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ABSTRACT 

 

The overarching goal of this study is to improve our understanding of ecohydrological 

process in tropical dry forests. Tropical dry forests provide ideal natural settings for 

ecohydrology research because of their distinct rainfall seasonality and high diversity of 

tree species and morphologies. This study takes place in the largest contiguous tropical dry 

forests of the Americas, the Caatinga biome of northeast Brazil. The objective of Chapter 

II was to determine if woody vegetation alters the temporal structure of soil water. I used a 

continuous wavelet transform examine soil water variability across different soil depths 

and time scales. Results indicate that soil water in the forested Caatinga more variable 

(high frequency changes) at short times and less variable at long time scales (low 

frequency changes) compared to the pasture site, due to differences in vegetation cover and 

soil properties. The objective of Chapter III was to use plant functional types to better 

understand plant water-use and conservation strategies. Field data included pre-dawn and 

mid-day leaf water potential, leaf thickness, specific leaf area, leaf d13C, and stable water 

isotopes, dD and d18O, of stem water and soil water. Results show that the plant functional 

type defined for the Caatinga dry forest are appropriate for understanding general 

differences in plant response to water stress. The objective of Chapter IV was to better 

understand the rate of water use for tree species of high vs. low wood density as a response 

to water availability, i.e. soil moisture, and demand, i.e. vapor pressure deficit. Results 

indicate that high vs. low wood density species are differentially sensitive to water 

availability and demand. The results of this dissertation have important implications for 
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understanding how dry forests might respond to anthropogenic influences, such as land use 

change and climate change.  
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I INTRODUCTION 

 

Seasonally dry tropical forests (SDTF) are the most threatened tropical forest of the world 

(Janzen 1988; Miles et al. 2006; Sanchez-Azofeifa et al. 2005). Even in comparison to 

humid counterparts, SDTF have experienced the highest rates of deforestation (Hansen et 

al. 2013; Janzen 1988; Salazar et al. 2015) despite being areas of high endemism and 

biodiversity (Albuquerque et al. 2012; Miles et al., 2006). Threats to SDTF include 

deforestation and fragmentation from agricultural expansion, grazing, timber harvesting, 

desertification, and urban expansion (Leal et al. 2005; Mariano et al. 2018; Miles et al. 

2006; Portillo-Quintero and Sanchez-Azofeifa 2010; Redo et al. 2013). Fragmented 

forested patches of various ages are reflective of migration, abandonment, and 

regrowth/successional patterns (Antongiovanni et al. 2018; Miles et al. 2006; Portillo-

Quintero and Sanchez-Azofeifa 2010) and the harsh climate means that cleared land is 

susceptible to erosion, degradation and desertification (Tomasella et al. 2018). Moreover, 

less than 4% of the dry tropics are protected (Portillo-Quintero and Sanchez-Azofeifa, 

2010).  

Seasonally Dry Tropical Forests 

Like all tropical systems, STDF are located between 23°28′N and 23°28′S and are found in 

dry regions, ranging from sub-humid to arid climates, across Latin America, Africa, Asia, 

and Australia (Figure 1-1). SDTF are defined as forests or shrublands with low and highly 

seasonal rainfall and by drought-deciduous vegetation.  
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Figure I-1. The distribution of seasonally dry tropical forests. Adapted from Hansen 
et al. (2003) using QGIS (2019). 

 

Mean annual rainfall is generally less than 1,600 mm but can range from 250 to 

2,000 mm and is severely limited for 4 to 7 months (Bullock et al. 1995; Dirzo et al. 2011; 

Janzen, 1988). This strong seasonality in rainfall means that there is a sudden increase 

followed by a slow reduction in water and nutrients (Mooney et al. 1995). In addition, 

inter-annual rainfall variability is also high (Feng et al. 2013; Vico et al. 2015). Variability 

over time can induce lagged vegetation responses and can potentially alter vegetation 

structure and function (Allen et al. 2017; Barbosa and Kumar 2016; Erasmi et al. 2014; 

Pereira et al. 2014). It remains unclear, then, how dry forests will respond under climate 

change scenarios which predict a decrease in the magnitude of wet season rains, altered dry 

season length, changes in rainfall timing, and subsequent low rainfall years (Allen et al. 

2017; Chadwick et al. 2015; Vico et al. 2015). 

It is important to note that the geographic distribution of SDTF is a subject of 

disagreement. First, these forests are called by several names—deserts and xeric 

shrublands, dry mesmo-america, shrublands, deciduous broadleaf forests, caatingas, 

bosques secos, ect… (Sarkinen et al. 2011). Second, there is a limited set of species which 

occur across most SDTF nuclei—for example, only nine in South America (Sarkinen et al 
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2011). Even within SDTF biomes, there is large heterogeneity in vegetation structure and 

composition (Siquiera-Filho et al. 2012). Often, SDTF are associated or even classified as 

savanna biomes (Linares-Palomino et al. 2012; Prance et al. 2006). This distinction, or lack 

of, brings up a complex point because of the bistability of forest vs. grass cover associated 

with savannas (Bueno et al. 2018; Staver et al. 2011). Third, many SDTF occur in small 

fragmented extents (Antongiovanni et al. 2018; Galicia et al. 2009), or on the margins of 

humid forests, savannas, and wetlands. These fragmented and / or transitional forests are 

difficult to detect via remote sensing techniques (Sarkinen et al. 2011) and might be missed 

if setting a threshold on canopy cover (Hansen et al. 2013). Lastly, dry forests have long 

been impacted by chronic and acute anthropogenic activity and thus we do not know the 

true original extent of tropical dry forests (Murphy and Lugo 1986; Ribeiro et al. 2015). 

The combination of these factors means that it is difficult to delineate SDTF boundaries 

based on land cover or floristic composition (Sarkinen et al 2011).  

Additionally, SDTF in the neotropics are sometimes referred to as succulent biomes 

because a large portion of the drought-deciduous vegetation is characterized by small-

leaved, spinescent, and stem succulent trees which are fire intolerant (Gagnon et al. 2018; 

Oliveira-Filho et al. 2013; Schrire et al. 2005). By this definition, succulent biomes are not 

found in Asia nor Australia and do not include savannas, such as the Cerrado, the Pampas 

nor the Chaco (Schrire et al. 2005; Werneck 2011). Based on this classification, we can 

thus define neotropical SDTF not only biomes with strong rainfall seasonality and drought-

deciduous vegetation, but also as a system that is different from a savanna because of the 

lack of a fire regime, and the distinct presence of stem succulent trees. Fire regimes are the 
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distinction between SDTF and savannas (Mooney et al. 2005; Pennington et al. 2000; 

Werneck 2011).  

In terms of hydrology, rainfall seasonality in SDFT drives water fluxes across the 

landscape. In one of the few reviews of hydrologic research in SDTF, Farrick and 

Branefireun (2013) suggest that SDTF are more like arid ecosystems because they are 

dominated by lateral flows, particularly Hortonian overland flow. Yet, these same authors 

later go on to show that for a SDTF in Mexico, overland flow is likely limited during the 

wet season and instead, the hydrological behavior of this system is more like that of the 

humid tropics (Farrick and Branefireun 2014a, 2014b). From a catchment perspective, a 

comparative study between humid vs. semiarid tropical environment shows that, even 

though two sub-basins had similar physical and hydrological characteristics, with rainfall 

on the same order of magnitude, the river-regimes and water-availability were more than 

an order of magnitude different (Amorim et al. 2009). This suggests that there are 

important differences in water fluxes. Importantly, quantifying hydrologic fluxes in SDTF 

remains as a limited area of research. Considering that SDTF are defined by rainfall 

seasonality, and not mean annual precipitation, understanding the number, timing, and size 

of precipitation events could provide key insight into hydrological fluxes, as well as 

corresponding biological responses.  

The Caatinga Dry Forest 

More than half of the remaining SDTF are located in Latin America, with one of the 

largest contiguous portions located in northeast Brazil (Miles et al. 2006; Portillo-Quintero 

and Sanchez-Azofeifa, 2010). This biome, the Caatinga, covers an area of about 6 to 9 × 

105 km2 (Sampaio et al. 1995). Like other dry forests, the Caatinga is scientifically 
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neglected and under-protected, especially when compared to the humid tropical forests or 

other major Brazilian ecosystems like the Amazon, Atlantic Rainforest, and Cerrado 

(Portillo-Quintero and Sanchez-Azofeifa 2010; Santos et al. 2011). Like other SDFT, it is 

also highly deforested, fragmented and degraded (Antongiovanni et al. 2018; Tomasella et 

al 2018) and includes enclaves of higher elevation, more humid forests (i.e. brejos), short-

statured shrublands and cacti. The Caatinga is an important dry tropical forest because, 

besides being one of the largest dry forests, it also is one of the most populated (Miles et 

al. 2006). 

Annual rainfall in this region ranges from lows of 200 mm in the interior portion of 

the biome, up to 2000 mm in the eastern regions concentrated in a 3- to 4-month period 

(Sampaio 1995). Rainfall in erratic and unpredictable because it is not in the direct path of 

maritime tropical air. Instead, a stable dry air mass originating from the subtropical high in 

the South Atlantic (Figure I-2) keeps the Caatinga dry for a great part of the year. When 

rainfall does occur, it is usually because the southeasterly trade winds have been disrupted 

by one or more of the three competing air masses: a continental convective air from the 

Amazon, a stable moist air mass likely influenced by the position of the ITCZ in the 

summer, and the Atlantic polar front. This means that summer, summer-autumn, or 

autumn-winter rains are possible in any combination (Webb 1974). In Pernambuco state 

specifically, the Borborema Massif formation has enough of an elevation gradient from the 

coast moving inland to create an orographic effect. 

Seasonality plays an important role in the Caatinga and in Northeast Brazil. 

Compared to other seasonal regions such as Western and Central Africa and Northern 

Australia, Northeast Brazil exhibit greater variability. This seasonality likely impacts 
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hydrological processes and consequently ecological and anthropogenic responses. For 

example, in an agricultural setting, Machado et al. (2015) found that although drainage into 

soil occurs during the wet season, correspondingly high ET may ultimately decrease soil 

water storage.  

 

 

Figure I-2. Competing masses of air which influence rainfall regimes in the Caatinga 
biome, outlined in red. Background image from Google (2018) and outline from 

MMA / IBGE (2007).  
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Vegetation of the Caatinga 

Like other SDTFs, the Caatinga is a patchwork of forest and degraded bare soil. Until 

recently, the Caatinga biome was generally regarded as low in biodiversity and 

productivity, and not in the same ranks as other SDTF in terms of endemism. Research 

ultimately revealed that Caatinga has a significant plant species richness and endemism 

and is a unique floristic province/biome (Albuquerque 2012; Prado and Gibbs, 1993). 

Since then, the Caatinga is one of the more well-known SDTF, although perhaps still with 

some trepidation—deforestation, devaluation, and scientific negligence persist. 

Perhaps because the Caatinga has been so heavily degraded and the native 

vegetation is hardly recognizable, or perhaps because of the extreme aridity and the harsh 

living conditions, this region has long been misunderstood. Nonetheless, indigenous 

communities have passed down the secretes to surviving in this landscape. This is evident 

in the common name of native trees, derived from Tupi language. For example, species 

such as the “umbuzeiro” (Spondias tuberosa Arruda) and “imburana de cambão” 

(Commiphora leptophloeos (Mart.) Gillett)—“umbu” means stores water, and “rana” 

which means “false” umbu (Maia 2012)—describe the substantial water storage capacities 

of some of the native species. Note that the umbuzeiro appears to store water in large root 

tuber vessel and the imburana stores water in its large soft trunk. These trees were often a 

source of water for people and animals during prolonged drought conditions, even after 

European colonization. The species are discussed in greater detail in Chapters III and IV.  

Important phenology work has documented interesting characteristics that might 

hint at how plants respond or prepare to respond to rainfall; for example, soil and stem 

water storage (Borchert, 1994), differences in wood density (Lima and Rodal 2010; 
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Oliveira et al. 2015), leaf shedding (Borchert 1994), pre-rain green-up (Ryan et al. 2017), 

and partitioning of soil water (Worbes et al. 2013). The work of Oliveira et al. (2015), 

Lima et al. (2012), and Lima and Rodal (2010), which classify plant functional groups 

based on phenology and wood density, are foundational to the objectives of this 

dissertation. Oliveira et al. (2015) describes four functional groups classified according to 

patterns in vegetative phenophases, including bud break, adult leaves, and leaf shedding, 

responding to several environmental variables, including photoperiod, rainfall, 

temperature, air humidity, and soil water. These groups are: 1) deciduous low wood 

density, 2) late-deciduous high wood density, 3) early deciduous high wood density, and 4) 

evergreens. While soil water availability was important for the deciduous species of low 

and high wood densities, the evergreen species were less sensitive and may have alternate 

water sources, such groundwater. Moreover, the authors suggest that considering multi-

year rainfall variability may also affect phenological timing of some of the functional 

groups. Therefore, analyzing the propagation of rainfall pulses and soil water variability 

will provide context for understanding functional group adaptations to water stress. For 

example, the presence of evergreen species might indicate that groundwater is accessible, 

but it is still unclear what the depth to groundwater is, if tree roots can extend into 

unconsolidated bedrock, and to what extent this vegetation depends on soil water. 

Similarly, it is possible that low wood density species decouple from soil water under 

moderate to high water stress conditions, since these species have a higher stem water 

storage capacity.  

 

 



 

9 

 

Dissertation Aims 

This dissertation focuses on key ecohydrological aspects the Caatinga dry forest related to 

water availability and plant responses. The over-arching question for each chapter is: 

II) Are the soil moisture dynamics different in a deforested vs. forested cover? 

III) Can we use plant functional types to categorize plant water use and conservation 

strategies of different tree species in the Caatinga? 

IV) Do woody plant functional types ultimately use available water at different rates? 

Are low wood density species more aggressive or more conservative water users 

relative to high wood density species? 
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II VEGETATION COVER CHANGES TEMPORAL SOIL MOISTURE DYNAMICS IN 

WATER-LIMITED ENVIRONMENTS: APPLICATION OF THE WAVELET 

TRANSFORM IN THE CAATINGA DRY FOREST 

 

Introduction 

Land use / land cover change is a mark of the Anthropocene era. Nowhere has this mark 

been more altering than in the dry tropical forests of South America (Janzen 1988). 

Defined by highly seasonal and often unpredictable rainfall patterns, these forests 

experience the highest rates of gross deforestation, as well as some of the highest rates of 

reforestation and regrowth (Aide et al. 2013; Hansen et al. 2013; Nanni et al. 2019). The 

Caatinga dry forest and shrubland of northeast Brazil is one of the most extensive and 

contiguous areas of tropical dry forest (Miles et al. 2006). Over the past several decades, 

this biome has lost between 45-52% of its original cover (Antongiovanni et al. 2016; 

Beuchle et al. 2015; Portillo-Quintero and Sanchez-Azofeifa 2010; Salazar et al. 2015) and 

gained forest cover on the order of 5-10% (Nanni et al. 2019). Such heterogenous 

landscape patterns are often driven by smaller holder agriculture (Sietz et al. 2006) such as 

1) clearing of land for use as grazing and/or cultivation, 2) and which have access to water, 

3) abandonment/fallow of land which leads, and 4) migration and/or land sub-division 

between generations, which leads to progressively small parcels. Abandonment of 

cropland often occurs during drought conditions (Dias et al. 2016). Moreover, land use 

practices commonly have a seasonal component. Throughout the year, cover alternates 

between bare ground during the dry season, and maize or grass during the wetter months, 

to help preserve the pasture and provide fodder for livestock (Sobrinho et al. 2016). 
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Currently, 25% of the total area of the Caatinga is agricultural, 30-50% is impacted by 

roads (Castelletti et al. 2000) and virtually all of the remaining natural vegetation is 

exposed to some type of disturbance (Antongiovanni et al. 2016). Increases in population 

density, clear-cutting, and grazing intensity continues to result in deforestation, altered 

vegetation structure, retarded regrowth, degradation, and often desertification (Marinho et 

al. 2016; Ribeiro et al 2015; Tomasella et al. 2018).  

Importance of soil water  

Soil water is at the nexus of understanding the ecohydrological impacts of deforestation 

because it is the integration of processes which potentially shift as land cover / land use 

shifts. These processes include climatological, physical and biological fluxes such as: solar 

radiation and temperature; soil hydraulic conductivity and infiltration; and plant-water 

uptake and hydraulic lift. Soil water is also tightly coupled to ecological response, such as 

soil respiration, primary production, microbial activity and nutrient cycling, especially in 

water-limited systems (Austin et al 2004; Collins et al. 2008; Choler et al. 2011; Heisler-

White et al. 2008; Muldavin et al. 2008). For this reason, soil water has been at the core of 

foundational ecohydrological research. Extensive research has focused on deriving and 

predicting the relationship between rainfall and soil water using probabilistic models 

(Rodriguez-Iturbe 1999, Isham et al. 2005) and analytical soil water balance models 

(Penna et al. 2009; Teuling and Troch 2005; Teuling et al. 2007; Verrot and Destouni 

2016). Still, it is difficult to incorporate complex multi-scalar forces interacting across time 

and space scales. To improve predictions regarding soil water patterns in space and time, 

we need to better characterizate the influence of soil and vegetation properties—datasets 

which are poorly represented across scales (Wilson et al. 2004). While a larger body of 
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research has focused on understanding how changes in land cover / land use in the tropics 

might affect fluxes such as runoff and stream flow, evapotranspiration, and infiltration 

(Alvarenga et al. 2016; Birkel et al. 2012; Levy et al. 2018; Salemi et al. 2013), few studies 

have looked specifically at how vegetation influences the temporal dynamic of soil water, 

and what such changes could mean at various scales. Practically none of these types of 

studies have been conducted in tropical dry forests, despite the apparently strong 

connection between drought-deciduous vegetation and available soil water.  

