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RESUMO 

Os sistemas montanhosos são laboratórios naturais para análise de gradientes. Elevação, 

amplitude e diferenças topográficas em montanhas podem criar fortes diferenças 

microclimáticas a curtas distâncias, aninhadas dentro da mesma região biogeográfica e 

macroclimática, permitindo-nos compreender melhor as respostas da vegetação e os feedbacks 

sobre a disponibilidade de água. Neste estudo, avaliamos como a distribuição da vegetação está 

ligada à disponibilidade de água na Serra do Espinhaço. Para tanto, abordamos as seguintes 

questões: 1) Quais são os regimes hidroclimáticos encontrados na Serra do Espinhaço e seus 

correspondentes tipos de vegetação? 2) Onde a produtividade da vegetação é mais e / ou menos 

acoplada aos regimes hidroclimáticos? 3) A topografia é capaz de impactar a produtividade da 

vegetação e suas relações de acoplamento com regimes hidroclimáticos? Além disso, 

considerando estas relações ambientais e de vegetação, 4) Como a resiliência climática dos tipos 

de vegetação nesta região varia? Conclui-se que na faixa do Espinhaço, a maior parte da 

dinâmica de produtividade da vegetação espaço-temporal é impulsionada por condições 

hidroclimáticas e / ou topo-edáficas. Nossos resultados mostram que a vegetação da Caatinga 

teve uma resposta plástica e relativamente rápida ao Déficit Hídrico Climático (CWD) e foi o 

tipo de vegetação com maior restrição hídrica. Cerrado e Campos Rupestres tiveram respostas 

semelhantes às flutuações no déficit hídrico, mostrando um gradiente de respostas das mais 

lentas as mais rápidas entre regiões hidroclimáticas “Humid” a “Very Dry”. A Mata Atlântica 

não apresentou um padrão claro de resposta à sazonalidade na disponibilidade de água. Também 

descobrimos que entre todos os biomas analisados, o Cerrado e a Mata Atlântica foram os mais 

sensíveis em relação à variabilidade interanual do CWD, especialmente em locais com 

condições úmidas. Desde que, no período avaliado, essas regiões não apresentaram alta 

variabilidade de CWD ano a ano, argumentamos que anos climáticos mais extremos podem ter 

um grande impacto na capacidade dessas fenologias de vegetação rastrearem a variabilidade 

interanual. 
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ABSTRACT 

Montane systems are natural laboratories for gradient analysis. Elevation, amplitude and 

topographical differences over mountains can create strong microclimatic differences over short 

distances, nested within the same biogeographic and macro-climatic region, thus allowing us to 

better understand vegetation responses and feedbacks to water availability. In this study, we 

assessed how vegetation distribution is linked to water availability in the Espinhaço Mountain 

Range. For that, we addressed the following questions: 1) Which are the hydroclimatic regimes 

found in the Espinhaço Range and their corresponding vegetation types? 2) Where does 

vegetation productivity is more and/or less coupled to hydroclimatic regimes? 3) Is topography 

able to impact vegetation productivity and its coupling relations to hydroclimatic regimes? Also, 

considering these environmental and vegetation relationships, 4) How does the climatic 

resilience of the vegetation types in this region vary? We conclude that in the Espinhaço Range, 

most of the spatio-temporal vegetation productivity dynamics are driven by hydroclimatic 

and/or topo-edaphic conditions. Our results show that “Caatinga” vegetation had a plastic and 

relatively fast response to Climatic Water Deficit (CWD) and was the most water-constrained 

vegetation type. “Cerrado” and “Campos Rupestres” had similar responses to fluctuations in 

water deficit, showing a gradient of slower to faster responses from “Humid” to “Very dry” 

hydroclimatic regions. “Mata Atlântica” did not show a clear pattern of responses to seasonality 

on water availability. We also found that among all biomes analyzed, “Cerrado” and “Mata 

Atlântica” was the most sensitive regarding the CWD interannual variability, especially in sites 

with moist conditions. Since over the period assessed those regions did not presented high 

variability on year-to-year CWD, we argue that more extreme climatic years can have a large 

impact on the capacity of these vegetation phenology tracking interannual variability.  
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1. INTRODUCTION 

The distribution, structure and functioning of terrestrial ecosystems are fundamentally climate 

controlled. Temperature and water availability, for example, drive the rates at which chemical 

and biological reactions can occur (Bonan, 2016). Climate system components are modulators 

of ecosystem dynamics, but are also influenced by biological processes and feedbacks, such as 

vegetation shading and evapotranspiration rates (Oliveira et al., 2014). Therefore, a good 

understanding of spatial and temporal variations in climate is critical to better assess and predict 

ecosystem processes and functioning.  

In the tropics, vast areas experience seasonally dry climates, with a well-defined wet season 

during which most of the annual precipitation occurs, followed by a prolonged dry season (Vico 

et al., 2015). These areas usually harbor a gradient of vegetation functional types, from moist 

to dry forests (Vico et al., 2015; Allen et al., 2017).  In seasonally dry environments, climatic 

influences on ecosystem function have been shown to have greater impact when compared to 

less seasonal regions (Allen et al., 2017). This is a result of the inter-seasonal temporal 

fluctuations of resource availability, which drive major ecosystem processes such as vegetation 

phenology (Bencke and Morellato, 2002; Chambers et al., 2013; Streher et al., 2017).  

Tropical dry vegetation phenology is known to be coupled with inter and intra-annual 

differences in rainfall, and therefore water availability (Fenner, 1998). Nevertheless, local and 

regional studies of tropical seasonally-dry ecosystems show that plant leafing phenology can be 

more correlated to photoperiod and temperature than to precipitation (de Camargo et al., 2018). 

These differences emphasize the high complexity of these ecosystems and the feedbacks 

between them and environmental resources. One way to address this complexity is thus by 
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analyzing differential vegetation distribution over environmental gradients, such as 

mountainous regions (Graham et al., 2014).  

Mountainous ecosystems are recognized for the uniqueness of their ecological processes, as 

topography-driven isolation increases speciation rates and promotes high levels of species 

richness and endemism (Steinbauer et al., 2016). These processes are a result of the different 

microclimatic zones confined across elevational gradients over short geographical distances 

(Pepin et al., 2015). Despite recent observations of higher warming rates in tropical mountains, 

we still need to improve our understanding of how topo-climatic drivers influence vegetation 

distribution over montane regions, and therefore predict biodiversity responses under different 

climate change scenarios (Rangwala and Miller, 2012; Krishnaswamy, John and Joseph, 2014).  

Montane systems are natural laboratories for gradient analysis. Elevation, amplitude and 

topographical differences over mountains can create strong microclimatic differences over 

short distances, nested within the same biogeographic and macro-climatic region, thus allowing 

us to better understand vegetation responses and feedbacks to water availability, temperature 

amplitude, photoperiod exposure, and soil biological and physical dynamics, minimizing the 

regional variation of climate seasonality (Aparecido et al., 2018). Furthermore, montane 

ecosystems are specially threatened by climate change, as species will seek colder temperatures 

over elevational gradients, thus increasing competition with high-elevation adapted plants 

(Rangwala and Miller, 2012; Pepin et al., 2015).  

Seasonally dry tropical environments are expected to experience future changes in periodicity 

due to climate change, with stronger impacts predicted for higher elevations (Kohler and 

Maselli, 2012; Elsen and Tingley, 2015; Pepin et al., 2015; Aparecido et al., 2018). Among 

other impacts, tropical montane ecosystems will potentially suffer an acceleration of their 
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hydrological regimes, caused by an increase on the variability of precipitation patterns (Allan 

and Soden, 2008), leading to, among others, changes in ecosystem functioning and productivity, 

increasing mortality rates, and/or shifting environmental conditions towards states that are more 

favorable to invasive species, therefore impacting species diversity and distribution. For this 

reason, understanding and quantifying the spatial and temporal patterns of water use strategies 

from seasonal vegetation can provide important insights on how tropical mountainous 

ecosystems will respond to climate change. 

Given the above, we present here a study of the bioclimatic and ecohydrological relations of 

climate-vegetation systems in a tropical montane system spanning a gradient from seasonally 

dry to humid regions in Brazil. The Espinhaço Range is a mountainous region feeding the 

watersheds of two large river basins with an S-N direction in Brazil’s interior. This region is an 

ecotone of semi-deciduous moist forests, savannas, dry forests and mountain vegetation. This 

ancient landscape, dating back to 640 Mya, has large topographic and altitudinal variation, with 

mountain peaks reaching over 2000 meters a.s.l (Schaefer et al., 2016).  

A recent analysis of spatial precipitation patterns in the Espinhaço Range showed that there is 

no significant difference in total annual rainfall between the eastern and western sides of the 

range, which are mainly covered by semi-deciduous moist forest and savanna vegetation, 

respectively (Streher et al., 2017). Previous studies have shown evidence of local orographic 

effects on rainfall patterns  (Rapini et al., 2008; Ribeiro et al., 2009; Santos, Serafim and Sano, 

2011), but this difference in precipitation does not hold at broader scales, suggesting that more 

complex climatic controls (precipitation seasonality; water availability; evaporative demand) 

and feedbacks (nutrient availability; fire activity) are likely responsible for the distribution of 

different vegetation types along the range.  
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To understand the relations between vegetation distribution and water use strategy in this 

tropical vegetation mosaic over a topographically complex bioclimatic ecotone, we used 

remotely sensed data of vegetation structure, productivity, and evapotranspiration to assess the 

length and magnitude of vegetation responses to drought in the Espinhaço Mountain Range, 

under the water and energy conservation theoretical framework. Specifically, we addressed the 

following questions:  

1) Which are the hydroclimatic regimes found in the Espinhaço Range and their corresponding 

vegetation types?  

2) Where does vegetation productivity is more and/or less coupled to hydroclimatic regimes?  

