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Amazonian savannas are isolated patches of open habitats within an array of extensive tropical forest. The mammal fauna of the savannas in the Alter do Chão region (Santarém Municipality), is dominated by Necromys lasiurus, whose populations have been studied by researchers of the National Institute of Amazonian Research since 1983. Here, we summarize the studies and advances made so far to better understand aspects related to population dynamics and ecology of savanna rodents and the strategies they use to persist in an environment with frequent fires subject to global climatic influences. In the Amazonian savannas the species acts as a seed disperser and population fluctuations are related to invertebrate availability, but not with fire or vegetation structure. Global climate appears to affect N. lasiurus population dynamics at local scale (i.e., plot scale) but not at the regional scale of the Alter do Chão savannas. The long-term studies in Alter do Chão generated many advances about Necromys lasiurus population dynamics and ecology, including aspects relating to feeding, home range, animal-plant interactions, the effects of fire and climate change.
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INTRODUCTION

Necromys lasiurus (Rodentia: Cricetidae) is a small (approximately 60 g, with males being slightly larger than females, Cangussu et al., 2002), terrestrial and diurnal rodent widely distributed in open habitats with seasonally dry and arid climates in South America (Paglia et al., 2012). It has been intensively studied in many open formations in South America, especially in the Brazilian Cerrado. It is a generalist species that eats roots, seeds, leaves, and invertebrates (Talamoni et al., 2008). The species is a major food source for predators, such as snakes and owls (Bueno and Motta-Júnior, 2015). In the Cerrado, Necromys lasiurus is terrestrial, with a mean displacement of 42 m in a 24-h period (Vieira et al., 2005), and males move greater distances than females between successive captures (Pires et al., 2010). The mean home range of males is larger than that of females (Pires et al., 2010). The species constructs nests on the ground, and sometimes uses armadillo burrows as nest sites (Vieira et al., 2005).

In Brazil, N. lasiurus is common in open habitats of the Cerrado, Pantanal and Caatinga (Souza and Alho, 1980; Becker et al., 2007), but also occurs in open patches within Amazonian and Atlantic forests (Gheler-Costa et al., 2012; Magnusson et al., 2021). In the Cerrado, N. lasiurus is usually the most abundant rodent within its area of occurrence and predominates in most vegetation physiognomies (Becker et al., 2007; Pires et al., 2010). In Amazonia, the species is found in savanna vegetation (Ghizoni et al., 2005) and in the Atlantic Forest it is often found in agroecosystems (Gheler-Costa et al., 2012). Santos et al. (2018) and Malange et al. (2016) noted that crops and pastures have favored the expansion of the species in the Atlantic Forest, and human-modified environments are associated with the occurrence of the species in all Brazilian domains (Santos et al., 2017).

Necromys lasiurus is considered to be one of the main hantavirus reservoirs in Brazil (Oliveira et al., 2013; Santos et al., 2017), and hence surveillance of its populations is of important. This species shows abrupt density fluctuations, and changes from extremely common to rare between seasons or years (Souza and Alho, 1980). Although N. lasiurus is a common and well-studied species, especially in Cerrado domain, there are few studies of the population dynamics of N. lasiurus in Amazonian savannas (e.g., Francisco et al., 1995; Magnusson et al., 2021).

Amazonian savannas are found as islands of vegetation between forest patches of varying size and are considered one of the most threatened Amazonian habitats because many of the savanna patches are being transformed by large-scale agriculture, increases in infrastructure, and uncontrolled fires, all of which are interlinked (Diniz and Santos, 2005).