Ecohydrological consequences of deforestation 

Several studies in the dry tropics show that further changes in vegetation cover and land 

use can alter soil properties and related hydrologic fluxes. For example, the old forest site 

in the Caatinga had twice the infiltrability and more than more than five times the field 

saturated hydraulic conductivity than the abandoned grazed pasture site (Leite et al. 2018). 

Similar findings are reported for other sites in the dry tropics. For a woodland site in 

Burkina Faso, infiltrability was higher and surface runoff was lower under Shea trees 

compared to open areas, where even small rainfall events would result in surface runoff. 

Moreover, groundwater recharge reduced further away from trees than near trees, and was 

negligible when trees were absent (Ilstedt et al. 2016; Tobella et al. 2014;). In Nicaragua, 

preferential flow paths were more abundant in a forested vs. pasture site. Here, the density 

of standing woody vegetation significantly increased saturated hydraulic conductivity, and 

more so for fine-textured soils than in coarse-textured soils (Niemeyer et al. 2014). In 

India, forest disturbance, such as grazing, fuelwood / fodder extraction, and fire, resulted in 

a reduction of clay content and soil organic matter of surface soil and consequently, a 

reduction in soil water content decreased (Mehta et al. 2008). From an energy perspective, 
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the conversion of forested Caatinga to pasture results in reductions in relative humidity and 

latent heat flux, as well as increases in temperature, sensible heat flux, and albedo. 

Increases in albedo can lead to subsidence anomalies, which could reduce precipitation, 

even for neighboring regions such as northwestern Amazon (Salazar et al. 2015). Other 

semi-arid systems show that soil evaporation is higher in bare vs. forested sites due to 

lower direct solar radiation, temperature, and shading during the leaf out period (Breshears 

et al. 1998; Villegas et al. 2010). There are a few studies which compares 

evapotranspiration (ET) in forested vs. pasture sites in SDTF. These few studies include 

estimates from the Cerrado savanna in central Brazil show that forested areas report higher 

ET because trees generally have deeper roots and access to groundwater, compared to non-

forested covers (Oliveira et al 2005); modelling studies predict similar findings (Silva et al. 

2015). Additionally, several other studies show that woody vegetation in semi-arid systems 

affects the variation of soil water via interception (Owens et al. 2006) and hydraulic lift 

(Caldwell et al. 1998; Zou et al. 2005). 

The role of vegetation in the temporal dynamics of soil water  

If vegetation affects soil water, then we would expect this difference to be reflected in the 

temporal dynamics of soil water data collected across land cover types if soil type is held 

constant. At the pasture site, the soils have likely been compacted and infiltration reduced. 

Thus, at hourly to daily timescales, which are relevant to infiltration, we would expect a 

less apparent response in the soil water dynamics of the pasture compared to the forest site, 

particularly for more intense rainfall rates. 

At the forested Caatinga site, there would be water loss via canopy storage and 

evaporation for small rain events. Thus, we expect that small rain events would not 
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produce a peak in soil water. For medium to large rain events, the canopy may capture 

water and promote stem flow. Thus, we would expect a potentially larger peak in soil 

water. After a rain pulse infiltrates and soil water reach field capacity, the draw-down will 

occur over 2 to 22 days due to root water uptake and transpiration in seasonally dry 

tropical forests (James et al. 2003). Thus, at the daily to weekly timescale we might expect 

the soil water signal in a forest to be “flashier” because of immediate utilization of soil 

water.  

At the seasonal scale, soil water dynamics will be driven by the distinct wet-dry 

cycle of rainfall. Whether this variability will be strongest in the forested Caatinga vs. the 

abandoned pasture will depend on how hourly, daily and weekly soil water dynamics 

scale-up. If the forest site is highly responsive or sensitive to rainfall events, i.e. quickly 

utilizing available soil water, then the rainfall dynamics at the seasonal scale may be less 

apparent compared to the pasture site. Vegetation has a degree of buffering capacity and 

can grow during a dry period if the previous year was wet (Cunha et al. 2015). Thus, we 

would expect that the influence of interannual variability in rainfall will be less apparent in 

the soil water dynamics observed in the forest vs. pasture.  

The role of soil texture 

Soil textural differences between the two sites will affect soil water dynamics. Specifically, 

a higher percent of clay increases soil water holding capacity whereas a higher percent 

sand increases infiltration rates lowers soil water holding capacity. This means that clayey 

soils would be less dynamic. Sandy soils on the other hand, will probably not reach as high 

magnitudes of change but will be “flashier” as water is quickly flushed through the soil 
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profile. Similarly, rain pulses would propagate through to 40 cm depths more frequently in 

sandy soils.  

Objectives 

Since soil water is a key component in water balance studies and is a driver of ecological 

responses, then it is essential to understand how land use and land cover affect this 

measure. This is especially true for dry forests systems, which are so intimately linked to 

rainfall pulses and water availability. The objective of this study is to determine how and 

to what extent vegetation cover changes the temporal behavior of soil water. To provide 

insight into how soil water might be altered by agricultural conversion across timescales, 

we relied on a wavelet analysis approach to compared soil water dynamics by site, soil 

depth, and across hourly to seasonal timescales.  

Methods 

Study site 

The study area is located at the Fazenda de Buenos Aires (07°56'50 "S and 38°23'29" W, 

450m elevation), near the municipality of Serra Talhada, PE, Brazil (Figure II-1). The 

study area is typical of a dryland Caatinga mixed forest and shrub type called Sertão. The 

climate is tropical hot and dry. Mean annual precipitation is 733 mm and potential 

evapotranspiration is about 2,000 mm / year. The rainy season typically occurs from 

January to May, and accounts for ~75% of annual rainfall, although rainfall is highly 

erratic and unpredictable. Average monthly air temperatures range from 21 to 26 °C, with 

maximum temperatures of 31 °C and minimum temperatures of 17 °C (Griessen 2006; 

New LocClim 1.10). Entisol Orthent and Aridsol Argid (USDA 1999) are the predominant 

soils in the study areas. 
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We collected data from two sites: a forested Caatinga and an abandoned pasture, 

the same sites as those described in Leite et al. (2018). The forested site represents a more 

intact Caatinga. It is thought to have been relatively undisturbed since at least 1960, aside 

from light, free-roaming cattle and goat grazing. During the rainy season, herbaceous cover 

is present with areas of bare soil between woody plants. Most of the woody species are 

drought deciduous. The abandoned pasture represents a deforested site. In 1960, the area 

was cleared by slash and burn, then plowed and cultivated with cotton until 1980. After 

that, the area was sowed with buffelgrass (Cenchrus ciliaris) and turned into a pasture 

grazed by cattle and sheep until 2014. Currently, the pasture is abandoned. Patches of 

buffelgrass and forbs grow in the rainy season, during which there is light grazing of cattle.  

Soil physical properties  

Soil hydraulic properties were determined according to the Beerkan Estimation of Soil 

Transfer parameters, or the BEST method. This method relies on soil physical properties, 

namely particle size distribution, soil bulk density, and infiltration tests to define 

cumulative infiltration and the initial and final soil water contents. Infiltration tests were 

performed using modified single-rings (Bagarello et al. 2013; Lassabatere et al. 2006; 

Ursulino et al. 2019) for four soil profiles at each site, for depths of 10, 20, 30, and 40 cm 

and soil physical properties were also measured. The BEST method characterizes the soil 

water retention according to van Genuchten equation (van Genuchten 1980) and using the 

Burdine condition (Burdine 1953) and the hydraulic conductivity curve according to the 

Brooks and Corey equation (Brooks & Corey 1964). All parameters were obtained by the 

Beerkan-slope method for each depth in the soil profile using the “steady” version of the 

BEST algorithm (Bagarello et al. 2013; Leite et al. 2018;) within the Scilab platform, 
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except residual soil water content, which was inferred based on USDA textural 

classification and Rosetta look-up tables (Schaap et al. 2001; 

https://cals.arizona.edu/research/rosetta/).  

Rainfall and soil water data 

Rainfall (TE 525 WS-L, Texas Electronics, USA) soil temperature (108 Campbell 

Scientific Inc., USA), and soil volumetric water content (CS 616 Campbell Scientific Inc., 

USA) data was collected from an abandoned pasture and forested Caatinga study site. Soil 

temperature and volumetric water content were co-located at four depths per profile: 10 

cm, 20 cm, 30 cm, and 40 cm (Figure II-2). All data were recorded at 30-minute intervals, 

gap-filled, and resampled to hourly data. Soil temperature data was then utilized to correct 

volumetric soil water.  

Gap-filling 

Data continuity is a severe limitation in wavelet analysis. Gap sizes should be reduced 

where possible and appropriate gap-fill techniques employed—ideally based on existing 

data as to avoid distorting temporal structure. We utilized a combination of linear 

interpolation for very small gaps, and bivariate linear analysis for larger gaps. When the 

general structure of the raw time series of soil water could be preserved, linear 

interpolation was utilized to preserve temporal autocorrelation. In the case of the pasture 

site, soil water data at 30 cm was completely absent, so it was interpolated as the average 

of volumetric water content at 20 cm and 40 cm to maintain data continuity across depth. 

Still interpretation of results at this depth for the Caatinga are approached with caution. For 

other missing data, there were two cases when a simple linear interpolation could not be 

used. The first case was for missing rainfall data at the pasture site. In this case we cross-



 

24 

 

checked and filled the missing rainfall data with values from the Caatinga site because the 

presence of rainfall between the two sites aligned temporally, had relatively high 

correlation (~0.84, p-value <0.01), and the missing rainfall values in the pasture was less 

than 4%. The second case was air temperature and soil temperature at 40 cm also at the 

Caatinga site. Here, univariate linear models were used to predict missing values. Missing 

values in air temperature were filled based on pasture air temperature, because of high 

correlation (~0.88, p-value<0.01, r2=0.96). Similarly, missing values in soil temperature at 

40 cm were filled based on soil temperature at 30 cm because of high correlation (~0.89, p-

value<0.01, r2=0.92). Our continuous rainfall and soil water data was from December 1, 

2016 to January 1, 2019, over two years.  

Data correction  

Raw soil water data was corrected in two ways. The first was to account for the influence 

of temperature on the dielectric permittivity of soil. The CS616 soil water probes use the 

water content reflectometer method for measuring soil water content. This is an indirect 

measurement that is sensitive to the dielectric permittivity of the material surrounding the 

probe rods. In soils, the dielectric permittivity can be influence by temperature in neutral, 

positive, or negative directions depending on the soil type and current water content. Thus, 

to adjust the raw data output we utilized a multiple regression following the equation:  

"#$!"#$ 	= 	$% ∗ 	"#$&"' + 	$	( ∗ 	))*+, 	+ 	$- Equation II-1 

Where VWCTadj is the temperature-adjusted volumetric water, VWCraw is the raw 

volumetric water content, Tsoil is the measured soil temperature and C1, C2, and C3 are 

empirical coefficients. For the output of each probe, we selected three 24-hour periods over 

which to perform the multiple regression. These were periods in which there was no 
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rainfall, where soil water was similar at the start and end of the 24-hour period, and for 

which the period was considered either a low, medium, or high value within the range of 

the raw data.  

Second, we also performed a min-max normalization on the soil water data using 

soil hydraulic properties. We assumed the that the range of raw soil water values 

corresponded to the saturated and residual soil water content, and all other values scaled 

proportionately. For each depth and site, the min-max normalization was applied using the 

formula:  

"#$).",/# =	
"#$+ − "#$0+1

"#$0"2 	− 	"#$0+1
 Equation II-2 

Where VWCscaled is the corrected soil volumetric water content, VWCi is the 

temperature-adjusted volumetric water content or VWCTadj from the Equation II-1, 

VWCMax is the saturated soil water content, and VWCMin is the residual soil water content.  

The continuous wavelet transform 

We used a wavelet transform to reveal the frequency components of each time series soil 

water signal. For a non-stationary, aperiodic signal, x(t) the continuous wavelet transform 

is: 

#(,,  /)  =  1 2(3)
34

54
 4∗ 5  3  −  ,/  6  7 3  Equation II-3 

Where φ* denotes the complex conjugate wavelet, s is the scale, and t is the current 

time position in the time points, τ. The Morlet wavelet (Grossman and Morlet 1984) is 

often preferred because it optimizes time and frequency resolution (Heisenberg principle) 

and has wide application in earth sciences (Torrence and Compo 1998; Zhang and Moore 

2011), hydrology (Gaucherel 2002) and ecology (Cazelles et al. 2008; Vargas et al. 2012). 
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Still, is important to note that many other wavelet functions can be used, which may be 

better in terms of time or frequency resolution (examples in Casagrande et al. 2015 for 

Morlet vs. DOG; Parent et al. 2006 for Morlet vs Mexican hat). The Morlet wavelet is 

defined as: 

40*&,/7
∗ 	= 858.(:95+(;<7958.:7! Equation II-4 

Where f is frequency. Because the central angular frequency of the Morlet wavelet 

is approximately 2π frequency is approximately equal the inverse of scale, and so scale and 

period are approximately equal (Cazelles et al. 2008).  

Changing s and τ of the wavelet function—that is translating and dilating the 

wavelet—creates a series of “filters, allowing for a narrow window when the frequency is 

high and a broader window when the frequency is low. The result, the wavelet coefficients, 

W (τ, s), represent the contribution of the scales to the signal at different times. This means 

that the wavelet coefficients are the linear correlation between the chosen wavelet and the 

time series data, expressed at different scales and time locations. Hence, a large positive 

coefficient is a high positive correlation, and a large negative coefficient is a high negative 

correlation between the wavelet function and the time series. The wavelet coefficients can 

then be used to compute power,		W(τ,  s)=/>  (rectified by Liu et al. 2007) to display the 

wavelet power spectrum. The power values correspond to variability in the time series 

signal and in this way reveals its temporal structure. Dramatic jumps or discontinuities are 

localized, and periodic components are displayed over a range of scales. Note that since 

wavelet power corresponds to variability, the units are in variance2. In the case of 

volumetric soil water content, the units of power are (m3/m3)2; i.e. unitless. 

 



 

27 

 

Results 

Soil physical and hydraulic properties 

We found that our temperature-corrected soil water values did not change much from raw 

soil water readings (Table II-1; C1>0.9 and C2 very small for all CS616 soil water probes). 

The min-max normalization of soil water data is physically consistent with physical 

properties described for each depth at the two sites and resulted in soil water values that 

were comparable between the sites and depths (Figure II-3) despite textural difference 

(Table II-2). At both sites, there is evidence of illuviation of clay from shallow to deeper 

soil layers because clay content increases with depth The Caatinga soils were classified as 

sandy loams throughout the top 40 cm. There was an increase in clay content with depth, 

doubling from the shallow 10 cm to deeper depths. Saturated soil water content was greater 

at the top 10 cm, indicating that soil porosity is also greater near the surface. The pasture 

soils were classified as sandy loam near the surface, then loam and sandy clay. Clay 

content also doubled from the shallow to deeper soils. Yet, the pasture soil also had twice 

the percentage of clay content compared to the corresponding Caatinga soils.  

The soil water retention curve corresponds to soil textural classification (Figure II-

4). For both sites at 10 and 20 cm where soil texture is a sandy loam, the soil water 

retention curves are very similar. For the pasture site at 40 cm soil depth, the curve is more 

gradual indicating that water is held more tightly. The soil hydraulic conductivity curve 

shows how hydraulic conductivity changes with increasing soil water content. There 

appears to be little difference in the behavior of unsaturated hydraulic conductivity (Figure 

II-5) until 40 cm depth. At this depth, the curves depart by site, being higher at the 

Caatinga. Although saturated soil hydraulic conductivity, Ks, differs greatly by site (Table 



 

28 

 

II-3); Ks is greater in the Caatinga than the Pasture site, the difference being more than 

four-fold at 10 cm soil depth. 

 Rainfall is a strong driver of the soil water time series regardless of site and soil 

depth (Figure II-3). The shallow soils are more responsive and more closely follow rainfall 

pulses. For example, for both the Caatinga and pasture site, a medium size rain event in 

July cause larger soil water peaks at 10 and 20 cm than at 30 and 40 cm. Although, the 

temporal dynamics seem to differ by site. The peaks in soil water content are more 

pronounced and the dry-down appears more immediate in the Caatinga site. Additionally, 

into the dry season (May to December) the Caatinga site quickly reaches a baseline level 

which approaches residual soil water content. In pasture site on the other hand, residual 

soil water content is approached only for the 10 cm depth and only near the end of the dry 

season. Note that the rainfall distribution is not identical by site by highly correlated (see 

gap-filling section above). 

Wavelet power spectra 

Wavelet power was plotted in the time-frequency domain to localize regions of high 

significant power (Figure II-6). The heat map is a plot of the power vs time and period (or 

time scale). Warm colors indicate regions of high power or high soil water variability, and 

cool colors indicate colors of low power or relative stability. The localized wavelet power 

was then averaged in the time and period domains to depict energy distribution (vertical 

and horizontal line plots, respectively). These plots depict power peaks in the time and 

period domains.  

Generally, in the power spectra heat map, regions of high power (warm colors) 

align rainfall pulses across timescales, regardless of soil depth or site. This is consistent 
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with the vertical plots, which depict the alignment of soil moisture power peaks in the 

time-domain. Similarly, in the power spectra heat map, regions of high power become 

more apparent at 1 to 2 months in the deeper soils; i.e. the timescale at which changes in 

soil water occur increase with depth. This is consistent with the vertical time-domain plots. 

