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ABSTRACT 

 

 

Mohsin, Faeqa, Optimizing Species Selection for Forest Restoration in the Lower Rio Grande 

Valley. Master of Science (MS), August, 2020, 75 pp., 7 tables, 36 figures, references, 104 titles.  

 Over the past four decades, the Lower Rio Grande Valley has been reforested with over 

3.3 million native thornscrub plants in old agricultural land. However, assessments of LRGV 

forest restoration efforts are scarce, and to address the knowledge gap, we examined species-

specific responses to restoration interventions aimed at minimizing seedling mortality during 

critical the seedling stage, when high mortality occurs due to the interactive effects of abiotic 

stress, compromised soil nutrient status and herbivory. We evaluated seedling mortality and 

growth in 24 native species in response to seedling shelters & mycorrhiza-biostimulants 

admixture. We also quantified 15 plant functional traits including, wood density and root mass 

fraction to determine the potential of these plant traits to serve as predictors of native plant 

mortality in restoration. We found that only physical shelters reduced overall mortality and 

greater wood density, root mass fraction and lower root tips, stem height were associated with 

lower seedling mortality. These results contribute to an integrative understanding of native plant 

physiology and extend the scope of this work to aid in the selection of species and interventions 

in forest restoration.
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CHAPTER I 

 

 

INTRODUCTION 

 

 

Forest Restoration in the Lower Rio Grande Valley 

The Lower Rio Grande Valley (LRGV), located in the southernmost tip of the United 

States and northeastern Mexico, is a deltaic plain sloping away from the Rio Grande river, 

resulting in a combination of climate and edaphic factors that give rise to a highly biodiverse 

ecosystem composed of multiple unique biotic communities of immense ecological significance 

(Jahrsdoerfer and Leslie 1988). These biotic communities are supported by a range of different 

habitats including riparian woodlands, floodplains, woodland potholes and basins, and 

Tamaulipan thorn forests which is unique to the Rio Grande Valley and northeastern Mexico 

with its characteristic dense and thorny vegetation (Leslie 2016; Shindle and Tewes 1998). These 

habitats support a host of flora and fauna comprising approximately 1,200 plant, 700 vertebrate, 

and 300 butterfly species, including 17 federally listed endangered and threatened species 

(USFWS 2014b). Apart from functioning as a wildlife corridor for many species and a crossroad 

for bird migration for many of the 520 documented bird species in the region, these unique 

habitats also serve as a transition point between tropical and temperate regions (Mathis and 

Matisoff 2004). 
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The LRGV is semi-arid with infrequent frosts resulting in long growing seasons and has a 

unique climate which can be defined as neither temperate nor tropical. However, the Köppen-

Geiger climate classification describes the area as hot semi-arid (Kottek et al., 2006). Mean 

annual precipitation ranges between 96.93 to 46.91 centimeters going from the Gulf of Mexico 

coast inland to Rio Grande City, and most of the rainfall is received in September – October 

(National Weather Service 2014, Norwine & John 2007). 

Agriculture and urbanization have removed over 95% of the original vegetation of the 

Lower Rio Grande Valley including 99% of the native brush in riparian areas (Jahrsdoerfer and 

Leslie, 1988). In historically degraded lands such as the LRGV, ecological restoration provides 

the opportunity to reintroduce and re-establish communities of native biota, which can promote 

soil conservation and mitigate biodiversity loss, forest clearance, and other emerging 

environmental challenges. Since 1958, facilitated succession through direct seeding or 

transplanting of native species has been the primary means of habitat restoration, primarily on 

abandoned pasture or agricultural land (Judd 2002). 

 

Unraveling the Mechanisms of Successful Seedling Establishment 

A critical period determining the success of forest restoration is the seedling stage where 

high mortality due to the interactive effects of abiotic stress, mammalian herbivory, and 

increased competition from invasives and agricultural weeds leading to soil nutrient depletion, 

constrains native plant density until they reach reproductive maturity. Although adult plants can 

survive abiotic stress due to plasticity in growth traits, and physiological and morphological 

adaptations, seedlings introduced through planting are extremely sensitive to abiotic stressors 

such as drought since their root systems are not yet well established (Vallejo et al. 2012). 
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Moreover, the increasing coincidence of anomalously high temperatures with droughts under 

climate change can further exacerbate seedling mortality (Breshears et al. 2005). 

Studies have shown that one of the key predictors of seedling mortality in semiarid 

restoration sites is soil water content, which is exacerbated by transplanting-induced water stress 

(Vora 1992; Struve 2009). Transplant shock, which is a condition of impaired functionality in 

plants due to distress, is one of the primary challenges of native plant restoration, which accounts 

for the initial pulse of post-planting mortality (Struve 2009). Several restoration practices have 

been developed to regulate soil moisture and facilitate the survival of seedlings transplanted for 

restoration, including various types of artificial tree shelters (Vallejo et al. 2012) or belowground 

reservoirs for holding slow-release water. Shelters and reservoirs can modify the physical 

environment of planted seedlings, reduce transpiration and herbivory, promote shoot growth, and 

improve overall plant performance (Bellot et al. 2002; Vallejo et al. 2012). However, shelters 

and reservoirs may have certain drawbacks. For example, promoting shoot growth may lead to 

reduced root-to-shoot ratio, which diminishes plants’ ability to withstand subsequent drought 

stress. Moreover, increasing shoot growth can lead to the formation of leggy stems from 

insufficient support to deal with wind damage when shelters are removed (Vallejo et al. 2012). 

Hence, shifting abiotic conditions in these shelters coupled with the structural and physiological 

differences among species suggests species will respond to shelters differently. 

To promote growth, microbial activity, and nutrient assimilation in plants, which in turn 

affects its ability to withstand environmental stress, plants are often supplied with biostimulants. 

These biostimulants are microorganisms or substances or a combination of both applied to plants 

to stimulate growth, increase abiotic stress tolerance and nutrition efficiency (du Jardin 2015). 

They comprise mixtures of plant hormones, manures, and mycorrhiza which have shown to 
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mediate the effects of plant stress, particularly water stress. The mycorrhizae, which are 

symbiotic fungi that facilitate nutrient and water uptake in seedlings, have the potential to reduce 

mortality resulting from relatively low water content available to reforested plants in arid 

environments. Hence, pellets containing a mixture of beneficial biostimulants when supplied to 

the roots have the potential to help plants withstand abiotic stress (Struve 2009). 

 

Plant Traits and Seedling Survival 

Plant traits associated with plant-water relations and drought resistance may be key 

predictors of seedling survival in arid environments. Adaptive traits for drought may be 

morphological, physiological, or a combination of both. Morphological traits include wide-

spreading, deep, and highly branched roots, which is reflected through the increase in root mass 

fraction, and specific root length (SRL) (Kramer & Boyer 1995). Leaf mass per area (LMA), the 

ratio of leaf dry mass to fresh area, is an indicator of the degree of structural investment in leaf 

tissue and is higher in species that live on nutrient-poor, dry soil since it may increase resistance 

to wilting in dry conditions (Wright, Westoby and Reich 2002; Bartlett, Scoffoni and Sack 

2012). Wood specific gravity (WSG), the ratio of stem dry mass to fresh volume, is associated 

with the prevention of xylem implosion caused by negative pressure, and thus drought tolerance 

(Hacke et al. 2001). 

Plant functional traits, which are defined as the morpho-physio-phenological 

characteristics of plants that impact plant performance, have been used to understand 

interspecific variation in species performance (Werden, et al. 2018; Violle et al. 2007). While 

certain traits, such as water-use efficiency, photosynthetic parameters, wood density have been 

found to predict survival at different ontogenetic stages of plants, easily measurable traits other 
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than leaf dry mass content, are not always good predictors of survival (Werden, et al. 2018). 

Werden et al. showed that wood density was a key predictor of survival during the first wet 

season and transplant shock. However, after the first dry season, only, photosynthetic and water 

use traits were predictive of survival. Hence, it is important to select functional traits that 

covered a broad range of processes and that are specifically good predictors of survival in 

thornscrub species. 

To investigate species-specific responses to restoration interventions and elucidate the 

relationship between plant functional traits and plant performance, we conducted a two-tiered 

study. In the first part, we quantified time-specific mortality and growth of 24 species of restored 

native plants post-transplantation for 1 year in response to two different restoration intervention 

components aimed at preventing herbivory and water stress. Then we quantified the root, stem, 

and leaf functional traits of a subsample of seedlings of the 24 species used in restoration 

plantings through destructive measurements in the laboratory. The goal was to link species-

specific mortalities to restoration interventions and plant functional traits for understanding 

which underlying physiological processes lead to greater tolerance to the primary environmental 

stressors for determining the fate of reforested plants. 
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CHAPTER II 

 

 

SPECIES-SPECIFIC RESPONSES TO RESTORATION INTERVENTIONS IN A 

TAMAULIPAN THORN FOREST 

 

 

Abstract 

Globally, unmitigated environmental degradation has created an urgency to restore native 

forests. In the Lower Rio Grande Valley, native thornscrub forest restoration in semi-arid regions 

has been ongoing for the past 4 decades and involves either direct seeding or transplanting native 

species in old croplands. A critical period determining the success of forest restoration is the 

seedling stage when high mortality constrains resultant native plant density until they reach 

reproductive maturity. Restoration interventions (RIs), defined as the modification of physical 

and environmental factors that impede ecosystem recovery, have been shown to facilitate native 

plant restoration outcomes in the LRGV.  Since species-specific response to restoration 

interventions aimed at minimizing seedling mortality post-planting is key for quantifying 

benefits of RIs and optimizing species selection, to this end, we evaluated the survival and 

growth rate of 3600 native seedlings belonging to 24 species on a bi-monthly basis in response to 

