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The severity of ﬁre impacts on ﬁre-prone vegetation is often spatially heterogeneous, and may lead to
small-scale patchiness in the structure of plant populations by affecting mortality, topkill, and reproduction. This patchiness, however, is not usually taken into account in ﬁre ecology studies. We show that
a dry-season ﬁre may result in small-scale patchiness in the population structure of the common shrub
Miconia albicans, mostly by differential topkill and resprouting. We related ﬁre severity to population
structure parameters of the study species and assessed the effects of ﬁre on its soil seed bank. Basal area
of non-woody live stems and of dead stems increased with ﬁre severity, whereas that of woody live
stems decreased, indicating topkill and resprouting. However, there was no relationship between ﬁre
severity and the total number of live or dead plants, showing that mortality in the ﬁre was low. We found
very few seedlings, indicating that resprouting, not germination from the soil seed bank, is the main
recovery strategy of this species. The ﬁre also affected the soil seed bank, as there were fewer seedlings
emerging from soil collected in burned patches. Although this study was performed with a single species,
it is likely that other species, especially those with basal resprouting, will show similar patterns of postﬁre patchiness in population structure. This patchiness, in turn, may affect the spatial distribution of
future ﬁres, and should be taken into account in studies of ﬁre ecology.
Ó 2014 Elsevier Masson SAS. All rights reserved.
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1. Introduction
In ﬁre-prone environments such as savannas, natural ﬁres
resulting from lightning are a common phenomenon (Ramos-Neto
and Pivello, 2000). These natural ﬁres burn relatively small patches
and occur in the beginning of the wet season, in contrast to humaninduced ﬁres, which burn extensive areas and often occur in the dry
season (Ramos-Neto and Pivello, 2000). Even so, the severity of
dry-season ﬁres may be patchy, or spatially heterogeneous, and
leave unburned or lightly burned patches interspersed with
severely burned ones (Roman-Cuesta et al., 2009; Werner, 2010).
Here, we deﬁne heterogeneity, or patchiness, as the complexity
and/or variability of a system property in space and/or time (Li and
Reynolds, 1995). Fire behavior and therefore the formation of
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unburned patches depends on factors such as fuel type and quantity, moisture, and wind speed and direction (Hoffmann et al., 2012;
Roman-Cuesta et al., 2009). For example, in a mesic Eucalypt
savanna, only early dry season ﬁres were spatially heterogeneous,
especially in areas with a smaller grass cover (Werner, 2010).
Spatially heterogeneous ﬁres may result in patchiness in the
structure of plant populations, due to factors such as topkill,
resprouting (Hoffmann and Solbrig, 2003), differential mortality
(Watts et al., 2012), and germination from the seed bank (Keeley,
1987).
Fires often result in noticeable changes in the size structure of
plant populations even when mortality is low, as is often the case in
savannas (Hoffmann, 1998; Hoffmann and Solbrig, 2003). Therefore, a patchy ﬁre may result in patchiness in a plant population not
only by promoting spatially structured mortality (Watts et al.,
2012), but also by causing different degrees of topkill and
resprouting (Hoffmann, 1998; Hoffmann and Solbrig, 2003) and
thus modifying the population’s size structure (Lehmann et al.,
2009; Silva et al., 2009). Resprouting is a major part of the
“persistence niche” and one of the main adaptations in ﬁre-prone
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ecosystems with more frequent ﬁres (Bond and Midgley, 2001;
Hoffmann, 1998; Lamont et al., 2011), as it drastically reduces
ﬁre-induced mortality and increases the probability that an
established plant will maintain its space in the community. An
important distinction is between epicormic resprouting, characterized by the growth of new branches from buds on the main
trunk or branches, and basal resprouting, in which resprouts grow
from the stem’s base after the loss of aerial structures during topkill
(Bond and Midgley, 2001). Resprouting intensity depends on bud
characteristics, such as their location, number, and protection, and
also on ﬁre characteristics such as frequency and intensity
(Bellingham and Sparrow, 2000; Vesk and Westoby, 2004; Clarke
et al., 2013).
Patchiness in population structure may also be related to
changes in the soil seed bank, which is important for the establishment and persistence of many species from ﬁre-prone communities (Gonzalez and Ghermandi, 2008; Måren et al., 2010;
Måren and Vandvik, 2009; Wright and Clarke, 2009). Soil seed
