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A B S T R A C T   

Coexisting vegetation types in tropical landscapes can respond in contrasting ways to rainfall, despite being in 
the same climatic envelope. Understanding such heterogeneity in vegetation-rainfall interactions is key for 
predicting how ecosystems might respond to future environmental changes. Here we test whether temporal 
coupling between vegetation greenness and rainfall is a good indicator of ecosystem state in the landscape. For 
this, we study a well-preserved landscape of the Brazilian Cerrado that is formed by mosaics of contrasting 
ecosystems, including savannas, dry forests and gallery forests. First, we correlate the time-series of rainfall and 
vegetation greenness to quantify their coupling for each vegetation type. We then compare vegetation-rainfall 
coupling with other state variables, such as local-scale vegetation structural and functional traits, as well as 
differences in environmental conditions in which these vegetation types exist. Coexisting vegetation types are set 
in contrasting local-scale environmental conditions and have distinct responsiveness to rainfall. Commonly used 
structural and functional state variables, such as tree cover and tree height, do not depict such marked differ-
ences between the vegetation types, particularly for gallery and dry forests. Dry forests have the strongest 
coupling and decrease their greenness during dry seasons, reflecting vegetation deciduousness on nutrient-richer 
soils. In contrast, gallery forests increase their greenness during the dry season, when direct radiation peaks, 
likely due to perennial access to groundwater. Savannas are less responsive to rainfall and have a more stable 
greenness throughout the year. Our findings suggest that heterogeneity in local abiotic conditions contribute to 
determining both vegetation distribution and ecosystem states in these tropical savanna landscapes. Changes in 
these conditions as a result of climate and land-use changes will likely alter the distribution of vegetation types in 
the future. Our functional metric may thus be useful for assessing future responses of tropical ecosystems to 
changes in precipitation.   

1. Introduction 

While precipitation plays a significant role in determining vegetation 
distribution at the continental or regional scale (Hirota et al., 2011; 
Staver et al., 2011; Maksic et al., 2022; Hély et al., 2006), landscape- 
scale factors, i.e. abiotic conditions, such as soil fertility (Lopes and 
Cox, 1977), topography (Elias et al., 2019) and fire regimes (Simon & 
Pennington, 2012), also contribute to determine fine scale heterogeneity 

in the distribution of different forests and savannas (Lehmann et al., 
2014; Veenendaal et al., 2015; Bueno et al., 2018). In the Brazilian 
Cerrado, fine scale abiotic conditions structure vegetation mosaics with 
sharp boundaries, with gallery forests often occurring along the wet ri-
parian zones and dry forests, usually dominated by deciduous tree 
species, on fertile soil patches (Bueno et al., 2018; Dexter et al., 2018; 
Pennington et al., 2018; Lira-Martins et al., 2022). Despite this high 
heterogeneity, large-scale studies have long considered the whole 
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Cerrado biome to be composed uniquely by savannas when using pre-
cipitation as the only predictor of vegetation distribution (e.g. Hirota 
et al., 2011), neglecting the concurrent role of local factors such as hy-
drology (e.g., Mattos et al., 2023). 

For example, across the tropics, these studies consider different 
vegetation types, such as forests and savannas, as representing distinct 
ecosystem states within a range of annual rainfall totals (1000–2500 
mm; Staver et al., 2011) and rainfall seasonality (less than 7 months; 
Staver et al., 2011). Vegetation structure, specifically tree cover, has 
been used as state variable to differentiate these two ecosystem types 
(Hirota et al., 2011; Staver et al., 2011): savannas are characterized by 
sparse tree cover, typically ranging from 5 % to 60 %, whereas forests 
exhibit a closed canopy with ~ 80 % tree cover (Hirota et al., 2011). 
However, it is noteworthy that using a simple structural threshold as tree 
cover can mask functionally different vegetation types, such as decidu-
ous and evergreen forests (Lohbeck et al., 2013; Bueno et al., 2018; 
Dexter et al., 2018). While they both exhibit similar tree cover per-
centage when leaves are present, leaf coverage varies markedly through 
the year in dry forests, affecting ecosystem-level processes such as 
evapotranspiration and carbon assimilation (Eamus, 1999). 

In this sense, the use of ecosystem functions as state variables that 
integrate the essence and behavior of ecosystems (Scheffer et al., 2001) 
is more likely to incorporate the dynamics and reveal potential re-
sponses to future environmental changes compared to structural vari-
ables alone (e.g. Berdugo et al., 2019, 2022; Maestre et al., 2016). One 
main terrestrial ecosystem function is primary productivity (Migliavacca 
et al., 2021), which is the result of the solar irradiance conversion into 
carbon assimilation (Monteith, 1972), thus serving as a basis to 
ecosystem functioning (McNaughton et al., 1989). Plant productivity is 
correlated with vegetation structure and climate (Michaletz et al., 2014; 
Migliavacca et al., 2021), and seasonal variability in productivity (i.e., 
phenology) depicts vegetation responses to environmental fluctuations 
(Alberton et al., 2019). 

Satellite derived products, such as vegetation indices (e.g., EVI2, 
NDVI), can be used to infer gross primary productivity (GPP) and assess 
plant phenology and GPP dynamics spatially over broad areas (Dronova 
& Taddeo, 2022; Biudes et al., 2021), reflecting leaf flush (greenning) 
and senescence (browning) (Gao et al., 2023). Previous global analysis 
suggests a strong climate-biosphere coupling revealing sensitivity of 
ecosystems exposed to changes in precipitation regime (Lotsch et al., 
2003; Alessandri & Navarra, 2008). At finer scales, responses of green-
ness to rainfall variability may be highly heterogeneous and depend on 
the vegetation type and on local environmental conditions (Chen et al., 
2020). 

