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Abstract 22 

Extreme drought events, driven by the El Niño Southern Oscillation (ENSO), are linked to 23 

increased tree mortality and alterations in vegetation structure, dynamics, and floristic 24 

composition in tropical forests. Existing analyses, primarily focusing on Africa, Central 25 

America, and Amazonia, overlook the floristic impacts on biome transitions. This study 26 

evaluates the profound effects of the severe 2015/2016 ENSO event on tree density and floristic 27 

composition in the critical transition zone between Amazonia and Cerrado, South America’s 28 

largest biomes. Our findings not only document significant biodiversity loss but also offer 29 

insights into species resilience, guiding conservation strategies under changing climate 30 

conditions. We inventoried long-term plots before and after the extreme drought event, 31 

sampling 12,465 individuals from 526 species, 224 genera, and 65 families, in Open 32 

Ombrophilous Forest (OF), Seasonal Forest (SF), Cerradão (CD), and Typical Cerrado (TC). 33 

We document the disappearance from our plots of 97 species after the ENSO, with only 61 new 34 

species being recorded. The total loss of individuals across the transition zone was almost 10%. 35 

The SF and CD forest plots showed the greatest replacements, species losses, and reductions in 36 

tree density. Their markedly seasonal baseline climate probably drove these changes. In most 37 

phytophysiognomies, there was an increase in pioneer species and drier environment habitat 38 

specialist species, indicating that although many species are vulnerable to extreme climate 39 

events, others benefit, especially those with a short life cycle. We found that the vegetation of 40 

the Amazonia-Cerrado transition overall is vulnerable to climate anomalies, with widespread 41 

loss of tree density and change in floristic composition. Our study also provides a species-by-42 

species list of the most vulnerable and resistant trees which helps point to overall climate change 43 

vulnerabilities and assist with initiatives to recover degraded areas. 44 

 45 

Keywords: drought, species replacement, species losses, drought resistant species, climate 46 

change. 47 

48 
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1. Introduction  49 

Climate change, manifested by escalating air temperatures and shifting precipitation 50 

patterns, poses significant risks to the floristic composition and structural integrity of tropical 51 

forests (Esquivel-Muelbert et al., 2019a; Hubau et al., 2020). Central to recent climate 52 

variability is the increased frequency and intensity of drought events tied to the El Niño 53 

Southern Oscillation (ENSO). The 2015/2016 episode stands out as one of the most severe 54 

warming phenomena affecting the southern Amazon, impacting hydrological cycles and 55 

thermal conditions. This study examines how these alterations influence the ecophysiological 56 

processes of trees, potentially escalating mortality rates and reshaping forest landscapes 57 

(Schiermeier, 2015; Jimenez et al., 2018; Esquivel-Muelbert et al., 2019b). Extended drought 58 

coupled with elevated temperatures leads to soil water deficits, impacting the photosynthetic 59 

efficiency of plants (Tiwari et al., 2020), and diminishing or even halting the accumulation of 60 

biomass in vegetation (Bennett et al., 2023). While the ecological ramifications of rising 61 

temperatures and diminished precipitation remain uncertain, it is noteworthy that the southern 62 

Amazonia forests recorded their highest temperatures during ENSO 2015/2016 (Jiménez-63 

Muñoz et al., 2016; Jimenez et al., 2018). This event, in conjunction with extensive long-term 64 

monitoring now in place across the southern Amazonia region, presented a unique opportunity 65 

for a large-scale natural experiment to explore the impacts of drought on the vulnerability and 66 

dynamics of tree species composition across different ecosystems. 67 

 Most studies before the 2015-2016 ENSO have documented an increase in tree mortality 68 

in response to drought events in the Amazonia forest, including in 1997-1998 (Williamson et 69 

al., 2000), 2005 (Phillips et al., 2009), 2007 (Brando et al., 2014), and 2010 (Doughty et al., 70 

2015; Meira Junior et al., 2020). However, concerning the Cerrado biome, the literature still 71 

lacks a significant number of specific studies on the effects of drought events on tree mortality. 72 

While some studies have addressed issues related to the response of Cerrado vegetation to 73 

extreme climatic events, such as drought, there is a substantial gap in understanding the 74 

underlying mechanisms and consequences for the dynamics of this vegetation (Bustamante et 75 

al., 2012). In the context of the transition region between the Amazonia and the Cerrado, there 76 

is growing awareness of the importance of investigating the effects of climate change in this 77 

area. Although there is some preliminary research addressing this topic, a more comprehensive 78 

effort is still needed to fully understand how drought events affect vegetation dynamics in this 79 

transition region and what the implications are for conservation and natural resource 80 

management (Marimon et al., 2014; Cunha et al., 2019). Nonetheless, not all investigations into 81 

the impacts of drought events in tropical regions have unequivocally demonstrated negative 82 
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consequences. For instance, Zuleta et al. (2017) and Sousa et al. (2022) reported net biomass 83 

gains in some wet Amazonian forests, whilst Bennett et al. (2021) reported a diminished bit 84 

still positive carbon sink in African forests during the 2015-16 ENSO. 85 

Experimental studies that induce severe and prolonged water deficits in vegetation, 86 

leading to cumulative hydrical stress, have demonstrated pronounced mortality rates ranging 87 

from 1.5% to 9% (e.g., Nepstad et al., 2007). Furthermore, the consequences of droughts in 88 

Neotropical regions often encompass diminished tree growth and declines in net primary 89 

productivity (Doughty et al., 2015; Feldpausch et al., 2016; Bennett et al., 2023). While these 90 

studies have predominantly centered on responses in ecosystem carbon stocks, and Esquivel-91 

Muelbert et al. (2019a) documented biodiversity responses over three decades, we are unaware 92 

of any investigation into the impact of specific extreme drought events on the composition of 93 

tree species in the transition zones between biomes. What happens here may be especially 94 

critical in determining the long-term survival, extinction, or migration of thousands of species 95 

in response to climate change in Amazonia and the transition with Cerrado. 96 

In South America, the two largest biomes are the Amazonia forest and the Brazilian 97 

savanna (Cerrado). These two biomes are of utmost significance, not solely due to their rich 98 

species diversity but also owing to their substantial carbon reservoirs and their pivotal role in 99 

regulating global climate dynamics (Morandi et al., 2018; Esquivel-Muelbert et al., 2019b; 100 

Klink et al., 2020; Zimbres et al., 2021; Hofmann et al., 2021). The transitional zone between 101 

Amazonia and Cerrado represents a naturally dynamic region, distinguished by pronounced 102 

floristic and phytophysiognomic heterogeneity, encompassing a variety of forests and savanna 103 

types (Ratter et al., 1973; Marimon et al., 2006, 2014; Morandi et al., 2016). However, in recent 104 

decades, human activities have led to the removal of nearly half of the forest cover in this 105 

transitional area (Marques et al., 2020), contributing to localized reductions in rainfall (Bonini 106 

et al., 2014), along with escalating temperatures and extended drought periods (Marengo et al., 107 

2012; Jiménez-Muñoz et al., 2016). These changes, in addition to the extreme loss of habitat 108 

itself, have rendered the region's forests potentially vulnerable to multiple impacts (Brando et 109 

al., 2014; Esquivel-Muelbert et al., 2019a; Nogueira et al., 2019; Reis et al., 2018, 2022). 110 

In the transitional zone between Amazonia and Cerrado, the co-occurrence of species 111 

assumes a pivotal role in shaping landscape dynamics, primarily driven by floristic connections 112 

bridging these two biomes (Ratter et al., 1973; Pinto and Oliveira-Filho, 1999; Oliveira-Filho 113 

and Ratter, 1995; Marimon et al., 2006; Morandi et al., 2016). These connections emerge from 114 

intricate interactions among biotic and abiotic factors, resulting in hyperdynamic vegetation 115 

(Marimon et al., 2014). Given the ongoing forest degradation, the occurrence of extreme 116 
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drought events, and escalating temperatures, tree species in the Amazonia-Cerrado transition 117 

may be approaching their adaptability limits (Tiwari et al., 2020; Marimon et al., 2020; Araújo 118 

et al., 2021). The naturally high tree mortality rates in southern Amazonia have increased in 119 

recent years, likely attributable to landscape fragmentation triggering a cascade of adverse 120 

feedbacks within the deforestation × drought × fire nexus, and so impacting regional vegetation 121 

integrity and carbon sequestration capacity (Brando et al., 2014; Morandi et al., 2018; Nogueira 122 

et al., 2019; Prestes et al., 2020; Marimon et al., 2020; Reis et al., 2022; Bennett et al., 2023). 123 

While there has been a focus on structural and dynamic change, the extent to which floristic 124 

composition and individual species are being impacted remains unclear.  125 

This research aims to contribute insight into understanding the resilience and 126 

adaptability of transitional vegetation to climate change. To achieve this, we set out to address 127 

the following questions: a) What were the repercussions of the ENSO event on vegetation types 128 

in the Amazonia-Cerrado transition in terms of floristic composition and individual tree 129 

densities? b) Which species, genera, and families experienced the greatest losses and gains in 130 

tree density as a result of the ENSO event? Our specific objective was to quantify change in the 131 

floristic composition and tree species richness of forest and savanna formations in the 132 

Amazonia-Cerrado transition following the ENSO event in 2015/2016. We employed a unique, 133 

standardized regional network of long-term monitoring plots, assessing multiple plots both 134 

before and after the ENSO event. Based on our research objectives, our hypothesis was 135 

formulated as follows: tree species in ecosystems typically not subject to prolonged drought, 136 

especially evergreen rainforests, would be most susceptible to extreme drought (see Fig. 1). 137 

2. Materials and methods 138 

2.1  Study area 139 

The study was conducted across 27 permanent 1-hectare (100 × 100m) plots (see Table 140 

S1) situated within the transition zone connecting South America's two largest biomes, 141 

Amazonia and the Cerrado (Fig. 2). The region's climate falls within Köppen classification 142 

types of Aw (tropical with dry winters) and Am (tropical monsoons) (Alvares et al., 2013). 143 

Mean annual precipitation and temperature range from 1,511 to 2,353 mm and 24.1 to 27.3°C, 144 

respectively (Table S1) (Hijmans et al., 2005). Our sampling plots are strategically placed 145 

within distinct vegetation types of the Amazonia-Cerrado transition, including Open 146 

Ombrophilous Forest (OF), Seasonal Forest (SF), encompassing semi-deciduous and evergreen 147 

forests, Cerradão (CD), and Typical Cerrado (TC). 148 

The evaluated phytophysiognomies represent a vegetation gradient. At one end is the 149 

Cerrado, a tropical savanna biome with a mixture of arboreal-shrub vegetation and grasses, 150 
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coverage ranging from 20% to 50%, and heights between 3 and 6 m (Ribeiro and Walter, 2008). 151 

Within this biome, the TC is a specific phytophysiognomy characterized by an open canopy 152 

with sparse, low trees and a dense understory of shrubs and grasses. The TC is among the most 153 

threatened phytophysiognomies in the Cerrado due to deforestation from agriculture, livestock, 154 

and urbanization (Klink and Machado, 2005). This expansion has led to significant native 155 

vegetation loss, habitat fragmentation, and degradation (Strassburg et al., 2017). The soils in 156 

the Cerrado, including those in the TC, are predominantly acidic, alic, and dystrophic, classified 157 

as Red Yellow Latosol (Marimon-Junior and Haridasan, 2005). At the other extreme, the OF 158 

has evergreen vegetation with a closed canopy, trees that reach 50 m in height, and Oxisol soils 159 

(IBGE, 2009). Agriculture, livestock, and logging pose threats to this type of vegetation  160 

(Fearnside, 2017). Intermediate between these extremes are the FS, characterized by closed 161 

canopy trees and Oxisol soils, and the CD, a forest formation of a transitional nature between 162 

the FS and the savanna formations of the Cerrado biome (Marimon et al., 2006; 2014). SF are 163 

often subject to deforestation for agricultural expansion, livestock farming, and urbanization  164 

(Vieira et al., 2018). This pressure is exacerbated by the seasonality of rainfall, which can 165 

influence the vulnerability of these forests to fires during periods of drought (Marimon et al., 166 

2014). The CD has a continuous canopy and tree cover ranging from 50% to 90%, with higher 167 

values in the rainy season and lower values in the dry season (Marimon et al., 2006; 2014). The 168 

trees here are between 8 and 15 m tall, and the soils have variable texture and fertility (Ratter 169 

et al., 1973). The Cerradão faces similar threats to the typical cerrado, including deforestation 170 

for pasture and agriculture, as well as frequent fires (Durigan, 2020). It is important to note that 171 

the specific conservation situation and tree density may vary depending on the exact location 172 

and specific human pressures in each area. For more details and descriptions of plots and 173 

phytophysiognomies, refer to Marimon-Junior and Haridasan (2005), Marimon et al. (2006; 174 

2014), Morandi et al. (2016; 2018), Reis et al. (2018), and Nogueira et al. (2019). 175 

2.2 Vegetation inventory 176 

We conducted vegetation sampling following the protocols established by the 177 

RAINFOR network (http://www.rainfor.org/) (Phillips et al., 2002). Additionally, we utilized 178 

data collected by the Plant Ecology Laboratory team (UNEMAT, Nova Xavantina Campus), 179 

curated on the ForestPlots.net platform (Lopez-Gonzalez et al., 2011; ForestPlots.net et al., 180 

