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ABSTRACT 

Trees may survive fire through persistence of above or below ground structures; 

investment in bark aids in the first while investment in carbohydrate storage aids in the 

second. Investment in defense structures comes at a cost, necessitating tradeoffs.  I 

hypothesized that relative investment in bark or carbohydrates changes with tree age 

and with fire regime: I predicted delayed investment in bark and early investment in 

carbohydrates under low frequency, high severity fire regimes. Common oaks of the 

Texas Trans-Pecos region (Quercus emoryi, Q. gambelii, Q. gravesii, Q. grisea, Q. 

hypoleucoides, Q. muehlenbergii, Q. pungens) were sampled at three sites with 

historically mixed fire regimes: the Chisos Mountains, the Davis Mountains and the 

Guadalupe Mountains. Bark thickness was measured on individuals representing the 

full span of sizes found in the three mountain ranges. Carbohydrate concentration in 

taproots was measured after initial leaf flush and before secondary shoot development. 

Investment in each trait was standardized by bole diameter and analyzed using major 

axis regression.  
  

Four species showed isometric investment through ontogeny:  Q. gambelii, Q. 

gravesii, Q. muehlenbergii, Q. pungens. Q. grisea invests early in bark and reduces 

investment through time (allometric slope, alpha=0.75). In contrast, Q. hypoleucoides 

has thin bark in young stems and it accelerates investment over time (alpha=1.25) 

resulting in among the thickest bark when mature. Root carbohydrate concentrations 

were similar across all species and sizes, suggesting that any differences in below 

ground storage are likely to be in total volume of storage tissue rather than 

carbohydrate concentration. Investment patterns in bark were to habitat preference and 

by proxy to expected fire regime (p=0.07). Through expanding our understanding of 
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fire survival traits we are better equipped to determine species success under novel 

disturbance regimes. 
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CHAPTER I 

INTRODUCTION 

Fire has been a powerful disturbance on the global landscape for hundreds of 

thousands of years, promoting traits in plants which confer an advantage in the 

presence of fire (Keeley et al. 2011, He et al. 2012). Plants are complex organisms 

subjected to a wide range of environmental stressors, thus traits conferring benefits do 

not occur in isolation, but rather as co-varying collections referred to as strategies 

(Ackerly et al. 2000, Reich et al. 2003, Cavender-Bares et al. 2004). There are costs 

associated with growth, reproduction and defense structures; plants live on a limited 

budget causing differing allocation between investments, or trade-offs (Reich et al. 

2003).  Fire is a significant disturbance that can kill and consume plant tissue as well 

as modify the light, soil and moisture environment a plant experiences. Understanding 

variation in fire response strategies both across and within fire regimes has been a 

major goal of plant fire ecology (Splat and Reifsnyder 1962, Pyne 1982, Harmon 

1984, Bond and van Wilgen 1996, Bellingham and Sparrow 2000, Kane et al. 2008, 

Keeley et al. 2011).  

 

Fire has been a wide spread disturbance since the carboniferous period (≈354 to 290 

MYA) (Scott 2000, Pausas and Keeley 2009) and there is evidence for plant 

adaptations to fire at least as far back as the Cretaceous (He et al. 2012). There are two 

broad classes of traits that allow populations to persist in the face of recurring fire: 

those that increase individual survival and those that facilitate post fire seedling 
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recruitment (Bond and van Wilgen 1996, Pausas et al. 2004b). Many previous studies 

have focused on this dichotomy; emphasizing either aspects of recruitment such as 

seed storage, seed survival and post-fire germination (Enright and Lamont 1989, 

Byron et al. 1993) or have focused on the costs and benefits associated with the life 

history strategies of resprouters versus non-resprouters (Bell and Ojeda 1999, 

Bellingham and Sparrow 2000, Schwilk and Ackerly 2005, Clarke and Knox 2009). 

Less well-studied are the variations within adult plant fire survival strategies.  

Adult plant survival can provide an obvious advantage to plants in disturbance prone 

habitat, but such survival may require investment in defense. Plants can survive fire by 

protecting above ground tissue from heat damage or by relying on resprouting after 

above ground tissue is killed. For trees, thick bark and tall height that keeps leaves and 

young tissue away from the flames of a surface fire are the main traits associated with 

above ground survival (Adams and Jackson 1995, Gignoux et al. 1997), while 

resprouting can allow individual survival even when above ground tissue is killed 

(Bond and van Wilgen 1996). Even plants that lose all above ground tissue during a 

fire and resprout basally may have an advantage over the seedlings of  non-sprouting 

post-fire recruiters because the resprout has access to stored carbon and a much more 

extensive root system (Del Tredici 2001).  

 

Fire Regime  

The ways in which fire can affect a landscape are tremendously varied and complex. 

Generalizing fires over time in a given area into regimes provides a simplification 
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based on a number of factors with fire frequency and severity (or intensity) used as 

general descriptors (Brown and Smith 2000). Fire frequency indicates how often 

plants are subjected to possible selection events and severity characterizes how 

damaging burn events may be (Flannigan et al. 2000). Fire frequency and severity 

depend on the quantity, arrangement and moisture content of fuels (Brown and Smith 

2000). Therefore given a general area, habitat can be used as a rough indicator of fire 

regime. There can be a great deal of variation in fuels between sites, but in the 

American Southwest drier habitats with finer fuels are generally found at lower 

elevations and wetter habitats with heavier fuels are found at higher elevations 

(Swetnam and Baisan 1996, Poulos and Camp 2010). The drier habitats generally burn 

more frequently, but less severely than the wet habitats which burn less frequently but 

potentially more severely (Allen 2002).  

