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“Quando chove no sertão 

O sol deita e a água rola 

O sapo vomita espuma 

Onde um boi pisa se atola 

E a fartura esconde o saco 

Que a fome pedia esmola”. 

 

Cordel do Fogo Encantado 
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RESUMO:  

 

Os padrões ecossistêmicos da vegetação estão bem relacionados aos fatores climáticos 

em ambientes sazonais. A chuva é um recurso limitante em ambientes áridos, mas há 

evidências que na ausência de precipitação, aspectos geográficos como o terreno e o 

balanço hídrico, contribuam para a estabilização da produtividade primária. Utilizando 

dados geoprocessados de séries temporais, nós testamos a influência da altitude e do 

déficit hídrico, em três tipo de vegetação (formação florestal, formação campestre e 

formação savânica), na produtividade primária e na estabilidade desta função 

ecossistêmica no domínio da Caatinga. Nós esperamos que a altitude influencie 

positivamente tanto a produtividade primária, quanto a estabilidade, enquanto o déficit 

hídrico tenha um efeito negativo. Acreditamos que regiões florestais dependam mais do 

aumento da elevação, enquanto as fisionomias herbáceo-arbustivas sejam mais 

fortemente controladas pelo déficit hídrico. Nós classificamos a Caatinga em maior e 

menor produtividade e estabilidade, com base na divisão pela mediana, e, modelamos a 

estrutura temporal dessas mudanças sazonalmente, através de uma função de correlação 

cruzada. O déficit hídrico foi o principal preditor da produtividade e estabilidade, 

afetando as duas negativamente, enquanto a altitude teve um efeito positivo, não sendo 

significativo para o tipo florestal. A floresta é a vegetação que tem a estabilidade mais 

afetada pelo déficit hídrico, indicando que esse ecossistema pode sofrer mais com as 

projeções futuras de mudanças climáticas. A variação da produtividade da Caatinga ao 

longo dos meses flutua sazonalmente, sendo que grande parte está dentro de um ciclo 

sincrônico, sugerindo também que a dinâmica da vegetação é previsível mesmo com as 

irregularidades da chuva. Estes resultados contribuem para melhor compreendermos as 

variações espaço-temporais da produtividade da Caatinga, auxiliando tomadas de decisão 

de conservação e ações de mitigação frente às mudanças climáticas.  

 

Palavras-chave: índice de vegetação, Caatinga, estabilidade ecossistêmica, estresse 

hídrico, geoprocessamento.  
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ABSTRACT:  

  

Ecosystem patterns of vegetation are well related to climatic factors in seasonal 

environments. Rainfall is a limiting resource in arid lands but there is evidence that in 

lack of precipitation, geographic aspects, such as terrain and water balance contribute to 

stabilizing primary productivity. Using geoprocessed data of temporal series, we tested 

the influence of altitude and water deficit for each vegetation type (forest, Grassland and 

water deficit) on primary productivity and on the stability of this ecosystem function in 

Caatinga domain. We expect a positive effect and a negative effect, respectively, on 

primary productivity and stability. We believe arborous physiognomies depend more on 

altitude increase while shrubby-herbaceous layers are more strongly by water deficit. We 

also classified Caatinga in higher and lower productivity and stability, based on median 

division. And, we modeled the temporal structure of these changes, seasonally, through a 

cross-correlation function. Water deficit was the main predictor of productivity and 

stability, affecting both negatively, while altitude had a positive effect, but not in forest 

vegetation. Forest, still, is the vegetation in which stability is most affected by water 

deficit, indicating that this ecosystem may be more prone to climate change. Primary 

productivity variation in Caatinga through months fluctuates seasonally, and the greater 

portion takes part in a synchronized cycle, suggesting vegetation dynamics is predictable 

even with rainfall irregularities. Understand how these patterns vary in the landscape and 

what is the role of environmental fluctuations is important to conduct conservation efforts 

and understand what vegetation types may be more vulnerable to climate change.  

 

Palavras-chave: vegetation index, Caatinga, ecosystem stability, water deficit, 

geoprocessing.  
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1. INTRODUCTION  

The primary productivity of natural ecosystems is highly variable in space and 

time worldwide (Field et al. 1998). Understand its spatiotemporal patterns at the 

landscape scale can  help us identify ecosystems vulnerable to environmental change and 

predict behavioral strategies of mobile organisms under influence of the spatiotemporal 

configuration of resources (Pettorelli et al. 2011; Aikens et al. 2017). Ecosystem functions 

fluctuates seasonally and annually as a result of several environmental factors in 

seasonally dry tropical forests, including climate as a major agent of temporal variability 

(Murphy and Lugo 1986; Pennington et al. 2000). Here, we will use stability as a term to 

refer to the level of amplitudes in aggregate measures of the ecosystem properties (Ives 

and Carpenter, 2007). 

 One of the main climate factors influencing the temporal stability of ecosystems 

is water availability. Actual evapotranspiration (AET) and water deficit (D) are biological 

meaningful variables concerning the interaction between water and energy (Stephenson 

1998). These variable are much more important to infer plant response than rainfall 

(Stephenson 1998), regarded to be a determinant climate factor in tropical dry forests 

(Murphy and Lugo 1986; Allen et al. 2017) correlating seasonal patterns of terrestrial 

productivity in drier ecosystems (Al-Bakri and Suleiman 2004; Chamaille-Jammes et al. 

2006; Barbosa and Lakshmi Kumar 2016). That is, rainfall not necessarily indicates water 

is available for use. For instance, plants may experience drought by high evaporative 

demand in sunward slopes or by low water availability in soils with low water-holding 

capacities (Stephenson 1998).  