RIs incorporating a combination of physical seedling shelters, slow-release moisture, and a 

mycorrhiza-biostimulant admixture in a semi-factorial design for one year since planting. We 

found that while seedling shelters successfully decreased mortality and increased growth, 

species-specific responses were 
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more varied since only 4 species had reduced mortality due to shelter use and 20 species had 

increased growth due to shelter use. These results indicate that while well-designed interventions 

tailored to offset the key environmental stressors increase survival during this one year, the role 

of these interventions in facilitating survival is not that straightforward, potentially due to the 

varying role that plant traits play in determining the growth-survival tradeoff across the 24 

different species. This is further corroborated by the large species differences in survival ranging 

from 31% to 92%. Hence, we can conclude that forest restoration strategies should increasingly 

focus on the selection of appropriate species and investments in other costly restoration 

interventions require ecological prudence. These results contribute to an integrative 

understanding of how the physiology of native plants translates into performance at the critical 

seedling stage for informing future restoration efforts. 
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Introduction 

Human activities have led to a substantial decline in natural habitat through altering 

almost half of the Earth’s surface (Vitousek, Mooney, Lubchenco & Melillo, 1997).  Semi-arid 

regions, which currently account for 17.7% of the Earth’s land surface area, were historically 

comprised in large part by forests, and play important roles in climate regulation (Rotenberg and 

Yakir, 2010, Schimel 2010). Such areas have undergone some of the most intense land-use 

changes due to urban and agricultural expansion precipitated by population growth and often 

consist of abandoned pastures and croplands that have soil with excess or inadequate nutrients 

resulting from intensive agriculture, and often little to no pre-existing canopy cover (Vora, 1992; 

Padilla, 2009). Degraded semi-arid regions are being increasingly targeted for reforestation or 

afforestation activities and have a large carbon sequestration potential for mitigating climate 

change (Grunzweig et al. 2003; Bastin et al., 2019). However, restoration of native communities 

in these areas faces unprecedented challenges due to the compounding of ecological stressors 

such as drought, high irradiance, soil infertility, high temperatures and herbivory (García-Fayos 

& Verdú, 1998; Maestre, Cortina, Bautista, Bellot & Vallejo, 2003; Padilla et al., 2011).  

One of the critical elements determining restoration success is seedling survival.  Native 

plant revegetation usually consists of seedlings as transplants, which are extremely sensitive to 

environmental hazards such as water stress, extreme temperature and herbivory (Moles & 

Westoby, 2004; Padilla, et al. 2011). Selecting early successional species for restoration should, 

in theory, improve survival and overall success, as these species can maintain high growth rates 

under high light loads, but this is not always the case in practice (Padilla et al. 2011) This 

discrepancy may be due to a trade-off in seedling performance under drought versus high light 
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(Niinemets & Valladares 2006), both of which are prevalent in the early stages of reforestation in 

semi-arid areas.  

Therefore, several restoration interventions (RIs) have been developed to regulate soil 

moisture and facilitate the survival of seedlings transplanted for restoration, including various 

types of artificial tree shelters (Vallejo et al. 2012) or reservoirs for holding slow-release water. 

Shelters and reservoirs can modify the physical environment of planted seedlings, reduce 

transpiration and herbivory, promote shoot growth and improve overall plant performance 

(Bellot et al 2002; Vallejo et al 2012; Jiménez et al., 2005; del Campo et al., 2006; Valdecantos 

et al., 2014). However, tree shelters may have mixed effects on enhancing seedling survival for 

different species (Padilla, 2011), which may be contingent on species successional strategy. For 

example, promoting shoot growth can lead to reduced root-to-shoot ratio, which diminishes 

plants’ ability to withstand subsequent drought stress. Moreover, increasing shoot growth can 

lead to the formation of leggy stems with insufficient support to deal with wind damage when 

shelters are removed (Vallejo et al 2012). Hence, shifting abiotic conditions in these shelters 

coupled with the structural and physiological differences among species suggests species will 

respond to shelters differently. Further assessment is required, therefore, to understand the costs 

and benefits of certain interventions aimed at enhancing restoration success, especially since they 

account for a sizeable portion of the restoration budget when implemented at large scales (Padilla 

et al., 2011). 

The Lower Rio Grande Valley (LRGV) of the United States and northeastern Mexico is a 

highly biodiverse region that supports a host of flora and fauna comprising 1,200 plant, 700 

vertebrate, and 300 butterfly species, including 17 federally listed endangered and threatened 

species (USFWS, 2014b; Jahrsdoerfer and Leslie, 1988). However, agriculture and urbanization 
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led to the removal of 91-95% of the original vegetation of the LRGV and 99% in riparian areas 

(Tremblay et al., 2005; Jahrsdoerfer and Leslie, 1988). In historically degraded lands such as the 

LRGV, ecological restoration provides the opportunity to reintroduce and re-establish 

communities of native biota, which can promote soil conservation and mitigate biodiversity loss, 

forest clearance, and other emerging environmental challenges.  

Since 1958, in the LRGV, facilitated succession through direct seeding or transplanting 

of native species has been the primary means of habitat restoration, primarily in abandoned 

pastures or agricultural land and over 3.3 million seedlings have been planted to date for the 

restoration of the Tamaulipan thornscrub (Vora, 1992; USFWS, 2014b). Herbicides and shelter 

tubes have been shown to enhance the survival of the thornscrub seedlings in the LRGV through 

controlling invasive grass cover and preventing herbivory (Alexander et al., 2016; Dick et al. 

2016). However, to-date, there are no large-scale assessments of the LRGV restoration program 

that elucidates species-specific differences in survival as has been done in other regions (Padilla 

et al., 2009; Werden et al., 2018). Studies show that when vegetation restoration in arid and 

semi-arid regions is not tailored to the local environmental conditions, the environmental policy 

goals are unmet and may often lead to decreased vegetation cover and diversity, deterioration of 

soil ecosystems, and exacerbation of water shortages. These unintended consequences often 

occur due to inappropriate species selection along with unaddressed climate and landscape 

factors that make the site unsuitable for restoration (Cao et al., 2011). Therefore, research that 

elucidates species-specific responses to RIs is key for quantifying the benefits of restoration 

strategies and optimizing species selection.  

To address these knowledge gaps, we investigated 24 different Tamaulipan thornscrub 

species’ seedlings across different shelter types to determine species-specific and shelter-specific 
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variation in survival outcome. We monitored mortality and growth of 3600 seedlings belonging 

to these species over 12 months on a bi-monthly basis to determine species-specific, treatment-

specific, and seasonal differences in survival. The relationship between survival and growth rates 

can be indicative of different outcomes depending on which ecological processes dominate 

during seedling establishment in arid land restoration. If plant traits associated with resource 

conservation are critical for surviving initial periods of transplant shock and subsequent abiotic 

stress (Reich 2014), seedling survival should decrease with growth rate. If, however, fast 

aboveground growth rates result in seedlings reaching a safer size faster to outgrow herbivore 

stress, competition and establish sufficient root systems, and thus enabling plants to access more 

stable resources such as deeper soil moisture (Holmgren et al., 2006; Gabler and Siemann 2013), 

then subsequent (vs. initial) seedling survival should increase with growth rate. These hypotheses 

are not mutually exclusive, and thus may counteract each other, but the direction of the survival-

growth relationship can be indicative of which process dominates. So, we determined the 

seedling survival and growth rates of each species with and without treatment to find out which 

process dominates. The objective was to determine the growth rate of each species and their 

survival rates to ascertain the effective resource acquisition strategy (fast vs. slow) in the given 

set of environmental conditions at La Sal del Rey in the Lower Rio Grande Valley Wildlife 

Refuge. We also looked at whether interventions designed to offset aboveground and 

belowground abiotic and biotic stress such as water stress and herbivory can alter the effective 

resource acquisition strategies and confer survival benefits for some species. This will enable us 

to find the best performing species in the restoration of native thornscrub seedlings in the semi-

arid Lower Rio Grande Valley and quantify the benefits of restoration interventions for 

increasing seedling survival to inform future restoration strategies.  
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Methods 

Study site & planting methods 

The study area La Sal del Rey (26°31’55″N,98°03’50″W), in Hidalgo County, Texas and 

located 4 miles east of San Manuel, Texas, has been part of the Lower Rio Grande Wildlife 

Refuge since 1992 and has undergone reforestation efforts since 1993. In late October to early 

November of 2018, the US Fish & Wildlife Service & Land Life Company 

(https://landlifecompany.com/) planted over 100,000 seedlings as part of a broader Lower Rio 

Grande Valley National Wildlife Refuge native plant restoration project. Temperature ranges 

from 10-37 degrees Celsius with 23 inches of annual rainfall. The soil type consists of Brennan 

sandy loam and Hebbronville sandy loam with a slope ranging from 0-3%. Woody species that 

are commonly found in this area include Acacia rigidula, Ebenopsis ebano, Havardia pallens, 

Cordia boissieri, and Karwinskia humboldtiana (Alexander et al., 2016).  

Experimental design & restoration interventions  

The study consisted of an unreplicated split-plot design in which 25 seedlings of each of 

the 24 Tamaulipan thornscrub species were each assigned to two shelter types and control, each 

of which was subdivided into a mycorrhizae-biostimulant (MBS) admixture treatment and 

control (no MBS), for a total of 3600 seedlings (25 replicates x 24 species x 3 shelter types x 2 

MBS types) (Fig. 1). Due to the opportunistic nature of this study, it was not possible to conduct 

a randomized block design; however, we assigned seedlings a posteriori to one of three blocks 

within each shelter treatment to control for pseudoreplication (see ‘Statistical Analysis’ below). 

Tree shelters consisted of two types (tubes and ‘cocoons’) designed to limit herbivory and 

promote seedling establishment. Tree tubes are 80 cm tall double layer of polypropylene material 

https://landlifecompany.com/
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with lateral ventilation and anchored with a stake to the ground at planting. ‘Cocoons’, a recently 

developed tree shelter consisting of a donut-shaped 5-gallon biodegradable trough (Land Life 

Company, Amsterdam, The Netherlands) were centered on each seedling and filled with 5 

gallons of water at planting, supplying roots with slow-release moisture over 1-2 months. A 30 

cm tall vented cardboard shelter surrounds the seedling above-ground. The MBS treatment was 

intended to facilitate rooting through increased microbial activity and nutrient supply to the 

roots. It consisted of a commercial pellet (Soil Moist Plant Tabs, JRM), two of which were 

supplied at the base of the plant at the time of planting. Each tab contained ten million spores of 

5 types of ectomycorrhizal fungi, 50 spores of 7 types of endomycorrhizal fungi, organic 

fertilizer in a fulvic acid base, and the rooting hormone indole butyric acid. MBS tabs, however, 

were not designed for use in hot arid ecosystems, as they consisted predominantly of 

ectomycorrhizal species. 

