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ABSTRACT 

Soil fungi are intimately associated with the maintenance and stability of terrestrial 

ecosystems through their involvement in the decomposition process. During 

decomposition, organic carbon is mineralized to CO2 and bound nutrients are returned to 

the labile soil nutrient pool for subsequent growth of plants and soil microbes. To better 

understand the relationship between soil fungal diversity, and factors influencing their 

functional ability in the decomposition of soil organic matter, this dissertation examined, 

(1) development of methods to determine soil fungal functional diversity, (2) seasonal 

trends in fungal function al diversity, and (3) the relation between soil fungal functional 

abilities and a suite of environmental variables that are important in ecosystem nutrient 

cycles. 

The context of this research endeavor focused on assemblages of soil fungi 

associated with an environmental gradient in the Chihuahuan Desert, specifically, the 

Pine Canyon Watershed in Big Bend National Park. The Pine Canyon Watershed 

contains five distinct vegetation zones along an altitudinal gradient and contains the 

majority of vegetation types that are found in the Chihuahuan Desert. Soil samples were 

collected within each of these zones over a three-year period. Sampling coincided with 

seasonal changes in temperature and precipitation. Functional diversity was determined 

for fungal assemblages from each vegetation zone, using the Soil FungiLog procedure 

developed from this research. 
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Fungal assemblages from the upper elevation sites responded to season with an 

enhanced functionality during the summer, whereas functionality of low desert fungi was 

enhanced in the winter. Regardless of season or elevation, complex and simple 

carbohydrate carbon compounds were the most frequently utilized by all soil fungal 

assemblages. At the regional scale, soil moisture, pH and soil nitrogen levels were the 

primary environmental determinants of soil fungal functional diversity. However, at the 

local and site scale the response to soil properties was specific to the scale of inference. 

At the landscape level, soil fungal fiinctional diversity is strongly influenced by seasonal 

trends in soil moisture and soil temperatures. At scales related to vegetation composition, 

soil properties exert significant influence on the functional capabilities of the soil fungi by 

regulating soil organic matter levels and soil nitrogen dynamics. 
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CHAPTER 1 

INTRODUCTION 

"Functional Diversity is the range and value of those species and organismal 
traits that influence ecosystem functioning. " (Tilman 2001) 

Within any terrestrial ecosystem, the component species perform a wide array of 

ecological functions that are important for maintaining ecosystem stability. These 

functions include biogeochemical cycling (Vitousek and Hooper 1993), modification of 

the physical environment (Willig and McGinley 2000), disturbance (Pickett and White 

1985, Peterson et al. 1998, Willig and McGinley 2000), and the processing of energy. 

Tilman et al. (1996) demonstrated that an increase in plant species richness boosted 

efficiency (measure of ecosystem performance for converting nutrients and energy into 

biomass) and stability (measure of ecosystem resistance to perturbation) of grasslands. 

However, these experiments were conducted over short periods of time and on a small 

spatial scale. It remains uncertain whether the species richness-stability relationship can 

be identified at regional scales or over longer temporal periods. Research herein 

examines both temporal and spatial extents in relation to fungal functional diversity in a 

desert environment. 

Fungal Assemblages 

Fungi that occur in the soil environment occupy a variety of niches. Some are 

parasites of plants such as the root-disease fungi, or predators of animals such as 

nematode-trapping fungi (Agrios 1988). Others live as symbiotic mutualists in the roots 



of plants, which include the mycorrhiza and various endophytes (Deacon 1997). The 

majority of fungi in terrestrial systems are saprobes that obtain energy from dead organic 

matter (Alexopoulos and Mims 1979, Cooke and Rayner 1984, Dix and Webster 1995). 

Saprobes are probably the most essential group of soil fungi because they decompose 

dead organic matter (leaves, twigs, humus, dung, etc.), extract energy, and return 

essential nutrients to the soil where it can be recycled by bacteria, protist, plants, animals 

and other fungi (Stark 1972, Cooke and Rayner 1984, Cromack and Caldwell 1992, 

Kjoller and Struwe 1992). The decomposer fungi possess diverse abilities with regard to 

the compounds they can catabolize. Some produce cellulose-degrading enzymes, 

whereas others excrete chitin- or lignin-degrading enzymes (Kjoller and Struwe 1992). 

Because decomposition is an essential component of all ecosystems, the decomposer 

fungi indelibly contribute to ecosystem stability. 

Chihuahuan Desert 

Big Bend National Park (BBNP) is located in southwestern Texas in the southern 

most part of Brewster County (Figure 1.1). The park comprises 323,219 hectares. The 

southern border of the park is the Rio Grande River, which delimits the Mexican-United 

States border. The park lies within the southward bend of the Rio Grande River, between 

longitude 102°50' and 104°50' west. The northern boundary is at latitude 30° north, 

which is approximately along the south side of the Marathon Basin and the north flank of 

the Chinati Mountains. 