 

Bark as a Survival Trait 

As a fire survival trait, thick bark protects a plant’s cambium from heating over 60°C, 

the temperature generally associated with tissue mortality (Bond and van Wilgen 

1996, Jackson et al. 1999, Bauer et al. 2010). Although fire ecologists have long 

characterized tree species as having thick or thin bark (Hare 1965, Harmon 1984, 

Hengst and Dawson 1994, Bond and van Wilgen 1996), bark thickness as a proportion 

of body size changes through the life of individual plants (Jackson et al. 1999). Theory 

and past empirical work suggests that differing habitats and fire regimes should lead to 

different amounts of total investment in bark as well as differences in the timing 
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investment through a tree's life (Adams and Jackson 1995, Barton 1999, Cavender-

Bares et al. 2004). In a study of oaks in Florida, Cavender-Bares et al. (2004), found 

that saplings possessing thick bark inhabited sandhill habitat types that experienced 

frequent low intensity ground fires, whereas species in habitats that experienced 

severe fires did not invest in thick bark. Another comparative study found that thick 

bark early in development of red oak saplings was correlated with habitats 

experiencing short fire return intervals and that adult red oaks also had thick bark 

 (Jackson et al. 1999). 

 

Resprouting as a Survival Trait 

Resprouting is a widespread response to tissue damage in plants, and is likely the 

ancestral condition in angiosperms (Wells 1962, Keeley and Zedler 1978, Vesk and 

Westoby 2004). It facilitates individual survival when above ground tissue is damaged 

or killed (Bond and van Wilgen 1996, Barton 1999, Cavender-Bares et al. 2004, 

Clarke et al. 2005). Although much work investigating resprouting as a fire response 

strategy has focused on comparing the relative costs and benefits of resprouting versus 

nonsprouting (James 1984, Vesk and Westoby 2004, Schwilk and Ackerly 2005, 

Clarke and Knox 2009), this character is not a simple dichotomy and there is a wide 

spectrum of resprouting responses from nonsprouting to mild to vigorous  

 and responses occur along a spectrum from mild to vigorous (Vesk and Westoby 

2004). During resprouting, new growth arises from dormant buds along the trunk and 

limbs or from below ground structures such as rhizomes or lignotubers 
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 (Bosela and Ewers 1997). Buds in the above ground portion of a tree can originate 

from deep tissue (adventitious) or from superficial tissue associated with leaf 

development (preventitious) (Fink 1983, Meier et al. 2012) and their placement varies 

from axillary (in crown branches) to epicormic (along the trunk) to basal (Bond and 

van Wilgen 1996). When a plant is damaged, buds which were previously suppressed 

are released, resulting in new tissue growth (Cline 1991). The longevity of dormant 

buds is not unlimited: Fink (1983) posit that buds could become stuck in bark or 

become disconnected from the xylem resulting in bud loss. In addition to having 

viable buds, resprouting plants maintain a reserve of nutrients to fuel development of 

new tissue (Bond and Midgley 2001). 

 

Trees accumulate and maintain nutrient reserves in various organs (James 1984). In 

disturbance prone systems these organs are typically underground which protects them 

from the brunt of surface disturbances (Langley et al. 2002). Root systems serve as a 

generic site of carbohydrate reserves which are then mobilized following a disturbance 

(Kozlowski 1992). However some species have specialized below ground organs such 

as lignotubers which are an alternative to maintaining elevated epicormic buds and 

storing carbohydrates separately below ground. Lignotubers are large structures 

typically rich in carbohydrates and housing numerous buds that extend laterally away 

from the base of the tree. They are found in a variety of environments, and often occur 

in plants growing in fire prone areas such as Mediterranean-type systems (James 1984, 

Bond and Midgley 2003).  
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Loss of buds, changing investment in carbohydrate reserves and additional factors 

combine to affect changes in resprouting ability through the lifetime of a plant (Del 

Tredici 2001, Vesk 2006). Many species are able to resprout only when young while 

others increase resprouting ability as they age (Vesk and Westoby 2004). Resprouting 

response depends both on a species’ ability to resprout and upon the intensity and 

frequency of disturbance regime. According to Del Tredici (2001), species growing in 

sites with frequent disturbances are likely to sprout more robustly and retain the ability 

to sprout longer than species growing in infrequently disturbed sites. The type of 

resprouting is also influenced by disturbance frequency. Axillary sprouting most often 

occurs with low severity disturbance and basal resprouting happens after high severity 

disturbance (Bellingham and Sparrow 2000, Bond and Midgley 2001, Bond and 

Midgley 2003). For example, Florida scrub oak species under a severe fire regime 

both resprouted basally and from rhizomes (Cavender-Bares et al. 2004). The 

investment in buds and storing nutrients for future use comes at a cost to other 

investments such as defense structure, current growth or future reproduction (Bond 

and van Wilgen 1996, Clarke et al. 2010). In a study of four oak species and two pine 

species a negative relationship between post-fire resprouting ability and fire resistance 