2021). For our analysis, we utilized inventory data collected between 2013 and 2015, to 181 

represent the period preceding the ENSO, and inventory data spanning 2017 to 2020 to capture 182 

the post-ENSO period, with an average interval of three years between consecutive inventories. 183 

Data collection protocols were consistent across all inventories, including measuring and 184 
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identifying all trees and palms with diameter at 1.3 m ≥ 10 cm in forested areas and at 0.3 m in 185 

TC plots. Taxonomic nomenclature adhered to APG IV (2016), and species names and 186 

synonyms were cross-referenced with Flora do Brasil 187 

(https://floradobrasil.jbrj.gov.br/consulta/#CondicaoTaxonCP). 188 

2.3 Description of predictors  189 

The climate component was represented by the Maximum Climatological Water Deficit 190 

(MCWD), based on the annual calendar (January to December) (as described by Aragão et al., 191 

2007 and Malhi et al., 2008). We classified water stress for each plot during two intervals 192 

(before and during ENSO 2015/2016), following the modified model by Aragão et al. (2007). 193 

MCWD is defined as the most negative accumulated value of the climatological water deficit 194 

within a year (Aragão et al., 2007). Its calculation involves subtracting monthly rainfall from 195 

evapotranspiration and the water deficit from the previous month, utilizing a standardized 196 

evapotranspiration value of -100 mm per month for tropical forests (Malhi et al., 2008). 197 

Therefore, if the monthly precipitation in a given area (pixel) is less than 100 mm, it is 198 

considered a state of water deficit; otherwise, MCWD is set to zero. For average precipitation, 199 

we utilized TerraClimate data, based on the latitude and longitude coordinates of each plot 200 

(Abatzoglou et al., 2018). We further assessed the average maximum air temperature values for 201 

recent years (2013-2020) and compared them with values from the ENSO period (Fig. S4), 202 

using temperature data from the Climate Research Unit (CRU) repository (Harris et al., 2014). 203 
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2.4 Analyses 204 

All comparisons were conducted between intervals (before and after ENSO), separately 205 

for each plot, and compared across different vegetation types. We examined which species, 206 

genera, and families were present in at least 50% of the plots, each with a minimum of 10 207 

individuals per species within each vegetation type before ENSO. Subsequently, we computed 208 

the relative phytosociological parameters, including frequency, density, dominance, and the 209 

Importance Value Index (VI) (Mueller-Dombois and Ellenberg, 1974), for all species, genus, 210 

and family within each vegetation type. Following data processing, we selected the 20 species 211 

with the highest VI to assess how their population densities responded to the ENSO. 212 

We computed, for each species, the average annual mortality (M= {1-[(N0-Nm) /N0]
1/t} 213 

×100) and annual recruitment (R= [1-(1-Nr/Nt)
 1/t] ×100) rates, based on the number of sampled 214 

individuals (Sheil et al., 1995; 2000), both before and after ENSO. To correct any bias 215 

associated with variation between intervals, we applied the correction method of Lewis et al. 216 

(2004): [λcorr = λ × t0,08], where λ represents the rate and t the interval in years. 217 

To assess the response of plant communities to extreme climatic events, we analyzed 218 

two primary response variables: species richness and tree density. These variables were 219 

evaluated before and after the ENSO event of 2015/16. Variations in species richness were used 220 

to identify potential changes in the floristic structure and composition over time, providing 221 

insights into the resilience and vulnerability of plant communities. Tree density, on the other 222 

hand, reflects the relative abundance of individuals within a community, allowing us to assess 223 

the presence or absence of specific species and the response of populations to altered 224 

environmental conditions. Monitoring these variables in response to ENSO events is crucial, as 225 

both are highly sensitive to changes in environmental conditions, including fluctuations in water 226 

availability and temperature variations associated with ENSO. 227 

We calculated the tree density and the richness of species, genera, and families per plot. 228 

These values were subsequently compared based on vegetation type, both before and after 229 

ENSO, using the paired t-test, with assumptions required to conduct the paired t-test all 230 

evaluated and met (Zar, 2010). The paired t-test was favoured due to the longitudinal nature of 231 

the study, enabling assessment of changes at each site before and after the ENSO event. After 232 

comparing tree density and species richness, we conducted a paired t-test using MCWD and 233 

maximum temperature as predictor variables. The test compared these variables at two distinct 234 

time points: before and after the ENSO event. MCWD and maximum temperature were selected 235 

as they are relevant indicators of climate stress, directly impacting tree populations. These 236 

variables were examined over time to identify significant changes after ENSO.  237 
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We explored the dissimilarity in species composition before and after the ENSO event 238 

within each vegetation type using PERMANOVA analysis. Time represents the periods before 239 

and after the ENSO event. This multivariate approach enabled us to ascertain whether there 240 

were noteworthy alterations in species composition attributable to the climatic event. 241 

Additionally, we examined changes in species composition between intervals through 242 

PERMANOVA analysis, utilizing the Bray-Curtis difference matrix (Anderson, 2001). For this, 243 

we employed the adonis function from the 'vegan' package (Dixon, 2003), configured for 999 244 

permutations, in conjunction with the pairwise.adonis function and package (Martinez Arbizu, 245 

2020).  246 

To assess sampling efficiency, we employed the rarefaction method for species, based 247 

on the number of individuals, enabling a comparison of richness among different sampling 248 

areas. Additionally, we evaluated the performance of species richness estimators (q = 0) by 249 

estimating and assessing sample sufficiency using interpolations and Hill extrapolations with 250 

the iNext function and package (Hsieh et al., 2016). This analysis considered the density of 251 

individuals within each vegetation type. All statistical analyses were conducted at a 5% 252 

significance level, and we processed both the data and the graphical representations using the 253 

R software. 254 

3. Results 255 

3.1 Climate parameters, tree density, and species richness 256 

The extreme drought caused by ENSO event resulted in significant alterations in climate 257 

conditions within the Amazonia-Cerrado transition region, particularly evidenced by 258 

pronounced changes in mean consecutive wet-day (MCWD) duration (paired t-test, p<0.03, 259 

Fig. S1) and maximum temperature (paired t-test, p<0.001, Fig. S2). Throughout the 2015-2016 260 

ENSO episode, the peak warmth occurred in late 2015 and early 2016, with variations in 261 

MCWD duration observed across specific geographical locations during this period. In general, 262 

it was observed that variations in species richness and tree density among different vegetation 263 

types may be related to the average temperature increase of 2°C recorded in most plots. Upon 264 

analyzing tree density and species richness before and after the event, it was found that plots 265 

subjected to maximum temperatures exceeding the annual average of the preceding years 266 

exhibited significant reductions in both tree density and species richness (Figs. 3 and 4). 267 

However, due to limitations in our dataset and sampling bias in each phytophysiognomy, it was 268 

not feasible to perform analyses beyond basic t-tests to directly correlate predictor variables 269 

with observed responses.  270 
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3.2 Changes in population structure and richness of species, genera, and families 271 

In our diverse sampled plots, we documented a total of 526 species across 224 genera 272 

and 65 families. Before the ENSO event, the tree count stood at 12,465. After the event, it 273 

significantly dropped to 11,353—a net loss of 1,112 trees or about 8.82% of the original 274 

population. This decline varied across the vegetation types, with Seasonal Forests (SF) and 275 

Cerradão (CD) experiencing the most pronounced losses. On average, each plot recorded the 276 

loss of 41 trees (Table 1). The net decrease can be attributed to a significant disparity between 277 

mortality, with 1,934 trees, and recruitment, with 822 trees. In all vegetation formations studied, 278 

the number of dead trees exceeded that of newly recruited individuals. However, the disparities 279 

were more pronounced in the SF (1,094 deaths; 461 recruits) and CD (462 deaths; 65 recruits) 280 

formations. Additionally, we observed significant differences in species richness and tree 281 

density exclusively for these SF and CD formations, encompassing changes in families, genera, 282 

and species (Table 1). On the other hand, in the OF (128 deaths; 107 recruits) and TC (250 283 

deaths; 189 recruits) formations, the differences between tree mortality and recruitment were 284 

less pronounced. 285 

We observed significant time-dependent changes in rarefied taxon richness, both at the 286 

level of individual plots and across different vegetation types, as depicted in Figures S3 and S4. 287 

Particularly, these changes were strikingly evident in the SF and CD habitats, where we 288 

observed a substantial reduction in the species richness and population density (paired t-test, 289 

p<0.05 for SF, and p<0.02 for CD; see Table 1). Additionally, despite the observed time-290 

dependent changes in rarefied taxon richness, particularly pronounced in SF and CD, the 291 

subsequent PERMANOVA analysis did not yield significant results in floristic composition 292 

(Table S2). Notably, 97 species were lost and 61 new species were recorded in the plots, 293 

resulting in a net loss of 36 species after ENSO. Again, this change was most pronounced in SF 294 

and CD (Table S3). 295 

We also documented the loss of 16 genera after ENSO: three in OF (Bertholletia, 296 

Cariniana, and Sarcaulus), five in SF (Annona, Chomelia, Dalbergia, Heisteria, and Triplaris), 297 

six in CD (Anacardium, Antonia, Cardiopetalum, Caryocar, Miconia, and Plenckia), and two 298 

in TC (Styrax and Zeyheria). Eleven new genera were recruited to the plots: three in OF 299 

(Eriotheca, Senegalia, and Styrax), four in SF (Acacia, Andira, Callichlamys, and Perebea), 300 

one in CD (Cecropia), and three in TC (Antonia, Dulacia, and Maprounea). The plots also lost 301 

four families: Caryocaraceae, and Celastraceae (CD), Polygonaceae (SF), and Styracaceae 302 

(TC), and added three: Styracaceae (OF), Urticaceae (CD), and Euphorbiaceae (TC). 303 

3.3 Which species, genera, and families lost or gained the most individuals after ENSO? 304 
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Tree species from SF and CD experienced the greatest reductions in population density 305 

following ENSO, with notable declines to Miconia pyrifolia (-45%), Tapirira guianensis (-306 

40%; -71%), and Xylopia aromatica (-89%) (Table 2A). Among the 20 species with the highest 307 

VI in SF before ENSO, Nectandra cuspidata experienced the greatest drop in ranking, from 308 

16th to 25th position. In CD, Xylopia aromatica declined from 6th to 27th (Tables S4B and C). 309 

Also in CD, species lost the most individuals, with 29 losing at least 10% of all trees.   310 

Among the species experiencing a decline in individuals within the OF, those belonging 311 

to the genus Inga (-39%) exhibited the most pronounced losses, notably Inga grandiflora, I. 312 

marginata, I. alba, and I. edulis (Table S3). The reduction in tree density of these species 313 

suggests their classification within the initial or intermediate stage of ecological succession. 314 

Within the top 20 most important species, Celtis schippii experienced the most substantial 315 

decline in classification, transitioning from the 9th to the 13th position.  316 

In the OF, species such as Pseudolmedia macrophylla and Rinoreocarpus ulei exhibited 317 

gains in individuals (Table 2A). In the TC, the most substantial losses were recorded for Qualea 318 

multiflora (-21%), which descended from the 15th to the 21st position in the VI ranking before 319 

and after the ENSO event (Tables 2A and S4D). Conversely, Tachigali vulgaris in the TC 320 

witnessed a remarkable 125% increase in tree density (Table 2A). Among the genera 321 

experiencing the most notable losses in individuals in the CD were Terminalia (-79%) and 322 

Tapirira (-71%) (Table 2B). 323 

At the family level, the most substantial declines in the number individuals occurred in 324 

CD and SF, with 24 and 20 families, respectively, losing at least 10% (Table 2C). In CD, 325 

noteworthy families with significant reductions include Anacardiaceae (-65%), Sapindaceae (-326 

51%), and Combretaceae (-49%), while in SF, the most affected families were Sapindaceae (-327 

36%) and Simaroubaceae (-23%). The TC exhibited notable decreases in individuals for 328 

Ochnaceae (-26%), Celastraceae (-25%), and Dilleniaceae (-20%), as well as increases in 329 

Icacinaceae (+22%) and Annonaceae (+18%) (Table 2C). 330 

When considering all vegetation types and accounting for changes in floristic 331 

composition, certain species were representative and persistent. In OF, Protium altissimum and 332 

P. sagotianum maintained prominent VI positions after the ENSO (Table S4A). All 20 species 333 

with the highest VI before the ENSO also remained among the 20 most significant afterwards, 334 

with nine of them retaining the same level of importance (Table S4A). However, among all 335 

species surveyed in OF, noteworthy shifts in VI positions include the rise of Crepidospermum 336 

goudotianum by 50 or more positions and the decline of Bertholletia excelsa and Trattinnickia 337 

rhoifolia by around 100 positions. 338 
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In SF, Amaioua guianensis and Brosimum rubescens held the first and second VI 339 

positions before ENSO but these positions reversed after the event (Table S4B). Of the 20 340 

species with the highest VI, nine retained their positions, five decreased, and six improved their 341 

positions after ENSO (Table S4B). When considering all the sampled species in SF, notable 342 

changes in VI positions after the ENSO include the ascent of Acacia polyphylla by 50 or more 343 

positions and the decline of Terminalia lucida by approximately 100 positions. 344 

