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Abstract

Fire is an important agent of disturbance in tropical savannas, but relatively few studies have analyzed how soil-and-litter
dwelling arthropods respond to fire disturbance despite the critical role these organisms play in nutrient cycling and other
biogeochemical processes. Following the incursion of a fire into a woodland savanna ecological reserve in Central Brazil, we
monitored the dynamics of litter-arthropod populations for nearly two years in one burned and one unburned area of the
reserve. We also performed a reciprocal transplant experiment to determine the effects of fire and litter type on the
dynamics of litter colonization by arthropods. Overall arthropod abundance, the abundance of individual taxa, the richness
of taxonomic groups, and the species richness of individual taxa (Formiciade) were lower in the burned site. However, both
the ordinal-level composition of the litter arthropod fauna and the species-level composition of the litter ant fauna were not
dramatically different in the burned and unburned sites. There is evidence that seasonality of rainfall interacts with fire, as
differences in arthropod abundance and diversity were more pronounced in the dry than in the wet season. For many taxa
the differences in abundance between burned and unburned sites were maintained even when controlling for litter
availability and quality. In contrast, differences in abundance for Collembola, Formicidae, and Thysanoptera were only
detected in the unmanipulated samples, which had a lower amount of litter in the burned than in the unburned site
throughout most of our study period. Together these results suggest that arthropod density declines in fire-disturbed areas
as a result of direct mortality, diminished resources (i.e., reduced litter cover) and less favorable microclimate (i.e., increased
litter desiccation due to reduction in tree cover). Although these effects were transitory, there is evidence that the
increasingly prevalent fire return interval of only 1-2 years may jeopardize the long-term conservation of litter arthropod
communities.
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common in many areas [5,6]; such short fire-return intervals
reduce the density of woody vegetation, especially through
mortality of young individuals and the more fire-sensitive (forest-
adapted) species [2,7]. Consequently, recurrent fires tend to
convert Cerrado physiognomies into more open savannas or
grasslands, while fire exclusion favors the expansion of forests in

Introduction

Fire is a common and important agent of disturbance in many
temperate and tropical ecosystems [1]. In the largest and most
threatened savanna biome of South America — the Cerrado — fire
is considered a principal determinant of vegetation structure and

diversity [2,3]. The occurrence of fires in the Cerrado region of
central Brazil is ancient, dating back to 32,000 years before
present (YBP) [4]. Consequently, the presence of mechanisms
promoting tolerance to fire — such as insulation of living internal
tissues through suberization of trunks and branches — is relatively
common in the local flora [5]. Lightning strikes and indigenous
activities, especially hunting, were the main causes of fire in the
Cerrado prior to the arrival of the European colonizers. In
contrast, fire is now mostly caused by agricultural activities [2,5].
Although relatively little is known about the natural frequency of
fires in the Cerrado, it is clear that the intensification of human
activities In this region, especially during recent decades, has
increased the frequency and extent of fires well above historical
levels. The occurrence of fires at intervals of 1 to 3 years is now
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areas of suitable soil fertility [7,8].

It has been suggested that the altered frequency and intensity of
fires is in the Cerrado is causing widespread change in this
ecosystem [9]. While the effect of fire on vegetation is relatively
well established, however, few studies have evaluated how fire
influences the Cerrado’s fauna [10-12]. Furthermore, to our
knowledge none of these studies have focused on leaf-litter
arthropods, despite the critical role these organisms play in
nutrient cycling and other biogeochemical processes [13,14].
Studies in tropical and temperate ecosystems indicate that the
response of soil-and-litter dwelling arthropods to both prescribed
and accidental fire is variable. Some studies, especially those in
forest habitats, have indicated that the abundance of these animals
is severely and negatively impacted by burning [e.g., 15,16], while
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others showed only minor effects [e.g., 17,18,19]. The response of
individual taxa can also be variable, and some taxa may even show
increased abundances in burned sites as a consequence of changes
in habitat structure and/or microclimate [17,18]. Finally, while
some studies show quick recovery for most taxa [18,20], others
indicate that changes are detectable up to several years following a
fire [15,16].

