
 

 

 

 
 
 

ABSTRACT 
 

Climate Change Effects on Shrubland Carbon Dynamics 
       

Arjun Adhikari, Ph.D. 
       

Mentor: Joseph D. White, Ph.D. 
 
 

Shrubland ecosystems are potential carbon sink and important habitat of many 

endangered wildlife species. Intensive agricultural activities during the past century 

coupled with changing environmental factors have heavily impacted global shrubland 

affecting their carbon sequestration potential and wildlife habitat. In this study, climate 

change effects on shrubland carbon dynamics were assessed using remote sensing, 

ecophysiology, and ecosystem process modeling techniques across an environmental 

gradient of restoring shrublands of Lower Rio Grande Valley, Texas, USA. Shrubland 

restoration efficacy and effects of climate variability on carbon stored in shrubs were 

investigated through remote sensing. A canopy identification algorithm was developed 

and applied to Digital Ortho Quarter Quadrangle images to estimate shrub density, 

canopy area, and shrub biomass. From this study, I found higher shrub density with lower 

biomass for naturally regenerated area compared to that of replanted area. I concluded 

that current effort on native shrub restoration effectively increases carbon sequestration in 

vegetation biomass. Next, an assessment of five dominant native shrub species was 

carried out with a month long drought and salinity treatment to assess shrub’s 



ecophysiological response to climate change and included: Acacia farnesiana, Celtis 

ehrenbergiana, Forestiera angustifolia, Parkinsonia aculeata, and Prosopis glandulosa. 

This study showed that shrub species have developed tolerance strategies to cope with 

soil water stress but the extent can be species specific. Finally using information of 

remote sensing and ecophysiological studies, ecosystem process modeling was performed 

using 3-PG model to predict climate change effects on shrubland productivity and habitat 

conservation of endangered wildlife species. Overall, I conclude that restoration efforts 

within the study area shows potential for sequestering carbon in tissue biomass and 

habitat conservation under the influence of current climate, but future climate change is 

likely to reduce its carbon sequestration potential with the loss of wildlife habitat. 
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CHAPTER ONE 
 

Introduction 
 
 

Shrublands 
 

Shrubland ecosystems cover approximately 35% of the global surface area, and 

are important for their potential role in global carbon dynamics as they comprise 30% of 

terrestrial carbon stored in shrub biomass and soil (Melillo et al., 1993; UNDP/UNSO 

1997; Lal 2004, Bechtold and Inouye, 2007; Luo et al. 2007; Piao et al., 2009). These 

ecosystems may have an important role in mitigation of climate change effects by 

sequestering atmospheric carbon. Most terrestrial sinks of carbon are from carbon 

assimilation in shrubland vegetation and sequestration in soils that have the potential for 

accumulating 52 g C m-2yr-1 which is more than the terrestrial average required to balance 

current anthropogenic emissions (Luo et al., 2007).  In addition to important carbon sink, 

these shrublands are crucial for habitat of many endangered wildlife species. However, 

climate change impacts on shrubland coupled with large-scale natural and anthropogenic 

activities (e.g., various disturbances, land use change, deforestation, agricultural activities 

etc.) imposed constraints over the growth and survival of shrub species affecting their 

carbon sink potential and threatening the wildlife habitat (Fowler, 1986; Lambers, 2003; 

Penuelas et al., 2007; Anderson and Bows, 2008).   

Considerable gaps in knowledge remain how current and future climate variability 

impacts on carbon budget of shrubland ecosystems (Landsberg and Gower 1997; Ni, 

2001). Here, I investigated climate change impacts on carbon dynamics of a southern 

Texas shrubland using remote sensing observation of shrub density and biomass, plant
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 ecophysiological response of key shrub species to elevated drought, and computer 

modeling of ecosystem processes.  

 
Lower Rio Grande Valley Shrublands 

 
Thorn shrubland ecosystems are defined by the following characteristics: a) are 

dominated by plant species with thorny woody branches tissue, b) average height of 

plants ranges from ≥0.5 to ≤ 2 m, and c) are under persistent environmental stress such as 

drought, high temperatures, frequent fire, cold winters, short growing seasons, high 

winds, poor soil aeration, and nutrient poor soil (Shmida, 1985; Cerrillo and Oyonarte, 

2006). In these ecosystems, plant growth and distribution is limited by climate factors 

such as limited site water availability, temperature, higher potential evapotranspiration 

(PET), radiation, and precipitation (Grime, 1977; Stephenson 1990; Huxman et al., 2004; 

Morgan et al., 2011). Hence, productivity of shrubland ecosystems is constrained by high 

frequency of relatively slow growing shrubs (Condit et al., 1995; Allen and Breshers, 

1998; Huxman et al., 2004; McDowell et al.; 2008).  

Lower Rio Grande Valley (LRGV) is a part of the Tamaulipan Biotic province 

which is an assemblage of unique shrubland ecosystems that extends from the plains of 

Northern Gulf of Mexico in south Texas to northern Mexico (Blair, 1950; Jahrsdoerfer 

and Leslie, 1988; Reid et al., 1990; Rodriguez et al., 2004; Navar, 2011; Fig. 1). The 

LRGV is comprised of grasslands and thorn shrubs with an area of 23000 ha (Fig. 1) of 

the northern edge of the Tamaulipan Biotic Province.  Since 1982, 5560 ha of this land 

has been actively replanted with native woody shrub species as part of agency’s 

ecosystem restoration program. Westward from the Gulf of Mexico coast, the vegetation 
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of LRGV thins with declining site water availability (Jahrsdoerfer and Leslie, 1988) as a 

result of low precipitation and high potential evapotranspiration.  

Along with potential carbon sinks, the LRGV primarily serves as important 

habitat for many endangered species such as ocelots (Leopardus pardalis) and 

jaguarondis (Puma yagouaroundi), which utilize the dense shrubs as hiding cover.  In 

addition to habitat, these shrublands are important carbon sinks (Navar-Chaidez, 2008). 

Major shrub species of LRGV include: Acacia farnesiana, Bumelia celastrina, Celtis 

ehrenbergiana, Parkinsonia aculeata, Prosopis glandulosa, Pithecellobium flexicaule, 

Condalia hookeri, Ehretia anacua, Forestiera angustifolia, Salix nigra, Celtis laevigata, 

and Citharexylum berlandieri. These shrubs widely vary in growth patterns, phenology, 

leaf life span, and biomass accumulation (Reid et al., 1990; Jurado et al., 2000).  

Soils along LRGV range from loamy fine sands to clays with deep, moderately 

fine textured formed in alluvial sediments (Jahrsdoerfer and Leslie 1988, Wiedenfeld 

2008). Sea salt spray and irrigation water from the Rio Grande are the main sources of 

soil salinity in this site (Hendrickx et al., 1999; Foltescu, 2005; Wiedenfeld, 2008). The 

climate is semi-arid and sub-tropical with long, hot summers and short, mild winters 

(Eddy and Judd, 2003) with 330 mean frost free days per year. The LRGV receives an 

annual average rainfall of 68.2 cm with peak precipitation during September and October 

(Eddy and Judd, 2003). The yearly potential evapotranspiration is about 220 cm with 

average mid-summer vapor pressure deficit values of 3.05 kPa (Rodriguez, 2004).  
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Figure 1. The Lower Rio Grande Valley shrubland encompassing 23000 ha is located in 
the southern edge of the state of Texas, U.S.A, following the Rio Grande. 
 
 

The LRGV historically lost more than 95% of its original shrub cover due to 

agricultural expansion, fuel wood harvest, and other anthropogenic activities in the recent 

centuries (Ewing and Best, 2004). Of this total loss, Jahrsdoerfer and Leslie (1988) 

estimated 99% of native shrubland was from the riparian habitats. Restoration at LRGV 

by the refuge managers during the last two decades has resulted in limited replanting of 

native plants. However, successful restoration requires an enhanced understanding of 

shrub species’ limitations and tolerances (e.g., to site water availability) commonly found 

in this area.  

 
Remote Sensing of Shrublands 

 
Remote sensing technology improvements in recent years has provided a potential 

framework for monitoring and assessment of plant canopy, density, and biomass changes 

over time and space using remote sensing data (Pollock, 1994; Culvenor, 2002; Wang et 
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al., 2004, Suganuma et al., 2006; Anaya et al., 2009). These include identification of 

single plants and delineation of canopy dimension (Gougeon, 1995; Culvinor, 2002; 

Clark et al., 2004). Plant density and biomass estimated from the time series remote 

sensing data as inputs in allometric equations for biomass prediction can be helpful in 

assessing the ecosystem responses to a changing climate (Asner et al., 2003; Northup et 

al., 2005). Such allometric equations, developed without destructive approach, have been 

used to estimate plant biomass in larger areas (White, 2001; Navar et al., 2002; Northup 

et al., 2005). The density and biomass allocation along environmental gradients can be 

used to predict influence of climatic factors on these ecosystems considering the 

gradients as surrogate of future climate change (Pickett 1987).  

 
Plant Ecophysiological Response to the Environmental Factors 

 
Plant ecophysiological study is important to assess plant’s responses to future 

climate change. Plant water relation, gas exchange properties, and water use efficiency, 

are main physiological approaches in understanding plant’s adaptation potential in a 

changing climate. These approaches can be used in identifying the driving factors that 

determine the system responses to climate variability. Shrub species grown in water-

limited environment have developed various morphological and functional adaptations to 

tolerate frequent and prolonged periods of soil water deficit (Rodriguez et al., 2004). Leaf 

stomata closure is the primary response of these species to site water deficit (Flexas and 

Medrano, 2002) 

Water availability in the shrublands is determined by amount of 

evapotranspiration (ET) precipitation, soil salt accumulation, and high temperatures. In 

arid and semiarid ecosystems, soil moisture dynamic is influenced by evapotranspiration 
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(ET); primary loss of water into the atmosphere from soil (evaporation) and vegetation 

(transpiration) of an area. It is determined with the relation among precipitation, runoff, 

change in water storage, and ground water recharge. When soil moisture is not a limiting 

factor, ET is controlled by meteorological and vegetation conditions of an ecosystem, 

however, where PET exceeds annual precipitation, ET is believed to be controlled by soil 

moisture coupled with temperature (Noy-Meir, 1973). In addition, high temperatures 

affect atmospheric vapor pressures by decreasing relative humidity in air which triggers 

rate of transpiration.  

Soil salt reduces soil water potential making it difficult for plants to extract water 

from soil. Therefore, soil salinity has an adverse effect on growth and survival of plants 

(Maas and Hoffman, 1977; Kozlowski, 1997). All these changes and their consequences 

are likely to (1) impact physiological processes and reduce the carbon sequestration 

capacity of plants (Polley et al., 1997; IPCC, 2007), and (2) change community structure 

of the shrublands ( IPCC, 2001; Walker et al., 2006).  

 
Study of Ecosystem Processes 

 
Models are useful in predicting ecosystem responses to future climate. Process-

based models were used to elucidate mechanisms of plant growth and biomass production 

incorporating changes in environmental and site conditions over larger areas where field 

data is inadequate (Running and Gower, 1991; Aber and Federer, 1992; McMurite et al., 

1992; Battaglia and Sands, 1998; Berger and Hildebrandt, 2000; White et al., 2000; Peng 

et al., 2002; Pinjuv et al., 2006; Running and Coughlan, 1988).  Among several process 

based models, the Physiological Principles in Predicting Growth (3-PG) developed by 

Landsberg and Wearing (1997) predicts plant growth and productivity using few 
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biophysical parameters. The model requires a priori information on meteorological data 

(e.g., solar radiation, precipitation, temperature, and vapor pressure deficit), stem 

densities, stand biomass and area, plant structural and physiological characters, and soil 

traits. Plant population attributes such as biomass and density can be derived from fine-

grained remote sensing data while plant characteristics such as leaf area index, basal 

diameter, and C tissue nutrient concentrations can be gathered from literatures, and direct 

measurements. The physiological information extracted from the study can be 

incorporated in various models to predict biomass production by shrublands under the 

influence of future climate change.  
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CHAPTER TWO 
 
Individual Plant Canopy Delineation and Biomass Estimation in a Sub-humid Shrubland 

Ecosystem Using Aerial Imagery 
 
 

Introduction 
 

Shrubland ecosystems may store large amount of carbon in soil and plant tissue 

biomass. Quantification of shrub density and carbon storage in natural vegetation of these 

ecosystems are important to assess carbon stocks that are associated with plant 

distribution and biomass production along environmental gradients (Burquez et al., 2010; 

Lioubimtseva and Adams, 2004; Litton and Kauffman, 2008). Rapid identification of 

single plant crown from remote sensing data to quantify shrub density and biomass can 

be useful in efficiently evaluating restoration efforts and understanding the carbon 

sequestration potential across broad areas of shrubland ecosystems (Asner et al., 2009)   

Field-based measurements of shrub cover, density, and woody biomass from plots 

require considerable time and resources (Koch et al., 2006). Availability of fine-grained 

remote sensing data offers an opportunity to complement intensive field monitoring 

programs to assess plant density, canopy, and biomass changes across a large geographic 

extent over time (Anaya et al., 2009; Culvenor, 2002; Erikson and Olofsson, 2005; 

Pollock, 1994; Suganuma et al., 2006; Wang et al., 2004). Single plant crown delineation 

from remote sensing data is essential to increase monitoring consistency and extract 

plant-level information (Culvinor, 2002; Clark et al., 2004; Gougeon, 1995). From these 

derived data, regional biomass may be estimated by summing information from single 

plant crowns as a first approximation of carbon sequestration.
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Remote sensing of individual plant crowns has become a primary source of 

information for indirect estimation of biomass across large areas (Anaya et al., 2009; 

Katoh et al. 2009; Suganuma et al. 2006; Wang et al. 2004; White et al. 2001). Where 

remote sensing data are available, factors affecting shrub density and biomass associated 

with environmental gradients and land management can be evaluated (Clark et al., 2004; 

Katoh et al., 2009; Yao et al., 2012). Individual plant characteristics (e.g., crown 

dimension and density) extracted from remote sensing data may provide rapid and 

spatially extensive measure of population characteristics important for conservation and 

sustainable management. Above ground biomass of a single plant can be estimated by 

using crown areas of shrubs derived from remote sensing data where allometric equations 

are available (Hughes et al., 1987; Navar et al., 2002; Northup et al., 2005). Canopy area 

attributes such as projected horizontal canopy shape (i.e. circular, ellipsoid) can be 

incorporated into locally-derived, site-specific allometric equations to estimate biomass 

of single plants (Hughes et al., 1987; Navar et al., 2004; Navar, 2011; Northup et al., 

2005; White, 2001).  

