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Global climate drivers often have strong effects on the carrying capacity of animal populations, but little is known 
about how effects differ between regional and local scales. In this paper we evaluated how climate variables 
were correlated with regional and local fluctuations of a small rodent, Necromys lasiurus, in an Amazonian 
savanna. Between 2000 and 2019, we evaluated the temporal variation in abundance of N. lasiurus in eight 4.0-
ha plots separated by 0.8 – 10.6 km. Using generalized linear mixed models, we found that, at a regional scale, 
the abundance of rodents captured was positively associated with the abundance in the prior year, but had little 
relationship with the Southern Oscillation Index (SOI), which had been shown to affect rats in a single plot in 
a previous study. However, variation in densities among years was coordinated among some plots, leading to 
patchiness in population dynamics. Based on the patterns of density fluctuations, the plots formed three clusters. 
Analyses based on these clusters indicated that only one was strongly affected by SOI, as in the previous study. The 
differences in the effects of global climate drivers on populations of a single species in relatively homogeneous 
habitat indicate that predictions about the effects of climate change should be based on simultaneous studies in a 
variety of sites or they may lead to spurious relationships.
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Os fatores climáticos globais geralmente têm fortes efeitos sobre a capacidade de suporte de populações de 
animais, mas pouco se sabe sobre como os efeitos diferem entre as escalas regional e local. Neste artigo, 
avaliamos como as variáveis climáticas foram correlacionadas às flutuações regionais e locais de um pequeno 
roedor, Necromys lasiurus, em uma savana amazônica. Entre 2000 e 2019, avaliamos a variação temporal da 
abundância de N. lasiurus em oito parcelas de 4,0 ha, separadas por 0,8 a 10,6 km. Utilizando modelos mistos 
lineares generalizados, descobrimos que, em escala regional, a abundância de roedores estava positivamente 
associada à abundância do ano anterior, mas tinha pouca relação com o Southern Oscillation Index (SOI), que 
demonstrou afetar roedores em uma parcela única em outro estudo anterior. Entretanto, a variação nas densidades 
entre os anos foi coordenada entre algumas parcelas, levando a irregularidades na dinâmica populacional. Com 
base nos padrões de flutuações de densidade, as parcelas formaram três grupos. Análises baseadas nesses grupos 
indicaram que apenas um foi fortemente afetado pela SOI, como no estudo anterior. As diferenças nos efeitos 
dos fatores climáticos globais sobre as populações de uma única espécie em habitat relativamente homogêneo 
indicam que as previsões sobre os efeitos das mudanças climáticas devem basear-se em estudos simultâneos em 
vários locais ou podem levar a relações espúrias.

Palavras-chave:  Amazônia, flutuação populacional, metapopulação, mudança climática, pequenos mamíferos, Southern Oscillation 
Index
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The Southern Oscillation Index (SOI) measures periodic 
interannual variation in global atmospheric and oceanic circu-
lation patterns, which are known to be correlated with varia-
tions in the global pattern of rainfall (Ropelewski and Halpert 
1987). SOI and other global climate drivers often have strong 
effects on animal populations, usually through changes in vege-
tation productivity (Wright et al. 1999; Letnic et al. 2005; Dunn 
and Winkler 2010; Duursma et al. 2018). However, many spe-
cies show cyclical or pseudocyclical variations in population 
density with little relation to external factors (Krebs et al. 2004; 
Radchuck et al. 2016). Cyclical patterns may occur over large 
areas or fluctuations in local populations may not be correlated 
(Steen et al. 1996; Thibault et al. 2010).

Animal densities depend on both intrinsic and extrinsic 
factors. Intrinsic factors often are referred to as “density-
dependent,” but there are many definitions of this term. In 
principle, all populations that have been in existence for many 
generations must be subject to density-dependent processes be-
cause population regulation by density-independent processes 
is fragile and unlikely to be observed in practice (Royama 
1992). Nevertheless, density-independent processes can pro-
duce perturbations that effectively change the carrying capacity 
of the environment and may have much greater effects on 
densities than the density-dependent processes that avoid ex-
tinction in the long term (Royama 1992; Rees 1996).