As in other tropical savannas, litter-dwelling arthropods in the
Cerrado are more prevalent in more closed physiognomies [21]
(ie., in those with a higher density of woody vegetation) and
therefore a relatively well developed litter layer. Fire in these
physiognomies can detrimentally affect litter fauna directly by
killing individuals unable to escape from fire. However, fire can
also exert indirect effects on arthropod communities. For instance,
fire can reduce the quantity of litter available for arthropods to
colonize [22,23]. It can also alter the composition of the leaf-litter
layer, because surviving trees often drop all or most of their green
leaves in response to intense heat [17]. However, our understand-
ing of how these changes in leaf-litter structure influence the
associated arthropod fauna are for the most part unknown. If the
main effect of fire on litter arthropods is a direct one, then we
would expect to detect differences in arthropod populations
between burned and unburned areas even if the amount and
composition of litter available to invertebrates is held constant. If
fire’s effects are predominantly indirect, however, then differences
in arthropod populations between burned and unburned areas
would only be expected when there are also differences in litter
quantity and/or composition. To resolve among these alternatives,
we conducted a series of observational and manipulative
experiments in which we monitored arthropod populations in a
burned woodland savanna site and an adjacent unburned site over
the course of 22-months. Our study addressed the following three
questions. First, how does fire influence the abundance and
diversity of litter arthropods? Second, for how long after a fire do
these differences persist? Third, are differences in arthropod
populations driven by differences in litter quantity or litter
composition? Our findings indicate that fire reduces overall
arthropod abundance, the abundance of individual taxa, and the
richness of taxonomic groups. For some taxa reduced abundance
appears to be a consequence of the lower availability of litter in the
fire affected areas, while for others direct mortality is the most
likely explanation. Fire effects on leaf-litter arthropods of our
Neotropical woodland savanna, however, were transitory and in
most cases negligible in the second year after fire.

Results

Dynamics of the Arthropod Fauna Following Fire

Over the course of 22 months we collected 10,703 arthropods
from 16 orders and one family in the 160 unmanipulated litter
samples. With 3,779 individuals Formicidae was by far the most
common taxon, followed by Acari (N=1866) and Colembola
(N=1070). Among ants, there was a total of 68 species,
representing 28 genera of which Pheidole was the most diverse,
with a total of 12 species.

Samples from the burned site contained, on average, fewer
arthropod taxa and fewer individuals (Fig. la and b). However,
differences between burned and unburned sites in overall
arthropod abundance and in the mean number of arthropod taxa
per sample depended on time since fire (fire x time interaction,
Table 1). During the first year differences in arthropod abundance
and in the richness of arthropod taxa between burned and
unburned sites were much greater during the dry season (7-10
months after the fire) than during the wet season (3-5 months after
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the fire). During the second year, when differences in litter cover
between burned and unburned areas disappeared (Fig. 2),
differences in overall arthropod abundance and in richness of
arthropod taxa also tended to disappear (Fig. 1).

Similar results were obtained when we analyzed the effects of
fire on the species richness of ants, and on the individual
abundances of the seven most common arthropod taxa. For each
one of these seven taxa we found, on average, significantly fewer
individuals in samples from the burned than from the unburned
site (Table 1). Although a significant fire x time interaction was
only detected for Coleoptera (Table 1), visual inspection of the
graphs suggest that for most taxa differences in abundance
between burned and unburned sites had dissipated by the second
year (i.e., 14-22 months after the fire; Fig. 1). Similarly, differences
in the species richness of ants (number of species per sample)
between burned and unburned sites were negligible during the
second year after fire (Fig. 11).

NMDS ordination analysis did not reveal a separation between
burned and unburned sites with regard to faunal composition of
leaf-litter samples taken at different times since the fire event
(Fig. 3). This probably reflects the fact that fire detrimentally
affected the absolute abundances of all leaf-litter arthropod taxa.
Consequently, their relative abundances did not change between
the burned and unburned sites. Most of the observed differences in
faunal composition seems to be attributed to rainfall seasonality,
with samples taken during the dry season (regardless of their site of
origin) being located at the left side of the ordination plot whereas
those taken during the wet season were located at the right side
(Fig. 3a). Seasonal changes in the composition of the leaf-litter
fauna are probably explained by a decline in the relative
abundance of ants (Formicidae) and springtails (Collembola) in
samples taken during the dry season (7, 10, and 22 months after
fire; Fig. 1e and g). Comparable results were obtained with regard
to the species composition of the leaf-litter ant fauna. The latter
showed a much stronger response to rainfall seasonality than to
fire disturbance (Fig. 3b).

Litter Transplant Experiment

Litter type did not significantly affect the abundance or richness
of leaf-litter arthropods (Table 2). On average we found 48.7%6.4
(S.E.) individuals and 7.4%0.5 arthropod taxa per m” in samples
with “normal” litter and 51.8*5.6 individuals and 7.4*0.4 taxa
in samples with “green litter. Similarly, we found 4.06*=0.44 and
4.14%0.44 species of ants in samples with normal and green litter,
respectively.

Litter transplanted into the burned site contained significantly
fewer arthropod groups, less ant species, and fewer arthropod
individuals than litter transplanted into the unburned site (Table 2;
Fig. 4). However, the effect of fire on the abundance of arthropods
colonizing experimental litter was idiosyncratic. While fire
negatively affected the abundance of Acari, Araneae, adult
Coleoptera, and insect larvae and pupae, it had no significant
effect on Colembola, Formicidae, and Thysanoptera (Fig. 4,
Table 2).

