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Although savannas are fire-adapted ecosystems, prescribing fire for biodiversity conservation remains controversial at least in some regions where savannas occur. Faced with uncertainty, many decision makers and even scientists are still reluctant to prescribe fire for conservation purposes in fire-prone ecosystems, invoking the precautionary principle. Knowledge gaps on the ideal fire regime, such as how and when to burn, and especially the fear of biodiversity losses, are among the main arguments against fire management applied to remnants of native savanna vegetation. To inform this debate, we assessed the impact of prescribed fires on diversity of plants (different growth forms), ants, frogs, lizards, birds, and small mammals, in savannas and grasslands of the Brazilian Cerrado. We assessed the existing species richness, composition, and abundance in areas subjected to long periods of fire suppression and compared to that observed over a short period after prescribed dry-season fires, within each group of plants and animals. Whenever possible, we carried out separate analyses for grassland and savanna. Burning did not significantly reduce species richness of any of the groups analyzed, but had a positive effect on richness of graminoids in grassland. When analyzed at the species level, abundance of most animal groups did not show consistent responses to fire, except for a decrease in some frog populations in grasslands. Forbs, graminoids, and subshrubs increased in abundance after fire in grassland areas, though in savanna areas, abundance of forbs, and subshrubs tended to decline after fire. Species composition changed little in response to fire as indicated by low levels of dissimilarity between burned and unburned areas. These results confirm the high resilience of Cerrado biota to fire, as expected for savanna ecosystems in general. Besides, we demonstrate here that the risk of biodiversity losses cannot justify the objections to the use of prescribed fire for conservation purposes in the Cerrado.
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INTRODUCTION

Fire has been a natural process for hundreds of millions of years, controlling the spatial distribution of biomes and maintaining the structure and functioning of fire-prone ecosystems (Scott, 2000; Bond and Keeley, 2005), long before humans arose (Scott, 2000). Fire has therefore been a significant evolutionary force for species living in tropical grassy biomes (Simon et al., 2009; Keeley et al., 2011; Simon and Pennington, 2012), resulting in diverse adaptations and an overall dependence on fire in many cases (Pilon et al., 2018; Fidelis et al., 2019). Despite evidence that mesic savannas need fire to maintain their structure and biodiversity (Bond and Parr, 2010; Andersen et al., 2012; Abreu et al., 2017; Rosan et al., 2019), prescribing fire is still controversial in many areas (Driscoll et al., 2010; Fidelis and Pivello, 2011; Pivello, 2017). Arguments against fire management result from the historical mistakes in the use of fire, from current conservation policies aimed at mitigation of climate change, as well as from academia, invoking the Precautionary Principle. This principle states that preventive action should be taken against a potential danger even if there is scientific uncertainty whether the danger is real or not (Hansson, 2017). The “preventive action” has been, therefore, suppressing fire by all means, even without evidence that prescribed fires would cause damage to the ecosystems.

Prehistoric humans learned to use fire as one of the first tools to manage their world (Bond and Keeley, 2005) and have since modified natural fire regimes directly and indirectly in different ways since then (Pivello, 2011; Archibald, 2016). Especially in the last millennium, human use of fire has intensified in association with deforestation and land clearing, which were often followed by environmental degradation (Dean, 1997; Perlin, 2005). Indeed, forest fires have been widely used as a proxy for tropical deforestation (Nelson and Chomitz, 2011). For this reason, and because fire is directly associated with carbon emissions, global warming, putative biodiversity losses, and damage to private properties (Gill, 2012), it has been widely seen as something bad that should be avoided, a vision strongly reinforced by the media (Paveglio et al., 2011).

The bias for ecosystem management aimed at carbon sequestration and storage (Tilman et al., 2000; Yessoufou, 2017) or favoring forest ecosystems and tree species (Veldman et al., 2015a,b) has led to the misperception that fire suppression is always positive. Even when fire is recognized to have a natural role, suppression is continued due to insufficient information regarding the best time or frequency to burn. However, the costs of waiting for evidence-based prescriptions must also be considered, since fire suppression can lead to huge biodiversity losses (Bowman, 2000; Bond and Parr, 2010; Abreu et al., 2017) and other negative consequences. In Brazilian savannas, recent studies have shown dramatic changes in vegetation structure due to fire suppression, with negative impacts on the water-related ecosystem services (Honda and Durigan, 2016; Oliveira et al., 2017), and on biodiversity, by eliminating species of ants and plants typical of open habitats (Pinheiro et al., 2016; Abreu et al., 2017). Prescribed burnings have been considered, therefore, as a management tool to avoid the negative consequences of woody encroachment and biome shift (Durigan and Ratter, 2016; Rosan et al., 2019) as well as to mitigate the huge carbon emissions and biodiversity losses of uncontrolled high intensity fires (Silveira et al., 1999; Russell-Smith et al., 2017). The effects of prescribed fires on biodiversity in the Brazilian savanna, however, are still poorly understood.