There may be a strong spatial component to popula-
tion dynamics, which in its most extreme form is known as 
metapopulation dynamics. This can be modeled if information 
on a large number of independent time periods and locations 
is available (Royama 1992: table  1.1). However, these ana-
lyses require large series of data, which rarely are available in 
practice (Royama 1992). A first step for such analyses is to de-
termine at what spatial scale density fluctuations in time are 
uncorrelated.

Rodents often show “boom or bust” dynamics: extremely 
high—often termed “plague”—densities followed by periods 
in which the presence of the species may be difficult to detect 
(Dickman et al. 2010). A study of a small Amazonian-savanna 
rodent, Necromys lasiurus, at the beginning of this century indi-
cated that its population dynamics were closely associated with 
local rainfall, which was controlled in large measure by the SOI 
(Magnusson et al. 2010). However, that study was undertaken 
in a single 4-ha plot. Studies of the population dynamics of 
rodents often are undertaken in similar-sized or smaller plots 
(e.g., Rocha et al. 2011; Vieira 2003; Ribeiro et al. 2019), but it 
is unclear how well such studies capture regional fluctuations.

Studies over a wider area indicated that density fluctu-
ations in N. lasiurus in the region studied by Magnusson et al. 
(2010) also could be related to the availability of invertebrate 
prey (Layme et  al. 2004; Ghizoni et  al. 2005). However, the 
density of N. lasiurus at the start of the study by Magnusson 
et  al. (2010) was much higher than in subsequent years, and 
the species seemed to be suffering a continuous decline in den-
sity, which could lead to local extinction (Ghizoni et al. 2005). 
During the studies by Layme et al. (2004) and Ghizoni et al. 
(2005) the apparent density of N.  lasiurus in the plot studied 

by Magnusson et al. (2010) went to zero, although the species 
still occurred in other areas. These studies suggested that local 
density fluctuations of the species may be uncoupled and that 
drivers of population dynamics of the species could vary spa-
tially and temporally.

To better understand the potential for climate change to im-
pact the species, we extended the studies of Layme et al. (2004), 
Ghizoni et al. (2005), and Magnusson et al. (2010), for a fur-
ther 9 years in eight permanent plots distributed over an area 
of approximately 16,000 ha. Our objective was to determine to 
what degree fluctuations in different areas were correlated, and 
to what extent these local fluctuations were related to climatic 
variables, such as local rainfall and SOI.

Materials and Methods
Our study area is on the outskirts of Alter do Chão (2°30′37″S, 
54°57′11″W [WGS84], ~38 m), a village located about 30 km 
from Santarém, Pará State, in the Brazilian Amazon. The cli-
mate is Am following the Köppen classification, characterized 
as being humid tropical with little monthly variation in tem-
perature (mean of 27.7°C), but with strong seasonal variation 
in rainfall. Around 75% of precipitation occurs between the 
months of December and June, with September being the driest 
month (34 mm average precipitation).

The vegetation is characterized by isolated old-growth or re-
growth forest fragments within a savanna matrix (Fig.  1), as 
well as a large area of continuous native forest (Albernaz et al. 
1999). Trees in the savanna are sparse and most of the ground 
cover consists of herbs and grasses (Magnusson et al. 2008). 
Natural- and human-induced fires usually burn the savannas at 
1- to 3-year intervals and some savanna areas are used as pas-
ture for cattle.