Seedling censuses 

We measured growth and recorded survival of all seedlings for a year after planting. The 

initial monitoring occurred over 2 months from planting date (November-December 2018) and 

consisted of tagging each plant with a unique identifier, recording species names and 

intervention treatments, measuring baseline height, and recording their location. 2nd-6th 

monitorings occurred in January, February, March, April, July, and October 2019 respectively.  

These monitorings quantified vigor (proportion of green leaves left on the stem), branching 

(number of main branches), animal damage (whether there were signs of herbivory on the trees), 

and height measurement. Vigor was measured on a scale of 0-3, where 0 indicated the absence of 

any green healthy leaves and 3 indicated that over 75% of leaves on the plant were present and 

healthy. Animal damage was also measured on a scale of 0-3 where 0 = No animal damage, 1 = 
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slight animal damage, 2= moderate animal damage, and 3= severe animal damage. Zero vigor 

and severe animal damage indicated mortality of the seedlings, which was verified in subsequent 

surveys to avoid counting trees as dead when they were merely leafless.  

Estimating growth and mortality 

Relative height growth rate (RGRh, i: cm cm–1 yr–1) of seedlings at any given census i was 

calculated as RGRh,i = (log(Hi) – log(Hi-1))/(ti−ti-1)  where Hi and Hi-1 are seedling height at the 

current and previous census, respectively, and ti and ti-1 indicate time elapsed (fractional years) 

since planting for the current and previous census, respectively (Alvarez-Aquino et al. 2004). 

We estimated mortality (fraction of planted individuals that were dead; unitless) at the block 

level (within species and shelter x MBS treatment) as (1 - Ni/N0), where N0 and Ni are the 

number of seedlings planted and the remaining number alive at any given census i, respectively. 

We estimated the mortality rate according to Sheil & May (1996) as 1 – (Ni/Ni-1)
1/Δt, where Ni 

and Ni-1 are the numbers of live seedlings at the current and previous census, respectively, and Δt 

denotes the time between two censuses (fractional years).  

Statistical analysis approach 

All data analyses were conducted using R (R Core Team 2019). We used the data.table 

package (Dowle & Srinivasan 2019) for manipulating the large number of individual 

observations (> 25,000) and conducting relational database operations (inner and outer joins). All 

graphics were prepared using the ggplot2 package (Wickham 2016), with bracket placing (Figure 

2) using the ggrepel package (Kassambra 2018) and text labeling on plots (Figure 6) using the 

ggrepel package (Slowikowski 2018). We employed statistical models using the response 
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variables seedling height (cm), RGRh (cm cm–1 yr–1), mortality (number of live vs. dead plants), 

and mortality rate (number of live vs. newly dead plants). For all statistical tests on height, which 

was non-normally distributed, we first transformed height by taking the square root, as has been 

done in other studies (Alexander et al. 2016). For all statistical tests on mortality, we conducted a 

generalized linear model (GLM) on the live vs. dead count data, using the logit link function 

using the glm() function in R's base package. In most cases, we had to correct for overdispersion 

by using the quasibinomial error distribution. 

We first attempted to fit the maximal model (shelter, MBS, and species identity as 

factors, including all pairwise and higher-order interactions) on the full dataset with linear mixed 

models suitable for experiments with repeated measures (Crawley, 2013a), but these models 

failed to converge. Therefore, we opted to fit a maximal model for mortality using all factors and 

their interactions based on a single, final (6th) census, which we simplified using manual 

stepwise deletion of factors, starting with highest-order interactions and proceeding to factors 

with the next least level of significance until a final minimal model with only significant factors 

or interactions was achieved (Crawley, 2013b). Based on these results, we used two further 

classes of statistical models using only factors related to RI treatments. These models 

respectively assessed 1) overall treatment effects independent of species identity and 2) within-

species treatment effects to determine which species significantly benefitted from RIs. For the 

former, we identified treatment effects at specific time periods by either repeating the same 

statistical model at each census and applying a Bonferroni correction to the significance 

threshold or using a linear mixed-effects model for repeated measures. 
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Assessing treatment effects 

To assess treatment effects on height and RGRh (Figures 2 and 3b,c), we conducted, 

respectively, a two-way ANOVA and a two-way GLM for mortality, using R’s lm() and glm() 

functions, with shelter type and MBS type as factors. We applied a Bonferroni correction to 

RGRh to the significance level as α/n = 0.05/6 = 0.0083. In these tests, data were first aggregated 

from individuals to the block level. We then stepped down the model as detailed above. In no 

test was the MBS main effect was ever significant, and in only one instance was there a 

significant interaction between shelter and MBS factors (census 6 for RGRh). Because this was 

an isolated occurrence, we deemed it likely spurious and eliminated the interaction and in the 

results, we therefore aggregate MBS treatments within the shelter treatments (Figures 2 and 3). 

Supplemental Figure S1 presents results broken down by both shelter and MBS treatment. We 

conducted a Tukey post-hoc test for multiple comparisons of means wherever the shelter's main 

effect was significant, using R’s glht() function of the multcomp package (Hothorn et al. 2008). 

For mortality rate (Figure 3a), we fit a generalized linear mixed effects model, because of the 

diminishing population size and the need for increased statistical power achievable from the 

repeated measures. Our binary response variable (y) was the number of live vs. newly dead 

(relative to the previous census) individuals. Fixed effects were shelter type and census 

(including their interaction), with species identity as the random effect repeatedly measured each 

census. Our function call using the glmer() function from the lme4 package (Bates et al. 2015) 

was of the form: glmer(y ~ sheltertype*census + (census|SpeciesName), family=binomial). We 

used the 'bobyqa' optimizer to deal with an initial attempt when the model failed to converge. We 

then conducted Tukey post-hoc tests on the three shelter type treatments using the lsmeans 
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function from the emmeans package (Lenth 2019), with a call of the form: lsmeans(model, 

pairwise ~ sheltertype|census), where 'model' was our final fitted model from glmer(). 

To assess within-species treatment effects (Figure 6), we repeated the same two-way 

ANOVA and GLM as detailed above, but for each species and census separately. The only 

exception was that we did not apply a Bonferroni correction, due to the large number of repeated 

tests performed, and given that our question was not whether there was an overall significant 

species by treatment interaction, but rather to address the question of which species’ success 

were significantly impacted by which RIs.  

Assessing interspecific relationships between mortality and RGRh 

Finally, we assessed whether the height growth rate of live individuals (RGRh) can 

predict overall mortality (Figure 7) at discrete census intervals with logistic regression of 

mortality on RGRh using the glm() function. For a given census interval, we aggregated data to 

the treatment level (shelter type, MBS type, and species identity), resulting in six paired 

estimates of mortality and RGRh per species. We assessed the combined inter- and intra-specific 

relationship by fitting a model within each treatment and across all treatments. We then assessed 

the intra-specific relationship by fitting the model for each species separately across all 

treatments. 

Results 

Overall mortality (fraction of individuals planted that died) increased significantly over 

the course of the study, from 4.1% at one month post-planting to 21.0% at 12 months, across all 

species and treatments, including the control. The relative difference in mortality across 
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treatments was large initially but declined over time (Figure 2). Both tube and cocoon shelters 

significantly reduced mortality at one month (2.7% and 1.7%, respectively, relative to 7.9% in 

the control; Figure 2a), whereas only cocoons significantly reduced mortality at 12 months 

(15.0% relative to 21.7% and 26.6% in tubes and controls, respectively; Figure 2b).  

In contrast, the relative difference in mean plant height across treatments increased over 

time. Mean plant height was not significantly different between shelter types one month after 

planting (Figure 2c). However, at 12 months, all treatments were significantly different from 

each other and were tallest in tubes, followed by cocoons, and then controls (mean ± SE for 

tubes, cocoons, and controls: 62 ± 3, 51 ± 2, and 36 ± 2 cm, respectively; Figure 2d). 

Temporal patterns of relative height growth rate (RGRh; month-1) and per capita mortality 

rate (year-1) indicated opposing temporal trends, with the mortality rate generally decreasing 

when RGRh increased (Figure 3). Mortality occurred throughout the entire period of the first 

year, but two distinct periods of elevated mortality were apparent: a post-transplant period (up to 

3 months post-planting), and a summer period (May-August; Figure 3a). RGRh was greatest 

during spring months (Jan – April), and was significantly higher for shelter treatments relative to 

the control for the initial five months post-planting, irrespective of whether plants with 

significant animal damage are included (Figure 3b,c). Relative to control, shelters did not 

significantly increase RGRh from early through late summer (May – Oct); rather, tubes reduced 

RGRh by a small but significant amount during late summer (July – Oct), irrespective of animal 

damage (Figure 3b,c). 

Across the 24 species, we observed large differences in both mean plant height and 

growth (Figure 4) and mortality (Figure 5). Mean species-specific heights, averaged across all 
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treatments, varied 5-fold at both planting (range: 7 to 36 cm) and at 12 months post-planting 

(range: 17 to 87 cm; Figure 4d), representing a 69% to 353% increase in plant height across 

species. In general, across treatments, species that were tall-statured as seedlings grew the most, 

short-statured species grew the least, and intermediate-sized species exhibited a range of RGRh 

(Figure 4). Guaiacum angustifolium and Castela erecta were among the shortest seedlings and 

slowest-growing species, while Chromolaena odorata and Viguiera stenoloba were among the 

tallest species at 12 months. Averaged across all treatments, species with the greatest relative 

increase in plant height were Vachellia rigidula and Vachellia schaffneri (363% and 283%, 

respectively). For these two species, the greatest relative height increase occurred in the tubes 

(470% and 403%, respectively). Species-specific mortality varied between 1% (Condalia 

hookeri, cocoon shelters) to over 80% (Guaiacum angustifolium: control; Figure 5). Parkinsonia 

texana and Citharexylum berlandieri were among the species with consistently low rates of 

mortality regardless of treatment, whereas Guaiacum angustifolium and Viguiera stenoloba 

demonstrated consistently high rates of mortality across all treatments. 