Although fire effects on Cerrado biodiversity have deserved attention in the last decades (e.g., Sato and Miranda, 1996; Cavalcanti and Alves, 1997; Briani et al., 2004; Cintra and Sanaiotti, 2005; Costa et al., 2013; Maravalhas and Vasconcelos, 2014; Camargo et al., 2018; Mendonça et al., 2015a), the few available studies are unevenly distributed in space and concentrated in the core area of the biome, hindering generalizations, and predictions valid for the whole range of environmental conditions within the Cerrado (Arruda et al., 2018). Additionally, most studies were carried out after unplanned wildfires, not comparing burned and unburned sites or periods before and after fire, thus not allowing conclusions about biodiversity losses due to fire. Furthermore, most biodiversity studies address a single taxonomic group, sometimes with contrasting results among sites or opposite tendencies compared to other savannas. For plants, community studies addressing fire effects on all components of Cerrado vegetation are lacking. Information about biodiversity responses to habitat changes caused by fire for a wide range of organisms is desirable to better inform management decisions (Bond and Archibald, 2003; Driscoll et al., 2010).

In this study, we adopted a multi-taxonomic approach to address fire effects on species diversity at the southern limit of Cerrado distribution, a region where these effects have rarely been experimentally assessed. We evaluated the short-term effects of prescribed burning on diversity of five functional groups of plants (graminoids, forbs, subshrubs, shrubs, and trees) and five taxonomic groups of animals (ants, frogs, lizards, birds, and small mammals) in a Brazilian savanna area that had been protected from fire for about three decades. We aimed to answer the following questions: (i) What is the response of plant and animal diversity to prescribed fires? (ii) Do distinct groups respond differently? (iii) Is there a risk of prescribed fires causing biodiversity losses in the Cerrado?



MATERIALS AND METHODS


Study Area

The study was carried out at Santa Bárbara Ecological Station (SBES), located at the southern limit of the savanna biome in Brazil (Águas de Santa Bárbara, state of São Paulo), within the coordinates 22°46′-22°51′ S and 49°10′-49°16′ W, with altitudes ranging from 600 to 680 m above sea level. The protected area preserves 2,715 ha of Cerrado vegetation encompassing a mosaic of grasslands, savannas, and forests. Climate in the region is classified as Köppen Cfa-type, hot, humid with a dry winter (Alvares et al., 2013), annual rainfall is around 1,300 mm, and mean monthly temperature of 18°C for the coldest month and over 22°C for the hottest month. Soil characteristics exhibit little variation in the study area, being deep oxisols with high sand and low nutrient content, high saturation of aluminum, and low soil water holding capacity (Abreu et al., 2017). Over the past three decades, there was a remarkable increase in tree biomass in the whole area, associated with fire-suppression policies, resulting in loss of open habitats and a major decrease in the number of plant and ant species in areas encroached by forest, particularly among savanna specialists (Abreu et al., 2017).

After about 30 years of fire suppression policy, we initiated an experiment of fire management at SBES, across the gradient from open grasslands to forest-type vegetation. The experiment was replicated in three sites within SBES, located at least 1.7 km from each other, with each site encompassing the whole vegetation gradient (grassland, savanna, and forest), and including burned and unburned (control) areas of each vegetation type. Hereafter, we treat these three sites as blocks, to make clear that all experiments described below were made within these blocks. The fire history over the 30 years before starting the experiment slightly differs among blocks and among vegetation plots. In one block, no fire was recorded before the first prescribed fire. In the second block, there was a single wildfire (in 2011) which affected the entire block. Within the third block, some vegetation plots had no fire, some were burned just once (2011) and one plot is in a small grassland patch that was burned several times in the 30-year period (the last time in 2011). Over the last 4 years before the first prescribed fire, therefore, none of the experimental blocks was burned. Historically, fire was used in the region every 2 years (Mendonça et al., 2015b), generally in the middle of the dry season, to renew pastures and to reduce woody growth, a common practice throughout the Cerrado for centuries (Dias, 2006). Therefore, fire at our experimental blocks occurred at a much lower frequency in the last decades than historically in the region. Prescribed fires were applied block by block, on different days, in the middle of the austral winter, before the peak of drought, in 2015, 2016, and 2017. In general, fire started around 10h00 a.m., under weather conditions recorded in the experimental blocks of wind speed below 5 km h−1, relative air humidity ranging from 45 to 80%, and temperature never surpassing 25°C.



Sampling

All experiments described for the different groups were carried out in the blocks above described. Each block encompasses a tree biomass gradient from grassland to forest, including burned and unburned areas (controls). Forest vegetation (the cerradão) was not included in this study because prescribed fires were unsuccessful due to the low flammability of this system. Total area burned varied among blocks, but exceeded 35 ha in 2015, reaching about 70 ha in 2016 and 2017.