Larger or more intense rainfall create larger power peaks, but the detail of these peaks 

dissipates with depth for both sites. In the period domain, power peaks occurred at 

approximately 2-months regardless of site and depth.  

Power decomposed by times scale 

To better understand the short- and longer-timescale changes occurring at each site, we 

average power over specific timescales or periodic components. This is shown in Figures 

II-7 and II-8. Here, power is averaged for three timescales: 12 to 48 hours, 3 to 10 days, 

and 1 to 3 months—decomposing power into specific timescale bands. The timescales 

were chosen to better understand ecohydrological processes occurring at hourly to weekly 

timescales, like infiltration and evapotranspiration, as compared to those occurring over 

longer timescales, like the seasonality of vegetation activity as driven by the wet-dry cycles 

of rainfall.  

To preserve time-localization—which is the main advantage of wavelet methods— 

Figure II-7 depicts average power over time for the three timescales. High-frequency 

variability, that is, average power for the shorter timescales, is clearly driven by rainfall 

pulses regardless of site and depth. Still the detail and/or magnitude of power peaks 

generally dissipates with depth at both sites. Low-frequency variability, that is average 

power over the longer 1 to 3 months timescale, was associated with rainfall seasonality; 
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power peaks occur in the wet season. Additionally, the size of the power peaks appeared 

smaller for the 2017 wet season than the 2018 wet season, particularly at the Caatinga site.  

The average period-specific power by soil depth is shown in Figure II-8. Note that 

by averaging the power by soil depth, we have lost time-localization information. Soil 

water variability diverged by site, at the three timescales. Average power was greater in the 

Caatinga for all depths at the short timescales (12 to 48 hours and 3 to 10 days), meaning 

that high frequency changes are greater at the Caatinga site. This trend flipped at the 1 to 3 

months timescale, meaning that soil water variability was greater in the pasture at lower 

frequencies. At this timescale, power was between 1.45 and 1.77 in the Caatinga, and 

between 1.74 and 2.15 in the pasture. Moreover, for both sites, power dissipates with depth 

at the short timescales but not necessarily for the longer timescale. At the 1 to 3 months 

timescale, power increases and then decreases with depth. At this timescale, the greatest 

soil water variability is at 30 cm in the Caatinga and at 20 cm in the pasture.  

Discussion 

We analyzed the soil water dynamics for two sites with different in land use / land cover. 

Although we used a technique which was computationally heavy, the lack of significance 

testing and replication means that we can only describe our results in a qualitative manner. 

To help support the limited replication in soil water data, physical and hydraulic 

parameters were also determined for soil four profiles per site.  

Vegetation changes soil properties  

We believe that the soil water dynamics for the two sites differ as a reflection of the 

interacting influence of vegetation on soil properties and water fluxes. As a result of 

vegetative and soil textural differences, it is likely that the upper soil layer, the A horizon, 
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has been eroded away at the Pasture site. At the pasture site, the clay content is already 

~13% near the surface. While this difference may reflect soil heterogeneity given the small 

sample size, it is more likely that theses samples are indicative of the influence of land use 

/ land cover on soil properties. As noted, the pasture area has a history of about 60 years of 

agricultural activity. During cotton cultivation, activities such as plowing, disturbed and 

exposed near surface soil layers. Consequent grazing meant that the soils were also likely 

compacted, reducing infiltration and soil hydraulic conductivity, and increasing runoff and 

erosion. Therefore, it is reasonable that after 60 years agricultural activities which 

impacted soils and reduced vegetation cover, the topsoil layer was lost to erosion.  

Although previous field research did not find a difference in current erosion rates 

experience by the forested Caatinga vs. pasture sites (Leite et al. 2018), there is no known 

record of historical erosion rates. However, we found that saturated hydraulic conductivity 

was four times higher for the surface soils in the Caatinga vs. pasture site, as in previous 

research (Leite et al. 2018). At the Caatinga site, tree and shrubs roots can increase macro-

porosity and promote soil structure through organic inputs, thus increasing infiltration and 

saturated hydraulic conductivity. As a result of these differences in soil texture and 

saturated hydraulic conductivity, we also found differences in temporal soil water 

dynamics. Specifically, we found that at short time scales, soil water in the Caatinga, 

which had sandier soils and greater hydraulic conductivity near the surface, was more 

dynamic than in the pasture.  

Soil water dynamics have strong event-based and seasonal components  

Through the univariate wavelet transform, we have shown that for both sites, wavelet 

power peaks aligned with rainfall events. This means that soil moisture variability is event 
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driven. This result is not surprising for seasonally water-limited areas such as Northeast 

Brazil. Moreover, our findings agree with other wavelet analysis performed at fine 

timescales. Parent et al. (2006) show that at the 1- to 48- hours scale, soil moisture is 

linked to precipitation occurrence, intensity and duration and at the 1 to 2 weeks scale, soil 

moisture is linked to periodicity of rainfall events. Lee and Kim (2019) used coherence 

analysis to show that soil moisture dynamics across a hillslope have a high coherence with 

rainfall at sub-daily and approximately biweekly scales. Soil water variability also had a 

strong seasonal component at both sites. This means the role of rainfall seasonality, i.e. wet 

vs. dry season, drives soil moisture variability at larger timescales. Again, the results are 

not surprising given high rainfall seasonality. Other studies show that soil moisture is more 

variable during a wet vs. dry stage (Costa et al. 2014; Lee and Kim 2019), reflecting both 

physical and biological processes, such as infiltration and plant water uptake.  

Moreover, we show that soil acts as a low-pass filter on soil water variability, 

especially at the shorter timescales, because power decreases with depth. The dampening 

effect with increasing soil depth is related to the redness of the soil moisture spectra, where 

soil acts as a low-pass filter, removing high frequency fluctuations. These results agree 

with the literature. Wu et al. (2002) found that with depth, soil water variability shifted to 

lower frequencies—that is, variability occurring over longer durations. At shorter 

timescales, Parent et al. (2006) soil redistributes energy from precipitation, and that the 

influence of soil properties and seasonality become more pronounced with time since the 

rainfall event; i.e variability increases with timescale. Tang and Piechota (2009) used 

wavelet coherence to determine whether deep soil water can be an indicator of drought. 

Authors found that the soil water at 40 to 140 cm depth was significantly strongly 
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correlated with the Palmer Drought Severity Index at the 3- to 7- year frequency, 

corresponding to El Niño. Like Wu et al. (2002), these results show that climate can have a 

lasting effect on soil water reserves at depth.  

Soil water seasonality is greater in the pasture than the forested Caatinga 

Similar to soil, vegetation cam also buffers to seasonal variability in soil water. At the 1 to 

3 months timescale, wavelet power in the Caatinga was lower than in the pasture. This 

means that the Caatinga vegetation also acts as low pass filter on soil water, which could 

be related to the seasonality in phenology and vegetation water. Like Potts et al. (2010), we 

found dampening of soil moisture variability in the forested Caatinga compared to the 

pasture. But unlike Potts et al. (2010), this dampening was strongest at the seasonal 

timescales, and was not apparent at the short timescales. Caatinga are shallowly rooted, 

with an effective rooting depth of 40cm. (Pinheiros et al. 2013); note that this does not 

mean that Caatinga species cannot be more deeply rooted. Shallow effective root depth 

probably why, within the top 40 cm and at the short-timescales (12 to 48 hours and 3 to 10 

days), soil water variability was greater in the forested Caatinga than in the pasture—likely 

reflecting the immediate response of tree transpiration to rainfall pulses and greater soil 

infiltration and hydraulic conductivity. In regions where rainfall seasonality is weak and 

soils are deeper, soil water variability may be higher in a forested vs. pasture site. For 

example, in the Amazon river basin, Hodnett et al. (1995) found larger seasonal variation 

of water storage beneath the forest compared to pasture at 2 m depth. Moreover, between 

0.2 and 0.4 m the changes in the forest and pasture were similar, but below 0.6 m, the 

changes in water content were consistently greater in the forest (Hodnett et al. 1995). 
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Several other studies show that vegetation considerably affects the variation of moisture in 

the soil profile (Caldwell et al. 1998; Seyfried et al. 2005; Zou et al. 2005; Zou et al. 2014).  

Conclusion  

Our findings show that land use history and vegetation cover can ultimately influence soil 

physical and hydraulic properties, resulting in change in ecohydrological fluxes such as 

soil water variability across hourly to seasonal timescales. We found that soil water 

variability is linked to rainfall pulses and seasonality. Thus, changes in rainfall regimes, 

such as increases in rainfall intensity and a shortening of the wet season, can great change 

the temporal dynamics and availability of soil water which supports forests and rain-fed 

agricultural activity. Moreover, we should expect changes in soil water to be greater for a 

forested site at short timescales, but less so at seasonal scales, particularly if changes in 

land cover also includes changes in soil physical and hydraulic properties. Thus, inter-

annual changes in rainfall, such as wet vs. dry years, will have a greater impact on rain-fed 

agriculture, whereas forested areas may have some degree of buffer to seasonal and inter-

annual changes in rainfall. The implications of these findings suggest that land use / land 

cover can lead to increased erosion and soil loss, changes in ecohydrological fluxes, 

promote land degradation and desertification, and make the system less resistant / resilient 

against climate change. Additional research should seek integrated measures of hydrology, 

such as runoff and stream discharge, as a function of land use / land cover to better 

understand potential changes in ecohydrological fluxes. 
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Figure II-1.The Caatinga biome (top) and the forested Caatinga and pasture sites 
(bottom) near Serra Talhada, PE, Brazil. Background images from Google (2018a, 
2018b) and top biome outline from MMA / IBGE (2007).  
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Figure II-2. The forested Caatinga (top) and pasture (bottom) sites during the wet 
(left) and dry (right) season. Author’s images.  
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Table II-1. Multiple regression coefficients to account for soil temperature. 

Depth (cm) C1 C2 C3 

Caatinga 
0 – 10 1.002 1.300 * 10-5 -5.175 * 10-4 
10 – 20 0.997 1.657 * 10-5 6.930 * 10-5 
20 – 30 0.997 -5.218 * 10-5 1.950 * 10-3 
30 - 40 1.003 -3.691 * 10-5 1.088 * 10-3 

Pasture 
0 – 10 0.977 -3.2323 * 10-4 1.497 * 10-2 
10 – 20 0.970 -6.006 * 10-4 2.709 * 10-2 
20 – 30 0.976 -4.255 * 10-4 1.918 * 10-2 
30 – 40 0.981 -1.863 * 10-4 9.097 * 10-3 
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Table II-2. Soil physical properties. 

Depth 

(cm) 
% Sand (SD) % Clay (SD) 

USDA Texture 

Classification 

Soil bulk density 

(g/cm3) (SD) 

Caatinga 

0 – 10 68.53 (6.63) 6.38 (7.38) sandy loam 1.20 (0.21) 

10 – 20 64.45 (12.07) 11.29 (13.27) sandy loam 1.39 (0.11) 

20 – 30 61.83 (16.09) 13.42 (17.06) sandy loam 1.43 (0.04) 

30 – 40 62.71 (15.32) 13.30 (15.64) sandy loam 1.49 (0.11) 

Pasture 

0 – 10 59.85 (8.98) 12.72 (4.46) sandy loam 1.38 (0.12) 

10 – 20 52.51 (11.56) 18.49 (6.74) sandy loam 1.47 (0.11) 

20 – 30 49.22 (8.47) 19.18 (6.38) loam 1.36 (0.09) 

30 – 40 49.91 (13.25) 23.72 (9.82) sandy clay loam 1.33 (0.14) 
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Table II-3. Soil hydraulic properties determined with the BEST method. 

Depth (cm) 
θs 

(m3/m3) (SD) 

θr 

(m3/m3) 

Ks 

(mm/h) (SD) 

Caatinga 

0 – 10 0.548 (0.080) 0.039 274 (263) 

10 – 20 0.477 (0.040) 0.039 46.7 (36.4) 

20 – 30 0.470 (0.027) 0.039 30.3 (22.3) 

30 – 40 0.438 (0.041) 0.039 21.0 (22.8) 

Pasture 

0 – 10 0.479 (0.046) 0.039 62.0 (31.2) 

10 – 20 0.445 (0.040) 0.061 17.4 (7.82) 

20 – 30 0.486 (0.035) 0.061 28.1 (45.0) 

30 – 40 0.497 (0.054) 0.063 14.9 (13.8) 
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a. 

 

b.  

 

 

Figure II-3. Rainfall (bottom) and soil water (top) time series for the Caatinga (a) 
and Pasture (b) site. 
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Figure II-4. Soil water retention curve by depth and site. The forested Caatinga site 
is the solid line and the pasture site is the dashed line.   
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Figure II-5. Hydraulic conductivity curve by depth and site. The forested Caatinga 
site is the solid line and the pasture site is the dashed line.   
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Figure II-6. Wavelet power spectra of soil moisture time series by cover type and 
soil depth. Warm colors indicate regions of high power, and cool colors indicate 
regions of low power. Significant high power regions (determined by AR (1) 
processes) are outlined in black, and the cone of influence is shaded in a 
transparent white. Power is plotted in the time and period domain. Top horizonal 
plot is the average power in the time domain, and right-side vertical plot is the 
average power in the period domain. 
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Figure II-7. Wavelet power averaged for three timescales: 12 to 48 hours (light 
grey), 3 to 10 days (dark grey), and 1 to 3 months (black) and across soil depth for 
the forested Caatinga site (left) and pasture site (right).  
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Figure II-8. Normalized power of the soil moisture spectra averaged for four depths 
in the soil profile and across three timescales: 12 to 48 hours, 3 to 7 days, and 1 to 3 
months. The solid line is the forested Caatinga site and the dashed line is the 
pasture site. Note the different x-axes range.  
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III PLANT WATER USE STRATEGIES DIVERGE ALONG PLANT FUNCTIONAL 

TYPES IN THE CAATINGA DRY FOREST 

 

Introduction 

Seasonally dry tropical dry forests (SDTFs) are understudied (Azofeifa et al. 2005) despite 

being model biomes for advancing eco-hydrological understanding (Mendez-Alonzo et al. 

2012; Wright et al. 2017). Mean annual rainfall is relatively low for the tropics, ranging 

from 1,600 to 2,000 mm / year with four to seven months of severe water shortages and 

drought-deciduous forests (Bullock et al., 1995; Dirzo et al., 2011; Janzen, 1988). This 

high rainfall seasonality (Feng et al. 2013) means that vegetation must balance trade-offs 

between acquisitive and conservative strategies or between carbon gain and water 

conservation (Pineda-Garcia et al. 2013; Scwhinning and Ehleringer 2001) under 

alternating periods of abundance and stress. Moreover, SDTF have a relatively high 

biodiversity, meaning that tree species employ a range of water use and conservation 

strategies which allows for successful establishment and coexistence, particularly in the 

late successional stages (Esquivel-Muelbert et al. 2017; Lebrija-Trejos et al. 2010; 

Lohbeck et al. 2013; Pineda-Garcia et al. 2015). Although SDTFs are amongst the biomes 

most prone to hydraulic failure and drought-induced mortality (Allen et al. 2010), few 

studies have documented ecophysiological responses over a wide range of species. Hence, 

our understanding of how these species either tolerate or avoid drought in these biomes 

remains limited. 

Central to understanding tree adaptations and responses to water-stress and drought 

is the characterization of plant form and function. Yet, tropical biomes are complex and 
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hyper-diverse. Compared to other semiarid systems, this is true even for the dry tropics 

(Pennington et al. 2009). Functional type classification schemes are intended to simplify 

this complexity by grouping species based on similar responses to specific environmental 

conditions or disturbances. Thus, the utility of identifying functional types, if indeed they 

exist, is their extrapolative and predictive power.  

Classifying plant function types usually means observing functional traits, or plant 

features which reflect ecological strategies and responses. Generally, leaf and wood traits 

are thought to be coordinated into so-called economic spectra, reflecting the trade-offs 

associated with the allocation of a limited resources for one purpose vs. another and 

defining the boundaries within which trees function (Chave et al. 2009; Diaz et al. 2016; 

Reich 2014; Wright et al. 2004). In SDTFs, studies show a clear coordination between 

wood density and phenology and thus, these traits have been used to define functional 

types (Borchert 1994; Lima and Rodal 2010; Lima et al. 2012, Oliveira et al. 2013) and 

predict resource acquisition and conservation strategies (Mendez-Alonzo et al. 2012).  

Wood density is a central trait because it encompasses many aspects of a tree’s 

physiological and ecological function. Wood density is related to structural integrity and is 

associated with hydraulic function, carbon allocation, and growth and mortality. Wood 

anatomy and hydraulic function are inter-related, where xylem fibers provide much of the 

structural support (Martinez-Cabrera et al. 2009) and vessels represent the water transport 

conduits. In the dry tropics, wood density has been negatively correlated with stem 

hydraulic conductance (Markesteijn et al. 2011) stomatal conductance, and daily 

transpiration (Bucci et al. 2004; Worbes et al. 2013). Thus, high wood density generally 
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means greater mechanical support, but also smaller vessel diameter and sometimes higher 

vessel density (Gelder et al. 2006; Hacke et al. 2001; Preston et al. 2006;). 

For SDTF in particular, of the low wood density trees occur as stem succulents 

(Avila-Lovera and Ezcurra 2016). These tree forms have significantly larger vessel areas 

and greater stem water storage capacity than co-existing non-succulent trees (Borchet 

1994; Lima et al. 2012; Pratt and Jacobsen 2017; Worbes et al. 2013). Larger vessel areas 

indicate a greater water transport capacity, i.e. stem hydraulic conductivity (Chave et al. 