The amount of time that had elapsed since the litter transplant
also affected the abundance and richness of arthropods in the
experimental plots (Table 2). However, Araneae was the only
taxon to show a monotonic increase in abundance through time
(Fig. 4), indicating that only for this taxon was the colonization of
new individuals continuous throughout the experiment. Two taxa
— Acari and Thysanoptera — did not show any significant variation
in abundance through time. Others only showed a response to
seasonality in rainfall, with more individuals found in samples
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Figure 1. Dynamics of leaf-litter arthropods communities following a fire. (A) Number of arthropod taxa, (B) total abundance of arthropods,
(C-I) abundance of individual taxa, and (J) species richness of ants in unmanipulated litter from burned (filled symbols) and unburned sites (open
symbols) 3 to 22 months after the fire. Values represent mean numbers (+SE) per m?.

doi:10.1371/journal.pone.0007762.g001
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collected during the wet season (45-75 days after the transplant)
than during the dry season (115145 days after transplant; Fig. 4).

Discussion

To our knowledge this is the first comprehensive study of the leaf-
litter arthropod fauna of the Brazilian Cerrado and its response to
disturbance by fire. Consequently, no data for other Cerrado sites
with which to compare our results are available. Nevertheless, the
ordinal-level composition of the litter arthropod fauna of the
Cerrado site we studied appears similar to that of other tropical
woodland savannas. For instance, ants, mites, springtails, spiders,
and beetles also comprised most of the arthropod individuals
collected in the woodland savannas of northern Australia [18].

Opverall, our results indicate that fire detrimentally affected the
litter arthropod fauna in multiple ways: it reduced overall
arthropod abundance, the abundance of individual taxa, the
richness of taxonomic groups, and the species richness of
individual taxa (Formiciade). However, both the ordinal-level
composition of the litter arthropod fauna and the species-level
composition of the litter ant fauna were not dramatically altered
by fire. In fact, most of the observed changes in the composition of
these assemblages were related to rainfall seasonality and not to
fire disturbance.
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Figure 2. Effect of fire on leaf-litter cover. Percentage of litter
cover in burned and unburned sites 3 to 22 months after the fire.
doi:10.1371/journal.pone.0007762.g002
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Table 1. Results of two-way ANOVAs evaluating the effects of fire and time since fire on the abundance and richness of
arthropods in unmanipulated litter samples (N =136)°.

Fire Time Fire x Time
Variable F1124 P Fs 124 P Fs124 P
No. arthropod taxa 19.12 <0.001 9.04 <0.001 2.67 0.025
Total of arthropods 26.21 <0.001 19.69 <0.001 238 0.043
Acari 30.62 <0.001 4.81 <0.001 1.22 0.305
Araneae 9.30 0.003 240 0.041 0.64 0.667
Collembola 6.65 0.011 25.04 <0.001 0.56 0.732
Coleoptera (adults) 9.90 0.002 12.27 <0.001 4.21 0.001
Formicidae 12.27 0.001 28.96 <0.001 1.04 0.394
Insect larvae and pupae 25.21 <0.001 6.02 <0.001 1.86 0.107
Thysanoptera 4.90 0.029 7.61 <0.001 1.46 0.206
Species richness of ants 4.85 0.029 38.05 <0.001 0.97 0.438
aSignificant effects (P<<0.05) appear in bold.
doi:10.1371/journal.pone.0007762.t001

That for many taxa (Acari, Araneae, Coleoptera, Thysanoptera,
and insect larvae and pupae) the differences in abundance between
burned and unburned sites were maintained even when
controlling for litter availability and quality suggests that these
differences were driven by a direct effect of fire on arthropod
populations rather than an indirect effect on their resources (litter).
In contrast, differences in abundance for Collembola and
Thysanoptera, and in abundance and species richness for
Formicidae, were only detected in the unmanipulated samples,
which had a lower amount of litter in the burned than in the
unburned site throughout most of our study period. Here, the
effect of fire may have simply been a consequence of the lower
availability of litter in the fire affected areas. This is not to say that
fire did not have any immediate and direct impact on Collembola,
Formicidae, and Thysanoptera populations, only that if there was
a direct effect of fire on these populations it was brief and we were
unable to detect it. It is more likely that individuals from these
groups escaped from fire by finding refuge in the lower soil
horizons or other safe sites. Many Cerrado ants nest deep in the
soil and therefore appear resistant to direct effects [24] as also
observed in other tropical savannas [25,26]. Similarly, springtails
(Collembola) —which are highly sensitive to desiccation [27], and
most likely migrate into the soil during the Cerrado dry season
(Fig. 1) — may have similarly escaped from the direct effects of fire.
Together these results indicate that, as observed in other fire-prone
ecosystems [18,22], arthropod responses to fire in the Cerrado
vary among different taxonomic groups.