Most of the studies carried out in Amazonian savannas have focused on plants, with only occasional studies of reptiles, birds, mammals, and invertebrates (De Carvalho and Mustin, 2017), suggesting that Amazonian-savanna biodiversity is underestimated. In 2004, the Brazilian Ministry for the Environment recognized the Amazonian savanna complexes as conservation priorities for the country (Ministério do Meio Ambiente [MMA], 2004), resulting in an increase of more than 60% in the number of protected areas in Amazonian savannas in Brazilian territory. Today, 36.8% of Brazilian Amazonian savannas are under some degree of protection, almost half of which are in indigenous lands (De Carvalho and Mustin, 2017). Despite the Brazilian policies to protect Amazonian savannas during the last 20 years, savannas are often the first environments lost, since major international attention has been focused on forests (Ratter et al., 1997). One exception to the paucity of knowledge of areas covered by Amazonian savannas is the Amazon savanna of Alter do Chão, located in the Brazilian state of Pará. Studied since 1983, the cumulative knowledge provided by the studies at Alter do Chão have turned the region into a laboratory for scientific investigation of ecological processes of savannas and fragmented tropical areas. An iconic example is comprised by the long-term studies carried out on Necromys lasiurus populations in the Alter do Chão savannas.

In this paper, we present the advances in knowledge of the biology of N. lasiurus and how the species has been used to study ecological and climate-change process in the Alter do Chão region since 1983. Necromys lasiurusis relatively abundant in the savannas of Alter do Chão and the installation of standardized plots and subsequent funding from diverse sources, allowed a program to study the abiotic and biotic factors that influence the long-term dynamics of populations of the species in Amazonian savannas.


History of Sampling Design of Necromys lasiurus Populations

Our study was conducted near Alter do Chão, a village in the Santarém municipality, Pará. The Alter do Chão region has supported typical savanna tree species for about 1.49 Ma (Buzatti et al., 2018), with a local landscape relatively stable for at least the last 7,000 to 6,000 years (Sanaiotti et al., 2002). The area is a project within the International Long-Term Ecological Research (LTER) Network (Mirtl et al., 2018) that seeks to investigate the local and global drivers of biodiversity change, such as fire and global warming, in savanna and forested environments.

Sampling of Necromys lasiurus began in 1983 in a single plot of approximately 4 ha using baited (Brazil nuts and peanut butter mixed with oats) Sherman traps (10 cm × 10 cm × 30 cm; H. B. Sherman Traps, Inc., Tallahassee, Florida) that were checked once daily, during the morning. The plot originally had a 150 m × 200 m size with a minimum spacing between capture points of 10 m. Traps were set on 25% of the plot intersections during 3 or 4 days and then advanced one trap position so that the whole plot was covered. In 1986, the plot size was increased to 200 m × 200 m, and in 1988 the plot was extended to 300 m × 340 m. However, researchers realized that the 200 m × 200 m plot was sufficient to have a good sample and, in 1997, the plot decreased to 200 m × 200 m. After this, the traps were placed every 20 m for 2 days, then moved 10 m to cover the intermediate positions for another 2 days. On that plot, 100 Sherman traps were used simultaneously and this plot has been sampled with this protocol since 1997. Temporal variation in abundance of N. lasiurus on this plot was obtained from 1985 to 1989, from 1997 to 1998, and 2000 to 2020, giving data in 23 of the 38 years. Details of the methods are given in Francisco et al. (1995); Magnusson et al. (1995), and Magnusson et al. (2010).

In 1999, 40 sampling plots were installed in the savannas across Alter do Chão, allowing studies on a regional scale to evaluate short and long-term patterns of biodiversity change and its drivers (Magnusson et al., 2013). Plots were sampled along four parallel 250-m-long transects that are 50 m apart (Figure 1). This standardized protocol has been repeated till now and can be used to evaluate fluctuations of Necromys lasiurus populations. In the first studies (Francisco et al., 1995; Magnusson et al., 1995), animals were marked by toe clipping. Already in 1999, the first year of sampling, many individuals were recaptured in each session and it became obvious that 4 days was more time than necessary, and the mice were becoming trap happy. Therefore, the effort in the 40 standardized plots was reduced to 2 days, allowing, in the following years, the sampling of the plots in a shorter time. Since 1999, in each of the regional plots, 50 Sherman live traps are set at 20-m intervals on four 250-m parallel transects spaced 50 m apart that covers the plot (Figure 1). To distribute the 50 traps into the four transects, we standardized the installation of 13 traps in the first and third transects and 12 traps in the second and fourth transects. Traps remained open for 2 days in each capture session and were checked each morning. Detailed descriptions of the methods are provided in Layme et al. (2004); Ghizoni et al. (2005), and Magnusson et al. (2021).
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FIGURE 1. Sampling areas used to study Necromys lasiurus near Alter do Chão, Santarém, Pará.