(thick bark) was found; implying a possible tradeoff between the two alternate 

strategies (Barton 1999). 
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Bark Allometry 

The benefit of investment in bark thickness depends upon the fire regime, tree size 

(and therefore the relative cost of above ground tissue loss) as well as the current bark 

thickness. Investment should have the highest payoff near tissue survival thresholds 

and should be less beneficial when insufficient or excessive. The proportion of the 

total bole that the bark comprises changes as the tree grows; standardizing the amount 

of bark by size facilitates comparison of bark across multiple species. This can be 

achieved through the use of allometry (Jackson et al. 1999). The allometric scaling 

coefficient, α, indicates how species’ investment in bark thickness varies through 

ontogeny. Species with an α less than one (negative allometry) have greater proportion 

of bark to body size when small, while species with α greater than one (positive 

allometry) have greater proportional investment in bark at a larger size (Jackson et al. 

1999).  

 

In the Jackson et al. 1999 work, factors such as fire regime, growth rate, body size, 

bark thickness and habitat type were combined to predict then estimate bark allometric 

coefficients in 32 pine and 23 oak species. Patterns of investment in bark can change 

with investment in other defense structures. For example, bark thickness and body size 

complement each other as defense structures; investment in size would shift  to the 

right. The same goes for species which resprout, they are expected to have more 

positive allometries under moderate to frequent fire regimes. Habitat type plays an 

important role in determining patterns of investment. Species in habitats with long fire 



Texas Tech University, Maria Gaetani, August 2012 
 

8 

return interval and closed canopies have α greater than one and species in habitats with 

short fire return intervals and open canopies have α less than one (Jackson et al. 1999).  

 

Oaks as a Study Genus 

Oaks are a widespread ecologically and culturally significant genus in the Northern 

Hemisphere (Abrams 1992, Pausas 1997, Onorato et al. 2003, Nixon 2006). The 

interactions of oaks and fire have been studied in a handful of systems particularly in 

the Mediterranean and North America (Abrams 1992, Pausas et al. 2004a, Kane et al. 

2008, Rodríguez-Trejo and Myers 2010). All oaks are resprouters and some invest in 

thick bark (Abrams 1992, Romero et al. 2009, Rodríguez-Trejo and Myers 2010). The 

oaks of fire-prone regions of the Southwest have generally been considered “fire-

adapted”  (Barton 1994, Fule et al. 2000) . However, there is no published research 

regarding the possible tradeoffs between above ground persistence and below ground 

endurance strategies as characterized by bark thickness and resprouting.  

 

The sky islands of west Texas are an ideal location in which to study fire survival 

traits in oaks. These isolated peaks are separated from each other by a “sea” of 

inhospitable habitat.   The forests and woodlands in these mountain ranges experience 

frequent to moderate mean fire return intervals with mixed severity fire regimes 

(Poulos et al. 2009). Furthermore, they span an elevational gradient from low 

elevation desert and savanna to coniferous forest above 2000 m. Oaks are found along 

a broad elevational gradient and include the lowest elevation tree species (along with 
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the genus Juniperus) and the highest elevation species (coexisting with the genus 

Pinus at the highest elevations in the Trans-Pecos mountains of west Texas. Collecting 

individuals and species from multiple elevations captures variation in survival traits 

across diverse habitats.  

 

Objectives and Hypotheses 

In the literature, plants are commonly split into the simplified binary of resprouters or 

nonsprouters, although recently there has been a call to address this simplification by 

placing more emphasis on a continuum of responses (Vesk and Westoby 2004, Clarke 

et al. 2010). Furthermore, resprouting has been especially understudied outside of 

Mediterranean-type ecosystems (Clarke et al. 2005). There are fewer gaps in 

knowledge about bark thickness as a fire survival strategy: it has been recognized as a 

defense against fire and therefore been studied across numerous ecosystems (Harmon 

1984, Bond and van Wilgen 1996, Hodgkinson 1998, Jackson et al. 1999). However, 

in previous work detailing potential tradeoffs between bark thicknesses and other 

defense traits, resprouting has not been addressed (eg Jackson et al. 2009). 

Additionally, studies of bark thickness or resprouting as fire survival strategies in the 

semi-arid mountains of the American Southwest are nearly nonexistent. 

 

My objective is to determine if common oaks of the Texas Trans-Pecos mountains 

(Quercus emoryi, Q. gambelii, Q. gravesii, Q. grisea, Q. hypoleucoides, Q. 

muehlenbergii, Q. pungens Q. rugosa) invest in fire survival traits, specifically 
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persistence through thick bark and resprouting. I measured bark thickness directly and 

used total nonstructural carbohydrate storage as a proxy for resprouting ability. I 

asked: how does investment in these two alternative strategies change through the life 

of the tree and if there is a tradeoff between the two opposing investment strategies? 