 Topography increases spatial heterogeneity in dry forests, leading to differences 

in water balance through the landscape (Maass and Burgos 2011) and different time-

scales (Chamaille-Jammes et al. 2006), modifying ecosystem patterns. Yet, the role of 
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topography in tropical mountain phenology is still advancing (Streher et al. 2017). 

Elevation can lead to an increase in humidity through a reduction in air temperature and 

evaporative forcing (Körner 2007) summed with fog and cloud cover (Bruijnzeel and 

Veneklaas 1998; Aparecido et al. 2018).  In Caatinga, mesic environments called brejos 

de altitude emerges as a result of expansion and retraction of the tropical rain forest from 

past climate glaciations (Werneck et al. 2011; Santos et al. 2012; Oliveira et al. 2017). It 

is believed improved wetter conditions of highest altitudes permitted persistence of these 

species, now considered a refugium hotspot of biodiversity (Werneck et al. 2011). 

 Plant communities, and vegetation physiognomies, as a result, have different 

responses to drought stress, reflecting their functional traits, such as physiological 

adjustment to water stress, soil water storage, vegetation structural constraints. Forest 

biomes have greater leaf areas, but aboveground primary production may be abiotically 

constrained because precipitation variability is not commonly experienced (Knapp and 

Smith 2001). Under substantial variability, however, the forest may have moisture enough 

to meet evapotranspiration demands (Knapp and Smith 2001). Herbaceous-dominated 

ecosystems, otherwise, for its higher sensitivity to precipitation variation, may be most 

responsive to climate changes (Knapp and Smith 2001). 

 Caatinga semiarid drylands originally occupy an area of 826.411 km2 in Brazil 

(MMA 2011), regarded of one of the largest seasonally dry tropical forest in South 

America (da Silva et al 2017) and being constituded mainly of closed forests, open 

shrublands, and grasslands (Fig. 1). Besides the high temperatures, erratic precipitation 

and low volumes of rainfall (da Silva et al 2017), Caatinga is also shaped by its 

geodiversity (de Queiroz et al. 2018), resulting in a very diverse landscape. Despite most 

vegetation formations have deciduousness species, some natural remnants remain greener 

even in dry periods, or at least, show less variability trough time, functioning as patches 
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of improved habitat quality for wildlife. Most of these fragments are expected to occur in 

higher altitudinal gradients but if it is not, they are conditioned to a wetter improved 

environment. Investigating the role of water availability, terrain and vegetation 

physiognomy at a landscape resolution in Caatinga, is still lacking. 

 In this study (i) we evaluate the productivity and stability of the whole Caatinga 

ecosystem and its three main vegetation types (Forest, Shrubland and Grassland), (ii) we 

evaluate the relationship between productivity and stability, (iii) we test whether primary 

productivity and its stability are determined by altitude and water deficit, (iv) we  

classified the Caatinga landscape in contrasting categories of productivity and stability, 

and (v) to identify the seasonal pattern of vegetation dynamic in Caatinga, we modeled 

the temporal structure of the spatial change of primary productivity. We expect that 

productivity and stability are positively influenced by altitude and negatively by water 

deficit, but in different magnitudes. Higher biomass vegetation like closed-canopy ones 

is expected to be less affected by predictors, as water hold capacity increases. We expect 

a seasonal change in productivity, among areas which experience more variability in 

Caatinga, reflecting a natural phenology. 

 

2. METHODS 

2.1 Study area 

  Caatinga is a phytogeographical domain in Brazil occupying an area of 826.411 

km2 - almost 10% of its territory (Fig. 1), (IBGE 2004; MMA 2011; Moro et al. 2016), 

one of the largest Seasonally Tropical Dry Forest (STDF) of the world. Caatinga  is 

located in the northeastern portion of South America, and this position leads to an atypical 

semiarid climate for a tropical zone, where humid forests are usually found (Ab’Sáber 

1974; Moro et al. 2016). Semiarid Brazil has a rainfall pattern of high irregularity in time 
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and space. Annual total precipitation in Caatinga ranges from less than 400mm, in driest 

central areas, to 1200mm, in the mountains or coastal zones (de Andrade et al. 2017). The 

rainy season does not start or end in a fixed time, dry condition might last for months in 

some regions (Ab’Sáber 1974; de Andrade et al. 2017) and this is due to geographic 

position of Intertropical Convergence Zone (ITCZ), the main atmospheric process 

influencing northeast and its interannual variations in precipitation (Uvo et al. 1998).   

The temperature in brazilian semiarid is relatively spatially homogenous and with 

low variability within a year. Temperature here is elevated, in opposition to other STDFs, 

with an annual mean of 24°C reaching up to 40°C in some areas (Nimer 1972). In respect 

of, water deficit is quite high given that 75% of annual precipitation in Caatinga is 

returned for the atmosphere. Moreover, the semiarid region is strongly subject to 

hydrological and vegetative droughts (Cunha et al. 2015; Marengo et al. 2017; Brito et al. 

2018) with large negative rainfall deviations from the long-term climate.  