Sampling methods and periods of observations differed among taxonomic and functional groups as necessary. In all cases, our sampling for this study was limited to examining the effect of a single fire and does not provide information about the consequences of repeated burning over long periods of time. For ants and plants, sampling units were 20 m × 50 m plots (0.1 ha each) distributed in the three blocks, representing savanna (cerrado sensu stricto, typical savanna) and grassland (open savanna, dominated by grasses, forbs, and subshrubs, interspersed with occasional trees). Data were collected before the first experimental fires and several months after fire (six for ants, eight for plants) in the same plots. Birds were sampled immediately and 2 months after the second experimental fire, in burned and unburned patches of savanna and grassland within the blocks. Amphibians and reptiles were also sampled after the second fire, over 1 year, using pitfall traps installed in burned and unburned grassland patches in two blocks. Small mammals were sampled over 1 year in the same pitfall traps, after the third prescribed fire. Detailed description of sampling procedure for each group is presented in the following topics. For each group, we assessed differences or changes in species richness, abundance, and composition, in burned areas compared to unburned areas within the first year after fire, and separately by vegetation type (savanna or grassland) when possible. Methods used for data analyses are presented below.



Plants

Plants were sampled in the 0.1-ha plots, including three in grassland (one per block) and nine in savanna plots (three per block), before the first prescribed fires, carried out in 2015, and 1 year later (8 months after fire). Within each plot, we measured the stem diameter at breast height (dbh) of all trees with dbh ≥ 5 cm. Trees, treelets, and shrubs with 1 cm ≤ dbh < 5 cm were measured within ten 5-m × 5-m subplots distributed regularly throughout each plot. Woody plants smaller than 1 cm dbh (trees, treelets, and shrubs), as well as subshrubs, lianas, dwarf palms, and the herbaceous community (grasses, forbs, vines, and sedges) were sampled within 40 1-m × 1-m subplots evenly spaced on a grid within each plot. All individuals sampled within these plots were identified to species level in the field or collected for subsequent identification. To quantify changes in vegetation structure due to fire, we calculated tree basal area and tree density (dbh ≥ 5 cm) before the prescribed burns and again after fire in the 12 plots, on the basis of trees top-killed by fire. We calculated average values (percent changes) for grassland and for savanna plots.

Plant species were classified into five functional groups, with some underrepresented growth forms merged: trees (including treelets, large palms, and lianas), shrubs (including dwarf palms), subshrubs, forbs (including vines), and graminoids (grasses and sedges). Species were also classified according to habitat preference into two groups: (i) savanna specialists and (ii) generalists, species that occur in both savannas and forests (see Abreu et al., 2017).



Ants

Ants were collected in the nine 0.1-ha plots of savanna (three in each block) approximately 6 months before the first prescribed fire (winter 2015) and again 6 months after fire. Sampling in grasslands took place 6 months after fire, when we sampled three burned plots (one in each block) and three control, unburned plots (one in each block). Five 2.5-m × 2.5-m grids were established along the borders of each vegetation plot, keeping a minimum distance of 20 m between any two sampling grids. Four pitfall traps were set in each grid, totaling 20 traps per plot. Pitfall traps consisted of small plastic cups (250 ml, 8.5 cm high, and 7.8 cm in diameter) buried in the ground and partially filled with water and detergent. Traps remained in operation for 48 h and their contents were combined within grids. All ant specimens collected were sorted to morphospecies and, whenever possible, identified to species level using available taxonomic keys or through comparison with specimens previously identified by experts and deposited at the Zoological Collection of the Federal University of Uberlândia, Brazil. The proportion of species that are regarded as savanna/grassland specialists was estimated based on information provided by Vasconcelos et al. (2018).



Birds

A complete survey of birds observed in Santa Barbara Ecological Station over a long period before fire, 2008–2013, was carried out by Lucindo et al. (2015). For the present study, we recorded birds in the burned and adjacent unburned areas within the experimental blocks (savanna and grassland vegetation), after the second fire (winter 2016), by walking transects during and immediately after fire (10 h in August), and two months later (8 h in October), in the apex of the bird reproductive season. We sampled three transects (10 m wide, at least 200 m distant from each other) in burned areas and three transects in unburned areas in each sampling period. We walked slowly, at a speed of about 1 km h−1, registering each individual bird observed within fixed distances of 10 m on both transect sides. Since fire was patchy in some areas, for each observation we recorded if the bird was in burned or unburned vegetation, and also the habitat type – if it was savanna or grassland. Binoculars (8 × 40) and a digital camera with 42× optic zoom were used to identify the birds observed. We focused on resident species, excluding from analysis birds recorded only flying over the area, vultures and raptors attracted to the prescribed burning areas, and migratory species recorded only after October, e.g., Lesser Elaenia Elaenia chiriquensis Lawrence, 1865, Fork-tailed Flycatcher Tyrannus savana Daudin, 1802, and Plumbeous Seedeater Sporophila plumbea Wied, 1830. Species nomenclature followed Piacentini et al. (2015). We categorized species as savanna specialists or generalists on the basis of Motta-Júnior et al. (2008).