bank response to ﬁre is more important in systems dominated by
obligate seeders, which are more common in areas with longer ﬁre
return intervals (Menges and Hawkes, 1998). However, seed bank
may also play a role in other ecosystems, as ﬁre stimulates the
germination of some species, either directly, by breaking the seeds’
outer coat, or indirectly, by increasing the amount of light and
releasing stimulatory compounds from charred wood (Keeley,
1987). Fire may also stimulate ﬂowering, with a subsequent production of a large number of seedlings (Menges and Hawkes, 1998).
Even though the post-ﬁre environment can offer more suitable
conditions for the survival and growth of seedlings (Tyler, 1996), a
decrease in the number of seedlings immediately after a ﬁre has
also been observed (Romo and Gross, 2011). However, because of
the lack of studies about the soil seed bank of species from the
Brazilian savanna (Ikeda et al., 2007; Pereira-Diniz and Ranal,
2006), the importance of germination from the soil seed bank for
the maintenance of their populations is unknown.
The inﬂuence that ﬁre patchiness may have on the structure of
plant populations is rarely considered in studies of plant population
ecology in ﬁre-prone ecosystems, and most studies usually
compare either the same population before and after a ﬁre (Silva
et al., 2009) or populations located in areas with different ﬁre return intervals (Hoffmann, 1998, 1999; Hoffmann and Solbrig, 2003).
In this study, we show that a dry-season ﬁre may indeed result in
small-scale spatial heterogeneity in the population structure of a
savanna species. We studied the population structure and seed
bank of a common Neotropical shrub, Miconia albicans (Sw.) Steud.
(Melastomataceae), after a spatially heterogeneous ﬁre in a Brazilian savanna. We assessed heterogeneity in ﬁre severity and the
relationship between ﬁre severity and M. albicans’s population
structure as well as the effects of the ﬁre on individual plants and
on the seed bank. In this manner, we were able to assess the relative
inﬂuence of the mechanisms outlined above e mortality,
resprouting, and germination from the seed bank on the post-ﬁre
heterogeneity in plant population structure.
2. Material and methods
2.1. Study area
The Brazilian savanna is part of the ﬂoristic domain known as
the Cerrado, which comprises grassland, savanna, and forest
vegetation (Coutinho, 1978). A large part of the Cerrado is
composed of a savanna vegetation known as cerrado sensu stricto
(Coutinho, 1978; Oliveira-Filho and Ratter, 2004). We performed
this study in a cerrado sensu stricto site at the Federal University of
São Carlos campus in the municipality of São Carlos, São Paulo
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State, Southeastern Brazil (2158 4500 S, 47 52 5300 W, 880 m above
sea level). The climate is seasonal with a dry winter and a wet
summer (Cwa according to Köppen, 1931), an annual rainfall of
1339 mm and a mean annual temperature of 22.1  C (Oliveira and
Batalha, 2005). Soil is acidic with low nitrogen and high
aluminum and percent sand (Dantas and Batalha, 2011).
The average ﬁre return interval for cerrado sensu stricto is
approximately 5 years (Ramos-Neto and Pivello, 2000). Part of our
study area had been burned in 2004. Previous ﬁre history is unclear
but it has been burned at least once every four years (pers. comm.
of University staff). The last ﬁre before the study occurred on 26
August 2006, late in the dry season. This ﬁre burned a large part of
the herbaceous and tree layer of the study area but left a number of
unburned patches interspersed with the burned ones. There have
been no prescribed ﬁres in this area and, to our knowledge, all ﬁres
were accidental. Occurring in the dry season, these ﬁres tend to be
severe in the burned patches and to cause extensive topkill.
2.2. Study species
M. albicans (Sw.) Steud. (Melastomataceae) is a multi-stemmed
shrub that grows up to 5 m tall and may have up to 13 stems per
individual (P. Dodonov, pers. obs.). The species occurs from Mexico
to Paraguay (Martins et al., 1996). In Brazil, it is common in cerrado
sensu stricto (Assunção and Felﬁli, 2004; Oliveira and Batalha, 2005)
and dystrophic cerradão or forested cerrado (Haridasan and Araújo,
1988). It is an evergreen (Damascos et al., 2005), aluminumaccumulating species that is intolerant of calcareous soils
(Haridasan, 1988; Haridasan and Araújo, 1988). Its seeds are common in the seed bank and show little to no dormancy and a
germination rate around 76% (Miyanishi and Kellman, 1986).
M. albicans is known to suffer complete topkill during ﬁres followed by intense resprouting and resprouts are able to reach
reproductive size in the second year after ﬁre (Hoffmann and
Solbrig, 2003). It does not produce root suckers, relying solely on