Caatinga plants have distinctive adaptations for the austere environment, such as 

thorny trees with twisted trunks, small-leaves, tuber and water storage organs (Andrade-

Lima 1981; Queiroz et al. 2017). The most recognized feature is the deciduousness of 

most trees at dry conditions, varying from 0 to 30% of species maintaining their leaves 

depending on the site (Andrade-Lima 1981; Queiroz et al. 2017). A variety of 

physiognomies are found in the Caatinga domain, ranging from non-woody plants like 

grasses and herbs to woody types as shrubs and trees.  This phytogeographical domain is 

under influence of other transitional ecotones, surrounded by the Atlantic Ocean at the 

north, Atlantic Forest in eastern and southeastern portion and by Cerrado towards western 

and southwestern of its limits. Then, despite typical vegetations of rock outcrops, riverine 

communities, crystalline, and sedimentary caatinga, we also found savannas-like and 

arboreal caatinga from enclaves of other biomes, such as cerrado, campos rupestres and 
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subhumid forests  (Moro et al. 2016; Queiroz et al. 2017). Nonetheless, the historical land 

management of the Semi-arid region has shaped the Caatinga landscape. And now, 

Caatinga has lost half of its original vegetation (Antongiovanni et al., 2018) and the 

remained remnants are still subject to intensified land use, drought and desertification 

(Tomasella et al. 2018).  

 

2.2 Data source  

2.2.1 Vegetation Index 

NDVI (Normalized Difference Vegetation Index) is a vegetation index used to 

monitor earth vegetation cover and condition within and across biomes (Huete et al. 

2002). NDVI is well recognized as a remote tool to infer plant phenology and productivity 

(Reed et al. 1994; Pettorelli et al. 2005). In this study, we use mean NDVI as a proxy of 

vegetation primary productivity (Pettorelli et al. 2011) and temporal variation of NDVI 

as proxy of productivity stability (or ecosystem stability)(Lehman and Tilman 2000).  

NDVI is a normalized ratio between the difference of spectral bidirectional factors at 

near-infrared (NIR) and visible light (RED) using the following equation (Myneni et al. 

1995): 

                                          𝑁𝐷𝑉𝐼 =
𝜌𝑁𝐼𝑅 −𝜌𝑅𝐸𝐷

𝜌𝑁𝐼𝑅 +𝜌𝑅𝐸𝐷
                                                               

NDVI values range between -1 and +1. Negative to zero values are interprete as 

no vegetation (Myneni et al. 1995), lower positive values indicate altered or sparse 

vegetation and higher values up to one indicate a high density cover, normally a forest 

ecosystem (Weier and Herring 2000). We chose this index because vegetation dynamic 

has been well demonstrated using NDVI in Caatinga (Barbosa and Lakshmi Kumar 

2016). Despite of NDVI saturation in higher biomass (Huete et al. 2002), semi-arid 

ecosystems still have higher range of values to dictate its multitemporal profiles.  
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In this work, we collected NDVI data from satellite images of Vegetation Index 

provided by Moderate Resolution Imaging Spectroradiometer (MODIS) product 

MOD13Q1. We used 434 scenes including the four tiles (h13v9, h14v9, h13v10, h14v10) 

that covers the Caatinga spatial extent for the period 2000 to 2018. The composite VI 

version 6 is produced on 16-day intervals at 250m spatial resolution and it accounts for 

the maximum pixel value for the period, cloud-free, with the lowest view angle (Didan et 

al. 2015). Thus, productivity of a given pixel was estimated by the mean NDVI per pixel 

across all available times. Stability of a given pixel was estimated by dividing the mean 

NDVI by its standard deviation (Lehman and Tilman 2000) calculated across all available 

times. 

Productivity and stability were calculated only for pixels with Caatinga 

vegetation. Hence, we applied a mask of Caatinga remnants using MapBiomas 

classification (Projeto MapBiomas 2019) to take into account only natural cover.  In 

addition we excluded negative NDVI values and applied a water mask from MODIS 

product MOD44W (Mark et al. 2017) to remove surface water from the VI layer.  Here 

we used the R package MODIStsp (Busetto and Ranghetti 2016) to download, mosaic 

and re-project MOD13Q1 and MOD44W products from MODIS available data. We used 

ArcGIS software to carry out all geoprocessing procedures.  

 

2.2.2 Land cover 

We obtained the land use classification from the year 2018 delivered by 

MapBiomas collection 4.0 (Projeto MapBiomas 2019). From the available classification, 

we resampled pixels followed by raster reclassification to exclude from VI surface all 

classes encompassing urban area and non-natural vegetation. We considered the 

following natural vegetation classes: forest, savana formation, grassland, salt flat, 
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mangrove and rocky outcrops. However, we excluded salt flat, mangrove and rocky 

outcrops from posterior analysis to reflect terrestrial vegetation (Fig. 1). An herbaceous 

stratum composes grassland. Savana formation was named as Shrubland to more reflect 

its features, as it is characterized by semi-continuous canopy species. In Forest vegetation 

type, continuous canopy species prevail, including deciduous and semi-deciduous 

seasonal forest. In fact, Shrubland accounts for the major part of Caatinga remnants 

(81.84%), followed by Forest (11.30%) and Grassland (6.75%, Table S1). 

Figure 1. The Caatinga vegetation remnants with MapBiomas landcover classification 

and its three main vegetation types: forests, shrublands and grassslands.  

 

2.2.3 Elevation dataset 

Elevation data was acquired from ASTER Global Digital Elevation (GDEM) 

Model V3 distributed by NASA EOSDIS Land Processes DAAC. ASTER GDEM  was 

generated by stacking scenes from 2000 and 2013 resulting in layers of 30m resolution 
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(Abrams and Crippen 2019).  For altitude mapping, we merged tiles inner Caatinga extent 

and resampled it to the same spatial resolution of VI layers.   