3) Is topography able to impact vegetation productivity and its coupling relations to 

hydroclimatic regimes? Also, considering these environmental and vegetation relationships,  

4) How does the climatic resilience of the vegetation types in this region vary? 
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2. THEORETICAL BACKGROUND 

2.1 Conceptual basis 

Water availability is a main driver of terrestrial ecosystem function and variability. Water 

availability to plants is most closely given by soil moisture, which is the direct link between 

precipitation and ecological systems (Weltzin et al. 2003). Soil moisture is a function of water 

inputs and outputs of a given land surface, including processes such as precipitation interception 

by plants, water infiltration and runoff. The physical basis of tthese processes is relatively well 

understood, but quantifying and modelling then over space and time, and therefore measuring 

soil moisture remains a challenge (Schwinning et al., 2004; Fekete, Pisacane and Wisser, 2016).   

Soil moisture is a component of the total amount of water held in a soil profile, known as soil 

water. Soil water can be divided into four zones; root zone, intermediate zone, capillary fringe 

and groundwater (Figure 1). The rooting zone, where plants typically have most of their roots, 

accounts for the greatest portion of the water available to vegetation of an ecosystem, since 

vegetation extracts water from this soil layer to replenish water lost through transpiration. This 

zone has large variability in water content and is highly dependent on topography, precipitation 

intensity and temperature amplitude, as it is often saturated during heavy rainfall events but 

quickly becomes unsaturated as a result of water drained downward due to gravity force 

(percolation) and evaporative processes (Bonan, 2016). 
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Figure 1: Typical soil water zones and movements, modified from Bonan, 2016. (Bonan, 2016).  

An important mechanism of soil water movement is known as hydraulic lift, which is water 

redistribution within the soil profile made by plant roots (Bonan, 2016). This process allows a 

drier upper soil layer to receive water from wetter deeper layers, and has been widely shown in 

the literature to be an important phenomenon on water use strategies at arid to semi-arid 

environments (Meinzer et al., 2004; Domec et al., 2010; Neumann and Cardon, 2012). 

Variations in soil moisture or water availability to plants is a result of the water cycle, a complex 

system that can be simplified, for this purpose, into an equation where soil water changes are 

the balance between water input from precipitation, water loss from evapotranspiration, and 

water lost as runoff (Equation 1): 

(Eq. 1) ∆S = P – E – R  

Where, ∆S is change in soil water, P is precipitation, E is evapotranspiration and R is runoff.  
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Direct observations of soil moisture are expensive, time consuming and point-based, and 

usually do not represent the high spatial and temporal variability of water soil dynamics, and 

therefore inadequate to carry out regional and global studies (LIU et al., 2009). However, 

recently technological advances have allowed the development of satellite remote sensed 

methods to improve the estimation of soil moisture at large spatial scales, such as satellite 

derived measurements and modelling of evapotranspiration, a major proxy of soil moisture.  

2.2 Transpiration and Evaporation 

The cycling of water over land is controlled by the availability of solar energy, which favors 

the evaporation of water from soils, lakes, rivers and oceans and/or the condensation of water 

vapor into clouds, and eventually precipitation. These processes drive the balance between 

water inputs and outputs in ecosystems function, essential to maintain plant growth and 

development (McLaughlin et al., 2017).   

Water reaches the surface by precipitation, in the form of rainfall or snow, and will be available 

to plants depending on its intensity, frequency and duration, since this timing will affect how 

and if water will penetrate in the soil upper layers. The leaf area index of a given land surface 

will also impact water availability, since a dense canopy intercepts more water than a leafless 

one. The interception capacity and amount of water held in the canopy has a significant effect 

on climate because it readily evaporates (Davies-Barnard et. Al, 2014).  

Evaporation results from a moist surface which is exposed to drier air, being that as air parcels 

move away from the surface, they carry with them the evaporated moisture (Bonan, 2016). 

Evaporation is limited by the amount of water vapor in the surrounding air, and when the air is 

saturated with water vapor, evaporation ceases. Transpiration is evaporation of water from 

plants as it moves from the soil through plants and out through the leaves to the free air. Plant 
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transpiration is also regulated by the physiology of plants, being greater in areas with higher 

surface plant cover, and lower in surfaces with low plant cover, where evaporation becomes the 

dominant flux (Frank et al., 2015). Since it is difficult to separately measure evaporation from 

transpiration, the two terms are often combined into evapotranspiration.  

Evapotranspiration is expressed as the rate of evaporated water of a given land surface area 

over a specific time period, and it depends directly on the availability of energy to evaporate 

water and the ability of water vapor to diffuse into the atmosphere. In this way, tropical 

climates, which receives high amounts of energy, have greater capacity to evaporate water than 

arctic climates, for example (Nathan L. Stephenson, 1990). Besides this latitudinal effect, 

within the same latitude evapotranspiration rates will vary according to air humidity and wind 

speed. Dry air has a greater evaporative demand than humid air. Under calm conditions (slow 

wind speeds) evapotranspiration decreases as the air becomes water saturated, while under 

windy conditions, saturated air parcels move away and are replaced by drier ones (Aparecido 

et al., 2018).  

In addition to the atmospheric conditions controlling evapotranspiration rates, the type of soil 

and its water content also regulate it, as evapotranspiration rates are determined by the rate at 

which water is supplied to the surface. Different types of soils have different capacities of 

retaining and distributing water, also known as hydraulic conductivity (Volaire, 2018). Since 

evapotranspiration will extract water from the soil upper layers, a dry soil or a soil with low 

hydraulic conductivity provides less water for evapotranspiration than does a wet soil or one 

with high hydraulic conductivity.  

The type of vegetation is also essential when analyzing and measuring evapotranspiration. Plant 

growth is conditioned to its capacity to absorb CO2 through the opening of stomata during 
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photosynthesis (Bonan, 2016). When the stomata are open, water inside the leaf diffuses out to 

the surrounding drier air during transpiration, being that if too much water is lost the plant 

becomes desiccated and will depend on the soil water availability (Stephenson, 1998). Because 

of that, plants have evolved different strategies to balance its growth and cope with possible 

situations of water stress. Given these strategies, disentangling the rates of evapotranspiration 

over different ecosystems help us assess vegetation capacities to allocate carbon under 

favorable conditions, and to better understand how it behaves under stressful conditions, such 

as extremely dry years.  

Finally, evapotranspiration is divided into two different forms, Potential Evapotranspiration and 

Actual Evapotranspiration. Potential Evapotranspiration, hereafter PET, is related to the 

capacity of the atmosphere to remove water from the land surface, while Actual 

Evapotranspiration, hereafter AET, defines the amount of water that is actually evaporated, 

which is limited to the maximum value of PET. PET and AET are estimated by several different 

models.  

In this study we used the TerraClimate dataset (Abatzoglou et al., 2018) to infer PET and AET 

values, and therefore the Climatic Water Deficit (CWD), which is the difference between PET 

and AET. TerraClimate products, which are gridded (~ 4km) monthly data climatic products 

from 1958 to 2017, are generated from the interpolation of different global weather station 

databases from WorldClim (version 1.4 and version 2.0), CRU Ts4.0 and JRA-55.  

Potential Evapotranspiration (PET) in this dataset is calculated using the Penman-Montieth 

approach, where the latent heat flux (λ ET) represents the evapotranspiration fraction)  (Allen 

et al., 1998) (Equation 2).  

(Eq. 2) 𝜆𝐸𝑇 = 𝛥(𝑅𝑛 − 𝐺) + 𝑝𝑎𝑐𝑝 
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where Rn is the net radiation, G is the soil heat flux, (es - ea) represents the vapor pressure deficit 

of the air, pa is the mean air density at constant pressure, cp is the specific heat of the air, ∆ 

represents the slope of the saturation vapor pressure temperature relationship, γ is the 

psychrometric constant, and rs and ra are the (bulk) surface and aerodynamic resistances. 

To calculate AET and CWD, TerraClimate uses a one-dimensional modified Thornthwaite-

Mather (1955) climatic water-balance model (WBM) (Lutz, van Wagtendonk and Franklin, 

2010) which incorporates soil water‐holding capacity, slope and aspect, with CWD given as the 

difference between PET and AET. 

The WBM is a single bucket model applied consistently across global land surfaces that 

operates on a monthly time step and considers the interplay between precipitation, PET, as well 

as soil and snowpack water storage. The WBM accounting scheme considers runoff as the 

excess of liquid water supply (precipitation and snowmelt) used by monthly PET and soil 

moisture recharge. Soil water is extracted by the atmosphere during months where PET exceeds 

liquid water supply, with the extraction efficiency of soil water declining exponentially with 

the ratio of soil water to extractable soil water capacity. Under such conditions, AET is counted 

as the liquid water supply plus the soil water utilized.  

Since the model requires data on plant extractable soil water capacity, it incorporates the 

extractable soil water storage gridded data from Wang-Erlandsson et. al (Wang-Erlandsson et 

al., 2016), with a lower bound on plant extractable soil water of 10mm and a default value of 

50mm for places lacking data. TerraClimate is freely available at 

http://climatologylab.org/terraclimate.html. 
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2.3 Vegetation productivity and biomass allocation as a function of climate and their 

estimations  

Tropical ecosystems, including forests, savannas and grasslands together account for more than 

one-half of the world’s annual carbon uptake by terrestrial vegetation. This is possible by the 

bioclimatic conditions found in their occupied latitudes, where temperature, precipitation and 

evapotranspiration regulate net primary production. Since evapotranspiration is calculated as a 

function of precipitation and temperature, it provides a good relationship with plant production. 

For example, sites with low annual evapotranspiration have low productivity, resulting from 

either low temperatures, limited water availability, or both (Hawkins et al., 2003). 