Frogs and Lizards

Frogs and lizards (the latter herein including amphisbaenians) were sampled in grassland of two blocks, each with a burned and an unburned sampling unit. Frogs and lizards were sampled over 1 year after the second prescribed burning (winter 2016). Sampling occurred from August 2016 to July 2017 for 10 days each month, totaling 3,840 pitfall trap-nights. Each of the four sampling units (two unburned, control units and two burned units) had two arrays of pitfall traps 60 m apart, each comprising a 40-m long line of four 100-L buckets and a plastic drift fence about 60–70 cm high, buried 10 cm into the soil. Vouchers were collected for identification at species level and will be deposited in the Museu de Zoologia (MZUSP), Universidade de São Paulo, São Paulo, and CFBH collection, Universidade Estadual Paulista, Rio Claro, Brazil. Young individuals of Physalaemus cuvieri and P. centralis are very difficult to identify in the field and thus both species were here considered together as Physalaemus cuvieri/centralis. Almost all species of frogs and lizards sampled in this study are grassland and savanna specialists (e.g., Brasileiro et al., 2005; Araujo et al., 2013, 2014). The few exceptions are habitat generalists that can be found in areas of forest as well as in disturbed areas (e.g., Ameiva ameiva among lizards and Physalaemus cuvieri among frogs).



Small Mammals

Small mammals, herein represented by marsupials, rodents, and armadillos were sampled in grasslands of two blocks, in burned and adjacent unburned sampling units. In each of the four sampling units (two burned and two unburned control units) small mammals were surveyed by two arrays of pitfall traps (as described for frogs and lizards; see above). The mammals were sampled over 1 year after the third prescribed burning (winter 2017), from August 2017 to July 2018, in a 10-day monthly survey, totaling 3840 pitfall trap-nights, with similar efforts in burned (1920 pitfall trap-nights) and unburned (control) areas (1920 pitfall trap-nights). Vouchers were collected for identification at species level and will be deposited in the mammal collection of the Museu de Zoologia da Universidade de São Paulo (MZUSP). The taxonomic classification and nomenclature follow Gardner (2008) for armadillos, Voss and Jansa (2009) for marsupials, and Patton et al. (2015) for rodents. Species surveyed were classified as grassland/savanna specialists or as generalists—occurring on both open and forested habitats—based on habitat selectivity data from previous studies in the Cerrado (Marinho-Filho et al., 2002; Carmignotto et al., 2012, 2014) as well as from the study area (Carmignotto, pers. data).



Data Analyses

We evaluated if prescribed fires affected species richness of each group by evaluating overall decline in species number, and by testing whether there was a decline in abundance and/or a decline in species number after accounting for a change in abundance.

To test for the overall effect of fire across all taxa we used paired t-tests comparing the log10-transformed number of species or the log10-transformed abundances of graminoids, forbs, subshrubs, shrubs, trees, ants, frogs, lizards, birds, and small mammals between the burned and unburned areas. To compare richness within groups after controlling for abundance, we generated individual-based rarefaction curves (Colwell et al., 2012) using the default options of EstimateS version 9.1.0 (Colwell, 2013). Rarefaction curves with non-overlapping 95% confidence intervals were considered significantly different (Colwell et al., 2012).

To quantify species turnover caused by fire, we calculated the Simpson index, which measures the degree of compositional differences between two areas (or periods) independently of differences in species richness between the areas (Koleff et al., 2003). We determined nestedness-resultant dissimilarity between the burned and unburned areas by calculating the difference between the Sørensen—which also measures the compositional similarity between two samples but considers differences in sample size, i.e., species richness—and Simpson indexes (Baselga, 2010). For calculation of the dissimilarity indexes we included all species recorded in each sampling period, except the singleton species (i.e., species that had just one individual recorded in any given sampling period). This was because the presence or absence of these latter species in a given sampling period often represents a sampling artifact and therefore the inclusion of singletons in our analyses would inflate true turnover rates. For all the analyses above, grassland and savanna were treated as distinct datasets, to check if responses differed between these vegetation types. This was done for most groups, except for frogs, lizards and small mammals, which were sampled only in grasslands.




RESULTS

Vegetation structure, indicated by tree basal area and tree density, was characterized before and after fire, to better illustrate the habitat and to quantify changes due to fire. Before fire, grassland plots had a mean tree basal area (±standard error) of 1.85 ± 0.80 m2 ha−1, and 217 ± 69 trees per hectare (dbh ≥ 5 cm), while savanna had a mean basal area of 7.93 ± 0.72 m2 ha−1 and 1,448 ± 127 trees per hectare. In grasslands, fire reduced the basal area by 29.4 ± 13.1% (reduction of 0.37 ± 0.12 m2 ha−1) and the density of adult trees by 23.3 ± 5.1% (47 ± 12 trees top-killed by fire per hectare). In the savanna plots, basal area was reduced by fire by 8.6 ± 1.3% (a decrease of 0.63 ± 0.09 m2 ha−1) and tree density by 5.6 ± 1.2% (73 ± 14 trees top-killed by fire per hectare).