Various algorithms have been developed to identify individual plants from remote 

sensing data. Pollock (1994) and Larsen and Rudemo (1998) developed template 

matching method generating different synthetic tree crown models with different 

illumination, viewing angle, and sizes of different tree species. The “valley following” 

method developed by Gougeon (1995) defined plant crown borders based on detection of 

local digital number minima within a specified search radius. Wulder et al. (2000) used 

local maxima filtering with fixed or variable window sizes to improve plant canopy 

discrimination in forested areas. The Tree Identification and Delineation Algorithm 
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(TIDA; Culvenor, 2002) was developed using both local maxima and minima derived 

from digital multispectral video (DMSV). These methods have generally been based on 

the spectral reflectance of plant canopy without considering the combined reflectance 

properties of soil and canopy. In ecosystems such as shrublands, sparse and isolated 

vegetation canopies are affected by soil background spectral properties reducing 

effectiveness of individual plant canopy delineation, a new method may be required to 

detect shrub crowns from high resolution, multi-spectral aerial photography with high 

soil exposure.  

For this study, I present a shrub identification algorithm applied to Digital 

Orthophoto Quarter Quadrangle (DOQQ) data to identify single shrub crowns while 

minimizing soil background influences.  From this analysis, I estimated site 

characteristics including shrub density and biomass from application of allometric 

equations derived for different species using remote sensing-derived crown dimensions as 

input.  Finally, I compare derived density and biomass for naturally regenerated and 

replanted sites across an environmental gradient to assess shrub restoration efforts for a 

broad region with active conservation management.  

 
Methods 

 
 
Study Site 
 

The Lower Rio Grande Valley (LRGV) is located along the border of the United 

States and Mexico encompassing 200 km of the broad deltaic floodplain of the Rio 

Grande inland from the Gulf of Mexico and forms the northern edge of the Tamaulipan 

Biotic Province (Blair, 1950, Fig. 2). Non-native grass species and native thorny, woody 
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shrubs dominate patches of abandoned land within a matrix of agricultural land. Within 

this region, the U.S. Fish and Wildlife Service manage conservation lands as the Lower 

Rio Grande Wildlife National Refuge established in 1989 encompassing 23000 ha. Since 

1991, 5560 ha of this land has been actively replanted with native woody shrub species as 

part of that agency’s ecosystem restoration policy. Shrublands within the LRGV 

primarily serves as important habitat for endangered feline species such as ocelots 

(Leopardus pardalis) and jaguarondis (Puma yagouaroundi) which utilize the dense 

shrubs as hiding cover.  In addition to habitat, these shrublands are potentially important 

as terrestrial carbon sinks (Navar-Chaidez, 2008). 

 
 

 

 
Figure 2. The Lower Rio Grande Valley shrubland encompassing 23000 ha is located 
along the border of the U.S. and Mexico following the Rio Grande. The raster patches 
inside the larger map were produced by mosaicking 170 digital orthophoto quarter 
quadrangles to encompass the entire LRGV. Total numbers of tracts are shown over 
mosaic raster. Each climatic zone of LRGV (Table 1) is represented by a different color 
from the east to west. 
 

Zone 4 Zone 3 Zone 2 Zone 1
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Vegetation cover of LRGV decreases with declining site water availability 

westward from the Gulf of Mexico coast, as a result of low precipitation and high 

potential evapotranspiration (PET; Jahrsdoerfer and Leslie, 1988). The climate is semi-

arid and sub-tropical with long, hot summers and short, mild winters with temperature 

gradients from east to west (Table 1; Eddy and Judd, 2003) with 330 mean frost free days 

per year. The LRGV has an annual average rainfall of 68 cm, potential evapotranspiration 

of 220 cm, and an average mid-summer vapor pressure deficit value of 3.05 kPa 

(Rodriguez, 2004).  The dominant shrub species of the LRGV include: Acacia rigidula, 

Bumelia celastrina, Celtis ehrenbergiana, Condalia hookeri, Diospyros texana, 

Forestiera angustifolia, Mahonia trifoliolata, Zanthoxylum fagara, and Prosopis 

glandulosa.  

 
Data Preparation 
 

For the study area, DOQQ images were acquired from the Texas Natural 

Resources Information System (TNRIS; www.tnris.state.tx.us). These data have 0.5 m 

spatial resolution with three spectral bands in the green (495 – 570 nm), red (620 – 750 

nm), and near-infrared (750 – 950 nm) wavelengths. For this analysis, I obtained 170 

individual quarter quadrangles.  The majority of the DOQQ data were acquired during 

April to September of 2008 in which woody shrubs maintained crown foliage.  However, 

images showed maximum bare soil exposure indicating that understory herbaceous 

vegetation was likely senescent. However, complete coverage of the LRGV required 

using data from January to March of 2009 where both shrub and herbaceous ground 

vegetation had apparent live foliage with minimal soil exposure. For this analysis, I used 
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a revegetation database developed for the LRGV in which 75 tracts (835 ha) were 

randomly identified for naturally regenerated and replanted sites within the LRGV. 

 
 

 
 

Figure 3. Twenty-nine points were randomly selected from mosaicked images of LRGV 
before and after histogram matching for the evaluation of soil line. A soil line is a linear 
relationship between NIR reflectance (%) and red reflectance (%) for bare soil derived 
from the remotely sensed data. Higher correlation of NIR and red reflectance represents 
minimum soil background effects on vegetation indices. The soil line and linear 
regression results before and after histogram matching (HM) are shown. 
 
 
Radiometric Normalization 
 

The DOQQ images obtained from TNRIS were originally radiometrically 

balanced between the quads using Inpho’s OrthoVista 4.0 (Trimble Navigation Limited, 

CA; TNRIS 2009).  However in this initial analysis, I found digital numbers (DN) of 

coincident pixels in overlap areas of adjacent DOQQ’s had different DN values.  These 
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differences are likely due to varying distribution of urban areas, agricultural land, and 

large water bodies in each DOQQ dataset. To minimize differences in DN values among 

the DOQQ data, I matched histograms (HM) of a reference DOQQ dataset with adjacent 

DOQQ data.  Histograms were matched by re-computing the mean and standard 

deviation of the working image so that the mean and the standard deviation of the 

working image matched that of a reference image as close as possible (Helmer and 

Ruefenacht, 2005; Mitchell, 2010; Richards and Xiuping, 2006; Yang and Lo, 2000). 

During this process, the DN of each pixel in working image is reassigned on the basis of 

DN of pixels in the reference image resulting into equivalent digital number distributions 

between adjacent datasets. Because of the need for radiometric consistency among all the 

data, I used a single DOQQ dataset chosen arbitrarily as the reference image for 

histogram matching of all other DOQQ data (Fig. 3). 

 
Crown Delineation Algorithm 
 

To delineate shrub crowns from the DOQQ data, I developed an algorithm that 

first reduced the soil influence (Fig. 4).  After applying the HM in DOQQ data, I 

calculated the soil adjusted vegetation index (SAVI;  Gilabert et al., 2002; Huete, 1988) 

using red (R) and near-infrared (NIR) wavelengths (equation 1).  

 𝑆𝐴𝑉𝐼 = (𝑁𝐼𝑅 − 𝑅)(1 + 𝐿)/(𝑁𝐼𝑅 + 𝑅 + 𝐿)     equation 1, 

where 𝐿 is a soil-brightness dependent correction factor. Gilabert et al. (2002) suggested 

a value of 0.5 for L for areas with sparse vegetation canopies, which I used in my 

calculation.   
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Figure 4. Algorithm development flow chart for delineation of individual shrub crowns 
from the DOQQ images.  
 
 

After adjusting the DOQQ data for soil reflectance influences, a 3 × 3 convolution 

filter was applied for edge enhancement of adjoining shrubs canopies (Fig. 5a). I then 

applied another 3 × 3 convolution kernel filter to detect local maxima in the SAVI data 

(Fig. 5b). This second filter increases the spatial extent of radiometrically brighter pixels 
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by comparing the eight neighboring pixels that are weighted based on kernel values to 

determine a local maxima. The maximum value then replaces the center pixel value if a 

larger value is identified in the eight surrounding pixels.  

 
 

-1 -1 -1 

-1 17 -1 

-1 -1 -1 

 
 
Figure 5. Matrices for a 3 × 3 convolution kernel filter for a - edge enhancement of image 
and b - local maxima determination of image are shown. Both kernels were used to 
enhance the image during image processing for shrub density and biomass estimation in 
LRGV.  
 
 

To initially discriminate pixels dominated by shrubs from those dominated soil 

and herbaceous vegetation, a threshold SAVI value was determined iteratively using the 

image produced following calculation of the local maxima. First, a reference dataset was 

created from a subset of the DOQQ image for a test site (22 ha) within the LRGV that 

was replanted with native shrubs during the 1990s. A replanted site was chosen because 

the regular spacing of the shrubs due to the replantation allowed for easy visual 

identification of individual shrub crowns. For each shrub crown, a polygon was hand-

digitized from the displayed subset DOQQ image.   

Starting with an arbitrarily selected value 0.05, pixel SAVI values greater than or 

equal to this value were categorized as shrub crowns.  The boundary between shrub and 

non-shrub pixels was then determined using a search function around shrub pixels. 

Contiguous shrub pixels were assumed to represent a single shrub crown and the raster 

-1 -1 -1 

-1 9 -1 

-1 -1 -1 

a b 
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boundary determined from the search analysis was converted from the raster format to 

vector.  Each crown encompassed in a closed vector polygon was considered as a single 

shrub. The ratio of the number of the automated detected shrubs by hand-digitized 

crowns was calculated expressed as percent. The threshold value was increased by 0.05 

and process repeated for each value.  The SAVI threshold value that produced the closest 

number of shrubs with the ratio less than 1.0 was used for processing of all subsequent 

data processing (Table 2). The vector boundaries were then used to calculate the long and 

short axes assuming an elliptical crown for each shrub using Python software (Python 

Software Foundation 2011).   These axes values for each shrub were used to calculate 

crown area (AC) of each shrub where AC = (long × short axes)/2 × π.  

Individual crowns of shrub growing closely together were difficult to delineate 

due to intertwined branches of neighboring shrubs. I attempted to minimize this error in 

my results by dividing crowns with a derived area > 12 m2 by 2.0.  The value of 12 m2 

was determined to represent the maximum crown area based on field measurement of 50 

shrubs from a randomly undisturbed site selected within the LRGV (Latitude 26.19 o N 

and Longitude -98.07o W) which had an average height of 5.1 m. 

 
Error Assessment 
 

I assessed the shrub density estimates by first visually counting the total number 

of shrubs from 20 randomly selected sites on the DOQQ data selected across the climatic 

zones for naturally regenerated and replanted sites with mean areas of 9.16 and 7.63 ha, 

respectively. To estimate shrub density accuracy, I calculated the percentage ratio of 

number of shrubs identified by the remote sensing algorithm and visually identified 

shrubs expressed on a per hectare basis.  
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The root mean square error (RMSE) was calculated for shrub density, long and 

short axis values per shrub by:   

𝑅𝑀𝑆𝐸 =  √∑ (𝑦�𝑖−𝑦𝑖)2

𝑛
𝑛
𝑖=1     equation 2, 

where, 𝑦�𝑖 is remote-sensing value, 𝑦𝑖 is the hand-digitized value, and 𝑛 is number of 

observations. Observed crown long and short axes were assessed first by hand digitizing 

drawing polygons around the crown boundaries of 450 shrubs across randomly selected 

naturally regenerated and replanted sites for each climatic zone. The long and short axes 

of these hand-drawn polygons were then derived using Python software as with the 

remote sensing-derived values (Python Software Foundation, 2011).  

 
 Density and Biomass Estimation 
 

I estimated the biomass based on allometric equations (in grams) developed by 

Northup et al. (2005, Appendix A) for seven shrub species commonly found in LRGV. 

Above ground dry biomass of each shrub was then calculated for each of the seven shrub 

species based on derived values of AC for 75 randomly selected tracts for a total area of 

835 ha in the LRGV.  The average shrub density, AC per shrub, biomass per shrub, and 

biomass per ha were calculated for each tract.  Identification of shrub species for each 

identified shrub canopy form the DOQQ image is not possible; therefore I estimated the 

biomass of each seven species and averaged these values. 

 
Climate Zones 
 

To assess plant density and biomass accumulation across an environmental 

gradient of LRGV, the study area was divided into four climatic zones longitudinally 

with approximately equal distances from east to west (Fig. 2, Table 1). Out of randomly 
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selected 75 tracts across all the climatic zones, 35 tracts were randomly assigned for the 

analysis of naturally regenerated sites compared to 40 tracts of replanted sites. Numbers 

of tracts for each zone randomly selected for naturally regenerated and replanted sites 

were given in Table 1. Meteorological data of the study area was extracted for 30 years 

(1981 – 2010) from the Prism Climate Group’s dataset (http://prism.oregonstate.edu/).  

Averages of temperature, precipitation, and PET for each zone were calculated as a 

reference. The mean shrub density, crown area per plant, biomass per plant, and plant 

biomass per ha was estimated for each zone.  

 
 

Table 1. East – West  climatic zone of LRGV and  30 years mean temperature, 
precipitation, and potential evapotranspiration values (PET) in each zone (source: PRISM 

climate group, Oregon State University, 2013). 
 

Zone Longitude Mean 
temperatur
e (o C) 

Mean 
precipitatio
n (cm) 

PET 
(cm) 

Number of tracts 
 
Natural       Replanted 
   sites              sites                    

1 – 97.49 o to – 97.10 

o 

 

16.09 70.20 36.30 
 

10 10 

2 – 97.89 o to– 97.50 

o 
 

15.90 65.50 51.60 7 10 

3 – 98.39 o to– 97.9 0o 
 

15.42 53.70 51.90 9 10 

4 – 99. 80 o to –98.40 

o 
 

15.00 51.40 52.50 9 10 

 
 
Statistical Analysis 
 

The data were found to be not normally distributed and could not be normalized 

using standard transformation techniques. Comparison of means of shrub density, AC, 

biomass per plant, and biomass per ha within and between the naturally regenerated and 
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replanted sites, and climatic zones across the LRGV were assessed with the non-

parametric Mann-Whitney test. In addition, I used the Kruskal–Wallis test to test for 

differences in mean shrub density, crown area, biomass per shrub, and biomass per ha 

among the climatic zone of naturally regenerated and replanted sites across the LRGV. 