Monitoring global vegetation productivity has been possible by satellite-derived measures of 

plant physiological activity such as the normalized difference vegetation index (NDVI). NDVI 

is a measurement of the difference in electromagnetic radiation reflectance between the visible 

and near-infrared spectral regions (Equation 3): 

(Eq. 3) NDVI = (rnir – rred) / (rnir + rred) 

where rnir and rred are reflectance in the near-infrared and red wavebands, and has been shown 

to have a good correlation with vegetation productivity (Pettorelli et al., 2005; Beck and Goetz, 

2011). NDVI is also less prone to terrain illumination effects than other vegetation indices 

(Galvão et al., 2016). NDVI values range from -1 to 1, where values near -1 indicate water 

bodies, values between 0 and 0.2 indicate bare surfaces, and values from 0.2 to 1 indicate 

increasing amounts of photosynthetically active plant biomass (Bonan, 2016). 

Besides NDVI and its capacity to capture plant physiological activity, vegetation structure is 

also responsive to climate in a global scale. Vegetation stature and biomass allocation are 

directly correlated to changes in precipitation and soil water, with higher canopy height and 

higher values of biomass found in regions with greater values of annual rainfall. Because of 
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that, we incorporated in this study satellite-based canopy height and above ground biomass, 

hereafter AGB, measurements.   

In this study we used AGB and canopy height satellite-based datasets that were produced using 

the same data source, which are the Geoscience Laser Altimeter System (GLAS) aboard the 

ICEsat spacecraft. Some of the objectives of the ICEsat mission are to measure cloud heights 

and the vertical structure of clouds and aerosols in the atmosphere, to map the topography of 

land surfaces, and to measure roughness, reflectivity, vegetation heights, snow-cover, and sea-

ice surface characteristics. Despite having the same data source, AGB and canopy height used 

datasets, distinguish in their estimation’s methods.  

Canopy height estimations were based on the global dataset provided by Simard et. al (2011). 

This dataset was produced with GLAS data from May/2005 and June/2005, with the derived 

height metric RH100. The RH100 is a measure of the distance between the signal beginning 

and the ground peak for each GLAS waveform. GLAS waveforms are disturbed by sloped 

terrain, because of that, Simard et. al (2011) used Shuttle Radar Topography Mission (SRTM) 

data to remove from the analysis all waveforms that were located in areas of high slope (>5°) 

or where the slope correction was >25% of the measured RH100. After that, canopy height was 

estimated for each remaining waveform and extrapolated to produce a wall-to-wall map. This 

extrapolation was based on seven globally available variables: mean precipitation, precipitation 

seasonality, mean temperature, temperature seasonality, elevation, MODIS tree cover, and 

protection status. 

AGB estimations were based on the pan-tropical biomass map provided by Avitabile et al 

(2016). This map was produced with a fusion of two other inputs biomass maps, from Saatchi 

et al (2011) and Baccini et al (2012). These two inputs maps are consistent in terms of 
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methodology because both use the same primary data source (GLAS LiDAR) alongside a 

similar modelling approach to upscale the LiDAR data to larger scales. Avitabile et al (2016) 

used a bias-removal approach by incorporating additional field observations and locally-

calibrated high-resolution biomass maps. The inputs maps were fused by the method of 

weighted linear averaging. By this method, Avitabile et al (2016) was able to diminish the bias 

in the overall mean AGB, from 21 and 28 Mg ha-1 of the Saatchi et al (2011) and Baccini et al 

(2012) maps respectively, to 5 Mg ha-1 in the fused map.  

2.4 Climatic water deficit and actual evapotranspiration as biologically meaningful 

variables 

Vegetation distribution and water availability can be linked through hydroclimatic parameters 

meaningful to plant physiology, such as Actual Evapotranspiration (AET) and Climatic Water 

Deficit (CWD) (Stephenson, 1998). Both variables provide a reasonable biological 

interpretation, and have shown good correlation with the distribution of different vegetation 

types, from local to continental scales (Stephenson, 1998; Dilts et al., 2015; Kane et al., 2015; 

McIntyre et al., 2015) (Figure 2a). Both CWD and AET estimate the length and magnitude of 

hydroclimatic conditions to plants; CWD is related to drought, and AET represents favorable 

conditions of biologically usable water availability and energy inputs to the environment 

(Stephenson, 1998). Therefore, assessing water availability by considering water and energy 

conservation variables (AET and CWD) could help overcome the issues imposed by data 

limitations on large scale studies of vegetation-hydrology coupling (Velpuri et al., 2013; Baik 

and Choi, 2015).  

We make use of the relationship between AET and CWD to provide a process-based analysis 

of the total amount of water and energy held in the system through time, according to the 

conceptual basis of the conservation of water (Equation 4) and energy (Equation 5): 
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(Eq. 4) W = AET + S 

(Eq. 5) PET = AET + CWD 

Where in Equation 4 W is available water and S is surplus, and in Equation 5 PET is potential 

evapotranspiration (Nathan L Stephenson, 1990).  

AET estimates the simultaneous availability of water and energy usable by plants, which is 

related to the magnitude and length of favorable conditions to primary production. In contrast, 

CWD is related to the length and magnitude of stress experienced by plants, including heat stress 

that cannot be regulated by transpiration (Stephenson, 1998). This way, the relationship between 

AET and CWD allows us to not only estimate water availability in a system, but also assess the 

drivers of its variation, by plotting AET and CWD as perpendicular axes to infer the effects of 

changing evaporative demand and/or water availability in a given site (Stephenson, 1998) 

(Figure 3b).  
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Figure 3: a) Density plot of the annual mean Climatic Water Deficit (CWD) of main Brazilian biomes; 

b) Actual Evapotranspiration (AET) and Climatic Water Deficit (CWD) mean annual (2000-2017) 

relationship density plot of Brazil’s territory for each biome. Decreasing evaporative demand can 

decrease AET, CWD or both; the reverse holds for increasing evaporative demand. In contrast, changing 

water availability is limited to a diagonal line of slope -1 and y-intercept PET, because PET = AET + 

CWD; since a change in water availability does not affect PET alone, any increase in AET is mirrored 

by an equal decrease in CWD, and vice versa. CWD and AET annual data were acquired from the 

TerraClimate dataset, from 1958 to 2017.  
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3. METHODS 

3.1 Study area 

We studied the Espinhaço Mountain Range in eastern Brazil (Figure 4). The Espinhaço is the 

largest interior mountain range1 in Brazil, and comprises one of the most ancient landscapes on 

Earth, having emerged during Gondwana formation and dating back to the Precambrian, nearly 

640 Mya (Alkmin, 2012). This mountain range is the natural watershed divider between the 

Atlântico Leste (AL), São Francisco (SF) and Atlântico Sudeste river basins. 

 

Figure 4: Overview of the Espinhaço mountain range in Brazil. On the left panel, the topography and 

extent of the Espinhaço Mountain Range and the protected areas classified by vegetation types, in Brazil. 

                                                           
1 Mountains are often defined by a geological connotation, being structures that has been disturbed through folding, 

uplift or volcanism (Meybeck, Green and Vörösmarty, 2001; Viviroli et al., 2007). In this study, we use an 

ecological definition of mountains, being structures with high topographic variation where ecosystems are 

controlled by the relationship of elevation, topography and hydroclimate (Körner et al., 2017). 
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On the right, the Espinhaço Range as an ecotone of vegetation types (MMA, 2015), and as the watershed 

of São Francisco (SF), Atlântico Leste (AL) and Atlântico Sudeste (AS) basins. 

 At finer scales, the roughness of the Espinhaço topography and its acute features creates a 

variety of soil types and depths, microclimates and special environmental conditions, which 

harbor a mosaic of vegetation types with remarkably high species diversity and endemism rates 

(Silveira et al., 2016). This diversity is also a result of its historical climatic stability, which may 

have favored species establishment by promoting refugia under unfavorable climates, following 

the old climatically-buffered infertile landscapes” (OCBILs) theory (Benites et al., 2007; 

Hopper, 2009; Silveira et al., 2016).  

At the continental scale, the location of the Espinhaço range places it at the ecotone of three 

major biomes: Atlantic Forest to the east and Cerrado savannas to the west, both global 

biodiversity hotspots (Myers et al., 2000), and Caatinga dry forests to the north. The Atlantic 

Forest at eastern Espinhaço slopes is composed by tropical forest vegetation, with coastal humid 

evergreen rainforests transitioning towards interior semi-deciduous forests (Morellato et al., 

2000). The western Espinhaço is covered by Cerrado, the most species-rich tropical savanna in 

the world, with vegetation types ranging from grasslands to woodlands (Simon et al., 2009). At 

the northern portions, between the limits of AL and SF basins, the vegetation is an ecotone of 

Cerrado and dry woodlands, transitioning into the Caatinga biome, unique to NE Brazil 

(Portillo-Quintero and Sánchez-Azofeifa, 2010). The Espinhaço highlands are dominated by 

Campos Rupestres (rupestrian grasslands), a montane vegetation mosaic dominated by fire-

prone grasslands growing at high elevations (> 900 meters a.s.l.) on shallow stony and/or 

waterlogged sandy soils, with scattered quartzite or ironstone rocky outcrops dominated by 

shrubs, and gallery forests and relictual hilltop forest patches (Silveira et al., 2016). 



 

26 
 

Precipitation has a latitudinal pattern along the Espinhaço Range, with decreasing total annual 

rainfall towards the north. Annual precipitation ranges from 480 mm/year to 1520 mm/year 

(Figure 5a), and is highly seasonal, with the dry period corresponding to the Autumn-Winter 

months (April to September). There is no significant difference in the amount of rainfall between 

AL and SF (east to west), despite the potential orographic effects at the highest elevations 

(Fernandes, 2016). Remarkably, although no differences in rainfall volume between east and 

west Espinhaço are found, annual cloud cover frequency is significantly higher at the eastern 

side and over mountaintops of the meridional Espinhaço, impacting light availability (Streher 

et al. 2017). Daytime mean temperatures show both latitudinal and longitudinal patterns. The 

latitudinal pattern is opposite to rainfall, with higher temperatures in the northern region, c.a. 