In CD floristic change was also more evident. The species with the highest VI values 345 

initially were Hirtella glandulosa and Tachigali vulgaris, but after the event T. vulgaris dropped 346 

to third, and Emmotum nitens rose to second (Table S4C). Among the top 10 species with the 347 

highest VI, only two retained their positions, four declined, and four ascended one or two 348 

positions in the inventories conducted after ENSO. Of the 20 species with the highest VI 349 

recorded before ENSO, 18 remained among the 20 most significant after the event, with Xylopia 350 

aromatica and Terminalia argentea in lower positions, and only three maintaining their original 351 

positions (Table S4C). When considering all the sampled species in CD after ENSO, the species 352 

with the greatest increase in IV position was Schoepfia brasiliensis (+19), while that which 353 

experienced the largest decline was Byrsonima basiloba (-23). 354 

In TC, the species with the highest IV were Qualea parviflora and Emmotum nitens both 355 

before and after ENSO (Table S4D). All 20 species with the highest IV values before ENSO 356 

remained among the 20 most significant after the event, with twelve maintaining the same level 357 

of importance (Table S4D). When considering all species sampled, those showing the greatest 358 

increase in VI positions were Dulacia candida (+31) and Maprounea guianensis (+26), while 359 

those declining most were Erythroxylum tortuosum and Zeyheria montana, both dropping by 360 

22 positions. 361 

Among genera, Aspidosperma was the only genus recorded with a top 20 VI in at least 362 

three of the vegetation types evaluated (SF, CD, TC). In OF, the two most representative genera 363 

were Protium and Pseudolmedia, both before and after ENSO (Table S5A). However, among 364 

the top 10 genera with the highest VI recorded in OF before ENSO, three dropped, with 365 

Trattinnickia notably declining from 9th to 16th (Table S5A). In SF, the top three genera 366 

(Ocotea, Amaioua, and Brosimum) changed their positions after ENSO, with only Dacryodes 367 

maintaining their position (9th) (Table S5B). In CD, the most representative genus during both 368 

periods was Hirtella, but Tachigali, in second place before ENSO, dropped to third after the 369 

event, replaced by Emmotum (Table S5C). Among the top 10 genera with the highest VI in CD, 370 

four moved down with Tapirira experiencing the greatest decline (from 10th to 20th) (Table 371 

S5C). In TC there were fewer changes, with Qualea and Emmotum the most important genera 372 
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before and after ENSO, and seven genera maintaining their positions and others only moving 373 

one position (Table S5D). 374 

In terms of families, composition was more stable. In OF, the dominant families in terms 375 

of VI were Burseraceae, Moraceae, and Fabaceae, both before and after ENSO. Among the top 376 

10 families, only Malvaceae dropped (to 11th) after the event (Table S6A). In SF plots, 377 

Burseraceae again stood out, maintaining first position, followed by Fabaceae and Moraceae 378 

(Table S6B). In CD, Fabaceae, Chrysobalanaceae, and Icacinaceae were prominent both before 379 

and after ENSO. Only two of the top 10 families with the highest VI changed their positions 380 

after the event (Table S6C). In TC, the families that stood out both before and after ENSO were 381 

Vochysiaceae and Fabaceae. The third (Proteaceae) and fourth (Icacinaceae) positions before 382 

the event were reversed, while the others remained unchanged (Table S6D). 383 

4. Discussion 384 

The 2015/2016 ENSO event triggered significant ecological changes in the Amazonia-385 

Cerrado transition, marked primarily by substantial reductions in tree numbers and species 386 

diversity. These changes highlight the vulnerability of certain species to climate alterations, 387 

particularly during extreme weather events. Additionally, an average temperature increase of 388 

2°C across most plots imposed further stress on these ecosystems. Although initial observations 389 

suggested stability in floristic composition, our detailed analyses reveal significant declines in 390 

species richness and tree density, particularly in the Seasonal Forests and Cerradão. These 391 

observations indicate that the current changes may herald even more severe alterations in 392 

floristic composition, potentially increasing the risk of local and regional extinctions among 393 

climate-sensitive species, as discussed by Esquivel-Muelbert et al. (2019). Our descriptive 394 

approach aimed to illustrate how to decrease precipitation and increase in temperature might 395 

have influenced the observed reductions in tree density and species richness. This pattern aligns 396 

with findings from other studies that have documented similar impacts on response variables, 397 

such as carbon storage and biomass (e.g., Meira Junior et al., 2020; Bennett et al., 2023). 398 

Unfortunately, our dataset did not allow for more robust analyses due to the sampling bias 399 

across different physiognomies. Therefore, we recommend that future research establish 400 

additional monitoring plots in the Amazonia-Cerrado transition to more accurately understand 401 

the ecological changes in climate variables.  402 

The observed reduction in tree density and species richness following the ENSO event 403 

led to notable changes in the floristic composition of the four most common and widely 404 

distributed vegetation types in the region. This outcome suggests that, despite the observed 405 

reductions, other factors or potential methodological limitations may have influenced the 406 
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results. It is crucial to emphasize that the lack of significance in the PERMANOVA analysis 407 

does not necessarily dismiss the possibility of ENSO impacting floristic composition. Instead, 408 

it underscores the need for further investigation into potential confounding variables or 409 

methodological considerations that could have affected the findings. The increased mortality of 410 

certain species, despite recruitment efforts, indicates that many species could not compensate 411 

for these losses. Similar trends of increased tree mortality have been documented in core 412 

Amazonia forests following previous drought events, such as in 2005 (Phillips et al., 2009) and 413 

2010 (Feldpausch et al., 2016; Meira Junior et al., 2020), alongside changes in floristic 414 

composition (Esquivel-Muelbert et al., 2019a). 415 

Our study shows that climate factors, including water deficit and temperature increases, 416 

drive altered dynamics and floristic composition of tree communities in the large transitional 417 

region at the edge of the Amazonia biome and into the Cerrado. Specifically, the Seasonal 418 

Forest and Cerradão were the most affected vegetation types in this transition zone. These areas 419 

experienced significant changes in species composition and tree community dynamics, 420 

highlighting their sensitivity to climatic stressors such as increased temperature and water 421 

scarcity. These impacts show that even where ecosystems are known to be very dynamic 422 

already (Marimon et al., 2014; Esquivel-Muelbert et al., 2020; Reis et al., 2018, 2022), still 423 

greater increases in mortality can be caused by climate extremes.  424 

Our expectation was that the forests in the Open Ombrophilous Forests on the southern 425 

edge of Amazonia would be most negatively impacted by the ENSO event (see Figure 1). This 426 

was based on the fact that these forests host species adapted to normally humid environments, 427 

with consistent and abundant precipitation (Esquivel-Muelbert et al., 2017a, b). Therefore, 428 

when these trees are exposed to prolonged periods of drought and elevated temperatures, they 429 

are more likely to experience hydraulic failure and have greater susceptibility to mortality 430 

(Choat et al., 2012; 2018; McDowell, 2018). Hydraulic failure refers to the inability of trees to 431 

transport water from their roots to their leaves, resulting in cavitation or embolism within the 432 

conducting vessels. This phenomenon occurs under high water stress, such as during extreme 433 

droughts, and can lead to severe water stress and potentially the death of the plant. Recent 434 

studies indicate that hydraulic failure is a crucial factor in tree mortality during extreme drought 435 

events, as observed in various regions of the Amazonia. For example, Phillips et al. (2009) and 436 

Esquivel-Muelbert et al. (2019) highlight that increased mortality rates are associated with the 437 

trees' inability to maintain water transport under intense drought conditions. Similarly, research 438 

by Cochard and Delzon (2013) and Brodribb et al. (2020) demonstrates that hydraulic failure 439 
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can occur under severe drought conditions, despite the fact that hydraulic repair mechanisms 440 

are not routinely observed in trees. 441 

However, contrary to our expectations, it was the forests in drier environments 442 

(Seasonal Forest and Cerradão) which were most impacted by the ENSO, losing both tree 443 

density and species richness (see Table 1). This unexpected finding may be attributed to these 444 

vegetation types being situated in more seasonal climates characterized by consistent 445 

ecophysiological stress, including high temperatures and seasonal moisture deficits (Araújo et 446 

al., 2021). Consequently, their species may already be operating near their adaptive limits, 447 

which refers to the point at which a species or a community of organisms reaches the extent of 448 

its capacity to adapt to environmental changes (Tiwari et al., 2020; Reis et al., 2018, 2022; 449 

Bennett et al., 2023), making them more vulnerable to extreme weather events. Further, given 450 

that drier tropical forests often are less functionally diverse than wetter forests (Aguirre‐451 

Gutiérrez et al., 2022), they may have less functional redundancy when subjected to more 452 

significant water deficits. In all, our findings reveal the climate vulnerability of transitional 453 

forest communities in drier Amazonian locations, both in terms of vegetation structure and 454 

floristic composition. 455 

Conversely, species inhabiting the Open Ombrophilous Forest, the wettest community 456 

we assessed and characterized by the lowest water deficit through the year, were the most 457 

resistant to water stress induced by ENSO. Our observations indicate that baseline precipitation 458 

plays a pivotal role in predicting the impacts of droughts on tropical vegetation (Phillips et al., 459 

2009). One likely mechanism underlying this is that forests located in regions with higher year-460 

round precipitation have greater access to groundwater resources, enabling them to use this 461 

reserve during prolonged water stress periods, as was the case during the 2015/2016 ENSO 462 

(Giardina et al., 2018). 463 

While we did not observe the highest levels of individuals and species loss in the Open 464 

Ombrophilous Forest plots after the ENSO, when compared to Seasonal Forest, the long-term 465 

prospects for these forests are uncertain. Several studies have already suggested an increase in 466 

tree mortality in response to climate change (Nepstad et al., 2007; McDowell, 2018; Choat et 467 

al., 2018; Bennett et al., 2023). Thus, we postulate that the impacts of the 2015/2016 drought 468 

on the Open Ombrophilous Forest (e.g., reduced productivity and increasing mortality) might 469 

manifest more gradually compared to the other vegetation types within the Amazonia-Cerrado 470 

transition (Meira Junior et al., 2020). For all other vegetation types, already subjected to 471 

persistent water stress, their detrimental effects were apparent in the short term (Marimon et al., 472 

2020; Esquivel-Muelbert et al., 2020; Reis et al., 2022). 473 
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The resilience of Cerrado species to extreme drought events like ENSO raises critical 474 

questions about the potential transformation of the Amazonia rainforest into Cerrado-like 475 

landscapes (Stark et al., 2020). While Seasonal Forests and Cerradão are highly sensitive, 476 

demonstrating substantial declines in tree density and species richness, species in the Typical 477 

Cerrado showed remarkable resistance, with minimal impacts observed during the ENSO event. 478 

This contrasting resilience underscores the need for targeted conservation strategies to mitigate 479 

the risk of biome shift under changing climate conditions (Hoffman et al., 2021; 2023). This 480 

resilience is attributed to structural and ecophysiological adaptations such as deep root systems, 481 

thick cuticles, water conservation, and stress tolerance, which equip Cerrado species to cope 482 

with periods of water deficit (Oliveira et al., 2005; Araújo et al., 2021). While recurrent and 483 

severe droughts could theoretically lead to a transition of Amazonia vegetation towards a 484 

Cerrado-like state, this process is influenced by a complex interplay of factors including climate 485 

variables such as precipitation and temperature, as well as fire regimes, soil characteristics, and 486 

human activities (Marimon et al., 2014; Morandi et al., 2016). The resilience observed in 487 

Cerrado species does not necessarily predict an immediate or irreversible shift to a Cerrado 488 

ecosystem but highlights the need to understand the adaptive capacities of diverse vegetation 489 

types under changing environmental conditions. 490 

Consequently, in a scenario where extreme drought events become more frequent, our 491 

findings suggest that forests within the Amazonia-Cerrado transition, particularly seasonal 492 

forests, will become increasingly vulnerable. This vulnerability may lead to the replacement of 493 

forest species by those better adapted to drought conditions, typically found in savanna 494 

formations (Esquivel-Muelbert et al., 2019a; Araújo et al., 2021). Thus, our study underscores 495 

that in environments characterized by persistent water stress, like the Amazonia-Cerrado 496 

transition, more frequent and intense droughts could significantly alter floristic composition 497 

and ecosystem dynamics. 498 

To address our second research question regarding the species, genera, and families 499 

experiencing the most significant changes in tree density due to the ENSO event, we reference 500 

findings from Baker et al. (2014). Their study, which used ecological factors to enhance species 501 

richness estimations through models based on diversification rates, indicated that specific 502 

environmental conditions and increased mortality rates often favour species with high turnover 503 

rates. This trait is prevalent among species-rich Amazonia genera such as Inga, suggesting a 504 

substantial demographic influence on the diversity observed in certain Amazonia lineages. The 505 

notable decline in Inga species within our Open Ombrophilous Forest plots may reflect this 506 
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genus’s intrinsic characteristics and its capacity for in situ diversification in response to 507 

historical extreme events or climate change (Hoorn et al., 2010). 508 

The species with the highest VI in the Open Ombrophilous Forest plots, Protium 509 

altissimum and P. sagotianum, retained their positions after ENSO, while Crepidospermum 510 

goudotianum saw the largest increase. All three belong to the Burseraceae family, predominant 511 

in southeastern Amazonia (ter Steege et al., 2006). Conversely, the Brazil nut tree (Bertholletia 512 

excelsa), crucial for indigenous sustenance and global consumption, vanished from the Open 513 