2009; Zanne et al. 2010). Stem succulents have also been shown to have a low tolerance of 

very negative leaf water potentials, pronounced midday drops in stomatal conductance, and 

an early onset of leaf fall (Butz et al. 2016; Lima et al. 2012; Pineda-Garcia et al. 2015; 

Worbes et al 2013). A low tolerance of very negative leaf water potentials equates to a low 

resistance to cavitation, which is more a function of xylem mechanical strength than it is 

vessel area or wood density itself (Jacobsen et al. 2005; Lachenbruch and McCulloh 2014; 

Venturas et al. 2017). Generally, less negative midday leaf water potential indicates a low 

tolerance of drought (Hacke et al. 2001; Markesteijn et al. 2011; Pratt and Jacobsen 2017;). 

However, high stem water storage could be important for buffering changes in xylem 

pressure (Meinzer et al. 2009) and therefore leaf water potentials, meaning that stem 

succulents have developed a highly specialized by little-regarded water use strategy 

(Worbes et al. 2013).   

On the contrary, it follows that in SDTF high wood density trees would be expected 

to have smaller vessel areas with reduced stem hydraulic conductivity, increased resistance 

to cavitation and embolism, thereby withstanding more negative leaf water potentials, are 

would be associated with greater drought tolerance, and late shedding of leaves. This 
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suggests that in SDTF, wood density could be a useful predictor of hydraulic function. As 

predicted by “safety vs. efficiency” tradeoffs, a large water transport capacity and a low 

tolerance to drought means that low wood density trees, including stem succulents, will 

also have a higher rate of carbon gain and growth rate at least during active periods 

(Pineda-Garcia et al. 2015; King et al. 2006). For these reasons low wood density trees 

have often been associate with rapid resource acquisition strategies and high wood density 

trees have been associated with conservative resource acquisition strategies (Pineda-Garcia 

et al. 2015).  

In relation to leaf traits, high wood density trees generally have lower specific leaf 

area and greater leaf density (Bucci et al. 2004; Wilson et al. 1999). High wood density 

trees are also more tolerant to competition and exert a strong competitive effect; low wood 

density trees are less competitive (Kunstler et al. 2016). Still, high wood density trees 

generally have, and are associated with greater construction costs and slower growth rates 

than low wood density species (Kunstler et al. 2016; Poorter et al. 2008; Reich 2014). 

Wood density is also a highly conservative trait and to some degree reflects evolutionary 

history; although there is strong variation within the Fabaceae family (Swenson and 

Enquist 2007). 

Besides being an apparent and defining feature of SDTFs, phenological patterns 

reflect ecophysiological functioning and water use and access (Markesteijn et al. 2010; 

Mendez-Alonzo et al. 2012; Schotz et al. 2014; Valdez-Hernández et al. 2010). In 

particular, leaf fall is a common drought-avoidance strategy. Some modeling studies 

suggest that it is phenology rather than physiological traits which is the dominant control 

on plant-water-carbon interactions (Vico et al. 2017). Still, we know very little regarding 
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the mechanisms which allow these species to display difference in the timing of leaf flush 

and fall despites under the same abiotic stresses. That is, there is still substantial variation 

in leaf flush, fall, bud break, and fruiting amongst species in SDTF (Machado et al. 1997). 

These offsets suggest that trees have different strategies for conserving water that allows 

for temporal partitioning of water use and phenological activity (Lasky et al. 2016). 

Additionally, the presence of evergreen species ecosystems indicates that these species are 

either accessing stable deeper water sources or that these species are highly specialized and 

efficient drought-avoiders compared to less drought-tolerant deciduous species 

(Hasselquist et al. 2010; Jackson et al. 1995). Studies based on more detailed leaf traits 

data, though, has little predictive power in SDTFs (Powers and Tiffin 2010).  

Objective 

Previous research has revealed classification schemes of plant types based on coordinated 

wood and leaf functional traits. Whether these traits actually manifest in unique defining 

functions has not be directly tested. More specifically, we do not know if PFTs defined by 

wood density and phenology can be used to predict water use strategies. If wood density 

can be used as a proxy for hydraulic transport and storage, and if deciduousness can be 

used as an indicator of drought-stress avoidance, then it would follow that PFTs defined by 

these traits would also results in unique and diverge hydraulic function. That is, the 

variations in wood density and phenological pattern for these co-existing species indicates 

that they experience and cope with the same water stress conditions in very different way. 

On this basis, we aim to assess whether or not we can use PFTs to predict water use 

strategies.  
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Methods 

Site Description 

The study area is part of the Caatinga, a seasonally dry tropical forest and shrubland biome 

in northeast Brazil. The forest is tropical drought-deciduous, and the climate is tropical hot 

and dry (BShw Koppen classification) with a strong precipitation seasonality (D’Odorico 

and Bhattachan 2012). Mean annual precipitation is 733 mm and potential 

evapotranspiration is about 2,000 mm / year. The rainy season typically occurs from 

December to May, and accounts for about 75 % of annual rainfall; although, interannual 

trends are erratic and unpredictable. Average monthly air temperatures range from 21 to 26 

°C, with maximum temperatures of 31 °C and minimum temperatures of 17 °C (Griessen 

2006; New LocClim 1.10).  

This study was conducted within a relatively old (50+years) Caatinga forest stand 

located near the municipality of Serra Talhada, PE, on the Fazenda de Buenos Aires 

(07°56'50" S and 38°23'29" W, 450 m elevation; see Figure III-1.) in northeast Brazil. The 

area is rather unique in that few intact and contiguous stands of this size remain 

(Antongiovanni et al. 2018). The understory is composed of a thick herbaceous that 

quickly dies off during the dry season. The forested area forms part of a large multiple-use 

area with portions of pasture and other forest stands of varying age. 

Entisol Orthent and Aridsol Argid (USDA 1999) are the predominant soils in the 

study areas. During the dry season, the clayey soils at 40 to 50 cm depth become 

compacted and hard. The forest stand is subject to light grazing by free-roaming cattle. The 

study plot is an area of about 90 m x 90 m. The rich diversity of tree species and 
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morphologies in the Caatinga dry forest make it ideal biome to document a range of plant 

traits under water-limited conditions. 

Ancillary Data 

Hydrometeorology is continuously monitored at this site by the National Observatory of 

Water and Carbon Dynamics in the Caatinga project (ONDACBC; 

https://ondacbc.eco.br/). This includes rainfall (mm; TE 525 WS-L, Texas Electronics, 

USA), air temperature (°C) (model HMP45C, Vaisala, Campbell Scientific Inc., Logan, 

UT, USA). Soil moisture was also monitored within the study plot at five depths of 5 cm, 

10 cm, 20 cm, 35 cm, 50 cm (5TM, Decagon Devices, Inc., Pullman, WA). Raw soil 

moisture readings were corrected for temperature and scaled by minimum residual and 

maximum saturation values described by measure soil textural properties (Table III-1).  

Species selection 

We selected sixteen dominant Caatinga forest species classified into three plant functional 

types based on wood density and phenology (Lima et al. 2012). The deciduous low wood 

density, DLWD, species include Amburana cearensis, Commiphora leptophloeos, 

Jatropha mollissima, Manihot epruinosa, Pseudobombax marginatum, and Spondias 

tuberos. The evergreen high wood density, EV, species including Cynophalla flexuosa 

and Ziziphus joazeiro. The deciduous high wood density, DHWD, species including 

Anadenanthera colubrine, Aspidosperma pyrifolium, Bauhinia cheilantha, Cenostigma 

pyramidale, Croton blanchetianus, Enterolobium species, Myracrodruon urundeuva, and 

Piptadenia stipulacea. These species are also representative of SDTF in general (Pereira et 

al. 2003; Sarkinen et al. 2011). A brief description of each species, based on Lorenzi 2008, 
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2016a, 2016b and Maia 2012, and field observations, is given below and is summarized in 

Tables III-2 and III-3 

 

Description of the DLWD species 

All of the DLWD species we measured are also considered stem-succulent tree species.  

Spondias tuberosa This species, commonly known as umbuzeiro, is endemic to the 

Caatinga and is also one of the most symbolic species of northeast Brail. Most distinctly, 

this species has large, spongy root tuber that can reach 20 cm in diameter and up to 4 kg in 

weight as it accumulates water and nutrients. The tubers as well as the fruit, are edible and 

sweet; the roots can be dried and used as a flour; and young leaves can be eaten directly. 

Even for cleared forests, this species was often spared because of its utility. It is a short 

tree, about 4-7 m tall, with a thick trunk that can reach 10 m in diameter, with convoluted 

branches. This species has a thicker grey bark. The canopy is concave, forming a natural 

shelter for people and cattle. Leaf flush occurs immediately after the first rains, flowering 

and fruiting during the rainy season, and leaf fall is characterized by leaf color change to 

yellow, orange and pink. This species is recommended for reforestation because it is 

considered to survive long droughts and can create a more favorable micro-climate through 

shading and moisture capture.  

Amburana cearensis, umburana de cheiro, is native to Argentina, Bolivia, 

Paraguay, Peru and Brazil, and is known for its sweet vanilla-like smell arising from high 

coumarin content and its bark has medical properties; another common name is cumaru. 

Other uses include wood, coal, forage, bee nectar during the dry season, and ornamental 

purposes. This species develops a thick root tuber for water and nutrient storage which 
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helps the tree survive the dry season. As observed in the field, it quickly loses all leaf cover 

during the early dry season, and flowering and fruiting shortly follow. The leaves are 

smooth and may change to a yellow or yellowish red color before falling. The yellowish-

red stem trunk has smooth bark which peels into fine transparent paper-like layers.  

Commiphora leptophloeos, or umburana de cambão, is similar in that the bark also 

peels into fine layers and often has a green, likely photosynthetic trunk. This species tends 

flowers before the rainy season begins, and leaf flush begins in the early part of the rainy 

season. The leaves are pubescent. The tree height ranges from 6 to 9 m. This species has a 

deep history of cultural significance in northeast Brazil. Its uses included wood, coal, 

medicinal properties, edible fruits and is used as an ornamental tree. Often, hollows form 

in the trunk, which are utilized by bees. This species is recommended for reforestation and 

restoration and can be used as a natural barrier or live fence. It is called umbu-rana 

because it is considered the “false” umbu. This species is characteristic of the Caatinga but 

can also be found in the Patanal or Chaco.  

Jatropha mollissima, or pinhão-bravo, is endemic to the Caatinga. Like some of the 

other species, it is characterized by bark with peels into fine paper-like layers, revealing a 

green, likely photosynthetic bark. Also characteristic to this species is the large, pubescent 

leaves which quickly wilt and fall at the start of the dry season. Other similar Jatropha 

species can be found in semiarid forests and shrublands. Because this species flowers 

during the late dry season, it is an important source of pollen for bees. It is a small, stem 

succulent shrub/tree. Further, it has a history of medicinal uses, including the treatment of 

wounds, hemorrhage and inflammation.  
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Manihot epruinosa, or maniçoba, is a wild cassava species native to the Caatinga. It 

has a succulent dark-colored trunk, large glabrous leaves, and starchy root tubers which 

store water and nutrients (Matos et al. 2005).  

Pseudobombax marginatum, or embiratanha, has a distinct green, likely 

photosynthetic trunk that is either smooth or wrinkly. The leaves, which are large and 

leathery leaves, fall during the late rainy season to early dry season. As its common name 

indicates, the wood fibers can be used to create strong cords. The large swollen taproot is 

edible and may store water and nutrients especially when young. Flowering is usually in 

the early dry season, with large white flowers that open at dusk and close at dawn, possibly 

attracting moths and birds at night. It is characteristic of the Caatinga but occurs 

throughout Brazil, Bolivia, Paraguay, and Peru.  

Description of the EV high wood density species 

Cynophalla flexuosa, or feijão bravo, is a woody species that occurs in shrub or liana form. 

This species reaches up to 6 m height and the diameter is relatively small, 12 to 15 cm 

when in liana form. The leaves are small, thick, and leathery, 4 to 10 cm length and 1 to 5 

cm width. This species is found as far north as Mexico and Florida, throughout Central 

America and Brazil. It is recommended for reforestation and tolerates salinized soils 

Ziziphus joazeiro or joaziero, is another endemic and emblematic species of the 

Caatinga drylands. Historically, this species was often preserved during clear-cutting, and 

is easily distinguished during the dry season as its green canopy dots the landscape. It is 

one of the few species with edible fruits and provides shade for people and cattle year-

round. It has broad far-reach roots and is thought to be deeply rooted, relying on deeper, 

more stable water sources. When in tree form, it is multi-stemmed with a broad canopy. In 
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the study plot, this species appeared in shrub from, which may indicate that deeper water 

sources are absent. It is an important source of pollen and nectar during the dry season.  

 

Description of the DHWD species 

Anadenanthera colubrina, or angico, is found through the Caatinga, as well as the Patanal 

and Atlantic rainforest. The bark is distinct in that it has thick horn-like protuberances or 

spines. It is a taller tree, reaching up to 15 m in the Caatinga. The canopy is sparse, the 

leaves are bipinnately compound and often close during very dry conditions. This species 

has several woody root tubers which are usually lost and replaced by more developed 

lateral roots as it matures. It is an adaptable and fast-growing species. Leaf fall begins at 

the start of the dry season and leaf flush begins before or after the first rains.  

Aspidosperma pyrifolium, or periero, is endemic to the Caatinga. This species 

generally flushes at the start of the rainy season and loses leaves during the dry season. 

Flowering occurs after leaf fall and before leaf flush, i.e. before the start of the rains. This 

species is known to grow in harsh dry conditions but can also tolerate some level of 

flooding and water-saturated soils. It is a good lumber source, has medicinal properties, 

provides pollen and nectar for bees during the dry season, and is recommended for 

reforestation, particularly for areas suffering from desertification. Even so, this species is 

considered threatened.  

Bauhinia cheilantha is locally known as mororó or pata-de-vaca because of the 

shape of its leaves resembles a cow’s hoof; it is also a good forage resource. This species 

can occur in shrub or liana form, with a small diameter of 8-10 cm. Flushing occurs after 

the full rains and full canopy cover is reach in 5 to 6 weeks. Leaf fall occurs in the dry 
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season. The radial roots help protect soil against erosion and the species is recommend for 

reforestation. The wood is often used for fencing, firewood or coal, and the bark has 

medicinal properties.  

Cenostigma pyramidale (botanical synonymy Caesalpinia or Poincianella 

pyramidalis Tul) or catinguiera, is endemic to and widely distributed across the Caatinga. 

It is usually 4 to 6 m height but can reach up to 12 m in favorable conditions. The canopy 

is generally sparse and/or irregular. It is characterized by a distinct unpleasant smell and is 

adapted to various conditions. It is thought to have deep roots. The trunk can be straight or 

twisted. It is often used as a source of wood for construction or coal, as forage, and has 

medical properties. This species is also recommended for reforestation and agroforestry.  

Croton blanchetianus, or marmeleiro, can occur in shrub or liana form. The leaves 

are simple, pubescent, and can be burned to use the smoke as a mosquito repellant. 

Flushing occurs vigorously with the first rains, immediately followed by flowering and 

fruiting. Leaf fall occurs at the start of the dry season. The roots are laterally spread. The 

species is common in semiarid biomes, including most of the Caatinga. The wood can be 

used to build fences or small materials, the bark is medicinal, the leaves serve as forage, 

and this species is also recommended for reforestation.  

There is limited information regarding the occurrence of Enterolobium species. or 

tamboril, in the Caatinga. While the individuals were not identified to the species level, 

they are believed to be E. maximum Ducke or E. contortisiliquum (Vell.) Morong because 

of the shape of the leaves, trunk, and possible occurrence of seed pod known as orelha de 

macaco or monkey’s ear. This species is similar in appearance to C. pyramidale, but at this 
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site was higher in the canopy with a more erect trunk and white flowers. Leaf flush was 

observed during the rainy season and leaf fall into the dry season.  

Myracrodruon urundeuva, or aroeira, is found across the Caatinga and Cerrado, as 

well as more humid biomes such as the Atlantic rainforest and Patanal. The common name 

of this species indicates that it is “a bird’s home” possibly because it reaches up to 20 m in 

the Caatinga. As described in Maia (2012), when young, the main root takes on a tuber-

like form which is thought to serve as a reserve for food and nutrients.  

Piptadenia stipulacea, or jurema-branca, is endemic to the Caatinga. This species is 

characterized by binpinnately compound leaves, thorn-covered stems, and a light grey 

colored trunk (to differentiate from close cousin Mimosa tenuiflora (Willd.) Poir. or 

jurema-preta which has a dark brownish-black colored trunk). Leaf flush and flowering 

occurring during the wet season. This species is a nitrogen-fixing legume and is 

recommended for reforestation. Additional uses are wood for construction or coal, forage 

for livestock, and its yellow flowers pollen for bees.  

Other species found near the study site, but which were not measured, include 

Schinopsis brasiliensis Engl. or baraúna; Ceiba glaziovii (Kuntze) K. Schum or barriguda, 

Cnidoscolus quercifolius Pohl or faveleira, Mimosa tenuiflora (Willd.) Pior or jurema-

branca, and Combretum leprosum Mart or mofumbo. At the stand-level, the canopy closed 

at the peak of the wet season, then gradually opened up as the dry season progressed; the 

canopy was almost completely open by mid-dry season. 