Since biomass estimation included samples generated from different tracts where the 

mean may vary between the sample tracts, pooled variance was used to estimate the 

standard errors of shrub density, AC per shrub, and biomass per unit area for each 

climatic zone. The significance level was determined at p = 0.05. 

 
Results 

 
 

Remote Sensing, Shrub Size, Density, and Biomass 
 

A SAVI threshold value of 0.2 was found to delineate the highest proportion of 

shrubs (95%) in which 537 of 563 shrubs were identified within the 22 ha test area (Table 

2). After using this value for all other datasets as part of the shrub delineation algorithm, I 

estimated 174 and 156 shrubs per ha for naturally regenerated and replanted sites 

analyzed, respectively, with density of 165 shrubs/ha estimated for all tracts. Comparison 

between predicted and observed shrub density for the analyzed tracts showed the 

algorithm detected 72% shrub individuals for naturally regenerated sites and 86% shrub 

individuals for replanted sites.   

The RMSE analysis of estimated shrub density was 13 shrubs per ha for naturally 

regenerated and 14 shrubs per ha for replanted sites, respectively. On average, the RMSE 

for short and long axes of a shrub crown were 0.12 m and 0.19 m for naturally 

regenerated sites, respectively and 0.18 m and 0.25 m for replanted sites, respectively.  
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Table 2. Different SAVI values used to calibrate a threshold value from a SAVI image of 
the test site (22 ha) are shown. A threshold SAVI value of 0.2 was found to identify the 

number of shrubs that closest to the hand digitized shrub number for the test area without 
exceeding 100%. 

 
Different SAVI values 
used for shrub estimation 

Number of shrub individuals 
identified by each SAVI value 

% of shrub individual identified 
by each SAVI value 

0.05 778                    138 

0.10 637                    113 

0.15 581                   103 
 

0.20 537                    95 

0.25 506                    89 

0.30 491                    87 

0.35 482                   85 

0.40 441                  78 

0.45 425                  75 

0.50 403                   71 

0.55 392                  69 

0.6 372                  66 

 
 
 Density and Crown Dimension Analysis 
 

The average AC per shrub in naturally regenerated and replanted sites was 9.61 m2 

and 8.53 m2, respectively. The allometric derived average above ground biomass per 

shrub calculated from allometric equations of seven species was 14.75 kg for naturally 

regenerated sites compared to that of 14.91 kg of the replanted sites. Above ground 

biomass stored per shrub for naturally regenerated sites was significantly lower compared 

to that of replanted sites based on the results of the Kruskal-Wallis test (p < 0.05). 
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Differences in predicted average biomass among the allometric equations used by species 

were also found with D. texana, C. hookeri, and P. glandulosa having the highest values 

of 24.48, 22.04, and 17.45 kg per shrub that were significantly higher compared to A. 

rigidula, C. ehrenbergiana, M. trifoliolata, and Z. fagara with values of 9.56, 12.63, 

8.29, 17.45, and 9.37 kg per shrub, respectively (Fig. 6). On an area basis, estimated 

average biomass for the naturally regenerated sites was 3.28 Mg/ha compared to 3.71 

Mg/ha for replanted sites. 

 
 

 
 

Figure 6. Average above ground biomass per shrub of seven species with 95% CI error 
bars for naturally regenerated and replanted sites. The * symbol denotes C. hookeri, D. 
texana, and P. glandulosa had significantly higher estimated above ground biomass per 
shrub compared to allometrically-derived values from the other species (p < 0.05). 

 
 

Climatic Zone Comparison 
 

The estimated shrub density was 176, 160, 226, and 135 shrub per ha for climatic 

Zones 1, 2, 3, and 4 of naturally regenerated sites, respectively compared to 188, 82, 144, 
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and 208 shrub per ha for climatic Zone 1, 2, 3, and 4 of replanted sites, respectively (Fig. 

6). Comparison of shrub density between the climatic zones within the sites showed that 

Zone 1 had higher shrub density than that of Zone 2 and 3 of replanted sites (p < 0.05, 

Fig. 7). When compared within the zones, naturally regenerated sites of climate Zone 2 

had significantly higher shrub individuals/ha than that of the replanted sites (p < 0.05, 

Fig. 7).  

 

 
 
 Figure 7. In Graph a, average shrub density in four zones for naturally regenerated and 
replanted sites are shown with 95% CI error bars. The * symbol denotes Zone 1 had 
significantly higher shrub density than Zone 2 and Zone 3 of replanted sites.  In Graph b, 
average above ground biomass (Mg/ha) in four zones for naturally regenerated and 
replanted sites are shown with 95% CI error bars. The * symbol denotes Zone 4 had 
significantly higher biomass per ha compared to Zone 2 of replanted sites. 
 

 
The analysis showed that all zones had similar average AC per shrub with values 

of 8.97, 9.20, 9.99, and 10.28 m2 for naturally regenerated sites of all climatic zones 

respectively (Fig. 8). For replanted sites, significantly different values of 9.00, 7.28, 9.77, 

and 9.53 m2 AC per shrub were found for climatic Zones 1, 2, 3, and 4, respectively (p < 

0.05, Fig. 8). When compared between the zones within the sites, climatic Zone 4 of 

naturally regenerated sites had higher AC per shrub compared to Zone 1 (p < 0.05, Fig. 8). 

Climatic Zone 3 and 4 of replanted sites had significantly higher AC per shrub compared 
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to its Zone 2 (p < 0.05, Fig. 8). When compared between the sites within the zones, 

climatic Zone 2 of naturally regenerated sites had significantly higher AC per shrub than 

that of replanted sites (Fig. 8, p < 0.05). 

 

   
 

Figure 8. The average shrub crown area (m2) per shrub for naturally regenerated and 
replanted sites are shown with 95% CI error bars. The ¶ symbol denotes Zone 4 of 
naturally regenerated sites had significantly higher crown area than its Zone 1. The + 
symbol denotes Zone 3 of naturally regenerated sites had higher crown area compared to 
Zone 2. The * symbol denotes Zone 3 and 4 of replanted sites were significantly higher 
crown area than its Zone 2. The shrub crown area per shrub was significantly different 
among the climatic zones of replanted sites (p < 0.05). 

 
 
The estimated aboveground biomass for climatic Zones 1, 2, 3, and 4 was 14.19, 

18.32, 10.98, and 15.51 kg per shrub for naturally regenerated sites, respectively and 

13.65, 11.94, 16.16, and 17.90 kg per shrub for replanted sites of Zones 1, 2, 3, and 4, 

respectively. Comparison between biomass using allometric equations for the different 

species showed that D. texana, C. hookeri, and P. glandulosa had significantly higher 

predicted average biomass per shrub with values of 24.35, 21.96, and 17.45 kg for 
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naturally regenerated sites and 24.61, 22.21, and 17.52 kg for replanted sites compared to 

values derived for other species for each climatic zone (p < 0.05, Fig. 6). When compared 

between the zones within the sites, Zone 4 of replanted sites had significantly higher 

shrub biomass per shrub compared to Zone 2 (p < 0.05, Fig. 9).  

The above ground biomass per ha were similar with values of 2.40, 2.16, 2.22, 

and 1.62 Mg/ha for naturally regenerated sites compared to 2.34, 1.02, 1.91, and 3.37 

Mg/ha for replanted sites of climatic Zones 1, 2, 3, and 4, respectively (p < 0.05, Fig. 9). 

Biomass comparison between the zones within the sites revealed that Zone 4 had higher 

above ground biomass per ha compared to Zone 2 of replanted sites (p < 0.05, Fig. 9). 

When compared between the sites within the zones, naturally regenerated sites of Zone 2 

had significantly higher above ground biomass per ha compared to that of replanted sites 

(p < 0.05, Fig. 9). 

 
Discussion 

 
 
Remote Sensing of Shrub Density, Crown Spread, and Biomass Estimation 
 

In this study, I assessed a remote sensing algorithm to estimate individual plant 

crowns. Variation in the digital numbers between the DOQQ images required radiometric 

normalization to reduce the effect of differences in solar angle and intensity.  In this 

study, data were normalized through simple histogram matching using a reference 

quadrangle to standardize digital numbers among the spectral bands between datasets 

especially for calculating the SAVI.  
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Figure 9. Average above ground biomass of seven species in four climatic zones are 
shown with 95% CI error bars with Graphs, a - containing values for naturally 
regenerated, and b – containing values for replanted sites. The * symbol denotes Zone 4 
had significantly higher above ground biomass per ha than Zone 2 for each species of 
replanted sites. 
 
 

In the remote sensing data, the presence of soil darkening under vegetation 

resulted in decreased red reflectance compared to the NIR reflectance (Colwell, 1974), 

which can affect detection of vegetation in the image. I found that the use of SAVI was 
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effective at separating shrub and soil as part of the shrub crown identification process. 

The SAVI may enhance the linearity between the spectral index and vegetation with 

increased discrimination of shrubs from remote sensing data (Huete, 1988). This shrub 

detection method required normalized data and iterative determination of a threshold 

SAVI value derived through calibration.  In this study, a SAVI value of 0.20 was found 

to provide a near optimal value for the maximum separation of woody shrub crowns from 

the surrounding soil background. I also found that lower SAVI values resulted in multiple 

shrub crowns being merged. Higher SAVI values were found not to detect shrub crowns 

with low reflectance values. While the SAVI threshold value derived through calibration 

was generally consistent across all tracts analyzed, the specific land use/cover associated 

with the areas covered by the DOQQ resulted in variation in shrub density estimation.  

For example, 72% shrubs for naturally regenerated sites and 86% shrubs for replanted 

sites were detected when compared between predicted and observed shrub density for the 

analyzed tracts.   

I found that the method of single plant crown extraction from DOQQ image was 

affected by the proximity of two or more adjacent plants creating a single clump in the 

image. The RMSE analysis found that the remote sensing algorithm underestimated shrub 

individuals per ha and crown axis per shrub for both naturally regenerated sites and 

replanted sites. The dominant plants which form dense, thick, close, homogenous canopy 

could not be separated completely (Blanco and Navarro, 2003; Koch et al., 2006) as 

many interlocked crowns detected as single crowns may inherit similar spectral regions. 

Hence automatic delineation of single crowns works well for sparsely distributed plants 

found in sparse shrublands.  
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Within certain limits, the remote sensing assessment of plant biomass based on 

allometric estimation from detected crown dimensions has considerable advantage over 

plot sampling because of spatial extent and the potential to sample entire plant 

populations from the remote sensing data I found that shrub species identification may be 

important as predicted above ground biomass allometric equations showed differences in 

predicted values for different climate zones and management treatments. However, 

species allometry can be influenced by environmental conditions including climate, 

environment, and competition (Archer, 1989; Northup et al., 2005). Average biomass 

derived for this study (4.26 Mg/ha) from remote sensing data did not agree with findings 

of Navar et al. (2002) for Tamaulipan thorn shrubs of Northern Mexico (60 Mg/ha).  This 

large difference can be attributed to lower shrub density of 165 shrubs/ha in LRGV 

compared to the shrub density of 5000 shrubs/ha reported in the Navar et al (2002) study. 

The differences in plant density in two sites may be due to the discrepancies between 

direct and indirect plant density estimation methods. Another plausible reason can be 

differences in site moisture as the Mexican site receives annual precipitation of 100 cm 

compared to that of 68 cm in the LRGV. However, the average biomass of 14.83 kg per 

shrub estimated for LRGV was close to those reported by Navar et al. (2004).  

Biomass allocation to the various plant components varies with species, growth 

form such as number of basal stems, and plant size (Northup et al., 2005). The higher 

biomass allocation in C. hookeri, D. texana, and P. glandulosa compared to the other 

four species can be attributed to these components. In addition, variation in biomass 

allocation in these species can be partly related to the predictor. For example, 

predominately single stemmed species such as C. hookeri, D. texana, and P. glandulosa 

28 



had higher allocation to canopy components than multi stemmed species such as A. 

rigidula, C. ehrenbergiana, M. trifoliolata, and Z. fagara when estimated by basal area. 

This showed the selection of native species during restoration of shrubland significantly 

affects carbon sequestration potential of these ecosystems. 

 
Analysis of Naturally Regenerated and Replanted Sites 
 

Multiple factors affect the relationship between stand density and biomass. For 

example, both even and uneven aged stands in crowded naturally regenerated 

communities compete for resources (e.g., light, water, and nutrients). However, I did not 

find higher density effects on total biomass stored in naturally regenerated sites compared 

to replanted sites. The differences in shrub biomass among replanted tracts may be due to 

the effects of past disturbance that would have caused soil nutrient depletion affecting 

growth of younger shrubs, as the shrubs in replanted sites have been grown after 1990 

compared to the unknown shrub age of natural sites. The higher biomass per shrub in 

replanted sites compared to naturally regenerated sites could be attributed to low 

competition for resources among the shrub individuals in replanted sites that limits the 

stand volume in individual shrubs (Holdway et al., 2008; Kays and Harper, 1974; Li et 

al., 2000; Luyssaert et al., 2008). Variation in tissue biomass stored in plants in different 

sites can be attributed to species allometry which is highly influenced by abiotic factors 

including climate, environment, and competition for resources (Northup et al., 2005; 

Archer, 1989). The total biomass fraction in replanted sites (24% of total above ground 

biomass stored in LRGV) is almost even with its area fraction (26% of total area of 

LRGV). This result demonstrates that the shrub restoration efforts in LRGV have had a 

significant contribution in carbon sequestration. 
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Environmental Gradients 
 

The LRGV is characterized by a hot and arid climate with a gradient of 

decreasing precipitation and increasing temperature and PET from east to west (Table 1). 

I expected higher shrub density and biomass per ha, larger shrub AC, and higher biomass 

due to this environmental setting in the eastern part of LRGV.  However, past intensive 

agricultural activities, such as in Zone 2 seems important for growth and survival of 

shrubs across the LRGV. Past, intensive agricultural land use may have reduced soil 

fertility in Zone 2 resulting into lower shrub density, lower biomass per unit area, and 

smaller AC per shrub in Zone 2 compared to Zone 1 of replanted sites. Also, this may also 

explain why Zone 4 of replanted sites had higher biomass per shrub, AC per shrub, and 

biomass per ha compared to Zone 2. However, naturally regenerated sites in Zone 4 

showed larger AC per plant compared to those in Zone 1. This may be due to the aridity of 

Zone 4 where specific plant species are adapted for this low resource environment with 

higher growth associated with lower competition.  