Ombrophilous Forest plots. Post the 2015/2016 ENSO event, Brazil nut production plummeted 514 

by nearly two-thirds, exacerbating concerns about the impact of climate change on this 515 

culturally significant species (Thomas et al., 2014; Cooper, 2019). 516 

While some species, including those with the highest VI in the Seasonal Forest plots, 517 

maintained their positions throughout our study—such as Hymenaea courbaril and 518 

Trattinnickia glaziovii, key to the regional timber trade (Ivanauskas, 2002; Cipriano et al., 519 

2014)—others, including Nectandra cuspidata, Ocotea guianensis, Miconia pyrifolia, and 520 

Jacaranda copaia, declined notably. This decline may be attributed to their rapid growth and 521 

shorter life cycles, which typically increase mortality among pioneer species (Swaine and 522 

Lieberman, 1987; Swaine and Whitmore, 1988; Wright et al., 2010). These species tend to 523 

produce lighter wood and less mechanically robust trunks, lacking in drought resistance and 524 

long-term defense, characteristics that are disadvantageous in the seasonal climates of the 525 

southern periphery of Amazonia (Hietz et al., 2017). Consequently, they are more vulnerable 526 

than species in rainforests. 527 

Conversely, in both Cerradão and Typical Cerrado plots, Emmotum nitens showed an 528 

increase in the number of individuals after the ENSO event. Notably, in the Cerradão plots, 529 

Hirtella glandulosa, recognized as an indicator of dystrophic Cerradão within the Amazonia-530 

Cerrado transition (Ratter et al., 1973; Marimon et al., 2006), retained its top position in terms 531 

of VI. This species is characterized by high leaf water potential and a high hydraulic safety 532 

margin, which may confer ecophysiological advantages following extreme climate events 533 

(Jancoski et al., 2022). A hydraulic safety margin refers to the difference between the water 534 

potential at which hydraulic failure occurs (cavitation or embolism) and the operational water 535 

potential of the plant (Cochard and Delzon, 2013). A high hydraulic safety margin indicates 536 

that the plant operates within a safer range, far from the point of hydraulic failure, thus reducing 537 

the risk of severe water stress (Brodribb et al., 2020). Conversely, a low hydraulic safety margin 538 

would mean the plant operates close to this critical point, making it more vulnerable to drought 539 

conditions. Additionally, Oliveira-Filho and Ratter (1995) identified both Emmotum nitens and 540 
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Hirtella glandulosa as keystone species linking Riparian Forests, Typical Cerrado, and 541 

transitional vegetation along the southern Amazonian border, highlighting their potential role 542 

in restoration efforts in the Amazonia-Cerrado transition. 543 

In the Typical Cerrado plots, most species maintained their VI positions between before 544 

and after ENSO inventories. Qualea parviflora consistently held the top position, underscoring 545 

its widespread distribution across 80% of 376 assessed areas in the Cerrado biome, including 546 

disjunct and peripheral regions, showcasing its adaptation to varied soil and climate conditions 547 

(Ratter et al., 2003; Buzatti et al., 2017). Additionally, Jancoski et al. (2022) highlighted its 548 

ecophysiological traits, such as high potential hydraulic conductivity and large xylem vessel 549 

diameter, coupled with significant drought resistance, evidenced by a high hydraulic safety 550 

margin. These characteristics likely contribute to its sustained prominence in the Typical 551 

Cerrado plots, even after the ENSO event. 552 

The genera and families with the highest tree density and VI have shown notable 553 

stability over time, suggesting resilience at higher taxonomic levels. Protium and Trattinnickia, 554 

in particular, have maintained their relevance in both open and seasonal forest ecosystems 555 

throughout ENSO events. These genera are crucial to the Amazonia-Cerrado transition forests 556 

and should be prioritized in reforestation efforts aimed at restoring degraded areas, given their 557 

demonstrated resilience to extreme climate events and their significant role in the local flora 558 

(Ratter et al., 1973; Oliveira-Filho and Ratter, 1995; Ivanauskas, 2002; Marimon et al., 2014, 559 

2020; Morandi et al., 2016). Additionally, about 70% of the genera newly recorded in plots 560 

after ENSO are characteristic pioneer species, highlighting dynamic ecological responses to 561 

climate disturbances (Morandi et al., 2016). 562 

Aspidosperma is prominent in the Open Ombrophilous Forest, Cerradão, and Typical 563 

Cerrado, acting as a vital element of these transitional ecosystems (Ratter et al., 1973; 2003; 564 

Oliveira-Filho and Ratter, 1995; Marimon et al., 2006). Research indicates that Aspidosperma 565 

species excel under water stress, likely contributing to their resilience across various vegetation 566 

types, even following the 2015/2016 ENSO event (Freitas and Silva, 2018; Pájaro-Esquivia et 567 

al., 2021). After ENSO, the Cerradão plots experienced the complete disappearance of the 568 

Caryocaraceae family, known for its crucial fruit that sustains both humans and wildlife (Prance 569 

and Silva, 1973). The loss of an entire botanical family due to an extreme weather event 570 

highlights serious concerns about ecosystem regeneration and stability. 571 

The increase in mortality among vulnerable species has led to decreased productivity, 572 

particularly in those most susceptible. This decline in tree density and floristic diversity has 573 

potentially facilitated the establishment of more resilient species (Esquivel-Muelbert et al., 574 
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2017a, b; 2019a; Bennett et al., 2023). Although our study does not include seedling 575 

monitoring, it suggests an after-ENSO trend of species replacement favoring pioneers and those 576 

adapted to drier conditions. For example, Zanthoxylum ekmanii saw a 50% increase in 577 

individuals in the Open Ombrophilous Forest (Ruschel et al., 2015), and Tachigali vulgaris, 578 

known for its climate resilience, expanded by 125% in the Typical Cerrado plots (Farias et al., 579 

2016). 580 

Our investigation revealed that the expected changes in floristic composition within the 581 

forest and savanna formations due to an extreme climate event associated with intense drought 582 

were not supported by our findings. However, we did observe significant losses in tree density 583 

and species richness in the typical transitional forest types, the Seasonal Forests and Cerradão. 584 

These results underscore the particular vulnerability of vegetation in the Amazonia-Cerrado 585 

transition to temperature and precipitation anomalies linked to the ENSO phenomenon, leading 586 

to substantial declines in tree density and shifts in floristic composition. By analyzing specific 587 

species and monitoring population gains and losses during the 2015/2016 ENSO event, our 588 

study identified species that are most susceptible, including Dialium guianense in Open 589 

Ombrophilous Forest, Miconia pyrifolia in the Seasonal Forest, Xylopia aromatica in Cerradão, 590 

and Guapira noxia in Typical Cerrado. Conversely, we pinpointed species demonstrating 591 

resilience, such as Rinoreocarpus ulei in Open Ombrophilous Forest, Tapirira obtusa in 592 

Seasonal Forest, Emmotum nitens in Cerradão, and Tachigali vulgaris in Typical Cerrado. This 593 

vital information can guide strategic decisions for managing and restoring degraded areas by 594 

either avoiding the use of vulnerable species or promoting more resistant species in restoration 595 

efforts. The insights gained from this study highlight the need for targeted conservation 596 

strategies that can mitigate the impacts of climate extremes on these crucial transitional 597 

ecosystems, thereby preserving their biodiversity and ecological functions.  598 



20 

5. Acknowledgements 599 

We thank the Coordination for the Improvement of Higher Education Personnel 600 

(CAPES) - Financing Code 001 for the scholarship granted to the first author. We thank the 601 

National Council for Scientific and Technological Development (CNPq) and Foundation for 602 

Research Support of Mato Grosso State (FAPEMAT), which financed the Long-Term 603 

Ecological Project (PELD), Cerrado-Amazonia Transition: ecological and socio-environmental 604 

bases for conservation (441244/2016-5 and 441572/2020-0; 0346321/2021). We are also 605 

grateful for the financial support of the FORAMA (“For a Climate Resilient Amazonia”) 606 

project, funded by The Royal Society. Thanks to the Laboratory of Plant Ecology (LABEV) 607 

team at the University of the State of Mato Grosso (UNEMAT) for their help in all inventories 608 

and data analysis. 609 

6. Funding 610 

The Coordination for the Improvement of Higher Education Personnel (CAPES) - 611 

Financing Code 001 granted the scholarship to the first author. National Council for Scientific 612 

and Technological Development (CNPq) and Foundation for Research Support of Mato Grosso 613 

State (FAPEMAT) financed the Long-Term Ecological Project (PELD), Cerrado-Amazonia 614 

Transition: ecological and socio-environmental bases for conservation (441244/2016-5 and 615 

441572/2020-0; 0346321/2021). The Royal Society funded the FORAMA (“For a Climate 616 

Resilient Amazonia”) project (ICA\R1\180100).   617 



21 

7. References 618 

Abatzoglou, J.T., Dobrowski, S.Z., Parks, S.A., Hegewisch, K.C., 2018. TerraClimate, a high-619 

resolution global dataset of monthly climate and climatic water balance from 1958–620 

2015. Sci. Data 5, 170191. https://doi.org/10.1038/sdata.2017.191 621 

Aguirre‐Gutiérrez, J., Berenguer, E., Oliveras Menor, I., Bauman, D., Corral-Rivas, J.J., Nava-622 

Miranda, M.G., Both, S., …Malhi, Y., 2022. Functional susceptibility of tropical forests 623 

to climate change. Nat Ecol Evol 6, 878–889. https://doi.org/10.1038/s41559-022-624 

01747-6 625 

Alvares, C.A., Stape, J.L., Sentelhas, P.C., de Moraes, G., Leonardo, J., Sparovek, G., 2013. 626 

Köppen's climate classification map for Brazil. Meteorol. Zeitschrift 22(6), 711-728. 627 

https://doi.org/10.1127/0941-2948/2013/0507. 628 

Anderson, M.J., 2001. A new method for non-parametric multivariate analysis of variance. 629 

Austral Ecol. 26, 32–46. https://doi.org/10.1046/j.1442-9993.2001.01070.x 630 

APG IV - The Angiosperm Phylogeny Group, Chase, M.W., Christenhusz, M.J.M., Fay, M.F., 631 

Byng, J.W., Judd, W.S., Soltis, D.E., Mabberley, D.J., Sennikov, A.N., Soltis, P.S., 632 

Stevens, P.F., 2016. An update of the Angiosperm Phylogeny Group classification for 633 

the orders and families of flowering plants: APG IV. Botanical Journal of the Linnean 634 

Society 181, 1–20. https://doi.org/10.1111/boj.12385 635 

Aragão, L.E.O.C., Malhi, Y., Roman-Cuesta, R.M., Saatchi, S., Anderson, L.O., Shimabukuro, 636 

Y.E., 2007. Spatial patterns and fire response of recent Amazonian droughts. Geophys. 637 

Res. Lett. 34, L07701. https://doi.org/10.1029/2006GL028946 638 

Araújo, I., Marimon, B.S., Scalon, M.C., Fauset, S., Marimon Junior, B.H., Tiwari, R., 639 

Galbraith, D.R., Gloor, M.U., 2021. Trees at the Amazonia-Cerrado transition are 640 

approaching high temperature thresholds. Environ. Res. Lett. 16, 034047. 641 

https://doi.org/10.1088/1748-9326/abe3b9 642 

Baker, T.R., Pennington, R.T., Magallon, S., Gloor, E., Laurance, W.F., Alexiades, M., 643 

Alvarez, E., … Phillips, O.L., 2014. Fast demographic traits promote high 644 

diversification rates of Amazonian trees. Ecol. Lett. 17, 527–536. 645 

https://doi.org/10.1111/ele.12252 646 

Bennett, A.C., Dargie, G.C., Cuni-Sanchez, A., Tshibamba Mukendi, J., Hubau, W., Mukinzi, 647 

J.M., Phillips, O.L., Malhi, Y., ...Lewis, S.L., 2021. Resistance of African tropical 648 

forests to an extreme climate anomaly. Proc Natl Acad Sci US A 118, e2003169118. 649 

https://doi.org/10.1073/pnas.2003169118BFG – Brazilian Flora Group. 2020.  650 



22 

Bennett, A.C., Sousa, T.R., Montegudo-Mendoza, A., Esquivel-Muelbert, A., Morandi, P.S., 651 

Souza, F.C., Castro, W., ... Phillips, O.L., 2023. Sensitivity of South American tropical 652 

forests to an extreme climate anomaly. Nat. Clim. Change, 13, 967-974. 653 

https://doi.org/10.1038/s41558-023-01776 654 

Bonini, I., Rodrigues, C., Dallacort, R., Marimon Junior, B.H., Carvalho, M.A.C., 2014. 655 