Changes in Species Richness

Across all taxa and blocks, we recorded 435 species before fire (64.7% savanna/grassland specialists) and 423 after fire (66.2% savanna/grassland specialists, Table 1). Ants and birds were the most species-rich animal groups, in both grassland and savanna. Forbs were the most speciose group of plants in grasslands, whereas trees were the most diverse group in savannas. The proportion of species that are specialists of savanna and grassland habitats varied widely among taxa, ranging from 100% of the recorded species of subshrubs to only 11% of birds (Table 1). For most of the plants and animal groups, however, the open habitats specialists represented at least 60% of the sample, with ants (32%) and birds (11%) as exceptions (Table 1).


Table 1. Number of species recorded, for each group of plants and animals, in each vegetation type (grassland or savanna) in burned and unburned areas, at Santa Bárbara Ecological Station, state of São Paulo, Brazil.

[image: Table 1]

Burned grasslands tended to have more species of graminoids, forbs, and trees, and fewer species of ants and frogs than those that were not burned, whereas burned savannas had slightly fewer species of subshrubs, shrubs, and ants (Table 1). The percentage of open-habitat specialists in burned grasslands increased for forbs, shrubs, ants, frogs, lizards, and mammals, and, in burned savannas, trees and ants showed higher proportions of specialists. Rarefaction curves, however, showed no difference in species richness between burned and unburned areas for any group (Figures 1, 2), with the exception of graminoids in grassland, where species richness increased after fire. Similarly, when we analyzed the responses of all groups together (i.e., when we tested if the number of species from each group found in the burned plots was equivalent or not to that found in the unburned plots) no significant differences were detected (Figure 3; paired t-tests, P > 0.05, Table S1). This was true whether we included all species or only the savanna/grassland specialists (Figure 3). However, considering only savanna/grassland specialists, we found that species richness in the grasslands (but not in savannas) was greater after than before the fire (Table S1).
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FIGURE 1. Individual-based rarefaction curves (with 95% confidence intervals) comparing species richness of different plant groups between the unburned (green) and burned plots (red) in grassland and savanna vegetation types, at Santa Bárbara Ecological Station, state of São Paulo, Brazil.
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FIGURE 2. Individual-based rarefaction curves (with 95% confidence intervals) comparing species richness of different animal groups between the unburned (green) and burned areas (red) in grassland and savanna vegetation types, at Santa Bárbara Ecological Station, state of São Paulo, Brazil.
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FIGURE 3. Species richness (log10-transformed data) of different plant and animal groups in unburned and burned areas for grassland and savanna vegetation types. The line represents the 1:1 equivalence line, at Santa Bárbara Ecological Station, state of São Paulo, Brazil.




Changes in Abundance

We evaluated, for each group separately, if there was a consistent change in species abundances (i.e., if most species decreased or increased in abundance in response to fire) (Figures 4, 5). In savanna, most species of forbs and subshrubs declined in abundance after fire (paired t-test, P < 0.05; Figure 4, Table S1). In contrast, in the grasslands, abundance of most species of forbs, graminoids, and subshrubs increased with fire (paired t-test, P < 0.05, Figure 4, Table S1), whereas abundance of most frog species declined (paired t-test, P = 0.017, Figure 5, Table S1).


[image: Figure 4]
FIGURE 4. Abundance (log10-transformed data) of different plant groups sampled in unburned and burned plots of grassland and savanna. Each point represents one species. The line represents the 1:1 equivalence line, at Santa Bárbara Ecological Station, state of São Paulo, Brazil.
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FIGURE 5. Abundance (log10-transformed data) of different animal groups sampled in unburned and burned areas of grassland and savanna. Each point represents one species. The line represents the 1:1 equivalence line, at Santa Bárbara Ecological Station, state of São Paulo, Brazil.




Changes in Species Composition

Overall, species composition changed little in response to fire as indicated by very low levels of dissimilarity (< 0.1 in most cases) between burned and unburned areas (Figure 6). Changes tended to be more marked in grasslands than in savannas. The dissimilarity between burned and unburned savannas tended to be caused mainly by species replacement (turnover), but in grasslands, nestedness was the main component of change in species composition (Figure 6). In grasslands, therefore, either new species appeared (as was the case for all plant groups) or some existing species were not sampled after fire (as was the case for frogs, mainly).


[image: Figure 6]
FIGURE 6. Degree of dissimilarity in species composition (due to turnover or nestedness) between burned and unburned areas for different plant and animal groups in grasslands and savannas, at Santa Bárbara Ecological Station, state of São Paulo, Brazil.





DISCUSSION

Here we assessed the effects of prescribed fires on species richness, abundance and composition of five groups of plants and five groups of animals within the same protected area in the southern limit of the Brazilian Cerrado. We found negligible effects of fire, with species richness unaltered, except in one of the 10 groups (graminoids increased after fire in grasslands). Slight changes in abundance and species composition were observed within some groups, differing in directions (increasing or decreasing) or processes (turnover or nestedness) between vegetation types (grassland and savanna). However, there were no significant changes in species richness between burned and unburned areas. We must highlight that our study was limited to the effects of a single fire, and that we burned our experimental areas under controlled conditions. Therefore, our results cannot be extrapolated to uncontrolled firestorms under extreme weather conditions or to annually burned ecosystems, both cases deserving specific investigation.