sexual reproduction for spreading (Hoffmann, 1998). Seed production is minimal in the ﬁrst year after burning and only plants
older than 3 years are able to survive a ﬁre (Hoffmann, 1998).
Therefore, its population is predicted to decline under annual or
biennial burning, but may stabilize under less frequent ﬁres
(Hoffmann, 1999; Miyanishi and Kellman, 1988; Moreira, 2000).
2.3. Sampling
We sampled the population of M. albicans between February
and June 2008, approximately 18e22 months after the ﬁre. We
placed ﬁve parallel 100 m-long belt transects at 20 m intervals.
Each transect was divided into 20 5  5 m2 plots, and all individuals
in each plot were sampled. The transects were placed perpendicular to a 6 m-wide ﬁrebreak, with the ﬁrst plot located immediately
at the ﬁrebreak edge. We are aware that this sampling design has
certain pseudoreplication issues, such as the use of one single area
and the spatial autocorrelation among the plots. However, the use
of contiguous plots enabled us to simultaneously assess the
patchiness of ﬁre severity and its relationship with aspects of
population structure. Furthermore, the existence of ﬁve transects
helped to reduce the effects of spatial autocorrelation on the
response variables.
As M. albicans produces multiple stems but no root suckers
(Hoffmann, 1998), we considered a group of stems as a separate
individual if it had no connections to another individual at its base.
For each individual, we measured the basal diameter and height of
all live and dead stems and classiﬁed the live stems into adults (all
non-topkilled stems, including those with epicormic resprouts) or
resprouts (usually growing from the base of topkilled individuals).
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Adult stems had a woody structure and fully developed bark,
whereas resprouts were non-woody and had either no woody bark
or bark only at the stem’s base. An adult stem was considered alive
if it had at least one green leaf. Dead resprouts were ignored. We
classiﬁed all woody stems, both dead and alive, as either burned or
unburned by looking for signs of burning, such as scorched stems or
charcoal at the stem’s base. An individual was considered burned
when it had at least one burned stem, or, in the absence of adult
stems, if it had signs of burning such as charcoal on the ground. We
were generally able to identify dead M. albicans individuals based
on bark characteristics or, in some cases, by the remains of burned
leaves at the plant’s base. We also measured all seedlings, which
were non-woody and were not connected to any live or dead
woody stem.
To assess the effects of ﬁre on the seed bank, we delimited 1.2 ha
of unburned vegetation approximately 50 m from the burned site.
In this unburned area, we replicated the survey design described
above and placed ﬁve transects therein, also 20 m apart. We
sampled the soil seed bank approximately every six months from
January 2007 to July 2010, in the wet (NoveApr) and dry (Maye
Oct) seasons of each year. At each date we placed 15 (in 2007 and
2008) or 30 (in 2009 and 2010) sampling points in both burned and
unburned areas (Xavier, 2011). To ensure randomness we sampled
at random distances along and perpendicular to each transect.
Sampling points in the burned area were restricted to burned
patches. At each point we removed the litter layer and collected a
cylindrical soil sample 4 cm in depth and 25 cm in diameter. In
2009 and 2010 we also collected the litter layer and a deeper soil
layer (5e8 cm in depth). We used the germination method
(Roberts, 1981) to estimate the number of viable seeds in the soil.
This method is considered the most reliable for determining species composition in the soil seed bank in plant communities
(Roberts, 1981). We spread each sample in a 21  26 cm germination tray, with maximum soil depth of approximately 3.5 cm to
avoid under-estimates of seedlings buried deeper into the soil
(Dalling et al., 1995). Trays were covered with transparent plastic to
decrease airborne contamination and maintain soil humidity and
watered one to seven times per week, depending on the climate
conditions. Trays remained in a greenhouse under natural climate
conditions for six months. We recorded the number of emergent
seedlings of M. albicans every week and the total number of
emergent seedlings from each tray.
2.4. Data analysis
We used the proportion of (1) burned stems and (2) burned
individuals of M. albicans in each plot as alternative proxy variables
for ﬁre severity. We assume that these variables represent the
proportion of the plot that was burned. We realize there is some
circularity in this, as variables obtained from the study population
were used to estimate ﬁre severity and its effects on the same
population. However, we believe that the fact that these were
objective measures of ﬁre severity, combined with the difﬁculty of