Necromys lasiurus is the only rodent that inhabits savanna 
environments in our study region, and has a mean home-range 
size that varies among years and between sexes, with a mean 
of 2.19 ha for males (Magnusson et al. 1995). Individuals can 
reproduce at 3–4  months of age, with a litter size of about 
five individuals (Melo and Cavalcante 1982). In our study  
region, reproduction and growth patterns are strongly seasonal, 
with peaks in the wet season (January–May), which appears 
to be related to availability of fruits and invertebrates, the  
main food resources for N.  lasiurus (Francisco et  al. 1995; 
Layme et al. 2004).

We evaluated the temporal variation in abundance of 
N.  lasiurus in eight 4.0-ha plots located in savanna environ-
ments. The distance among plots varied from 0.8 to 10.6 km. 
Most of the data were obtained in the months of August or 
September (dry season) between 2000 and 2019 (with excep-
tions of 2003, 2007, and 2008), giving data for 17 years. In 
2002, we sampled the plots in March; 2006 in July; and 2011 in 
December. In each plot, 50 Sherman live traps (8 × 9 × 23 cm; 
H.  B. Sherman Traps, Inc., Tallahassee, Florida) were set at 
20-m intervals on a trapping grid that covered the plot. The 
grids had four parallel 250-m lines with 50 m between lines. 
The traps remained open for 2 days (see Francisco et al. 1995;  
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Magnusson et al. 1995). A mixture of rolled oats and peanut 
butter, together with half a Brazil nut (Bertholletia excelsa), 
was used as bait, and traps checked once a day during the 
morning. Capture, handling, and marking, procedures followed 
the guidelines of the American Society of Mammologists 
(Sikes et al. 2016).

We obtained the SOI from the National Climate Centre (http://
www.bom.gov.au/climate/current/soihtm1.shtml) and data 
on local rainfall from the Instituto Nacional de Meteorologia 
(INMET) substation of Belterra, Pará (OMM: 82246) located 
15 km from the study area, available from the INMET internet 
site (http://www.inmet.gov.br). We measured fire extent in each 
plot between 2000 and 2018. After the burning season (July–
December), a measuring tape was extended along the four 
250-m lines in each plot and the presence or absence of burned 
vegetation recorded at 2-m intervals along the lines, giving an 
index of fire extent in each plot each year that varied from 0 
to 500.

Analyses.—We used the number of animals captured each 
year as an index of local abundance. Previous studies (Francisco 
et  al. 1995; Magnusson et  al. 1995) indicated that this index 
was close to the number of animals using the plot in that period. 
Necromys lasiurus populations could double in < 6 months, and 
numbers in 1  year are potentially largely independent of the 

number the year before. However, both the number of rodents 
captured and SOI show long-term apparently cyclic behavior, 
so statistical tests have to include the number of rodents cap-
tured in the previous year to account for the temporal autocor-
relation. This reduces the number of years that can be included 
in tests from 17 to 14. We used climate variables (SOI and pre-
cipitation) as the summed monthly values of the data for the 
year before each survey and the proportion of fire extent (ran-
ging to 0–1) in each plot in the year before each survey.

We use a correlative approach in this study to investigate re-
gional and local fluctuations. Ideally, it would be possible to 
use a complete population-dynamics model, but breaks in our 
time series meant that we had a maximum of 11 consecutive 
years to estimate the autocovariance of the time averages, and 
for more detailed analyses “the time series must be sufficiently 
long to ensure the convergence of time averages to a reason-
able degree” (Royama 1992). One of us (CR) is continuing the 
study, and such analyses may be possible in the future.

Variation in abundance of rats is not necessarily inde-
pendent among plots, so we used principal component anal-
ysis (PCA) to summarize spatial patterns in the rat abundance 
between years and identify plots with correlated fluctuations 
in abundance. We then used generalized linear mixed models 
(GLMMs) for Poisson-distributed data (Zuur et  al. 2009) to 

Fig 1.—Sampling areas of Necromys lasiurus in Alter do Chão, Santarém, Pará.
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evaluate how rat abundance in the year before, fire, and cli-
matic variables, influenced rat abundance. Plot and year were 
random effects to control for pseudoreplication in space and 
time respectively (Millar and Anderson 2004). We constructed 
the models using both all plots (regional scale) and separately 
for clusters of plots identified in PCA (local scale).