Nutrient reabsorption during leaf senescence is a common
feature of Cerrado trees [28]. Consequently, nutrient content is
lower in senescent leaves that fall from trees and are incorporated
into the litter layer than in mature and young leaves that remain
on trees [28]. Because intense heating caused trees from the
burned area to suddenly drop their leaves, there may have been
limited opportunity for trees to reabsorb nutrients present in them.
Leaves in the litter from the burned area were also structurally
distinct — they were relatively more intact and therefore occupied a
greater volume than the partially consumed leaves in the litter
from the unburned area (pers. obs.). Litter structure and nutrient
content have both been found to affect the abundance and
composition of the leaflitter fauna in some systems [29,30].
However, we did not detect a significant effect of litter type on
arthropod abundance or diversity, despite the fact that litter
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Figure 3. Effect of fire and time since fire on the composition of
leaf-litter arthropod communities. (A) NMDS ordination of burned
and unburned sites based on the ordinal-level composition of the litter
arthropod fauna (relative abundances of different arthropod taxa). (B)
NMDS ordination of burned and unburned sites based on the species
composition of litter-dwelling ants (relative frequencies of different
species). Number near symbols represent the number of months
elapsed since the fire event.

doi:10.1371/journal.pone.0007762.g003

produced in the burned area was structurally different and
presumably had higher nutrient content than litter from the
unburned area. Nevertheless, it is important to note that although
abundances at the ordinal level were similar, there may have been
species-level responses to differences in litter type.

Rainfall seasonality is a defining characteristic of the Cerrado
biome region [31] with myriad consequences for this ecosystem. It
is therefore not entirely surprising that we detected a strong effect
of seasonality on the litter arthropod fauna. Overall, we found
fewer individuals and fewer species or groups of arthropods in the
litter samples taken during the dry than during the wet season —
results similar to those observed in deciduous forests of Panama
[32]. However, we were surprised to find apparently synergistic
impacts of rainfall and fire on litter arthropod populations.
Differences in overall arthropod abundance and in richness of
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arthropod groups between burned and unburned areas tended to
disappear five months post-fire (Fig. 1). However, these differences
became more pronounced with the onset of the dry season (7
months after the fire) than at any other period during the
preceding wet season. Similarly, differences in ant species richness
between burned and unburned sites were greatest during the first
dry season after the fire event. One possible explanation for this
pattern is that reduced tree cover in the burned area made litter
particularly more prone to desiccation during the dry season.
Litter water content is a key determinant of arthropod abundance
and diversity in the seasonal tropics, and watering of litter during
the dry season induces arthropod migration into wetter litter
patches [33]. Because litter from the burned area was more
exposed to sun it is reasonable to suppose that migration of
arthropods into deeper and wetter soil horizons occurred more
frequently in the burned than in the unburned area, especially
during the drier periods of the year.

Differences in arthropod abundance, richness of taxonomic
groups, and richness of species between the burned and unburned
sites were for the most part negligible during the second year of
our study, and this was true for samples taken during both the dry
and wet seasons. This strongly suggests that the differences
observed during the first year of our study were not due to a pre-
existing difference between the burned and unburned sites, but
rather due to the direct and indirect impacts of fire on the litter
arthropod fauna. Our results thus indicate a nearly complete
recovery of the litter arthropod community in less than two years
after the fire, a result comparable to those of other similar studies
[17,19,20, but see 22]. Here, we attribute the recovery of the
arthropod fauna to a concomitant recovery of the litter layer and
plant cover. There was a luxuriant growth of small trees, shrubs,
and herbs in the burned area about one year after the fire (pers.
obs.). The formation of such a dense plant layer is likely to have
diminished the intensity or even eliminated completely any
microclimatic differences between burned and unburned areas.

It is important to note, however, that in our experimental design
there was only one burned and one unburned site. This lack of site
replication, which is typical in studies of large scale disturbances
such as fires, hurricanes, and drought events [34—-37], necessarily
limits our inference to sites we studied. Indeed, it is even possible
that the responses we observed are actually the result of inter-site
differences not directly related to fire [38]. However, we are
confident that this possibility is extremely unlikely, especially in the
light of short-term nature of the observed responses. Furthermore,
our substantial replication within site and our combination of
experimental and observational approaches gives us confidence
that the patterns we have documented are representative of the
effects of fire in this Cerrado physiognomy. An important next step
is to expand our study to other pairs of burned and unburned sites
to evaluate the generality of our results.