assessing the spatial heterogeneity of the severity of wildﬁres,
outweighs this circularity. Additionally, the two measures have
slightly different properties, and we used both of them to avoid
statistical artifacts. The proportion of burned stems shows better
the effects of low to intermediate ﬁre intensities, which sometimes
burned only part of an individual plant. However, this measure may
underestimate ﬁre severity when the ﬁre burns an individual
completely without leaving any live or dead adult stems standing.
In these cases, an individual could only be classiﬁed as burned by
looking for signs such as charcoal on the ground. Using the proportion of burned individuals to complement the proportion of
burned stems accounts for this shortcoming.
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We analyzed the ﬁre severity in each transect for serial nonrandomness via runs test. A runs test tests for the null hypothesis
of serial randomness in sequences of plots with ﬁre severity below
and above the mean for each transect. Serial non-randomness is
indicated when patches of greater or lesser ﬁres severity occur
either more or less frequently together than expected by chance,
indicating single large unburned and a single large burned patch.
For this, we used the runs test in the software Past 2.15 (Hammer
et al., 2001), based on the number of runs, or sequences of plots,
with ﬁre severity below and above the mean for each transect.
Random distribution indicates more heterogeneous distribution of
ﬁre severity.
We then analyzed the relationship between ﬁre severity and
several measures of M. albicans population structure using a
generalized additive model with a smoothing function of ﬁre
severity (Zuur et al., 2009). We used four measures of basal area
(AeD) and ﬁve measures of abundance (EeI), namely: A) total basal
area of resprouts and live adult stems; B) basal area of live woody
(adult) stems; C) basal area of non-woody stems, including both
basal resprouts and seedlings; D) basal area of dead adult stems; E)
total number of live individuals, including surviving individuals and
seedlings; F) total number of dead individuals, that is, individuals
that we were able to identify as M. albicans but that had no live
adult stems or resprouts; G) total number of individuals with live
adult stems, including those with epicormic resprouts, but no basal
resprouts; H) total number of individuals with both surviving adult
stems and basal resprouts; and I) total number of individuals
composed only of basal resprouts, with no surviving adult stems.
Measures AeD represent the effects of ﬁre on the individual stems,
including topkill and resprouting. We chose these measures instead
of the number of stems because we believe that, in terms of population size structure, larger stems have a greater contribution than
smaller stems. We combined live adult stems and epicormic
resprouts because of the relatively low frequency of epicormic
resprouting and also because these two classes represent the nontopkilled individuals. We did not perform a separate analysis on the
distribution of seedlings because of their low abundance. However,
we did include the number of seedlings in the measures of basal
area and of the total number of live individuals in order to provide
the most thorough description of this species’ population structure.
The model included a spherical spatial autocorrelation structure
of the residuals to account for spatial autocorrelation among plots,
and signiﬁcance was assessed with restricted maximum likelihood
(Zuur et al., 2009). We used deviation from unity in the effective
degrees of freedom (EDF) of the ﬁtted model to assess whether the
relationship was linear or not (Zuur et al., 2009). This analysis was
performed with the function gamm of the mgcv package (Wood,
2011) in R 2.14.2 (R Development Core Team, 2012). In order to
reduce the probability of ﬁnding a signiﬁcant relationship by
chance alone (Sokal and Rohlf, 2012), only the models in which the
smoothing term had a p value below 0.005 were considered
signiﬁcant.
We assessed the effects of ﬁre on the individual plant level by
comparing the number and total basal area of live adult stems and
of resprouts between burned and unburned individuals by means
of a permutation t test (Manly, 2007), in Past 2.15 (Hammer et al.,
2001). We used the same test to compare basal diameter and
height of live adult stems, resprouts, and seedlings. We also performed some complementary correlation analysis to explore the
relationship between the heights of dead stems and resprouts, as a
negative correlation would indicate that dead stems hamper the
growth of resprouts, e.g. by shading.
Finally, we used a permutation t-test (Manly, 2007) to compare
the mean number of M. albicans emergent seedlings between
burned and unburned samples and between the depth levels (litter