Most studies investigating relationships between vegetation green-
ness and rainfall patterns have focused on large spatial scales with 
coarse (i.e. hundreds of meters to kilometers) data resolution (Barbosa 
et al., 2015; Wang et al., 2003; Davenport & Nicholson, 1993; Schmidt & 
Karnieli, 2000; Ichii et al., 2002; Guan et al., 2015; De Keersmaecker 
et al., 2017; Ayanlade et al., 2021). Such coarse spatial scale does not 
allow for capturing above-mentioned local scale heterogeneities in 
vegetation responses (Abdi et al., 2022). Furthermore, few studies 
focused on distinct vegetation types. For instance, Santos and Negri 
(1997) showed contrasting large-scale relationships between vegetation 
greenness and rainfall at two extremes of rainfall regimes, with a 
stronger correlation when rainfall is lower in Northeastern Brazil. 

Understanding how distinct vegetation types respond in terms of 
greenness to rainfall seasonality may therefore provide insights on the 
underlying mechanisms driving vegetation dynamics. In this study, we 
test whether the coupling between vegetation greenness and rainfall can 
be used as a state variable (Seddon et al., 2016) capable of distinguishing 
between different forest and savanna types in the Brazilian Cerrado. By 
incorporating the temporal dimension and considering distinct forest 
types (dry and evergreen), we intend to gain insights into the interplay 
between ecological processes and their implications for ecosystem dy-
namics in the face of changes in precipitation (Dronova & Taddeo, 

2022). We hypothesize that distinct functional ecosystem states can be 
differentiated at the landscape scale by the coupling between greenness 
and rainfall seasonality, which reflect unique vegetation strategies to 
cope with seasonal water deficit depending on local environmental 
factors. 

2. Materials and methods 

2.1. Study site 

This study was carried out at the Chapada dos Veadeiros National 
Park (PNCV) (Fig. 1), located within the Cerrado biome, in Central 
Brazil. In 2001, the PNCV was recognized as a UNESCO World Heritage 
site to protect its natural and cultural areas. Currently, the PNCV pro-
tects an area of approximately 240,000 ha. We chose the PNCV for our 
study because its landscapes are well-preserved (i.e. without anthropic 
direct use) and naturally heterogeneous, with various vegetation types 
including savannas, riparian evergreen and gallery forests, dry forests, 
palm swamps, and grasslands. These vegetation types are characterized 
by a wide range of tree cover (Fig. 1 a-c, Fig. S1), all within the same 
large-scale precipitation regime, with mean annual precipitation (MAP) 
of around 1,500 mm/yr and a dry season from April to September 
(Ribeiro et al., 1983; Silva et al., 2006). 

We sample a total of 30 field plots with dimensions of 20 m x 10 m 
totalizing an area of 200 m2 per plot. Out of the 30 plots, 10 were located 
in cerrado stricto sensu areas (hereafter called savannas), 10 in gallery 
forests, and 10 in dry forests (Fig. 1). We select these vegetation types 
because they have been studied in the context of biome transitions 
(Hoffmann et al., 2012; Dexter et al., 2018). For gallery forests, we use 
the same control plots (i.e. six plots) of a previous study on the effects of 
a catastrophic fire event in the PNCV (Flores et al., 2021) and randomly 
select the other remaining four plots in the surrounding vegetation. For 
savannas, we randomly select plots between 5 % and 60 % of tree cover 
percentage from Hansen et al. (2013) at the spatial resolution of 30 m, 
according to previously defined thresholds in the context of distinct 
ecosystem states (Hirota et al., 2011). Dry forests are less common in the 
region and the most well-preserved ones are located inside private lands, 
within adjacent areas. Moreover, all sampled dry forests had experi-
enced past human activities, such as logging and shelter for cattle. We 
randomize 10 dry forest plots within the least impacted areas of Nova 
Roma and Alto Paraíso de Goiás municipalities, both located within the 
margins of the PNCV (Fig. 1). 

2.2. Environmental conditions 

2.2.1. Precipitation and fire frequency data 
We use monthly precipitation time series from the Climate Hazards 

Group InfraRed Precipitation with Station data (CHIRPS) dataset, with 
0.05◦ spatial resolution (Funk et al., 2015) for the period between 
January 1981 and June 2018. We extract time series from the 30 pairs of 
coordinates of our sample plots and calculate the mean annual precip-
itation (MAP), and rainfall seasonality using the Markham Seasonality 
Index (MSI) (Markham, 1970) to characterize the large-scale rainfall 
regimes for the study area (Fig. S2). We also characterize rainfall re-
gimes for neotropical biomes (i.e., Amazon, Cerrado, and Caatinga) to 
situate our sample plots along the range of values for these Biomes. 

To compare precipitation regimes among the sampled vegetation 
types and among neotropical Biomes, we perform pairwise comparisons 
between factors to compute marginal means and confidence intervals for 
each combination of factors. Subsequently, we conduct multiple com-
parison tests to identify significant differences between groups (or not) 
by comparing all factor levels, such as biomes and vegetation types. 
Analysis was performed with the R package emmeans (Lenth, 2022). 

In addition, we use MapBiomas Fire Collection 1 (Alencar et al., 
2022) to obtain fire frequency data from 1985 to 2018 with 30 m res-
olution extracted from the plot coordinates to characterize fire regimes 
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for the different vegetation types (Projeto Mapbiomas; Souza et al., 
2020). 