 

2.2.4 Climatic Water Deficit data 

 We used Climate Water Deficit (CWD) as a measure of evaporative demand that 

overcome water availability, as biological meaningful of drought stress experienced by 

plants (Stephenson 1998). We obtained CWD from TerraClimate which is a dataset of 

monthly climate and derived variables in a ~4-km of spatial resolution covering global 

surface from 1958 up to now (Abatzoglou et al. 2018).  

Monthly reference evapotranspiration (ET0) is a measure of potential water loss 

and was calculated by the Penman Montieth method (Allen et al. 1998). TerraClimate 

makes use of a one-dimensional modified Thornthwaite-Mather climatic water balance 

model (WBM) (Willmott, Cort J. and Rowe and Mintz 1985) to calculate water balance. 

Then, actual evapotranspiration (AET) is related as the liquid water supply plus the soil 

water utilized and climatic water deficit is the difference between ET0 and AET 

(Abatzoglou et al. 2018).  

 

2.3 Is primary productivity and stability predicted by altitude and water deficit? 

  To answer this question we collected a sample by generating 10.000 random 

points inside Caatinga limits using ArcGis tool “random points”, from which 6166 points 

were located in natural vegetation. From the natural vegetated points, we excluded Salt 

flat, mangrove, and rocky outcrops classes to conduct the statistical analysis, resulting in 

6146 observations. Then with the ArcGis tool “Extract multi values to point”, we linked 

the layers of stability of primary productivity, land use reclassification, climate water 

deficit and altitude, to extract values at the same point.   
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 To test the relationship of altitude and water deficit with the response variables 

primary productivity and stability, we used multiple regressions models. After visualizing 

data and residuals distribution we excluded observations containing zero values of water 

deficit (which randomization fall out of layer extent) and zero values of altitude, to 

improve models fitting. Lastly, resulting in 5509 observations. We build one model for 

each vegetation type (Forest, Shrubland, and Grassland) followed by partial regressions 

to visualize predictors effect separately.  

 

2.4 Caatinga classified by productivity and stability 

 Four categories were mapped through the intersection between stability and 

productivity: higher productivity and higher stability (HpHs), higher productivity and 

lower stability (HpLs), lower productivity and lower stability (LpLs) and lower 

productivity and higher stability (LpHs). For higher productivity classes, higher stability 

indicates constancy of favorable environmental conditions, whilst for lower productivity 

classes, higher stability indicates that ecological stress persists over time. Pixels were 

classified relative to the median of stability and productivity using the quantile method of 

classification in ArcGis. Previously, we transformed layers to integer values for accuracy 

improvement.   

In order to test if categories of productivity and stability are related to vegetation 

type, we performed a chi-squared test where distribution frequencies of each vegetation 

type (Forest, Shrubland and Grassland) are predictors of categories HpHs, HpLs, LpLs 

and LpHs. Distribution frequencies were obtained by combining the land use layer of 

2018 with the map of primary productivity stability in ArcGis function “combine”. 
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Figure 2. Quadrants represent categories used in the classification of Caatinga. The 

higher half of the data sample classifies a pixel in lower stability or higher productivity. 

 

2.5 Seasonal change in primary productivity and its stability  

We repeated the classification above using four categories by month, but instead 

of the quantile method, we used the same median of the nineteen-year time series as cutoff 

points. Hence, we should obtain the seasonal change of categories in a year.  

Using as input the time series of the monthly pixel frequencies of the categories 

in the Caatinga, we built up a Cross-Correlation Functions (CCF) analysis to model 

temporal structure of spatial change of primary productivity and stability. CCF defines 

whether one series leads to change in another through a set of correlations in different 

time lags. We analyzed the following pairs of CCF: LpHs and HpHs, HpLs and LpLs, 

HpLs and HpHs, LpLs and LpHs. The correlation strength measures the correlation power 

of the first time series over the second one allowing us to determine the best lag at which 

it occurs.  
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3. RESULTS 

3.1 Productivity and stability across the Caatinga 

Across the Caatinga landscape, mean primary productivity was positively 

correlated to ecosystem stability (rs = 0.67, p < 0.001, Fig. 3A). Mean productivity was 

estimated as 0.53, but varied substantially across the biome, from a minimum of 0.01 to 

a maximum of 0.81. Caatinga forests had, in average, higher productivity (0.63 ± 0.07) 

when compared to shrublands (0.52 ± 0.07) and grasslands (0.44 ± 0.09). Across the 

biome, mean stability was estimated as 3.2, with a leptokurtic distribution varying from 

1.44 to 10.14. Stability distributions were very similar across vegetation types, with 

similar means for forest (3.95 ± 1.23), shrubland (3.08 ± 0.71), and grasslands (3.33 ± 

0.95). 

 Highest values of productivity in Caatinga are located at northwest portion of the 

biome, close to Cerrado ecotone, and, in highlands of Baturité, the continuous escarpment 

of Ibiapaba Plateau, Araripe Plateau and Diamantina range (Fig. 3B). Lowest values of 

productivity are mainly found at the center of Caatinga and also at the Seridó regions of 

Rio Grande do Norte and Paraíba states (Fig. 3B). The northwest frontier of Caatinga also 

shows the greatest stability values, in addition to the coastal region, the Araripe Plateau, 

and southwards São Francisco River, at higher elevations of Diamantina range (Fig. 3C).  

  

3.2 Altitude and water defict 

Caatinga natural remnants occur from sea level (0 m) until higher altitudes (2020 

m), but are concentrated in low to middle altitudes (100 – 600 m) (Fig. 4A). Lowlands 

are concentrated in the coastal zone, and at eastern and western portions of Caatinga. 

Whereas, uplands concentrates southwards São Francisco River and also westwards from  
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Borborema to Araripe Plateau, where it  meets Baturité range northwards the coast (Fig. 