Data Collection 

We examined water use strategy with regards to deciduousness and tolerance to water 

stress, water access and rooting depths, and water use efficiency. Tolerance to water stress 
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was measured via pre-dawn and mid-day leaf water potential, YPD and YMD, water access 

was measured via water isotope tracers, δ2H and δ18O, and water use efficiency was 

measured via δ13C. Data was collected during the wettest month of the rainy season until 

middle of the dry season (Figure III-2) and followed Pérez-Harguindeguy et al. (2013).  

Leaf measurements 

Our measure of tolerance to water stress is based on pre-dawn and mid-day leaf water 

potential, YPD and YMD. Leaf water potential is an indicator of leaf hydration and is 

related, in part, to stomatal closure. The more negative the value, the more dehydrated the 

leaf—conditions we would expect when VPD is high. Comparing pre-dawn and mid-day 

leaf water potentials indicates the degree of stomatal closure that species may experience 

as a response to water stress, since temperatures and VPD usually max out in the 

afternoon.  

We measured leaf water potentials from April 11 to August 22, 2018 on a bi-

weekly basis, or as long as the individual had leaf cover. Measurements were made with a 

Scholander pressure chamber (Model 1505D PMS Instrument Company, Albany, OR) 

which uses tanks of nitrogen gas within a closed system to apply pressure. Pre-dawn leaves 

(4:30 to 6:00 AM) and mid-day (11:30-1:00 PM) leaves were clipped, bagged, and kept in 

a cooler with ice, and immediately measured in-situ. The pressure in the nitrogen tanks 

was sufficient to make most measurements (665 total leaves), with the exception of one 

measurement, at which point the pressure in the nitrogen tanks (5.8 MPa) was not high 

enough. Because the pressure in the nitrogen tanks slowly declines as measurements 

progress, we prioritized the species which we expected to have more negative pressure 
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potentials. The maximum pressure we measured was for C. pyramidale at 7.5 MPa on July 

21, 2018. 

Our measure of plant water use efficiency is based on stable isotopes of carbon, 

foliar δ13C. Water use efficiency is the ratio between the gain of CO2 or biomass in 

photosynthesis to the loss of water through transpiration. Different species can exhibit a 

wide range of carbon gain to a unit of water. Some species are expected to be more water-

efficient, that is having greater C gain or biomass growth for the same amount of water 

than less water-efficient species. How water efficient a tree is can be reflected in foliar 

δ13C because photosynthetic enzymes more readily use the lighter 12C isotope relative to 

the heavier 13C isotope. The extent of this discrimination over longer time scales (i.e. not 

instantaneous) will depend on the mole fraction of CO2 in the substomatal cavity, and thus 

on stomatal regulation. We measured foliar δ13C for leaves collected is from April 28 to 

August 22, 2018 on a bi-weekly basis, or as long as the individual had leaf cover.  

After leaf water potential field measurements, the leaves were re-bagged and 

subsequently oven-dried at 75 to 80 °C for at least 48 hours. The leaves were transported to 

the Stable Isotopes for Biosphere Science (SIBS) Laboratory at Texas A&M University, 

College Station for grinding, weighing and packing. Once packed, the samples were 

analyzed for foliar carbon content and δ13C using an Elemental Analyzer (Costech 

Analytical Technologies, Valencia, CA, USA) coupled to a Thermo Scientific Delta V 

Isotope Ratio Mass Spectrometer (EA-IRMS; Thermo Fisher Scientific, Waltham, MA, 

USA). Stable isotope ratios are expressed in delta notation (7) as the ratio of the sample 

(Rsample) relative to the standard (Rstandard) as follows: 
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7 (‰) = (Rsample/Rstandard – 1) * 1000 Equation III-1 

Calibration for δ13C was performed using certified standards, USGS (United States 

Geological Survey) Glutamic Acid 40 (δ13C = ‒26.39 ‰) and Glutamic Acid 41 (δ 13C = 

37.63 ‰). Quality control is performed using in-house plant standards (δ13C = ‒12.78 ‰ 

and δ13C= ‒39.88 ‰).  

 

Stem measurements 

Our measure of plant water source is based on naturally occurring stable isotopes of water, 

δ2H and δ18O, in stems, soils, and precipitation. δ2H and δ18O can serve as tracers if δ2H 

and δ18O can be characterized for the possible water sources. In this case, we relied on a 

gradient of δ2H and δ18O ratios across soil layers, which occurs when the near surface soils 

become evaporatively enriched in the heavier isotopes, 2H and 18O. The δ2H and δ18O 

ratios are then compared to the δ2H and δ18O of stems for a relative understanding of 

“shallow” for “deeper” soil water sources. Soil and stem samples for δ2H and δ18O were 

collected on April 10, 2018 to represent wet conditions, June 12, 2018 to represent dry 

conditions, and an additional collection of the EV group only on September 19, 2018 since 

the EV species Cynophalla flexuosa and Ziziphus joazeiro maintained leaf cover during 

the dry season.  

Soil and stem samples were collected for analysis of stable isotopes of water. Soils 

were collected from seven pits within the study plot, at three integrated depths: 5-15 cm, 

20-30 cm, and 40-50 cm. During dry conditions, it became increasing difficult to collect 

soil samples from the 40-50 cm depth. As the clay content was usually higher at these 

depths, dry soils shrank and became compact and hard. Soil for each depth interval was 
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placed into a plastic bag, homogenized, and subsampled into 12ml glass vials with 

PolyCone-lined phenolic caps sealed with parafilm. The vials were immediately stored in a 

cooler with ice. Two to three stems were cut for each individual tree. The bark was left on 

(to avoid the influence of evaporation that would occur if the bark was stripped in-situ in 

arid conditions) and the stems were subsampled into two vials per tree. Again, vials were 

immediately stored in a cooler with ice.  

Rainwater and through fall samples were collected approximately bi-weekly from 

January 2018 until the last rain event of the season, on June 2018. The next rain event was 

not until December 2018, the start of the next rainy season, meaning that we the isotopic 

signatures of rainfall were captured for one full wet season. Rainwater was collected at one 

point above the canopy, and throughfall was collected at three to four points beneath the 

canopy. Water collectors were wrapped with aluminum foil and a layer of paraffin oil used 

poured inside to reduce evaporation (IAEA 2014). Other water samples were 

opportunistically collected on August 11. These include groundwater and surface water 

samples from the surrounding area. These water samples were not included in the 

meteoritic water line but were not significantly different from it. Precipitation samples with 

debris were filtered (0.2 μm) to remove particles.  

All soil and stem samples were kept frozen, and rainwater was kept cold, until they 

were transported in a cooler with ice packs to the SIBS Laboratory at Texas A&M 

University, College Station. In the lab, water was extracted from stems and soils via 

cryogenic vacuum distillation (West et al. 2006). One side of the vacuum line containing 

the sample was kept in a water bath of boiling water (100 °C). Extractions generally lasted 

2.5 - 3 hours for stems and 3 or more hours for soils. The extraction was considered 
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complete when no more water condensed, and no more water vapor could be seen on the 

liquid nitrogen side of the line.  

All water samples were analyzed using a High Temperature Conversion/ Elemental 

Analyzer coupled to a Delta V Advantage Isotope Ratio Mass Spectrometer (TC/EA-

IRMS). Stable hydrogen isotopic composition is expressed in delta notation (7; see above). 

Calibration was performed using in-house water standards: SIBS-wA (δ2H = -390.8 ± 1.6 

‰, δ18O = -50.09 ± 0.33 ‰) and SIBS-wP (δ2H = -34.1 ± 1.9 ‰, δ 18O = -4.60 ± 0.24 

‰). Quality control was performed using an in-house water standard, SIBS-wU (δ2H = 

-120.2 ± 1.5 ‰, δ18O = -15.95 ± 0.27 ‰). These in-house standards were calibrated using 

IAEA standards (VSMOW2, SLAP, and GISP). All water isotope values are reported in 

VSMOW-SLAP scale. 

To describe the tree species according to their functional groups, we measured 

stem-specific wood density. Specific stem wood density was measured for three 

individuals per species outside of the study plot, except for Cynophalla flexuosa and 

Enterolobium species. We found only two individuals of C. flexuosa outside of the study 

plot. For the Enterolobium species, we could not find an individual outside the plot and 

thus sampled only one individual found within the plot. Branches were cut in the field and 

processed in the lab. In the lab, the branches were cut into approximately cylindrical 2-3 

cm pieces, stripped of bark and submerged in water for at least 2 days, until saturated. The 

saturated stem left to sit so that excess water would drain off and then weighted for 

saturated mass. Then, the sample was submerged in graduated cylinder filled with distilled 

water on a mass balance. The cylinder with water was tared before the sample was 

submerged. A needle was used to submerge the sample without touching the walls or 
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bottom of the cylinder. Thus, the mass reading on the balance equals the volume of the 

sample (because water density is ~1g/cm3). The wood sample were then oven-dried at 105 

°C for at least 72 hours and re-weighted for dried mass to calculated wood density (Table 

III-2).  

 

 

Statistical Analysis 

Our question is, do PFTs predict plant water use strategies? To test for this across time, we 

conducted repeated measures ANOVA using linear mixed-effects modeling in the R 

package nlme (Pinheiro et al. 2019). The response traits we modeled wereYMD-PD, YMD, 

YPD, stem δ2H, stem δ18O, and foliar δ13C. To test for significance, we applied Tukey’s 

post-hoc for linear mixed models using the R package multcomp (Hothorn et al. 2008). 

First, we modeled PFTs as the fixed effects factor and date and species as the random 

effects factor (i.e. repeated measures). Species was included as a random effect to account 

for the random selection of species that pertains to each PFT (we could have selected other 

representative species). Second, we split the data into three groups to test species 

association to each PFT. Within each PFT, we modeled species as a fixed effects factor 

and date as the random effects factor. For all models, we confirmed homogeneity in the 

variance of the residuals.  

Results 

General hydroclimate 

The start of the rainy season was observed with the first large event pulses on December 

24, 2017 (24 mm registered in Serra Talhada city and 10 mm registered nearest the field 
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site at the Cachoeira weir, http://www.apac.pe.gov.br). Based on rainfall data for 2018, we 

defined the end of the rainy season as the end of April. April was the wettest month of 

2018, with a total rainfall of 230 mm. By May, total monthly rainfall dropped to 15 mm. 

Average monthly temperature increased from 24.6 °C in April to 25.7 °C in August; the 

minimum average daily temperature recorded was 22.8 °C and the maximum average daily 

temperature was 27.8 °C. Soil volumetric water content responded to rainfall, peaking in 

April and decreasing to lows during the dry season (Figure III-3). Our measurements were 

conducted from April 10 to August 22, 2018. The “wet” period collection of stems and 

soils for stable isotope analysis occurred the day after a large rain, registered as a 77 mm 

event; the “dry” period collection occurred after 40 days without any rain events larger 

than 5 mm; the second “dry” was a collection for  the EV species, which were the only 

trees with noticeable canopy cover.  

Plant functional type trends  

Plant functional type YPD and YMD 

Leaf water potential varied significantly by PFT. First, there were significant differences in 

YMD between the three PFTs (Table III-4). Similarly, there were also significant 

differences in the change in leaf water potential, YMD-PD, between the three groups. The 

smallest change occurred for the DLWD (CIlower = -0.88 and CIupper = 0.35), followed by 

the DLWD (CIlower = -1.14 and CIupper = -0.66) and then the EV groups (CIlower = -2.46 and 

CIupper = -0.92). In terms of YPD, only the DLWD group differed significantly; there was no 

difference between the high wood density groups DHWD and EV. The YPD was generally 

less negative for the DLWD group. Over time, the DLWD group exhibited more stable 
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YPD and YMD values that were less than -1 MPa, whereas as the DHWD and EV groups 

because increasingly negative. For example,  YMD values for DHWD began just above an 

average of -1 MPa in April and reached and average of almost -5 MPa in July. For EV,  

YMD values began at less than an average of -1 MPa in April and reached just below -4 

MPa in July. The YMD values for the DLWD group remained below -1 MPa (Figure III-4). 

Plant functional type δ18O and δ2H stem water ratios 

Stem water isotope ratios (δ2H - δ18O) are shown in Figure III-5 for April 10 and June 12, 

to represent wet and dry conditions respectively; regression lines are listed in Table III-5. 

Precipitation collected above and below the canopy were not significantly different (δ18O 

Wilcoxon test p-value = 0.49; δ2H unpaired t-test p-value = 0.92; Table III-6) and were 

used to plot the local meteoritic water line, LMWL (Dansgaard 1964; Kendall and 

McDonnell 1998). The soil water samples collected on April 10 plot on or slightly below 

the LMWL. The soils were very wet when collected and therefore reflect values similar to 

rainwater. Regardless of PFT, stem waters plot below both the rainwater and soil water 

lines, indicating that plant water sources are likely a mixture of waters not derived solely 

the recent rain event. The DLWD group plots above the DHWD and EV, that is, the δ2H 

and δ18O ratios are more positive. Although, this difference is only significant between 

DLWD and DHWD groups according to δ2H values (Tukey’s p-value=0.0074 for DLWD 

vs DWHD; Table III-6).  

The soil samples collected on Jun. 12 during the dry season plot further away from 

the LMWL with more positive δ2H and δ18O ratios. These forms the evaporation line 

which is due to enrichment of heavy isotopes caused by fractionation during evaporation 

(Sprenger et al. 2016). The stem water for the DLWD group plots between the LMWL and 
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the soil water samples, which defines the boundary conditions for this group. The DHWD 

and EV regression lines overlap with each other but fall below the DLWD group. This 

means that relative to DLWD, the two high wood density groups are depleted in in heavy 

δ18O and δ2H, i.e. lighter δ18O and δ2H. This difference between low and high wood 

density groups in significant according to δ2H ratios (Tukey’s p-value<1e-4 for DLWD vs. 

EV and for DLWD vs. DHWD; Table III-6) 

Plant functional type foliar δ13C  

Average foliar δ13C varied significantly by PFT (Figure III-6; Table III-7). For the DLWD 

type, foliar δ13C decreases over time, from an average of -28.4 ‰ to -29.3 ‰ δ13C and was 

significantly different from the two high wood density PFTs (Tukey’s p-value = 0.0476 vs. 

DHWD and was <0.001 vs. EV; Table III-7). The EV group on the other hand remained 

relatively stable over time, with the average foliar δ13C just below -27.0 ‰. The DHWD 

group generally increased from initial values near -28.5 ‰ similar to the DLWD to values 

more similar to the EV, -27.7 ‰, but was still significantly different from both of those 

groups (Tukey’s p-value = 0.0476 vs. DLWD and 0.0434 vs. EV; Table III-7). 

Species-level trends  

Species-level YPD and YMD 

To better understand whether PFTs are a good predictor of plant water use strategies, we 

examined variations within PFTs by looking at species-level trends. Species-level YPD and 

YMD over time are shown in Figure III-7. To avoid water loss, many of the DLWD species 

quickly lost all leaf cover as the dry season progressed. The exceptions to this trend are the 

DLWD species Commiphora leptophloeos and Spondias tuberosa. These two DLWD 

species also maintained less negative pre-dawn to mid-day Yleaf.  
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The species for both the EV and DHWD groups had similar trends; and the DHWD 

species generally maintained leaves for longer. Most species in these two groups 

experienced gradually more negative YPD and YMD as the dry season progressed. 

Aspidosperma pyrifolium and Croton blanchetianus, on the other hand, had relatively 

stable YPD and YMD from April to June, but then changed more abruptly and lost all leaf 

cover soon after. For A. pyrifolium, YPD and YMD remained at ~1.5 to -2 MPa before 

dropping to -3 MPa in July and ~5 MPa in August. For C. blanchetianus, YPD and YMD 

remained close to -1 MPa but for June 9 and July 7, YMD was much more negative, at 

approximately -2 MPa and -5 MPa respectively. Patterns for Myracrodruon. urundeuva 

were more similar to that of DLWD group, remaining less negative and stable through the 

dry season.  

Species-level stem water δ18O and δ2H ratios 

For most species regardless of PFT, there was general shift towards heavy-enriched δ18O 

into the dry season (Figure III-8). Still, this shift was more apparent within the DLWD 

species, and strongest for the species with large leaf areas, like Jatropha mollissima, 

Manihot epruinosa, and Pseudobombax marginatum. Smaller shifts occurred for 

Commiphora leptophloeos and Spondias tuberosa which maintained some leaf cover for a 

relatively longer period, and also maintained less negative Yleaf.  

The shift towards heavier δ18O was less apparent for the species in the DHWD 

group. Within this group, the species that experienced greater shifts towards heavier δ18O 

were ENSP and Commiphora leptophloeos and the Enterolobium species. Different from 
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all the species sampled, Ziziphus joazeiro, and evergreen species, was the only one that 

seemed to shift to lighter δ18O values. 

Species-level foliar δ13C   

We found high variation in species-level foliar δ13C (Figure III-9). Species which tended to 

have less negative foliar δ13C were Amburana cearensis, Cynophalla flexuosa, 

Aspidosperma pyrifolium, Cenostigma pyramidale, and Enterolobium species (arbitrarily 

above -28‰). With the exception of C. flexuosa, these species all belong to the Fabaceae 

family. Decreasing trends in foliar δ13C occurred for most of the DLWD species. The same 

was not true for P. marginatum nor Manihot epruinosa. Regarding the DHWD species, 

more negative ratios of ~30 ‰ were found for Bauhinia cheilanth and Croton 

blanchetianus.  