Results
We captured 437 individuals of N. lasiurus, with an average ran-
ging from 0.12 to 10.3 across years. The number of N. lasiurus 
captured fell from 62 in 2000 to 11 in 2019. Numbers peaked 
in 2000, 2004, and 2013 (Fig. 2). Local rainfall varied consid-
erably throughout the study, with annual totals < 1,600 mm in 
2002, 2012, 2015, and 2016, and > 2,200 mm in 2006, 2011, 
2013, and 2014; SOI varied from −10.4 in 2014 to 13.6 in 2005.

Variation in densities among years was coordinated among 
some plots (see Supplementary Data SD1). We identified three 
spatial clusters; Cluster A: plots 3, 4, and 7; Cluster B: plots 2 
and 5; and Cluster C: plots 1, 6, and 8 (Fig. 3). At a regional scale, 
the abundance of rodents captured was positively associated 
with the abundance in the year before (z = 3.042, P = 0.00235) 
and we did not detect association with climatic variables or fire 
extent (P > 0.18 in all cases; see Supplementary Data SD2). 
For plot clusters, the abundance in the year before was not 
associated with rat abundance, and SOI was positively asso-
ciated with rat abundance only for cluster C (SOI = 0.10586, 

z  =  2.189, P  =  0.0286); there was no statistically significant 
relationship for the other clusters (P > 0.09 in all cases; see 
Supplementary Data SD2).

Discussion
Rodent populations often respond to El Ninõ Southern 
Oscillations (ENSO) and predators (e.g., Lima et  al. 2002; 
Múrua et  al. 2003; Letnic and Dickman 2005; Letnic et  al. 
2005) in arid landscapes, and Magnusson et  al. (2010) sug-
gested, based on data from a single sampling grid, that 
N.  lasiurus shows similar dynamics in Amazonian savanna. 
However, the effects of global climate drivers may depend on 
local habitat characteristics (e.g., Shenbrot et  al. 2010), and 
other factors such as predation and social interactions affect ro-
dent population dynamics (Radchuck et al. 2016). The density 
of N. lasiurus in the plot studied by Magnusson et al. went to 
zero in subsequent years, and no individual of the species has 
been recorded since 2002, despite the continuous monitoring 
and consistent captures of the species in neighboring plots.

Many studies show that seasonality driven by precipitation 
is linked with population patterns of rodent species in arid and 
semiarid environments, but most of those studies are under-
taken at local scales and in no more than 1 or 2 years (e.g., 
Emmons 2009; Vieira et  al. 2010; Rocha et  al. 2011; Owen 
2013). Similarly, studies in arid and semiarid environments of 
Australia and Brazil show negative impacts of fire on rodent 

Fig. 2.—Variation in abundance of Necromys lasiurus in Amazonian savannas near Alter do Chão, Brazil between 2000 and 2019.
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abundance, which is attributed to habitat loss, changes in in-
vertebrate availability, and increased exposure to predation in 
burned habitats (Briani et al. 2004; Letnic et al. 2005; Vieira 
and Briani 2013). Predation generally is the most important 
extrinsic factor regulating rodent populations (Radchuck et al. 
2016), and microhabitat explains much of the differences in 
N. lasiurus abundance in Brazilian Cerrado (Briani et al. 2004; 
Rocha et al. 2011). However, a previous study with N. lasiurus 
in our study area showed that precipitation, vegetation struc-
ture, and fire, were not related to growth or reproduction in 
N. lasiurus (Francisco et al. 1995).