Rainfall and deforestation in the municipality of Colíder, southern Amazon. Rev. Bras. 656 

Meteorol. 29, 483–493. https://doi.org/10.1590/0102-778620130665 657 

Brando, P.M., Balch, J.K., Nepstad, D.C., Morton, D.C., Putz, F.E., Coe, M.T., Silverio, D., 658 

…Soares-Filho, B.S., 2014. Abrupt increases in Amazonian tree mortality due to 659 

drought-fire interactions. Proc. Natl. Acad. Sci. 111, 6347–6352. 660 

https://doi.org/10.1073/pnas.1305499111 661 

Brodribb, T. J., Powers, J., Cochard, H., Choat, B. (2020). Hanging by a thread? Forests and 662 

drought. Science, 368, 261-266. https://doi.org/10.1126/science.aat7631 663 

Bustamante, M.M., Nardoto, G.B., Pinto, A.S., Resende, J.C., Takahashi, F.S., Vieira, L.C., 664 

2012. Potential impacts of climate change on biogeochemical functioning of Cerrado 665 

ecosystems. Brazilian Journal of Biology 72, 655–671. https://doi.org/10.1590/s1519-666 

69842012000400005 667 

Buzatti, R.S. de O., Lemos-Filho, J.P., Bueno, M.L., Lovato, M.B., 2017. Multiple Pleistocene 668 

refugia in the Brazilian cerrado: evidence from phylogeography and climatic niche 669 

modelling of two Qualea species (Vochysiaceae). Bot. J. Lin. Soc. 185, 307–320. 670 

https://doi.org/10.1093/botlinnean/box062 671 

Choat, B., Brodribb, T.J., Brodersen, C.R., Duursma, R.A., López, R., Medlyn, B.E., 2018. 672 

Triggers of tree mortality under drought. Nature 558, 531–539. 673 

https://doi.org/10.1038/s41586-018-0240-x 674 

Choat, B., Jansen, S., Brodribb, T.J., Cochard, H., Delzon, S., Bhaskar, R., Bucci, S.J., …Zanne, 675 

A.E., 2012. Global convergence in the vulnerability of forests to drought. Nature 491, 676 

752–755. https://doi.org/10.1038/nature11688 677 

Cipriano, J., Martins, L., Deus, M.S.M., Peron, A.P., 2014. O gênero Hymenaea e suas espécies 678 

mais importantes do ponto de vista econômico e medicinal para o Brasil. Cad. Pesqui., 679 

26(2), 41-51. https://doi.org/10.17058/cp.v26i2.5248 680 

Cochard, H., & Delzon, S. (2013). Hydraulic failure and repair are not routine in trees. Annals 681 

of Forest Science, 70, 659–661. https://doi.org/10.1007/s13595-013-0317-5 682 

Cooper, A., 2019. The Brazil Nut: A coveted holiday treat, a nutritious superfood, or a canary 683 

in the mine of climate change? London: The London NERC DTP. https://london-nerc-684 



23 

dtp.org/2019/07/22/the-brazil-nut-a-coveted-holiday-treat-a-nutritious-superfood-or-a-685 

canary-in-the-mine-of-climate-change/ 686 

Cunha, A.P.M.A., Zeri, M., Deusdará Leal, K., Costa, L., Cuartas, L.A., Marengo, J.A., 687 

Tomasella, J., Vieira, R.M., Barbosa, A.A., Cunningham, C., et al., 2019. Extreme 688 

Drought Events over Brazil from 2011 to 2019. Atmosphere 10, 642. 689 

https://doi.org/10.3390/atmos10110642 690 

Dixon, P., 2003. VEGAN, a package of R functions for community ecology. J. Veg. Sci. 14, 691 

927–930. https://doi.org/10.1111/j.1654-1103.2003.tb02228.x 692 

Doughty, C.E., Metcalfe, D.B., Girardin, C.A.J., Amézquita, F.F., Cabrera, D.G., Huasco, 693 

W.H., Silva-Espejo, J.E., …Malhi, Y., 2015. Drought impact on forest carbon dynamics 694 

and fluxes in Amazonia. Nature 519, 78–82. https://doi.org/10.1038/nature14213 695 

Durigan, G., 2020. The Cerrado is burning: fire, biodiversity and ecosystem services. Brazilian 696 

Journal of Botany 43, 631-646. https://doi.org/10.1007/s40415-020-00635-7 697 

Esquivel-Muelbert, A., Baker, T.R., Dexter, K.G., Lewis, S.L., Brienen, R.J.W., Feldpausch, 698 

T.R., Lloyd, J., …Phillips, O.L., 2019a. Compositional response of Amazon forests to 699 

climate change. Glob. Chang. Biol. 25, 39–56. https://doi.org/10.1111/gcb.14413 700 

Esquivel-Muelbert, A., Baker, T.R., Dexter, K.G., Lewis, S.L., ter Steege, H., Lopez-Gonzalez, 701 

G., Monteagudo Mendoza, A., …Phillips, O.L., 2017a. Seasonal drought limits tree 702 

species across the Neotropics. Ecography, 40, 618–629. 703 

https://doi.org/10.1111/ecog.01904 704 

Esquivel-Muelbert, A., Bennett, A.C., Sullivan, M.J.P., Baker, J.C.A., Gavish, Y., Johnson, 705 

M.O., Wang, Y., …Fauset, S., 2019b. A Spatial and Temporal Risk Assessment of the 706 

Impacts of El Niño on the Tropical Forest Carbon Cycle: Theoretical Framework, 707 

Scenarios, and Implications. Atmosphere, 10, 588. 708 

https://doi.org/10.3390/atmos10100588 709 

Esquivel-Muelbert, A., Galbraith, D., Dexter, K.G., Baker, T.R., Lewis, S.L., Meir, P., 710 

Rowland, L., Costa, A.C.L. da, Nepstad, D., Phillips, O.L., 2017b. Biogeographic 711 

distributions of neotropical trees reflect their directly measured drought tolerances. Sci. 712 

Rep. 7, 8334. https://doi.org/10.1038/s41598-017-08105-8 713 

Esquivel-Muelbert, A., Phillips, O.L., Brienen, R.J.W., Fauset, S., Sullivan, M.J.P., Baker, 714 

T.R., Chao, K.-J., Feldpausch, T.R., …Galbraith, D., 2020. Tree mode of death and 715 

mortality risk factors across Amazon forests. Nat. Commun. 11, 5515. 716 

https://doi.org/10.1038/s41467-020-18996-3 717 



24 

Farias, J., Marimon, B.S., de Carvalho Ramos Silva, L., Petter, F.A., Andrade, F.R., Morandi, 718 

P.S., Marimon-Junior, B.H., 2016. Survival and growth of native Tachigali vulgaris and 719 

exotic Eucalyptus urophylla×Eucalyptus grandis trees in degraded soils with biochar 720 

amendment in southern Amazonia. For. Ecol. Manage. 368, 173–182. 721 

https://doi.org/10.1016/j.foreco.2016.03.022 722 

Fearnside, P.M., 2017. Deforestation of the Brazilian Amazon. Environmental Conservation 723 

44, 199-206. https://doi.org/10.1017/S0376892917000297 724 

Feldpausch, T.R., Phillips, O.L., Brienen, R.J.W., Gloor, E., Lloyd, J., Lopez-Gonzalez, G., 725 

Monteagudo-Mendoza, A., Malhi, Y., …Vos, V.A., 2016. Amazon forest response to 726 

repeated droughts. Global Biogeochem. Cycles 30, 964–982. 727 

https://doi.org/10.1002/2015GB005133 728 

Flora do Brasil 2020. Jardim Botânico do Rio de Janeiro, Rio de Janeiro. 729 

http://floradobrasil.jbrj.gov.br/reflora/listaBrasil/PrincipalUC/PrincipalUC.do;jsessioni730 

d=59680AEAA9C25C233318D34F8FF33597#CondicaoTaxonCP 731 

ForestPlots.net, Blundo, C., Carilla, J., Grau, R., Malizia, A., Malizia, L., Osinaga-Acosta, O., 732 

Bird, M., Bradford, M., Catchpole, D., …Tran, H.D., 2021. Taking the pulse of Earth’s 733 

tropical forests using networks of highly distributed plots. Biol. Conserv. 260, 108849. 734 

https://doi.org/10.1016/j.biocon.2020.108849 735 

Freitas, R. S., Silva, C., 2018. Respostas fisiológicas de mudas de Aspidosperma pyrifollium 736 

(Apocynaceae) a ciclos de suspensão de rega. Scien. Plena. 14(5), 51– 201. https://doi: 737 

10.14808/sci.plena.2018.051201 738 

Giardina, F., Konings, A.G., Kennedy, D., Alemohammad, S.H., Oliveira, R.S., Uriarte, M., 739 

Gentine, P., 2018. Tall Amazonian forests are less sensitive to precipitation variability. 740 

Nat. Geosci. 11, 405–409. https://doi.org/10.1038/s41561-018-0133-5 741 

Haghtalab, N., Moore, N., Heerspink, B.P., 2020. Evaluating spatial patterns in precipitation 742 

trends across the Amazon basin driven by land cover and global scale forcings. Theor. 743 

Appl. Climatol. 140, 411–427. https://doi.org/10.1007/s00704-019-03085-3 744 

Harris, I., Jones, P. d., Osborn, T. j., Lister, D. h., 2014. Updated high-resolution grids of 745 

monthly climatic observations – the CRU TS3.10 Dataset. International Journal of 746 

Climatology 34, 623–642. https://doi.org/10.1002/joc.3711 747 

Hietz, P., Rosner, S., Hietz‐Seifert, U., Wright, S.J., 2017. Wood traits related to size and life 748 

history of trees in a Panamanian rainforest. New Phytol. 213, 170–180. 749 

https://doi.org/10.1111/nph.14123 750 



25 

Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G., Jarvis, A., 2005. Very high-resolution 751 

interpolated climate surfaces for global land areas. Int. J. Climatol. 25, 1965–1978. 752 

https://doi.org/10.1002/joc.1276 753 

Hoffman, W.A., Geiger, E.L., Gotsch, S.G., Rossatto, D.R., Silva, L.C.R., Lau, O.L., 754 

Haridasan, M., Franco, A.C., 2021. Declining resistance of vegetation productivity to 755 

droughts across global biomes. Global Change Biology. 756 

https://doi.org/10.1111/gcb.15712 757 

Hoffman, W.A., Geiger, E.L., Gotsch, S.G., Rossatto, D.R., Silva, L.C.R., Lau, O.L., 758 

Haridasan, M., Franco, A.C., 2023. Multifaceted responses of vegetation to average and 759 

extreme climate change over global drylands. Scientific Reports 13, 12345. 760 

https://doi.org/10.1038/s41598-023-38174-x 761 

Hofmann, G.S., Cardoso, M.F., Alves, R.J.V., Weber, E.J., Barbosa, A.A., Toledo, P.M., 762 

Pontual, F.B., Salles, L.O., Hasenack, H., Cordeiro, J.L.P., Aquino, F.E., Oliveira, L.F.B., 763 

2021. The Brazilian Cerrado is becoming hotter and drier. Glob. Change Biol. 27, 4060-764 

4073. https://doi.org/10.1111/gcb.15712 765 

Hoorn, C., Wesselingh, F.P., Ter Steege, H., Bermudez, M. A., Mora, A., Sevink, J., 2010. 766 

Amazonia through time: Andean uplift, climate change, landscape evolution, and 767 

biodiversity. Science 330, 927–931. https://doi: 10.1126/science.1194585 768 

Hsieh, T.C., Ma, K.H., Chao, A., 2016. iNEXT: an R package for rarefaction and extrapolation 769 

of species diversity (<scp>H</scp> ill numbers). Methods Ecol. Evol. 7, 1451–1456. 770 

https://doi.org/10.1111/2041-210X.12613 771 

Hubau, W., De Mil, T., Van den Bulcke, J., Phillips, O.L., Angoboy Ilondea, B., Van Acker, 772 

J., Sullivan, M.J.P., Nsenga, L., …Beeckman, H., 2020. The persistence of carbon in 773 

the African forest understory. Nat. Plants 5, 133–140. https://doi.org/10.1038/s41477-774 

018-0316-5 775 

IBGE – Instituto Brasileiro de Geografia e Estatística, 2009. Pedologia, Mapa de Solos do 776 

Estado de Mato Grosso. 777 

https://geoftp.ibge.gov.br/informacoes_ambientais/pedologia/mapas/unidades_da_fede778 

racao/mt_pedologia.pdf, accessed 27 September 2023. 779 

Ivanauskas, N.M., 2002. Estudo da vegetação na área de contato entre formações florestais em 780 

Gaúcha do Norte-MT. Tese de Doutorado, Universidade Estadual de Campinas, 781 

Campinas, São Paulo. 185pp. 782 

Jancoski, H. S., Marimon, B. S., Scalon, M. C., Barros, V.F., Marimon‐Junior, B. H., Carvalho, 783 

E., S. Oliveira, R., Oliveiras Menor, I., 2022. Distinct leaf water potential regulation of 784 