2.2.2. Soil samples 
We collect three superficial soil samples (0–––20 cm) well spaced in 

each plot to represent local soil characteristics. Samples were analyzed 
at the Soil Department Laboratory of the Universidade Federal de 
Viçosa, Brazil, for the following: effective cation exchange capacity (t), 
sum of bases (SB), soil pH, aluminum (Al3 + ), iron (Fe), potential 
acidity, base saturation index (V), aluminum saturation index (m), soil 
texture and available nutrients [i.e., total phosphorus (P), calcium (Ca2 
+ ), nitrogen (N), potassium (K), copper (Cu), zinc (Zn), magnesium 
(Mg2 + ) and manganese (Mn)]. pH was extracted with H2O; remaining 
phosphorus (P-Rem), potassium (K), iron (Fe), zinc (Zn), manganese 
(Mn) and copper (Cu) with Mehlich-1; calcium (Ca2 + ), magnesium 
(Mg2 + ) and aluminum (Al3 + ) with KCl 1 mol/L. The colorimetric 
method (ascorbic acid) was used to determine P; flame emission spec-
trometer for K, Na, Fe, Mn, Zn and Cu; atomic absorption spectrometer 
for Ca2 + and Mg2+; titration with bromothymol blue and NaOH for 
Al3 +. 

Using all soil variables, we perform a Principal Component Analysis 
(PCA) based on Euclidean distances of the standardized variables to 
simplify part of the variance of several soil attributes, using the ‘deco-
stand’ and ‘rda’ functions from the ‘vegan’ package (Oksanen et al., 
2020) and the ‘prcomp’ function from the ‘stats’ package in the R 
Software for Statistical Computing (R Core Team, 2021). To understand 
how samples are grouped by similarity regarding soil attributes, we used 
the Ward’s minimum variance method (Murtagh & Legendre, 2014) to 
clusterize sample plots by Euclidean distances of their soil characteris-
tics using both ‘dist’ and ‘hclust’ functions from the ‘stats’ package. 

2.2.3. Topographic Wetness Index (TWI): Water in the soil 
To characterize plant water access conditions, we use the Topo-

graphic Wetness Index (TWI) as a proxy for water availability from each 
plot coordinate. The TWI (Beven & Kirkby, 1979) has long been used on 
hydrological studies (e.g., Western et al., 1999) as a proxy for soil 
moisture, and more recently has been applied to ecological studies to 
explain the distribution of vegetation along topographic gradients 
(Alexander et al., 2016; Moeslund et al., 2013). The TWI is defined as ln 
(A/tan β), where A is the specific catchment area above a certain point in 

Fig. 1. In (a), Brazilian map with the arrow pointing to the Chapada dos Veadeiros National Park (PNCV) highlighted in orange. In (b), the PNCV is limited by a gray 
line and shows tree cover according to the legend. Dotted squares are zoomed in (c) and (d). Our sample plots are shown in circles with each color representing 
different vegetation types as described by the legend. (c) and (d): zooming in our sample plots showing the position of each plot in relation to the PNCV borders. Note 
that dry forests (purple dots) are outside the PNCV. 

M.B. Cure et al.                                                                                                                                                                                                                                 



Ecological Indicators 157 (2023) 111268

4

the terrain and β is the terrain slope. Larger TWI values are associated 
with lower convergent areas where water tends to accumulate and soil 
moisture availability is high. We calculate the TWI using the GRASS 
package on the open-source QGIS software, using the MERIT-Hydro 
Digital Elevation Model (90 m resolution) as the basis for our calcula-
tions (Yamazaki et al., 2019). We note that this is a first-order estimate 
of soil water conditions, based only on topography, and does not account 
for factors such as difference in soil properties and local geology. Despite 
these limitations, the TWI has been shown to be useful in differentiating 
hydrologic environments (e.g., drier uplands vs wetter lowlands) and 
their effect on vegetation distribution and structure (Metzen et al., 2019; 
El-Hokayem et al., 2023; Alexander et al., 2016). 

2.3. Ecosystem state variables 

2.3.1. Tree community structure and functional traits 
We chose 4 structural and functional traits to serve as ecosystem 

state variables (i.e. variables characterizing the ecosystem) and to test 
their performance in relation to the coupling: tree height, bark thick-
ness, tree basal area and deciduousness. Trees were selected depending 
on the vegetation type: for forests, we selected individuals with diameter 
at breast height greater or equal than 10 cm (DBH ≥ 10 cm); while for 
savannas, we sampled trees when the DBH was greater or equal than 3 
cm, i.e., with lower DBH than forest individuals (Maracahipes et al., 
2018). We defined such sampling design to ensure the effective repre-
sentation of the total basal area of woody vegetation in both forest and 
savanna ecosystems. 

We sample tree height because it has already been used to charac-
terize distinct vegetation types (Xu et al., 2016) and because it is an 
indicator of several ecosystem functions. For example, tree height is 
related to resource availability, respiration, hydraulic traits and also to 
aboveground biomass (Liu et al., 2019; McDowell et al., 2002; Ryan & 
Yoder, 1997). We also measure bark thickness given its role in deter-
mining vegetation structure and function related to fire regimes (Ber-
nardino et al., 2022; Dantas et al., 2016; Lawes et al., 2011; Pausas and 
Poorter, 2015). Moreover, bark thickness has been reported to have 
multiple additional functions, such as protection against herbivores, 
storage of water and other compounds, photosynthetic activity and 
mechanical support (Rosell, 2019). This trait was measured using the 
bark gauge MAC-100 by Haglöf Sweden and relativized using tree basal 
area (Lawes et al., 2013). Although relative bark thickness has not been 
used in the literature as a state variable so far, it can clearly separate 
forest and savanna states (Bernardino et al., 2022; Dantas et al., 2016). 
To characterize tree communities of each plot, we calculate the com-
munity mean for tree height and relative bark thickness. 