5°C warmer than the southern portion. The longitudinal pattern shows higher temperatures on 

the western side (30.6 ± 2.2 °C) compared to the east (26.6 ± 2 °C) (Figure 5b).  
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Figure 5: A) Mean annual rainfall from the CHIRPS 1981-2017 precipitation dataset time series for the Espinhaço Range. B) Mean daily surface 

temperature from the MODIS/LST 2000-2017 product for the Espinhaço Range (Sobreiro, Streher and Silva, 2017). 
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Figure 6: Mean monthly rainfall from the CHIRPS 1981-2017 precipitation dataset time series for the 

Espinhaço Range (SOBREIRO, 2015).  
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3.2 Remotely sensed hydroclimatic dataset 

We used the TerraClimate dataset (Abatzoglou et al., 2018) as a measure of AET and CWD 

values, which are gridded (~ 4km) monthly data products of AET and CWD from 1958 to 2017. 

TerraClimate products are generated from the interpolation of different global weather station 

databases from WorldClim (version 1.4 and version 2.0), CRU Ts4.0 and JRA-55. Potential 

Evapotranspiration (PET) is calculated using the Penman-Montieth approach (Allen et al., 

1998). To calculate AET and CWD, TerraClimate uses a one-dimensional modified 

Thornthwaite-Mather (1955) climatic water-balance model (Lutz, van Wagtendonk and 

Franklin, 2010) which incorporates soil water‐holding capacity, slope and aspect, with CWD 

given as the difference between Potential Evapotranspiration (PET) and Actual 

Evapotranspiration (AET).  

3.3 Remotely sensed vegetation datasets 

3.3.1 Moderate resolution imaging spectroradiometer (MODIS) - NDVI 

We used a time-series of 204 NDVI images generated from the Moderate Resolution Imaging 

Spectroradiometer (MODIS). We used MODIS product NDVI/MOD13A3 Version 6 with 1km 

resolution (Didan, 2015), covering the interval between January/2001 and December/2017, at 

monthly intervals. Data was obtained from the Land Process Distributed Active Archive Center 

(LP-DAAC – USGS/NASA). Monthly NDVI pixels values result from the best pixel composite 

of two 16-day composite periods. In order to improve the quality of pixels, and minimize 

atmospheric and cloud effects, the 16-day period algorithm chooses the best available pixel 

within all the acquisition dates. All monthly images were downloaded, mosaiced and 

transformed to GeoTIFF format using the “MODIStsp” package of the R programming 

language (R Core Team, 2013; Busetto and Ranghetti, 2016). 

3.3.2 Aboveground Biomass and Forest Canopy Height datasets 
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To assess the spatial relationship between vegetation distribution and CWD and AET we used 

the datasets of Aboveground Biomass (AGB) and Forest Canopy Height, from Avitabile et al 

(2016) and Simard et al (2011) respectively, as variance in these traits is expected to be 

responsive to climate patterns. We obtained AGB values from the Pan-tropical biomass map by 

Avitabile et. al (Avitabile et al., 2016) with 1-km spatial resolution. The AGB map is freely 

available at the Wageningen University & Research website (https://www.wur.nl). The canopy 

height dataset is also freely available from the Spatial Data Access Tool (SDAT) at the Oak 

Ridge National Laboratory Distributed Active Archive Center (ORNL DAAC) website 

(webmap.ornl.gov/ogc/datasets).  

Both AGB and canopy height datasets were also used to assess possible anomalies on their 

distribution and the AET and CWD mean annual values. Anomalies were characterized by a 

graphical analysis of the distribution of these variables within the AET and CWD bidimensional 

space, identifying regions that contradicted the expected pattern of higher AGB and Canopy 

Height in areas with high AET and low CWD, or vice-versa. 

3.4 Topo-edaphic remotely sensed datasets 

Elevation was derived from the Shuttle Radar Topography Mission (SRTM) 3-arcsec (90 m) 

dataset (± 15 m vertical accuracy), obtained from the Earth Explorer server of the United States 

Geological Survey (http://earthexplorer.usgs.gov/). To assess the topo-edaphic constraints on 

water availability we used the topographical wetness index (TWI), which is a relative measure 

of the potential long-term soil water storage capacity at a given site in the landscape (Title and 

Bemmels, 2018).  

The TWI calculation is based on elevation, topographic slope and specific catchment area, 

which describes the tendency of the site to both receive water from upslope areas and retain this 



 

31 
 

water as a function of local slope. We used the TWI provided by the Environmental Rasters for 

Ecological Modeling (ENVIREM) project, which is calculated as a tangent function of slope 

angle, β, and specific catchment area, SCA (Equation 6) (Bohner and Selige, 2002). The 

catchment area is the discharge contributing upslope area of each grid cell (m²) and the SCA is 

the corresponding drainage area per unit contour width (m².m-1). 

(Eq. 6)   𝑇𝑊𝐼 = ln (
𝑆𝐶𝐴

tan𝛽
) 

 TWI was downloaded from the Environmental Rasters for Ecological Modeling (ENVIREM) 

project (Title and Bemmels, 2018) which is freely available at http://envirem.github.io. All 

products were resampled to 1km spatial resolution to match vegetation and hydroclimatic 

datasets using the “raster” package (Hijmans, 2017) implemented in R (R Core Team, 2013). 

3.5 Actual evapotranspiration and climatic water deficit classification into hydroclimatic 

classes 

To define the hydroclimatic regions of the study region and assess the spatial patterns of 

relationship between AET and CWD and the vegetation we performed an unsupervised k-means 

classification. All the following analysis were then based on the generated hydroclimatic classes 

as they represent the spatial dimension of the relationship between vegetation and hydroclimate. 

We used as inputs to the k-means classification the average annual mean CWD, average annual 

standard deviation of CWD, the average annual 90th percentile of AET and average 10th 

percentile of AET, as well as they average annual standard deviations, for a total of 6 layers. 

AET percentiles were calculated for each year of the time-series (2001 – 2017), and then 

summarized into their mean time-series values and standard deviations. These variables were 

chosen to capture both the intra-annual seasonality and interannual variability of AET and 
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CWD over the time-series (2001 to 2017), and to eliminate possible measurement errors such 

as extreme values.  

The k-means classification algorithm is commonly used to partition data automatically. The 

procedure begins with the selection of k grouping centers and then iteratively refining them by 

minimizing within-class distances and maximizing between-class distances. The algorithm 

converges when there are no more changes between the instances for grouping centers 

(Wagstaff et al., 2001), following a predefined threshold. The unsupervised k-means 

classification was performed in the R software using the kmeans function within the R Stats 

Package (R Core Team 2013). 

3.6 Seasonal (intra-annual) response of NDVI to CWD variations 

We implemented a pixel-wise 4-parameter sinusoidal model for the NDVI and CWD time series 

(Equation 7), following Jones et al. (2014). This method provides a phase shift parameter (c) 

that quantifies the temporal offset between the two series  (Jones, Kimball and Nemani, 2014). 

The temporal offset in months was calculated as the phase shift difference divided by 2π/b; b 

in all cases was equivalent to 12, confirming a yearly cycle, as datasets had a monthly temporal 

resolution. 

(Eq. 7)     𝑦
𝑡=𝑦0+𝑎(

2𝜋𝑥

𝑏
+𝑐)

 

Where yt is the fitted monthly climatology value, y0 is the mean value, a is the amplitude of 

the sinusoidal curve, x is the monthly increment, b is the frequency, and c is the phase shift.  

To assess the degree of coupling between CWD and NDVI, and therefore NDVI responses to 

water availability, we subtracted the phase shift (c) difference of CWD and NDVI time-series 

model results. The values of phase shift differences can be interpreted as the time, in months, 
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in which the maximum value of NDVI lagged the time of minimum evaporative demand not 

met by vegetation transpiration, here expressed by the lowest value of CWD. 

3.7 Interannual responses of NDVI to annual CWD anomalies 

To assess the vegetation sensitivity to year-to-year fluctuations of water availability, we 

performed an analysis based on the relationship of annual CWD anomalies and the vegetation 

class phase shift differences. CWD anomalies were calculated as the difference between the 

climatological mean annual CWD (1958 -2017) and annual CWD (2001 - 2017) (Equation 9), 

in this way negative values represents a drier year and positive values a wetter year, when 

compared to the CWD climatological mean. 

(Eq. 9) 𝐶𝑊𝐷𝑎𝑛𝑜𝑚𝑎𝑙𝑦 = 𝐶𝑊𝐷𝑚𝑒𝑎𝑛(1958−2017) − 𝐶𝑊𝐷𝑦𝑒𝑎𝑟 

where year is the annual CWD from 2001 to 2017. 

We fitted the Equation 7 model separately for each year, from 2001 to 2017, for the NDVI and 

CWD time series. This allowed us to have a coupling value (phase shift difference) for each 

year of the analyzed series. After that, we fitted linear regressions between the set of annual 

CWD anomalies and its correspondent phase shift difference values, for immediate responses 

and for a 1-year lag response, since vegetation response to CWD may be observed with a delay. 

The linear regressions were also fitted separately for different intervals of TWI, to capture 

possible topo-edaphic influences on vegetation sensitivity to CWD fluctuations. We expected 

that the higher the determination coefficient (r²), the more the vegetation water use strategy was 

sensitive to CWD anomalies.    

3.8 Natural vegetation mask 

Land cover on the study area has been historically and heavily disturbed by human activities, 

such as urbanization, deforestation, agricultural appropriation (i.e. Eucalyptus and Pinus 
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plantations, soybean and sugar cane crops), wood extraction and opencast mining (Silveira et 

al., 2016). To ensure we were assessing the responses of natural vegetation in relation to water 

availability, we assembled a 2017 land use and land cover map from the MapBiomas Version 

3.0 initiative, which is a multi-institutional model to generate annual land cover and uses maps 

from an automatic classification processes applied to satellite images (Projeto MapBiomas, 

2019). The complete description of the product and methods can be found at 

http://mapbiomas.org.  