 

I hypothesized that the timing of relative investment in bark can be predicted by fire 

regime; under low frequency and high severity regimes investment in bark will be low 

in small trees and increase over with tree size (and age) (allometric scaling coefficient, 

> 1). Under high frequency, low severity regimes, initial investment will be high 

and the rate of investment will decrease with tree size (<1).  Additionally, tree size 

works in conjunction with bark thickness; when trees are small bark thickness alone 

cannot save them from a fire, however when trees are tall then the combination of 

height and bark thickness contribute to enhanced survival. As an alternative to 

investing in thick bark, trees may invest in resprouting ability, represented by 

nonstructural carbohydrates. I predicted that species in habitats which experience high 

severity fire will have a greater proportional investment in total nonstructural 

carbohydrates than species occurring in habitats with low severity fire. Due to limited 

resources available there may a tradeoff in investment in carbohydrates and bark. 

Species that have increasing rates of investment in bark will have decreasing rates of 

proportional investment in carbohydrates. Alternately, species that have decreasing 

rates of investment in bark will have increasing investment in carbohydrates. 
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CHAPTER II 

 METHODS 

Site Description 

The mountains of west Texas interrupt the Chihuahuan Desert with a series of small 

disjointed ranges. The ranges of interest are the Chisos Mountains located in Big Bend 

National Park, the Davis Mountains in the Nature Conservancy Davis Mountains 

Preserve and the Guadalupe Mountains located in Guadalupe Mountains National 

Park. These ranges experience similar conditions and fire regimes and have similar 

potential microclimates.  

 

The Guadalupe Mountains are the remnants of an ancient limestone reef ranging in 

height from 980m to 2,667m (National Park Service). They have a semi-arid climate 

with an average yearly rainfall of 45cm (National Park Service), and there are no 

perennial streams(Sakulich and Taylor 2007). Lower elevations are comprised of 

Chihuahuan desert scrublands, giving way to piñon juniper woodland then mixed 

conifer forest above 2000m (Mullet and Ward 2010). Prior to the 1800s the fire regime 

consisted of frequent, small burns; the mean fire return interval is 22 years, with fires 

usually occurring in the spring (Sakulich and Taylor 2007). 

 

The Davis and Chisos Mountains lay at the northern end of the Sierra Madre Oriental 

and are of igneous origins. Both have Chihuahaun grasslands at lower elevations 

segueing to piñon-juniper woodlands then up to conifer forest at the higher elevations 
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(Poulos et al. 2009). These ranges have an arid climate, with precipitation coming in 

winter and summer pulses. The mean annual precipitation in the Davis Mountains is 

40cm and 70cm in the Chisos (Poulos et al. 2009).  Both ranges experience fire more 

commonly in the spring than other seasons; the Davis Mountains have a mean fire 

return interval of 11 years while the Chisos have a mean fire return interval of 36 

years (Poulos et al. 2009). All three ranges have complex topography and multiple 

vegetation types allowing for heterogeneous fire regimes across the landscape. 

 

Field Methods 

Before any collections began, the species of interest (Quercus emoryi Torr., Quercus 

gambelii Nutt., Quercus gravesii Sudw., Quercus grisea Liebm., Quercus 

hypoleucoides A. Camus., Quercus muehlenbergii Engelm., Quercus pungens Liebm. 

var. pungens, Quercus rugosa Nee.) were chosen based on reconnaissance and 

previous work by H. Poulos (Poulos et al. 2009). Trees were identified using Powell 

(1998) and Muller (1940), with ambiguous individuals considered hybrids and 

subsequently excluded. General habitat preference information was recorded during 

sampling, then combined with information from literature, the Natural Resources 

Conservation Service PLANTS Database (USDA NRCS 2012) and personal 

communications with D. Schwilk and H. Poulos to characterize habitat preference as 

either “wet” or “dry”.  
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I selected individuals of each species for bark sampling by a multistep process. 

General start points for sampling were spread along an elevational gradient dictated by 

the lower and upper bounds of the species’ distribution in each range. First a species 

and size class was chosen: seedling (1cm-10cm), small (11cm-20cm), medium (21cm-

30cm), large (30cm-40cm) and very large (41cm +). A direction was randomly 

selected using a compass, then using trails or roads as an anchor I walked up to 200m. 

If at any point a tree of the given species and size passed within a 10m radius then it 

was sampled. If after 200m no tree matching the criteria was encountered a new 

combination of tree and size was selected and the process continued. An objective of 

five trees per size class was set, excluding very large which a goal of one was set. 

Every effort was made to collect 30 trees per species per range, however several 

species were only found in one or two ranges. Total nonstructural carbohydrates were 

assessed on a subset of ten individuals of each species, selected to capture at least one 

individual per size class. 

 

Bark thickness was measured following Adams and Jackson's (1995) contour method. 

This minimally destructive method not only provides mean bark thickness it also 

allows for collection of the full distribution of bark thicknesses along a sample cross 

section. Once a tree was selected, the diameter was taken at 60cm (hereafter referred 

to as D60), then an aspect at which to measure bark was randomly selected using a 

compass. The outer bark profile was obtained by pressing a carpenter’s molding gauge 

firmly against the bark surface (Figure 1); the profile was traced onto graphing paper. 
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Bark (and phloem) depth was taken at five points along the profile by drilling five 

holes with a doweling bit and then measuring the depth to xylem with a digital depth 

gauge. The location of the holes as well as the bark depths were recorded on the 

tracing of the bark profile (Figure 2). The area and the depths of the bark cross-section 

were determined using a multistep process starting with scanning and digitizing the 

outline, the 5 drill point locations and corresponding measured bark depths using 

ImageJ (Abramoff et al. 2004). The perimeter scan was saved as XY coordinates and 

then analyzed with a custom program written in R (R Development Core Team 2011).  