 
 LRGV Shrubland and the Carbon Sequestration   
 

Shrubland ecosystems are important for their potential role in global carbon 

dynamics as they comprise 30% of terrestrial carbon contained in biomass and soil 

(Bechtold and Inouye, 2007; Lal, 2004; Luo et al., 2007; Melillo et al., 1993; Piao et al., 

2009). The potential of carbon sequestration in shrublands can be enhanced with 

management as they have the potential for sequestering more carbon than the terrestrial 

average required to balance current anthropogenic emissions (Luo et al., 2007). Native 

shrub restoration efforts can be justified for the ecosystem services they provide, habitat 
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conservation of endangered species along with carbon accumulation efficacy of this 

ecosystem type. 

 
Conclusion 

 
The results of this study demonstrated that individual shrub AC derived from 

remote sensing image can be useful for shrub density and biomass estimation across 

broad scales. Although correct delineation of individual shrub crowns and estimation of 

crown area is challenging, with proper calibration, this method provides a basis for 

application to similar thorn shrublands elsewhere. Overall, this method of density and 

biomass derived from aerial images provided estimations across a broad environmental 

gradient. Since, many current woody plant management and species conservation 

paradigms are based on inventory of woody plant stands as the basic unit, automated 

individual plant delineation can be an important step in providing stand information. The 

information provided by delineation of single plants can be directly used for management 

and conservation purposes. Taking into consideration the loss of 90% native vegetation 

cover in LRGV, restoration attempts by the refuge managers during the last two decades 

have resulted in limited success in replantation of native shrubs which contributes to 

conservation of target species related to replantation of native shrubs. In addition to 

habitat, the study showed that these woody shrublands are potential carbon sinks which 

may be used for carbon credits to facilitate further land acquisition for the management 

purpose.  
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CHAPTER THREE 
 

Plant water use characteristics of five dominant shrub species of the Lower Rio Grande 
Valley, Texas, USA: implications for shrubland restoration and conservation 

 
This chapter published as: Arjun Adhikari and Joseph D. White. 2014. Plant water use 
characteristics of five dominant shrub species of the Lower Rio Grande Valley, Texas, 

USA: implications for shrubland restoration and conservation. Conservation Physiology 
2:  doi:10.1093/conphys/cou005. 

 
 

Introduction 
 

Continued climate change including increased temperature and decreased 

precipitation may have rapid, widespread, and long-lasting impacts on species 

composition and distribution in shrublands (Condit et al., 1995; McDowell et al., 2008; 

White et al., 2008). Further climate-imposed reduction in soil water availability is likely 

to intensify with changes in growth, survival, and distribution of shrub species in these 

ecosystems (Grime, 1977; Archer, 1989; Gonzalez-Rodriguez et al., 2004; Otieno et al., 

2005; Gebrekirstos et al., 2006; Morgan et al., 2011). Water stress virtually affects all the 

physiological functions of plants related to photosynthesis and carbohydrate metabolism 

that affect their adaptation, growth, and distribution (Grime 1977; Escos et al., 2000; 

Ditmarova et al., 2009). Co-existence of diverse shrub species in shrublands reflects 

adaptation plasticity with resource partitioning strategies among these species to cope 

with limited soil water availability (Gonzalez-Rodriguez et al., 2004). Therefore, shrub 

species in these ecosystems have evolved key morphological and physiological attributes 

required for adaptation to soil water deficit.  

The suitability of shrub species for restoration and conservation of shrublands is 

related to water stress physiology of target plant species (Gebrekirstos et al., 2006).  Plant 
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water relation measures such as water potential, gas exchange, and intrinsic water use 

efficiency are common physiological indices to determine the water stress and its effects 

on plants (Vertovec et al., 2001). Water constraints in shrublands are primarily affected 

by precipitation inputs and the evaporative environment.  Excessive salt in soils also 

affects water available to plants by decreasing the osmotic potential of the soil water. 

Irrigation from surface water increases soil salt concentration as exclusion of salts by 

roots during transpiration coupled with low soil water recharge increases salt 

concentration in plant's root zone (McCoy, 1990; Archibald et al., 2006; Wiedenfeld, 

2008). High salt concentration in the soil negatively affects plant water uptake and turgor 

maintenance (Maas and Hoffman, 1977). 

In this study, I conducted a greenhouse study of five native, dominant shrub 

species from the Lower Rio Grande Valley (LRGV) of Texas to assess effects of drought 

and soil salinity on soil water potential and gas exchange properties. Within the LRGV, 

more than 95% of its original shrub cover was historically removed due to agricultural 

expansion, fuel wood harvest, and other anthropogenic activities during the past century 

(Ewing and Best, 2004). Restoration at LRGV by land managers during the last two 

decades has resulted in limited replantation of native shrubs. The restoration program is 

also aimed for the conservation of habitat of many endangered species such as ocelots 

(Leopardus pardalis) and jaguarundis (Puma yagouaroundi), which utilize the dense 

shrubs as hiding cover.  In addition to habitat, these shrublands are important carbon 

sinks (Navar-Chaidez, 2008). However, successful restoration of this shrubland requires 

an enhanced understanding of shrub species’ limitations, tolerances, and physiological 

responses to environmental factors to avoid increased soil water deficit. The specific 
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objectives of this study were to: (i) compare the shrub species for their adaptation and 

tolerance to prolonged soil water stress imposed by soil water deficit and increased soil 

salinity and (ii) assess the conservation of water related to assimilation of carbon as a 

potential measure of water stress adaptation.  

 
Methods 

 
 

Description of Native Shrub Habitat  
 

The LRGV is located in South Texas, USA, a part of the northern edge of the 

Tamaulipan Biotic province which is an assemblage of unique shrubland ecosystems that 

extends from the Gulf of Mexico plains in south Texas to northern Mexico (Jahrsdoerfer 

and Leslie, 1988, Reid et al., 1990; Gonzalez-Rodriguez et al., 2004). Soils of LRGV 

range from loamy fine sands to clays with deep, moderately fine textured formed in 

alluvial sediments (Jahrsdoerfer and Leslie, 1988; Wiedenfeld, 2008). Sea salt spray and 

irrigation water from the Rio Grande are the main sources of soil salinity in this site 

(Hendrickx et al., 1999; Foltescu, 2005; Wiedenfeld, 2008). The soil of LRGV contains 

between 800 to 900 mg-1L total salt (Wiedenfeld, 2008). The climate is semi-arid and 

sub-tropical with long, hot summers and short, mild winters (Eddy and Judd, 2003) with 

330 mean frost free days per year. The LRGV receives an annual average rainfall of 68.2 

cm with peak precipitation during September and October (Eddy and Judd, 2003). The 

yearly potential evapotranspiration is about 220 cm with average mid-summer vapor 

pressure deficit values of 3.05 kPa (Gonzalez-Rodriguez, 2004). 
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Greenhouse Experiment 
 

To assess species responses to soil water deficit and soil salinity, I chose five 

dominant native shrub species from the LRGV for greenhouse study. I cultivated plants 

of Acacia farnesiana (L.) Willd. [Fabaceae], Celtis ehrenbergiana (Klotzsch) Liebm. 

[Ulmaceae], Forestiera angustifolia Torr. [Oleaceae], Parkinsonia aculeata L. 

[Fabaceaa], and Prosopis glandulosa Torr. [Fabaceae] grown from seeds acquired from 

LRGV in a greenhouse.  

Twelve plants (0.5 m to 1.2 m in height) of each species were grown in 5-L pots 

filled with commercial potting soil and watered by drip-irrigation every day.  Each plant 

was fertilized with commercial fertilizer (approximately 3.5 g, Osmocote NPK – 18:6:10, 

Scotts-Siera Horticultural Product Company, OH) added to each pot every three months. 

Out of the twelve plants per species, four plants of each species were randomly selected 

to be used as controls with continued daily irrigation.  Four of the remaining plants were 

exposed to soil water deficit treatment by suspending watering for four weeks, referred to 

as the soil water deficit (SWD) treatment. The remaining four plants of each species were 

subjected to suspended water for four weeks coupled with soil salt treatments, referred to 

as the salinity treatment. The salt treatment consisted of initially dosing the potting soil 

with 680 ml of 0.86 M NaCl to acclimatize the plant to the added salt.  Next, plants were 

then irrigated with the addition of 680 ml of 1.72 M NaCl at the beginning of the second 

week of the experiment, respectively. The higher concentration of NaCl solution was 

equivalent to twice the amount of salt currently present in LRGV soil. To avoid biases 

associated with potential irradiance levels in the greenhouse, the plants were repositioned 
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within greenhouse each week. Temperature of the greenhouse was maintained at around 

22°C with relative humidity of 70-90%.   

 
Soil Water Potential Measurements 
 

The soil water potential (SWP) of each plant pot exposed to SWD and salinity 

treatment was measured in continuous mode using WP4-T Dew Point Potentiameter 

(Decagon Devices Inc. 2007, WA) every week for four weeks from the beginning of 

treatments (December 28th, 2011 to January 25th, 2012). Each sample was prepared with 

approximately 8.00 g soil taken at predawn, 8 to 10 cm below from top of each individual 

plant pot.  

 
Gas Exchange Measurements 
 

Midday net photosynthetic rate (Pn) and stomatal conductance (gs) of water vapor 

measurements were taken for each plant using CI-340 Hand-Held Photosynthetic System 

(CID Inc., 2008) at midday following same day of SWP measurement. Photosynthetic 

active radiation (PAR) intensity was maintained above 800 µmol m-2s-1 during the gas 

exchange measurements as plants grown in open environment requires this amount of 

PAR for active photosynthesis. For each leaf sample measured, leaf area was measured 

using Adobe Acrobat Professional 8 (Adobe Systems Inc., 2011) after digitally scanning 

each leaf (Visoneer OneTouch 9420 Scanner). The leaf area was used to calculate gs and 

Pn per unit area. 

 
Statistical Analysis 
 

I used repeated measure ANOVA to determine the effects of species, time, 

treatments, and their interactions on SWP, gs, and Pn followed by Tukey’s post hoc 
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multiple comparisons to analyze the differences in between the species and in between 

the time within the treatments. Pair-wise comparison was used to analyze the differences 

within the species in between the treatments (control vs SWD or salinity) in terms of 

SWP, gs, and Pn. The significance level was set at p = 0.05.  

 
Results 

 
 
Soil Water Potential 
 

For the SWD treatment, the water potential of C. ehrenbergiana soil in Week One 

(p = 0.004), Week Two (p = 0.004), and Week Three (p = 0.012) had significantly higher 

compared to that of Week Four (Fig. 10). The water potential of F. angustifolia soil in 

Week One (p = 0.010), Week Two (p = 0.019), and Week Three (p = 0.032) had 

significantly higher compared to that of Week Four (Fig. 10). For salinity treatment, the 

water potential of A. farnesiana soil in Week One (p = 0.001), Week Two (p = 0.002), 

and Week Three (p = 0.001) had significantly higher compared to that of Week Four 

(Fig. 10).  

The SWP was significantly different among the species for both treatments (Table 

3). The SWP of species was significantly reduced by treatment and time for both 

experiments (Table 3). The post hoc analysis showed that Week One, Week Two, and 

Week Three had significantly higher SWP compared to that  of Week Four of SWD 

treatment (p = 0.001). During this period, Week One had significantly higher SWP than 

Week Two (p = 0.008) and Week Three (p = 0.012). During four week of SWD 

treatment, Week Two had significantly higher SWP compared to Week Three (p = 

0.023). For salinity treatment, Week One (p = 0.001), Week Two (p = 0.001), and Week 
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Three (p = 0.001) had significantly higher SWP values compared to Week Four. During 

this period, Week One had significantly higher SWP values compared to Week Three (p 

= 0.001).  

 
 

 

Figure 10. Average SWP of five native shrub species over four weeks for SWD and 
salinity treatments.      denotes soil of C. ehrenbergiana and F. angustifolia had 
significantly lower water potential value at Week Four for both treatments and A. 
farnesiana had significantly lower water potential at Week Four of salinity treatment.  
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Gas Exchange  
 

The average gs value of control plants of all species remained constant throughout 

the experiment with no significant difference between species or over time. For the SWD 

treatment, A. farnesiana had significantly lower gs than control plants at Week Four (p = 

0.023, Fig. 11a). C. ehrenbergiana had significantly lower gs values compared to control 

plants at Week One (p = 0 .008), Week Two (p = 0.028), Week Three (p = 0.001), and 

Week Four (p = 0.01, Fig. 11a).  Compared to control plants, F. angustifolia had 

significantly lower gs at Week Three (p = 0.012) and Week Four (p = 0.027, Fig. 11a).  

At Week Three (p = 0.003) and Week Four (p = 0.011), P. aculeata had significantly 

lower gs values than that of control plants (Fig. 11a). When compared to control plants, 

P. glandulosa had significantly lower gs at Week Four (p = 0.025, Fig. 11a).  

For the salinity treatment, A. farnesiana had significantly lower gs values 

compared to that of control plants at Week Four (p = 0.012, Fig. 11a). When compared to 

control plants, C. ehrenbergiana had significantly lower gs value at Week One (p = 

0.015), Week Two (p = 0.049), Week Three (p = 0.001), and Week Four (p = 0.012, Fig. 

11a). At Week Four, F. angustifolia had significantly lower gs values than that of control 

plants (p = 0.022, Fig. 11a).  At Week Three (p = 0.012) and Week Four (p = 0.003), P. 

aculeata had significantly lower gs values compared to control plants (Fig. 11a).  

Compared to control plants, P. glandulosa had significantly lower gs at Week Four (p = 

0.005, Fig. 11a).  
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Table 3. Effects of species, treatments, time, and their interactions on SWP, Pn, and gs of 
five native species for control, SWD, and salinity experiments. P values were determined 
by repeated measure ANOVA at 95% CI. ns represents for non-significant results at p = 

0.05 significance level. 
 

Source Significance level 
  

SWP 
 

gs 

 
Pn 

    
 Control SWD Salinity Control SWD Salinity Control SWD Salinity 

 

Species - 0.001 0.001 ns ns ns ns 0.024 Ns 

Treatment - 0.001 0.002 ns 0.001 0.001 ns 0.001 0.001 

Time - 0.003 0.001 ns 0.008 0.004 ns 0.001 0.002 

Species X 
Treatment 

- ns 0.001 ns ns ns ns ns Ns 

Species X 
Time 

- ns 0.001 ns ns 0.002 ns ns Ns 

Treatment X 
Time 

- ns 0.001 ns 0.001 ns ns ns Ns 

 
 
The gs of the species were significantly reduced when analyzed by treatment and 

time for SWD and salinity treatments (Table 1). The interaction of time and treatment 

significantly reduced the gs of the species for SWD treatment (Table 1). The interaction 

of species and treatment had significant effects on gs of the species for salinity treatment 

(Table 1). The post hoc analysis showed that gs of the species was significantly reduced 

over time with Week Zero had significantly higher values compared to that of Week One 

(p = 0.001), Week Two (p = 0.001), Week Three (p = 0.001), and Week Four (p = 0.001) 

of SWD.  Week One (p = 0.007) had significantly higher gs values than Week Four (p = 

0.024) during this period of SWD treatment. For salinity treatment, Week Zero (p = 

0.001) had significantly higher gs value than Week One (p = 0.001), Week Two (p = 
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0.002), Week Three (p = 0.001), and Week Four (p = 0.001). During this period, Week 

One had significantly higher gs value than Week Three (p = 0.023) and Week Four (p = 

0.005) of the salinity treatment.  