Discussion 

PFT predicts tolerance to water stress, with some exceptions 

In the Caatinga SDTF, the PFT framework is a strong predictor of plant water status and 

tolerance to water stress. Our findings agree with several studies which define PFTs for the 

dry tropics based on wood density and phenology, including Borchert (1994) in Costa 

Rica, and Lima et al. (2012) and Oliveira et al. (2015) conducted in the Caatinga dry forest. 

In these studies, less negative leaf or stem water potentials was associated with early-

deciduous low wood density species, often stem succulents, with high stem water storage 

capacity. Like these studies, we also found plant water status was associated with 

phenology and stem water storage capacity. It was these associations that lead the authors 

to propose the PFT we have used as a framework. But unlike these studies we also 

measured YMD. We found significant differences in YMD between the three PFTs (Table II-
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6). This indicates that even on a daily PFTs have different water use since water demand is 

generally highest during mid-day hours and when net radiation, temperature, and vapor 

pressure deficit peak.  

We used YMD-PD can be an indicator of stomatal control because it is related to the 

degree of stomatal closure in a tree will experience. Our results suggest that DLWD group 

had greater stomatal control compared to the high DHWD and EV group, meaning that the 

DLWD species are more isohydric because they maintain a relatively constant YMD even 

as soil dries and soil Y drops. One reason the DLWD species can maintain stable, less 

negative leaf water potentials is likely because these species have high water storage 

capacity. Water stored in plant tissues are helps stem succulent species avoid drought 

stress. Conversely, the high wood density species found in the DHWD and EV group are 

more anisohydric because they allow YMD to decline nearly in parallel with Ysoil (Meinzer 

et al. 2016). Thus, our findings also support the idea that anisohydric species like those in 

EV and DHWD functional types are more tolerant of water stress and could potentially be 

less prone to drought-induced mortality (McDowell et al. 2008). 

Exceptions to general PFT trends occurred in the DHWD types, namely 

Aspidosperma pyrifolium, Croton blanchetianus, and Myracrodruon urundeuva. For A. 

pyrifolium and C. blanchetianus, Yleaf was less negative during the early part of the dry 

season, but then became more negative after July. C. blanchetianus soon after lost all leaf 

cover, while A. pyrifolium maintain a diminished level of leaf cover throughout the 

duration of sampling. Some have reported that under more favorable conditions, A. 

pyrifolium can maintain leaf cover year-round (Maia 2012). This species is characterized 
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by thick waxy coriaceous leaves that may be important to minimizing water loss and help 

maintain less negative Yleaf.  It is unclear how M. urundeuva, was able to maintain stable 

YMD-PD since this species does not seem to have access to relatively deeper, more stable 

water sources. 

PFT generally have access to the same water, except for some evergreen species 

The differences in plant water status and tolerance to drought though, is likely not because 

species have access to different water sources or employ different rooting strategies. 

Regardless of PFT, stem waters plot below both the rainwater and soil water lines, 

indicating that plant water sources are likely a mixture of waters not derived solely the 

recent rain event. The lack of a significant difference in stem δ18O indicates that all PFTS 

have access to the same water and seem to be very shallowly rooted. within the top 50cm. 

This does not mean that species cannot develop deeper roots, but rather that the shallow 

soils at this site prevent trees from relying heavily on deeper water sources. Although into 

the dry season, based on δ2H values there might be a slight vertical partitioning of water 

sources within the top 50cm between the DLWD and DHWD groups. The stem water for 

the DLWD group plots between the LMWL and the soil water samples. This indicates that 

water sources for DLWD is likely bound between this year’s rainwater and soil water up to 

a depth of 50cm. The shift towards heavier δ18O particularly for the DLWD species also 

suggests that deeper water sources are not being used by most of the species measured; this 

shift is likely reflective of the seasonal change in δ18O of rainwater. Note that Ziziphus 

joazeiro as the only species that shifted to lighter δ18O, which means that this evergreen 

that might be tapping slightly deeper water sources.  
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Our findings are unique in that previous studies tend to focus plant-water sourcing 

a function of deciduousness (Hasselquist et al. 2010; Jackson et al. 1995), not wood 

density. Furthermore, Drake and Franks (2003) have suggested that for a seasonally dry 

tropical forest located along a riparian zone, species which exhibited large decreases in 

YPD were likely dependent on shallow water sources. Our findings are contradictory to this 

in that the species with the smallest decrease in YPD, which were in the DLWD type, are 

likely relying on shallow soil water sources and likely storing some of this water for use 

during the dry season. A similar pattern was found by Pivovaroff et al. (2017) in a 

Mediterranean forest, where species that had more negative midday leaf water potential 

during the growing season also showed access to deeper water sources based on δ2H ratios. 

This means that temporal partitioning of water resources could explain how stem succulent 

and high wood density and evergreen tree species are able to co-exist under the same high-

water stress conditions, and this temporal partitioning is evident because some species, i.e. 

DLWD, have a higher water storage capacity and some species, i.e. DHWD and EV, have 

evolved a greater tolerance more negative leaf water potentials and are likely more 

resistant to cavitation. Moreover, the significant difference in YPD for the DLWD vs the 

DHWD and EV group again indicates that store stem water could provide a more readily 

accessible water source that soil water which is held under more negative pressure 

potentials.  

PFT predicts water use efficiency but masks species-level variation 

In this study, PFT generally predicted intrinsic water use efficiency (WUEi) based on foliar 

δ13C was significantly different at the PFT level but masked highly variable species-level 

trends. Finding that PFT can be used to predict WUEi by PFT contradicts previous work 
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conducted in the Caatinga. Previous research failed to find a significant difference between 

DHWD and EV groups in the Caatinga (Souza et al. 2015). One reason for contrasting 

results could be because Souza et al. (2015) measured more EV species over a shorter time 

frame. While Souza et al. (2015) maybe have better characterized the EV as group (5 vs. 2 

evergreen species) it was only during the wet season, when water use efficiency 

differences might be less important since resources are abundant. Moreover, compared to 

this study, our foliar δ13C were about 4 ‰ more negative.  

Additionally, we found high variation at the species-level. This means that the PFT 

framework masks species-level variations in WUEi. In particular, some species from the 

Fabaceae family tended to have less negative foliar δ13C, which could indicate some level 

of phylogentic conservationism. These species were Amburana cearensis, Aspidosperma 

pyrifolium, Cenostigma pyramidale, and Enterolobium species  

Decreasing trend in foliar δ13C are often related to an increasing dependence of 

recycled respired carbon dioxide (Cernusak et al. 2011; Pfanz et al. 2002; Worbes et al. 

2013). As mentioned, the DLWD species in this study are also considered stem succulent 

trees, and many of these tree forms have photosynthetic stems. Fleshy often green to 

yellow trunks were observed for Amburana cearensis, Commiphora leptophloeos, 

Jatropha mollissima, and Pseudobombax marginatum, could indicating that these trunks 

are likely photosynthetic. Although the same decreasing trend was not observed for P. 

marginatum, which had mostly stable foliar δ13C over time. One reason for this could be 

that P. marginatum was also early deciduous, and so sampling was limited to shorter time 

period. Similarly, Manihot epruinosa also maintained relatively stable foliar δ13C values 
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and had a small sampling time-window, but this species had a dark almost black colored 

trunk that is not likely to be photosynthetic.  

Regarding the DHWD species we found lower water use efficiency for Bauhinia 

cheilantha, and Croton blanchetianus, both which occur in liana form. Some studies that 

show that lianas can be deeply rooted and may shift to deeper soil water sources during the 

dry season (Andrade et al. 2005) but may also be more aggressive in water use (Guzman et 

al. 2017) Our stem water δ18O and δ2H findings do not agree. Instead the reason that these 

laiana species may have a low water use efficiency is because, in addition to having a high 

wood density and thin xylem vessels, these species also have relatively small diameters. 

Consequently, water transport is likely low and less efficient. Still, it is unclear how C. 

blanchetianus managed to maintain low YPD and YMD levels. 

Conclusion  

Our findings demonstrate the utility of PFT as a framework for predicting water use 

strategies in the Caatinga SDTF. Still, in some cases, PFT classification masks species-

level patterns and variation. Additionally, we also found that stem water storage is a highly 

specialized and perhaps little-appreciated water use and conservation strategy that many 

low wood density stem succulent species employ to help them avoid drought-stress 

conditions, essentially decoupling trees from drying soils. We confirmed the association 

between wood density and phenology and provided further insight into specific water use 

strategies employed by PFTs and species of the Caatinga SDTF. To our knowledge this is 

the first time that stem water δ18O and δ2H findings has been reported for this biome and 

these species, and it is also the first time that water making this a pioneer study for the 

Caatinga SDTF. Additionally, we report finding on many species’ endemic to the 
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Caatinga, information that is scarce in scientific literature. Beyond the Caatinga, our 

findings provide insight into gaining a better understanding on the strategies that species 

employ to survive highly seasonal water-limited environments.  

 The importance of using leaf and wood traits to predict water use strategies is 

important for several reasons. First, these forests are amongst the most impacted by land use 

change (Hansen et al. 2013). Thus, understanding species strategies for coping with drought 

can inform reforestation and conservation recommendations (Lohbeck et al. 2013; Nathan 

et al. 2016; Werden et al. 2018). Moreover, understanding the boundary conditions within 

which PFTs operate may also be important to understanding and predict community-level 

composition and dynamics. Lastly organizing species variation into PFTs can help us 

understand and model forest response to climate change predictions.  
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Figure III-1. Map of the study area near Serra Talhada, PE, Brazil, and the study 
plot where sampling occurred. Background images from Google (2019) using QGIS 
(2019). 
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Table III-1. Soil physical properties of the study site. 

Depth (cm) 
Sand 
(%) 

Clay 
(%) 

Textural Class 
Min. θ 

(m3/m3) 
Max θ 

(m3/m3) 

0 to 10 68.5 6.4 sandy loam 0.039 0.548 

10 to20 64.5 11.3 sandy loam 0.039 0.477 

20 to 30 61.8 13.4 sandy loam 0.039 0.470 

30 to 40 62.7 13.3 sandy loam 0.039 0.438 

40 to 50 62.6 15.0 sandy loam 0.039 0.437 
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Figure III-2. Timeline of field measurements and collections. 
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Table III-2. Wood and rooting characteristics of the 16 selected species. +Color codes plant functional type: deciduous low 
wood density, DLWD; evergreen high wood density, EV; deciduous high wood density, DHWD. * Stem specific wood density 
from field samples. ** description from Maia (2012). 

+ID Family Species Plant form Wood Density 
(g/cm3)* 

Rooting** 
characteristics 

AMCE Fabaceae Amburana cearensis 
(Allemao) A.C.Sm. Stem succulent 0.44 (0.03) Root tubers and long 

fibrous fine roots 

COLE Burseraceae Commiphora leptophloeos 
(Mart.) Gillett Stem succulent 0.25 (0.06) -- 

JAMO Euphorbiaceae Jatropha mollissima (Pohl) 
Baill. Stem succulent 0.26 (0.03) -- 

MAEP Euphorbiaceae Manihot epruinosa Pax & K. 
Hoffm. Stem succulent 0.34 (0.04) Starchy tubers (wild 

cassava) 

PSSP Bombacaceae 
Pseudobombax marginatum 
(A.St.-Hil, Juss & Cambess.) 
K.Schum 

Stem succulent 0.28 (0.05) Swollen root 

SPTU Anacardiaceae Spondias tuberosa Arruda Stem succulent 0.42 (0.03) Lateral roots and large 
tubers 

CYFL Capparaceae Cynophalla flexuosa (L.) J. 
Presl Liana 0.49 (0.05) -- 

ZIJO Rhamnaceae Ziziphus joazeiro Mart. Tree 0.56 (0.02) Deep radial roots 

ANCO Fabaceae Anadenanthera colubrina 
(Vell.) Brenam Tree 0.63 (0.01) Shallow lateral roots 

ASPY Apocynaceae Aspidosperma pyrifolium Mart. Tree 0.54 (0.02) -- 
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Table III-2. Continued.  

+ID Family Species Plant form Wood Density 
(g/cm3)* 

Rooting** 
characteristics 

BACH Fabaceae Bauhinia cheilantha (Bong.) 
Steud. Liana 0.61 (0.04) Lateral roots 

CEPY Fabaceae Cenostigma pyramidale (Tul.) 
E. Gagnon & G. P. Lewis Tree / shrub 0.64 (0.02) Deep main root 

CRBL Euphorbiaceae Croton blanchetianus Baill. Liana / shrub 0.72 (0.01) Lateral roots 

ENSP Fabaceae Enterolobium sp.  Tree 0.61 (--) -- 

MYUR Anacardiaceae Myracrodruon urundeuva 
Allemão Tree 0.53 (0.02) Deeply rooted 

PIST Fabaceae Piptadenia stipulacea (Benth.) 
Ducke Tree 0.56 (0.05) -- 
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Table III-3. Leaf characteristics of the sixteen Caatinga tree species. + Color codes plant functional type: deciduous low wood 
density, DLWD; evergreen high wood density, EV; deciduous high wood density, DHWD. * Observed in the field; see 
Methods. ** description from Maia (2012). 

+ID Family Species Leaf 
Morphology* Leaf Texture*) Leaf Flush** Leaf Fall** 

AMCE Fabaceae 
Amburana 
cearensis (Allemao) 
A.C.Sm. 

Pinnately 
compound Glabrous Wet season Dry season 

COLE Burseraceae 
Commiphora 
leptophloeos 
(Mart.) Gillett 

Pinnately 
compound Pubescent Wet season Dry season 

JAMO Euphorbiaceae 
Jatropha 
mollissima (Pohl) 
Baill. 

Palmately 
compound Pubescent Wet season Dry season 

MAEP Euphorbiaceae Manihot epruinosa 
Pax & K. Hoffm. 

Palmately 
compound Glabrous Wet season *Dry season 

PSSP Bombacaceae 

Pseudobombax 
marginatum (A. St.-
Hil., Juss., & 
Cambess.) A. 
Robyns  

Palmately 
compound 

Coriaceous / 
rugose Wet season Dry season 

SPTU Anacardiaceae Spondias tuberosa 
Arruda 

Pinnately 
compound Glabrous First rains Year long 

CYFL Capparaceae 
Cynophalla 
flexuosa (L.) J. 
Presl 

Simple Coriaceous Evergreen Evergreen 

ZIJO Rhamnaceae Ziziphus joazeiro 
Mart. Simple Glabrous / 

coriaceous Height of dry season  Evergreen 
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Table III-3. Continued.  
 

+ID Family Species Leaf 
Morphology* Leaf Texture*) Leaf Flush** Leaf Fall** 

ANCO Fabaceae 
Anadenanthera 
colubrina (Vell.) 
Brenam 

Bipinnately 
compound Glabrous 

End of dry 
season/beginning of 
wet season 

Early of dry 
season 

ASPY Apocynaceae Aspidosperma 
pyrifolium Mart. Simple Coriaceous 

End of dry 
season/beginning of 
wet season 

Dry 
season 

BACH Fabaceae Bauhinia cheilantha 
(Bong.) Steud. 

Palmately 
compound Pubescent First rains Dry 

season 

CEPY Fabaceae 

Cenostigma 
pyramidale (Tul.) 
E. Gagnon & G. P. 
Lewis 

Bipinnately 
compound 

Coriaceous / 
scabrose First rains Dry 

season 

CRBL Euphorbiaceae Croton 
blanchetianus Baill. Simple Pubescent First rains Early dry 

season 

ENSP Fabaceae Enterolobium sp. Bipinnately 
compound 

Coriaceous / 
scabrose Wet season *Late dry 

season 

MYUR Anacardiaceae Myracrodruon 
urundeuva Allemão 

Pinnately 
compound Pubescent Wet season Dry 

season 

PIST Fabaceae 
Piptadenia 
stipulacea (Benth.) 
Ducke 

Bipinnately 
compound Glabrous Wet season Dry 

season 
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Figure III-3. Average monthly air temperature, with minimum and maximum 
bounds in grey (top); total monthly rainfall observed near the study plot (middle); 
and continuous volumetric water content observed in the study plot(bottom). Red 
dashed line marks the measurement period from April 11 to August 22, 2018.  
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Figure III-4. Plant functional type pre-dawn (dark blue, PD) and mid-day, (light blue, 
MD) leaf water potentialYLeaf from April 11 to August 22, 2018. Error bars are 
standard deviations and panels are color-coded to plant functional types: : deciduous 
low wood density, DLWD; evergreen high wood density, EV; deciduous high wood 
density, DHWD. 
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Table III-4.Linear mixed models of pre-dawn and mid-day leaf water potential. The 
model used PFT as a fixed effect, and Date and Species as random effects. 
Significance levels are: * at 0.05 confidence level, ** at 0.01 confidence level; *** at 
0.001 confidence level. Plant functional types are: deciduous low wood density, 
DLWD; evergreen high wood density, EV; deciduous high wood density, DHWD. 
 

PFT CI  
lower 

CI  
upper 

Tukey's p-value 

EV DHWD 

Leaf YMD-PD 

DLWD -0.88 0.35 ***< 0.001 **0.0023 
DHWD -1.14 -0.66 **0. 0081   
EV -2.46 -0.92     

Leaf YMD 

DLWD -1.93 0.04 ***<1e-4 ***<1e-4 
DHWD -3.04 -2.07 0.5030   
EV -4.08 -1.77     

Leaf YPD 

DLWD -1.60 -0.09 0.0861 ***<0.001 
DHWD -2.07 -1.01 0.2597   
EV -2.15 -0.37     
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Figure III-5. Plant functional type δ18O and δ2H for stem and soil water ratios. 
The local meteoritic line for precipitation is plotted in blue. Grab samples of the 
wet season, April 10, 2018 and dry season, June 12, 2018. Stem water is plotted by 
plant functional type: deciduous low wood density, DLWD; evergreen high wood 
density, EV; deciduous high wood density, DHWD. Soil water is plotted in brown 
and represents three depths, 5 to 15cm, 20 to 30cm, and 40 to 50cm. Grey shading 
is standard deviation for the linear fit for stem and soil water.  
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Table III-5. Linear regression equations for δ18O and δ2H by plant functional type 
and season. Plant functional types are: deciduous low wood density, DLWD; 
evergreen high wood density, EV; deciduous high wood density, DHWD. 
 