4C).  

Water defict was lower for the Caatinga forests than for shrublands and grasslands  

(Fig. 4B). The center and the northeastern parts of the Caatinga reveals the highest values 

of water deficit in the biome (Fig. 4D). Water deficit is lower over higher elevations areas, 

at northweastern part of Caatinga and along the Caatinga region which is close to the east 

coastal zone (Fig. 4D).  
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Figure 3. Primary productivity and its stability across the Caatinga landscape. a) 

Relationship between productivity and stability. Marginal plots represent the density 

distribution (kernel density estimate) of productivity in the x-axis and density distribution 

of stability in the y-axis. The dashed line is the median of each variable and colors 

correspond to each vegetation type. Each point is a pixel, with all 5509 points sampled 

represented. Maps represent the spatial distribution of the nineteen-year b) Average of 

NDVI and bc NDVI stability over Caatinga natural drylands.  

A 

B C 
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Figure 4. Spatial distribution of the environmental variables in Caatinga. a) Kernel 

density estimates of altitude (m) by vegetation type b) Kernel density estimates of climate 

water deficit (mm) (averaged for nineteen-years’ time series) c) Elevation information in 

meters, generated from ASTER Digital elevation model v3, originally obtained in 30m 

spatial resolution. For data sampling ASTER GDEM mosaic was resampled to fit in 

productivity and stability surfaces d) Climatic Water Deficit index averaged for nineteen 

years (2000-2018), which monthly estimates were acquired from TerraClimate dataset in 

~4km resolution.  
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3.3 Is primary productivity and stability predicted by altitude and water deficit? 

As predicted, productivity was positively affected by altitude and negatively 

affected by water deficit, although grassland productivity was not affected by altitude 

(Fig. 5; Tab. 1). The negative effect of the water defict was stronger for grasslands (βstd= 

-0.65), followed by shrublands (βstd = -0.50) and forests (βstd = -0.42). 

Altitude also affected positively ecosystem stability in grasslands (βstd = 0.35) and 

shrublands (βstd = 0.26), although not in forests (Fig. 6, Tab. 1). As expected, water deficit 

affected negatively stability in all vegetation types with the stronger effects occurring for 

forest (βstd = -0.48), followed by grassland (βstd = -0.43) and shrubland (βstd = -0.41).  

 

3.4 Caatinga classification according productivity and stability 

The median values used to classify Caatinga in two distinct classes of productivity 

and stability were 0.527 and 2.80, respectively (Fig. 3A), forming four categorial groups: 

lower productivity and lower stability (LpLs), lower productivity and higher stability 

(LpHs),  higher productivity and lower stability (HpLs), and higher productivity and 

higher stability (HpHs). The most dominant category in the Caatinga is LpLs (38,15%), 

followed by HpHs (37,52%), HpLs (12,47%) and LpHs (11,85%). 

The three vegetation types were not evenly distributed across the four ecosystem 

categories (ꭓ2= 100900, p < 0.001, Fig. 7B). The HpHs category were dominated by forest 

(74%), HpLs and LpLs were dominated by shrubland, while grasslands (85%) 

predominated in the LpHs category. In other words, forests and grasslands differ in 

productivity but are stable environments, while Shrublands varies widely in both 

productivity and stability levels (Fig. S1). 
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Figure 5. Partial regressions of altitude (left) and water deficit (right) on primary 

productivity, as estimated by mean NDVI, for the three Caatinga vegetation types. A,B – 

Forest, C,D – Shrubland, E,F – Grassland.   
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Figure 6. Partial regressions of altitude (left) and water deficit (right) on ecosystem 

stability, as estimated by temporal variation in NDVI, for the three Caatinga vegetation 

types. A,B – Forest, C,D – Shrubland, E,F –Grassland.  

F
O

R
E

S
T

G
R

A
S

S
L

A
N

D
 

S
H

R
U

B
L

A
N

D
 

A B 

C D 

E

  B 

F

  B 



4 

 

Table 1. Regressions models with predictors explaining vegetation productivity and stability. Significant effects when p<.005.  

 Effect Coefficient Std. 

Coefficient 

Tolerance t p-value 

PRODUCTIVITY       

Forest 

Adjusted R2 = 0.167, p < 0.001, F = 66.5 

Intercept 0.762 0  63.390 <.001 

Altitude 0.000 0.0897 0.9363 2.430 .0154 

Water 

deficit 

-0.002 -0.4253 0.9363 -

11.520 

<.001 

Grassland 

Adjusted R2 = 0.423, p < 0.001, F = 135.0 

Intercept 0.715 0  37.510 <.001 

Altitude 0.000 0.003 0.9848 0.070 .944 

Water 

deficit 

-0.003 -0.652 0.9848 -

16.300 

<.001 

Shrubland 

Adjusted R2 =  0.268, p < 0.001, F = 875.4 

Intercept 0.707 0  134.47 <.001 

Altitude 0 0.142 0.9997 11.50 <.001 

Water 

deficit 

-0.003 -0.50 0.9997 -40.42 <.001 

STABILITY       

Forest  

Adjusted R2 = 0.232, p < 0.001, F = 99.58 

Intercept 6.767 0  33.146 <.001 

Altitude 0.000 0.006 0.9363 0.163 .870 

Water 

deficit 

-0.050 -0.485 0.9363 -

13.695 

<.001 

Grassland 

Adjusted R2 = 0.345, p < 0.001, F = 97.51 

Intercept 4.642 0  22.360 <.001 

Altitude 0.001 0.355 0.9848 8.320 <.001 

Water 

deficit 

-0.023 -0.431 0.9848 -

10.110 

<.001 

Shrubland 

Adjusted R2 = 0.233, p < 0.001, F = 729 

Intercept 4.399 0  81.230 <.001 

Altitude 0.001 0.263 0.9997 20.780 <.001 

Water 

deficit 

-0.022 -0.410 0.9997 -

32.380 

<.001 
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Figure 7.  a) Map of the Stability of primary productivity in Caatinga remnants, 

represented by four categories according to the intersection of higher e lower quartiles of 

primary productivity and its stability b) Frequency distribution of vegetation types (forest,  