50

P. Dodonov et al. / Acta Oecologica 56 (2014) 47e55

Fig. 1. Variation in ﬁre severity, as measured by the proportion of burned M. albicans stems and individuals per plot, along the ﬁve study transects. The dashed lines represent the
mean values and the p values represent the probability of serial randomness according to a runs above and below the mean test.

proportion of burned stems in these plots ranged from 0.04 to 1.00
and the proportion of burned individuals ranged from 0.17 to 1.00,
indicating that many plots were only partially burned due to smallscale heterogeneity in ﬁre severity (Fig. 1, Table 1). The spatial
pattern of ﬁre severity was random in two of the ﬁve transects
when assessed as stems, and in four of ﬁve transects when assessed
as individuals (Table 1).
Mortality, represented by the number of plants with no live
stems, was quite low and only 36 of the 1033 individuals were dead
(Table 2). However, the large number of dead adult stems

layer, 0e4 cm deep and 5e8 cm deep) for each sampling date, in
Past 2.15 (Hammer et al., 2001). We also used bootstrap-T (Manly,
2007) to estimate conﬁdence intervals for the mean number of
seedlings, in R 2.14.2 (R Development Core Team, 2012; script in
Supplementary Material S1).
3. Results
Fire severity in the study area was highly heterogeneous. Of the
96 plots with M. albicans, 94 showed signs of burning. However, the

Table 1
Distribution of the ﬁre effects in each of the ﬁve transects in the study area: mean  SD of ﬁre severity, calculated for stems and individuals; and values used in the runs test for
the null hypothesis of serial randomness of ﬁre severity, speciﬁcally the number of plots with ﬁre severity below and above the mean, number of runs (i.e. sequences of plots
either below or above the mean), and the corresponding Z and p values. Fire severity was calculated as the proportion of stems and individuals with signs of burning in each
plot, and p < 0.01 indicates that ﬁre severity was not random after adjusting for multiple comparisons. The total number of plots differs among the transects because plots with
no M. albicans plants in them were not considered.
Transect

Fire severitydstems
Mean  SD

1
2
3
4
5

0.62
0.70
0.94
0.80
0.89







0.40
0.33
0.19
0.31
0.18

Fire severitydindividuals

Plots below/
above mean

Runs

Z

p

Mean  SD

10/9
10/9
2/16
7/13
8/12

2
5
3
10
9

4.012
2.592
2.128
0.05
0.77

<0.0001
0.009
0.03
0.96
0.44

0.73
0.81
0.97
0.90
0.92







0.38
0.26
0.11
0.15
0.10

Plots below/
above mean

Runs

Z

p

8/11
10/9
1/17
7/13
8/12

6
8
3
9
9

2.067
1.171
0.354
0.56
0.77

0.038
0.24
0.72
0.58
0.44
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Table 2
Effects of the ﬁre on the study population at the individual level: number of dead
plants (with dead stems only), live non-resprouting plants (with live adult live stems
but no basal resprouts), live plants with both adult stems and basal resprouts, and
live plants that suffered complete topkill and therefore had basal resprouts only.

Dead stems only
Adult live stems but no basal resprouts
Adult live stems and basal resprouts
Basal resprouts only (complete topkill)
Seedlings
Total

Unburned

Burned

Total

4
140
2
3
N/Aa
149

32
96
52
687
N/Aa
867

36
236
54
690
17a
1033

a
Seedlings were not classiﬁed as either burned or unburned because we assume
that they appeared after the ﬁre.

associated with large basal areas (Table 3) indicates severe topkill
followed by resprouting. We found only 17 seedlings but over 4000
resprouts. Nearly all resprouts were originated from burned individuals (Table 3). Epicormic resprouting was rare because most
burned individuals produced basal resprouts only (Table 3). Differences in the number of resprouts and adults stems between
unburned and burned plants inﬂuenced the size structure, as
resprouts were signiﬁcantly smaller than adult stems in terms of
both basal diameter and height (permutation p ¼ 0.0001; Table 3).
Thus, notwithstanding the larger number of resprouts on burned
plants, the total live basal area of unburned plants was on average
2.8 times greater than that of the burned ones (Table 4). In terms of
plant height, basal resprouts were on average smaller than adult
stems, and epicormic resprouts intermediate between these two
(Table 4).
Most measures of population structure were signiﬁcantly
related to ﬁre severity (model parameters shown in Supplementary
Material S2). Basal area of all live stems and of live woody stems
decreased with ﬁre severity, showing a linear relationship with the
proportion of burned stems and a non-monotonic relationship with
the proportion of burned individuals, with a peak at intermediate
ﬁre severity and lowest values at greatest ﬁre severity (Fig. 2A,B).
The basal area of live non-woody stems, representing mostly
resprouts, and of dead stems, representing dead and topkilled individuals, increased linearly with both measures of ﬁre severity
(Fig. 2C,D; the relationship between the basal area of dead stems
and the proportion of burnt individuals was marginally signiﬁcant,
with a p of 0.0054). Regarding abundance, the total number of live
and of dead individuals was not signiﬁcantly related to either
measure of ﬁre severity (Fig. 2E,F), indicating low mortality. The
number of individuals with adult stems only, including those with
epicormic resprouting, and of individuals with both adult stems
and basal resprouts showed non-monotonic patterns, with peaks at
intermediate ﬁre severity; these patterns were more pronounced
when ﬁre severity was measured by the proportion of burned
stems (Fig. 2G,H). Finally, the number of individuals with only basal
resprouts increased linearly with both measures of ﬁre severity
(Fig. 2I).
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Table 4
Differences between unburned and burned individuals of M. albicans with regarding
the number of adult stems (including stems with epicormic resprouts) and resprouts
per individual and the respective basal areas (mean  SD). There were signiﬁcant
differences between unburned and unburned plants for all variables (permutation
p ¼ 0.0001).
Variable