We reclassified the MapBiomas 2017 land use and land cover map to native vegetation areas 

and anthropic areas, and then resampled it to 1km x 1km resolution recording the proportion of 

native vegetation within each 1km cell, from the original 30m resolution. We then eliminated 

the pixels with less than 70% of native cover, and used the remaining pixels as our natural 

vegetation areas mask (Figure 7). 

Vegetation types were classified following the Brazilian official biome classification, and then 

attributed to the raster of natural areas. To delineate the “Campos Rupestres” classification, 

which is not an official biome, we identified all native vegetation areas that overlaid the Silveira 

et. al (2016) “Campos Rupestres” delineation, and reclassified it as “Campos Rupestres” natural 

areas. The vegetation types found on the study area are, hereafter, classified as “Caatinga” 

(257.096 pixels), “Campos Rupestres” (59.755 pixels), “Cerrado” (290.047 pixels) and “Mata 

Atlântica” (131.138 pixels). 
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Figure 7: In the left panel, resampled to 1km MapBiomas land use (2017) dataset; each pixel corresponds to a percentage of natural vegetation within the 

resampled spatial resolution. In the right panel, the mask of > 70% natural vegetation within a resampled pixel, and classified as the biomes in the study 

area. 
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4. RESULTS 

4.1 Which are the hydroclimatic regimes found and their correspondent vegetation 

types? 

The unsupervised k-means classification of AET and CWD seasonal mean patterns resulted in 

an ideal number of 6 classes. After testing the algorithm for different number of classes, based 

on our previous knowledge of the studied region, the 6 classes definition presented as the best 

hydroclimatic representation since did not over fragmented the regimes or underestimated the 

hydroclimatic relations. The 6 resulting classes were named after their main hydroclimatic 

characteristic, given by the seasonal mean patterns of AET and CWD, as follow: “Humid”, 

“Semi humid”, “Wet seasonal”,” “Dry seasonal”, “Dry” and “Very dry” (Figure 8b). We found 

both longitudinal and latitudinal moisture patterns. The northern and western regions were 

drier, consistent with precipitation regimes and sea influence in the east coast. 

“Humid” and “Very dry” classes had the smallest seasonality of AET and CWD, the first with 

high AET (76 ± 22 mm/month) and low CWD (12 ± 11 mm/month) throughout the year, while 

the opposite pattern was observed for the “Very dry” class, with low AET (35 ± 27 mm/month) 

and high CWD (97 ± 30 mm/month) (Figures 8 and 9). The “Semi humid” class showed similar 

AET (70 ± 26 mm/month) values to the “Humid” class, but differed in having higher values of 

CWD (26 ± 17 mm/month). This same pattern held for the differentiation between “Wet 

seasonal” and “Dry seasonal” classes, both with large AET (“Wet seasonal” = 72 ± 35 

mm/month; “Dry seasonal” = 63 ± 38 mm/month) and CWD (“Wet seasonal” = 42 ± 37 

mm/month; “Dry seasonal” = 58 ± 37 mm/month) seasonality over the year, with “Dry 

seasonal” showing the highest CWD values. Despite the low annual AET (37 ± 17 mm/month), 

the “Dry” class had small variation in AET values across the year, which was the main factor 



 

37 
 

for its differentiation from the “Very dry” class, which experienced near 0/mm in several 

months (Figure 8 and 9).   

Within the classical biome distribution, we found that topography was an important factor by 

delimiting different hydroclimatic regimes in a drier region (Figure 9). In the northern 

Espinhaço, we found a “Wet seasonal” area within the “Dry” seasonal class, which is clearly 

related to the higher elevations found on that region, known as Chapada Diamantina, where 

elevation is c.a. 1400 meters a.s.l. (Figure 4). However, elevation was not a factor for 

hydroclimatic delimitation in the southern Espinhaço, since eastern meridional portions of 

“Cerrado” in the Espinhaço lowlands experienced the same “Semi humid” hydroclimatic 

regime, which is mostly characterized by “Mata Atlântica” presence (Figure 9). 
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Figure 8: A) Spatial mean patterns of AET (90 and 10 percentile) and CWD (annual mean) and their standard deviation. The six layers were used for the 

unsupervised k-means classification. B) Hydroclimatic classes generated from the unsupervised k-means classification. 
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Figure 9:  Hydroclimatic classes generated from the unsupervised k-means classification and classical biome delimitation, where the black lines represent the 

classic Brazilian biome distribution and “CE” is Cerrado, “MA” is Mata Atlântica and “CA” is Caatinga. Left and right panels show climographs for each 

Hydroclimatic class, with their respective means (2001-2017) for AET, CWD (multiplied by -1) and rainfall. 
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4.2 Where does vegetation productivity is more and/or less coupled to hydroclimatic 

regimes? 

The sinusoidal model of NDVI and CWD coupled climatology had different phase shifts for 

“Caatinga” and “Mata Atlântica”, whilst “Cerrado” and “Campos Rupestres” shared similar 

phase shift patterns (Table 1; Figure 10).  

Table 1:  Mean phase shift difference (in months) values and their standard deviation inside 

brackets for each vegetation analyzed and their respective distribution into the Hydroclimatic 

classes. The “X” represents that there were no observations for a given vegetation class and the 

correspondent Hydroclimatic class. 

 

 

The phase shift difference between CWD and NDVI varied regarding the vegetation type and 

hydroclimatic region, with a general pattern of increased phase shift difference from drier to 

 Humid 
Semi-

humid 

Wet 

seasonal 

Dry 

seasonal 
Dry Very Dry 

Caatinga X X X 0.3 (±0.7) 0.2 (±0.4) 0.0 (±0.3) 

Campos Rupestres 1.6 (±0.5) 1.4 (±0.4) 1.3 (±0.6) 0.9 (±0.7) 0.7 (±0.3) 0.3 (±0.3) 

Cerrado 1.4 (±0.4) 1.3 (±0.4) 1 (±0.4) 0.7 (±0.3) 0.4 (±0.3) 0.5 (±0.5) 

Mata Atlântica 0.6 (±1.6) 0.2 (±1.6) 1.1 (±1) X X X 
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moist regions. Positive values are equivalent to how long, in months, the maximum NDVI was 

expressed after the minimum CWD, and negative values are equivalent of how long, in months, 

maximum NDVI preceded minimum CWD (Table 1; Figure 10).  

 
Figure 10: Phase shift difference (in months) for the vegetation types and their respective Hydroclimatic 

classes as boxplots, indicating the median and quartiles. The violin plot outlines illustrate kernel 

probability density, i.e. the width of the shaded area represents the proportion of the data located there. 

“Caatinga” had a mean pattern of NDVI peaks responding almost immediately to CWD in all 

hydroclimatic classes, ranging from 0.3 months to immediate response, 0 months. (Table 1; 

Figure 10). “Campos Rupestres” and “Cerrado” showed a gradient of coupling, from higher 

phase shift difference values in moister regions, 1.6 months and 1.4 months respectively, to 

lower values in drier regions, 0.3 months and 0.5 months respectively (Table 1; Figure 10). 

“Mata Atlântica” phase shift difference values were highly variable in all Hydroclimatic classes 

analyzed, with standard deviation reaching 8 times the mean value in the “Semi humid” class 

(Table 1; Figure 10).  
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4.3 Is topography able to impact vegetation productivity and its coupling relations to 

hydroclimatic regimes? 

The “Caatinga” vegetation distribution spanned the “Very dry”, “Dry” and “Dry seasonal” 

classes, marked by low water availability and high-water deficit, with strong seasonality within 

the “Dry seasonal” region. We found low AGB (13.8 ± 25.7 Pg/km²) and higher canopy height 

(4.4 ± 4.9 m) in moister regions with higher AET and lower CWD (Figure 11). Most of 

“Caatinga’s” natural vegetation sites are located in the São Francisco river lowlands with high 

TWI values (11.3 ± 1.3, unitless) and low elevations (603 ± 232 m).  

“Campos Rupestres”, which follow the S-N direction of the Espinhaço Range, covered all 

hydroclimatic classes. With low AGB (24.4 ± 36.9 Pg/km²) and low canopy height (4.8 ± 6.4 

m), as well as low TWI (9.6 ± 0.8, unitless), a result of the larger topographic variance on 

mountaintops (1077 ± 152 m), “Campos Rupestres” experiences relatively high AET, low 

CWD and strong seasonality when compared to other vegetation classes, with the exception of 

small areas located in the “Dry” and “Very dry” classes (Figure 11).  

 “Cerrado” had small values of AGB (19.1 ± 28.7 Pg/km²), larger values of canopy height (5.9 

± 5.1 m) and relative topographic uniformity, with high TWI values (11.5 ± 1.2, unitless) 

occupying medium elevation regions (711 ± 177 m), with most of its sites experiencing high 

water availability with strong seasonal fluctuations within the “Wet seasonal” class, despite 

occupying all hydroclimatic regions (Figure 11). 

 “Mata Atlântica” occupied the widest range of environmental conditions regarding all 

vegetation and topographic variables analyzed (TWI = 10.1 ± 1.3 unitless; elevation = 555 ± 

390 m), mostly because its distributional range accounts for two major diverging regions, the 

coast and the Espinhaço’s eastern lowlands. As it is widely known and expected, “Mata 

Atlântica” had the highest values of AGB (114.9 ± 67.4 Pg/km²) and canopy height (15.6 ± 8.4 

m) within all vegetation types (Figure 11). 
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Figure 11: Boxplot of the vegetation structure (Aboveground Biomass and Canopy Height) and 

topographic (Topographic Wetness Index – TWI and Elevation) values found for each vegetation type 

analyzed. 

 

We found anomalies regarding “Cerrado” (A1 and A2) and “Mata Atlântica” (A3 and A4) 

AGB and canopy height distribution and CWD-AET relations (Figures 12 and 13; Table 2). 