Shrubland formation, grassland) by each of the four categories. 
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3.5 Seasonal change in primary productivity and its stability  

 There is a clear seasonal change in the spatial pattern of primary productivity in 

Caatinga remnants (Fig. 8) according to rainfall regimes. Categories vary in quantity (Fig. 

9) due to monthly changes in median values relative to the nineteen-year time series 

median used as cutoff point (Fig. 3;  Fig. S3).  Even in driest months, from August to 

October, some locations remain productive when we compare 10% highest stability of 

HpHs (Fig. S4) and most persistent sites in HpHs category (Fig. S5), i.e. northern Piauí 

(Campo Maior region – a Cerrado ecotone), Baturité range in northern Ceará, Araripe 

Plateau, Diamantina Highlands and some mountains in southern São Francisco river. 

 Time series of HpHs, HpLs, LpLs and LpHs are all non-stationary (Augmented 

Dickey-Fuller Test; HpHs: p = 0.21; HpLs: p = 0.26; LpLs: p = 0.72; LpHs: p = 0.5). The 

greatest change occur among LpHs and HpHs categories, instantaneously (correlation= -

0.992, lag = 0; Tab. S3). Yet, in higher productive categories (Fig. 10C), higher stability 

has an anticipated increase relative to those of lower productive. For lower stability 

categories comparison, we observe an increase in LpLs frequency after one month of the 

increase of HpLs areas (Fig. 10D). 
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Figure 8.   Monthly maps of the Stability of primary productivity in Caatinga remnants. 

To classify categories in higher/lower productivity or stability, we used the general 

median calculated for nineteen-year time series (Productivity = 0.527; Fig. 3A and 

Stability = 2,80; Fig. 3B).  
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Figure 9. Frequency distribution of stability of primary productivity categories varying 

seasonally within a year. HpHs = Higher Productivity and Higher Stability, HpLs = 

Higher Productivity and Lower Stability, LpLs = Lower Productivity and Lower Stability, 

LpHs = Lower Productivity and Higher Stability.  
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Figure 10.  Cross-correlation function plots comparing time series by pairs of categories. 

Each time series is the pixels frequency of a category throughout a year. a) Lower 

Productivity and Higher Stability compared to Higher Productivity and Higher Stability 

time series, b) Lower Productivity and Lower Stability compared to Lower Productivity 

and Higher Stability time series c) Higher Productivity and Lower Stability compared to 

Higher Productivity and Higher Stability time series, d) Higher Productivity and Lower  

Stability compared to Lower Productivity and Lower Stability time series. Significantly 

correlation is represented by vertical segments crossing the dashed line. Negative values 

of correlation may be assumed which means time series are negatively-correlated, along 

with for lags representing correlation at a time before. 
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4. DISCUSSION 

 Water deficit affects negatively productivity of the Caatinga, with more 

pronounced effects over grasslands. Besides leaf deciduousness, stomatal closure and leaf 

growth inhibition are among adaptive responses to drought stress as water loss avoidance 

(Chaves et al. 2003). Indeed, we found water balance is a major factor controlling 

physiognomic differentiation between woody and nonwoody formations (grassland) 

(Stephenson 1990), also reflecting non-overlap of NDVI patterns amongst vegetation 

types. Greater effect by water deficit in herbaceous vegetation may be due to limited water 

use efficiency in drought, and increased actual evapotranspiration, compared to forest 

which can employ water-saving strategies (Wolf et al. 2014) and may reduce productivity 

in a slow rate.   

Stability of forest, grassland, and shrubland also responded negatively to water 

deficit. Ecosystem function may be destabilized by alteration in diversity-stability 

relationships.  Previous work suggests resource limit (water) may lead to dominance in 

competitive species modifying diversity-stability relationship through environmental 

filtering (such as aridity and moisture variability) (McCluney et al. 2012; García-Palacios 

et al. 2018). In Caatinga, research at landscape resolution has shown that Phylogenetic 

diversity correlates posetively with vegetation stability (through a change in standard 

deviation) (Mazzochini et al. 2019). Thus, diversity mediation may be one of the 

mechanisms explaining reduction in stability due to water deficit. 

 We found a positive relationship between altitude and productivity and stability, 

even though water deficit is a much more important factor limiting biomass production 

in Caatinga. Yet, the altitude effect on vegetation stability was greater compared to 

productivity response (except for Forest, p = 0.870; Tab.1). Because forest present 

microclimate amelioration through canopy shading effects and lower water deficit,  
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elevation only affects lower density physiognomies (grassland and shrubland) because 

other factors linked to altitude (solar radiation interception by clouds, wind and air-

cooling and soil type may be contributing to less environmental amplitude within drought 

events. Still, we should recognize the importance of high altitudinal gradients in 

maintaining hotspost of vegetation greenness in Caatinga (Fig.S4 and Fig.S5), as reported 

earlier about the mountain regions of  Araripe Plateuau, Diamantina highlands and 

Baturité ranges. 