26 

tree species and vegetation types across the Cerrado–Amazonia transition. Biotropica 785 

54(2), 431–443. https://doi.org/10.1111/btp.13064 786 

Jimenez, J.C., Barichivich, J., Mattar, C., Takahashi, K., Santamaría-Artigas, A., Sobrino, J.A., 787 

Malhi, Y., 2018. Spatio-temporal patterns of thermal anomalies and drought over 788 

tropical forests driven by recent extreme climatic anomalies. Philos. Trans. R. Soc. B 789 

Biol. Sci. 373, 20170300. https://doi.org/10.1098/rstb.2017.0300 790 

Jiménez-Muñoz, J.C., Mattar, C., Barichivich, J., Santamaría-Artigas, A., Takahashi, K., Malhi, 791 

Y., Sobrino, J.A., Schrier, G. van der, 2016. Record-breaking warming and extreme 792 

drought in the Amazon rainforest during the course of El Niño 2015–2016. Sci. Rep. 6, 793 

33130. https://doi.org/10.1038/srep33130 794 

Klink, C.A., Machado, R.B., 2005. Conservation of the Brazilian Cerrado. Conservation 795 

Biology 19, 707–713. https://doi.org/10.1111/j.1523-1739.2005.00702.x 796 

Lewis, S.L., Phillips, O.L., Sheil, D., Vinceti, B., Baker, T.R., Brown, S., Graham, A.W., 797 

Higuchi, N., …Vásquez Martínez, R., 2004. Tropical forest tree mortality, recruitment 798 

and turnover rates: calculation, interpretation and comparison when census intervals 799 

vary. J. Ecol. 92, 929–944. https://doi.org/10.1111/j.0022-0477.2004.00923.x 800 

Lopez-Gonzalez, G., Lewis, S.L., Burkitt, M., Phillips, O.L., 2011. ForestPlots.net: a web 801 

application and research tool to manage and analyse tropical forest plot data. J. Veg. 802 

Sci. 22, 610–613. https://doi.org/10.1111/j.1654-1103.2011.01312.x 803 

Malhi, Y., Roberts, J.T., Betts, R.A., Killeen, T.J., Li, W., Nobre, C.A., 2008. Climate change, 804 

deforestation, and the fate of the Amazon. Science 319, 169–172. 805 

https://doi.org/10.1126/science.1146961 806 

Marengo, J.A., Tomasella, J., Soares, W.R., Alves, L.M., Nobre, C.A., 2012. Extreme climatic 807 

events in the Amazon basin. Theor. Appl. Climatol. 107, 73–85. 808 

https://doi.org/10.1007/s00704-011-0465-1 809 

Marimon, B.S., Marimon-Junior, B.H., Feldpausch, T.R., Oliveira-Santos, C., Mews, H.A., 810 

Lopez-Gonzalez, G., Lloyd, J., ...Phillips, O.L., 2014. Disequilibrium and 811 

hyperdynamic tree turnover at the forest–cerrado transition zone in southern Amazonia. 812 

Plant Ecol. Divers. 7, 281–292. https://doi.org/10.1080/17550874.2013.818072 813 

Marimon, B.S., Oliveira-Santos, C., Marimon-Junior, B.H., Elias, F., de Oliveira, E.A., 814 

Morandi, P.S., S. Prestes, N.C.C., Mariano, L.H., Pereira, O.R., Feldpausch, T.R., 815 

Phillips, O.L., 2020. Drought generates large, long-term changes in tree and liana 816 

regeneration in a monodominant Amazon Forest. Plant Ecol. 221, 733–747. 817 

https://doi.org/10.1007/s11258-020-01047-8 818 



27 

Marimon, B.S., S. Lima, E., Duarte, T.G., Chieregatto, L.C., Ratter, J.A., 2006. Observations 819 

on the vegetation of northeastern Mato Grosso, Brazil. Iv. An analysis of the Cerrado–820 

Amazonian Forest ecotone. Edinb. J. Bot. 63, 323–341. 821 

https://doi.org/10.1017/S0960428606000576 822 

Marimon-Junior, B.H., Haridasan, M., 2005. Comparação da vegetação arbórea e 823 

características edáficas de um cerradão e um cerrado sensu stricto em áreas adjacentes 824 

sobre solo distrófico no leste de Mato Grosso, Brasil. Acta Bot. Bras. 19, 913–926. 825 

https://doi.org/10.1590/S0102-33062005000400026 826 

Marques, E.Q., Marimon-Junior, B.H., Marimon, B.S., Matricardi, E.A.T., Mews, H.A., Colli, 827 

G.R., 2020. Redefining the Cerrado–Amazonia transition: implications for 828 

conservation. Biodivers. Conserv. 29, 1501–1517. https://doi.org/10.1007/s10531-019-829 

01720-z 830 

Martinez Arbizu, P., 2020. pairwiseAdonis: Pairwise multilevel comparison using adonis. 831 

Disponível em: <https://github.com/pmartinezarbizu/pairwiseAdonis>.  832 

McDowell, N.G., 2018. Deriving pattern from complexity in the processes underlying tropical 833 

forest drought impacts. New Phytol. 219, 841–844. https://doi.org/10.1111/nph.15341 834 

Meira Junior, M.S., Pinto, J.R.R., Ramos, N.O., Miguel, E.P., Gaspar, R. de O., Phillips, O.L., 835 

2020. The impact of long dry periods on the aboveground biomass in a tropical forest: 836 

20 years of monitoring. Carbon Balance and Management 15, 12. 837 

https://doi.org/10.1186/s13021-020-00147-2 838 

Morandi, P.S., Marimon, B.S., Eisenlohr, P. V., Marimon-Junior, B.H., Oliveira-Santos, C., 839 

Feldpausch, T.R., Oliveira, E.A., Reis, S. M., Lloyd, J., Phillips, O.L., 2016. Patterns of 840 

tree species composition at watershed-scale in the Amazon ‘arc of deforestation’: 841 

implications for conservation. Environ. Conserv. 43, 317–326. 842 

https://doi.org/10.1017/S0376892916000278 843 

Morandi, P.S., Marimon, B.S., Marimon-Junior, B.H., Ratter, J.A., Feldpausch, T.R., Colli, 844 

G.R., Munhoz, C.B.R., … Phillips, O.L., 2018. Tree diversity and above-ground 845 

biomass in the South America Cerrado biome and their conservation implications. 846 

Biodivers. Conserv. 29, 1519–1536. https://doi.org/10.1007/s10531-018-1589-8 847 

Mueller-Dombois, D., Ellenberg, H., 1974. Aims and Methods of Vegetation Ecology. John 848 

Wiley and Sons, New York, 547 p. 849 

Nepstad, D.C., Tohver, I.M., Ray, D., Moutinho, P., Cardinot, G., 2007. Mortality of large trees 850 

and lianas following experimental drought in an Amazon Forest. Ecology 88, 2259–851 

2269. https://doi.org/10.1890/06-1046.1 852 



28 

Nogueira, D.S., Marimon, B.S., Marimon-Junior, B.H., Oliveira, E.A., Morandi, P., Reis, S.M., 853 

Elias, F., Neves, E.C., Feldpausch, T.R., Lloyd, J., Phillips, O.L., 2019. Impacts of fire 854 

on forest biomass dynamics at the Southern Amazon edge. Environ. Conserv. 46, 285–855 

292. https://doi.org/10.1017/S0376892919000110 856 

Oliveira, R.S., Dawson, T.E., Burgess, S.S.O., Nepstad, D.C., 2005. Hydraulic redistribution in 857 

three Amazonian trees. Oecologia 145, 354–363. https://doi.org/10.1007/s00442-005-858 

0108-2 859 

Oliveira-Filho, A.T., Ratter, J.A., 1995. A study of the origin of central Brazilian forests by the 860 

analysis of plant species distribution patterns. Edinb. J. Bot. 52(2), 141-194. 861 

https://doi.org/10.1017/S0960428600000949 862 

Pájaro-Esquivia, Y. S., Domínguez-Haydar, Y., Tinoco-Ojanguren, C., Lozano-Baez, S. E., 863 

Castellini, M., Di Prima, S., 2021. Effects of hydric and light combined stresses on the 864 

morphological and plastic responses of Aspidosperma polyneuron Müll. Arg. seedlings 865 

(Apocynaceae), EGU General Assembly 2021, online, 19–30 Apr 2021, EGU21-44, 21-866 

44. https://doi.org/10.5194/egusphere-egu 867 

Phillips, O., Baker, T., Feldpausch, T., Brienen, R., 2002. RAINFOR Field Manual for Plot 868 

Establishment and Remeasurement. 30. 869 

https://forestplots.net/upload/ManualsEnglish/RAINFOR_field_manual_EN.pdf 870 

Phillips, O.L., Aragao, L.E.O.C., Lewis, S.L., Fisher, J.B., Lloyd, J., Lopez-Gonzalez, G., 871 

Malhi, Y., …Vargas, P.N., Ramirez-Angulo, H., Rudas, A., Salamao, R., Silva, N., 872 

Terborgh, J., Torres-Lezama, A., 2009. Drought Sensitivity of the Amazon Rainforest. 873 

Science 323, 1344–1347. https://doi.org/10.1126/science.1164033 874 

Pinto, J.R.R., Oliveira-Filho, A.T.D., 1999. Perfil florístico e estrutura da comunidade arbórea 875 

de uma floresta de vale no Parque Nacional da Chapada dos Guimarães, Mato Grosso, 876 

Brasil. Braz. J. Bot. 22, 53–67. https://doi.org/10.1590/S0100-84041999000100008 877 

Prance, G.T., Silva, M.F., 1973. Caryocaraceae. Flora Neotropica 12, 1-75. 878 

https://www.jstor.org/stable/i399904 879 

Prestes, N.C.C.S., Massi, K.G., Silva, E.A., Nogueira, D.S., de Oliveira, E.A., Freitag, R., 880 

Marimon, B.S., Marimon-Junior, B.H., Keller, M., Feldpausch, T.R., 2020. Fire effects 881 

on understory forest regeneration in Southern Amazonia. Front. For. Glob. Chang. 3, 1–882 

15. https://doi.org/10.3389/ffgc.2020.00010 883 

Ratter, J., Richards, P., Argent, G., Gifford, D., 1973. Observations on the vegetation of 884 

northeastern Mato Grosso: I. The woody vegetation types of the Xavantina-Cachimbo 885 



29 

Expedition Area. Philos. Trans. R. Soc. London. B, Biol. Sci. 266, 449–492. 886 

https://doi.org/10.1098/rstb.1973.0053 887 

Ratter, J.A., Bridgewater S., Ribeiro, J.F., 2003. Analysis of the floristic composition of the 888 

Brazilian cerrado vegetation III: Comparison of the woody vegetation of 376 areas. 889 

Edinb. J. Bot. 60, 57–109. 890 

Reis, S. M., Marimon, B. S., Esquivel-Muelbert, A., Marimon Jr, B. H., Morandi, P. S., Elias, 891 

F., de Oliveira, E. A., Galbraith, D., Feldpausch, T. R., Menor, I. O., Malhi, Y., Phillips, 892 

O. L., 2022. Climate and crown damage drive tree mortality in southern Amazonian 893 

edge forests. J. Ecol. 110(4), 876–888. https://doi.org/10.1111/1365-2745.13849 894 

Reis, S.M., Marimon, B.S., Marimon Junior, B.H., Morandi, P.S., Oliveira, E.A., Elias, F., 895 

Neves, E.C., Oliveira, B., Nogueira, D. S., Umetsu, R.K., Feldpausch, T.R., Phillips, 896 

O.L., 2018. Climate and fragmentation affect forest structure at the southern border of 897 

Amazonia. Plant Ecol. Divers. 11, 13–25. 898 

https://doi.org/10.1080/17550874.2018.1455230 899 

Ribeiro, J.F., Walter, B.M.T., 2008. As principais fitofisionomias do Bioma Cerrado. In: Sano, 900 

S.M., Almeida, S.P. and Ribeiro, J.F., Eds., Cerrado Ecologia e Flora, Planaltina, 152-901 

212. 902 

Ruschel, A.R., Barbosa, L.M., Vieira, S.B., Siviero, M.A., Espírito-Santo, J.K.M., Santos, J.C., 903 

2015. Zanthoxylum ekmanii espécie florestal promissora: estudo de caso em uma 904 

floresta explorada, no município de Dom Eliseu, Pará. Anais da 67ª Reunião anual da 905 

SBPC, Universidade Federal de São Carlos (UFSCAR), São Paulo.  906 

Schiermeier, Q., 2015. Hunting the Godzilla El Niño. Nature 526, 490–491. 907 

https://doi.org/10.1038/526490a 908 

Sheil, D., Burslem, D.F.R.P. and Alder, D., 1995. The interpretation and misinterpretation of 909 

mortality rate measures. J. Ecol. 83, 331-333. 910 

Sheil, D., Jennings, S. and Savill, P., 2000. Long-term permanent plot observations of 911 

vegetations dynamics in Budongo, a Ugandan rain Forest. J. Trop. Ecol. 16, 765-800. 912 

Sousa, T.R., Schietti, J., Ribeiro, I.O., Emílio, T., Fernández, R.H., ter Steege, H., Castilho, 913 