A1, where a low AGB-canopy height region was related to high AET and low CWD, is located 

in the southern Espinhaço highlands, at the “Wet seasonal” and “Semi humid” transition, where 

there is high water availability and rugged topography. A2, where higher AGB and canopy 

height vegetation was located in a region with lower water availability and higher deficit, was 

found on the “Wet seasonal”/”Dry seasonal” transition, an area characterized by the presence 

of the smooth lowlands of the São Francisco River. A3 was found in a region with high water 
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availability within the “Humid” and “Semi humid” classes, but with shorter trees and low values 

of AGB. A4 showed an abnormally low AGB and canopy height value within a region with 

high AET and medium to low CWD. 

Table 2: Anomalies of hydroclimatic and vegetation structure association 

ANOMALY AET (MM/YEAR) 
CWD 

(MM/YEAR) 
AGB (PG/KM²) 

CANOPY 

HEIGHT 

(METERS) 

A1 915 ± 5 184 ± 4 5.5 ± 11.6 0.2 ± 1.3 

A2 724 ± 37 756 ± 61 75.4 ± 47.4 12.6 ± 3.3 

A3 825 ± 67 413 ± 88 56.9 ± 63.4 7.4 ± 7.8 

A4 543 ± 21 616 ± 36 28.1 ± 26.4 10.3 ± 6.8 
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Figure 12: A) Actual evapotranspiration (AET) and Climatic Water Deficit (CWD) hexbin plots for the entire study area, and their relation with Aboveground 

Biomass (AGB - Pg/km²).  Each bin corresponds to the mean of AGB for a user-defined certain amount of raster pixels. B) The same relation showed in A but 

for each vegetation type analyzed. Blue circles indicate the anomalies found on those relations (described in the text). C) Spatial distribution of AGB across the 

study area. 
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Figure 13: A) Actual evapotranspiration (AET) and Climatic Water Deficit (CWD) hexbin plot for the entire study area, and their relation with Canopy Height 

(meters). Each bin corresponds to the mean of AGB for a user-defined certain amount of raster pixels. B) The same relation showed in A but for each vegetation 

type analyzed. Blue circles indicate the anomalies found on those relations (described in the text). C) Spatial distribution of Canopy height across the study area.



 

47 
 

4.4 What is the climatic resilience of the vegetation formations in this region? 

We found the same patterns of positive (wetter years) and negative (drier years) anomalies 

across the hydroclimatic classes, being that the amplitude of the anomalies is greater within 

drier regions, showing a pattern of more extreme interannual climatic variability in the northern 

portion of the study area (Figure 14). 

“Caatinga” CWD and NDVI coupling did not seem, over the analyzed years, to be influenced 

by CWD anomalies. For “Campos Rupestres”, which encompassed all hydroclimatic classes, 

coupling seasonality was more responsive to annual anomalies in the “Dry seasonal” (TWI 10.1 

to 12: r² = 0.22) and “Dry” with a 1-year lag (TWI 12.1 to 14: r² = 0.29) classes when 

experiencing topo-edaphic conditions favorable to water accumulation (Figure 15). When 

experiencing “Humid” (TWI 8.1 to 10: r² = 0.17) and “Semi humid” (TWI 6 to 8: r² = 0.28) 

classes and lower values of TWI, “Cerrado” was more sensitive to annual anomalies with a 

higher correlation for a 1-year lag (Figure 15).    

“Mata Atlântica” showed the highest correlations among all biomes analyzed between the phase 

shift difference and CWD annual anomalies (Figure 15). Within the “Humid” (TWI 12.1 to 14: 

r² = 0.36) and “Semi humid” (TWI 12.1 to 14: r² = 0.34) classes, the highest correlations were 

found for a 1-year lag response and high TWI values, while for “Wet seasonal” class the highest 

coefficient was found for an immediate response at sites with TWI values ranging from 10.1 to 

12 (r² = 0.25).
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Figure 14: Climatic Water Deficit (CWD) annual anomalies (2001 – 2017) for each Hydroclimatic class. Anomalies were calculated as difference 

between CWD climatological mean (1958 – 2017) and each year of the analyzed series (2001-2017). In this way, positive values indicate wetter 

years, and negative values drier years.  
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Figure 15: Linear regressions showing the interannual relationship between annual phase shift difference (PSD) (2001 -2017) and the respective 

annual CWD anomaly (20017-2017) for each hydroclimatic class and each vegetation type analyzed. Linear regressions were adjusted for TWI 

intervals found for the vegetation type within the hydroclimatic class. Left column indicates the linear regressions for immediate response between 

phase shift difference and CWD anomaly, while right column indicates the same relationship with a 1-year lag.
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5. DISCUSSION 

Vegetation types in seasonally dry to dry environments usually have high adaptations to cope with 

water shortage, being that drought avoidance and drought tolerance are considered the main 

strategies that plants use to resist to dehydration (Volaire, 2018). We were able to observe these 

strategies across the Espinhaço Range, which emerged from the contrasting and highly plastic 

vegetation responses to water availability regarding the hydroclimatic regime experienced.  

We observed that the drier or more seasonal a region becomes, the more the vegetation from 

different biomes may behave functionally more similarly than vegetation of the same biome under 

different hydrological regimes. This was well captured by the “Campos Rupestres” and “Cerrado” 

temporal responses to CWD, being that in drier regimes (“Dry” and “Very dry”) their responses 

are similar to those of “Caatinga” and in moister regimes (“Humid” and “Semi humid”) they are 

more similar to “Mata Atlântica”. This heterogeneity in hydroclimatic and vegetation relationship 

within a single biome shows that the traditional biome classification may not be an ideal 

representation of ecosystems function, which agrees previous global scale studies (Moncrieff, 

Hickler and Higgins, 2015; Higgins, Buitenwerf and Moncrieff, 2016). 

In general, wetter climates favors a leaf evergreen habit while dry climates are beneficial to 

deciduous plants (Vico et al., 2015). The capacity of plants to acclimatize to a variety of 

environmental conditions and, therefore, to display different strategies to water availability was 

observed specially to “Caatinga”, “Campos Rupestres” and “Cerrado”, while “Mata Atlântica” 

did not show a clear pattern of response, with high variance detected within the monthly coupling 

values. Despite this simple differentiation between wet and dry climates, we observed that in the 
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Espinhaço region a much more complex hydroclimatic dynamic overlaps the spatialization of 

environmental conditions and vegetation strategies to water availability. 

While “Humid”, “Semi humid”, “Dry” and “Very dry” regions may favor the establishment of more 

adapted vegetation to their intra-annual hydroclimatic conditions, transitional regions with high 

hydroclimatic seasonality such as “Wet seasonal” and “Dry seasonal” are well suited to harbor 

different vegetation types with divergent water use strategies. We observed this for all vegetation 

types since they spanned one (“Caatinga” and “Mata Atlântica”) or both (“Campos Rupestres” and 

“Cerrado”) transitional hydroclimatic regions, which indicates that hydroclimate seasonality on 

these environments is not a limiting factor for a vast spectrum of vegetation types, from grasslands 

to woody plants. 

The increasing coupling pattern between NDVI and CWD from wetter to drier regions observed 

for “Caatinga”, “Campos Rupestres” and “Cerrado” shows that the productivity of these 

vegetation types is influenced by water availability when it is a limiting factor, but when it is not, 

it may be firstly influenced by other environmental conditions, especially “Campos Rupestres” and 

“Cerrado” which spanned all hydroclimatic regions. While vegetation type responses to water 

availability on the northern region of Espinhaço are closer to “Caatinga” strategies, on the southern 

portion they are much more similar to “Mata Atlântica” water availability responses. 

In drier regions such as in “Very dry” and “Dry” classes, water shortage constitutes a selective 

pressure determining phenological and physiological vegetation strategies (de Lima et al. 2012) 

highlighting that water is the main abiotic factor controlling vegetation seasonality in these 

environments (Araújo, Castro and Albuquerque, 2007; Guan et al., 2015). As we observed by the 

high degree of coupling between CWD and NDVI, “Caatinga”, “Campos Rupestres” and 

“Cerrado” vegetation in these dry regions behave as opportunistic species which flushes its leaves 
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as water becomes available and shed their leaves to escape from drought, having drought avoidance 

strategies to periods of low water availability  (Reich and Borchert, 1984; Colwell et al., 2008; 

Vico et al., 2015; Streher et al., 2017).  

In wetter regions such as in “Humid” and “Semi humid” classes, water may not represent a selective 

pressure on plant productivity. Even experiencing a dry season, the higher volume of rainfall during 

the wet season and the mild to cold temperatures during the dry season favor higher water 

availability throughout the year. The higher degree of decoupling between CWD and NDVI in 

these regions, observed for “Campos Rupestres”, “Cerrado” and “Mata Atlântica”, indicates that 

despite their structural differences, they may behave functionally similar as scheduled species, with 

leaf flush occurring in response to photoperiod or temperature (Vico et al., 2015; Streher et al., 

2017).  

This similarity between “Cerrado” and “Mata Atlântica” productivity timing in wetter regions 

corroborates previous studies on savannas and moist forests relationships, but does not hold for 

drier regions. Climate is a weaker control on the adjacent distribution of moist forests and savannas 

when compared to Africa and Australia (Murphy and Bowman, 2012). Furthermore, the evolution 

of the Brazilian Cerrado is directed linked to historical plant adaptations to recurrent fire events 

(Simon et al., 2009), which may partially explain their distribution despite sharing the same 

hydroclimatic regimes.  

We did not find topo-edaphic conditions to have major and direct effect on plant distribution and 

production. The topo-edaphic influences on vegetation distribution and production were restricted 

to the detected anomalies sites, where the expected relationship of taller vegetation and higher 

biomass occupying wetter regions and vice-versa did not hold. “Cerrado” presented two anomalies, 

A1 and A2, the first where smaller trees and low AGB was found in a region with high water 
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availability located at the southern Espinhaço highlands. This region with rugged topography 

suggests that, despite the hydroclimatically favorable conditions, topo-edaphic conditions prevent 

the establishment of taller vegetation and more carbon allocation. A2 is an example of topo-edaphic 

conditions overlapping unfavorable hydroclimatic conditions, since the smooth lowlands of the 

São Francisco river favors soil water storage and facilitates plant access to water during the dry 

season.  