The rate of increase of N. lasiurus in the Alter do Chão sa-
vannas appears to be driven by food availability (i.e., inverte-
brates) in some years (Layme et al. 2004; Ghizoni et al. 2005) 
and fluctuations in density of invertebrates have been associated 
with the SOI (Radnan 2018). However, food availability only 
could be considered a density-dependent factor (sensu Royama 
1992) if it is dependent on rodent densities. Necromys lasiurus 
has a diverse diet that includes both animal and plant matter. 
Although it is feasible that food availability is reduced at the 
highest densities we recorded, it is unlikely that a few mice per 
hectare, which is the density we recorded in most years, could 
significantly affect it. Therefore, food availability is more likely 
to be a density-independent factor that can determine carrying 
capacity at some times, but is not responsible for the long-term 
stability of the population.

Disease outbreaks can occur following El Niño events, which 
can eliminate local populations of rodents (Stapp et al. 2004). 
In Australia, rat population fluctuations were not influenced di-
rectly by SOI, which indicates that “boom” or “bust” in rats 
linked to climate variation is more complex than is commonly 
assumed (Krebs et  al. 2004; Letnic et  al. 2005). This com-
plexity probably explains why we have recorded strong effects 
from the SOI in some localities in some years, but no effect in 
neighboring localities in the same time interval.

We believe that loss of N. lasiurus from our original study 
site was caused by vegetation changes associated with fire ex-
clusion (i.e., habitat variation). However, there is little obvious 
habitat variation between the sites for which we have data in the 
present study, and rat densities were not significantly related to 
fire extent at either local or regional scales.

Density fluctuations were correlated between neighboring sites, 
but we found three clusters of plots with distinct population dy-
namics despite a maximum distance of 10.6 km between plots. 
Differences in predation pressure are unlikely over these distances, 
and the major predators on the species, owls and hawks, could fly 
easily between and among clusters. Sociability and dispersal can 
play key roles in regulating rat population dynamics (Radchuck 
et al. 2016), but densities during most of the study were relatively 
low in comparison to those we recorded at the beginning, so so-
cial factors alone seem unlikely to explain the differences among 
clusters. Whatever the cause, it is obvious that a spatially explicit 

Fig. 3.—Principal component analysis showing spatial clusters in the temporal population variation of Necromys lasiurus.
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population model (Gilpin and Hanski 1991; Royama 1992) is 
more appropriate for the species at Alter do Chão than one that 
assumes correlated regional fluctuations.

Metapopulational dynamics have been reported to be respon-
sible for maintaining rodent populations in highly fragmented 
areas of tropical forests (Adler 1994; Pires et al. 2002) and our 
data indicate that they may to be important even over short dis-
tances in relatively homogeneous savanna, which is consistent 
with Radford’s (2010) assertion that metapopulation studies are 
necessary to understand the effects of external factors on biodi-
versity of savannas.

This study illustrates two challenges for predicting the effects 
of global change on rodent populations. The first is that strong 
effects on local areas might not translate into regional densities 
of a species because of complex metapopulation dynamics. The 
second is that studies of rodents often are undertaken when the 
species is abundant, which might be due to global climatic events, 
but these studies may not reflect the processes that maintain the 
species at low densities for long periods. Identification of density-
independent factors that affect carrying capacity are important 
to understand rodent densities and the food webs that depend on 
them, but the identification of the density-dependent factors that 
regulate populations and permit long-term existence requires ex-
plicit population models, independent evidence that the factor 
truly is density-dependent and long time series in a large number 
of independent locations (Royama 1992). We are a long way from 
that goal for any species of tropical rodent.

Amazonian savannas have unique faunas and floras, in-
cluding many endemic species, and are maintained by un-
known complex ecological dynamics, but they have been much 
neglected in comparison with forests (Carvalho and Mustin 
2017). Also, with loss of rainforests, knowing the ecological 
dynamics of tropical savannas is becoming increasingly im-
portant both for the conservation of the savanna itself, and for 
understanding the likelihood of rainforest savannization due to 
climate change and deforestation.
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