In summary, two long-term studies with comparable protocols were carried out in the Alter do Chão savanna simultaneously. One study used a single 4-ha plot, with an effort of 4 days and 100 traps placed simultaneously (e.g., Francisco et al., 1995; Magnusson et al., 1995, 2010), and the other study used up to 40 plots (at present 35) with a sampling effort of 2 days and 50 traps placed simultaneously for each plot (e.g., Layme et al., 2004; Ghizoni et al., 2005; Magnusson et al., 2021). Between 2005 and 2020, five plots were deactivated because of illegal land clearing, resulting in 35 active plots today.



Natural History of Necromys lasiurus in the Alter Do Chão Savanna

During the two decades of sampling, N. lasiurus was the only rodent trapped regularly in the savanna in our study region. Individuals of Proechimys sp. and Didelphis marsupialis were occasionally caught in the traps, but were never recaptured and probably use the savanna only in transit, since both species are common in neighboring forest patches (Magnusson et al., 1995; Borges-Matos et al., 2016). In contrast, despite extensive trapping, only one individual of N. lasiurus has been captured in neighboring forest patches (Magnusson et al., 1995).

The first published paper about N. lasiurus near Alter do Chão by Magnusson and Sanaiotti (1987) found many Miconia albicans seeds in the feces of these mice. Miconia albicans is a common shrub in Amazonian savanna near Alter do Chão and, although its fruits are rarely eaten by birds or lizards, they are often consumed by N. lasiurus. The seeds can germinate after passing through the digestive tract of the mice, indicating that they may be important dispersal agents for this plant and, to the best of our knowledge, the study by Magnusson and Sanaiotti (1987) was the first to document seed dispersal through the digestive tract of a small rodent.

In addition to M. albicans seeds, Francisco et al. (1995) showed that the diet of N. lasiurus is composed of vegetable material and invertebrates (mostly centipedes, beetles, and termites). Fire at the end of the dry season appeared to affect the diet of the mice, causing increased consumption of invertebrates during the following wet season (Francisco et al., 1995). This consumption pattern is consistent with observations made for N. lasiurus in the Cerrado (Talamoni et al., 2008), and for Mastomys natalensis, a small rodent common in savannas of South Africa (Monadjem, 1998). In both cases, rodents consumed more invertebrates during the rainy season, and less during the dry season when there was an increase in vegetable items. These studies indicate that small rodents living in savanna environments are opportunistic, varying their diets depending on the abundance of food resources.

To determine the proportions of food sources that came from food chains based on grasses or bushes, Magnusson et al. (1999) measured the stable isotopes of carbon extracted from tissue samples. Although the mice spent most of their time among the grasses, where they would be protected from predators, such as raptors, the stable isotopes indicated that most of their food (∼60%) came from chains that originated in bushes and trees (Magnusson et al., 1999). A comparable pattern is found in African savanna rodent communities, where rodent activity and amount of food removed is greater under shrubs than under grasses, as an answer to the perception of low predation risk under shrubs (Loggings et al., 2019). Therefore, the balance between tree-bush clumps for nutrition and grasses for protection is likely to affect the densities of N. lasiurus and other rodents in savanna environments.

