el patrén de distribucion y
la dependencia espacial de la diversidad de especies en
un fragmento de bosque estacional semideciduo, donde
ocurrié un incendio, e identificar alteraciones a lo largo
del proceso de regeneracion natural. El incendio ocurrid
en 1999, y en 2000, 2005 y 2014, se hicieron inventarios
floristicos en 26 parcelas (400 m?) georreferenciadas y
distribuidas en dos transectos. El indice de dano del fuego
(IDF) se evalu6 en cada parcela con base en una escala de 0
a 5. En cada inventario se identificaron las plantas arboreas
con diametro a altura de pecho (DAP) > 5 cm, calculando
la diversidad de especies con base en el indice de Shannon
(H’) y estimando la riqueza de especies (S). Esas variacio-
nes fueron analizadas utilizando la curva de acumulacion
de especies, y la variacion entre inventarios fue comparada
con base en las medias y el error estandar. Los datos de
S, H’ e IDF fueron sometidos a analisis exploratorio no
espacial y a analisis geoestadistico. Después del ajuste de
los semivariogramas, se clasifico el nivel de dependencia
espacial y se hizo la interpolacion de datos por Krigeado
ordinario para caracterizar, en mapas, el patron de distri-
bucion espacial de esas variables. Se encontrd diferencia
entre los inventarios realizados después del incendio, como
en la configuracion de la comunidad arborea, por lo que
el analisis espacial permiti¢ identificar y caracterizar este
hecho. El incendio afecto la estructura espacial y temporal
de las variables S y H’. Estas variables presentan depen-
dencia espacial y la distribucion agregada, con distancias
mas pequeiias bajo influencia espacial, y la uniformidad de
la distribucion de los individuos en el fragmento de bosque
durante las distintas etapas. Por ultimo, se caracterizé la
distribucion y la dependencia espacial de las variables S e
H ‘en un fragmento de bosque después de un incendio, y
las alteraciones en la estructura de la comunidad arborea
durante la regeneracion natural.

Palabras clave: Selva Atlantica, Brasil, fragmentacion
de bosques, alteracion antropogena, estudio a largo plazo,
dependencia espacial, geoestadistica.
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