In contrast to the savannas of Africa and Australia[39,40], fire is
rarely used as a management tool in Cerrado protected areas
except those dominated by grasslands where fire prevention can
result in catastrophic fires [41]. However, fire is used by Brazilian
farmers on a nearly annual basis to manage their land [2]. Such
fires very often penetrate into conservation areas; as a result, fire
return intervals as short as one year have been recorded in some
areas [6]. This is of particular concern for the conservation of
many aspects of the Cerrado biota, including the leaf-litter fauna
which — as indicated here — will not be able to survive an annual or
bi-annual fire regime. Measures that minimize the occurrence of
accidental fires in protected areas of the Cerrado are thus urgently
needed, especially in light of predictions from climatic models that
project a 3.5°C temperature increase across South America by
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2080-2099 [42]. Such an increase could potentially increase the
frequency and intensity of fire across the biome, exacerbating the
negative effects of fire documented in our and other studies.

Materials and Methods

Study Site

The study was conducted at the Estagdo Ecolégica do Panga
(19°10'S, 48°23'W), a 404 ha reserve located 30 km south of
Uberlandia, Minas Gerais, Brazil (Fig. 5). This reserve contains
most of the major Cerrado plant physiognomies, and has been
described as one of the best-preserved Cerrado sites in
southeastern Brazil [43]. Our experiments were conducted in an
area covered by cerrado denso [3], which is a savanna woodland with
abundant shrubs and trees reaching 4-10 m in height and a sparse
grass cover. The region is characterized by a subtropical climate
with two well-defined seasons: a dry winter (April to September)
and a rainy summer (October to March). The mean annual
temperature and precipitation are 22°C and 1650 mm, respec-
tively. Soils at the site are primarily red latosols that vary from
moderately to strongly acidic.

Although Panga has no prescribed burn program, there are
occasional fires due to human activities surrounding the reserve.
Since its creation, in 1986, the reserve has been partially burned in
1992, 2003 and 2006. Our study took place following the 2006
fire, which occurred on September 15 of that year. This fire
started at approximately 11 a.m. and was controlled by an anti-fire
brigade within a few hours. Nevertheless, about 20% of the area of
the reserve was burned (Fig. 5), with flames of 1-2 m consuming
all vegetation to this height. Although the crowns of larger trees
were not burned, these trees still dropped all or most of their leaves
within a few weeks (Fig. 6). Most of the leaves dropped by fire-
affected trees were relatively intact because the fire occurred
during the period when trees were flushing new leaves. The litter
produced by those trees was therefore qualitatively different from
that in the unburned area, which was composed of partially-
consumed senesced-leaves.

Dynamics of the Arthropod Fauna Following Fire

We examined the dynamics of litter-arthropod populations for a
period of nearly two years after the fire. To do so we established
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Table 2. Results of three-way ANOVAs evaluating the effects of fire, litter type and time since litter transplant on the overall

abundance of arthropods, richness of arthropod taxa, and abundance of individual taxa in experimental litter plots (N =128)
Fire Litter type Time

Variable Fi115 P Fi115 P F3115 P

No. arthropod taxa 15.33 <0.001 0.09 0.768 11.83 <0.001

Total of arthropods 14.62 <0.001 0.62 0.433 35.71 <0.001

Acari 39.12 <0.001 0.95 0.331 2.09 0.106

Araneae 6.67 0.011 1.13 0.209 5.02 0.003

Collembola 0.49 0.486 1.45 0.231 64.02 <0.001

Coleoptera (adults) 4.89 0.029 0.51 0.476 18.42 <0.001

Formicidae 0.42 0.516 0.07 0.788 93.00 <0.001

Insect larvae and pupae 7.48 0.007 2.92 0.090 4.68 0.004

Thysanoptera 1.90 0.171 0.04 0.846 1.26 0.290

Species richness of ants 0.25 0.622 0.14 0.707 105.16 <0.001

aSignificant effects (P<<0.05) appear in bold.

None of the interactions between main factors were significant (results not shown).

doi:10.1371/journal.pone.0007762.t002

ten line-transects in a site within the fire-affected area and ten
transects in a nearby part of the reserve that was structurally
similar but not burned. Transects in the unburned site were
located ca. 100 m away from the edge of the burned area (Fig. 5).
Although there are reports of high temperatures and smoke
affecting trees located up to 2 km from the burned area [44], this
was not the case in our study area where trees about 3040 meters
or more from the edge of the fire-affected area remained intact
(Vasconcelos, H.L., pers. obs.). A key advantage of our sampling
and experimental design is that working in adjacent burned and
unburned areas allows us to minimize variation in soil structure,
topography, and other factors that could affect the abundance and
diversity of litter-arthropods. This is of particular importance given
the diversity of physiognomies at the study site; for these reasons
we chose to work in adjacent burned and unburned portion of the
same vegetation physiognomy (cerrado denso). The adjacent
burned and unburned study sites have the same soil type (red
latossol), and their vegetation structure was virtually identical prior
to fire (Vasconcelos, H.L., pers. obs.; see also Fig. 5).