Where shelter effects were significant at the treatment level, in all cases it is because 

benefits were distributed across many species, as opposed to large effects for a limited number of 

species (Figure 6a-c). The impact of shelters on species-specific responses was much more 

pronounced for height growth relative to mortality, with nine to 17 species having significantly 

greater heights but only four species (Celtis pallida, Diospyros texana, Karwinskia 

hulmboldtiana, and Phaulothamnus spinescens) experiencing significantly lower mortality in 

shelters relative to controls (Figure 6a,b,d,e). 

While some species exhibited an apparent trade-off in RGRh and survival (e.g., Viguiera 

stenoloba), others appeared to suffer increased mortality due to a failure to grow (e.g., Guaiacum 
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angustifolium). At two months post-planting, mortality decreased with increasing RGRh across 

species and treatments (Figure 7a). The same relationship held true within both cocoon and tube 

treatments, but not controls (Figure 7a). However, at 12 months there was no significant 

relationship between RGRh and mortality (Fig 7b).  

Discussion 

Our study highlights a few key outcomes to inform large-scale transplant-based 

reforestation initiatives aimed at restoring native plant biodiversity in degraded semi-arid lands. 

First, two distinct periods of high risk exist, as indicated by elevated mortality rates: the first 2-3 

months associated with a failure to establish, and a post-establishment summer period associated 

with intense abiotic stress (hot and dry conditions). In contrast, damage due to mammalian 

herbivory was, for the most part, consistent and persistent throughout the entire study period. 

Second, shelters served to only minimize mortality during the establishment phase and promote 

height growth during the first 6 months; afterward, benefits were minimal and, in some cases, 

slightly detrimental to overall growth and survival. Third, large species differences in growth and 

survival underscore species differences in ecological strategies and palatability to herbivores. 

Taken together, our results suggest that the planting phase of reforestation efforts can most 

benefit by optimizing species selection, by targeting those species which exhibit both high 

growth and survival, and, when using shelters, to limit their use to periods of seedling 

establishment and spring growth. 

Temporal dynamics of growth, mortality, and animal damage – what does it tell us? 

In semi-arid ecosystems, the highest seedling mortality occurs during the post-transplant 

period and the first dry season (Espelta et al., 2002; Lloret et al., 2002; Close et al., 2005). 
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‘Transplant shock’, or the initial mortality over the first couple months when planted seedlings 

fail to acclimatize to stressful abiotic field conditions, is a key factor impeding restoration 

success (Close et al. 2005). As a result, many management practices in habitat restoration focus 

on introducing interventions with techniques and amendments that may help prevent transplant-

shock induced mortality (Sweeney et al., 2002; Scholl et al., 2010). In our study, we saw 

differences in mortality for both shelters during the first month (figure 2a). Although both 

shelters continued to provide physical protection against herbivory for 12 months, the cocoons 

additionally provided moisture and protected the roots against water stress during the first month 

after planting. Yet, the survival benefits of the tubes tapered off over the 12 months for the tube 

shelters (Figure 2d), and only the cocoons continued to show reduced mortality.  

How useful are shelters as RIs? 

While shelters significantly impacted both height growth and mortality after one year, the 

relative impact of shelters was more pronounced on height growth than for mortality. At one 

year, the relative reduction in mortality due to shelters was 5-12%, while plant height was 

increased by 15-27 % (shelters relative to controls). Therefore, the effect of shelters was mostly 

to improve height growth, with a smaller secondary benefit of reducing mortality.  

19 out of 24 species showed clear indications of growth benefits due to the use of shelters 

(Figure 6a, 6b). However, growth benefits conferred by shelters do not necessarily translate into 

survival benefits for different species (Figure 6). Three of the nine species which showed 

enhanced growth due to the use of cocoon shelters (figure 6a) were not benefitted in terms of 

survival (figure 6d). In the case of tubes shelters, facilitation of growth occurred in an even 

greater number of species (17), however, 15 of those 17 species did not show greater survival 
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(figure 6b and 6e) 12 months after planting.  The lack of temporally consistent survival benefits 

demonstrates the importance of careful consideration in recommending the use of shelters and 

similar interventions for facilitating restoration in semi-arid lands. 

Implications of large species differences in growth & survival 

However, it is still important to note that we can still gain insights into possible 

mechanisms that might explain key processes from observing economic traits like growth rate. 

This need is highlighted in figure 7, which demonstrates the association between mortality and 

relative height growth rate (RGRh ) at two months (figure 7a) and 12 months (figure 7b). The 

presence of an association between mortality and RHGR at two months and not 12 months may 

be a characterization of the economic traits that guide resource acquisition and lead to certain 

growth survival trade-offs. Hence, it is crucial to quantify and understand the influence of these 

economic traits in explaining the adaptive mechanisms that underpin the ecological strategies 

employed by species during restoration.  

While edaphic factors can shape plant adaptation to co-varying variables such as soil 

conditions and herbivore pressure, numerous studies show that these functional responses are 

largely species-specific. As a result, the significance of screening of multiple species through 

reforestation trials to determine site-specific suitability of species for reforestation in semi-arid 

areas has been long recognized (Craven et al., 2011; Bruegal et al., 2011, Butterfield, 1996, 

Calvo-Alvarado et al., 2007, Park et al., 2010).  

Implications for Restoration & Management 

Managed restoration constituting site preparation, species selection, and tree plantings is 

essential due to the presence of herbivores, invasive plant competitors, and limited moisture and 
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nutrients in semi-arid regions. The need to increase the success of restoration projects led to the 

introduction of interventions such as the use of shelter tubes and mycorrhizal fungi pellets to the 

roots. Yet, to date, no large-scale screening trials have been done to determine the viability of the 

60-70 native species that are currently being propagated as part of restoration efforts to inform 

the planning and management of millions of seedlings that have been thus far used in restoration 

plantings within the Rio Grande Valley. This study addresses a much-needed gap in knowledge 

through determining species-specific differences in survival of 24 native species during the 

critical seedling stage when seedlings experience high mortality. Through the observation of 

large mortality differences between species across different shelter types, our findings 

corroborate with past studies (Wishnie et al., 2007; Weber et al., 2008, Padilla et al., 2011) 

which underscore species differences in optimizing for selection (figure 5).  

Our findings demonstrate that while well-designed restoration interventions have a 

positive effect on survival, optimizing species selection is the most effective strategy for 

enhancing restoration success. Both types of tree shelters (cocoons and tubes) benefitted 

seedlings both in terms of survival and growth survival during the initial months. Tree shelters 

likely improved multiple abiotic and biotic factors both above and belowground. Aboveground, 

tree shelters reduce excessive radiation loads, reduce herbivory, and in the case of cocoons, 

supply moisture to the roots (Padilla et al., 2011). However, the survival benefits at 12 months 

remained only for cocoons. and no survival or growth benefits were observed across species and 

different shelters due to the inoculation of the roots with the mycorrhizal biostimulant admixture 

(MBS). Over the coming months, the effect of shelters may change following their planned 

removal (tube) and degradation (cocoons). 
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Limitations 

One of the key limitations of giving recommendations based on these results alone is the 

fact that we are reporting results for 12 months only (Breugal, 2011). Despite the benefits 

afforded by shelters, we urge caution since the temporal patterns of performance indicate that 

effects on growth and survival may taper off (figure 3b, 7a) or in contrast, even accumulate over 

time (figure 7a, 5). These temporal patterns also identify the peak vulnerability periods of 

restored seedlings as the post-transplant period from October 2018-December 2018. and the first 

summer dry season between April 2019- July 2019(figure 3a). Moreover, we observe that despite 

the 2 distinct periods of elevated mortality, mortality has yet not stabilized and continues to peak 

into October 2019. These results indicate that the effects of interventions beyond one year are 

uncertain and continued monitoring is needed to track and determine the species-specific and 

site-specific benefits of well-designed restoration interventions and implement better 

management practices.   

Conclusions 

Our study kickstarts a database on the performance of native thornscrub species through 

accumulating knowledge regarding growth and mortality to help evaluate and optimize species 

selection for restoration in similar habitats (Ashton et al., 2001). This information is critical for 

designing, planning, and implementing appropriate and effective strategies in selecting species 

that target key processes to match restoration objectives.  
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 Tables and Figures 

 

   Table 2.1 Species Family Data

Species, common name Family Leaf type N-fixer Mean 

height 

(initial) 

(cm) 

Mean 

stem 

diameter 

(mm) 

Growth 

form 

Growth Rate 

1. Acacia berlandieri, 
guajillo 

Fabaceae Compound Yes 28.96 3.29 tree Fast 

2. Acacia greggii   Wright's 

acacia 
Fabaceae Compound 

 

Yes 27.33 3.03 tree Moderate – 

fast 

3. Amyris texana, chapotillo 
Rutaceae 

Simple  No 13.05 3.61 shrub Moderate-fast 

4. Castela erecta, amargosa Simaroubaceae Simple No 14.06 2.45 shrub slow 

5. Celtis ehrenbergiana, 

granjeno 

Ulmaceae Simple No 23.07 3.45 large shrub moderate 

6. Chromolaena odorata, 

crucita 

Asteraceae Simple No 26.10 5.96 herbaceous 

shrub 

fast 

7. Citharexylum 

berlandieri, Berlandier's 

fiddlewood 

Verbenaceae Simple No 36.09 6.43 large shrub fast 

8. Colubrina texensis, 

hogplum 

Rhamnaceae Simple No 24.72 3.20 shrub moderate 

9. Condalia hookeri, brasíl Rhamnaceae 

 

Simple No 23.41 3.33 tree moderate 

10. Diospyros texana, Texas 

persimmon 

Ebenaceae Simple No 15.82 2.69 tree moderate 

11. Ebenopsis ebano, Texas 
ebony 

Fabaceae Compound Yes 14.29 3.38 tree moderate 

12. Forestiera angustifolia, 

elbowbush 

Oleaceae Simple No 30.56 4.41 large shrub - 

13. Guaiacum angustifolium, 
guayacán 

Zygophyllaceae Compound Yes 6.57 2.24 large shrub slow 

14. Havardia pallens, tenaza Fabaceae Compound No 19.30 3.37 tree moderate 

15. Karwinskia 

humboldtiana, coyotillo 

Rhamnaceae 

 