Another ecosystem state variable selected was the tree basal area 
(TBA). TBA is an indicator of aboveground biomass, nutrient availability 
and soil physical characteristics (Emilio et al., 2014; Rozendaal et al., 
2020; Slik et al., 2010) and has been used as a state variable describing 
vegetation structure (Dantas et al., 2016). It is calculated as the sum of 
areas of tree trunks and scaled to one hectare. We computed the trunk 
areas based on DBH. 

We calculate community-level deciduousness as the difference be-
tween wet and dry season tree cover measured in the field, as an indi-
cator of changes in green leaf area. Wet and dry season measures were 
taken in April and September respectively. We were unable to measure 
deciduousness for 5 dry forest plots, for 2 gallery forest plots and for 2 
savanna plots due to vegetation burning and cutting between the mea-
surements. Deciduousness can be used as an integrative indicator of 
vegetation functioning, depending on water and nutrient availability 
(Oliveira et al., 2021). 

In addition to plot sampling (see above in section 2.1), we use 
satellite-derived tree cover measurements (Hansen et al., 2013) to 
compare with our tree cover percentage measured in the field. We es-
timate tree cover for our plots (i.e., at the community scale) as the mean 
of 16 measurements for each plot, with four measurements at each 

corner (facing North, South, East and West), using a convex densi-
ometer. For our 30 sample plots, the in situ densiometer-derived tree 
cover and the remotely-sensed estimated tree cover are strongly corre-
lated (ρ = 0.84, t = 7.57, p < 0.05), but satellite data tend to over-
estimate savanna coverage, while underestimating forest tree cover 
(Fig. S1). Although such mismatches might not make a substantial dif-
ference in large-scale analyses (e.g., Hirota et al., 2011; Staver et al., 
2011), here, 12 out of our 20 forest plots would not be classified as 
forests using satellite data. The densiometer-derived tree cover repre-
sents vegetation type structure with more precision by capturing the fine 
scale structure (Fig. S1b). Hence, we choose to use field densiometer- 
derived tree cover as our metrics for tree cover at the community 
level. The relationship between structural/functional state variables (e. 
g., tree height, basal area, bark thickness) and tree cover has been used 
to test if functional alternative states correspond to structural ones (e.g., 
Bernardino et al., 2022; Dantas et al., 2016; Xu et al., 2016). 

2.3.2. Satellite EVI2 data for vegetation greenness 
As a proxy for vegetation greenness (Biudes et al., 2021), we use the 

2-band Enhanced Vegetation Index (EVI2) from Landsat 8 (OLI), at 30 m 
spatial resolution, available for the period between April 2013 to June 
2018. EVI2 is calculated based on both red (Band 4) and near infrared 
(Band 5) bands. These bands represent fractions of the electromagnetic 
spectrum (640–1400 nm) that correspond to photosynthetic radiation 
reflected and absorbed by plant leaves, respectively, thus indicating 
vegetation greenness; in particular with new green leaves exposed to 
sunlight. We computed the EVI2 using the formula: 
EVI2 = 2.5 × (band 5 − band 4)/(band 5 + 2.4 × (band 4) + 1 )

EVI2 was developed to have the efficiency of Enhanced Vegetation 
Index (EVI) and to avoid saturation at high vegetation biomass, while 
minimizing soil and atmosphere influences without the blue band (Jiang 
et al., 2008), i.e., to improve the representation of greenness heteroge-
neity in forest ecosystems. We extract the 16-day values for each sample 
plot and calculate the mean EVI2 for each month, as well as standard 
deviation, maximum values and amplitude. We excluded time series 
values that have a quality flag indicating cloud cover. Given the tem-
poral resolution of 16 days in which Landsat 8 acquires the images used, 
all time series have between 1 % and 4 % of their values contaminated 
by clouds. Such contamination was not a major concern because we 
were able to ensure at least one cloud-free value per month. This sug-
gests that despite cloud cover, there was sufficient data available for 
analysis in each month. 

We calculate mean, maximum and standard deviation in EVI2 for 
each plot to additionally serve as functional state variables. 

2.3.3. Coupling between precipitation and greenness 
We propose to use the coupling between EVI2 and rainfall as a state 

variable that comprises the temporal dynamics of vegetation response to 
rainfall fluctuations. The coupling between the monthly time series of 
precipitation and EVI2 for each plot is computed using the Kendall cross- 
correlation coefficient (tau). Positive tau values indicate that vegetation 
is in phase with precipitation (EVI2 changes together with precipita-
tion), whereas negative values indicate the opposite (EVI2 follows an 
opposite direction of precipitation changes). Additionally to the calcu-
lation of the coupling, we also perform a cross-correlation analysis that 
results in values of maximum coupling and associated lag (moving 
precipitation from 0 to 6 months backward to be correlated with the 
current EVI2). Finally, we also considered the maximum coupling as a 
functional state variable to differentiate vegetation types. A flowchart 
illustrating the step-by-step process for deriving the biotic and abiotic 
variables is provided in Figure S13. 