Unburned

Number of adults (N)
Number of resprouts (N)
Adult basal area (cm2)
Resprout basal area (cm2)
Total basal area (cm2)

2.32
0.08
7.58
0.08
7.66







1.87
0.78
10.85
0.67
10.81

Burned
0.37
4.70
1.45
1.33
2.78







1.08
4.85
6.14
1.93
6.19

We found a total of 1965 emergent seedlings in samples from
the burned site and 4459 seedlings in samples from the unburned
site in the seed bank experiment. The number of emergent seedlings from soil sampled from 0 to 4 cm was consistently lower at the
burned site, except for the dry season of 2007 and the rainy season
of 2008, in the second year after the ﬁre (Fig. 3). Abundance at 5e
8 cm was also lower in the burned site in 2009 and 2010 except for
the dry season of 2010 (Fig. 3). Seedling emergence from the litter
layer was much smaller in the burned area in both seasons of 2009;
in the dry season of 2010 there were no signiﬁcant differences, but
in the wet season of 2010 it was signiﬁcantly greater in the burned
area (Fig. 3). Seedling emergence at 0e4 cm was similar to that at
5e8 cm at both sites, regardless of the sampling date (p > 0.05). In
general, seedling emergence from the litter layer was signiﬁcantly
lower compared to that from the soil sampled at both 0e4 and 5e
8 cm (permutation t test e p < 0.001). However, in the last sampling date (dry season of 2010) there were no signiﬁcant differences
between the different depths in the burned area (p > 0.05). Seedling emergence at 0e4 cm was similar to that at 5e8 cm at both
sites, regardless of the sampling date (p > 0.05).
4. Discussion
Our results show that ﬁre severity was highly heterogeneous
and sometimes apparently random. This was regardless of the
measure used. The formation of islands of unburned vegetation
within large forest ﬁres has already been explored elsewhere
(Roman-Cuesta et al., 2009), and our results show that these islands
may also be formed on a smaller scale. The high degree of patchiness observed in this study is in contrast with other studies in
which late dry-season ﬁres have been shown to induce homogeneous or nearly homogeneous burning (Werner, 2010). This indicates that ﬁre heterogeneity is a real and important factor in ﬁreprone ecosystems such as the Brazilian savanna, even in the dry
season. Pre-existing differences in the structure of the study population may have contributed to the heterogeneity we report, but
we did not see any clear relationship between the abundance of
M. albicans and ﬁre severity that might be expected if this were the
case. Additionally, the ﬁre was most severe in the third transect,

Table 3
Effects of ﬁre on the study population at the stem level: number of live adult stems, dead adult stems, adult stems with epicormic resprouts, basal resprouts, and seedlings that
comprised the 997 live and 36 dead individuals found in the study area (seedlings excluded), and the corresponding total basal area, on burned and unburned plants.
Total basal area (cm2)

Total number of stems

Mean basal diameter (cm2) Mean height (cm)

On unburned plants On burned plants Total On unburned plants On burned plants Total
Live adult stems
Dead adult stems
Epicormic resprouts
Basal resprouts
Seedlings
Total