Near Alter do Chão, N. lasiurus has a mean home-range size that varies among years and between sexes. Mean home-range size for males varied from 4,138 to 21,880 m2 (one male, whose home range overlapped the perimeter of the study area, used 51,000 m2 within the plot) and for females varied from 1,317 to 5,480 m2 (Magnusson et al., 1995). The home-range sizes in Amazonian savanna reported by Magnusson et al. (1995) were higher than those reported in studies in the Cerrado vegetation in central Brazil (Souza and Alho, 1980; Alho and Pereira, 1985) and grassland among Atlantic-coastal-forest fragments in south-eastern Brazil (Pires et al., 2010).

In the Alter do Chão savanna, females have smaller, largely exclusive, home ranges, indicating that they are strongly territorial, and male home ranges are larger and overlapping (Magnusson et al., 1995). Because of a perpetual cycle of gestation and lactation, adult females probably need more food, so they defend their territories against potential intruders. In contrast, adult males probably have enough food resources, so they can spend more energy to find receptive females to reproduce (Magnusson et al., 1995). Males of N. lasiurus also had larger home ranges than females in the study by Pires et al. (2010) in grassland among Atlantic-coastal-forest fragments, but home-range sizes did not vary significantly between seasons for either sex.

In our study region, Necromys lasiurus has a short life cycle (a little over a year) and consequently the species has a fast rate of replacement of individuals in its populations (Francisco et al., 1995; Magnusson et al., 1995). Francisco et al. (1995) found a proportion of males and females of 1:1, with a quarter of the individuals being juveniles (weighing less than 30 g) and the remainder adults (weighing above 30 g). Reproduction and growth of N. lasiurus are strongly seasonal, with an increase in the rainy season (January to May), which may be related to the availability of fruits and invertebrates, which are the main food resources of N. lasiurus (Francisco et al., 1995; Layme et al., 2004). This pattern was also observed in a 6-year study in a savanna in central Brazil in which the captures of reproductive individuals of N. lasiurus were significantly higher in the rainy season (Rocha et al., 2017).



Necromys lasiurus as an Indicator of Ecological Process and Climate Change in the Savanna

The first studies showed that the species was relatively common in the Alter do Chão savanna and easily captured (Francisco et al., 1995; Magnusson et al., 1995; Layme et al., 2004), which appeared to make N. lasiurus an excellent study organism. The studies by Layme et al. (2004) and Ghizoni et al. (2005) carried out in the 40 sampling plots of the Alter do Chão savanna, investigated the densities and rates of increase of N. lasiurus in relation to food availability (invertebrates), fire, and vegetation structure. Densities of N. lasiurus were not influenced by vegetation structure or fire, but were strongly related to invertebrate availability (Layme et al., 2004). Rates of increase of N. lasiurus among years indicated that the mice were generally decreasing throughout the study area, but the degree and sometimes the direction of density changes varied among plots (Ghizoni et al., 2005). Reductions in density were smaller in plots where the availability of invertebrates increased and was also related to vegetation structure (proportion of shrubs, tall-grass species, shortgrass species, and open soil along the central line of each plot). The study of Layme et al. (2004), showed that, at large scale, there was a slight tendency to capture more individuals in areas with higher cover of tall-grass, and the densities of N. Lasiurus were not associated with short-grass or shrubs. At scales of tens of meters, more individuals were associated with areas that had a combination of short-grass and shrubs. However, Ghizoni et al. (2005) showed that the hypothesis of Layme et al. (2004) that densities of N. lasiurus are associated with tall grasses was not supported. Density and population growth rates were more associated with tree, shrub, and small grass, an effect that had not been detected when only density, and not density change, had been studied (Ghizoni et al., 2005). Fire appeared to have little direct effect on the densities or rates of increase of N. Lasiurus (Layme et al., 2004; Ghizoni et al., 2005). Also, fire did not influence reproduction or growth of N. lasiurus in a single 4 ha plot (Francisco et al., 1995), which is consistent with studies conducted in Cerrado areas of Central Brazil (Vieira and Marinho-Filho, 1998).