Simple No 21.22 3.42 shrub slow 

16. Parkinsonia texana, palo 
verde 

Fabaceae Compound No 28.24 4.28 tree moderate 

17. Phaulothamnus 

spinescens, snake eyes 

Achatocarpaceae Simple No 19.52 3.10 large shrub moderate 

18. Randia rhagocarpa, 
crucillo 

Rubiaceae Simple No 16.85 3.56 large shrub slow 

19. Sideroxylon celastrina, 

coma 

Sapotaceae Simple No 17.50 3.11 tree - 

20. Vachellia rigidula, 

blackbrush 

Fabaceae Compound Yes 15.44 2.87 large shrub moderate 

21. Vachellia schaffneri, 

huisachillo 

Fabaceae Compound Yes 19.27 2.83 large 

shrub/tree 

moderate 

22. Viguiera stenoloba, 

skeleton-leaf golden-eye  

Asteraceae Simple No 25.20 4.32 herbaceous 

shrub 

fast 

23. Zanthoxylum fagara, 
colima 

Rutaceae Simple No 19.30 3.60 large shrub moderate 

24. Ziziphus obtusifolia, 

lotebush 

Rhamnaceae 

 

Simple No 17.95 2.82 large shrub slow 
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Figure 2.1. Plot Layout  

a) Study area in La Sal del Rey (Land Life Company, Netherland, Amsterdam).        

b) Layout of experimental Design encompassing 26 rows and 3 different treatments, soil 

amendments and shelter types 

c) I week post planting field-view of restoration site  

a) 

c) 

b) 
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Figure 2.2 Mortality of live individuals (a, b) and height (c, d cm); fraction of planted 

individuals that are dead) by shelter treatment at 1 (a, c) and 12 (b, d) months post-planting of all 

species combined. Means are based on n = 1,200 individuals per treatment. Significance of 

adjusted p values from pairwise Tukey contrasts on the shelter main effect are given above the 

corresponding bars. Signifiance codes :  ‘***’ p < 0.001; ‘**’ p < 0.01; ‘*’ p < 0.05; ‘ns’ p ≥ 

0.05. 

 

 

 

 

 

 

 

 

 

a) b) 

c) d) 
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Figure 2.3. Timeseries of a) mortality rate 

(as per Eqn 2 of Sheil & May 1996), b) 

relative height growth rate of all live 

individuals, and c) relative height growth 

rate of live individuals not affected by 

mammalian damage. Data are grouped by 

the two shelter treatments and control 

with species identity and MBS treatment 

+ control lumped together. Treatments 

sharing the same letter are not 

significantly different (Tukey pairwise 

contrast, α = 0.05). In each boxplot, the 

horizontal line, lower and upper hinge, 

and whiskers indicate the median, 25
th 

and 

75th percentile, and 1.5 times the inter-

quartile range (IQR), respectively. 

Outliers, defined as values greater than 

1.5*IQR, are plotted as individual points. 

b) 

c) 

a) 
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a) 

Figure 2.4. Mean height of 24 species across three shelter types: tube (a), cocoon (b), 

control (c), and all combined (d). Species are colored and ordered according to height in 

October 2019. Species height estimates are based on n = 49-51 individuals within each 

treatment and time point, except V. stenoloba at 50 weeks in the control (n = 30). 
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Figure 2.4. Mean height of 24 species across three shelter types: tube (a), cocoon 

(b), control (c), and all combined (d). Species are colored and ordered according 

to height in October 2019. Species height estimates are based on n = 49-51 

individuals within each treatment and time point, except V. stenoloba at 50 weeks 

in the control (n = 30). 



31 
 

 

  

c) 

Figure 2.4. Mean height of 24 species across three shelter types: tube (a), cocoon (b), 

control (c), and all combined (d). Species are colored and ordered according to height in 

October 2019. Species height estimates are based on n = 49-51 individuals within each 

treatment and time point, except V. stenoloba at 50 weeks in the control (n = 30). 
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d) 

Figure 2.4. Mean height of 24 species across three shelter types: tube (a), cocoon (b), 

control (c), and all combined (d). Species are colored and ordered according to height in 

October 2019. Species height estimates are based on n = 49-51 individuals within each 

treatment and time point, except V. stenoloba at 50 weeks in the control (n = 30). 
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Figure 2.5. Mortality of 24 species across three shelter types: tube (a) cocoon (b), 

control (c), and all combined (d). Species are colored and ordered according to mortality 

in October 2019. Species mortality estimates are based on n = 49-51 individuals within 

each treatment and time point, except V. stenoloba at 50 weeks in the control (n = 30). 

a) 
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Figure 2.5. Mortality of 24 species across three shelter types: tube (a), cocoon (b), 

control (c), and all combined (d). Species are colored and ordered according to 

mortality in October 2019. Species mortality estimates are based on n = 49-51 

individuals within each treatment and time point, except V. stenoloba at 50 weeks in 

the control (n = 30). 
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Figure 2.5. Mortality of 24 species across three shelter types: tube (a), cocoon (b), 

control (c), and all combined (d). Species are colored and ordered according to mortality 

in October 2019. Species mortality estimates are based on n = 49-51 individuals within 

each treatment and time point, except V. stenoloba at 50 weeks in the control (n = 30). 

c) 
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Figure 2.5. Mortality of 24 species across three shelter types: tube (a), cocoon (b), 

control (c), and all combined (d). Species are colored and ordered according to mortality 

in October 2019. Species mortality estimates are based on n = 49-51 individuals within 

each treatment and time point, except V. stenoloba at 50 weeks in the control (n = 30). 
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Figure 2.6. Treatment comparison of species-specific height (a) – c)) and mortality (d –(f); 

fraction of planted individuals that are dead) at 12 months post-planting. Species with 

significant treatment differences (Tukey post-hoc test, α = 0.05) are labeled. Line in each plot 

represents the 1:1 relationship. 

a) b) 

c) 
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Figure 2.6. Treatment comparison of species-specific height (a) – c)) and mortality (d) – f); 

fraction of planted individuals that are dead) at 12 months post-planting. Species with 

significant treatment differences (Tukey post-hoc test, α = 0.05) are labeled. Line in each plot 

represents the 1:1 relationship. 
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a) 

b) 

Figure 2.7. Interspecific relationship between mortality and relative height growth 

rate of all live individuals at 2 (a) and 12 (b) months post-planting. Logit function 

is plotted where significant (p < 0.05) and black indicates a fit through both shelter 

treatments and control. 
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CHAPTER III 

 

 

CAN PLANT FUNCTIONAL TRAITS PREDICT SPECIES’ SUITABILITY FOR FOREST 

RESTORATION? A CASE STUDY FROM SEMI-ARID SOUTH TEXAS   

 

 

Abstract 

Quantification of plant functional traits is essential, especially in the context of 

management practices such as forest restoration. Over the last couple of decades, this approach 

to optimizing species selection through a trait-based screening process has gained momentum 

and these trait-performance relationships have been explored through a variety of statistical 

models. However, despite the increasing use of multivariate statistics in various scientific fields 

for optimization, this approach in restoration ecology for the selection of species remains 

underutilized, and thereby, still poorly understood. In this paper, we present a case study 

conducted in southern Texas, where we quantified 15 initial seedling functional traits across 

different plant organ levels (roots, stems, and leaves) from 24 different species to determine its 

relationship to plant mortality during the critical establishment phase post-planting in a 

restoration context. We found that while singular linear relationships failed to explain the 

variation in species mortalities, multiple regression models encompassing trait coordination 

among root and stem functional traits, were able to predict the same mortalities. However, we 

were unable to establish any relationship between leaf traits and species mortalities.  
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This study shows that if plant traits are to be fully realized in their promise to predict 

plant performance, it is important to integrate discrete organ-level plant traits into an 

understanding of whole-plant function through incorporating statistical techniques that address 

the complexity of ecosystem-level processes impacting species performance in various 

management practices. 

 

Introduction 

Plant traits reflect the evolutionary underpinnings of whole plant behavior that enable 

them to survive and thrive in specific environments (Thorpe et al., 2011; Swenson & Enquist, 

2007; Reich et. al., 2003; Ackerly et al., 2000). As a result, many studies have focused on 

providing a conceptual framework that links the physiology and morphology of species or taxa 

along an environmental gradient that explains their resource acquisition strategies (Reich, 2014; 

Kichenin et al., 2013; Cornwell and Ackerly, 2009). Reich’s (2014) proposed “fast-slow’ plant 

economic spectrum posits that root, stem, and leaf traits, operate in tandem to optimize resource 

acquisition (Reich 2014; Poorter & Bongers, 2006; Comas, Bouma & Eissenstat et al., 2002; 

Franco & Silverton 1996). The overarching theme of the fast-slow plant economic spectrum is 

that “fast traits” confer fitness benefits in resource-rich environments whilst slow traits confer 

fitness benefits in resource-poor environments (Salguero‐Gómez, 2017; Salguero-Gómez et al., 

2016). Studies have increasingly focused on corroborating Reich et al.’s (2014) resource 

optimization theory to establish the functional coordination of root, stem and leaf traits with one 

of the three individual components of performance- growth (Menuccini et al., 2019;  Perez-

Harguindeguy et al., 2016; Kramer-Walter et al. 2016; Reich 2014; Carvajal et al, 2019). 

However, whether these coordinated functional traits can be observed during the early stages of 
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the plant life cycle and whether they confer enhanced fitness benefits in terms of another critical 

component of performance- survival, is yet to be fully understood, particularly in the case of 

semi-arid woody species (Foroughbakhch 2009; Shipley et al., 2016; Carvajal et al, 2019). 

Moreover, this relationship has important implications for management practices such as forest 

restoration, where selecting appropriate species with optimal functional traits is critical for 

meeting conservation objectives (Lavorel et al., 2012, Hamrick et al, 1991). 