 

 

 

 

 

 

 

 

 

  

Sample Type Equation R2 n 
Local meteoric 

water line y = 4.76x + 6.40 0.88 55 

Wet Season, April 10, 2018 
DLWD y = 2.91x – 2.69 0.32 17 

EV y = 6.16x – 3.01 1 3 
DHWD y = 3.22x – 5.81 0.48 22 

Soils y = 2.09x + 3.17 0.43 20 
Dry Season, June 12, 2018  

DLWD y = 2.90x – 2.99 0.67 17 
EV y = 3.63x – 8.99 0.48 7 

DHWD y = 2.64x – 9.81 0.42 23 
Soils y = 2.41x – 6.62 0.78 20 

Dry Season, September 19, 2018 
EV y = 2.90x – 2.99 0.67 5 

Soils y = 1.77x – 6.41 0.89 17 
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Table III-6. Linear mixed models of stem δ18O and δ2H by collection date. Values of 
n found in Table -5. The modeled included PFT as a fixed effect, and Date and 
Species as random effects. Significance levels are: * at 0.05 confidence level, ** at 0.01 
confidence level; *** at 0.001 confidence level. Plant functional types are: deciduous 
low wood density, DLWD; evergreen high wood density, EV; deciduous high wood 
density, DHWD. 
 

 CI lower CI upper 
Tukey's p-value 

EV DHWD 
Stem δ18O April 10, 2018 

DLWD -2.31 -0.28 0.1870 0.9500 
DHWD -1.81 -0.65 0.2370   
EV -2.02 0.77     

Stem δ2H April 10, 2018 
DLWD -11.64 -1.24 0.9466 **0.0074 
DHWD -12.57 -7.05 0.3403   
EV -14.12 -0.02     

Stem δ18O June 12, 2018 
DLWD -1.59 1.27 0.0989 0.4242 
DHWD -1.31 0.27 0.4266   
EV -2.72 0.65     

Stem δ2H June 12, 2018 
DLWD -9.36 2.45 ***<1e-4 ***<1e-4 
DHWD -14.40 -7.96 0.6190   
EV -19.87 -5.77     
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Figure III-6. Plant functional type, PFT, average foliar δ13C from April 28 to August 
22, 2018. Each point represents a mean ratio for all species and samples of the plant 
functional types, PFTs, are: deciduous low wood density, DLWD; evergreen high 
wood density, EV; deciduous high wood density, DHWD. Grey shading depicts the 
standard deviation associated with the linear regression fit 
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Table III-7. Linear mixed models of foliar δ13C. The model used PFT as a fixed effect, 
and Date and Species as random effects. Significance levels are: * at 0.05 confidence 
level, ** at 0.01 confidence level; *** at 0.001 confidence level. Plant functional types 
are: deciduous low wood density, DLWD; evergreen high wood density, EV; 
deciduous high wood density, DHWD. 
 

PFT 
CI  

lower 

CI  

upper 

Tukey's p-value 

EV DHWD 

Foliar δ13C 

DLWD -29.61 -28.15 ***<0.001 *0.0476 

DHWD -28.60 -28.07 *0.0434   

EV -28.48 -26.67     
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Figure III-7. Species-level biweekly pre-dawn (dark blue, PD) and mid-day, (light 
blue, MD) leaf water potential, YLeaf, from April 11 to August 22, 2018. Error bars 
are standard deviation. Shaded region marks the end of the wet season. Species are 
labeled and color-coded to plant functional types: deciduous low wood density, 
DLWD; evergreen high wood density, EV; deciduous high wood density, DHWD. 
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Figure III-8. Species-level soil and stem water δ18O ratios (top and, bottom 
respectively). Soil water for three depth intervals, 5 to 15cm, 20 to 30cm, and 40 to 
50cm. Grey shading depicts the average and standard deviation of rainwater δ18O. 
Grab samples of the wet season, April 10, 2018 (filled circle), and dry season, June 12, 
2018 (circle outline) and September 19, 2018 (triangle outline). Species are color-
coded to plant functional types: deciduous low wood density, DLWD; evergreen high 
wood density, EV; deciduous high wood density, DHWD. 
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Figure III-9. Species-level foliar δ13C over time. Species are color-coded to plant 
functional types: deciduous low wood density, DLWD; evergreen high wood density, 
EV; deciduous high wood density, DHWD. Grey shading depicts the standard 
deviation associated with the linear regression fit. 
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IV STEM WATER STORAGE CAPACITY AND SAP FLUX PATTERNS FOR TWO 

SPECIES OF CONTRASTING WOOD DENSITIES  

 

Introduction 

Stem water storage is important for understanding tree water relations. This stored water 

determines phenology and degree of desiccation (Borchert 2004; Borchert and Pockman 

1996; Bucci et al. 2004; Lima et al. 2012; Nilsen et al. 1990), contributes to daily 

(Carrasco et al. 2015; Mathney et al. 2015; Scholz et al. 2007; Scholz et al. 2008a; Scholz 

et al. 2008b; Yu et al. 2019) and seasonal water demands (Chapotin et al. 2006a), and thus 

is relevant to whole-tree water use (Christoffersen et al. 2016; Huang et al. 2017). Stem 

water storage may have a particularly strong role in seasonally dry tropical forests (SDTF), 

where severe water stress occurs four to seven months of the year (Bullock et al. 1995; 

Dirzo et al. 2011; Janzen, 1988). While all trees to some extent store water in their roots, 

trunks, and leaves, a sizeable volume of stored stem water is a potentially critical reservoir 

during the prolonged periods of droughts experienced in SDTF. 

Sarcocauls are unique tree forms prevalent in SDTF. They are characterized by 

large, often swollen, fleshy trunks, translucent exfoliating bark with photosynthetic cells, 

and non-succulent, drought-deciduous leaves (Avila-Lovera and Ezcurra 2016). Stem 

water storage capacity in these is high because they have low wood density and large 

amounts of undifferentiated parenchyma. Moreover, photosynthetic bark allows for re-

fixation and recycling of respiratory CO2 so that carbohydrates supplies can be maintained 

during leafless months (Avila-Lovera et al. 2017; Holbrook 1995). To avoid water loss, 

leaf fall often occurs early in the dry season (Chapotin et al. 2006c; Sande et al. 2016;).  
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On the other hand, non-succulent, high wood density trees also occur in SDTF. 

These trees often dominate community composition during early successional stages 

(Poorter et al. 2019) and are generally associated with drought-tolerance strategies 

(Mendez-Alonzo et al. 2013). Generally, high wood density is associated with higher 

cavitation and embolism thresholds, greater tolerance of more negative leaf water 

potentials, and tardy deciduousness compared to low wood density trees (Bucci et al. 2004; 

Esquivel-Muelber et al. 2017; Lima et al. 2012; Markesteijn et al. 2011; Mendez-Alonzo et 

al. 2012; Preston et al. 2006; Jacobsen et al. 2005; Valdez-Hernández et al. 2010; Worbes 

et al. 2013). Trees with dense wood often have smaller trunk diameters, i.e. smaller active 

sapwood area, and slower growth, and greater water use efficiency compared to trees with 

low wood density (Esquivel-Muelber et al. 2017; Kunstler et al. 2016; Poorter et al. 2008; 

Reich 2014; Worbes et al. 2013; Zanne et al. 2010). Higher wood density also translates to 

a lower capacity for stem water storage (Borchert 2004; Lima et al. 2012). 

Trees with higher wood density generally have low water transport efficiency and 

narrow conducting area (Hacke et al. 2001). Although, to conduct a unit volume of water 

through smaller vessel diameters of high wood density trees would require a faster sap flux 

density. In low wood density sarcocauls, sap flux must be slow enough to allow reserves to 

build up but not so easily utilized that reserves are depleted prior to the onset of severe 

water stress. Thus, it is apparently paradoxical that sarcocauls, which would have greater 

hydraulic conductivity may also be conducting water at a slower rate compared to high 

wood density trees. Sap flux density as a function of wood density varies and the direction 

of this relationship seems to reflect trade-offs between efficiency and safety (Bucci et al. 

2004) and biophysical constraints (Gao et al. 2015).   
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 Since SDTF have long periods of drought and since tree exhibit a wide range of 

wood densities, these trees must also be utilizing water at very different rates in order to 

deal with water stress. Specifically, we ask 1) How does sap flux differ between a species 

that has a large stem water storage capacity vs. one that has a small stem water storage 

capacity? 2) What is the role of stem water storage in buffering tree sap flux response to 

VPD and in tree sensitivity to available soil water? 3) Does the sensitivity of sap flux to 

VPD change in wet vs. dry conditions. By comparing sap flux density between two species 

of contrasting wood density, we expect to better understand which species is more tolerant 

of water stress and less sensitive to drought conditions vs. which species is more aggress in 

its water use but less resistant to drought conditions. This insight is important to 

understanding how SDTF might adapt to climate change scenarios which predict increased 

drought and changes in rainfall regime. Additionally, a more detailed understanding of 

plant water fluxes is vital to quantifying components the hydrologic cycle in seasonal 

systems, and hence better management of ecosystems for water-providing services. 

Methods 

Study site  

This study was conducted within a relatively old (50+years) Caatinga forest stand located 

near the municipality of Serra Talhada, PE, on the Fazenda de Buenos Aires (07°56'50 "S 

and 38°23'29" W, 450m elevation; Figure IV-1). The Caatinga is a seasonally dry tropical 

forest and shrubland biome in northeast Brazil. The forest is drought-deciduous, and the 

climate is tropical hot and dry (BShw Koppen classification BShw) with a strong 

precipitation seasonality (D’Odorico and Bhattachan 2012). Mean annual precipitation is 

733 mm and potential evapotranspiration is about 2,000 mm / year. The rainy season 
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typically occurs from December to May (Figure IV-2), and accounts for 75% of annual 

rainfall; although, interannual trends are erratic and unpredictable. Average monthly air 

temperatures range from 21 to 26 °C, with maximum temperatures of 31 °C and minimum 

temperatures of 17 °C (Griessen 2006; New LocClim 1.10). The predominant soils in the 

study site are Entisol Orthent and Aridsol Argid (USDA 1999). 

Species selection and phenology 

Two species were selected based on their wood density: the sarcocaul (low wood density) 

species, Commiphora leptophloeos (Mart.) Gillett; and the high wood density species 

Cenostigma pyramidale (Tul.) E. Gagnon & G. P. Lewis (botanical synonymy Caesalpinia 

(Poincianella) pyramidalis Tul; Maia 2012; Gasson et al. 2009), (Table IV-1; Figure IV-

3). C. leptophloeos is native and can be found in other SDTFs. C. pyramidalis is endemic 

to the Caatinga (Maia 2012). Based on field observations and core sampling, the depth to 

sapwood depth for both species was shallow, but the total sapwood area for C. pyramidale 

is likely much smaller than that of C. leptophloeos. Five individuals per species were 

selected with a small area (~30 m x 30 m) of the forest stand.  

Because there is strong relationship between wood density and phenology for 

Caatinga, trees, and because water use is linked to phenological activity, monthly ocular 

estimations of the percent of the canopy with buds, leaf flush, leaf fall, flowers and fruits 

from December 21, 2018 to July 26, 2019. Ocular estimations were made on a semi-

quantitative scale of 0 to 4, where 0 = 0 or no visible leaves, 1 = 1–25%, 2 = 26–50%, 3 = 

51–75% and 4 = 76–100% of the canopy were in any phenophase, according to the method 

proposed by Fournier (1974) and as described in Morellato et al. (2010). This estimate is 
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then converted to the percent of the phenophase intensity of each individual and then 

summarized by species using the following equation: 

% FI = [ ∑ "!/(% ∗ ')"
!#$ ]*100 Equation IV-1 

Where % FI is the Intensity of the Fournier Index, n is the number of individuals 

sampled (in this case 5) and xi is the value according to estimation scale for individual i.  

Sap flux probe construction and data pre-processing 

To measure sap flux density, thermal dissipation sensors were constructed following 

Granier (1985). Each sensor consisted of two probes: a heater probe and a reference probe 

constructed from stainless steel with a type-T thermocouple (copper-constantan). The 

probes were 10 mm long (half the size of Granier’s original design), with the 

thermocouples located at 5 mm. The heater probe, additionally, is wrapped with constantan 

wire and inserted into an aluminum sleeve to ensure that heat is evenly distributed. The 

probes are inserted into the tree trunk, 10 cm apart, with the heater probe above the 

reference probe. The probes are then routed through a voltage regulator and data logger 

(1000X Campbell Scientific, Inc., Logan, UT).  

Raw voltage was converted to temperature differentials, dT, based on metal 

properties of the thermocouple wires. Then, the timeseries was filtered for noise using a 

maximal overlap discrete wavelet transform (MODWT) and partial summation of the 

decomposition components. By summing only select low-pass octave bands, we removed 

the high frequency noise associate with sensor data. This filtering methods ensures that we 

can quickly and objectively remove high frequency noise, without having to make 

subjective and tedious manual cleans. We visually examined all partial summations to 

make sure that only high frequency noise was removed. The MODWT methods were 
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implemented using the R package wmtsa (Percival and Walden 2000; https://CRAN.R-

project.org/package=wmtsa). Then dT is convert to sap flux density, Js, via the equation: 

Js = αKβ Equation IV-2 

Where, α and β are Granier’s original constants and K is a unitless flow index 

calculated as:  

K = (dTmax – dT) – 1. Equation IV-3 

Where dTmax is the maximum temperature differential at which zero-flow 

conditions are assumed.  

We processed dT data using the Baseliner software (Oishi et al. 2008). Baseliner is 

an open-source software for processing data from Granier-style TD sensors using a 

combination of automated steps, visualization, and manual editing. Through Baseliner, 

zero-flow reference value or baselines are defined as 1) nighttime hours, 2) relatively 

stable dT, and 3) when VPD values approaching zero. It is important to note that the 

original Granier design can underestimate flows by more than 25% (Flo et al. 2019) and up 

to 60% in other cases (Pasqualotto et al. 2019; Steppe et al. 2010). This underestimation is 

due to several factors including ambient thermal gradients, steep radial gradients across 

active sapwood and even across the sensor length, sensors partially placed in non-

conducting sapwood, inability to identify baselines, bidirectional flows, wounding 

artifacts, and general noise in the signal due to low flows, improper heat regulation, and 

signal transmission (Moore et al., in review). To reduce ambient thermal gradients, we use 

reflective foil insulation to protect TD sensors. To avoid placing sensors in non-conducting 

sapwood, we shortened the original Granier probe length to 2 cm for all sensors. This was 

especially important for C. pyramidale, which has a shallow depth to the active sapwood. 
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To account for shifting baselines present in our dataset, we manually selected dTmax 

values within a seven- to ten-day window. These manually selected dTmax values 

occurred at nighttime hours and for relatively stable dT but at which VPD did not 

necessarily approach zero. While this approach removed the effect of shifting baselines, it 

does not account for sap flux underestimation when night-time VPD is high and nighttime 

transpiration likely. Some studies considered that nighttime sap flux in the sarcocaul is 

mainly a reflection of seasonal stem water replenishment (Chapotin et al. 2006a), which 

could be confirmed with night-time measurements of stomatal conductance for example.  

Lastly, network wires routed from sensor to data logger were buried to reduce transmission 

noise and destruction from cattle and wildlife.  

Despite these efforts, noise is still present in the data and if large enough, can 

preclude our ability to capture species-level differences. Hence, to quantify the 

comparability of our dataset, a power analysis for sample size determination was 

performed post-hoc. After discarding faulty sensors, sap flux data was reduced to a total of 

seven sensors for C. leptophloeos and a total of eight sensors for C. pyramidale, 

representing five individuals of each species. These data were used to perform the power 

analysis on the daily total sap flux density for a sub-sample period from February 1- May 

31, 2019 (n=119). The results confirmed that we were able to capture species-level 

differences even with this limited number of sensors (Moore et al. in review).  

Meteorological data 

Concurrent meteorological data is continuously logged and monitored at this site by the 

ONDA CBC group (https://ondacbc.eco.br). This data and includes rainfall (mm; TE 525 

WS-L, Texas Electronics, USA), vapor pressure deficit (kPa), and relative humidity (%) 
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and air temperature (°C) (model HMP45C, Vaisala, Campbell Scientific Inc., Logan, UT, 

USA). We used nearby station data to fill in any missing data, including net radiation for 

the entire measurement period. Station data was downloaded from the Brazilian National 

Institute of Meteorology (http://www.inmet.gov.br). Additionally, volumetric soil water 

content was also monitored for one profile approximately central to the thermal dissipation 

sensor network. Measurements were logged every half hour at five depths: 5 cm, 10 cm, 20 

cm, 35 cm, 50 cm (5TM probes, METER Group, Inc., Pullman, WA). To calibrate soil 

water content, we scaled raw data based on minimum residual and maximum saturation 

values based on soil textural properties (see Chapter 3 of this dissertation). All data was re-

sampled to an hourly frequency.  