Transects were 40 m long and arranged parallel to each other,
with a distance of 20 m between two adjacent transects (Fig. 5).
Eight 1 m? plots were set and evenly spaced along each transect.
We collected the litter from all plots in randomly selected
transects within each site 3, 5, 7, 10, 14 and 22 months after the
fire; we collected from two transects at all sampling dates, except
5 and 22 months after the fire, when due to time constraints it was
only possible to collect from one transect. Different transects
were sampled at different dates, so that the same plot was never
re-sampled. Prior to these collections we measured litter cover
(i.e., litter present or absent) in the four corners of each plot. The
litter removed from each plot was sieved through a 0.8 cm mesh;
we then extracted arthropods from the sifted litter by placing
litter in a Winkler extractor [45] for 48 h. These arthropods were
identified to order or family (in the case of Formicidae only), with
the exception of the immature insects which were grouped as
“insect larvae and pupae”. Ants were further identified to
species/morphospecies level. Voucher specimens are deposited
at the Zoological Collection of the Universidade Federal de
Uberlandia (UFU), in Uberlandia, Brazil. A complete list of the
species/morphospecies is available from the first author upon
request.
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Figure 4. Abundance and diversity of arthropods in litter transplanted into burned and unburned sites. (A) Number of arthropod taxa,
(B) total abundance of arthropods, (C-1) abundance of individual taxa, and (J) species richness of ants in litter transplanted into burned (filled
symbols) and unburned sites (open symbols), 45 to 145 days after transplant. The litter transplant experiment started ca. 2.5 months post-fire. Values
represent mean numbers (+SE) per m?. Data from different litter types were combined.

doi:10.1371/journal.pone.0007762.g004
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Figure 5. Image of the study area and layout of the sampling design. (A) Quickbird satellite image of the study site (Estacdo Ecoldgica do
Panga, Minas Gerais, Brazil) taken approximately one year prior to the fire that was the focus of our studies. Rectangles represent the location of the
transects in the burned and unburned study sites. (B) Schematic view of the distribution of the litter sampling plots along each 40-m long transect. In
each site we established a total of 10 transects from which we collected unmanipulated litter samples at different times after fire and a total of eight
transects into each we transplanted litter originated from the burned and unburned sites to plots of 1-m?.

doi:10.1371/journal.pone.0007762.g005

Figure 6. General view of the burned site three days after the
fire. Note the leaves recently dropped by fire-affected trees (“green
litter”).

doi:10.1371/journal.pone.0007762.g006
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Litter Transplant Experiment

For this experiment we established eight additional transects in
each site ca. 2.5 months after the fire. We removed the litter
existing from all plots of all transects and collected additional litter
samples from areas just outside of the transects. Litter from the
burned and unburned sites were kept separate. The litter from
each site was thoroughly mixed and dried for 72 h at 60°C to kill
the associated fauna. We then added 760 g (dry weight) of
arthropod-free litter (600 g of leaves and 160 g of twigs <2 c¢m in
diameter) to each plot. This amount of litter corresponds to the
average litter biomass on the ground of the unburned site at the
time of our study (leaves =591.2+£152.8 g, twigs = 166.4+89.2 g,
mean*SD). Half of the plots within each transect received only
litter collected in the unburned site, while the other half received
only the litter from the burned site (Fig. 5). The transplanted litter
was collected for extraction of the associated arthropods at 45, 75,
115 and 145 days after the transplant (i.e., ca. 4, 5, 6 and 7 months
post-fire). On each occasion two transects were randomly selected
for sampling.

We evaluated the effects of site (burned vs. unburned), litter type
(senesced litter from unburned site vs “green” litter from the
burned site) and time since litter transplant (4, 5, 6 and 7 months
post-fire) on the overall abundance of arthropods, the richness of
arthropod groups, and the richness of ant species in our
experimental plots using a three-way factorial ANOVA. Similarly,
a two-way factorial ANOVA was used to evaluate the effects of fire
and time of sampling (3, 5, 7, 10, 14 and 22 months after the fire)
on the overall abundance of arthropods, on the richness of
arthropod groups, and on the richness of ant species in the
unmanipulated litter plots. Data were log (x+1) transformed in
order to meet the assumptions of parametric statistics.

We used Non-Metric Multidimensional Scaling (NMDS) to
ordinate samples taken at different times in the burned and
unburned sites by their faunal similarity. Faunal similarity was
estimated using the Bray-Curtis index, based on the relative
abundances of each arthropod group at each site in a given
sampling date. Similarly, we used NMDS to ordinate samples
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based on the similarity of their ant assemblages. Similarity in ant
species composition (Bray-Curtis index) was based on the relative
frequencies of each ant species at each site in a given sampling
date. All statistical analyses were done using the default options of
Systat 10 [46].

Acknowledgments

We thank UFU for providing logistical support and Alana Vaz Ferreira for
assistance in the field. We also thank Dr. Marion Adeney and an

References

1.

o

6.

20.