  We expected that in our classification, based on median division (HpHs, HpLs, 

LpLs, LpHs), productivity would vary inside the lower and upper half’s (Fig.2). The cross 

correlogram of higher stability categories showed highly symmetry and synchronicity, 

and among other correlograms analyzed, this was the only symmetrical pattern. Instead, 

when we observe the correlogram between the categories of lower stability there is only 

one peak of correlation that occurs causing an increase in the area occupied by areas of 

LpLs after one month of the increase of HpLs. This correlation should be interpreted with 

caution due to the low expressiveness of these two categories in terms of area, but in 

general indicate that areas of higher productivity respond first than areas of lower 

productivity, when we refer to areas of low stability. 

  For the higher productive areas, the effect of the increase in areas occurs first in 

the category of high stability and then, with a lag of one and two months in the area of 

lower stability, indicating that both categories have an increase in area and that this 

increase is rescuing at least part of their area from the other compartments. For the Lower 

productivity areas the opposite occurs, the increase in the areas of LpHs causes a direct 

decrease in the areas of LpHs, suggesting that this transfer explains part of this decrease. 

  Hence, higher stability categories appear as a seasonal synchronically cycle. 

Seasonal signal is strong; causing Hs categories to change, but great part of Caatinga is 
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stable through time, returning to the previous state at the end of the season. Some believe 

Caatinga in an unpredictable environment (Leal et al. 2005). In fact, from a climate 

perspective, Caatinga is known for highly inter-annual variability in rainfall amount and 

occurrence (Marengo et al. 2011) mainly due to ENSO oscillations and anomalies in 

ZCIT (Marengo et al. 2017). Oscillations in seasonal NDVI patterns over the Brazilian 

northeast region are related to precipitations anomalies caused by ENSO (Barbosa and 

Lakshmi Kumar 2016). However, our results indicate Caatinga vegetation is not as 

unpredictable as we thought and it does not depend exclusively on irregular water supply. 

These findings may indicate wildlife have adapted for predicted vegetation dynamics in 

certain areas and they possibly rely on environmental cues to search for improved habitat 

conditions, which occur in other drylands systems (Mueller and Fagan 2008; Jonzém et 

al. 2011).  

 Higher stability categories predominate in all months (Fig. 8 and Fig. 9) when 

observing the time series of each category. We should address here that monthly 

productivity and monthly stability, reclassified using 19-year time series as a cutoff point, 

caused inflation in the proportion. This is due monthly variance tends to be lower than 

19-year averages, once climate trends are likely to be similar for the same month. We see 

a consistent pattern of seasonal change in vegetation dynamics with the monthly spatial 

rainfall in the semi-arid region (Tinôco et al. 2018), like a “green wave behavior”. August 

is the driest month, but vegetation will reach the maximum area covered by lower 

productivity in October (Fig.8), possibly due to a delayed response of leaf fall to 

precipitation linked to water storage. Between November and February, we found the 

greatest proportion in Lower stability categories (Fig.8). In these months ZCIT is not well 

established and its influence over Caatinga varies between years (Uvo et al. 1998; Tinôco 

et al. 2018), these months are expected to be more variable.  
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Considering climate change predictions, through rising temperatures, dry spells, 

decreasing rainfall amounts (Marengo et al. 2017) and expansion in arid lands (Fernandez 

et al. 2019), there will be stability loss in Caatinga vegetation in the future. Consequently, 

resistance and resilience loss to environmental disturbances (Johnson et al. 1996). 

Apparently, opened-formations (Grassland and Shrubland) are smoothly resistant to 

drought stress, as they also depend on altitude effect. Deforestation and climate change 

growing rates could shift the less resilient ecosystems towards an irretrievable state 

(Scheffer et al. 2001). Still, reduced tree cover would modify water balance making it 

difficult for forest recovery. Special concern should be given to forest which function as 

a harbor to a variety of species, some of them, endemic from Caatinga (De Paula et al. 

2012; Ribeiro et al. 2012). 

From the classification according to productivity and stability across Caatinga, we 

identified the greatest composition of higher productive and stable ecosystems, as the 

forests, and the lower productive and higher stable ecosystem, as the grasslands. These 

maps may be of special concern of police makers to conservation management, 

considering changes in land cover and climate change in Caatinga. As earlier suggested, 

induced drought stress may lead to a decrease in these areas. 

Additionally, observing spatial patterns in productivity across years and months, 

we may find consistent matches with desertification trends in Caatinga. Sites that lengthy 

persist in Lower Productivity categories throughout the year (monthly analysis), are very 

susceptible to desertification.  Irecê, Jeremoabo and Juazeiro regions are highly degraded 

areas in Bahia state considered priorities to combat desertification (Tomasella et al. 2018) 

which may persist for the entire year with below-median NDVI values (Fig.S5). Seridó 

regions of Paraíba and Rio Grande do Norte are considered moderate to high-degraded 

areas but they are still capable to switch to a higher productivity state seasonally.  
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5. CONCLUSION 

 Water deficit showed to be a much better predictor of vegetation productivity 

and stability, compared to altitude. Even though altitude influence on vegetation, we 

expected a much higher effect for all ecosystem types. High altitudes are not well 

represented in Caatinga (great part are below 500m), and one could expect pronounced 

influences in regional analysis.  

The great response assumed by the water deficit is of concern regarding climate 

change projections for the Brazilian semi-arid region. Attention must be given to forests 

ecosystem which are biodiversity relicts but also prone to land degradation and warming 

temperatures. Also, grassland was the most water constrained vegetation type to 

productivity and then, more prone to biomass loss in case of increasing aridity in this 

areas.  