A3, where shorter trees and low biomass vegetation are located in regions with high water 

availability within the “Humid” and “Semi humid” classes, may have two different explanations. 

The first is related to the restinga coastal vegetation, and the second related to high elevation 

forests. A4, where we found abnormally low AGB and canopy heights in a region with relatively 

high AET and medium CWD, is related to the “Mata Atlântica” and “Caatinga” transition.  

Besides the intra-annual coupling of vegetation productivity and water availability analyzed, we 

conducted an assessment of the interannual variability of this coupling and the role of topography 

on controlling the responses. The interannual vegetation responses to climate variability is crucial 

to better understand and predict long-term ecosystem function and stability (Garcia and Ustin, 

2001). We found an intensity CWD interannual variability gradient over the study area, with 

northern regions experiencing greater CWD anomalies than southern regions. “Caatinga” NDVI 

and CWD coupling, which experiences the largest variance on CWD interannual fluctuations, was 

not responsive to the variability over the years, while the opposite was found to “Mata Atlântica”.  

The variability over the years of vegetation productivity responses to water availability in 

“Caatinga” was not correlated to fluctuations anomalies in CWD. This indicates that despite this 

biome seasonal productivity being closely controlled by water availability, it is also capable of 

buffering water availability interannual variability in both directions, wetter or drier years, in order 
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to maintain its productivity seasonal periodicity. Tropical dry forests production and phenology 

follows spatial and temporal patterns of water availability, where given the degree of seasonality 

some species may appear or become dominant (Clary, 2008). In the Caatinga biome, even sites 

with low species diversity can host communities with complex phenological patterns, this can make 

the ecosystem hydrologic response relatively stable and maintain constant productivity (Souza et 

al., 2016).  

“Campos Rupestres” vegetation seasonal productivity timing was affected by interannual CWD 

variability in sites of drier hydroclimatic characteristics and topo-edaphic conditions favorable to 

water accumulation. As said before, “Campos Rupestres” productivity is highly influenced by 

climate given the plasticity of its coupling with CWD over the study area. In moister regions, 

photoperiod plays a key role on triggering campos rupestres phenological events (Garcia, Barros, 

And Lemos-Filho 2017), while in drier regions water availability seems to be the main driver. In 

this way, “Campos Rupestres” sites in drier regions, which had higher values of CWD anomalies 

over the analyzed years, were forced to adapt its seasonal phenological events to cope with the 

climatic fluctuations, being possible only in sites capable of retaining water (higher TWI). This 

indicates that topography modulates “Campos Rupestres” climatic resilience in drier regions.   

In moister region, such as “Humid” and “Semi humid” classes, “Cerrado” and “Mata Atlântica” 

seasonal productivity coupling to water availability were highly sensitive to year-to-year CWD 

anomalies, with both showing higher responses with a 1-year lag. Aseasonality in humid 

environments leads to phenological events triggered by other environmental cues than water 

availability (Reich, 1995), since droughts events are rare and sparse. But in other hand, abnormally 

interannual changes in water availability may lead to a forcing pressure on these timing of 

phenological events for these vegetation types (Reich, 1995; Kanniah, Beringer and Hutley, 2013), 
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as was reported by our results. In addition, since these regions did not experience high anomalies 

over the years, the cumulative effect of consecutive anomalies showed a better relationship with 

the vegetation productivity and CWD coupling, expressed by the 1-year lag results for “Cerrado” 

and “Mata Atlântica”. This indicates, that “Cerrado” and “Mata Atlântica” in moister regions were 

capable of tracking interannual variability with the anomalies’ magnitudes reported over the years, 

but that they are also sensitive to changes and may be largely impacted in scenarios of higher and 

more extreme year-to-year water availability variations.  

Given all the points discussed above, we propose a schematic representation of the relationship 

between vegetation productivity and their responses to both, intra-annual seasonality and inter-

annual fluctuations on water availability (Figure 16). 

 



 

57 
 

Figure 16: Schematic representation of the relationship between the analyzed vegetation classes productivity 

to water availability in two temporal dimensions, intra-annual and inter-annual.  

6. CONCLUSION 

In this study we conclude that in the seasonally dry montane system of the Espinhaço Range, most 

of the spatio-temporal vegetation productivity dynamics are driven by hydroclimatic and/or topo-

edaphic conditions.  

Our results show that each vegetation type analyzed across the Espinhaço Range had a different 

response to water availability. “Caatinga” vegetation had a plastic and relatively fast response to 

CWD and was the most water-constrained vegetation type. “Cerrado” and “Campos Rupestres” 

had similar responses to fluctuations in water deficit, showing a gradient of slower to faster 

responses from “Humid” to “Very dry” hydroclimatic regions, with “Cerrado” experiencing high 

water deficits during the dry season and, “Campos Rupestres” experiencing bothm, water 

constraints and low evaporative demand as an effect of the high altitudes and lower temperatures.  

“Mata Atlântica” did not show a clear pattern of responses to seasonality on water availability, 

with high variance on its NDVI and CWD coupling values, that could have been biased by its 

highly diverse vegetation types which are classified as a same biome. Our results also show that 

there is no significant difference in water availability between “Cerrado” and “Mata Atlântica” 

regions during the rainy season, and that their main hydroclimatic discrepancies were restricted to 

small differences in the length of the dry season, and that other environmental conditions may play 

a more significant role on vegetation dynamics, such as the fire regime and temperature and light 

availability. 

We also found that among all biomes analyzed, “Cerrado” and “Mata Atlântica” was the most 

sensitive regarding the CWD interannual variability, especially in sites with moist conditions. Since 



 

58 
 

over the period assessed those regions did not presented high variability on year-to-year CWD, we 

argue that more extreme climatic years can have a large impact on the capacity of these vegetation 

phenology tracking interannual variability. These results have important implications for future 

studies and modeling of projected climate change, since the assessed ecosystems will be exposed 

to different responses of their hydrological cycle, therefore, impacting water use strategy and 

efficiency. 
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ABSTRACT 

The capacity of ecological models to better capture and predict ecosystems variations and changes is dependent on the 

choice of its environmental inputs’ variables, being precipitation the mostly used hydroclimatic variable. Yet, water 

available to plants is a function of rainfall and atmospheric evaporative demand. We assessed which hydroclimatic 

variable better explains variations in vegetation productivity in a seasonally dry tropical mountain system. We modeled 

NDVI temporal responses of different vegetation types to Climatic Water Deficit (CWD) and Precipitation, answering 

the following questions: 1) Are the responses of vegetation to different hydroclimatic variables specific for each 

vegetation type? 2) If so, which hydroclimatic variable better explains vegetation productivity for each vegetation 

type? We found that seasonally dry vegetation types were more responsive to CWD, while moist vegetation 

productivity was poorly explained by all hydroclimatic variables. The timing of responses of vegetation to CWD or 

precipitation varied according to site specificity. 

 

Key words — Evapotranspiration, Climatic Water Deficit, Mountain, NDVI, Vegetation 

productivity. 

 

1. INTRODUCTION 

In ecological studies, the identification of environmental variables that are ecophysiologically 

meaningful is crucial to improve models and better forecast ecosystem changes (Austin and Van 

Niel, 2011). Hydrological dynamics are a major driver of ecosystem function, and yet, are usually 

oversimplified when studying species distribution and vegetation dynamics (Mod et al., 2016). 

Given the importance of water to ecological processes, the choice of predictive hydrological 

variable is directly related to the capacity of models to capture and predict ecosystem dynamics 

(Hawkins et al., 2003).   
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Precipitation is frequently used as a predictor of plant water availability, but it is known that the 

water available to plants is a function not only of rainfall input, but of a set of other variables, such 

as atmospheric energy balance (Stephenson, 1998). Stephenson (1998) advocates that many 

correlative studies on vegetation distribution and water availability do not make use of 

hydroclimatic parameters that are truly meaningful to plant physiology, and propose that Actual 

Evapotranspiration (AET) and Climatic Water Deficit (CWD) should be used instead of 

precipitation, since both variables provide a reasonable biological interpretation, and have shown 

good correlation with the distribution of different vegetation types, from local to continental scales 

(Dilts et al., 2015). Both CWD and AET estimate the length and magnitude of hydroclimatic 

conditions to plants; CWD is related to drought, and AET represents favorable conditions of 

availability for biologically usable water and energy inputs to the environment (Stephenson, 1998). 

In the tropics, vast areas experience seasonally dry climates, which are well-defined by a wet season 

during which most of the annual precipitation occurs, followed by a prolonged dry season. These 

areas harbor a great variety of vegetation types, from semi-deciduous to dry forests and savannas 

(Allen et al., 2017). Seasonally dry tropical environments are expected to experience future 

changes in periodicity due to climate change, with stronger impacts predicted for higher elevations 

(Aparecido et al., 2018). Among other impacts, tropical montane ecosystems will potentially suffer 

an acceleration of their hydrological regimes, caused by an increase on the variability of 

precipitation patterns (Allan and Soden, 2008), leading to, among others effects, changes in 

ecosystem functioning and productivity, or improvement of environmental conditions to invasive 

species, increasing mortality rates and, therefore impacting species diversity and distribution. For 

this reason, understanding and quantifying the spatial and temporal patterns of seasonal plant water 
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use can provide important insights on how tropical mountainous ecosystems will respond to climate 

change. 

The Espinhaço Range is a seasonally dry mountainous region feeding the watersheds of three large 

river basins in Brazil (São Francisco, Atlântico Leste and Atlântico Sul), with a primary S-N 

direction. This region is an ecotone of semi-deciduous moist forests, savannas, dry forests and 

mountain vegetation (Figure 1). This ancient landscape, dating back to 640 Mya, has ample 

topographic and altitudinal variation, with mountain peaks reaching over 2000 meters a.s.l 

(Schaefer et al., 2016). A recent analysis of spatial precipitation patterns in the Espinhaço Range 

showed that there is no significant difference in total annual rainfall between eastern and western 

sides, which are occupied by semi-deciduous forest and savanna vegetation, respectively (Streher 

et al., 2017). For this reason, here we propose an analysis to assess which hydroclimatic variables 

better explain vegetation dynamics in the Espinhaço Range.  