Data analysis 

To quantify the role of stored stem water and the time lag between Js and VPD for wet and 

dry conditions, we used a hysteresis index, Hindex, calculated using the shoelace formula 

(Braden 1986) and a paired t-test, as in Gimenez et al. (2019). The Hindex measure allows 

us to quantitatively compare the area of the hysteresis loops between contrasting species. 

The Hindex is calculated as an area of a polygon, A, in the following equation:  

) = +
, + |/"!0!%$ +	""0$ −	

"

!#$
/"!0!%$ −	""0$|
"

!#$
 

Equation IV-4 

Where n is the number of sides of the polygon, and (xiyi), i = 1, 2, …, n are the 

vertices of the polygon.  
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Results 

Phenological trends 

The first rains of the wet season began in early December, with two relatively large events 

of almost 20 mm. Although we did not take the first phenophase observation in early 

December, these first rains were enough to render a phenological response.  By the end of 

December, when the first phenophase observations were made, both species were at full 

flush since the intensity of the Fournier Index was 100 % for both species (Figure IV-4).  

From January to March, rainfall events were small and intermittent. While C. 

pyramidale maintained almost constant cover, for C. leptophloeos, it was greatly reduced 

at the end of that period. The last sizeable rain event was May 1 (15.2 mm), which marked 

the end of the wet season. C. pyramidale seemed to respond to this event as cover 

increases slightly, whereas cover did not change for C. leptophloeos.  

By the end of June, cover decreased significantly for both species. Interestingly, C. 

pyramidale did not flower or fruit at any point during the measurement period. In SDTFs, 

it is often the elimination of water deficits which produced flowering (Borchert 1994), as 

has been observed for other high wood density species in the Caatinga (Lima and Rodal 

2010). Other multi-year observations report that flowering does not occur every year for C. 

pyramidale (Machado et al. 1997) and can occur at the beginning of the dry season (Griz 

and Machado 2001). Still, we did note other C. pyramidale individuals flowering at the 

study site. Although rainfall amounts for the 2019 wet season are comparable to the 

average, this lack of annual flowering may be due to poor distribution of rainfall (Figure 

IV-3). Instead of a more gradual unimodal distribution of rainfall in the wet season, there 

was an early peak in December, a dry-down through February, and another peak in May. 
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Flowering and fruiting were observed in C. leptophloeos during the wet season, with 

substantial seed fall during the transition from wet to dry season.  

Previous studies in the Caatinga conclude that for the lowest wood density species 

such sarcocauls, the initiation of leaf flush has a high degree of intra-specific synchrony 

and is significantly correlated with photoperiod. Many of these species initiate leaf 

budding before the start of the rainy season, which would imply utilization of stored stem 

water (Lima and Rodal 2010; Chapotin et al. 2006a; Borchert 1994). Additionally, we 

observed that C. leptophloeos was also early deciduous compared to C. pyramidale. That 

is, C. leptophloeos was ready to take advantage of the first rains, but also quickly dropped 

its leaves at the first signs of water stress. C. pyramidale, on the other hand, was more 

stable in is phenophase activity—this species was tardily deciduous and exhibited more 

gradual changes in canopy cover.  

Sap flux density and abiotic variables 

Net radiation was stable during the measurement (Figure IV-5). Vapor pressure deficit, 

VPD, is a derived variable which fluctuated based on ambient temperature and relative 

humidity. Generally, VPD would dip during rainy periods. Soil moisture at 10 cm was 

more variable than at 50 cm, as a consequence of rainfall evets. Soil moisture at 50 cm 

only increased after consecutively sizeable rainfall events in April, and then slowly 

decreased into June. Maximum Js was relatively stable for C. pyramidale, ranging from 

22.9 to 28.6 cm/h. On the other hand, the maximum Js for C. leptophloeos fluctuated, 

ranging from 4.42 to 17.2 cm/h (Table IV-2), which was almost four times as high on some 

occasions. 

Relationship between sap flux density and vapor pressure deficit 
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Sap flux density had a diurnal cycle. It increased during early morning (6AM), peaked in 

the early afternoon (noon to 2PM) and decreased in the evening. On average, C. 

pyramidale peaked an hour earlier than C. leptophloeos (Table IV-2).  The Js-VPD pattern 

for C. pyramidale had a strong clockwise-hysteresis pattern that was most apparent for the 

month of January (Figure IV-6). The initial slope (from 6Am to noon) for Js-VPD in C. 

pyramidale didn’t change across the 6 months. The hysteresis pattern in C. pyramidale 

shows that maximum Js preceded maximum VPD. This means that C. pyramidale 

exhibited some level of stomatal control to avoid losing water when the atmospheric 

demand is strongest. This suggest that there is insufficient water in the stem to allow for 

loss. For C. leptophloeos the Js-VPD relationship had a near linear pattern, especially from 

February through April, and a slight pattern of hysteresis in December. For C. leptophloeos 

on the other hand, Js was linearly related to VPD, with a steeper initial slope during April 

and May.  This suggest that C. leptophloeos has a stronger response to VPD (steeper slope) 

late in the season but seems to be strongly buffering against VPD, particularly in February. 

The Hindex for C. pyramidale was largest for the month of January and smallest for 

the month of April. Monthly rainfall for January was low, at 61 mm, vs. 197 mm in April. 

The Hindex was smallest for C. leptophloeos was largest in December, and smallest for 

March. The Hindex between Js-VPD for C. pyramidale was significantly greater than the 

Hindex of C. leptophloeos (Figure IV-7; p<0.05, paired Wilcoxon test), indicating that C. 

pyramidale was less sensitive to VPD and C. leptophloeos more closely followed VPD 

throughout the measurement period.  
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Comparison between dry and wet conditions 

We selected a dry period and wet period of 4 days examine the response of Js to VPD. 

Although the early pulses of rain began in early December, a dry spell occurred from Dec. 

24, 2018 to Jan.9, 2019. Thus, we selected Jan 1-4 to represent “dry” conditions. For wet 

conditions, we selected March 23-26, as a heavy rain event occurred at midnight on March 

25 (56 mm). To highlight time series peaks, Js and VPD were standardized (i.e. the 

selected time series were divided by their standard deviation) as shown in Figure IV-8. 

During the dry period, scaled Js leads scaled VPD for C. pyramidale but largely aligns for 

C. leptophloeos. In the wet period, for the two days just before the rainfall event, scaled Js 

seems to mostly align with VPD regardless of species. For the two days after, the Js of C. 

pyramidale just precedes VPD while the Js of C. leptophloeos mostly aligns. This seems to 

indicate that stomatal control of C. pyramidale tightens during high water stress and 

loosens during more favorable conditions. Whereas C. leptophloeos continues to follow 

VPD regardless. Similarly, in the Js-VPD plots of the four-day dry vs. wet periods, the 

hysteresis pattern of C. pyramidale is tightly held during the dry period but oscillates and 

shape during the wet period. For C. leptophloeos, there is little to no lag in the Js-VPD 

relationship.  

Discussion 

The ability of C. pyramidale to maintain relatively stable Js even during dry conditions 

indicates that this species is more conservative in its water use. In other words, this species 

must rely on other water acquisition and use strategies to cope with drought. The strong 

hysteresis pattern exhibited by C. pyramidale is similar to that of other species in the 

humid tropics (Gimenez et al. 2019; Horna et al. 2011) and has been called a “gs effect” 
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(Gimenez et al. 2019). This means that Js is greater in the morning than the afternoon and 

suggests that the partial stomatal closure during the afternoon would allow leaf to recover 

to less negative water potentials. Thus, a maximum Js that precedes VPD, as in C. 

pyramidale is likely reflecting strategies to reduce water loss and avoid cavitation and 

embolism. The fluctuation in Js levels for C. leptophloeos indicate that this species is more 

acquisitive in its water use behavior. In other words, this species is concerned with 

utilizing water as it is made available, but nearly shutting down during water-stress. For 

this species, we did not find as strong hysteresis pattern. This indicates that C. leptophloeos 

has a lower buffer against atmospheric water demand, but mainly when conditions are 

favorable. Whether or not this means that C. leptophloeos is utilizing stored stem to meet 

the VPD demands remains to be tested though. Additional evidence shows that C. 

leptophloeos does not tolerate very negative water potentials (see Chapter 2 of this 

dissertation, range of YMD - YPD C. leptophloeos is [-0.6, 0.7] vs.[-11, -0.9] for C. 

pyramidale  ) which also points to tight control of stomata and isohydric leaf water 

potentials.  

In our study, C. pyramidale, which was one-third of the diameter of C. 

leptophloeos, had twice to four times greater maximum Js. This is consistent with 

observations in other SDTFs (Andrade et al. 2005) but contrast with findings in the humid 

tropics. In the humid tropics, trees with larger diameter had greater rates of sap flux 

(Gimenez et al. 2019). Our findings suggest that trees with large diameter have slower 

rates of water use, meaning there is a greater potential for a large stem water storage 

capacity. This is corroborated by a labeled water isotope study conducted in a seasonally 



 

123 

 

dry forest in Ecuador (Graefe et al. 2019) where trees with a large diameter and a low 

wood density had the longest water residence times.  

Some studies suggest that stored stem water is used to meet daily transpiration 

demands. This was observed for deciduous species in the Brazilian Cerrado (Scholtz et al. 

2007; Scholz et al. 2008a; Scholz et al. 2008b), in the desert of inner Mongolia (Yu et al. 

2019) and for Cebia speciosa, a stem succulent in the Brazilian Atlantic Rainforest 

(Carrasco et al. 2015). Still, in other regions, studies suggest that this stored stem water is 

utilized for pre-rain flush, as in the case of the stem succulent baobab tree (Adansonia spp). 

Despite high stem water storage capacity, the baobab tree displayed strict control of 

stomata as a water conservation strategy and replenish stem water storage during the rainy 

season when water uptake can exceed daily transpiration demands (Chapotin et al. 2006b).  

In our study, fluctuations in Js levels and a Js-VPD slope that varied for C. 

leptophloeos means that this species reduces Js during dry conditions, even as VPD is 

high. This suggests that stored stem water is not likely utilized to meet daily transpiration 

needs. Indeed C. leptophloeos can produces flower or fruits at the end of the dry season 

(Machado et al. 1997; Lima et al. 2012), although we did not make phenological 

observations during this time.  

In terms of total water loss, to upscale Js to tree transpiration, estimates of active 

sapwood area are needed. We observed very wet tree cores taken deep from C. 

leptophloeos during the dry season and believe that the total area of active xylem is 

probably much larger in the C. leptophloeos than C. pyramidale. Still, given that C. 

leptophloeos is more sensitive to VPD and rainfall (limits Js during the drier conditions), 

which species loses a greater volume of water lost to transpiration could be significantly 
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different and would depend on factors such as the total area of active xylem, seasonality of 

rainfall, and leaf area.  

Conclusion 

We have, for the first time, presented data on the sap flux dynamics for species from the 

Caatinga dry forest. More importantly, we have chosen these two species based on their 

contrasting wood densities because we wanted to investigate the role of stem water storage 

on determining these fluxes and sensitivities to water supply and demand. We have shown 

that the high wood density species, C. pyramidale, has a higher, more constant Js generally 

which generally precedes VPD, meaning it avoids the time of day when atmospheric 

demand is greatest. That is, the high wood density species tends to show more a 

conservative water use strategy. C. leptophloeos is a stem succulent species with a low 

wood density and high stem water storage. This species has a near linear response to VPD 

and tends to exhibit aggressive water use and acquisitions when conditions are more 

favorable. Our findings indicate that these two specs have very different water uses and 

potentially difference tolerance to water stress conditions.  Future research should consider 

a more in-depth analysis of drought vulnerability measurements to refine and support our 

findings. This work support using plant functional types based on wood density and 

phenology to better understand water use strategies for species in seasonally dry tropical 

forest. 
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Figure IV-1. Field site and surrounding area near Serra Talhada, PE, Brazil. 
Field site image from author. Surrounding area image from Google (2018).   
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Table IV-1. Selected Caatinga tree species. 

UID Family Scientific 
Name 

Tree 
Form 

Wood Density 
(g/cm3)* 

Wood 
Porosity 

Average 
Height (m)* 

Average 
Diameter 

(m)* 

COLE Burseraceae 
Commiphora 
leptophloeos 
(Mart.) Gillett 

Stem 
succulent 

0.25 
(0.06) 

Ring- 
Diffuse^ 5.5 0.30 

CEPY Fabaceae 

Cenostigma 
pyramidale 

(Tul.) E. Gagnon & G. 
P. Lewis 

Tree 
Shrub 

0.64 
(0.02) 

Diffuse 
Porous+ 5.8 0.12 

+Gasson et al. 2009; Silva et al. 2009 
^Godoy-Veiga et al. 2019 
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Figure IV-2. Comparison of average (bars, data from Griesser 2006, New LocClim 1.10) 
and observed (blue line) monthly rainfall at the study site. Error bars are the standard 
error of average rainfall. 
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a) 

 

c) 

 

b) 

 

d) 

 

Figure IV-3. The selected species, A-B) Commiphora leptophloeos (Mart.) Gillett. and 
C-D) Cenostigma pyramidale (Tul.) E. Gagnon & G. P. Lewis. Author’s images. 
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Figure IV-4. Intensity of the Fourier Index by phenological phase, bud flush or 
cover, leaf fall, or fruit for C. pyramidale (CEPY) and C. leptophloeos (COLE). 

 

 

 

 

 

 

 

 



130 

 

 

Figure IV-5. Hourly time series of sap flux density for C. pyramidale (a; CEPY, cm/h), sap flux density for C. 
leptophloeos (b; COLE, cm/h), net radiation (c; W/m2), vapor pressure deficit (d; kPa), ambient air 
temperature (e; °C), volumetric soil water at 10cm (f; m3/m3), 35 cm (g; m3/m3) and 50cm depth (h; m3/m3), and 
rainfall (i; mm) from December 1, 2018 to June 6, 2019. Note that the y-axes vary to highlight data trends.  
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Table IV-2. Monthly average peak in sap flux density and corresponding total rainfall. 
 

MONTH 
CENOSTIGMA  
PYRAMIDALE 

COMMIPHORA 
LEPTOPHLOEOS VPD MONTHLY 

RAINFALL 
Hour Js, cm/h Hour Js, cm/h Peak Hour Total, mm 

DEC 13:00 22.9 14:00 10.5 16:00 89 
JAN 12:00 27.9 14:00 7.0 17:00 61 
FEB 13:00 23.3 14:00 4.4 15:00 50 
MAR 12:00 24.2 14:00 7.9 15:00 161 
APR 13:00 26.5 14:00 16.0 16:00 197 
MAY 13:00 28.6 14:00 17.2 15:00 44 
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Figure IV-6. Relationship between average hourly sap flux density and vapor pressure deficit by month for C. 
pyramidale (CEPY) and C. leptophloeos (COLE). Filled-in points are night-time hours and empty triangles are 
day-time hours (6AM to 6PM). Arrows represent a clockwise direction for all months.  
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Figure IV-7. Significant difference in daily Hindex values of C. pyramidale vs. C. 
leptophloeo based on two-sided paired Wilcoxon test. 
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Figure IV-8. Four-day time series plots (left) and corresponding hourly Js vs VPD plots (right), scaled by standard deviation to 
emphasize and compare trends. Dry conditions are represented in the top plots and wet conditions are represented in the 
bottom plots.  
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V SUMMARY AND CONCLUSIONS 

 

The overall aim of this work was to better understand the ecohydrology of seasonally dry 

tropical forests such as the Caatinga of Northeast Brazil. This work is true to the definition 

of ecohydrology, which considers the dual regulation between vegetation and water fluxes. 

Chapter II of this study examined how vegetation cover changes temporal soil water 

dynamics. A major result of this study was that vegetation cover can change soil physical 

and hydraulic properties, thereby resulting in contrasting soil water dynamics across soil 

depths and timescales. A second major result was that soil water dynamics in the forested 

Caatinga appear to be more variable than the pasture site at short timescales, likely 

reflecting differences in infiltration and plant water use. A third major result was that the 

forested Caatinga seems to buffer soil moisture variability at the seasonal timescale. These 

findings are important considering the accelerated rate of deforestation that many tropical 

dry forests and shrublands experiences and climate change scenarios which predict more 

intense rains but also prolonged drought. We would be wise to promote the preservation 

and restoration of biomes such as the Caatinga.  

 Chapters III and IV of this work then focused more specifically on tree responses to 

water availability by distinguishing species according to plant functional types. Chapter III 

of this study sought to test whether plant functional types can be used to define and predict 

plant water use strategies in the Caatinga. The first result of this study demonstrated that 

pre-dawn and mid-day leaf water potential are generally consistent by plant functional 

type, with some exceptions. The second result of this study showed that plant water source 
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also tends group by plant functional type. The third result of this study did not show a clear 

difference in water use efficiency as a function of plant functional type.  

 Considering that plant functional types are defined by wood density and phenology, 

Chapter IV of this study the sap flux density of two tree species with contrasting wood 

densities. The aim was to better understand the how stem water storage capacity influences 

sap flux patterns. This study found a strong hysteresis pattern between sap flux density and 

vapor pressure deficit in the high wood density species, but a nearly linear trend in the low 

wood density species. This difference points to different plant water use strategies between 

the two species and also indicates that the low wood density species is more sensitive to 

water demand compared to the high wood density species.  

 Taken together, this work elucidates upon the ecohydrology of the Caatinga. This 

work shows that the Caatinga seasonally dry tropical forest is a resilient biome with highly 

specialized and unique tree species. It is my hope that this work will lead to more research 

in the Caatinga, so that we can continue to better understand, appreciate, and restore this 

fascinating system.  