 

 
 
 
Figure 11.  Average a. gs and b. Pn values of five native shrub species with 95% CI 
showing the result of control, SWD, and salinity treatments, respectively. *denotes lower 
gs and Pn of each species compared to its control plants for SWD and salinity treatments. 
¶ denotes significantly lower gs value of F. angustifolia for only salinity treatment at 
Week Four.  
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The average Pn value of all control plants remained unchanged throughout the 

experiment with no significant different between species or over time. For the SWD 

treatment, A. farnesiana (p = 0.001),  F. angustifolia (p = 0.029), and  P. aculeata (p = 

0.003) had significantly lower Pn values at Week Four compared to that of control plants 

(Fig. 11b). C. ehrenbergiana had significantly lower Pn values at Week Three (p = 0.013) 

and Week Four (p = 0.001) compared to control plants (Fig. 11b).  At Week Three (p = 

0.024) and Week Four (p = 0.009), P. glandulosa had significantly lower Pn values 

compared to that of the control plants (Fig. 11b).  

For the salinity treatment, I found that A. farnesiana (p = 0.001), F. angustifolia 

(p = 0.018) and P. aculeata (p = 0.003) had significantly lower Pn values at Week Four 

compared to the control plants (Fig. 11b). At Week Three and Four C. ehrenbergiana had 

significantly lower Pn values (p = 0.03) and (p = 0.013), respectively, compared to the 

control plants (Fig. 11b). At Week Three (p = 0.012) and Week Four (p = 0.008), P. 

glandulosa had significantly lower Pn values compared to the control plants (Fig. 11b). 

The Pn was significantly different only among the plant species of SWD 

treatment (Table 1). The Pn of species was significantly reduced by treatment and time 

for SWD and salinity treatments (Table 1). The post hoc analysis showed that Week Zero 

had significantly higher Pn of the species than Week One (p = 0.003), Week Two (p = 

0.002), Week Three (p = 0.001) and Week Four (p = 0.001) for SWD treatment. For 

salinity treatment, Week Zero had significantly higher Pn compared to Week Two (p = 

0.001), Week Three (p = 0.001), and Week Four (p = 0.001). During this period, Week 

One had significantly higher Pn values than Week Three (p = 0.046) and Week Four (p = 
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0.009).  During four weeks of salinity treatment, Week Two had significantly higher Pn 

values than Week Four (p = 0.001).  

 
Discussion 

 
Significant reduction of SWP values during the experiment due to the effects of 

drought and soil salinity indicates that soil water availability to the plants was reduced 

over time. The experiment showed that shrub species can survive under soil water 

potential as low as -10.02 MPa (e.g. C. ehrenbergiana). Plant species that continue to 

function under higher SWP may have specific adaptations to rehydrate plant cells more 

efficiently from available soil water or minimize the transpiration rate to conserve 

available soil moisture (Ritchie and Hinckley, 1975; Wan and Sosebee, 1991). Several 

studies have shown that SWP equilibrates with leaf water potential due to low 

atmospheric demand for water during predawn (Morgan, 1984; Saliendra et al., 1995; 

Sellin, 1996; Gebrekirstos et al., 2006; Gonzalez-Rodriguez et al., 2000). However, areas 

with high minimum temperatures may have transpiration at night where predawn leaf 

water potential does not equilibrate with SWP (Donovan et al., 1999, 2001and 2003; 

Bucci et al., 2004; Howard et al., 2009). Other factors responsible for this disequilibrium 

may include low osmotic potential of plant species (Berger et al., 1996), hydraulic 

resistance to soil plant-pathway (Myers and Neales, 1984), smaller plant size (Brown and 

Archer, 1990), nighttime growth induced reduction in cell water potential (Boyer, 1995), 

and soil moisture heterogeneity (Ourcival et al., 1994). 

Based on the results of observed SWP, I categorized A. farnesiana, C. 

ehrenbergiana, and F. angustifolia as water stress sensitive species as the soil of these 

species significantly reduced the water potential during the experiments. Contrary, P. 
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aculeata and P. glandulosa were categorized as water stress tolerant species as I did not 

observe significant loss of soil water potential of these species. For C. ehrenbergiana, the 

large decrease in SWP may be associated with high transpiration of this species which 

also had higher initial stomatal conductance. Hence, plants that can reduce transpiration 

during drought may have higher survivorship compared to the species with higher 

transpiration rate. Soil water stress tolerant species can withstand extreme dehydration of 

the protoplasm (Gonzalez-Rodriguez et al., 2011). These species continue to maintain gas 

exchange under strongly negative plant water potential by maintaining osmotic potentials 

or by accumulating solutes or by both (Morgan, 1984; Gebrehiwot et al., 2005).  

Higher SWP with saline soils suggests that salinity may reduce water loss from 

species during prolong water stress period.  Higher SWP during soil water stress suggests 

that solute concentration in root zone may reduce water loss from plants during relatively 

longer periods of water stress (Kozlowski, 1997).  Salt accumulation in the root zone of 

these species may result in increased solute concentration in xylem content due to 

mobilization of cell sap from cells en route to reduce water loss resulting into inefficient 

water extraction from soil (Gollan et al., 1985; Gonzalez-Rodriguez et al., 2011). The 

species grown in soil with higher water potential can maintain higher plant water 

potential compared to other coexisting species under identical environment that might 

involve osmotic adjustments during the soil water stress (Morgan, 1984; Tezara et al., 

1999; Chaves et al., 2003). Such species tolerate soil salinity by absorbing ions from soil 

that are sequestered in cell vacuoles or synthesized into compatible solute in the 

cytoplasm (Kozowlski, 1997). Significantly lower SWP in F. angustifolia and higher 
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SWP in P. glandulosa compared to other species after four weeks of the salinity 

treatments may be connected to higher and lower transpiration rate of these species.  

In the field, water stress tolerant species may be phreatophytic by necessity. For 

example, P. glandulosa may extract water from soil through deep rooting system that 

differentiates it from species with shallow rooting system (e.g. A. farnesiana, C. 

ehrenbergiana, and F. angustifolia). Plant strategies to cope with water stress may be 

related to deep versus shallow rooting system in competitive field environments 

(Gonzalez-Rodriguez, 2011). The advantage of allocating biomass in deep root systems 

by the phreatophytic species may be to avoid competition for available water in the upper 

soil surface with shallow rooted species. However, the greenhouse study showed that 

water stress tolerant responses are related to water conservation strategy rather than the 

phreatophytic characteristics. Such species have capacity to reduce the transpiration rate 

with decreasing soil water availability (Wan and Sosebee, 1991). These characteristics of 

P. glandulosa partially explain its increased dominance in drought prone shrublands of 

Texas over the past century (Brown and Archer, 1999).  

The findings of this study showed that significant reduction in gs occurred earlier 

than SWP of some species.  This suggests that small reduction in available soil water 

affects gas exchange of these plants. Mechanisms for this may be excessive root 

production of Abscisic acid during drought which is delivered to leaves by transpirative 

flow triggering stomatal closure to avoid tissue dehydration (Gowing et al., 1993; Trejo 

et al., 1993; Montagu and Woo, 1999). The complex interactions of other environmental 

factors such as leaf water potential, xylem hydraulic conductivity, plant nutritional status, 

xylem sap pH, and leaf to air vapor pressure deficit were also reported to the stomatal 
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control during soil water stress (Dai et al., 1992; Tardieu and Davies, 1992; Salleo et al., 

2000; Medrano et al., 2002). The salt concentration in rooting zone reduces root 

hydraulic conductance, and hence reduces the amount of water flow from the roots to the 

upper portion of canopy causing reduction in gs (Gonzalez-Rodriguez et al., 2004). The 

soil water stress can be even lower in the field compared to controlled environment that 

may increase variation in stomatal response to imposed drought effects (Davies, 1977; 

Dawyer and Stewart, 1985) 

I also found gs was affected by each of the treatments approximately one week 

earlier than that of net photosynthesis in three species suggesting that soil water stress 

affects water vapor conductance independent of photosynthesis. Plants may show both 

stomatal and non-stomatal limitation of photosynthesis during water stress (Noormets et 

al., 2001). A. farnesiana demonstrated stomatal control of photosynthesis where lower gs 

and photosynthesis occurred on the same week for this species.  For the remaining 

species, the data suggest non-stomatal inhibition of photosynthesis due to increased CO2 

reduction in the chloroplast, and reduced efficiency of RUBP regeneration due to 

inactivated electron transport via shrinkage of intercellular space (Iyengar and Reddy, 

1996).  The gs of most species decreases with high salinity as I observed (Parida et al., 

2004) which likely induce closure of stomata with restricted availability of internal CO2 

for carboxylation (Brugnoli and Bjorkman, 1992). Also, the leaf area changes associated 

with turgor loss may affect cell wall properties with decrease in net photosynthesis 

associated with cellular structure deformation (Franco et al., 1997; Gonzalez-Rodriguez 

et al., 2004).  However, more investigation is required to determine how stomatal or non-

stomatal reduction in photosynthesis for the shrub species tested in this study.  
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I found significantly reduced values of Pn of all species that occurred before 

decreases in SWP values of both treatments. In resource limited ecosystem, low 

accumulation of water and minerals available for investment in the photosynthetic 

apparatus may significantly reduce photosynthesis of species that maintain higher plant 

water potential (Soyza et al., 2004). Water stress imposed due to prolonged soil water 

deficit and soil salinity may affect growth and survival of plants due to reduction in gas-

exchange though may vary greatly among species (Bolarin et al., 1991). A potential 

reason for lower photosynthesis found due to the treatments might be reduced ATP 

synthesis with overall lower rates of cellular metabolism (Tezara et al., 1999). Reduction 

in photosynthesis due to soil salinity is accompanied by dysfunction in protein and 

nucleic acid metabolism and enzymatic activities (Kozlowski and Pallardy, 2002). 

However, I found no difference in net photosynthesis among the species for both 

treatments indicating that gas-exchange capacity of these species is broadly affected by 

soil water deficit.  

Only seedlings of the plant species were tested in this experiment. Some research 

indicates that growth form and plant size may influence species’ physiological responses 

to environmental factors. For example, Pn and gs of seedlings showed lower values 

compared to larger plants of the same species at more arid locations (Brown and Archer, 

1990; Knapp and Fahnestock, 1990; Donavan and Ehleringer, 1991 and 1992). However, 

seedlings of plant species grown in wet soil may have higher gs when compared to larger 

plants of same species (Donavan and Ehleringer, 1991). The variation may be attributed 

to shallow rooting system of younger plants in the field and smaller taproot for water 

storage (Brown and Archer, 1990; Knapp and Fahnestock, 1990). Hence larger plants 
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may show potential to avoid environmental stress that may have stronger and more 

negative effects on smaller plants of the same species. 

In semiarid shrublands such as the LRGV, precipitation has been gradually 

declining over the past century with increased magnitude and duration of drought periods 

(Porporato et al., 2001). Coupled with inherent saline soils from both the legacy of 

agricultural irrigation and air-born inputs from the ocean, inter-specific variations in soil 

water potential and gas exchange values recorded during the experiment suggested that 

the species showed differences in their capacity to withstand a wider range of soil water 

status.  All species studied are potential candidates for continued restoration and 

conservation of these degraded shrubland ecosystems. However, maintaining future 

diversity for Tamaulipan shrublands may be difficult given the range of water stress 

responses shown for this common group of shrubs species. 

 
Conclusions 

 
I found physiological evidence that soil water potential of the five co-occurring 

shrub species decreased in response to progressive water stress affecting their gas 

exchange capacity. Water stress due to drought and salinity affects interspecific 

differences in water relation and gas exchange characteristics of these species.  Findings 

of this study suggest that the coexisting plants have developed tolerance strategies to soil 

water stress, but the extent can be species specific.  The results of this study also 

indicated that soil water potential drives gas exchange limitation in some species and that 

photosynthesis in some species may be controlled by non-stomatal mechanisms of tissue 

water and solute concentration. From these experiments it can be concluded that while all 
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five species exhibited capacities to withstand current water availability, only two species 

have limited tolerances for extreme water stress.   
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CHAPTER FOUR 
 

Potential Climate Change Impacts on Shrubland Productivity and Habitat Conservation 
 
 

Introduction 
 

Shrubland ecosystems are important for their role in global carbon dynamics as 

they store approximately 30% of terrestrial carbon in tissue biomass and soil (Melillo et 

al., 1993; UNDP/UNSO, 1997; Lal, 2004; Bechtold and Inouye, 2007; Luo et al., 2007; 

Piao et al., 2009). These shrublands also serve as crucial habitat for many endangered 

wildlife species. Recent studies on climate change effects identified temperature, 

precipitation, vapor pressure deficit (VPD), and potential evapotranspiration (PET) as 

main drivers in altering the structure and function of shrublands affecting carbon 

sequestration potential, shrub species composition, and habitat of wildlife species (Archer 

et al., 1995; White et al., 2008; Adhikari and White, 2014). This leads to considerable 

uncertainty about the quantity and distribution of carbon stored in restored as well as 

naturally regenerated shrublands.  There is increasing interest in predicting plant growth 

and shrub biomass in response to changing climate and restoration efforts (Goodale and 

Davidson, 2002; Jackson et al., 2002; Wessel et al., 2004). Application of ecosystem 

process model approaches using information on current and predicted climate variability 

can provide a good estimation of carbon stored by shrubs. 

 The process-based models have been used to estimate plant biomass considering 

climate change impacts and management scenarios (Coops and Waring, 2001; Coops et 

al., 2005; White et al., 2000 and 2006; Battaglia and Sands, 1998; Almeida et al., 2010). 