Our results are in accordance with most studies quantifying the effects of fire on tropical savanna biodiversity, which found little or no effect (van Wilgen et al., 2007; Frizzo et al., 2011), corroborating the adaptation of Cerrado biodiversity to fire, both among plants (e.g., Coutinho, 1982, 1990; Simon and Pennington, 2012) or animals (e.g. Vieira and Marinho-Filho, 1998; Layme et al., 2004; Prada and Marinho-Filho, 2004). Recent studies, however, have shown fire influences other than changes in richness, such as body conditions of lizards, which depend on habitat preferences of different species (Costa et al., 2019). Such differences deserve further investigation for other groups.

In our study, a single prescribed burning after a long period without fire caused substantial changes in vegetation structure, with tree density 23% lower in grasslands and 6% lower in savannas, and a tree basal-area reduction of 30% in grasslands and 9% in savannas, mostly due to top killing adult trees. Structural changes were more pronounced in grasslands than in savannas, due to the greater abundance of grasses in the former, which are the main fuel for fire. Thus, the expected role of fire in decreasing the density and biomass of arboreal vegetation tends to increase the structural differences if all phytophysignomies of the Cerrado mosaic are submitted to the same burning frequency. Most studies addressing fire effects on Cerrado plant communities have focused on trees, in general showing high stem mortality, biomass reduction and even diversity loss, with fire acting as a filter eliminating non adapted species (Durigan et al., 1994; Sato and Miranda, 1996; Hoffmann and Moreira, 2002; Medeiros and Miranda, 2005; Hoffmann et al., 2009; Lopes et al., 2009). While these studies demonstrate the efficacy of prescribed burns in avoiding woody encroachment and biome shifts, their results have been often interpreted as negative effects of fire on plant communities, since non-woody species have been disregarded. However, periodic fires are considered essential for maintaining floristic composition and open vegetation types in Brazilian savanna (Coutinho, 1990; Moreira, 2000; Fidelis and Pivello, 2011; Pivello, 2011, 2017). In addition, despite the decrease in aerial biomass and the remarkable changes in vegetation structure shortly after fire, woody vegetation of savannas is demographically resilient to fire (Higgins et al., 2007) and recovery can occur in a few years after fire, even in woodland savannas (Eiten, 1972; Furley et al., 2008). For the ground layer, the intense post-fire photosynthetic activity offsets carbon emissions due to burning in about 12 months (Santos et al., 2003).

Although changes in vegetation structure represent modifications in habitat for plants and animals, fire-driven changes in plant communities of tropical savannas due to fire are much more about structure than species composition or biodiversity (Higgins et al., 2007; van Wilgen et al., 2007; Lebbink et al., 2018), since fire does not eliminate typical savanna species. No biodiversity losses due to fire have been consistently observed in savannas for most animal groups, such as arthropods (but see Morais and Benson, 1988; Andersen and Müller, 2000; Maravalhas and Vasconcelos, 2014; Vasconcelos et al., 2017), birds (Cavalcanti and Alves, 1997; Corbett et al., 2003; Mills, 2004; Reis et al., 2016), mammals (Vieira, 1999; Prada and Marinho-Filho, 2004; Beale et al., 2018), reptiles (Griffiths and Christian, 1996; Corbett et al., 2003; Langford et al., 2007; Morais et al., 2011; Costa et al., 2013), and amphibians (Corbett et al., 2003; Langford et al., 2007; Morais et al., 2011). Despite the pattern of low impact on richness observed in most studies, however, there are some exceptions when fire effects are analyzed at a small scale, comparing different pieces of the vegetation mosaic. Costa et al. (2019) found half the lizard species favored in unburned plots while the other half was favored in burned plots. These results indicate that maintaining the vegetation mosaic can enhance beta and gamma diversity, a recommendation supported also by Andersen et al. (2012), who found advantage for small mammals in preserving some large infrequently burned areas.

When abundance within animal groups is considered in our study, we found significantly fewer individuals in burned areas only for frogs in grasslands, despite no difference found in the savannas or in richness in any habitat. For the other groups, the balance between increase and decrease of species populations resulted in no net changes in total abundance. During fires in Brazilian savannas, small animals like frogs, lizards, snakes, and small mammals seek refuge underground by getting into termite mounds and burrows made by armadillos and burrowing rodents (Coutinho, 1990; Faria and Araujo, 2004; Frizzo et al., 2011; Costa et al., 2013) or seeking for refuge in unburned patches nearby. The lack of marked decreases in the richness and abundance for most small animals (<1 kg of mass) after fires may reflect a combination of factors, like the apparent lack of direct effects of fire on them (inferred from the great difficulty of finding dead animals just after fire), the common use of underground retreats during fire (Coutinho, 1990; Vieira and Marinho-Filho, 1998), and the insectivorous and granivorous habits of most vertebrates we sampled (Pianka and Vitt, 2003; Wells, 2007; Frizzo et al., 2011; Vieira and Briani, 2013). In fact, many arthropods also use underground retreats during fire (M. Martins, unpubl. observations) and thus may stay in burned areas of Cerrado after fire. Furthermore, herbivorous insects also may stay in burned areas because the vegetation begins to sprout or germinate in just a few days after fire. Indeed, the massive flowering (Prada et al., 1995; Vieira et al., 1996) and seed production after fire (Pilon et al., 2018) attract insects and represent a considerable food increase to reptiles, birds, and mammals in post fire areas (Prada and Marinho-Filho, 2004; Frizzo et al., 2011; Vieira and Briani, 2013). Thus, food shortage may not be a problem for insectivorous animals after fire (Lepesqueur et al., 2012). Additionally, indirect positive effects of fire on fauna can be expected due to changes in vegetation, favoring movement of animals across the landscape (Henriques et al., 2000), such as birds and large mammals, attracted to the vegetation patches vigorously resprouting.