Over the past two decades, quantification of morphological and physiological traits of 

plants have become a popular approach for selecting appropriate species for reforestation 

programs and several studies have shown that plant traits can effectively predict the field-level 

performance of species in native plant restoration (Lloret et al, 1999; Jacobs et al., 2005; 

Tsakaldimi et al., 2013; Denton et al., 2018). These investigations have often found traits such as 

wood density, root-to-shoot ratio, seed size, water, and nitrogen use and other functional traits to 

be correlated with field performance of reforested seedlings (Grossnickle et al., 2012; Mašková 

et al., 2018; Messier et al., 2010; Tomar et al., 2016; Demchik et al., 2000). Most studies have 

increasingly relied on using single linear regression models to explore the mechanisms and 

relationships between survival and plant traits (Pywell et al., 2003, Lloret et al., 1999) despite 

evidence that the relationship between morphological and physiological attributes of plants are 

often non-linear and single morphological features cannot reliably and consistently predict field 

performance (Kramer‐Walter et a., 2014; Jacobs et al., 2005). While we must acknowledge that 

single linear models have their benefits to generally screen for plant traits of consequence,  a lot 

of morphological attributes, particularly relating to roots, may have an orthogonal relationship 

with other functional traits, and the statistical models used for inferences about species suitability 

should encompass the complexity of trait-trait and trait-environmental dynamics. For this 
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purpose, it is important to utilize multivariate statistical techniques and build models tailored for 

predicting field-level performance in certain sets of environmental conditions as it is more 

reliable and generalizable since a trait-based approach to screening plants can be applicable for 

species possessing similar characteristic and occurring within similar environmental gradients 

around the world. 

Forest restoration in the semi-arid Lower Rio Grande Valley over the past four decades 

has resulted in the planting of over 3.3 million seedlings to revegetate the area with native thorn 

forests (USFWS 2014b). In a recent study, a large variation in mortality among the different 

species of planted seedlings was observed during the first year after planting (Mohsin et al., in 

preparation). While mammalian herbivory remains one of the main causes of mortality, large 

species-specific differences in mortality was also observed among seedlings that were protected 

from herbivores through physical shelters. A high proportion of this mortality occurred during 

the initial months after planting, suggesting that mortality was induced by transplant shock, as is 

the case with many transplanted seedlings used in reforestation (Demchik and Sharpe 2000; 

Jacobs et al. 2004; Pinto et al. 2011). However, the large variation in mortality at the species 

level among plants with herbivore exclusions (Mohsin et al. in prep) led us to speculate the role 

of functional traits at the species level which may confer fitness benefits through coordinating 

different functional traits along the plant economic spectrum by offsetting environmental 

stressors.     

The purpose of this study was to determine how species’ functional traits including root, 

stem, and leaf economic traits such as specific root length (SRL), root mass fraction, wood 

density, and leaf area are coordinated,  and to assess which traits or combinations of traits align 

with field performance (mortality) to determine the adaptive significance of these traits. We 
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hypothesized that plant traits are highly synchronized within and between organs and thereby, 

incorporating multiple independent axes of trait variation will result in greater predictive power 

for field performance (mortality) than single plant traits in isolation. To this end, we quantified 

species-specific seedling mortality across 24 species through a year-long forest restoration 

assessment. Then we determined species-specific functional traits to evaluate relationships 

among mortality rates and functional traits among these 24 species to detect a subset of the linear 

trait-performance relationships that occur within the plant “fast-slow” economic spectrum (Reich 

2014).  

Methods 

Species Field Demographic Estimates 

We selected the 24 species (Fig. 1, Tables in Supporting Information) of recently 

transplanted thornscrub seedlings for which we conducted a yearlong mortality survey 

(November 2018-November 2019) of 3600 seedlings in La Sal del Rey (Hidalgo County, Texas) 

within one of Lower Rio Grande Valley National Wildlife Refuge’s restoration plot (Mohsin et 

al., in prep). Three separate mortality proportions were obtained from each of the species from 3 

different shelter conditions including i) 80 cm tall ventilated plastic shelter tubes (TUBEX), ii) a 

newly developed physical seedling shelter called cocoons (Land Life Company, Amsterdam, 

Netherlands) which consists of a 30cm tall biodegradable physical shelter with an underground 

reservoir that slowly released water to the seedling roots for the initial month post-planting, and 

iii) seedlings without any shelters. Due to the unaccountable differences in the microclimatic 

environment for each of the physical seedling shelters, we quantified the mortalities for each 

species separately for each shelter type. We did not use mortality values of seedlings without 

shelters because mortality occurred in extremely high percentages for these seedlings due to 
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herbivory and these differences were caused by differences in palatability of leaves to 

herbivores, which could not be reliably quantified through this study. In total mortality rates 

were obtained from 2400 seedlings with an average of 50 replicates per species and shelter 

conditions. 

Functional Trait Measurements 

For trait measurements, seedlings were sourced from the Santa Ana National Wildlife 

Refuge’s Native Plant Nursery by obtaining a subset of the seedlings used in Lower Rio Grande 

Valley restoration plantings. Seedlings ranged in age from 4 – 8 months, and we processed them 

for trait measurements within a month of obtaining them.  In total, we quantified 30-40 different 

plant traits and 15 functional traits for each species from 125 individual seedlings of these 

species with an average of 5 replicates per species (n = 3-8). The differences in the number of 

measured plant traits are due to trait variability (E.g. compound vs simple leaves) and possible 

measurement errors.  Seedling cumulative mortality, hereby referred to as mortality, was 

calculated for each species as (ND/NP total) where ND is the total number of seedlings dead one 

year following planting (Oct 2019) and NP total is the total number of live seedlings at planting 

(Oct-Nov 2018). Between 12 to 17 photosynthetic structures (including petioles) were sampled 

from each plant, depending on the size per individual leaf. Vernier calipers were used to measure 

the thickness (mm) of five separate leaves. Fresh leaf mass (g) was obtained within an hour of 

harvesting, and the leaves were then dried over 48 hrs. at 70 degrees Celsius. Leaf area (cm2) 

was measured on a LI-COR Biosciences LI-3100C (Lincoln, NE, USA) leaf area meter. Leaf 

volume(cm3) was calculated as the product of average leaf thickness (mm) and one-sided 

projected leaf area. Leaf dry matter content (LDMC) was calculated as the ratio of leaf dry mass 

(g) to leaf fresh mass (g), specific leaf area (SLA) (cm2/g) was calculated as fresh leaf area (cm2) 
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divided by leaf dry mass (g), and leaf tissue density (g/cm3 was calculated as leaf dry mass (g) 

divided by fresh leaf volume (cm3) (Perez-Harguindeguy, 2016).  

For determining stem wood density, a 2-4 centimeter section of the stem containing 

xylem was cut and the bark was peeled or scraped off. The diameter (mm) of the stem sections 

was measured using digital Vernier calipers, and fresh volume(cm3) was calculated using the 

water displacement method. Fresh stem mass (g) was measured within 1 hour of harvesting, and 

stems were then dried to constant mass at 70 °C for at least 48 h prior to measuring dry mass. 

Wood density (g/cm3) was calculated as the ratio of stem dry mass (g) to stem green volume 

(cm3). Total root length (cm), mean root diameter (mm), the number of tips, forks, crossing and 

root volume (cm3) was calculated using WinRhizo Pro Software (Version 2017b; Regent 

Instruments Inc., Quebec City, QC, Canada) and an Epson Expression LA2400 scanner (Tokyo, 

Japan). The mean root length (cm) in each sample across species was 873 cm (range: 417–1737 

cm), and the mean number of intact tips in each sample across all species was 2617 (range: 913–

14167). Fresh root mass(g) of each sample was obtained after removing the surface water with 

paper towels. The root sections were then dried to constant mass at 100 degrees Celsius for 48 

hours. Specific root length (cm/g) was calculated as root length (cm) divided by root dry mass 

(g). Root tissue density (g/cm3)was calculated as root dry mass (g) divided by fresh root volume 

(cm3). Root branching intensity (tips/cm-1) (RBI) was calculated as the number of root tips 

divided by root length (cm). 

Data Analysis 

Detecting coordination of multiple traits in predicting plant mortality requires 

multivariate approaches and newer multivariate statistical methods such as bootstrap forest, 

boosted tree regressions are more deterministic and can more easily quantify both linear and non-
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linear relationships through advanced assimilated mortality algorithms (Piston et al., 2019). 

However, it requires a very large sample size to add stochasticity to the model. Therefore, due to 

logistical constraints of quantifying plant traits in a large number of seedlings from each species 

within the forest restoration context, we sought to screen for predictor traits through single and 

multiple least square regression models following the precedent of Schroeder‐Georgi et al. 

(2016), Pywell et al. (2003), Jacobs et al. (2005). We expected traits along various organ levels 

to be correlated. Since correlation creates chances of collinearity, we formulated regression 

models encompassing multiple traits only if the traits were uncorrelated since collinearity 

between independent variables in multiple regression models would violate the assumption of 

independence.  

Our data met the assumptions of normality (Shapiro-Wilk’s W test; p-value>0.085 for all 

variables) and homoscedasticity (Levene, O'Brien, and Brown-Forsythe’s test; P-value>0.0661 

for all variables). We conducted an analysis of variance (ANOVA) to establish that there were 

species-specific differences in root, stem, and leaf functional traits as well as mortality rates. 

Then we computed the Pearson correlation coefficient to test the strength of the linear 

relationships between these traits (Table 3.2).  To determine the relationship between plant traits 

with species performance, we conducted simple linear regression between mortality of tube 

shelter and cocoon shelters seedlings (response variable) with each of the individual functional 

traits as explanatory variables (Schroeder‐Georgi et al., 2016; Pywell et al., 2003; Jacobs et al., 

2005). These were all conducted separately. Then we formed our multiple linear regression 

models to test the relationship of each of the functional traits to observed mortality rates using 

the backward elimination method to select trait variables (Jager et al., 2015). We first started 

with a set of 3 uncorrelated functional traits as explanatory variables (full model) and 



48 
 

sequentially eliminated non-significant explanatory predictor variables until only significant 

predictor variables remained. We applied this approach for all combinations of 3 or less 

uncorrelated traits based on the significant correlation values obtained in our Pearson pairwise 

correlation test and the obvious association between traits obtained from common measurement 

parameters (e.g., root length and specific root length). All analyses were conducted using SAS 

(JMP Pro 13). 