Previous studies in the Cerrado indicate that, although the species is captured frequently, populations fluctuate markedly and may disappear from trapping grids (e.g., Souza and Alho, 1980; Valle et al., 1982). However, during the first 6 years of sampling in the late 1980s and early 1990s in a single 4 ha plot, the number of mice captured in the Alter do Chão savanna was relatively constant and zero density was not registered in any trapping session (Francisco et al., 1995; Magnusson et al., 1995). Nevertheless, subsequent studies carried out in the early 2000s showed that the density of N. lasiurus was declining (Layme et al., 2004; Ghizoni et al., 2005) and the species disappeared from the plot previously sampled (Magnusson et al., 2010). Fluctuations in the population size of N. lasiurus over 22 years in a single plot were associated with local rainfall (Magnusson et al., 2010), which was largely controlled by the Southern Oscillation Index (SOI), which gives an indication of the development and intensity of El Niño or La Niña events in the Pacific Ocean by measuring the periodic interannual variation in global patterns of atmospheric and oceanic circulation that are correlated with variations in global climate patterns (Ropelewski and Halpert, 1987). Densities of N. lasiurus increased with the intensity of SOI and the extent of fire in the region. SOI affected rainfall and reduced the extent of fire. Nevertheless, the amount of rain had no measurable direct effect on mouse densities (Magnusson et al., 2010). The study by Magnusson et al. (2010) was carried out in a single plot of 4 ha, which is insufficient to capture regional fluctuations of the species, although studies on the population dynamics of rodents are often carried out in plots of similar or smaller size (e.g., Vieira, 2003; Rocha et al., 2011; Ribeiro et al., 2019). The studies by Layme et al. (2004); Ghizoni et al. (2005), and Magnusson et al. (2010) carried out in the Alter do Chão savanna suggested that the drivers of the population dynamics of the species can vary spatially and temporally.

To better understand the potential of climate change to impact the species, studies by Layme et al. (2004); Ghizoni et al. (2005), and Magnusson et al. (2010) were extended for another 9 years in eight permanent plots distributed over an area of approximately 16,000 ha (Magnusson et al., 2021). The aim of this study was to determine whether fluctuations in different areas were correlated, and whether these local fluctuations were related to climatic variables, such as local rainfall and SOI. The results showed that, considering all plots together, there was no effect of SOI or local rainfall. Overall, the density tended to decrease during the study period, with peaks in 2000, 2004, and 2013. However, a video of the density fluctuations throughout the period (Magnusson et al., 2021: supplement) indicated that there were three distinct clusters of plots in terms of geographic distribution and coordinated rates of change. Necromys lasiurus in individual plots do not form a population, and are influenced by immigration from neighboring plots. Grouping the data from each cluster, resulted in different conclusions. Density variations in one cluster were related to SOI, but those in the other clusters were not (Magnusson et al., 2021).

Since most studies of small mammals are carried out in a single plot of four hectares or less (e.g., Francisco et al., 1995; Magnusson et al., 2010; Rocha et al., 2011; Ribeiro et al., 2019), they might not reflect the regional population dynamics of small rodents. We are also wary of conclusions from studies undertaken when a species has very high densities. This facilitates field work and statistical analyses. Nevertheless, many species of rodents are at low density most of the time and what regulates densities of a species in the system may differ from the factors that affect its population dynamics when at high densities (Magnusson et al., 2021). Although our data clearly indicate that N. lasiurus at Alter do Chão is limited by invertebrate availability when at high densities, that might not explain most of the fluctuations in density. Global effects, such as SOI, and local rainfall may affect some areas, but much of the fluctuations in density seem to be unrelated to these phenomena. We suspect that the metapopulation dynamics of the mice are mainly affected by other factors, and a prime candidate for future studies is the effect of disease on local populations.
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