This program used the five depth points to establish the cambium position at those five 

locations along the contour, then a smoothing spline was applied on these points to 

estimate the curve of the inner bark boundary. This curve was fit in polar coordinate 

space to maintain circularity as the default geometry but to allow for non-circular tree 

boles. The program output an ordered vector of bark depths along the arc 

circumscribed by the traced contour (Figure 3) (code available at www.schwilk.org). 

For seedlings and saplings a small area of bark was shaved from the tree and bagged 

to maintain moisture, then bark thickness was measured under a dissecting scope. 
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Figure 1. A carpenter’s molding gauge was pressed into the exterior of a Q. emoryi creating an 
impression of the outer bole.  

 
Figure 2. The impression from the molding gauge was then traced onto graph paper. The 
locations of the drill points and the depth at those points as measured with calipers are 
indicated by arrows.  

 
Figure 3 The digitized drill point depths shown in green and the outer bole profile shown in 
black were combined to estimate the inner bole position, shown in blue. 

 
Estimating Bark Insulation 

After the bark profiles were digitized the mean bark depth was found for each species 

at sizes representing the range of trees sampled. I chose three diameters at which to 
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predict bark thickness and bark insulating capacity for each species.  The smallest size 

(D60 = 5cm) represents the lowest size counted as trees in forest surveys. The mean 

size of individuals sampled fell close to D60 = 25cm and the 90th quantile for size was 

nearly D60 = 40cm. Following previous work (Peterson and Ryan 1986, Lawes et al. 

2011), the mean bark depth for each size class was converted to a critical time (c) 

using the standard equation for one dimensional heat flow through bark (for details see 

Peterson and Ryan 1986). The final formula used is         (Equation 1) with the 

following values assumed: lethal temperature to cambium = 60˚C, ambient 

temperature = 20˚C, fire temperature = 500˚C and the thermal diffusivity of bark = 

0.060 cm2min-1 (Splat and Reifsnyder 1962, Peterson and Ryan 1986). 

 

Lab Methods 

I measured total nonstructural root carbohydrates on a subset of ten individuals per 

species per mountain range selected to capture the range of sizes present. In species 

with limited geographic ranges the minimum collected was ten, except for Q. rugosa 

of which only six trees were found (Quercus emoryi, n = 22; Q. gambelii, n = 20; Q. 

gravesii, n = 11; Q. grisea, n = 24; Q. hypoleucoides, n = 10; Q. muehlenbergii, n= 

13; Q. pungens, n = 12; Q. rugosa, n = 6). All root samples were collected between 

May and June 2011, which was after initial spring leaf flush and before secondary 

shoot development to indicate yearly minimum carbohydrate storage. Samples were 

collected from the tap root of each tree and kept on ice then temporarily moved to a 

0˚C freezer. Upon returning to the lab, root material was stored in a drying oven at 
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50˚C until time of analysis. I assessed total nonstructural carbohydrates using a rapid 

method developed by Tissue and Wright (1995); in which dried material was ground 

for 60 seconds in an analytical mill resulting in a mix of fine powder and coarse 

debris. Samples were soaked in a methanol-chloroform-water combination for one and 

a half hours, centrifuging and pouring the liquid component off at 30 minute intervals. 

Solid material was air dried overnight and the liquid was stored in a refrigerator 

overnight. The following day the solids were mixed with perchloric acid for an hour 

resulting in a fluid containing digested sugars; a small portion was then mixed with 

water, phenol and sulfuric acid. The resulting concoction was read in a 

spectrophotometer at 490 nm. The same process was conducted, without the addition 

of perchloric acid, with the refrigerated portion. The absorbance readings for the liquid 

and solid portions of each sample were adjusted according to a glucose blank and then 

combined to give percent total nonstructural carbohydrates.  

 

Analysis 

Due to limited sample size, Q. rugosa was excluded from analysis of bark 

calculations. Bark allometry curves were developed for each of the species by using 

the ‘smatr’ package in R to take the standard major axis regression (Warton et al. 

2006, R Development Core Team 2011) between diameter at 60cm and bark depth of 

log transformed data. The allometric coefficients () of each species were compared 

to the isometric coefficient ( =1) and to one another using the multiple comparisons 

functions in the ‘smatr’ package. Then, a one-way ANOVA was performed to 
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compare allometric coefficients across the two habitat categories, wet and dry. The 

significance level for the ANOVA was set to 0.1, given the low risk of large-scale 

damaging consequences in case of a Type I Error. For carbohydrate storage, diameter 

at 60cm, total nonstructural carbohydrate concentration and date of lab work were 

compared using a linear mixed effects model in R with the ‘lme’ package (Pinheiro et 

al. 2012). Then bark allometric coefficients were compared against the patterns of 

total nonstructural carbohydrate storage.  
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CHAPTER III 