 The seasonal cycle of vegetation productivity showed us Caatinga is not 

unpredictable and irregular as was thought. This may have implications on the study of 

wildlife patterns of nomadic and migration movements, in search of forage when drought 

comes out. Mapping and layers surfaces can be used as input on this sort of study to 

predict biodiversity response regarding phenology dynamics and inter-annual climate 

variation. 

  Further studies may investigate the role of other parameters interacting with 

elevation in Caatinga. For instance, we may find diverse geomorphological features in 

Caatinga and sunward slopes that may show high insolation levels, as well we can have 

an interaction effect of soil type.  

  This work highlight important issues about vegetation dynamics that had not 

been described before, and currently ecosystem condition in Caatinga remnants. Police 

makers could make use of it to prioritize areas for restoration and conservation.  
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SUPPLEMENTARY MATERIAL 

 

Figure S1.  Map of the Stability of primary productivity in each vegetation type of 

Caatinga remnants, represented by four categories according to the intersection of higher 

e lower quartiles of primary productivity and its stability. Vegetation types 

reclassification are derived from the land-use classes of MapBiomas collection 4.0 year 

2018.  
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Figure S2.  Frequency distribution of a) the stability of primary productivity categories, 

b) primary productivity quartiles and c) primary productivity stability quartiles, by each 

one of the vegetation types (forest, Shrubland formation, grassland).  
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Figure S3. Median value change within a year for a) primary productivity and b) primary 

productivity stability datasets. The continuous line represents median baseline values 

measured for the nineteen-year time series.  

 

Figure S4. From the Higher Productivity and Higher Stability areas (37.5% of Caatinga 

remnants) this map shows the 10% (decile part) higher stability areas. 
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Figure S5. From the seasonal change of productivity and stability over twelve months, 

each map represents the frequency in a year, categories (LpLs, HpLs, LpHs and HpHs) 

persist in the same category. Filtering was applied. 
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Table S1. Frequency distribution in each category of primary productivity and primary 

productivity stability by vegetation type, and its respective percentage relative to the total. 

LpLs = Lower productivity and Lower Stability, HpHs = Higher Productivity and Higher 

Stability, LpHs = Lower Productivity and Higher Stability, HpLs = Higher Productivity 

and Lower Stability.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
HpHs (%) HpLs (%) LpLs (%) LpHs (%) Total % 

Forest 23.69 12,59 1.27 3.06 740618 11.30 

Mangrove 0.06 0,005 0.04 0.09 3061 0.05 

Shrubland 73.64 87,06 90.33 74.86 5365056 81.84 

Salt flat 0.01 0,001 0.02 0.06 1321 0.02 

Grassland 2.57 0,003 8.30 21.77 442441 6.75 

Rocky 

outcrops 

0.03 0,0001 0.04 0.16 3179 0.05 

Total 100 100 100 100 6555676 100 
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 Table S2. Partial regressions relating each explanatory variable on productivity and 

stability responses.  Parameter effects (altitude and water deficit) are controlled for the 

other variable residuals. Partial regressions were built separately for each vegetation type. 

Significant effects when p < .05 and n = number of observations. 

 

    
Intercept Estimate Std. 

Estimate 

F p-value R2 

adjusted 

n 

Productivity        

Altitude        

 Forest 0 0 0.095 
5.915 

.015 0.007 654 

 Grassland 0 0 0.004 0.05 .944 -0.003 367 

 Shrubland 0 0 0.164 
132.2 

<.001 0.027 
4788 

Water deficit        

 Forest 0 -0.002 -0.412 133 <.001 0.168 654 

 Grassland 0 -0.003 -0.650 
266.4 

<.001 0.420 367 

 Shrubland 0 -0.003 -0.504 
1634 

<.001 0.254 
4788 

Stability        

Altitude        

 Forest 0 0 0.006 0.0027 .870 -0.001 654 

 Grassland 0 0.001 0.400 
69.41 

<.001 0.158 367 

 Shrubland 0 0.001 0.288 
431.9 

<.001 0.083 
4788 

Water deficit        

 Forest 0 -0.050 -0.473 
187.9 

<.001 0.223 654 

 Grassland 0 -0.023 -0.468 
102.5 

<.001 0.217 367 

 Shrubland 0 -0.022 -0.424 
1048 

<.001 0.180 
4788 
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Table S3. Correlation coefficients for the each CCF analysis (LpHs & HpHs, HpLs & 

LpLs, HpLs & HpHs, LpLs & LpHs) in different time lags ranging from -7 to 7. Negative 

values indicate anti-correlation. *significantly correlation 

 

Lag LpHs & 

HpHs 

HpLs & LpLs HpLs & 

HpHs 

LpLs & LpHs 

-7 0.383 -0.245 -0.421 0.212 

-6 0.484 -0.319 -0.281 0.003 

-5 0.451 -0.270 -0.028 -0.272 

-4 0.233 -0.266 0.302 -0.590* 

-3 0.125 -0.251 0.583* -0.665* 

-2 0.534 -0.193 0.692* -0.563 

-1 0.870* -0.038 0.631* -0.360 

0 0.992* 0.470 0.433 0.004 

1 0.834* 0.705* 0.126 0.336 

2 0.489 0.296 -0.031 0.451 

3 0.075 0.101 -0.122 0.462 

4 0.289 0.049 -0.179 0.367 

5 0.472 0.021 -0.217 0.181 

6 0.482 -0.061 -0.215 -0.054 

7 0.374 -0.092 -0.185 -0.082 

 

 

 

 

 

 

 

 

 

 