322
58
10
4
N/A
403

225
1647
96
4075
N/A
6043

547
1714
106
4079
17
6446

1122.42
119.56
15.27
10.85
N/A
1268.10

816.95
3422.68
396.00
1145.60
N/A
5781.22

1939.37
3542.23
411.27
1156.45
1.40
7049.32

1.82
1.38
1.84
0.54
0.30
0.89








1.10
0.86
1.25
0.27
0.11
0.77

106.62
74.07
89.16
47.67
21.76
60.21








72.59
68.18
72.02
31.55
14.76
52.27
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Fig. 2. Relationship between ﬁre severity, measured by the proportion of burned stems (black) and the proportion of burnt individuals (gray), and population structure of Miconia
albicans. Population structure is described by four measures of basal area (BA) per plot (A: all live stems, B: woody stems, C: non-woody stems including resprouts and seedlings,
and D: dead stems), and ﬁve measures of abundance (N) of individuals (E: total number of live individuals, F: number of dead individuals, G: live individuals with adult stems and no
resprouts, H: number of individuals with both adult stems and resprouts, and I: individuals with resprouts but no adult stems.). The lines represent additive models between the
response variables and each measure of ﬁre severity, with variable degrees of freedom and a correction term for spatial autocorrelation. Solid lines mean that the smoothing term
was signiﬁcant with p < 0.005, except for the relationship between the basal area of dead stems and the proportion of burnt individuals (p ¼ 0.0054). Parameters of the model are
shown in Supplementary Material S2.

which had the lowest abundance of M. albicans. Therefore, the
patchiness of ﬁre severity may have been caused by spatial variation in the quantity of different fuels, e.g. grasses, or by wind and
moisture conditions (Hoffmann et al., 2012; Roman-Cuesta et al.,
2009).
The relationships between ﬁre severity and structural parameters of the M. albicans population show that most changes resulted
from topkill and resprouting, with mortality and recruitment
playing a minor role. This has also been observed in other studies
on this species (Miyanishi and Kellman, 1986; Hoffmann, 1998). The
greater basal area of dead stems and the smaller basal area of live

adult stems under greater ﬁre severity indicate higher rates of
topkill. This, however, was not accompanied by increased mortality,
as shown by the lack of any relationship between ﬁre severity and
the number of dead individuals. The greater number of non-woody
stems in burned patches indicates intense resprouting, which was
nearly absent on unburned plants. The peak in abundance of individuals with both adult stems and resprouts under intermediate
ﬁre severities probably indicates incomplete topkill, which stimulated basal resprouting. An additional analysis showed that this
pattern was still evident after considering the non-monotonic
pattern observed for individuals with adult stems only, which
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Fig. 3. Average number of emergent seedlings of M. albicans per sample in the burned
and unburned areas from samples collected in the wet (NoveApr) and dry (MayeOct)
season of each year, at two depths and in the litter layer. Burned and unburned patches
were compared by means of a permutation t-test, for each depth and season: *p < 0.05,
**p < 0.01, ***p < 0.001, white for 0e4 cm unburned, dark gray for 0e4 cm burned,
light gray for 5e8 cm unburned, black for 5e8 cm burned, white with stripes for litter
unburned, and black with stripes for litter burned.