  RESULTS 
 
I categorized the species into two habitat types, wet or dry, based on observations and 

expert opinion as explained above. Q. emoryi, Q. grisea and Q. pungens prefer dry 

habitats and Q. gambelii, Q. gravesii, Q. hypoleucoides and Q. muehlenbergii prefer 

wet habitats. Among the dry habitat types Q. emoryi and Q. grisea were distributed in 

savanna and open canopy woodland including areas near draws; while Q. pungens was 

typically found in low elevation desert growing as a less than half meter multi-

stemmed shrub. The wet habitat group included species found most often in mid to 

higher elevation canyons, Q. gravesii, to species which were growing in canyons and 

down drainages, Q. gambelii and Q. hypoleucoides. Q. muehlenbergii was observed in 

especially wet areas in the Guadalupe Mountains, especially near springs.  
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Table 1. Species characterizations based upon observations taken in 2011; personal 
communication with D. Schwilk and H. Polous; Natural Resources Conservation 
Service PLANTS Database and Powell (1998). Mountain Range signifies ranges from 
which samples were collected. Observed locations provides general habitat. Predicted 
Fire Regime is qualitative, not derived from a model. ** Most commonly occurring 
growth form of the species as collected in this study. 

Species Habitat 
Preference Group Mountain 

Ranges 
Common 
Form** 

Observed 
Locations 

Predicted 
Fire Regime 

Q. emoryi dry red Davis 
Chisos 

multi-stem 
tree 

dry hillslopes 
& savannah 

frequent & 
low severity 

Q. grisea dry white Davis 
Chisos 

multi-stem 
tree 

dry hillslopes 
& savannah 

frequent & 
low severity 

Q. pungens dry white Chisos 
Guadalupes low shrub low elevation 

desert 
frequent & 

low severity 

Q. gambelii wet white Davis 
Guadalupes 

single-stem 
tree 

canyons & 
drainages 

rare & high 
severity 

Q. gravesii wet red Davis 
Chisos 

single-stem 
tree canyons infrequent & 

high severity 

Q. hypoleucoides wet red Davis 
Chisos 

large shrub 
& single-
stem tree 

canyons & 
drainages 

infrequent & 
high severity 

Q. muehlenbergii wet white Guadalupes single-stem 
tree 

canyons & 
springs 

rare & high 
severity 
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Figure 4. SMA of log transformed mean bark depth (mm) across bole diameter (cm) at 
60cm.The left column contains wet site preference and the right column contains dry site 
preference: (a) Q. gravesii, (b) Q emoryi, (c) Q. hypoleucoides, (d) Q. grisea, (e) Q. 

muehlenbergii, (f) Q. pungens, (g) Q. gambelii.  for each species contained in Table 2 below 
and dashed line represents  = 1 Number of individuals included in analysis by species: Q. 

emoryi = 62, Q. grisea = 56, Q. pungens = 13, Q. gambelii = 39, Q. gravesii = 30, Q. 

hypoleucoides = 28, Q. muehlenbergii = 29. 

 

Mean bark depths range from 0.5mm to 30.0mm with the majority falling between 

6.0mm and 25.0mm. Q. grisea has the highest intercept and a slope significantly (p < 

0.01) less than 1, while Q. hypoleucoides has a low intercept and the steepest slope 

significantly different than 1 (p = 0.03, Table 2). Q. emoryi also has a slope 

significantly less than 1 (p < 0.01, Table 2), and an intercept similar to that of Q. 

grisea.  Q. gravesii followed a similar, but non-significant pattern to that of Q. 

hypoleucoides. 

Table 2. Coefficients of Standard Major Axis Regression for Mean bark depth in log 
transformed data for: Q. emoryi, Q. gambelii, Q. gravesii, Q. grisea, Q. hypoleucoides, 

Q. muehlenbergii, Q. pungens. Slopes significantly different than one are indicated by 
(*); Q. emoryi p <.01, Q. grisea p <.01, Q. hypoleucoides p = .03. Estimated Mean 
Bark depths are given for D60=5cm, 25cm and 40cm. Q. pungens is excluded at 
biologically inappropriate sizes, maximum recorded size was D60 = 23.5cm.  

Species 

Intercept 
(Bark Depth 
in cm when 

D60 = 1) 


(slope) 

Estimated Mean 
Bark depth (mm) 
when D60 = 5cm 

Estimated Mean 
Bark depth (mm) 

when D60 = 25cm 

Estimated Mean 
Bark depth (mm) 

when D60 = 40cm 

Q. emoryi 0.09 0.796* 3.27 11.79 17.14 

Q. gambelii 0.05 0.955 2.43 11.32 17.73 

Q. gravesii 0.02 1.225 1.34 9.63 17.12 

Q. grisea 0.11 0.747* 3.68 12.25 17.40 

Q. hypoleucoides 0.02 1.248* 1.41 10.49 18.86 

Q. muehlenbergii 0.04 1.074 2.07 11.64 19.29 

Q. pungens 0.03 1.056 1.69 - - 
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Building on bark thickness, critical times (c) of cambial resistance to temperatures of 

500˚C can be calculated. When the trees are small (D60 = 5cm), they all have 

resistance times less than one minute. The two trees with the thickest bark when small, 

Q. grisea and Q. emoryi have critical times of 23sec and 19sec respectively. While at 

the other end, Q. hypoleucoides, and Q. gravesii have critical times less than six 

seconds. Once trees are more established (D60 = 25cm), changing rates of investment 

become more evident as critical times vary more between species (Table 3). Q. grisea 

and Q. emoryi both have critical times greater than 4 minutes, while Q. gravesii has a 

critical time of 2:41min. When large (D60 = 40cm), species which invested early now 

have comparatively thinner bark than species which have increased proportional 

investment over time. For example, Q. grisea has a critical time of 8:47min while Q. 

hypoleucoides has a critical time of 10:19 min. Q. gravesii has low but increasing 

investment across sizes, ultimately having lowest critical times when large. 