C.V., Esquivel-Muelbert, A., …Costa, F.R.C., 2022. Water table depth modulates 914 

productivity and biomass across Amazonian forests. Glob. Ecol. Biogeogr. 31, 1571–915 

1588. https://doi.org/10.1111/geb.13531 916 

Stark, S. C., Breshears, D. D., Aragon, S., Villegas, J. C., Law, D. J., Smith, M. N., Minor, D. 917 

M., de Assis, R. L., de Almeida, D. R. A., de Oliveira, G., Saleska, S. R., Swann, A. L. 918 

S., Moura, J. M. S., Camargo, J. L., & Aragão, L. E. O. C. (2020). Reframing tropical 919 



30 

savannization: linking changes in canopy structure to energy balance alterations that 920 

impact climate. Ecosphere, 11(9), e03231. https://doi.org/10.1002/ecs2.3231 921 

Strassburg, B.B.N., Brooks, T., Feltran-Barbieri, R., Iribarrem, A., Crouzeilles, R., Loyola, R., 922 

Latawiec, A.E., Oliveira Filho, F.J.B., Scaramuzza, C.A., Scarano, F.R., Balmford, A., 923 

2017. Moment of truth for the Cerrado hotspot. Nature Ecology & Evolution 1, 0099. 924 

https://doi.org/10.1038/s41559-017-0099 925 

Swaine, M.D., Lieberman, D., 1987. Note on the calculation of mortality rates. J. Trop. Ecol. 926 

3, 2-3.    927 

Swaine, M.D., Whitmore, T., 1988. On the definition of ecological species groups in tropical 928 

forests. Vegetatio. Plant Ecol. 75, 81–86. https://doi.org/10.1007/BF00044629 929 

ter Steege, H., Pitman, N.C.A., Phillips, O.L., Chave, J., Sabatier, D., Duque, A., Molino, J.-F., 930 

Prévost, M.-F., Spichiger, R., Castellanos, H., von Hildebrand, P., Vásquez, R., 2006. 931 

Continental-scale patterns of canopy tree composition and function across Amazonia. 932 

Nature 443, 444–447. https://doi.org/10.1038/nature05134 933 

Thomas E., Alcázar C, C., Loo J, Kindt R., 2014. The distribution of the Brazil nut (Bertholletia 934 

excelsa) through time: from range contraction in glacial refugia, over human-mediated 935 

expansion, to anthropogenic climate change. Bol. Mus. Para. Emílio Goeldi Ciências 936 

Nat 9: 267–291. 937 

Tiwari, R., Gloor, E., Cruz, W.J.A., Schwantes Marimon, B., Marimon‐Junior, B.H., Reis, 938 

S.M., Souza, Igor Araújo, Krause, H.G., Slot, M., Winter, K., Ashley, D., Béu, R.G., 939 

Borges, C.S., Da Cunha, M., Fauset, S., Ferreira, L.D.S., Gonçalves, M.D.A., Lopes, 940 

T.T., Marques, E.Q., Mendonça, Natalia G., Mendonça, Natana G., Noleto, P.T., 941 

Oliveira, C.H.L., Oliveira, M.A., Pireda, S., Prestes, N.C.C., Santos, D.M., Santos, E.B., 942 

Silva, E.L.S., Souza, Izabel A., Souza, L.J., Vitória, A.P., Foyer, C.H., Galbraith, D., 943 

2020. Photosynthetic quantum efficiency in Amazonian trees may be already affected 944 

by climate change. Plant. Cell Environ. 44, 2428–2439. 945 

https://doi.org/10.1111/pce.13770 946 

Vieira, I.C.G., Toledo, P.M., Silva, J.M.C., Higuchi, H., 2018. Deforestation and threats to the 947 

biodiversity of Amazonian forest fragments. Environmental Conservation 45, 22-34. 948 

https://doi.org/10.1017/S0376892917000494 949 

Williamson, G.B., Laurance, W.F., Oliveira, A.A., Delamonica, P., Gascon, C., Lovejoy, T.E., 950 

Pohl, L., 2000. Amazonian Tree Mortality during the 1997 El Niño Drought. Conserv. 951 

Biol. 14, 1538–1542. https://doi.org/10.1046/j.1523-1739.2000.99298.x 952 



31 

Wright, S.J., Kitajima, K., Kraft, N.J.B., Reich, P.B., Wright, I.J., Bunker, D.E., Condit, R., 953 

Dalling, J.W., …Zanne, A.E., 2010. Functional traits and the growth–mortality trade-954 

off in tropical trees. Ecology 91, 3664–3674. https://doi.org/10.1890/09-2335.1 955 

Zar, J.H., 2010. Biostatistical analysis. New Jersey, Prentice Hall. 956 

Zimbres, B., Rodríguez-Veiga, P., Shimbo, J. Z., Bispo, P. C., Balzter, H., Bustamante, M. 957 

Roitman, I., Haidar, R. ...Alencar, A., 2021. Mapping the stock and spatial distribution 958 

of aboveground woody biomass in the native vegetation of the Brazilian Cerrado biome. 959 

Forest Ecol. Manag. 499, 119615. https://doi.org/10.1016/j.foreco.2021.119615 960 

Zuleta, D., Duque, A., Cardenas, D., Muller-Landau, H.C., Davies, S.J., 2017. Drought-induced 961 

mortality patterns and rapid biomass recovery in a terra firme forest in the Colombian 962 

Amazon. Ecology 98, 2538–2546. https://doi.org/10.1002/ecy.1950  963 



32 

Figure Legends 964 

 965 
Figure 1. Illustrative hypothesis of changes in arboreal floristic composition in the 966 

phytophysiognomies of Open Ombrophilous Forest (OF), Seasonal Forest (SF), Cerradão (CD), 967 

and Typical Cerrado (TC) as a result of the 2015/2016 El Niño Southern Oscillation (ENSO) 968 

event, sampled in the Amazonia-Cerrado transition, Brazil. Floristic resistance is indicated by 969 

circles, showing systems dominated by vulnerable species (red), an unstable mixture of 970 

responses (red and green), and resistant species (green).  971 
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 972 
Figure 2. Location of permanent plots of Open Ombrophilous Forest (OF), Seasonal Forest 973 

(SF), Cerradão (CD), and Typical Cerrado (TC) sampled in the Amazonia-Cerrado transition, 974 

Brazil.  975 
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 976 
Figure 3. Change in the tree density about time (before and after) in Open Ombrophilous Forest 977 

(OF, top left), Seasonal Forest (SF, top right), Cerradão (CD, lower left), and Typical Cerrado 978 

(TC, lower right) plots, sampled in the Amazonia-Cerrado transition, Brazil. Each panel shows 979 

stand-level values before (green) and after (red) the 2015/2016 El Niño Southern Oscillation 980 

(ENSO) event. Time represents the periods before and after the ENSO event. The dashed line 981 

connecting the points represents indicates the variation in tree density in each area over time. 982 

In the figures, plots are identified by abbreviated plot names. 983 
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 984 
Figure 4. Change in species richness about time (before and after) in Open Ombrophilous 985 

Forest (OF), Seasonal Forest (SF), Cerradão (CD), and Typical Cerrado (TC), sampled in the 986 

Amazonia-Cerrado transition, Brazil. Each panel shows stand-level values before (green) and 987 

after (red) the 2015/2016 El Niño Southern Oscillation (ENSO) event. Time represents the 988 

periods before and after the ENSO event. The dashed line connecting the points represents 989 

indicates the variation in species richness in each area over time. In the figures, plots are 990 

identified by abbreviated plot names.  991 
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Table 1.  Species richness (at species, genera, and families) and tree density (at species, genera 992 

and families) in different vegetation types of the Amazonia-Cerrado transition, Brazil. For each 993 

parameter values are given before and after the 2015/2016 El Niño Southern Oscillation 994 

(ENSO). OF = Ombrophilous Forest, SF = Seasonal Forest, CD = Cerradão, and TC = Typical 995 

Cerrado. P values ≤ 0.05 are highlighted in bold. 996 

Taxon Parameters interval OF ST CD TC 

Trees Density 

Before 1.498 5.945 1.677 3.345 

After 1.477 5.312 1.28 3.284 

p-value 
t= 1.4, df=239 t= 3.9, df=255 t= 3.6, df=99 t= 1.1, df=129 

p>0.05 p<0.0001 p<0.0004 p>0.05 

Species Richness 

Before 231 242 99 124 

After 228 235 89 126 

p-value 
t= 0, df=2 t=2.2, df=11 t=4.8, df=3 t=0, df=7 

p>0.05 p<0.04 p<0.01 p>0.05 

Genera Richness 

Before 127 117 77 77 

After 127 116 72 78 

p-value 
t= -0.9, df=2 t= 3.2, df= 11 t= 3.6, df=3 t= -0.2, df=7 

p>0.05 p<0.008 p<0.04 p>0.05 

Families Richness 

Before 45 50 39 36 

After 46 49 38 36 

p-value 
t=-1, df=2 t=3.1, df=11 t= 1.6, df=3 t=0, df=7 

p>0.05 p<0.01 p>0.05 p>0.05 

997 
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Table 2.  All species (A), genera (B), and families (C) with at least 10 individuals recorded after 2015/2016 El Niño Southern Oscillation (ENSO) 998 

and present in at least 50% of plots in each vegetation type (OF = Open Ombrophilous Forest, SF = Seasonal Forest, CD = Cerradão, and TC = 999 

Typical Cerrado), sampled in the Amazonia-Cerrado transition, Brazil. In red are values of species that lost the most, and in green are those that 1000 

gained the most individuals in each vegetation type. Colour intensity indicates strength of response (red - vulnerable, green - resistant), with darker 1001 

shades representing more extreme values. Abbreviations: Losses (L) and gains of individuals (G) order the parameters (L/G%) of the mortality rate 1002 

(M, % year-1) and recruitment rate (R, % year-1). 1003 

A) Species 
OF SF CD TC 

L/G% M R L/G% M R L/G% M R L/G% M R 

Amaioua guianensis Aubl.       -15 5.3 0.9             

Andira cujabensis Benth.                   -6 1.8 0 

Aspidosperma macrocarpon Mart. & Zucc.                   0 0 0 

Aspidosperma multiflorum A.DC.             -17 5.1 0 0 0 0 

Aspidosperma tomentosum Mart. & Zucc.                   -6 1.6 0 

Astrocaryum aculeatum G.Mey. 0 0 0                   

Astronium fraxinifolium Schott             -33 10.9 0       

Bellucia grossularioides (L.) Triana       -31 12.6 2.7             

Bowdichia virgilioides Kunth             -16 4.9 0 -7 2.7 0.6 

Brosimum lactescens (S.Moore) C.C.Berg -3 2.0 1.0                   

Byrsonima coccolobifolia Kunth                   -5 2.5 1.1 

Byrsonima pachyphylla A.Juss.                   3 1.9 2.6 

Caryocar brasiliense Cambess.                   3 0 0.9 

Celtis schippii Standl. -3 3.1 2.1                   

Chaetocarpus echinocarpus (Baill.) Ducke     -4 2.7 1.7 -5 1.5 0       

Cheiloclinium cognatum (Miers) A.C.Sm. 2 0.5 1.0 -10 3.4 0.4             

Chrysophyllum venezuelanense (Pierre) T.D.Penn. 0 0 0                   

Copaifera langsdorffii Desf.       0 0 0             

Cordiera sessilis (Vell.) Kuntze             0 0 0       

Curatella americana L.             -19 5.9 0 -13 4.5 0.8 

Dialium guianense (Aubl.) Sandwith -15 4.5 0                   
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Didymopanax morototoni (Aubl.) Decne. & Planch.       0 2.0 2.0             

Dimorphandra mollis Benth.                   -17 6.2 1.7 

Diospyros lasiocalyx (Mart.) B.Walln.                   -4 2.2 1.1 

Dipteryx alata Vogel             0 0 0       

Emmotum nitens (Benth.) Miers             3 2.3 3.1 22 0.9 6.3 

Eriotheca gracilipes (K.Schum.) A.Robyns             -22 7.0 0 -2 1.0 0.3 

Euplassa inaequalis (Pohl) Engl.             -28 11.3 2.6       

Guapira graciliflora (Mart. ex Schmidt) Lundell             -14 7.0 2.5       

Guapira noxia (Netto) Lundell             -36 12.1 0 -47 16.0 0 

Guarea kunthiana A.Juss. 0 1.4 1.1                   

Handroanthus ochraceus (Cham.) Mattos                   -4 1.3 0 

Heisteria ovata Benth.             -20 6.2 0       

Himatanthus articulatus  (Vahl) Woodson       -13 4.0 0             

Hirtella glandulosa Spreng.             -10 3.0 0       

Hymenaea courbaril L.       -3 1.4 0.5             

Hymenaea stigonocarpa Mart. ex Hayne                   0 0 0 

Inga thibaudiana DC.       10 4.5 7.1             

Iryanthera laevis Markgr. 0 0 0                   

Jacaranda copaia (Aubl.) D.Don       -19 8.5 3.0             

Kielmeyera rubriflora Cambess.                   -6 1.7 0 

Lafoensia pacari A.St.-Hil.                   -3 1.0 0 

Leptobalanus apetalus (E.Mey.) Sothers & Prance       -5 3.0 1.5             

Leptobalanus humilis (Cham. & Schltdl.) Sothers & Prance                   -2 1.1 0.6 