An advantage of process-based models over conventional field based approaches is an 
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estimation of plant growth over larger areas with inadequate and biased observed data 

(White et al., 2000 and 2006). The process based models provide an opportunity to 

estimate carbon budget and to reveal plant community sensitivity to various climate 

factors such as temperature, precipitation, soil water availability, and soil nutrient 

acondition (Running, 1976; Almeida et al., 2010; White et al., 2000; Xenakis et al., 2008; 

Running and Coughlan, 1988; Running and Gower, 1991; Aber and Federer, 1992; 

Running and Hunt, 1993; McMurite et al., 1994; Battaglia and Sands, 1997; Berger and 

Hildebrandt, 2000; Battaglia and Sands, 1998; Ouyang et al., 2010; Landsberg and 

Waring, 1997).  

The Physiological Principles in Predicting Growth (3-PG) is a simplified process-

based model developed by Landsberg and Waring in1997, and has been widely applied in 

predicting plant growth rate and biomass accumulation using small number of 

parameterized variables from direct measurements and literature values (Landsberg and 

Waring, 1997; White et al., 2000 and 2006). The model has been calibrated and tested 

successfully to predict plant biomass in many ecosystems (White et al., 2000, Almeida et 

al., 2010; Coops et al., 2005). This model is based on an established photosynthetically 

active radiation energy conversion principle related to carbon allocation. The model 

requires some initial site specific physical parameters for simulation including latitude, a 

site fertility rating, maximum available site water, and general description of soil texture. 

Initial stand data to simulate 3-PG includes year and month planted, and stand age at the 

end of the rotation. Since historical long-term climate data can be used in 3-PG, the 

model can account for changing and fluctuating growth patterns as a result of climate 

variation. Main 3-PG outputs include the above ground biomass, net primary productivity 
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(NPP) leaf area index, VPD, temperature, and available soil water holding capacity 

(Landsber and Waring, 1997).   

White et al. (2000 and 2006), Coops et al. (2001), Coops and Waring (2001), 

Almeida et al. (2010), and Waring et al. (2010) have demonstrated the application of 3-

PG to large spatial data bases, geographical information system (GIS) or remote sensing. 

In this study, a spatial version with 30 - m2 resolution of Lower Rio Grande Valley 

(LRGV) was used to test the model’s ability to predict and quantify the effects of climatic 

variability on growth of restored shrublands. The model was originally developed to 

predict forest growth, however, shrubs are similar woody plants although different 

allometry and physiological attributes. During this study, I first parameterized the model 

to estimate above ground shrub biomass using the biomass data from my previous study. 

Also, I used the model output to assess potential habitat for two endangered species, 

ocelots (Leopardus pardalis) and jaguarondis (Puma yagouaroundi), which require 

closed shrub canopy as a hiding cover. Along with wildlife habitat, these shrublands are 

potentially important as terrestrial carbon sinks (Navar-Chaidez, 2008). The objectives of 

this study were: 1) to estimate and predict carbon storage potential of restored shrubland 

taking account into climate change effects; 2) to assess climate change effects on 

shrubland productivity with potential application in conservation of habitat for 

endangered wildlife species across the LRGV. 

 
Methods 
 
 

Study Site 
 

The Lower Rio Grande Valley (LRGV) is located in Lower Rio Grande Valley 

Wildlife National Refuge, Texas, USA. The LRGV encompasses 23000 ha conserved 
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area at the northern edge of the Tamaulipan Biotic province (Fig. 1, Blair, 1950; LRGV 

revegetation database 2009) and has been managed by US Fish and Wildlife Service 

(USFWS) since its establishment in 1979. Since 1982, 5560 ha of this land has been 

actively replanted with native woody shrub species as part of agency’s ecosystem 

restoration program. Westward from the Gulf of Mexico coast, the vegetation of LRGV 

thins with declining site water availability (Jahrsdoerfer and Leslie, 1988) as a result of 

low precipitation and high potential evapotranspiration along with VPD gradient (Fig. 

12). The LRGV primarily serves as important habitat for many endangered species such 

as ocelots (Leopardus pardalis) and jaguarondis (Puma yagouaroundi), which utilize the 

contiguous shrub cover as their habitat.  

 
 

 
 

Figure 12. Map showing vapor pressure deficit (VPD) across the Lower Rio Grande 
Valley shrubland. The LRGV is characterized by VPD gradient which increases from the 
east to west affecting shrub growth and distribution.  
 
 
Description of the Model 
 

The 3-PG model estimates stand growth based on absorption and utilization of 

incident solar radiation (White et al. 2006) where photosynthetically active radiation 

VPD (kPa)

2.07

1.30
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(PAR; ∅𝑝) is calculated from short wave radiation assuming that 50% of this radiation is 

in the PAR range (McCree 1972). Absorbed photosynthetically active radiation (APAR; 

∅𝑝𝑎) is estimated from global solar radiation and leaf area index (LAI) using the Beer-

Lambert law. The LAI used in calculating APAR is derived from the total foliage 

biomass present at the end of each month and a new monthly LAI value is derived from 

updated leaf biomass values multiplied by specific leaf area (SLA). The utilized portion 

of APAR (∅𝑝𝑎𝑢) is obtained by reducing APAR by a series of dimensionless modifiers, 

known to be environmental constraints to limit gas exchange via canopy conductance 

whose values ranges between 0 (system ‘shut down’) to 1 (no constraint) (McMurtrie et 

al., 1994; Runyon et al., 1994; see White et al., 2006). The dimensionless physiological 

and environmental modifiers(0 ≤ 𝑓𝑖  ≤ 1) incorporated in 3-PG multiplicatively applied 

to the quantum efficiency (𝑎𝑐 ) of the canopy to calculate gross primary productivity 

(GPP). These modifiers include effects of air temperature (𝑓𝑇  ), frost days per month 

(𝑓𝑓 ), available soil water ( 𝑓𝜃 ), atmospheric vapor pressure deficit (𝑓𝐷 ), site nutrition 

(𝑓𝑛 ), and stand age (𝑓𝑎𝑔𝑒 ). The 𝑓𝜃  is calculated from equation 1 

 𝑓𝜃 =  1

1+[
1−𝑟𝜃
𝑚 ]𝑛

   equation 1, 

where, 𝑚 and 𝑛 are coefficients representing the soil water potential change to different 

textural classes and 𝑟𝜃 is volumetric soil water content balance calculated as the 

difference between total monthly rainfall and evapotranspiration losses plus storage 

(Landsberg and Waring, 1997). Estimation of net primary productivity (NPP) by the 

model is a constant component of GPP and allocated NPP to different plant components 

as root and above ground foliage, and stem mass. As the ratio ∅𝑝𝑎𝑢/∅𝑝𝑎 decreases from 
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1.0 to 0.2, the fraction of biomass allocation in root increases from 0.2 to 0.6. The NPP 

allocation to root increases as soil fertility decreases and the rest of biomass is allocated 

to stems (𝑊𝑠) based on following allometric relationships (equation 2).  

𝑊𝑠 =  𝑓𝑠2 𝑐𝑚
𝐶

 𝐷𝐵𝐻𝑎𝑣𝑔𝐶 ,  equation 2 

where,  𝑓𝑠2 𝑐𝑚 is the partitioning ratio of foliage and stems at a diameter at breast height 

(DBH) of 2 cm, and 𝐷𝐵𝐻𝑎𝑣𝑔 is the calculated monthly stand average DBH. The 

coefficient is obtained from equation 3,  

𝐶 =  
𝑙𝑜𝑔𝑒(𝑓𝑠20 𝑐𝑚

𝑓𝑠2 𝑐𝑚
)

𝑙𝑜𝑔𝑒(10)
    equation 3 

where 𝑓𝑠20 𝑐𝑚 is foliage to stem partition when DBH of a plant is 20 cm. 𝑊𝑠 represents 

above ground biomass (AGB) accumulation over a given simulation time. Foliage 

biomass (𝑊𝑓) is derived from remainder of NPP after allocation to roots and stems. 

 
Spatial Data and Climate Zones 
 
 For simulations, 30 years of meteorological data (1981 - 2010) were extracted 

from Prism Climate Group (PRISM climate group, Oregon State University, 2011). 

Monthly mean maximum and minimum daily temperatures and precipitation, numbers of 

monthly frost days and, dew point temperature were generated from the original climate 

data developed by Prism Climate Group. Total incoming solar radiation (Qs) was 

estimated from equations developed by Coops et al. (2000).  

Spatial versions of LRGV including percent clay and sand, organic matter, 

fertility rating, soil moisture constant, power of soil moisture constant, and available soil 

water holding capacity (mm) were derived from Soil Survey Geographic (SSURGO ) 

data base (NRCS, 2014). Soil power constant and soil moisture ratio were estimated from 
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percent clay and percent sand using the equation developed by Saxton et al. (1986). 

Available organic matter values from SSURGO data was scaled and adjusted to derive 

soil fertility of LRGV. All the meteorological and soil data were spatially interpolated 

onto a 30 m2 spatial resolution grid for consistency. 

To estimate shrub biomass across the LRGV, the study area was divided into four 

climatic zones longitudinally with approximately equal distances from east to west (Fig. 

13, Table 4). For each climate zone, thirty years’ average temperature, precipitation, and 

PET were calculated as a reference (Table 4).  

 
 

 

Figure 13. Average monthly climate data (from 1980 – 2009) of the study sites located at 
LRGV. Abbreviations: ppt, precipitation; Avg Temp, average temperature; and VPD, 
vapor pressure deficit. All the climate data were taken from the PRISM climate group. 
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Table 4. East – West  climatic zone of LRGV and  30 years mean temperature, 
precipitation, and potential evapotranspiration values (PET) in each zone (source: PRISM 

climate group, Oregon State University, 2013). 
 
Zone Longitude Mean 

temperature 
(o C) 

Mean 
precipitation 

(cm) 

PET 
(cm) 

Number of 
tracts 

           
 

1 – 97.49 o to – 97.10 o 

 
16.09 70.20 36.30 

 
 12 

2 – 97.89 o to– 97.50 o 
 

15.90 65.50 51.60  12 

3 – 98.39 o to– 97.9 0o 
 

15.42 53.70 51.90  11 

4 – 99. 80 o to –98.40 o 
 

15.00 51.40 52.50  11 

  
 

Stand and Biomass Estimation 
 

The number of shrubs and average biomass of six native shrubs (Acacia rigidula, 

Celtis ehrenbergiana, Condalia hookeri, Diospyros texana, Prosopis glandulosa, and 

Zizyphus fagara) derived from remote sensing and allometric equations were the source 

of initial plant density and above ground biomass required for 3-PG simulation (Northup 

et al., 2005, Adhikari et al., in review).  While shrub species may differ  in morphology, 

life history, and growth rates, identification of each species from my previous study was 

not feasible, therefore I first estimated biomass of six species and took the average of 

these values for each shrub that were summed over entire study tracts with values 

reported in Mg/ha (Adhikari et al., in review). I used the power and constant values for 

the stem from a nonlinear equation derived from a relationship of total biomass and basal 

diameter for 30 Tamaulipan thornscrub species (Table 2; equation 4; Navar et al., 2004): 

 𝑦 =  0.059 𝐷𝑏2.43,   equation 4, 
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where, y is total shrub biomass, 0.059 is constant in stem biomass, Db is a basal diameter, 

and 2.43 is power in the stem biomass and diameter relationships. The shrub stand age 

ranged from 3 to 17 years was estimated from revegetation data provided by USFWS. 

 
Parameter Estimation, Calibration, and Confirmation 
 

I used parameter values from direct observation and literature to parameterize 3-

PG model (Table 5). Site specific parameters were adjusted for stem numbers, maximum 

stem biomass per stand at 1000 shrubs/ha, initial biomass for foliage, root, and stem, 

maximum litter fall rate, maximum canopy conductance, maximum stomatal 

conductance, canopy boundary layer conductance, beginning age of the stands, and end 

age of the stands for each tract (Table 5). For the rest of parameters either 3-PG default 

parameter values or values from published literature were used (Table 5). The vapor 

pressure deficit [𝑓(𝑉𝑃𝐷)] was modeled as a negative exponential function, i.e. 

𝑓(𝑉𝑃𝐷) = 𝑒𝑥𝑝−𝑘∗𝑉𝑃𝐷. The coefficient 𝑘 is based on relation between stomatal 

conductance and VPD for which Landsberg and Waring (1997) used a value of 2.5 kPa.  

For this study, I used a revegetation database developed for LRGV in which 44 

managed tracts were randomly selected across the LRGV for model calibration (27 tracts) 

and confirmation (17 tracts). The total numbers of tracts per climate zone of the study site 

are given in Table 1. The model was calibrated and confirmed independently by 

comparing above ground shrub biomass per ha estimated from remote sensing derived 

data and the model output (Fig. 14). 

 
3-PG Simulation 
 

The 3-PG simulation was carried out in GCC-Win32 (www.gcc.gnu.org) using the 

spatial data with default, and parameterized values. Total above ground biomass of 
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LRGV shrubland was simulated for 12 years for the baseline estimation (1997 – 2008). 

From the revegetation database provided by USFWS, the average age of replanted shrubs 

were estimated for 12 years (1993-2004). 

The model was simulated for 42 years to evaluate the effects of future climate 

change on shrub growth by projecting the meteorological spatial data for three future 

climate change scenarios predicted by General Circulation Model by 2050 (GCM; IPCC, 

2007). The GCM is an ensemble climate model developed from the sixteen sub-models 

(IPCC, 2007)   which consider three basic climate change scenarios on the basis of CO2 

emission rate for 2050. The B1 climate change scenario predicts stable global population 

with rapid economic growth and introduction of clean and resource-efficient technologies 

for low carbon emissions. The A1B scenario predicts medium carbon emissions because 

of increasing global population to the mid-century with rapid economic growth and 

introduction of new technologies. The A2 scenario predicts high carbon emissions 

because of continuously increasing population with low economic growth and 

introduction of less diverse technology compared to B1 and A1B scenarios (IPCC, 2007). 

Each scenario predicts significantly warmer temperature in future. For LRGV, the 

temperature increases with the values of +2.5 oC,  +3.3 oC, and +3.4 oC from the 

ensemble mean by 2050 (IPCC 2007) for B1, A1B, and A2 scenarios, respectively. The 

increase in temperature accompanies with a slightly increase/decrease in annual 

precipitation with the amount of 0.2 mm for B1, -2.9 mm for A1B, and -0.8 mm for A2 

scenarios.  
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Shrub Cover Assessment  
 
 Plant cover was estimated for all scenarios using Leaf Area Index (LAI) projected 

by 3-PG and shrub cover estimation equation developed by White (equation 2, 

unpublished). Using LAI, White (unpublished) has estimated cover for shrub species 

grown in Big Bend National Park common to the shrub species of LRGV. 