The most controversial faunal group in terms of response to fire in the literature has been the small mammals, for which we found no changes due to fire in species composition, richness, or abundance over a year after fire. Negligible effects were observed by Layme et al. (2004) in the abundance of a rodent species in Amazonian savannas. Other studies in Brazilian savannas have shown a quick decline followed by rapid recovery and increase in abundance and diversity over time (Vieira, 1999; Henriques et al., 2000, 2006; Briani et al., 2004). Conversely, in Australian savannas, relevant losses of small mammals after fire have been observed, but this has been attributed to predation by feral cats and invasive frogs, which is easier after fire (Firth et al., 2006; Woinarski et al., 2010; Lawes et al., 2015). Actually, under certain conditions, small mammals can be severely affected by fire and require attention (Andersen et al., 2005, 2012), especially when predators are favored by fire, which is the case of feral cats in Australia. Long-term studies have been recommended to assess fire impacts on small mammals, since diversity and abundance within this group can reach their maximum in the first 2 years after fire, decreasing over time if fire is suppressed (Briani et al., 2004; Henriques et al., 2006 in Brazilian savanna). This population dynamics can be understood, primarily, as a direct effect of the input of resources after fire, that allows increase in population sizes in the next generations (Vieira, 2003; Henriques et al., 2006; Vieira and Briani, 2013). However, to understand the impacts of fire on small mammals, we must understand how their assemblages are structured in the Brazilian Cerrado. For instance, studies at both local and regional scales have shown that small mammals are composed of savanna specialists and forest dwellers at roughly similar proportions, with few generalist species (Carmignotto et al., 2012, 2014). Since fire alters vegetation structure, in the sense of reducing arboreal biomass and increasing herbaceous layer, these changes directly affect the small mammals, favoring open habitat dwellers and consequently decreasing forest specialists in burned areas (Henriques et al., 2006; Camargo et al., 2018).

Among plant groups, the effects of fire were slightly more visible than for animal groups. We found change in species richness, but only for graminoids in grassland areas, with colonization by new species triggered by fire. The arrival of 10 new species of grasses was likely favored by two fire effects: (i) intensifying sexual reproduction (Eiten, 1972; Coutinho, 1977, 1990; Le Stradic et al., 2015; Pilon et al., 2018) and (ii) clearing the ground and thus favoring seed dispersal and germination (Coutinho, 1990; Fidelis et al., 2012), since both processes are constrained by the vast amount of biomass accumulated after a long period without fire. Studies on grasses and forbs of tropical savannas have shown that the effect of fire reducing woody biomass and cover is remarkably beneficial for the ground layer plant communities (Sheuyange et al., 2005; Zimmermann et al., 2010). This has been already observed in temperate savannas and grasslands, where fire is essential for the maintenance of open canopy and thus perpetuating the herbaceous plant communities (Morgan, 1998; Sparks et al., 1998; Overbeck et al., 2005; Fidelis et al., 2012). Moreover, in Cerrado grasslands, long-term fire suppression also reduced aboveground biomass of graminoids, forbs, and subshrubs (Oliveras et al., 2013).

We also observed changes in abundance for some groups of plants, and the response to fire was different between grasslands and savannas in the direction of changes in species populations. While the abundance of most species of forbs and graminoids increased in grassland, clearly favored by fire, the abundance of forbs and subshrubs declined in savanna, where fire was not strong enough and light is nearly certainly a limiting resource for sun-demanding small plants. After long periods without fire, forbs and graminoids likely spent their reserves to survive in the shade (Pinheiro et al., 2016), reducing their ability to sprout or to colonize from seeds when fire returned to the system (Zimmermann et al., 2010).

Overall, community composition of most plant and animal groups underwent very small changes due to fire. For plants, changes were a little more pronounced in grasslands, where the arrival of new species after fire (and no species losses) indicates that the pre-fire community represents a nested subset of the post-fire community. In contrast, changes in species composition of graminoids, forbs, and subshubs in savannas were exclusively due to species turnover—rather than nestedness—following fire. Ants showed the highest level of species turnover among the animal groups. However, all ant species that appeared or disappeared following fire were rare in our sampling, suggesting that at least part of the detected turnover may simply be an artifact of incomplete sampling. Changes in ant species composition are likely to be driven by changes in the vegetation structure rather than by direct effects of fire (Andersen et al., 2012). In fact, long-term experimental burning of cerrado vegetation showed to significantly alter the composition of ant species (Maravalhas and Vasconcelos, 2014).