Table 3. Critical Times (c) in minutes (mm:ss) of cambial resistance to 500˚C 
following equation 1, using estimated mean bark thicknesses from Table 1, given a 
bole size of D60 = 5cm, 25cm and 40cm. 

Species c (min) when 
D60 = 5cm 

c (min) when 
D60 = 25cm 

c (min) when 
D60 =  40cm 

Q. emoryi 0:19 4:02 8:31 

Q. gambelii 0:10 3:43 9:07 

Q. gravesii 0:03 2:41 8:30 

Q. grisea 0:23 4:21 8:47 

Q. hypoleucoides 0:04 3:11 10:19 

Q. muehlenbergii 0:07 3:56 10:47 

Q. pungens 0:05 - - 
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Figure 5. Point chart representing a one-way ANOVA (N=7, F(1,5)= 5.06, p = 0.07) of Bark 
allometric coefficient (in Table 2) and Habitat preference based on Table 1.  

 

Allometric coefficients vary between the two habitat preference types with higher 

values (delayed investment) in species from wet habitats (N=7, F(1,5)= 5.06, p = 0.07) 

. The dry site species Q. emoryi and Q. grisea follow the expected pattern of 

allometric coefficients less than one, however Q. pungens deviates (Figure 4). The wet 

site species Q. gravesii, Q. hypoleucoides and Q. muehlenbergii have allometric 

coefficients greater than one, with one dissimilar species Q. gambelii (Figure 4).  

  

Q. emoryi 

Q. gambelii 

Q. gravesii 

Q. grisea 

Q. hypoleucoides 

Q. muehlenbergii 

Q. pungens 
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Total nonstructural carbohydrate concentrations did not vary significantly with tree 

size (D60) but did show a pattern according to date of analysis. Multiple samples from 

each tree were measured after grinding and mixing material in order to gauge 

precision of the lab method. The date the lab work was performed influenced 

carbohydrates measured (earlier dates showed significantly higher concentrations than 

the later dates. All samples were ground at the earliest sample period and stored 

ground and mixed; therefore, this date effect must by an artifact of dry storage.  I 

assumed that the earliest dates were most accurate and chose the earliest measurement 

for each individual tree and discarded the others.  

.  

 
Figure 6. Box plot of mean TNC by species for Q. emoryi, Q. gambelii, Q. gravesii, Q. grisea, 

Q. hypoleucoides, Q. muehlenbergii, Q. pungens. Bolded bar represents median value; end-
bars capture minimum and maximum values, unless they exceed 1.5 of the interquartile 
distance then hollow circles indicate outliers. Letters are assigned groups according to Tukey 
HSD post-hoc analysis. 

 

Overall, species had similar levels of total nonstructural carbohydrate storage with one 

exception; Q. gravesii had significantly higher mean amounts than Q. emoryi, Q. 
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gambelii, Q. grisea, Q. hypoleucoides. Even though the amount of TNC storage does 

not follow any pattern given investment in bark, it should be noted that Q. gravesii had 

the lowest overall investment in bark (Table 2).  
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CHAPTER IV 

  DISCUSSION 

Bark 

In previous works, bark thickness has been identified as a primary trait associated with 

above ground persistence in fire prone environments (Bond and van Wilgen 1996, 

Jackson et al. 1999, VanderWeide and Hartnett 2011). Bark insulates the cambium 

from damage caused by heat, as well as protecting buds (Bond and van Wilgen 1996, 

Lawes et al. 2011); the amount of time a tree can survive without cambial damage can 

be calculated given bark thickness (Dickinson and Johnson 2001). It is in the best 

interest of the tree to maximize payoff, in terms of survivorship, per investment in 

thick bark. Focusing on the rate at which bark is accumulated rather than absolute bark 

thickness emphasizes the importance of fire return interval to tree survival given a 

particular fire regime.    

 

Investment in bark changes over the lifetime of a tree. Of the species included there 

were three patterns of proportional investment in bark through ontogeny; early then 

decreasing investment ( < 1), late investment (> 1) and constant investment ( = 

1). Taking habitat preference and associated fire regime into account, these groupings 

generally followed the predictions of Jackson et al. 1999. Species growing in areas 

with a high frequency and low severity fire regime fall into the first group; the dry site 

species Q. emoryi and Q. grisea are likely to experience frequent low severity fires 

both had allometric coefficients significantly less than one. In contrast, species which 
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prefer wet comparatively cool sites and therefore likely to experience infrequent but 

high severity fires such as Q. hypoleucoides and Q. gravesii had thin bark early with 

increasing rates of investment in bark. The remaining species Q. gambelii, Q. 

muehlenbergii and Q. pungens have isometric rates of investment in bark; Q. gambelii, 

Q. muehlenbergii included in this study shared similar habitats (wet canyons) while Q. 

pungens was found exclusively at lower elevations with shrub like growth forms.  