We utilized statistical tests to differentiate between vegetation types 
based on the EVI2 signal, which indicates vegetation greenness 
behavior, as well as state variables that describe vegetation functioning, 
structure, and environmental conditions. We use the Mann-Kendall 
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trend test from the Kendall package (McLeod, 2011) to assess trends in 
monthly median EVI2 values during the dry season months. This anal-
ysis aids in highlighting differences in vegetation behavior during the 
drier months and may also reveal the impact of rainfall-water stress on 
greenness direction. Furthermore, we conducted a Mann-Whitney U test 
(Sijtsma & Emons, 2010) to compare pairs of different vegetation types 
across various attributes, including maximum coupling, lag, tree height, 
total basal area, relative bark thickness, deciduousness (changes in tree 
cover), TWI, fire frequency, soil variables and PCA derived axis between 
pairs of different vegetation types, using the R package ‘stats’ (R Core 
Team, 2021). We also set the alternative argument in the wilcox.test 
function to either less or greater to test the hypothesis that values of one 
vegetation type are lower or greater, respectively, than values of the 
other vegetation type. Analyses and data manipulation were performed 
in R version 4.1 (R Core Team, 2021). 

3. Results 

3.1. Heterogeneity in environmental conditions 

Gallery forests and savannas are embedded within the same rainfall 
regime (both mean annual precipitation, MAP, and seasonality), 
whereas dry forests are set under a statistically different mean annual 
precipitation (Fig. S2). Despite differences shown in the analysis of MAP 
for dry forests, the values are very close compared with the range of 
values for the Cerrado biome (Fig. S2a). Furthermore, all vegetation 
types are inside the bistability zone for MAP defined by Staver et al. 

(2011), i.e. they exist within a rainfall envelope that supports both 
forests and savannas. At finer scales, however, savannas, gallery forests 
and dry forests occur in distinct environmental conditions regarding 
water access, soil characteristics and fire frequency (Fig. 2, Figs. S3-6; 
Fig. S7; Table S1). First, soil moisture availability is higher in gallery 
forests followed by savannas and dry forests (Fig. 2; Tables S1 and S2; 
Figs. S6-d). 

Secondly, regarding soil characteristics, gallery forests have higher 
amounts of Ca, Mg, N, total P, K, Zn, Mn, sum of bases, and cation ex-
change capacity than savannas (Table S3). Nevertheless, they are more 
similar to savannas than to dry forests (Fig. S4b; Table S1), as shown by 
their overlap in the PC1 (Fig. 2-a, Fig. S4 a; Table S1). PC1 explains more 
than 63.85 % of soil variance and is positively correlated with base 
saturation index, Mg2, sum of bases, Ca2, t, Mn, pH and K; PC1 is also 
negatively correlated with Aluminum saturation index, exchangeable 
Aluminum and potential acidity (Fig. S4; Table S3). PC2 explains 19.13 
% of soil variance and is more related to total N, effective cation ex-
change capacity, potential acidity, Fe, and P; it also separates all vege-
tation types (Tables S1 and S3; Figs. S4 and S7b). Except for N, Fe and 
total P, overall concentrations of soil nutrients in the dry forests are 
higher than in gallery forests and savannas (Fig. S3-4 and S6a-b; 
Table S4). Despite the similarities in PC1, gallery forests and savannas 
have well pronounced differences (Fig. S7a) such as higher amounts of N 
and P and lower sand content in gallery forests (Table S4; Figs. S3-5). 
Gallery forests and savannas are present within more acidic soils if 
compared to dry forests (Table S4), while dry forests are related to more 
fertile soils with higher cation exchange capacity (positive values in the 

Fig. 2. Three coexisting vegetation types within a two-dimensional space of environmental conditions. a) The main panel shows the density distribution of envi-
ronmental conditions (vertical axis: TWI; horizontal axis: soil first principal component) represented in a plane for the different vegetation types at the Chapada dos 
Veadeiros National Park. b) Density distribution of the PC1 of soil variables shows overlap of soil conditions for gallery forests and savannas, while dry forests are 
distinct from the rest. c) TWI separates gallery forests from savannas, but overlaps occur for savannas and dry forests in one case, as well as for gallery and dry forests. 
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PC1; Table S4) without exchangeable aluminum (Fig. S3-4). 
Fire frequency differs between vegetation types (Fig. S6; Fig. S7b; 

Table S1), with savannas more frequently affected by fire than both 
forest types for the study period (Table S2). Forest types also differ in fire 
frequency: while only one dry forest plot burned (twice) in the 33 years, 
gallery forests burned on average 2.9 times (Table S2). Thus, our results 
show that fire events occur in gallery forests (less frequent) and savannas 
(more frequent) (Table S2), but rarely in dry forests. 

3.2. Ecosystem state variables 

The maximum coupling reveals substantial differences among 
vegetation types (Fig. 3a, Figs. S8-10; Table S3; Fig. S7c). Dry forests 
present the largest positive maximum coupling (Table S6; median tau =
0.4), indicating that greening follows the increase in rainfall amounts 
during the wet season (Figs. S11b,e and S12c). On the other hand, gal-
lery forests have the largest negative maximum coupling, indicating that 
greening occurs before the start of the wet season (median tau = -0.27), 
more specifically, with a peak at the end of the dry season (Figs. S11c,f 
and S12b). Savannas have a small maximum coupling (median tau =
0.18, Fig. S12a), with the least variation (Table S6) in EVI2 (mean 
standard deviation = 0.16; Fig. 3a,b and S11d,g). All vegetation types 
have significant differences among their distributions of coupling 
(Table S5; Fig. S7c), with little overlap (Fig. 3a). Moreover, different 
vegetation types respond to precipitation with different lags for the 
strongest response: gallery forests are the fastest (lag in response of 0 to 
1 month), while dry forests respond within 1–2 months and savannas 
have a mean lag of 2.8 months (Fig. S7c; Tables S5 and S6). 