Bond WJ, Woodward FI, Midgley GF (2005) The global distribution of
ecosystems in a world without fire. New Phyt 165: 525-538.

. Miranda HS, Bustamante MMC, Miranda AC (2002) The fire factor. In:

Oliveira PS, Marquis RJ, eds. The cerrados of Brazil: ecology and natural
history of a Neotropical savanna. New York: Columbia University Press. pp
51-68.

. Oliveira-Filho AT, Ratter JT (2002) Vegetation physiognomies and woody flora

of the Cerrado biome. In: Oliveira PS, Marquis RJ, eds. The cerrados of Brazil:
ecology and natural history of a Neotropical savanna. New York: Columbia
University Press. pp 91-120.

Salgado-Labouriau ML, Ferraz-Vicentini KR (1994) Fire in the Cerrado 32,000
years ago. Curr Res Pleistoc 11: 85-87.

. Coutinho LM (1990) Fire in the eccology of the Brazilian Cerrado. In:

Goldammer JG, ed. Fire in the tropical biota: ecosystem processes nad global
challenges. Berlin: Springer-Verlag. pp 82-105.

Hoffmann WA (1998) Post-burn reproduction of woody plants in a neotropical
savanna: the relative importance of sexual and vegetative reproduction. J Appl

Ecol 35: 422-433.

. Moreira AG (2000) Effects of fire protection on savanna structure in Central

Brazil. J Biogeogr 27: 1021-1029.

. Felfili JM, Rezende AV, Silva Jr MC, Silva MA (2000) Changes in floristic

composition of cerrado sensu stricto in Brazil over a 9-year period J Trop Ecol
16: 576-590.

. Hoffmann WA, Moreira AG (2002) The role of fire in population dynamics of

woody plants. In: Oliveira PS, Marquis RJ, eds. The cerrados of Brazil: ecology
and natural history of a Neotropical savanna. New York: Columbia University
Press. pp 159-177.

. Briani DC, Palma ART, Vieira EM, Henriques RPB (2004) Post-fire suc-

cession of small mammals in the Cerrado of central Brazil Biodivers Conserv 13:

1023-1037.

. Morais HC, Benson WW (1988) Recolonizagio de vegetagdo de cerrado apos

queimada por formigas arboricolas. Rev Bras Biol 48: 459-466.

. Prada M, Marinho J (2004) Effects of fire on the abundance of Xenarthrans in

Mato Grosso, Brazil Austral Ecol 29: 568-573.
Gonzalez G, Seastedt TR (2001) Soil fauna and plant litter decomposition in
tropical and subalpine forests. Ecology 82: 955-964.

. Lavelle P (1997) Faunal activities and soil processes: adaptive strategies that

determine ecosystem function. Adv Ecol Res 27: 93-132.

. Coleman TW, Rieske LK (2006) Arthropod response to prescription burning at

the soil-litter interface in oak-pine forests. Forest Ecol Manag 233: 52-60.
Springett JA (1976) The effect of prescribed burning on the soil fauna and on
litter decomposition in Western Australian forests. Aust J Ecol 1: 77-82.

. Abbott I (1984) Changes in the abundance and activity of certain soil and litter

fauna in the Jarrah forest of western Australia after a moderate intensity fire.

Aust J Soil Res 22: 463-469.

. Andersen AN, Miiller WJ (2000) Arthropod responses to experimental fire

regimes in an Australian tropical savannah: ordinal-level analysis. Austral Ecol
25: 199-209.

. Collett N (2003) Short and long-term effects of prescribed fires in autumn and

spring on surface-active arthropods in dry sclerophyll eucalypt forests of
Victoria. Forest Ecol Manag 182: 117-138.

Majer JD (1984) Short-term responses of soil and litter invertebrates to a cool
autumn burn in jarrah (Eucalyptus marginata) forest in Western Australia.

Pedobiologia 26: 229-247.

. Lopes CT, Vasconcelos HL (2008) Evaluation of three methods for sampling

ground-dwelling ants in the Brazilian Cerrado. Neotrop Entomol 37: 399-405.

. Hanula JL, Wade DD (2003) Influence of long-term dormant-season burning

and fire exclusion on ground-dwelling arthropod populations in longleaf pine
flatwoods ecosystems Forest Ecol Manag 175: 163-184.

. Woinarski JCZ, Risler J, Kean L (2004) Response of vegetation and vertebrate

fauna to 23 years of fire exclusion in a tropical Eucalyptus open forest, Northern
Territory, Australia. Austral Ecol 29: 156-176.

@ PLoS ONE | www.plosone.org

Fire Effects on Litter Fauna

anonymous reviewer for helpful comments on a previous version of the
manuscript.

Author Contributions

Conceived and designed the experiments: HV. Performed the experiments:
HV RP RCS PBV CTL ANC. Analyzed the data: HV. Contributed
reagents/materials/analysis tools: EMB. Wrote the paper: HV EMB.
Sorted the samples: RP RCS PBV.