Results 

This study constituted two parts; the first was an examination of trait-trait relationships 

through correlations on individual-level trait correlation (Table 3.2) which looked at both intra-

specific and inter-specific relationships as well as sample population-level trait correlation that 

determined trait coordination between species (Table 3.3). The second part looked at trait-

performance (mortality) through single linear and multiple regression analyses of different 

combinations of uncorrelated (based on Table 3.3) functional traits as predictors of performance 

in terms of mortality (Jager et al., 2015). The average mortality of seedlings in tubes was 22% 

(Range= 8%-62%) and the average mortality in cocoon shelters was 15% (Range= 0%-65%).   

Trait-trait relationship 

We conducted a Pearson pairwise correlation between all measured traits. Table 3.2 

shows the significant relationships that we found within our correlation matrix.  Leaf tissue 

density is negatively associated with stem mean diameter (r2= -0.276; p<0.05). Stem mean 

diameter has a positive association with root surface area (r2 = 0.331; p<0.05), root tissue density 

(r2=0.367; p<0.05), root volume (r2 = 0.245; p<0.05) and stem height (r2=0.497; p<0.05), and a 

negative association with specific root length (r2 =-0.314; p<0.05). Stem height was found to be 

negatively correlated with   root surface area(r2=0.234; p<0.05), root tips (r2= -0.241; p<0.05), 



49 
 

root mass fraction (r2=-0.252; p<0.05), specific root length (r2= -0.254; p<0.05), root branching 

(r2= -0.387; p<0.05). Stem wood density was negatively associated with root tips (r2=-0.204; 

p<0.05) and specific root length (r2=-0.214; p<0.05). Root tissue density had a negative 

relationship with root mean diameter (r2= -0.380; p<0.05). Root tips was found to have a 

negative association with root mean diameter (r2= -0.315; p<0.05). Thus, a significant 

coordination within and between organ level functional traits was found within our sample.  

Trait-performance relationship 

Linear regression models that used a single trait as a predictor for seedling mortality 

found significant relationships between root branching intensity (RBI), stem wood density (WD), 

and specific root length (SRL) with mortality. However, through the back elimination method, 

we were able to make 3 distinct multiple regression models that were that yielded a significant 

relationship with two or more variables (Figure 3.1).  While RBI (p=0.005, R2=0.32)and 

SRL(p=0.0042, R2=0.33) showed a positive association with mortality in cocoon sheltered 

seedlings(Fig 3.1 a,c), greater stem wood ((p=0.010, R2=0.27) density was found to be associated 

with lower mortality (Figure 3.1b). 

We formed 3 distinct multiple linear regression models to quantify how coordinated traits 

function as mortality predictors. The first model constitutes two stem traits, wood density and stem 

height, which is an orthogonal relationship that shows that wood density has an inverse relationship 

with seedling mortality in cocoon shelters (P<0.0001) which means that as species wood density 

increases, an overall decrease in mortality is observed (Figure 3.2b).  While stem height doesn’t 

have an independent effect on cocoon mortality, the interaction increased stem height and wood 

density shows an increase in cocoon mortality (P=0.003) (Figure 3.2c, 3.2d) 
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In the second model, we observe coordination between stem and root functional traits for 

determining mortality in cocoon shelters (Figure 3.3). We observe a similar phenomenon as in 

model 1, where an increase in wood density leads to a decrease in cocoon mortality p=0.0053) 

(Figure 3.3a). However, within this model, an increase in the number of root tips leads to an 

increase in cocoon mortality (p=0.0002) (Figure 3.3b).  

In the third model, we observe that an increase in root mass fraction decreases mortality of 

seedlings in tube shelters (P=0.0134), which suggests that increased root allocation decreases 

mortality among seedlings in tube shelters (Figure 3.4b). However, the interaction between a 

higher number of root tips and root mass fraction increases the mortality of seedlings in tube 

shelters (P=0.0035) (Figure 3.4d).  

Discussion 

We found that species’ root, stem, and leaf traits and are highly coordinated with each 

other and do indeed function in tandem to impact mortality. While some initial seedling traits 

such as root branching intensity, specific root length, and wood density independently predicted 

mortality in seedlings (figure 3.1), the strength of the associations between mortality and traits 

were always at least twice as much in the multiple regression mortality models. For instance, 

various combinations of the height of stems, wood density, root mass fraction, root tips and the 

interaction between root tip and root mass fraction as well as wood density and stem height were 

able to predict mortality in cocoons with a much greater strength of association in comparison 

(Figure 3.2, 3.3, 3.4) to single linear regression models (figure 3.1). There is also substantial 

evidence that other than being highly correlated among themselves (Table 3.2), organ traits were 

highly correlated between species as well (Table 3.3). This shows that coordinated traits 
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observable within the seedlings used in restoration are also better predictors of seedling mortality 

during the first year post-transplantation.  

Trait-based ecology is still in its foundational stages (Laughlin, 2014). Thus, the 

opportunity to integrate trait-based ecological science with modern data analytical approaches 

has immense potential in optimizing resources to invest in appropriate management practices 

(Cornwell et al., 2006). As the effort to conserve and restore vegetation across the globe 

expands, it is essential to understand species interactions, distributions, and resilience to 

ecosystem processes. Our study shows that while research has established straightforward 

explanations of how certain traits provide fitness benefits in specific environments (Reich, 2014; 

Shipley et al.,2016), that is not always the case (Carvajal et al., 2019).  For example, our results 

(on…) are in line with past studies demonstrating that in resource-limited environments, 

individual traits such as high root mass fraction (or root: shoot ratio) and high wood densities 

lead to decreased mortality among reforested seedlings (Greenwood et al., 2017; Grossnickle et 

al., 2012; Mašková et al., 2018; Messier et al., 2010). However, while that is partly held true in 

our study, we see that in the high root mass fraction shows the opposite effect in conjunction 

with a higher number of individual root tips (Figure 3.4). Similarly, wood density along with 

greater stem height results in greater mortality among seedlings (Figure 3.2). While exploring the 

underlying physiological principles leading to these variations in mortalities is beyond the scope 

of this study, the results indicate that single traits can be a misleading predictor of field 

performance and there should be a greater focus on developing sites specific species 

performance models that take into account multiple traits and environmental variables for 

predicting performance (Carvajal et al, 2019; Kleyer et al., 2012; Dray et al., 2014).  
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Linear relationships more easily measurable and interpretable, which is an important 

consideration since reforestation activities often involve stakeholders and decisionmakers from 

non-scientific backgrounds. Unlike other more multivariate approaches, it requires relatively 

smaller samples to form predictions (while other regression methods such as Bootstrap forest, 

Boosted tree regressions are more deterministic and can more easily quantify non-linear 

relationships as well, they require an immensely large amount of data, which is difficult and 

more expensive to obtain, especially if destructive trait measurements are required for trait 

quantification. So, quantifying desirable traits in the context of restoration through sampling 

seedlings used in reforestation creates a precedent for a more generalizable approach that can be 

more widely applicable around the world. Despite the potential of these regressions methods for 

trait-based screening for suitable species selection in reforestation, these methods should be used 

with caution since it does not have the same power to detect trait-trait coordination among 

multiple traits when multidimensional and non-linear relationships are involved or when 

stochasticity is introduced to the multi-variate approaches to diminish bias.  Hence, there is a 

possibility that these models are too loosely interpreted and are less generalizable due to 

interactions between non-linear traits that haven’t been accounted for. As a result, it becomes 

challenging to form a trait-based predictive framework for maximizing seedling establishment 

success during the first year based on linear trait-performance relationships only. However, trait 

data across the world is becoming more and more available through databases such as TRY, 

GLOPNET, LEDA, BROT, and quite a few other databases (Cornwell et al., 2019).  This creates 

the opportunity for a large number of data collected around the world to be easily available for 

creating species selection plant trait frameworks for appropriate species selection that are more 
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robust and can address the multi-dimensional complexity of the interactions within plants that 

influence seedling establishment success.  
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Table 3.1 Mean values of species’ mortality percentages in different shelter types  
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Figure 3.1: Bivariate relationships between seedling mortality in cocoon shelters and root 

branching intensity, stem wood density and specific root length. Solid lines indicate significant 

regression lines. Coefficients of determination (R2) and p-values are shown have a combined effect 

on mortality of seedlings in cocoon shelters 

c) b) 

  

a) 
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Figure 3.2.  The model shows the goodness of fit of the multiple regression model formed 

with height of stems, wood density, and interaction between wood density and height of stems 

as predictor variables for mortality in cocoon shelters. (a ) The actual vs predicted plot shows 

that the observed model is a good fit since the observed vs the predicted values are highly 

correlated(R2=0.533281; p-value<0.0014 (b) The leverage plot of the height of stems shows 

that stem height and mortality in cocoons are associated, although insignificantly (p-

value=0.1929) (c) The leverage plot of wood density shows negative association with 

mortality in cocoons (p-value= 0.0078) (c) The leverage plot of the interaction between wood 

density and height of stems (p-value= 0.0030) show that increased wood density and height of 

stems is associated with greater mortality.  
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Figure 3.3 (a) The model shows the goodness of fit of the multiple regression model formed with  

wood density, root tips as  predictor variables for mortality in cocoon shelters. (a) The model is a 

good fit since the observed vs the predicted values are highly correlated(R2=0.69; p-value<0.0001 

(b) The leverage plot of the wood density (p-value= 0.0053) (c) The leverage plot of the wood 

density (p-value= 0.0078) shows WD effects tube mortality positively 

a) b) 

c) 
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Figure 3.4. (a) The model is a good fit since the observed vs the predicted values are highly 

correlated(R2=0.60; p-value=0.0005 (b) The leverage plot of the root mass fraction (p-value= 

0.0134) showing a negative association between RMF and mortality in shelter tubes (c) The 

leverage plot of the root tips (p-value= 0.07358) showing root tips do not independently effect 

tube mortality (d) Plotted leverage of the interaction between root tips and root mass fraction (p-

value=0.0035) showing that the two variable have a combined effect on mortality in shelter tubes 

c) 

b) a) 

d) 
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Table 3.5 Mean stem structural and functional traits 
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Appendix 3.5: Mean leaf structural and functional traits 
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CHAPTER IV 