Savannas are the most stable in terms of greenness fluctuations (EVI2 
standard deviation = 0.02), and present the lowest mean values (mean 
= 0.37) (Fig. 3b, Fig. S11e-g; Table S5). EVI2 means and variations in 
dry and gallery forests are similar (Fig. 3b; Fig. S7c; Table S4), but the 

annual cycle is different in terms of the time greening occurs (Figs. S11- 
S12). During the dry season, gallery forests have a positive trend (tau =
0.867, p < 0.05), i.e., an increase in greenness before rainfall starts 
(Figs. S11c,f and S12b), dry forests have a negative trend (tau = -1, p <
0.05), indicating a decline in canopy greenness (Figs. S11b,e and S12b, 
c). Savannas are fairly insensitive to rainfall variation (tau = -0.6, p >
0.05) and maintain a stable EVI2 throughout the dry season (Figs. S11d, 
g and S12a). 

In terms of deciduousness, gallery forests and savannas are similar 
(Fig. S7c; Table S5), characterized by relatively small increases in the 
percentage of green leaf area (gallery forest: mean = -1.43, sd = 4.94; 
savanna: mean = -7.3, sd = 10.02) during the dry season, while dry 
forests present a pronounced decrease (mean = 49.67, sd = 8.43) 
(Fig. 3c). 

Gallery and dry forests are clearly differentiated from savannas, with 
higher values in tree height and TBA for both forest types (Fig. 3d-e; 
Table S5; Table S6; Fig. S7b). Gallery forests have the highest TBA fol-
lowed by dry forests and savannas (Fig. 3e; Table S6). Furthermore, 
savannas have a higher relative bark thickness in comparison with both 
types of forests (Table S6), and dry forests have a higher relative bark 
thickness than gallery forests (Table S6; Fig. 3f). 

The three vegetation types can be clearly distinguished when viewed 
in the tree cover-coupling and tree cover-deciduousness two-dimen-
sional spaces (Fig. 4a, c). However, only coupling is able to separate all 
three vegetation types when considered as a single state variable (Fig. 4; 
Fig. S7; Table S5), whereas deciduousness alone cannot separate be-
tween gallery forests and savannas (Fig. S7; Table S5). Moreover, only 
forests (both types) and savannas appear as separate states when tree 
cover is combined with mean EVI2, tree height, TBA and relative bark 
thickness, missing the distinction between dry and gallery forests 
(Fig. 4b, d-f). 

Fig. 3. Functional state variables used in this study to highlight differences and similarities among vegetation types in the Chapada dos Veadeiros National Park 
(PNCV), Brazil. (a) Coupling between 2-band Enhanced vegetation Index (EVI2) and precipitation. Note that the magnitude of the coupling is indicated by the 
absolute value of the maximum coupling with lag between monthly EVI2 and precipitation; (b) Mean values of EVI2; (c) Deciduousness: green leaf area changes 
(positive values, loss or gain, negative values) from the wet to the dry season as evidence of growth for savanna and gallery forest during the dry season. Negative 
values mean increase in tree cover while positive values mean decrease in tree cover.; (d) Tree height; (e) Total basal area per hectare; and (f) Bark thickness relative 
to tree basal area for dry forests, gallery forests and savannas. Letters above each box indicate the differences and similarities between vegetation types based on 
Mann-Whitney U tests, with p-value < 0.05. 
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4. Discussion 

Our findings suggest that the greenness-rainfall coupling can be a 
novel and mechanistic way of differentiating between coexisting vege-
tation types in the same rainfall envelope (Fig. 4). This ecosystem-level 
functional variable shines new light on tropical landscape heterogeneity 
(Turner & Chapin, 2005), separating dry and gallery forests that were 
previously indistinguishable using the satellite-derived tree cover data 
(e.g. Hirota et al., 2011). Other structural/functional variables previ-
ously used to characterize alternative stable states (Xu et al., 2016; 
Dantas et al., 2016; Bernardino et al., 2022), such as tree height, TBA, 
and relative bark thickness also failed in differentiating between forest 
types. Even with distinct TBA and relative bark thickness, gallery and 
dry forests are still in the same attractor of forests (see Table 1 from 
Dantas et al., 2016; and Fig. 2 from Bernardino et al., 2022). Although 
deciduousness has been proposed by an integrative variable to define 
strategies to deal with droughts (Oliveira et al., 2021), it did not 
differentiate gallery forests and savannas (Figs. 3 and 4; Table S5). Our 
results thus indicate that the temporal dynamics of vegetation responses 
to rainfall provides a more meaningful indicator (i.e. a functional one) 
for characterizing distinct ecosystems in the landscape than simple 
structural variables (Dronova & Taddeo, 2022). 