26.

27.

28.

29.

30.

31.

32.

37.

38.

39.

40.

41.

42.

43.

44.

46.

. Vasconcelos HL, Leite MF, Vilhena JMS, Lima AP, Magnusson WE (2008) Ant

diversity in Amazonian savannas: Relationship with vegetation structure,
disturbance by fire, and dominant ants. Austral Ecol 33: 221-231.

. Hoffmann BD (2003) Responses of ant communities to experimental fire regimes

on rangelands in the Victoria River District of the Northern Territory. Austral
Ecology 28: 182-195.

Parr CL, Bond WJ, Robertson HG (2002) A preliminary study of the effect of
fire on ants (Formicidae) in a South African savanna. African Entomology 10:
101-111.

Ponge JF (1993) Biocenoses of Collembola in Atlantic temperate grass-woodland
ecosystems. Pedobiologia 37: 223-244.

Kozovits AR, Bustamente MMC, Garofalo CR, Bucci S, Franco AC, et al.
(2007) Nutrient resorption and patterns of litter production and decomposition
in a Neotropical savanna. Functional Ecol 21: 1034-1043.

Bultman TL, Uetz GW (1982) Abundance and community structure of forest
floor spiders following litter manipulation. Oecologia 55: 34-41.

McGlynn TP, Dunn RR, Salinas DJ, Wood TE, Lawrence D, et al. (2007)
Phosphorus limits tropical rainforest litter fauna. Biotropica 39: 50-53.
Pinheiro F, Diniz IR, Coelho D, Bandeira MPS (2002) Seasonal pattern of insect
abundance in the Brazilian cerrado. Austral Ecol 27: 132-136.

Levings SC, Windsor DM (1985) Litter artrhopod populations in a tropical
deciduous forest: relationships between years and arthropod groups. J Anim Ecol
54: 61-69.

Levings SC, Windsor DM (1984) Litter moisture content as a determinant of
litter arthropod distribution and abundance during the dry season on Barro
Colorado Island, Panama. Biotropica 16: 125-131.

. Barlow J, Peres CA (2008) Fire-mediated dieback and compositional cascade in

an Amazonian forest. Philos Trans R Soc B-Biol Sci 363: 1787-1794.

. Haimi J, Fritze H, Moilanen P (2000) Responses of soil decomposer animals to

wood-ash fertilization and burning in a coniferous forest stand. Forest Ecol
Manag 129: 53-61.

5. Lain EJ, Haney A, Burris JM, Burton J (2008) Response of vegetation and birds

to severe wind disturbance and salvage logging in a southern boreal forest. Forest
Ecol Manag 256: 863-871.

Nepstad DC, Tohver IM, Ray D, Moutinho P, Cardinot G (2007) Mortality of
large trees and lianas following experimental drought in an Amazon forest.
Ecology 88: 2259-2269.

Hurlbert SH (1984) Pseudoreplication and the design of ecological field
experiments. Ecol Monogr 54: 187-211.

Andersen AN, Braithwaite RW, Cook GD, Corbett LK, Williams R]J, et al.
(1998) Fire research for conservation management in tropical savannas:
Introducing the Kapalga fire experiment. Australian Journal of Ecology 23:
95-110.

Brockett BH, Biggs HC, Van Wilgen BW (2001) A patch mosaic burning system
for conservation areas in southern African savannas. Int J Wildland Fire 10:
169-183.

Ramos-Neto MB, Pivello VR (2000) Lightning fires in a Brazilian savanna
National Park: rethinking management strategies. Environ Manage 26:
675-684.

IPCC (2007) Climate Change 2007: Impacts, Adaptation, and Vulnerability.
IPCC (Intergovernmental Panel on Climate Change). Cambridge: Cambridge
University Press.

Costa AA, Aratjo GM (2001) Comparacio da vegetagdo arborea de cerradio e
cerrado na Reserva do Panga, Uberlandia, Minas Gerais. Acta Bot Bras 15:
63-72.

Adeney JM, Ginsberg JR, Russell GJ, Kinnaird MF (2006) Effects of an ENSO-
related fire on birds of a lowland tropical forest in Sumatra Animal Conservation

9: 292-301.

. Bestelmeyer BT, Agosti D, Alonso LE, Brandao CRF, Brown WL, et al. (2000)

Field techniques for the study of ground-dwelling ants: an overview, description,
and evaluation. In: Agosti D, Majer JD, Alonso LE, Schultz TR, eds. Ants:
standard methods for measuring and monitoring biodiversity. Washington and
London: Smithsonian Institution Press. pp 122-144.

SPSS (2000) Systat version 10. San Francisco: SPSS Inc.

November 2009 | Volume 4 | Issue 11 | e7762