might have arisen by chance. Thus, a simple differentiation between burned and unburned areas is probably not sufﬁcient to
describe the full effects of ﬁre, and a measure of ﬁre severity that
quantiﬁes the ﬁre effects in a spatially explicit manner, such as the
proportion of burned stems or individuals in a number of plots,
provides a more realistic description.
Fire heterogeneity did not lead to great changes in the number
of individuals, but had great effects on the population’s size
structure. The smaller size of resprouts compared to adult individuals, and of burned plants compared to unburned plants, reinforces the conclusion that ﬁre heterogeneity leads to a
heterogeneous size structure in this population. It takes at least
three to ﬁve years for M. albicans resprouts to reach adult size in the
study area (P. Dodonov, unpublished data), which is the period we
expect the heterogeneous population structure to persist. The ﬁre
return period in the study site is between 4 and 8 years, which
should be enough time for this population to return to its pre-ﬁre
characteristics. However, although we have not monitored the
fate of the dead stems after the study, some have been observed to
remain standing for at least ﬁve years (P. Dodonov, personal
observation). Although often ignored in studies of plant populations, dead stems are an important structural component of the
vegetation, as they contribute to post-disturbance structural succession in some environments (Harper et al., 2005, 2006). In our
study, there was a positive correlation between the height of dead
stems and resprout growth (r2 ¼ 0.30, p < 0.001). Thus, it seems
that dead stems did not negatively affect resprouting capacity. It is,
however, possible that these stems may provide additional fuel for
future ﬁres and lead to more intense ﬁres in the burned patches. If
true, patchiness may be reinforced by future ﬁres. Furthermore,
previously larger plants, which are likely to retain dead stems after
the ﬁre, usually produce larger resprouts because of, for example, a
greater supply of carbon reserves (Hoffmann and Solbrig, 2003).
The combination of these factors may maintain or even increase
heterogeneity through time.
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It is interesting to note that epicormic resprouting, though
present, contributed little to this species’ recovery. Epicormic and
basal resprouts were both found on plants with short and tall
dead stems (up to 2 m for epicormic and up to 4 m for basal
resprouting), indicating that plant height had little inﬂuence on
the type of resprouting. Additionally, epicormic and basal
resprouts were both also found in lightly and severely burned
plots. It is therefore likely that the type of resprouting is determined by the ﬁre intensity on the scale of individuals (Clarke
et al., 2013). Thus, our study shows that ﬁre heterogeneity may
explain spatial heterogeneity in the population structure of a
plant species and should be considered alongside other causes of
spatial heterogeneity, such as herbivory, soil type, and competition between woody and herbaceous plants (Asner et al., 2009;
Porensky and Veblen, 2012).
In addition to effects on the population structure, ﬁres may increase the spatial heterogeneity of the soil seed bank. M. albicans
produces very small seeds, which are more likely to constitute a
persistent seed bank (Thompson, 1987; Thompson et al., 1998), and
the presence of seeds in the deeper soil proﬁle may indicate high
seed longevity (Bekker et al., 1998). However, notwithstanding the
protection offered by the soil layer, seedling emergence from soil
samples collected in the burned area was much smaller, indicating
ﬁre-related seed mortality. The production of new seeds after the
ﬁre should also be considered. Burned individuals of M. albicans
usually fail to reproduce in the ﬁrst year, but their reproductive
output in the second year may be greater than that of unburned
plants (Miyanishi and Kellman, 1986; Hoffmann, 1998). The increase in post-ﬁre reproductive output is partially consistent with
the higher seedling emergence from the litter layer of the burned
site observed in the last year of sampling, more than four years after
the last ﬁre occurrence. Therefore, increased reproductive output
may have had a delayed effect on the seed bank both because of the
heterogeneity in ﬁre severity and because of the time required for
seeds to be incorporated in the seed bank.
The ﬁre effects on the soil seed bank, however, were not reﬂected by the distribution of seedlings found in the ﬁeld within the
entire ﬁre severity range. We found only 18 seedlings in 7 plots,
indicating that individuals arising from sexual reproduction are not
a major part of either the recovery strategy or the post-ﬁre patchiness in this population. Although seed bank limitation has been
observed in communities dominated by basal resprouters (Clarke
et al., 2013 and references therein), a different study of the same
species observed intense seedling germination as soon as 16 days
after the ﬁre (Miyanishi and Kellman, 1986). Smaller seeds in
general produced less vigorous seedlings, whose survival is more
dependent on favorable microsite conditions (Fenner and
Thompson, 2005). Therefore, it is possible that, in burned
patches, the dry conditions and higher soil temperatures after the
ﬁre either precluded the germination of seeds or resulted in high
seedling mortality rates, whereas in the unburned patches germination may have been precluded by shading.
In summary, our results indicate that a large-scale dry season
ﬁre may create a mosaic of patches with varying ﬁre severity.
Notwithstanding the apparent lack of effect on mortality and
recruitment, this patchiness resulted in enhanced heterogeneity in
the size structure of the study population. The variables that were
most inﬂuenced by the ﬁre, such as basal area and number of stems,
may be used to quantify structural diversity, which is often
enhanced after localized disturbances (Fischer et al., 2012; Harper
et al., 2006; Marzano et al., 2012), and in our study the spatial
heterogeneity was apparent for at least two years after the ﬁre. It
must be considered that this study was performed on a single
species, and, as there is wide variability in species responses to ﬁre
(Moreira, 2000), different results could be found for other species.
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However, similar results would probably be obtained for other
basal resprouters, or species characterized by a thin bark and a large
resprouting capacity. Considering that heterogeneity in the population structure was observed even two years after the last ﬁre,
more frequent ﬁres are likely to cause further permanent changes
in the population structure of this and other species. Notably, we
showed that ﬁres in natural areas should not be considered as
homogeneous, and that mechanisms related to topkill and
resprouting may be more important than mortality and recruitment in determining the post-ﬁre patchiness.
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