 

Changes in the rate of investment in bark can be considered by both the thickness of 

bark and by the amount of time (c) a tree can survive a fire without fatal damage. At 

small sizes, D60 = 5 cm the bark thickness and associated critical times are minimal 

for all the species, although Q. grisea and Q. emoryi have marginally thicker bark and 

therefore have slightly longer survival times. At small sizes trees may be investing in 

alternate survival strategies such as resprouting, or investing in rapid growth in order 

to gain height. Noticeable differences in survival time occur when trees have reached a 

D60 of 25cm; at this size the dry site species, Q. grisea and Q. emoryi have the longest 

critical times, lasting over four minutes. By the time they have reached this size, the 

dry site species have more likely experienced a fire than either canyon or wet site 

specialists. The species found in wet canyons (Q. gambelii and Q. muehlenbergii) and 

Q. hypoleucoides can survive over three minutes of ground fire (Table 3). These 

species, along with Q. gravesii, may be able to grow to this size with a low probability 

of being exposed to fire; as fire return intervals for wet sites are typically lower than in 

dry sites (Roberts 1996) and growing in wet canyons can provide a fire refuge (Clarke 
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2002). Once trees have reached a large size (D60 = 40cm), the minimum critical times 

exceed eight and a half minutes for all species meeting the upper end of average 

duration (two to nine minutes) of surface fires (Bauer et al. 2010). The critical times of 

Q. hypoleucoides and Q. muehlenbergii exceed ten minutes, and Q. gambelii exceeds 

nine minutes for surface fire. While they have thicker bark at this size and can survive 

longer times exposed to surface fire.  

 

In addition to thick bark, growth form and size contribute to fire resistance (Jackson et 

al. 1999). Ideally both diameter and height growth rates as well as size-age 

relationships would be known for these species. Without exact data, size serves as a 

proxy for age, which may not hold constant across habitat types; the inclusion of trees 

across possible habitat variables (elevation, soil moisture, landscape position) should 

lessen the potential effects of habitat variation on bark thickness in this study. 

Furthermore different growth forms were captured; Q. gambelii, Q. gravesii and Q. 

muehlenbergii were single trunked trees and generally taller than the often multi-

stemmed trees Q. grisea and Q. emoryi. Q. hypoleucoides was found as both a multi-

stemmed shrub and as single trunked individuals suggesting that it may switch 

between survival strategies, possibly resprouting more vigorously when small or shrub 

like. Unlike the rest, Q. pungens was exclusively found as a multi-stemmed shrub with 

no single stem reaching 25cm in diameter, it had isometric investment in bark 

suggesting that it may not use bark as a defense. Rather, it may rely more heavily on 

resprouting.  
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Carbohydrates 

The oaks included in this study have all been known to resprout post fire (USDA Fire 

Effects Information System 2012), however no pattern of investment in total 

nonstructural carbohydrate concentration with size was detected. Furthermore, species 

did not fall into groups related to habitat preference or growth form. It should be noted 

that although there was no relationship between habitat preference and total 

nonstructural carbohydrate concentration, Q. gravesii had a significantly higher mean 

carbohydrate concentration than Q. emoryi, Q. gambelii, Q. grisea, and Q. 

hypoleucoides. This suggests that there may be differences at the species level that 

were missed. It is likely that the extent of below ground root mass rather than the 

concentration per given volume is more accurate predictor of sprouting ability. 

Additionally, difficulties in the carbohydrate method in both the field and laboratory 

may have caused patterns to be overlooked. Specifically, the long term storage of 

carbohydrate samples in a drying oven at 50˚C was a major contributing factor in the 

degradation of carbohydrates in the root samples. In future work including collection 

of total nonstructural carbohydrates all samples should be analyzed as soon after 

collection as possible, and while not in direct preparation for assessment all samples 

should be kept in a -80˚C freezer.   
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Tradeoffs 

Without a significant pattern in investment in carbohydrate storage across time, further 

conclusions about tradeoffs between investment in above and below ground survival 

are limited. Trees may be investing in both carbohydrate storage and thick bark; if this 

is the case then the elevated levels of carbohydrate storage would shift the bark 

allometry towards decreasing rates of investment. (Jackson et al. 1999). This might be 

the case for Q. gravesii which had comparatively higher carbohydrate levels and a 

nearly significant positive bark allometric coefficient. Alternatively, it is possible 

these are orthogonal strategies, with species investing in either bark or carbohydrate 

storage exclusively. Other traits, such as tree size could also play an important role as 

a survival trait (Jackson et al. 1999) which was not captured herein.  

 

Future Directions 

This work is a step in the direction of addressing the paucity of information regarding 

fire survival traits in oaks. The lack of direct evidence concerning carbohydrate 

concentration should be investigated in greater detail, including increasing sample size 

to 30, using an enzyme based analysis and only using fresh root material for analysis. 

Better yet, would be to use a clip and shade method to directly quantify below ground 

carbohydrate reserves. Additional tree information such as age demographics and 

height should be gathered to expand potential investment in other above ground 

survival traits. An entire additional study of bark densities and moisture contents 

would round out a comprehensive profile of bark as a survival trait in the oaks of the 
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Trans-Pecos. This work can also be expanded to include co-occurring trees such as 

piñon and junipers. Ultimately fire survival traits can be combined with water relations 

to determine how oak species will perform under the compounding stressor of drought 

and water stress.  
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