  𝑦 = 0.2624 𝑙𝑛(𝑥) + 0.6562  equation 4, 

where, y represents projected shrub cover value and x represents LAI estimated by 3-PG. 

The shrub cover layer of LRGV was developed to assess potential habitat for ocelots and 

jaguarondis. Shrub cover > 75% were considered as the suitable habitat for ocelots and 

jaguarondis (Haines et al., 2006). 

 
Table 5. The 3-PG model parameters used for prediction of shrub growth. “Default” 

values were set as default in 3-PG model by Landsberg and Waring (1998). 
 

Parameter Parameter v 
Value 

Units Sources 
 

    
Soil characteristics    

Fertility rating 0.2 - SSURGO 

Soil class 2 - SSURGO 

Maximum ASW (100cm) 300 Cm SSURGO 

Minimum ASW  (100cm) 50 Cm SSURGO 

Start age    

End age    

Year planted 1997 -  

Power in self thinning rule  -  

Fraction single-tree foliage biomass  0.02 - Observed 

Fraction single-tree root biomass  0.03 - Observed 

Fraction single-tree stem biomass  0.03 - Observed 

Stem Noi 164 ha-1                Adhikari et al.   (in 
review) 

Available soil water (ASWi) 175 Cm SSURGO 

Biomass and volume estimation    

Foliage:stem partitioning ratio@DBH=2 0.5 - Default 
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Table 5 continued 
 

Parameter Parameter value Units Sources 
 

    
Foliage:stem partitioning ratio@DBH=20 1 - Default 

Power in the stem mass v diam relationship 2.43 - Navar et al. 
2004 

Maximum fraction of NPP to roots 0.8 - Default 

Minimum fraction of NPP to roots 0.1 - Default 

    

Temperature modifiers    

Minimum temperature for growth 5 oC Default 

Optimim temperatutre for growth 27 oC Default 

Maximum temperature for growth 40 oC Default 

Days production lost per frost days 0  Prism 
Climatic 
Group 

Litter fall and root turnover    

Maximum litter fall rate 0.02 month-1 Default 

Litter fall rate at t=0 0.001 month-1 Default 

Age which litter fall has median value 11 month Default 

Average monthly root turnover rate 0.002 month-1 Default 

Conductance    

LAI for maximum conductance  -  

Maximum canopy conductance 0.028 ms-1 Observed 

Maximum stomatal conductance 0.002  Observed 

Canopy boundary layer conductance 0.27 ms-1 Observed 

Defines stomatal response to VPD 0.15 kPa Default 

Value of m when FR = 0 0.1 - Default 

Value of fNtur when FR=1.0 1 - Default 

Moisture ratio deficit for fq = 0.5 0.47 - Observed 

Power of moisture ratio deficit 5.92 - Observed 

Stem mortality    

Maximum stem mass per tree at 1000 
trees/ha 

45  Observed 

Maximum stand age used in age modifier 11 - Observed 

Power of relative age in function for fAge 4 - Default 

Relative age to give fAge=0.5 0.95 - Default 

Power in self thinning rule    

Canopy structure and processes    

Specific leaf area at age = 0 4.15 m2kg-1 Observed 
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Table 5 continued 

Parameter Parameter value Units Sources 

 
Specific leaf are for mature leaves 

11.95 m2kg-1 Observed 

Proportion_of_canopy_intercepted_rain_evaporated 0.15  Default 

Exitinction coefficient for absorption of PAR by 
canopy 

0.5  Default 

Age at full canopy cover 0 Years Observed 

Maximum proportion of rainfall evaporated from 
canopy 

0.15  Default 

Canopy quantum efficiency 0.044 mol C mol 
PAR-1 

Default 

    

Branch and bark fraction    

Branch and bark fraction at stand age 0 0.05 - Default 

Branch and bark fraction for matured age stands 0.15 - Default 

Age at which branch and bark fraction= 
1/2(fracBB)+fracBB1) 

1.5 - Default 

    

Ratio NPP/GPP 0.47 - Zhao et al. 2010. 

Basic density 0.37 tm-3 Premyslovska et 
al. 2007 

Beginning year of simulation  1997  

 
 
Model Results Comparison  
 

Coefficient of determination value (r2) was calculated from AGB values estimated 

by remote sensing and predicted by the model. Comparison of means of AGB derived 

from all scenarios (i.e. base line, B1, A1B, and A2) were compared using single factor 

ANOVA with Tukey’s post hoc analysis. The ANOVA with Tukey’s post hoc analysis 

was used to compare means of AGB along the environmental gradients of LRGV. 

Changes in mean NPP among different climate change scenarios across four zones of 

LRGV was carried out using single factor ANOVA with Tukey’s post hoc analysis. The 

effect of fVPD, fT, fθ, and fn on AGB predicted by all climate change scenarios was 

determined by r2 value. The significance level was determined at p < 0.05. 
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Results 
 
 
Model Calibrations and Confirmation 
 

The relationship between the predicted stand biomass by the model and the stand 

biomass estimated in my previous study was highly significant (p <0.05, Fig. 14). The 3-

PG predicted approximately 78 % and 93 % variations for calibration and confirmation 

with remote sensing estimation of AGB, respectively. The AGB values estimated by 

remote sensing ranged from 0.3 to 8.46 Mg/ha, while 3-PG predicted AGB values ranged 

from 0.3 to 6.12 Mg/ha for the entire LRGV. Differences between the mean AGB values 

estimated by remote sensing and 3-PG model were insignificant (p <0.05).  

 
 

 

Figure 14. Twenty-seven and seventeen replanted tracks were randomly selected from the 
model output image of LRGV for model calibration and confirmation, respectively. 
Figure 2 showed good correlation between the AGB estimated by remote sensing and 
predicted by 3-PG for model calibration and confirmation. Slope of both regression 
equation were significantly different (p < 0.05). 
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The predicted stand biomass was 13.30, 6.21, 3.51, and 3.07 Mg/ha for baseline, 

B1, and A1B, and A2 scenarios, respectively (Fig. 15). The stand biomass across the 

environmentally gradient of LRGV was significantly different among the scenarios (p < 

0.05). Baseline scenario predicted significantly higher AGB per ha compared to B1, A1B, 

and A2 climate change scenarios for the year 2050 ( p < 0.05, Fig. 15). The B1 scenario 

had significantly higher biomass compared to A1B and A2 scenarios ( p < 0.05, Fig. 15). 

 
Stand Biomass and NPP across the LRGV 
 

The model predicted 18.59, 13.70, 8.19, and 7.681 Mg/ha AGB for climate Zone 

1, 2, 3, and 4 of LRGV for baseline scenario, respectively (Fig. 16). For B1 scenarios, the 

model predicted 10.18, 4.95, 3.14, 2.57 Mg/ha AGB for climate Zone 1, 2, 3, and 4 of 

LRGV, respectively (Fig. 16). The model predicted 6.36, 2.97, 1.69, and 1.68 Mg/ha 

AGB for A1B scenario for climate Zone 1, 2, 3, and 4 of LRGV, respectively (Fig. 4). 

For A2 scenario, the model predicted 5.56, 2.60, 1.48, and 1.41 Mg/ha AGB for climate 

Zone 1, 2, 3, and 4 of LRGV, respectively (Fig. 16). The AGB predicted by 3-PG was 

significantly different among the zones for all scenarios (p < 0.05). The model predicted 

significantly higher AGB for Zone 1 compared to that of Zone 3 and 4 for the baseline 

scenarios (Fig 16, p < 0.05). The model predicted higher AGB for Zone 1 compare to 

zones 2, 3, and 4 for B1, A1B, and A2 scenarios, respectively (Fig 16, p < 0.05).  
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Figure 15. Mean above ground biomass with 95% CI error bars predicted by 3-PG for 
baseline, B1, A1B, and A2 scenarios. The mean AGB of LRGV was significantly 
different among the scenarios for the year 2050 (p < 0.05).  *  indicates that baseline 
scenario projected higher AGB compared to all three climate change scenarios (< 0.05) 
 
 

 
 
Figure 16. Mean above ground biomass predicted by 3-PG with 95% CI error bars for 
baseline, B1, A1B, and A2 scenarios. Mean AGB was significantly different among the 
climate zones of LRGV for all scenarios (p < 0.05).   *    indicates that Zone 1 had higher 
mean AGB than Zone 3 and 4 for baseline scenario and Zone 2, 3, and 4 for B1, A1B, 
and A2 scenarios (p < 0.05). 
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Figure 17.  Mean net primary productivity with 95% CI error bars predicted by 3-PG for 
baseline, B1, A1B, and A2 scenarios. The mean NPP of LRGV was significantly 
different among the scenarios for the year 2050 (p < 0.05).    * indicates that baseline 
scenario predicted higher NPP compared to all three climate change scenarios (< 0.05). 
 
 

 
 
Figure 18.  Mean net primary productivity predicted by 3-PG with 95% CI error bars for 
baseline, B1, A1B, and A2 scenarios. The mean NPP was significantly different among 
the climate zone of LRGV  for all scenarios (p < 0.05).  * indicates that Zone 1 had 
higher mean NPP than Zone 3 and 4 for baseline scenario and Zone 2, 3, and 4 for B1, 
A1B, and A2 scenarios (p < 0.05). 
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baseline scenario was significantly higher than that of B1, A1B, and B2 scenarios (p < 

0.05). The 3-PG predicted higher NPP for B1 scenario compared to that of A1B and A2 

scenarios (p < 0.05).  

 When compared among the climate zones, 3-PG predicted mean NPP value of 

0.35, 0.27, 0.17, and 0.15 Mg/ha/yr for Zone 1, 2, 3, and 4 for baseline scenario, 

respectively (Fig. 18). For B1 scenario, 3-PG predicted 0.070, 0.037, 0.025, and 0.019 

Mg/ha/yr of NPP values for Zone 1, 2, 3, and 4, respectively (Fig. 18). The predicted 

NPP values for Zone 1, 2, 3, and 4 of A1B scenario was 0.046, 0.023, 0.015, and 0.012 

Mg/ha/yr, respectively (Fig. 18). The model predicted NPP values of 0.041, 0.020, 0.013, 

and 0.010 Mg/ha/yr for Zone 1, 2, 3, and 4 for A2 scenario, respectively (Fig. 18). Zone 1 

of baseline scenario had significantly higher NPP values compared to Zone 3 and 4 (p < 

0.05). For B1, A1B, and A2 scenarios, the predicted NPP value was higher in Zone 1 

than that of Zone 2, 3, and 4 (p < 0.05).  

 
Modifier and Stand Biomass  
 

The 3-PG model predicted a significant positive correlation of fVPD and fT with 

AGB for all scenarios (p < 0.05, Figs. 19 and 20). The model showed 43 %, 87%, 86%, 

and 85% variation of fVPD in AGB, and 33%, 59%, 58%, and 57% variation of fT in AGB 

for baseline, B1, A1B, and A2 scenarios, respectively (Figs. 19 and 20). I did not find any 

correlation between soil water holding capacity (ASWHC) and AGB for all scenarios 

(Fig. 9). However, fn of baseline scenario showed a weak correlation with AGB (Fig. 21). 
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Figure 19. Correlation between AGB and fVPD predicted by 3-PG for baseline, B1, A1B, 
and B2 scenarios. All scenarios showed a significant positive correlation between VPD 
and AGB (p < 0.05). The correlation of determination value was higher for climate 
change scenarios B1, A1B, and A2 compared to the base line scenario.  
 
 

 
 
Figure 20. Correlation between AGB and fT predicted by 3-PG for baseline, B1, A1B, 
and B2 scenarios. All scenarios showed significant positive correlation between fT and 
AGB (p < 0.05).  
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not predict any such cells > 75% vegetation cover in any part of LRGV for rest of the 

scenarios. 

 

 
 

Figure 21. Correlation between AGB and fθ predicted by 3-PG for baseline, B1, A1B, and 
B2 scenarios. None of scenario showed significant positive correlation between fθ and 
AGB.  
 
 

 
 

Figure 22. Correlation between AGB and soil fertility predicted by 3-PG for baseline, B1, 
A1B, and B2 scenarios. Only baseline scenario showed significant correlation between 
soil fertility and AGB (p < 0.05).  
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Figure 23. Potential habitat of ocelots and jaguarondis assessed from a cover map derived 
from LAI predicted by 3-PG. The map showed the green raster cells with > 75% 
vegetation cover for only to Zone 1of LRGV for baseline scenario. These raster cells can 
be considered for suitable habitat of ocelots and jaguarondis. 
 
 

Discussion 
 

 This study represents an important attempt to parameterize 3-PG model for 

shrubland ecosystems. Results of this study showed that 3-PG can reliably represents 

patterns of above ground biomass across the environmental gradients of a shrubland 

ecosystem. The model was calibrated with the AGB values estimated by remote sensing 

data for LRGV (Adhikari et al., in review). The highly correlation between model 

calibration and confirmation with observed values showed that 3-PG provides credible 

predictions of shrub biomass and the model can be applicable to predict the shrubland 

productivity. However, slope of the regression equation for both calibration and 

confirmation AGB values predicted by the model were underestimated by approximately 

10% compared to the remote sensing-based estimates. Application of the 3-PG model to 

Shrub cover
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shrubland ecosystems depends largely on the selection of appropriate values for species 

and site-specific parameters. Many of these biophysical parameters are sensitive to shrub 

growth and were difficult to measure in the field. For example, value for root turnover 

which is strongly correlated to the root biomass allocation and temporal changes in site 

fertility was difficult to estimate from litter decomposition in such a large area during 

simulation (Sands, 2004; Zhao et al., 2009). However, recently developed allometric 

equations to estimate root biomass allocation and nutrient classification to determine soil 

fertility can help to reduce this type of shortcomings (Sands and Landsberg, 2002). 

The LRGV represents a hot and arid climate with a decreased precipitation along 

with increased temperature from east to west of Gulf of Mexico (Table 1). Hence I 

expected decreasing shrub biomass and NPP along western site of LRGV due to this 

environmental setting. Predicted higher AGB and NPP in Zone 1 compared to other 

Climate Zone for all scenarios showed that Zone 1 represents suitable habitat required for 

shrub growth. Due to this reason, higher shrub density has been found in the eastern part 

of the LRGV (Adhikari et al., in review).  It can be inferred that future climate changes 

likely to have more impacts on shrub productivity towards the western LRGV. 