Our results show that gallery forests, dry forests and savannas coexist 
in the same landscape under different conditions of soil nutrients and 
water accessibility (Ratter & Dargie, 1992; Oliveira & Marquis, 2002; 
Ribeiro & Walter, 2008; Cowling & Potts, 2015; Lira-Martins et al., 

2022) (Fig. 2; Fig. S3; Fig. S5; Fig. S6 a-c; Fig. S7a-b), suggesting they 
may not be alternative stable states after all (Veenendaal et al., 2015). 
Fire regimes could be another explanation for the distribution of forests 
and savannas in this landscape (Hoffmann et al., 2012; van Nes et al., 
2018), but our analyses also suggest that they might play a smaller role, 
compared to soil conditions (Veenendaal et al., 2015). Soil conditions 
shape the variety of strategies to cope with the strong water deficit 
experienced by all vegetation types during the dry season and the 
consequent response each vegetation type presents to rainfall seasonal 
variation (Oliveira et al., 2021). For instance, savannas invest primarily 
on deep roots to access water and build a drought resistant xylem 
(Oliveira et al., 2005; Scholz et al., 2008; Loram-Lourenço et al., 2022; 
Jancoski et al., 2022). As a result, we observe a high stability in 
greenness and consequent weak coupling, particularly because all plots 
have significant woody tree strata (mean = 62 %, sd = 35). Annual C4 
herbaceous species tend to be highly coupled with rainfall and thus more 
variable (Ma et al., 2020; Whitecross et al., 2017), whereas savanna 
trees with deep roots may contribute to a lower variability in water 
availability, and consequently in ecosystem greenness (Lee et al., 2021; 
Oliveira et al., 2005; Priyadarshini et al., 2016). 

Biogeographical and evolutionary processes may have contributed to 
make savannas in the Cerrado (a tropical savanna biome) more diverse 
in strategies to deal with their environment (Simon et al., 2009), 
compared to evergreen and deciduous forests that occupy smaller areas 
within the savanna landscape (Projeto Mapbiomas, 2022). One hy-
pothesis is that higher diversity of plant strategies may have contributed 

Fig. 4. Relations between state variables with tree cover to test for correspondence between functioning and structure. The color gradient in panels represent density 
distribution of plots (low density – marine blue; high density - yellow). Orange dots are savannas, purple dots are dry forests, and blue dots are gallery forests. (a) 
Maximum coupling; (b) mean EVI2; (c) deciduousness derived from the difference between percentages of tree covers in the end of the wet season and in the end of 
the dry season; (d) tree height (m); (e) total basal area per hectare (m2/ha); and (f) Relative bark thickness (bark thickness divided by tree basal area). 
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to increasing savanna greenness stability to rainfall fluctuations (Liang 
et al., 2016; Oehri et al., 2017). A similar pattern was observed in the dry 
forests of the Caatinga biome, where areas with higher phylogenetic 
diversity had higher greenness stability than areas with lower diversity 
(Mazzochini et al., 2019). 

The dominant ecological strategy in dry forests for dealing with 
seasonal drought relies on deciduousness to avoid water losses and 
possible hydraulic system collapse (Castro et al., 2018; Cuba et al., 2018; 
Oliveira et al., 2021). With high nutrient availability, trees lose their 
leaves because they can easily grow new leaves before the next rainy 
season (Sobrado, 1991; Kikuzawa, 1995). Indeed, dry forest soils in our 
study landscape had a higher cation exchange capacity and low 
exchangeable aluminum content than gallery forests and savannas and 
this is likely determined by geomorphic processes not by feedback with 
vegetation (Dexter et al., 2018; Lira-Martins et al., 2022; Paula et al., 
2023). The new leaves produced by the tree community every year may 
thus contribute to boost greening during the rainy season (Mazzochini 
et al., 2019). This way, dry forests exhibit greenness closely following 
rainfall seasonal variations, with a significant decrease during the dry 
season (Fig. S11), reflected in their EVI2 signal (Goldstein et al., 1989; 
Eamus, 1999; Ishida et al., 2006; de Souza et al., 2020). 

Gallery forests were the only vegetation type showing increased 
greenness during the dry season and thus a negative coupling with 
rainfall (Fig. 3a, Figs. S11-12). One possible explanation is that gallery 
forests have perennial access to groundwater (Veneklaas et al., 2005; 
Bueno et al., 2018), i.e., they are not water-limited (Green et al., 2020; 
Smith et al., 2020). Increased greening is likely a result of dry-season 
leaf flushing, which allows trees to attain higher photosynthetic activ-
ity in a period of lower cloud cover and increased radiation (Saleska 
et al., 2007). Similar to our sampled gallery forests, Amazonian forests 
reach peak greenness during the dry season, when cloud cover is low and 
incoming radiation is high (Guan et al., 2015). 

Contrary to the well reported fire-vegetation feedback maintaining 
savannas and forests as alternative stable states (Bernardino et al., 2022; 
Bond et al., 2005; Dantas et al., 2016; Hoffmann et al., 2012; Murphy & 
Bowman, 2012; Pausas & Bond, 2021; Staver et al., 2011), we found that 
gallery forests have higher fire frequency than previously reported 
(Ribeiro & Walter, 2008). Even with the highest tree cover and moisture 
availability, all gallery forests experienced at least one fire event be-
tween 1985 and 2018 (mean = 2.9 fires), while only one dry forest plot 
burned in this period (Fig. S6c). Dry forests likely burnt from fires 
ignited to expand the surrounding pastures for cattle. Gallery forests are 
narrow and surrounded by flammable savannas, from where such fires 
may spread into the forest (Ribeiro & Walter, 2008; Kellman and Meave, 
1997). Nonetheless, gallery forests may suffer mild burns and still keep 
high tree cover under a long fire return interval, likely because fire 
events may not be strong enough to open the forest canopy (Veenendaal 
et al., 2018). Strong widespread fires, however, may severely impact the 
ecosystem, killing most trees and destroying the organic soil layer 
(Flores et al., 2021). 