To understand the relations between vegetation productivity and hydroclimatic variables in this 

tropical mountainous system, and improve variables choice for bioclimatic studies, we addressed 

the following questions: 1) Are the responses of vegetation to different hydroclimatic variables 

specific for each vegetation type? 2) If so, which hydroclimatic variable better explains vegetation 

productivity for each vegetation type? 

2. MATERIAL AND METHODS 

We adjusted pixel-wise linear regression models between an NDVI dataset, a proxy of vegetation 

productivity, and two layers of hydroclimatic variables (precipitation and CWD) to assess the 

temporal vegetation responses to water availability. The linear regression models were fitted using 

monthly pairwise observations, with 0, 1 and 2-month lags for precipitation and CWD, to capture 

possible lagged vegetation responses to climate. All datasets covered the period between 
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January/2001 and December/2017, at monthly intervals, with a 1 x 1 km spatial resolution. To 

ensure we were sampling natural vegetation, we fitted the models to all pixels within the studied 

region to reveal broad spatial patterns, but then evaluated model fit only for regions corresponding 

to known protected areas within the Espinhaço Range.   

Vegetation types at each protected area were classified following the Brazilian official biome 

classification, and then attributed to the protected areas. To delineate the “Campos Rupestres” 

classification, which is not an official biome, we identified all protected areas that overlaid the 

Silveira et. al (2016) “Campos Rupestres” delineation, and reclassified it as “Campos Rupestres” 

protected areas. The vegetation types found on the study area are, hereafter, classified as 

“Caatinga” (5014 pixels), “Campos Rupestres” (8041 pixels), “Cerrado” (7900 pixels) and “Mata 

Atlântica” (11572 pixels). 

We used a time-series of NDVI images generated from Moderate Resolution Imaging 

Spectroradiometer (MODIS) images. Data was obtained from the Land Process Distributed Active 

Archive Center (LP-DAAC – USGS/NASA). Monthly NDVI pixels values result from the best 

pixel composite of two 16-day composite periods. To improve the quality of pixels, and minimize 

atmospheric and cloud effects, the 16-day period algorithm chooses the best available pixel within 

all the acquisition dates. All monthly images were downloaded, mosaiced and transformed to 

GeoTIFF format using the “MODIStsp” package of the R programming language (Busetto and 

Ranghetti, 2016). 

Precipitation was obtained from the Climate Hazards Infrared Precipitation with Stations 

(CHIRPS) dataset (Funk et al., 2015). CHIRPS is a quasi-global precipitation dataset which 

incorporates satellite data of cold cloud duration and gauge stations. Using an interpolation 
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approach between cold cloud duration rainfall estimates and gauge station data, CHIRPS provides 

daily, pentadal, monthly, 2 and 3 months aggregated and annual precipitation gridded datasets at a 

5 x 5 km spatial resolution. We disaggregated the data to 1 x 1 km spatial resolution to match the 

NDVI dataset. CHIRPS is freely available at http://chg.geog.ucsb.edu/data/chirps/.  

We used the TerraClimate dataset (Abatzoglou et al., 2018) to obtain CWD values, which are 

gridded (~ 4km) monthly data products. TerraClimate products are generated from the interpolation 

of different global weather station databases from WorldClim (version 1.4 and version 2.0), CRU 

Ts4.0 and JRA-55. To calculate AET and CWD, TerraClimate uses a one-dimensional modified 

Thornthwaite-Mather climatic water-balance model, with CWD given as the difference between 

Potential Evapotranspiration (PET) and Actual Evapotranspiration (AET). We also disaggregated 

the data to 1 x 1 km spatial resolution to match thr NDVI dataset. TerraClimate is freely available 

at http://climatologylab.org/terraclimate.html. 
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Figure 1. Overview of the Espinhaço mountain range in Brazil. On the left panel, the topography and extent 

of the Espinhaço Mountain Range and the protected areas classified by vegetation types, in Brazil. On the 

right, the Espinhaço Range as an ecotone of vegetation types, and as the watershed of São Francisco (SF), 

Atlântico Leste (AL) and Atlântico Sudeste (AS) basins. 

3. RESULTS 

The pixel-wise linear regression between NDVI and either precipitation or CWD showed an 

inverse vegetation response to hydroclimatic variables (Figure 2). We found a general spatial 

pattern of higher responses of NDVI to CWD for monthly pairwise linear regressions, while the 

highest explained variance for precipitation was found using a 2-month lagged regression (Figure 

2 A and 2 C).  
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Figure 2. A) Pairwise linear regression; B) 1-month lag linear regression; C) 2-month lag linear regression. 

Maps resulted from the linear regression between NDVI (Jan/2001 to Dec/2017) and CHIRPS precipitation 

dataset (Jan/2001 to Dec/2017) (A; B and C left panels) and Climatic Water Deficit (Jan/2001 to Dec/2017) 

(A; B and C right panels), and boxplots of the r² resulted from the linear regressions (A; B and C middle 

panels) for each vegetation type sampled at known protected areas (CA = Caatinga; CP = Campos Rupestres; 

CE = Cerrado; MA = Mata Atlântica)
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“Caatinga” vegetation productivity better responded to pairwise CWD (median r² = 0.87) 

and had the worst results when using 2-month lag CWD (median r² = 0.14). “Campos 

Rupestres” was most responsive to 1-month lag CWD (median r² = 0.80) and least to 0-

lag pairwise precipitation (median r² = 0.12). “Cerrado” productivity was better explained 

by 1-month lag CWD (median r² = 0.92) and had the lowest responses to pairwise 

precipitation (median r² = 0.18). “Mata Atlântica” productivity was the least responsive 

to hydroclimatic variables among all vegetation types, with its largest amount of variance 

explained by 2-month lag CWD (median r² = 0.40) and the smallest by the pairwise 

precipitation regression (median r² = 0.05). 

4. DISCUSSION 

The amount of water available to plants is a result of the balance between hydrological 

inputs and outputs controlled by the amount of energy held in a system. Our results show 

that the most commonly used variable in ecological predictive models, precipitation, 

oversimplifies this hydroclimatic aspect, since vegetation productivity responses were 

poorly correlated to pairwise rainfall. Vegetation responses to CWD, a variable that 

accounts for the simultaneous availability of water and energy usable by plants, better 

explained NDVI variation in almost all cases. 

 “Caatinga” vegetation, which experiences seasonally dry to dry environments, was 

highly correlated with almost every hydroclimatic variable, with the exception of pairwise 

precipitation and 2-month lag CWD. Caatinga vegetation productivity is highly 

dependent on water, shedding their leaves to escape from drought, with the majority of 

plants presenting this drought avoidance strategy to periods of low water availability 

(Colwell et al., 2008; Streher et al., 2017). The dry season experienced by caatinga is 

characterized by a long period of low to the absence of rainfall together with extremely 
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high temperatures, that is, an excess of energy availability. Thus, the 1-month lag of 

precipitation explaining a greater variance on NDVI for this vegetation type, indicates 

that water takes around 1-month after the rainfall event to be available to plant use. This 

is a result of the first rainfall events in the beginning of the rainy season being rapidly 

evaporated to attend the high atmospheric evaporative demand from the dry season. 

However, caatinga vegetation is highly tuned to CWD, given the capacity of this variable 

to capture the coupling between small variations on water inputs and vegetation 

productivity, expressed by this balance between water inputs and atmospheric 

evaporative demand.      

“Campos Rupestres” are found on mountaintops, associated with high topographic 

variation and rugged relief (Silveira et al., 2016). Runoff accounts for a major portion of 

the water balance in these environmental conditions, justifying the higher explained 

variance between vegetation productivity and the timing of precipitation. In addition, 

campos rupestres in high altitudes experience a near-constant presence of cloud cover, 

and consequently a lower amount of energy coming from solar radiation (Streher et al., 

2017). This way, “Campos Rupestres” productivity is better correlated to a 1-month lag 

CWD, demonstrating that this vegetation demands a certain accumulation of water and 

energy to be responsive.  

The higher r² found for “Cerrado” productivity between 1-month lag CWD and 2-month 

lag precipitation is a function of the relations between topoedaphic conditions and energy 

availability. The “Cerrado” distribution is related to a region with high water retaining 

capacity, but the high irradiance and elevated temperatures during the dry season deplete 

the upper soil layers of water in this period (Quesada et al., 2008). Given the smooth 

topography and well-drained soils, deep-rooted plants can access water from the deeper 

soil layers even during the dry season, explaining the largest portion of productivity 
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variance explained by the 2-month lag precipitation response. However, the best response 

was still found for the 1-month lag CWD, when there is a better balance between rainfall 

inputs and energy availability, especially during the rainy season.  

The moist vegetation typical of the “Mata Atlântica” biome showed the lowest response 

between plant productivity and hydroclimatic variables, as a result of high-water 

availability throughout the year. This suggests that water availability may not be the main 

driver of vegetation productivity, in relation to other environmental conditions. Tropical 

moist forest phenology is usually characterized by continuous leaf flushing, as shown for 

Mata Atlântica (Morellato et al., 2000) and Amazonia (Lopes et al., 2016), with high 

influence of irradiance and cloud cover (Morellato et al., 2000; Streher et al., 2017). 

5. CONCLUSIONS 

The vegetation types analyzed across the study area, with exception of “Mata Atlântica”, 

were highly correlated with hydroclimatic variables, especially with CWD, with 

variations in the timing of response regarding its experienced environmental conditions. 

We conclude that CWD is a better hydroclimatic predictive variable when analyzing 

vegetation dynamics in dry to seasonally dry regions, since it has the ability to capture 

plant response patterns to the amount of energy and water, in the spatial and temporal 

dimensions.  
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