Licania blackii Prance       0 1.0 1.0             

Luetzelburgia praecox (Harms) Harms             0 0 0       

Maprounea guianensis Aubl.             -17 8.0 3.0       

Maquira guianensis Aubl. 0 3.0 3.0                   

Matayba guianensis Aubl.             -59 22.4 0       

Metrodorea flavida K.Krause -9 3.0 0                   
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Mezilaurus crassiramea (Meisn.) Taub. ex Mez             -15 4.4 0 -9 2.6 0 

Miconia punctata (Desr.) DC       -20 19.4 14.2             

Miconia pyrifolia Naudin       -45 20.7 5.8             

Micropholis venulosa (Mart. & Eichler) Pierre       -19 6.3 0.6             

Mouriri elliptica Mart.                   -1 1.2 0.8 

Myrcia splendens (Sw.) DC.             -38 17.6 5.4 -17 8.8 3.7 

Myrciaria floribunda (H.West ex Willd.) O.Berg       -9 3.7 1.0             

Nectandra cuspidata Nees       -29 12.6 3.7             

Ocotea guianensis Aubl.       -33 12.4 1.7             

Ocotea leucoxylon (Sw.) Laness.       6 4.4 6.0             

Ormosia paraensis Ducke       -3 1.6 0.8             

Ouratea discophora Ducke       -4 4.13 3             

Ouratea hexasperma (A.St.-Hil.) Baill.                   -12 3.6 0 

Pouteria ramiflora (Mart.) Radlk.       4 2.4 3.4 0 0 0 -1 1.2 0.9 

Protium altissimum (Aubl.) Marchand 0 3.0 2.7                   

Protium heptaphyllum (Aubl.) Marchand             -3 0.7 0       

Protium pilosissimum Engl.       4 6.4 7.4             

Protium sagotianum Marchand -3 1.4 0.6                   

Protium tenuifolium (Engl.) Engl. 8 0 2.3                   

Protium unifoliolatum Engl.       -21 9.2 2.7             

Pseudobombax longiflorum (Mart.) A.Robyns             -8 2.5 0 0 0 0 

Pseudolmedia laevigata Trécul -5 1.4 0                   

Pseudolmedia laevis (Ruiz & Pav.) J.F.Macbr. -3 3.6 2.8                   

Pseudolmedia macrophylla Trécul 12 0 3.1 -4 3.0 2.0             

Pterodon pubescens Benth. (Benth.)             0 2.5 2.5 -5 2.1 0.7 

Qualea grandiflora Mart.             -17 5.3 0 2 0.6 1.1 

Qualea multiflora Mart.                 -21 7.9 1.3 

Qualea parviflora Mart.             -11 3.3 0 -1 1.4 1.2 

Rinoreocarpus ulei (Melch.) Ducke 12 1.7 4.8                 
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Roupala montana Aubl.             -15 4.4 0 -2 1.8 1.4 

Sacoglottis guianensis Benth.       -5 2.6 1.1             

Salvertia convallariodora A.St.-Hil.             0 0 0 -1 0.6 0.3 

Simarouba amara Aubl.       -23 13.0 6.2             

Strychnos pseudoquina A.St.-Hil.                   -6 2.0 0 

Tabebuia aurea (Silva Manso) Benth. & Hook.f.                   -10 3.0 0 

Tachigali vulgaris L.G.Silva & H.C.Lima             -48 22.5 6.8 125 11.0 29.4 

Tapirira guianensis Aubl.       -40 15.3 2.0 -71 30.0 0       

Tapirira obtusa (Benth.) J.D.Mitch.       13 3.0 6.18             

Terminalia argentea Mart. & Zucc.             -64 25.5 0       

Terminalia corrugata (Ducke) Gere & Boatwr.             -15 4.7 0 4 0 1.1 

Theobroma speciosum Willd. ex Spreng. 9 0.8 3.2                   

Trattinnickia glaziovii Swart       -5 2.6 1.1             

Trichilia quadrijuga Kunth 5 2.7 3.9                   

Vatairea macrocarpa (Benth.) Ducke             -18 6.2 0.7 -4 1.9 0.6 

Virola sebifera Aubl.       0 0 0             

Vochysia haenkeana Mart.             -27 8.7 0       

Vochysia rufa Mart.                   -12 6.2 3.0 

Xylopia amazonica R.E.Fr.       2 7.0 7.4             

Xylopia aromatica (Lam.) Mart.             -89 46.2 0       

Xylopia frutescens Aubl.       -38 21.0 9.7             

  1004 
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B) Genera 
OF SF CD TC 

L/G% M R L/G% M R L/G% M R L/G% M R 

Amaioua       -15 5.3 0.9             

Andira                   -4 1.0 0 

Annona                   -17 7.9 3.0 

Aspidosperma       1 1.4 1.7 -15 4.6 0 -3 1.0 0 

Astrocaryum 0 0 0                   

Astronium             -33 11.0 0       

Bellucia       -31 13.0 2.7             

Bowdichia             -16 4.9 0 -7 2.7 0.6 

Brosimum -3 1.8 0.9                   

Byrsonima       -8 5.1 2.7       -3 2.6 1.9 

Caryocar                   3 0 1.0 

Casearia       -15 7.9 3.5             

Celtis -3 3.1 2.1                   

Chaetocarpus       -4 2.7 1.7 -5 1.5 0       

Cheiloclinium 2 0.5 1.0 -10 3.4 0.4             

Chrysophyllum 0 0 0                   

Copaifera       0 0 0             

Cordiera             0 0 0       

Curatella             -19 5.9 0 -13 4.5 0.8 

Dialium -15 4.5 0                   

Didymopanax       0 2.0 2.0             

Dimorphandra                   -17 6.2 1.2 

Diospyros       7 0 2.0       -4 2.2 1.1 

Dipteryx             0 0 0       

Duguetia       9 0 2.5             

Emmotum             3 2.3 3.0 22 0.9 6.3 
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Enterolobium       10 0 2.7             

Eriotheca             -22 7.0 0 -2 0.9 0.3 

Eugenia                   0 0.5 0.5 

Euplassa             -28 11.0 2.6       

Ficus       -20 9.7 3.7             

Guapira             -28 9.9 1.1 -18 6.0 0.5 

Guarea -2 2.6 2.0                   

Guatteria       13 17.0 20.0             

Handroanthus                   -4 1.3 0 

Heisteria             -20 6.2 0       

Himatanthus       -13 3.7 0             

Hirtella       -15 4.8 0.3 -10 2.8 0       

Hymenaea       -3 1.4 0.5       0 0 0 

Inga -39 15.9 3.0 -20 11.0 5.1             

Iryanthera 0 0 0                 

Jacaranda       -19 8.5 2.9             

Kielmeyera                   -11 3.6 0.4 

Lafoensia                   -3 1.0 0 

Leptobalanus       -7 3.8 1.8       -2 1.1 0.6 

Luetzelburgia             0 0 0       

Maprounea             -17 7.9 3.0       

Maquira 0 1.9 2.0                   

Matayba             -59 22.0 0       

Metrodorea -9 2.7 0                   

Mezilaurus             -15 4.4 0 -9 2.6 0 

Miconia       -29 18.0 9.9             

Micropholis       -15 5.6 1.0             

Mouriri       -6 2.8 1.1       -1 1.1 0.7 

Myrcia       -36 14.0 2.1 -39 18.0 5.4 -1 3.7 3.3 
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Myrciaria       -9 3.7 1.0             

Nectandra       -29 13.0 3.7             

Ocotea 0 0 0 -17 7.9 2.8             

Ormosia       -3 1.6 0.8             

Ouratea       -4 4.1 3.0       -26 8.1 0 

Pourouma -6 7.9 6.2                   

Pouteria 7 0 2.0 -5 3.8 2.3 0 0 0 -1 1.2 0.9 

Protium -2 4 3 2 6.6 7.2 -3 0.7 0       

Pseudobombax             -8 2.5 0 0 0 0 

Pseudolmedia 5 1.8 3.1 -5 3.0 1.6             

Pterodon             0 2.5 2.5 -6 2.3 0.5 

Qualea -10 3.0 0       -15 4.9 0.5 -2 1.8 1.2 

Rinoreocarpus 12 1.7 4.8                   

Roupala             -15 4.4 0 -2 1.8 1.4 

Sacoglottis       -5 2.6 1.1             

Salvertia             0 0 0 -1 0.6 0.3 

Simarouba       -23 13.0 6.2             

Sloanea       -10 4.5 1.5             

Strychnos                   -6 1.9 0 

Tabebuia             -8 2.5 0 -7 1.9 0 

Tachigali             -47 22.0 6.7 100 8.5 25 

Talisia 0 2.1 2.1                   

Tapirira       -8 7.2 5.1 -71 30.0 0       

Terminalia       6 1.6 3.1 -79 29.7 0 4 0 1.1 

Theobroma 8 0.7 2.8                   

Tovomita 0 0.6 0.6                   

Trattinnickia -13 3.7 0 -5 2.7 1.1             

Trichilia 8 3.7 5.9                   

Vatairea             -18 6.2 0.7 -4 1.9 0.6 
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Virola       6 0 1.5             

Vochysia 11 1.5 4.3       -53 19.0 0 -4 3.8 2.7 

Xylopia       -1 7.8 7.5 -45 20.0 5.3 38 9.2 17.0 

 1005 

C) Families 
OF SF CD TC 

L/G% M R L/G% M R L/G% M R L/G% M R 

Anacardiaceae 0 0 0 -5 6.1 4.6 -65 26.1 0 2 0 0.5 

Annonaceae       -1 7.0 6.7 -45 20.0 5.2 18 8.7 13.0 

Apocynaceae -6 1.6 0 -1 1.8 1.5 -16 4.8 0 -3 0.9 0 

Araliaceae       0 1.9 1.9             

Arecaceae -6 3.9 2.2                   

Bignoniaceae -20 6.2 0 -16 7.6 2.8 -13 3.7 0 -7 2.1 0 

Burseraceae -1 2.4 2.1 -4 3.4 2.3 -3 0.7 0       

Calophyllaceae                   -11 3.5 0.4 

Cannabaceae -3 3.1 2.1                   

Caryocaraceae                   3 0 1.0 

Celastraceae 2 0.5 1.0 -10 3.4 0.4       -25 8.0 0 

Chrysobalanaceae 0 0 0 -10 4.2 1.3 -9 2.8 0 -2 1.2 0.5 

Clusiaceae 0 0.6 0.6                   

Combretaceae       5 3.1 4.5 -49 17.4 0 -6 2.4 0.7 

Dilleniaceae             -19 5.9 0 -20 6.4 0.3 

Ebenaceae       7 0 1.9       -4 2.2 1.1 

Elaeocarpaceae       -10 4.5 1.5             

Euphorbiaceae 11 0 2.8 -1 7.8 7.6 -13 5.8 2.1       

Fabaceae -17 7.2 2.1 -9 4.4 1.9 -26 10.5 2.4 1 2.7 3.0 

Humiriaceae       -5 2.6 1.1             

Icacinaceae             3 2.3 3.1 22 0.9 6.3 

Lauraceae 6 2.8 4.4 -19 8.5 2.9 -15 4.4 0 -9 2.6 0 
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Lecythidaceae -12 3.5 0                   

Loganiaceae                   -3 1.9 0.9 

Lythraceae                   -3 0.9 0 

Malpighiaceae       -8 5.1 2.7 -30 13.6 4.31 -2 2.5 1.8 

Malvaceae 4 1.9 3.1 -5 3.1 1.6 -20 6.2 0 -2 0.7 0.2 

Melastomataceae       -23 13.2 6.5       1 1.0 1.3 

Meliaceae 1 2.8 3.2                 

Moraceae 0 1.9 1.9 -2 1.8 1.2             

Myristicaceae -5 3.1 1.6 6 0 1.5             

Myrtaceae       -13 4.7 1.0 -36 16.1 4.6 -1 2.3 2.1 

Nyctaginaceae             -28 10.0 1.1 -18 5.8 0.5 

Ochnaceae       -3 4.2 3.2       -26 8.1 0 

Olacaceae       -21 7.2 0.7 -18 5.6 0       

Peraceae       -4 2.9 1.8 -5 1.5 0       

Proteaceae             -21 7.6 1.1 -3 2.4 1.5 

Rubiaceae       -16 5.7 0.9 0 1.3 1.3       

Rutaceae 0 2.3 2.0                   

Salicaceae       -15 7.9 3.5             

Sapindaceae -3 2.0 1.1 -36 12.8 0.7 -51 18.5 0       

Sapotaceae 7 0.7 2.6 -12 4.9 1.5 0 0 0 -1 1.1 0.9 

Simaroubaceae       -23 12.9 6.2             

Urticaceae 0 8.4 8.0                   

Violaceae 7 2.1 4.0                   

Vochysiaceae 3 2.0 2.6       -19 6.2 0.4 -2 1.8 1.2 
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