Species richness, for any group of plants or animals, is directly related with the mosaic of habitats present in a region, with beta diversity (i.e., diversity among distinct habitats) greatly surpassing alpha diversity (i.e., diversity within one type of habitat), pointing to the importance of open and forested formations for species richness and composition in the Cerrado (Silva and Bates, 2002; Durigan and Ratter, 2006; Nogueira et al., 2009, 2011; Carmignotto and Aires, 2011; Santos-Filho et al., 2012; Amaral et al., 2017). So, the homogenization of vegetation structure, as seen in the case of increased woody encroachment in the absence of fire, affecting grassland/savanna specialists (Vieira and Marinho-Filho, 1998; Vieira, 1999; Henriques et al., 2000, 2006; Briani et al., 2004; Maravalhas and Vasconcelos, 2014; Abreu et al., 2017), will disrupt community structure resulting in biodiversity losses. Studies of open formations around the world also highlight the importance of habitat heterogeneity for maintaining biodiversity of the landscape (Andersen et al., 2012; Beale et al., 2018; McCleery et al., 2018; Bond, 2019; Costa et al., 2019). At our study area, open grasslands and savannas have particular importance for conservation at local and regional scales. These habitats have been extirpated from most regions of São Paulo state (Durigan and Ratter, 2006), and as a consequence many species of plants (Durigan et al., 2018) and animals dependent upon open, grassy habitats (Carmignotto and Monfort, 2006; Duarte and Vogliotti, 2009; Lemos and Azevedo, 2009) are currently extinct or under threat, and are restricted to a few scattered localities in protected areas (see Percequillo and Kierulff, 2009; São Paulo, 2018). The long-term fire suppression policies applied to protected areas in Brazil have contributed to the encroachment of woody vegetation, which results in the loss of biodiversity in these areas, with open habitats and their peculiar species disappearing (Abreu et al., 2017).

A well-planned fire management program should set as the primary goal for the maintenance of different vegetation types, with variable structure, which is a surrogate for biodiversity at different scales. That depends on defining fire frequency according to the expectation of biomass decrease in distinct patches of the landscape. It is still controversial if mimicking the “historical fire regime” will maintain that mosaic and result in successful conservation (Freeman et al., 2017). And there is little evidence that pyrodiversity (varying fire season, frequency, intensity etc.) begets biodiversity (Parr and Andersen, 2006; Davies et al., 2012; Farnsworth et al., 2014; Maravalhas and Vasconcelos, 2014). Instead, evidence points to a binary fire strategy – burned and unburned patches sharing the space – as sufficient to maintain savanna biodiversity. Preserving patches of unburned ecosystems can guarantee refuge for fire-sensitive species which could not survive if the whole landscape is simultaneously or too frequently burned. On the other hand, burning some patches frequently would guarantee survival and successful reproduction of plant and animal species adapted to open and grassy vegetation.

Fire has been suppressed for long periods in many countries that adopted misinformed conservation strategies, but these strategies have been revised on the basis of evidence (Caillault et al., 2015). Using fire to manage tropical savannas has been increasingly supported by ecological studies, especially in Africa and Australia (Andersen et al., 1998, 2005; Biggs, 2002, 2003; Furley et al., 2008; van Wilgen, 2009; Woinarski and Legge, 2013; Caillault et al., 2015; Archibald, 2016). There is a global consensus among savanna ecologists that burning is essential for maintaining heterogeneity and biodiversity of tropical savannas (Coutinho, 1982, 1990; Bond and Keeley, 2005; Andersen et al., 2012; Maravalhas and Vasconcelos, 2014; Durigan and Ratter, 2016; Pivello, 2017; Schmidt et al., 2018). On the other hand, fire suppression has shown to be ecologically and economically unsustainable (Bowman et al., 2013), eventually resulting in catastrophic firestorms that cause huge carbon emissions and biodiversity losses (Silveira et al., 1999; Bond and Archibald, 2003; França, 2010; Pivello, 2011; Batista et al., 2018; Fidelis et al., 2018). In the last years, fire experiments have increased in Brazil (Dias and Miranda, 2010; Rissi et al., 2017; Schmidt et al., 2018), including our experiment presented here. Here we demonstrate that prescribed fires do not cause losses in species richness of plants and animals, and even bring gains in richness and abundance of plant species in Cerrado grasslands. These results confirm the resilience of the Cerrado biota to fire, as expected for savanna ecosystems in general, therefore supporting the use of fire management for conservation and restoration purposes in the Cerrado. We argue that prescribed burns should be applied not only to avoid uncontrolled wildfires, but also to maintain open vegetation types and their biodiversity as fundamental pieces of the Cerrado mosaic, thus enhancing beta and gamma diversity, threatened by homogenization due to fire suppression or by modified fire regimes.
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