5. Conclusion 

We have shown how the temporal coupling between greenness and 
precipitation inferred from satellite can be an integrative state variable 
and a promising ecological indicator for broad-scale analyses differen-
tiating between coexisting vegetation types. Our coupling measure re-
veals that savannas, gallery forests and dry forests at the same landscape 
have distinct responses in terms of greenness to rainfall seasonality 
partially determined by nutrient and water availability at the local scale. 
Our results have also shown that vegetation with similar structure (i.e. 
gallery and dry forests) may have contrasting functioning and responses 
to rainfall variability. Combined, these results suggest that presuming 
the absence of feedback mechanisms (Staal and Flores, 2015), coexisting 
vegetation types may not necessarily be alternative stable states (Hirota 
et al., 2011; Staver et al., 2011), since their distribution is strongly 

determined by fine scale heterogeneity in environmental conditions. 
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Flores, B.M., de Sá Dechoum, M., Schmidt, I.B., Hirota, M., Abrahão, A., Verona, L., 
Pecoral, L.L.F., Cure, M.B., Giles, A.L., de Britto Costa, P., Pamplona, M.B., 
Mazzochini, G.G., Groenendijk, P., Minski, G.L., Wolfsdorf, G., Sampaio, A.B., 
Piccolo, F., Melo, L., Fiacador de Lima, R., Oliveira, R.S., Remy, C., 2021. Tropical 
riparian forests in danger from large savanna wildfires. J. Appl. Ecol. 58 (2), 
419–430. 

Funk, C., Peterson, P., Landsfeld, M., Pedreros, D., Verdin, J., Shukla, S., Husak, G., 
Rowland, J., Harrison, L., Hoell, A., Michaelsen, J., 2015. The climate hazards 
infrared precipitation with stations - a new environmental record for monitoring 
extremes. Sci. Data 2, 150066. https://doi.org/10.1038/sdata.2015.66. 

Gao, X., McGregor, I.R., Gray, J.M., Friedl, M.A., Moon, M., 2023. Observations of 
satellite land surface phenology indicate that maximum leaf greenness is more 
associated with global vegetation productivity than growing season length. Global 
Biogeochem. Cycles 37. https://doi.org/10.1029/2022GB007462. 

Goldstein, G., Rada, F., Rundel’, P., Azocar, A., Orozco, A., 1989. Gas exchange and 
water relations of evergreen and deciduous tropical savanna trees. Ann. for. Sci. 46 
(Supplement), 448s–453s. 

Green, J.K., Berry, J., Ciais, P., Zhang, Y., Gentine, P., 2020. Amazon rainforest 
photosynthesis increases in response to atmospheric dryness. Science Advances 6 
(47), eabb7232. https://doi.org/10.1126/sciadv.abb7232. 

Guan, K., Pan, M., Li, H., Wolf, A., Wu, J., Medvigy, D., Caylor, K.K., Sheffield, J., 
Wood, E.F., Malhi, Y., Liang, M., Kimball, J.S., Saleska, S., Berry, J., Joiner, J., 
Lyapustin, A.I., 2015. Photosynthetic seasonality of global tropical forests 
constrained by hydroclimate. Nature Geosci 8 (4), 284–289. 

Hansen, M.C., Potapov, P.V., Moore, R., Hancher, M., Turubanova, S.A., Tyukavina, A., 
Thau, D., Stehman, S.V., Goetz, S.J., Loveland, T.R., Kommareddy, A., Egorov, A., 
Chini, L., Justice, C.O., Townshend, J.R.G., 2013. High-resolution global maps of 
21st-century forest cover change. Science 342 (6160), 850–853. 
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Rosa, E.R., Vélez-Martin, E., Weber, E.J., Lenti, F.E.B., Paternost, F.F., Pareyn, F.G. 
C., Siqueira, J.V., Viera, J.L., Neto, L.C.F., Saraiva, M.M., Sales, M.H., Salgado, M.P. 
G., Vasconcelos, R., Galano, S., Mesquita, V.V., Azevedo, T., 2020. Reconstructing 
Three Decades of Land Use and Land Cover Changes in Brazilian Biomes with 
Landsat Archive and Earth Engine. Remote Sens. (Basel) 12 (17), 2735. 

Staal, A., & Flores, B. M. (2015). Sharp ecotones spark sharp ideas: comment on 
“Structural, physiognomic and above-ground biomass variation in savanna-forest 
transition zones on three continents-how different are co-occurring savanna and 
forest formations?” by Veenendaal et al. (2015). Biogeosciences, 12, 5563–5566. 
https://doi.org/10.5194/bg-12-5563-2015. 

Staver, A.C., Archibald, S., Levin, S.A., 2011. The global extent and determinants of 
savanna and forest as alternative biome states. Science 334 (6053), 230–232. 

Turner, M.G., Chapin, F.S., 2005. Causes and Consequences of Spatial Heterogeneity in 
Ecosystem Function. In: Lovett, G.M., Turner, M.G., Jones, C.G., Weathers, K.C. 
(Eds.), Ecosystem Function in Heterogeneous Landscapes. Springer New York, New 
York, NY, pp. 9–30. 

Veenendaal, E.M., Torello-Raventos, M., Feldpausch, T.R., Domingues, T.F., Gerard, F., 
Schrodt, F., Saiz, G., Quesada, C.A., Djagbletey, G., Ford, A., Kemp, J., Marimon, B. 
S., Marimon-Junior, B.H., Lenza, E., Ratter, J.A., Maracahipes, L., Sasaki, D., 
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