 

 

CONCLUSION 

 

 

 

In the restoration of native forests, there are clear winners (Figure 4.1) and losers (Figure 

4.2) evidenced by the large variations in the mortalities of the 24 species. While some species 

had less than 1% mortality % (Condalia hookeri, cocoon shelters), others had greater than 80% 

(Guaiacum angustifolium: control). This variation indicates that several species-specific factors 

may be largely responsible for seedling performance. These factors are often a combination of 

plant genes’ interaction with the environment to produce phenotypes that end up responding to 

environmental cues with different levels of tolerance (Sthultz et al., 2009). Since the outcome of 

reforestation depends upon the phenotypic expression resulting from these interactions, it makes 

sense to quantify species’ successes in restoration using plant traits, which are dependable 

indicators of phenotypic expression. Other species aspects such as detecting genetic markers of 

mortality may potentially be able to better predict performance, however, they are expensive and 

time-consuming.  Thus, the method of selecting appropriate species for restoration using 

functional traits as predictors can be largely standardized for selecting species through 

determining which traits are dependable predictors of mortality. Through our study, not only did 

we kickstart a database of successful species in Tamaulipan thorn forest restoration that would 

aid in selecting appropriate species for reforestation in the valley, but we also identified potential 

predictors of performance for woody species in the Rio Grande Valley.    
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These findings are important for restoration managers in not only optimizing species selection 

but also for optimizing intervention selection to facilitate restoration.  

  As the global population grapple with the exacerbating challenges of climate change, 

induced by unmitigated and unregulated industrial growth, management practices such as forest 

restoration are becoming more and more common, due to their multifold benefits to the economy 

and the environment. The Lower Rio Grande Valley’s forest restoration program is a perfect 

example of such a program that encompasses the environmental and economic milieu. However, 

since so many resources are invested in restoring native habitats for conservation and economic 

purposes, it is important to come up with scientifically salient interventions and general 

frameworks that address the challenges of restoring habitats in the rapidly changing and often 

increasingly harsh environments where restoration occurs.  Our study shows that forest 

restoration interventions such as shelters provide such an opportunity to manage the impacts of 

herbivory, whereas trait-based screenings allow resource optimization through appropriate 

species selection. What is clear from this study is that to mitigate challenges encountered in 

largescale conservation efforts, while certain investments pay off (shelters), others may not 

(mycorrhizae). The good news is that often the approaches that end up working are ones that 

require minimal investment such as appropriate species selection. Hence, management practices 

in forest restoration should involve appropriate planning to make scientifically informed 

decisions that will minimize the cost and maximize the number of restoration objectives met.  

 

 

 

 

 



66 
 

Tables & Figures 

 

 

Figure 4.1 Species with lowest mortality overall: Citharexylum berlandieri (Fiddlewood) 8%, 

Parkinsonia texana (Palo verde) 7%, Zanthoxylum fagara (Colima) 9%. 

Figure 4.2 Species with highest mortality overall: Castela erecta (Amargosa) 42%, Guaiacum 

angustifolium (Guayacán); 69%, Viguiera stenoloba (Skeleton leaf golden eye), 47%  
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Greenwood, S., Ruiz‐Benito, P., Martínez‐Vilalta, J., Lloret, F., Kitzberger, T., Allen, C. D., ... & 

Kraft, N. J. (2017). Tree mortality across biomes is promoted by drought intensity, lower 

wood density and higher specific leaf area. Ecology Letters, 20(4), 539-553. 

Grossnickle, S. C. (2012). Why seedlings survive: influence of plant attributes. New 

Forests, 43(5-6), 711-738. 

Grünzweig, J. M., Lin, T., Rotenberg, E., Schwartz, A., & Yakir, D. (2003). Carbon 

sequestration in arid‐land forest. Global Change Biology, 9(5), 791-799. 

Hacke, U. G., Sperry, J. S., Pockman, W. T., Davis, S. D., & McCulloh, K. A. (2001). Trends in 

wood density and structure are linked to prevention of xylem implosion by negative 

pressure. Oecologia, 126(4), 457-461. 

Hamrick, J. L., Godt, M. J. W., Murawski, D. A., & Loveless, M. D. (1991). Correlations 

between species traits and allozyme diversity: implications for conservation 

biology. Genetics and conservation of rare plants, 3, 30. 

https://cran.r-project.org/package=data.table


70 
 

Holmgren, M., López, B. C., Gutierrez, J. R., & Squeo, F. A. (2006). Herbivory and plant growth 

rate determine the success of El Niño Southern Oscillation‐driven tree establishment in 

semiarid South America. Global Change Biology, 12(12), 2263-2271. 

Hothorn, T., Bretz, F., and Westfall, P. (2008). Simultaneous Inference in General Parametric 

Models. Biometrical Journal 50(3), 346-363. 

Jacobs, B. F. (2004). Palaeobotanical studies from tropical Africa: relevance to the evolution of 

forest, woodland and savannah biomes. Philosophical Transactions of the Royal Society 

of London. Series B: Biological Sciences, 359(1450), 1573-1583. 

Jacobs, D. F., Salifu, K. F., & Seifert, J. R. (2005). Relative contribution of initial root and shoot 

morphology in predicting field performance of hardwood seedlings. New Forests, 30(2-

3), 235-251. 

Jager, M. M., Richardson, S. J., Bellingham, P. J., Clearwater, M. J., & Laughlin, D. C. (2015). 

Soil fertility induces coordinated responses of multiple independent functional 

traits. Journal of Ecology, 103(2), 374-385. 

Jahrsdoerfer, S. E., & Leslie Jr, D. M. (1988). Tamaulipan brushland of the Lower Rio Grande 

Valley of south Texas: description, human impacts, and management options. Oklahoma 

Cooperative Fish and Wildlife Research Unit Stillwater. 

Jiménez, M. N., Navarro, F. B., Ripoll, M. Á., Bocio, I., & De Simón, E. (2005). Effect of shelter 

tubes on establishment and growth of Juniperus thurifera L.(Cupressaceae) seedlings in 

Mediterranean semi-arid environment. Annals of forest science, 62(7), 717-725.  

Judd, F. W. (2002). Tamaulipan biotic province. The Laguna Madre of Texas and Tamaulipas, 

38-58. 

Leslie Jr, D. M. (2016). An international borderland of concern: conservation of biodiversity in 

the Lower Rio Grande Valley (No. 2016-5078). US Geological Survey. 

Kassambara, A. (2018). "ggpubr: 'ggplot2' Based Publication Ready Plots". R package version 

0.2 ed. (https://CRAN.R-project.org/package=ggpubr). 

Kichenin, E., Wardle, D. A., Peltzer, D. A., Morse, C. W., & Freschet, G. T. (2013). Contrasting 

effects of plant inter‐and intraspecific variation on community‐level trait measures along 

an environmental gradient. Functional Ecology, 27(5), 1254-1261. 

Kleyer, M., Dray, S., Bello, F., Lepš, J., Pakeman, R. J., Strauss, B., ... & Lavorel, S. (2012). 

Assessing species and community functional responses to environmental gradients: 

which multivariate methods?. Journal of Vegetation Science, 23(5), 805-821. 

Kleyer, M., Dray, S., Bello, F., Lepš, J., Pakeman, R. J., Strauss, B., ... & Lavorel, S. (2012). 

Assessing species and community functional responses to environmental gradients: 

which multivariate methods?. Journal of Vegetation Science, 23(5), 805-821. 

https://cran.r-project.org/package=ggpubr


71 
 

Kottek, M., J. Grieser, C. Beck, B. Rudolf, and F. Rubel. 2006. World map of the KöppenGeiger 

climate classification. Meteorologische Zeitschrift 15(3):259-263. 

Kramer, P. J., & Boyer, J. S. (1995). Water relations of plants and soils. Academic press.  

Kramer‐Walter, K. R., Bellingham, P. J., Millar, T. R., Smissen, R. D., Richardson, S. J., & 

Laughlin, D. C. (2016). Root traits are multidimensional: specific root length is 

independent from root tissue density and the plant economic spectrum. Journal of 

Ecology, 104(5), 1299-1310. 

Laughlin, D. C. (2014). The intrinsic dimensionality of plant traits and its relevance to 

community assembly. Journal of Ecology, 102(1), 186-193. 

Laughlin, D. C. (2014). The intrinsic dimensionality of plant traits and its relevance to 

community assembly. Journal of Ecology, 102(1), 186-193 

Lavorel, S., & Grigulis, K. (2012). How fundamental plant functional trait relationships scale‐up 

to trade‐offs and synergies in ecosystem services. Journal of Ecology, 100(1), 128-140. 

Lenth, R. (2019). "emmeans: Estimated Marginal Means, aka Least-Squares Means". R package 

version 1.4.3.01 ed. (https://CRAN.R-project.org/package=emmeans). 

Leslie Jr, D. M. (2016). An international borderland of concern: Conservation of biodiversity in 

the Lower Rio Grande Valley (No. 2016-5078). US Geological Survey. 

Lloret, F., Calvo, E., Pons, X., & Díaz-Delgado, R. (2002). Wildfires and landscape patterns in 

the Eastern Iberian Peninsula. Landscape Ecology, 17(8), 745-759. 

Lloret, F., Casanovas, C., & Penuelas, J. (1999). Seedling survival of Mediterranean shrubland 

species in relation to root: shoot ratio, seed size and water and nitrogen use. Functional 

Ecology, 13(2), 210-216. 

Maestre, F. T., Cortina, J., Bautista, S., Bellot, J., & Vallejo, R. (2003). Small-scale 

environmental heterogeneity and spatiotemporal dynamics of seedling establishment in a 

semiarid degraded ecosystem. Ecosystems, 6(7), 630-643. 

Mathis, M., & Matisoff, D. (2004). A characterization of ecotourism in the Texas Lower Rio 

Grande Valley. Valuing nature in Texas: discussion paper. Houston Advanced Research 

Center, Houston, Texas, USA. 
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