Significant difference in predicted biomass among the climate zones across the 

environmental gradient of LRGV infers that climate factors largely control the plant 

production and distribution in shrubland ecosystem. Higher VPD as a result of high 

temperature and low precipitation should be the limiting factors in shrub growth and 

productivity of western LRGV (Fig. 12). Higher evapotranspiration in this ecosystem due 

to elevated temperature significantly reduces the soil water availability to the plants.  
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Significant difference between average biomass for baseline scenario predicted by 

3-PG (13.30 Mg/ha) and findings of Navar et al. (2002) for Tamaulipan thorn shrubs of 

Northern Mexico (60 Mg/ha) can be attributed to lower shrub density of 164 shrubs/ha 

found for LRGV compared to the shrub density of 5000 shrubs/ha in Northern Mexico 

(Adhikari et al. in review). Higher soil moisture availability in Mexico site can be another 

plausible reason which receives annual precipitation of 100 cm compared to that of 68 cm 

in LRGV. Low soil water availability and low fertility rating in LRGV soil can have 

negative impacts on plant growth and productivity of this ecosystem (Adhikari and 

White, 2014; Shangguan et al., 2000; Stape, 2000). High disturbance due to agricultural 

activities after European settlements in the past century along with recently planted 

young shrubs have contributed to low productivity of LRGV compared to that of low 

disturbed with mature shrubs assessed by Navar et al. (2002, 2004) in the Mexican side 

(Adhikari et al., in review). However, weak correlation between soil fertility and 

predicted AGB (r2 = 0.34)  for the baseline scenario indicated fertility impacts on shrub 

productivity depends upon the interactions of other factors in relatively infertile 

ecosystems. Hence the shrub species in this ecosystem may store greater proportion of 

biomass in their root systems (Landsberg and Waring, 1997). However, low plant density 

along with interactions of multiple abiotic factors such as temperature, precipitation, and 

VPD including soil water availability should be the most important for biomass and 

productivity of LRGV.  

Environmental constraints such as VPD as a function of high temperature, and 

low precipitation critically influence the structure and function of plant community in 

shrubland ecosystems (Kirschbaum, 2000; Berry and Bjorkman, 1980). Among the 
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environmental constraints, I found VPD as a main constraint on the shrub growth and 

productivity of LRGV shrubland (Fig. 14). The potential influence of VPD on shrub 

growth increased along an environmental gradient from east to west of LRGV. The 

analysis of model output revealed good correlation between fVPD and AGB values for all 

three climate change scenarios compared to the baseline scenarios. The GCM predicts 

higher VPD in the future due to continuous increase in regional temperature with higher 

PET surpassing the soil moisture availability. This reduces potential ecosystem 

productivity of the shrubland in future (Kirschbaum, 2000). Lower AGB predicted by 3-

PG for climate change scenarios compared to baseline scenario indicates that LRGV will 

experience higher VPD and  temperature  in future lowering carbon sequestration 

potential of shrubland ecosystem by affecting shrub growth and productivity. This can be 

a main constrain in shrub growth reducing the potential habitat of the endangered wildlife 

species. 

The model predicted decline in shrub cover and density towards the western site 

of LRGV (Jahrsdoerfer and Leslie, 1988). Control of climatic variables such as VPD and 

temperature in shrub cover dominate habitat sustainability and recovery of target 

endangered species. The cover analysis for baseline scenario showed few contiguous 

simulated cells with over 75% DN values confined to only Zone 1 of LRGV. These cells 

were considered as shrub patches after comparing them with digital color infrared aerial 

image of LRGV (Fig. 22). Thus, some simulated raster cells present in Zone 1 of the 

baseline scenarios can be considered as suitable habitat for the two endangered felids. 

However, population of jaguarondis can be viable in relatively open vegetation cover 

compared to that of ocelots (Haines et al., 2006). 
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Potential Sources of Uncertainty 
 
 The 3-PG estimates plant biomass using a number of complex climate and 

physiological variables that determine plant biomass production. However, the spatially 

derived climate data may not represent actual interactions of species with climate 

variables (White et al. 2000). For example, the microclimatic difference along 

environmental gradients of LRGV affects growth and biomass production of individual 

shrubs. The 30 m2 spatial surface data reduces presence of extreme environments along 

terrain, microclimate, and various soil properties in the study area. This can be main 

source of variation between model outcomes and observed values because local climatic 

and surface variation may be averaged over too broad on an area. For example, the leaf 

area decreases as environment becomes more water limited; however, the carbon 

requirement for unit leaf area production can be double, affecting growth rate and plant 

size (Landsberg and Waring 1997). This evidence is applicable to environmental 

gradients of LRGV where soil moisture decreases along the east west environmental 

gradient. Another source of uncertainty is self-thinning process of plants that creates 

uncertainty in the distribution of average biomass. By self-thinning process, numbers of 

individual shrubs per unit area decreases as average plants size increases over time. After 

thinning, the stand partition biomass and grows towards close canopy. Since, biomass 

partitioning in 3-PG is based on average stem diameter, it may not address the actual self-

thinning process that affects biomass accumulated by individuals. Current 3-PG model 

has incorporated – 3/2 of power rule for plant self-thinning which has produced a 

significant amount of bias to estimate biomass in plot study throughout New Zealand 

(Pinjuv et al., 2006). The other source of uncertainty is biomass estimation from remote 
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sensing data based on allometric equations for six native shrub species. The assumption 

may disregard representation of actual biomass present in the study area as species are 

differ in growth form and life history (Adhikari et al., in review). In addition, the study 

area is characterized by the coexistence of some leguminous species. As a general rule, 

the fast growing legume species can sequester carbon faster than other species but the 

model works without taking account into the effects of nitrogen fixing species which may 

account for another source of uncertainty. However, microbial decomposition of organic 

matter due to presence of nitrogen fixers may contribute to the release the organic carbon 

(Fog, 1988).  

 
Research Application of 3-PG  
 

The 3-PG model can be a practical tool to estimate biomass against conventional 

approach of measuring plant growth rates to the larger extent. However, the most 

important problem for many cases lies in observation of growth measurement. Landsberg 

and Waring (1997) pointed out measurement of leaf area is an important issue as it has 

substantial influence on growth rate and biomass production. The model output can 

provide an average biomass across landscape, and it is possible to predict standard 

distributions (e.g., Weibull distribution) to indicate the expected stem size distribution 

(Landsberg and Waring, 1997).  This distribution commonly takes characteristics of other 

types of distribution based on the shape and scale parameters (Pinder III et al., 1978). 

Also, based on the vegetation cover analysis from 3-PG predicted LAI can be a potential 

tool in determining the habitat suitability index of endangered felid species managed for 

this particular wildlife refuge.  
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Conclusion 
 

 An accurately parameterized process based model can predict the potential shrub 

growth under the influence of current and future climate variables. The approach of this 

study may have more general application of 3-PG in shrubland ecosystems. Results 

presented in this study highlights the capability of  3-PG model in predicting reasonable 

biomass and productivity concerning the carbon dynamics of shrubland ecosystem across 

a wide range of temperature, solar radiation, VPD, soil types, precipitation, and initial 

plant density using species and habitat specific parameters. Simulation of 3-PG 

undertaken for this study was based on appropriate parameter sets for shrub growth 

which increase the model’s application as a practical management tool to estimate 

shrubland productivity under the future climate change scenarios. The model predicted 

the high impact of climate change on vegetation growth and productivity of shrubland 

ecosystem in future reducing its carbon sequestration potential and habitat of endangered 

species. However, some simulated raster cells that represent growing vegetation in 

LRGV demonstrates potential carbon sink along with potential habitat of endangered 

species when implemented with proper conservation strategy with restoration of native 

shrub communities. I conclude that 3-PG is highly suitable to evaluate climate change 

impacts on shrub restoration efficacy and wildlife conservation.  
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CHAPTER FIVE 
 

Conclusions 
 
 

Shrubland ecosystems are considered to be a potential carbon sink and an 

important habitat of many endangered wildlife species.  These ecosystems are 

increasingly threatened by anticipated climate change with rapid, widespread, and long-

lasting impacts on species distribution and composition. Restoration of these shrublands 

has been a priority for carbon sequestration and conservation of endangered wildlife 

species. Restoration by conservation agency have resulted some successful 

reestablishment of native shrub communities with an increase of shrub biomass and 

vegetation cover. However, it is imperative to evaluate restoration efficacy, 

ecophysiological characteristics of restored species, and future climate change impacts on 

shrubland for better management and conservation of these shrublands. This study found 

that current and future climate change variability posed significant effects on carbon 

dynamics of shrubland ecosystems.  

Automated mapping of shrub canopy characteristics from fine-grained 

multispectral remote sensing data was used to estimate biomass carbon in shrublands.  In 

remote sensing study of shrubland, I developed a canopy identification algorithm that I 

applied to Digital Ortho Quarter Quadrangle images, with 0.5 m spatial resolution to 

estimate shrub canopy area for conservation lands in LRGV shrubland.  Aboveground 

biomass was estimated for individual shrubs using the delineated crown area as input into 

allometric equations developed for randomly selected dominant shrub species grown in 

this region.  The accuracy of the automated canopy identification, evaluated by 
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comparing with the number of visually-determined, hand-digitized shrub canopies, was 

79%.  Analysis of the canopy area and biomass results based on grouping of sites as 

regenerated through natural regeneration or replanted during the early 1990’s had higher 

average shrub densities of 174 individuals/ha of naturally regenerated sites compared 

with 156 individuals/ha for replanted sites. However, estimated average biomass was less 

for naturally regenerated sites with a value of 3.28 Mg C/ha compared to that of replanted 

sites with 3.71 Mg C/ha. I found that average biomass per shrub in naturally regenerated 

sites was lower compared to that of replanted sites (p < 0.05).  When results were 

analyzed by climatic zones across the study area, the areas with higher proportion of 

naturally regenerated sites had higher plant density, higher biomass per ha, and larger 

crown area per shrub (p < 0.05). Since the biomass stored per shrub was significantly 

different among the species (p < 0.05), the carbon sequestration potential of shrubland 

ecosystem is contingent on the selection of native species for restoration. 

For semiarid shrublands with a legacy of saline soils, characterization of soil 

water tolerant shrub species is necessary for habitat restoration given future projection of 

increased drought magnitude and persistence in these ecosystems. Five dominant native 

shrub species commonly found in the Lower Rio Grande Valley, USA, were studied 

including: Acacia farnesiana, Celtis ehrenbergiana, Forestiera angustifolia, Parkinsonia 

aculeata, and Prosopis glandulosa. To simulate drought conditions, I suspended watering 

of healthy, greenhouse-grown plants for four weeks.  Soil salinity affects were also 

studied by dosing plants with 10% NaCl solution with suspended watering. For soil water 

deficit treatment, the soil water potential of P. glandulosa was the highest (-1.20 MPa) 

followed by A. farnesiana (-4.69 MPa), P. aculeata (-5.39 MPa) with F. angustifolia (-
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6.20 MPa), and C. ehrenbergiana (-10.02 MPa). For the soil salinity treatment, P. 

glandulosa also had the highest soil water potential value (-1.60 MPa) followed by C. 

ehrenbergiana (-1.70 MPa), A. farnesiana (-1.84 MPa), P. aculeata (-2.04 MPa), and F. 

angustifolia (-6.99 MPa). Within the species, only C. ehrenbergiana and F. angustifolia 

for soil water deficit treatment and A. farnesiana for the salinity treatment had 

significantly lower soil water potential after four weeks of treatment (p < 0.05). I found 

soil water potential, stomatal conductance, and net photosynthesis of the species 

significantly reduced over time for both treatments (p < 0.05).  

I applied simple physiological model (3-PG) to predict future climate change 

impacts on biomass accumulation and vegetation cover along the environmental gradients 

of the Rio Grande Valley using remote sensing data and environmental variables. 

Estimated shrub density and biomass for LRGV shrubland from remote sensing study 

was used as the input for the model to predict shrub biomass for baseline and three future 

GCM scenarios projected by IPCC (2007) for 2050. I parameterized the model for 

simulation utilizing monthly surface solar radiation, temperature, and precipitation along 

with digital soil maps of available soil water holding capacity and fertility rating at a 30 - 

m2 spatial resolution. I found good correlation between predicted and remote sensing 

derived above ground biomass value (r 2 = 0.77) after calibrating key parameters for 

shrub vegetation. The model predicted significantly higher above ground biomass for 

baseline scenario (12.13 Mg/ha) compared to that of B1 (5.12 Mg/ha), A1B (2.87 

Mg/ha), and A2 (2.46 Mg/ha). Among the climate variables, vapor pressure deficit 

showed significantly higher control on biomass production with coefficient of 

determination (r 2 ) values for baseline,  0.55; B1,  0.86;  A1B, 0.84, and A2, 0.85, 
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respectively (p < 0.05). Using leaf area index predicted by the model, a shrub cover 

assessment in the study area identified some simulated cells over > 75% vegetation cover 

for baseline scenario of Zone 1 can be considered suitable for potential habitat of ocelots 

and jaguarondis. 

I concluded that native shrub restoration efforts within this regions, targeted for 

conservation of endangered wildlife species has also contributed to sequestering carbon 

in vegetation biomass. I also concluded that subsets of the species tested for this study are 

better adapted for restoration and that future conservation of the LRGV shrubland 

ecosystem will include a restricted diversity of shrub species. Based on the model, it is 

likely that the biomass produced for projected more warming scenarios was lower than 

that of a less warming scenario. I found that restoration efforts within LRGV have 

contributed to increasing shrub density and sequestering carbon in vegetation biomass, 

but future climate is likely to reduce its carbon sequestration potential.  
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APPENDIX A 
 

 
Table A.1. Equation predicting live biomass (LB, g) from canopy area (CA, m-2) for 

seven woody species for southern Texas thorn woodland (Northup et al. 2005). 
 

Species Biomass equation Correction Factor 
 

Acacia rigidula  Ln (LB)  =  6.316 + 1.465(LnCA) 
 

1.005 

Celtis pallid  Ln (LB)  =  6.782 + 1.406(LnCA) 
 

1.018 

Condalia hookeri  Ln (LB)  = 7.088 + 1.488(LnCA) 
 

1.004 

Diospyros texana  Ln (LB)  = 7.343 + 1.439(LnCA) 
 

1.009 

Mahonia trifoliolata   Ln (LB)  =  7.033 + 1.174(LnCA) 
 

1.009 

Prosopis glandulosa  Ln (LB)  =  6.873 + 1.482(LnCA) 
 

1.005 

Zanthoxylum fagara  Ln (LB)  =  7.049 + 1.213(LnCA) 
 

1.008 
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