Seasonal temperature fluctuations are characterized by hot summers and cool 

winters. The average winter temperature is 10°C, and the average summer temperature is 

27°C (Staff 1985). Annual precipitation is only 330 mm, and 75 % of the precipitation 

falls between April and September. In two out of 10 years the rainfall in April through 

September is less than 75 mm (Staff 1985). 

Soils in BBNP are primarily loamy-skeletal or clayey-skeletal (Staff 1985). Only 

four soil orders occur in the park. Aridisols make up the largest portion followed by 

Entisols, Mollisols, and Alfisols. These soils are closely related to parent material and 

climate, but vegetation plays an important role in soil formation at higher altitudes. The 

lower desert is dominated by Aridisols that arise from limestone parent material and is 

covered with typical desert scrub including cacti, ocotillo, creosotebush, and lechuguilla. 

Soil formation in the Aridisols is extremely slow (Buol et al. 1997). Mollisols are 

prevalent at high elevafions within the park. Vegetation colonizing Mollisols is 

dominated by oaks, junipers, and pines. MoUisol formation is driven by the ustic 

moisture regime present at high elevation zones. The dark mollic epipedon is indicative 

of high organic matter deposition. 

Data contained herein were collected along the Pine Canyon Watershed, which 

extends from Lost Mine Peak in the Chisos Mountains east to Glenn Springs. The entire 

watershed traverses a distance of approximately 19 km. There are five distinct vegetation 

zones in the watershed which correspond to elevation (Dobranic and Zak 1999) and 

include: (1) Lowland Desert Scrub (LDS; elevation 793 m) consists of mixed subshrubs 

dominated by Leucophyllum leiophyllum and Agave lechuguilla, and numerous grasses 



and annuals, (2) Creosote Bush Bajada (CR; elevation 1010 m), is dominated by Larrea 

tridentata, Agave lechuguilla. and several species of Opuntia, (3) Sotol-Grassland (SG; 

elevation 1526 m), where dominant plant species include Dasylirion leiophyllum, Molina 

texana, and Bouteloua ramose, (4) a Closed-Canopy Oak Forest (CCO; elevation 1824 

m), dominated by Quercus gravesii, Pinus arizonica, Arbutus xalapensis, and Juniperus 

deppeana, and a sparse understory of shrubs, and (5) an Oak-Pine Forest (OF; elevation 

2098 m), that contains Quercus emoryi and Pinus cembroides species (Herrmann et al. 

2000). 

Objectives 

Obiective #1 

To develop a procedure for measuring the functional diversity of saprobic soil-

fungal assemblages. 

Biolog technology was initially developed as a tool for quick identification of 

unknown bacterial isolates. The basic premise behind Biolog technology is that for a 

given suite of 95 carbon compounds, any particular bacterial isolate will utilize a subset 

of the 95 compounds. The pattern of subset utilization uniquely characterizes that 

particular isolate to the species level. Hence, the unknown isolate is screened against a 

large database of known bacterial species patterns for identification purposes. Microbial 

ecologists quickly perceived Biolog technology as a way to screen entire bacterial 

assemblages in order to look not for species identities, but rather utilization patterns 

unique for a particular habitat or environment (Garland and Mills 1991, Zak et al. 1994, 



Zimmer 2002). It was hypothesized that each microbial assemblage would provide a 

unique signature linked direcfly to the characteristics of the environment it inhabited (Zak 

et al. 1994). Thus, microbial ecologists were able to compare microbial assemblages 

across disparate landscapes or regions. Statistical analyses of Biolog data provided 

scientists with the ability to discern environments based not on plant species or soil 

characteristics, but on microbial assemblage. Foremost of interest was the linkage 

between bacterial assemblages and nutrient dynamics of ecosystems. Biolog provided a 

parsimonious solution for linking bacteria to the important functional processes within 

ecosystems (Zak et al. 1994, WiUig et al. 1996). 

Fungal researchers have used substrate utilization patterns to characterize species-

level functional attributes for some time (Kjoller and Struwe. 1980, Flanagan 1981, 

Kjoller and Struwe 1992). Many questions were directed toward how individual species 

functioned in various habitats. For example, Flanagan (1981) examined the 

psychrophilic utilization capacity of fungal species from Arctic and temperature zones. 

Several carbon compounds, including cellulose, were examined across a range of 

incubation temperatures. While single-species-utilization experiments described 

physiological phenomena related to individual species and the environment, I am aware 

of only one study that has examined the catabolic potential of entire fungal assemblages 

(Dobranic 2001). Distinguishing between single species versus species assemblages 

utilization profiles is important because individuals interacting in an assemblage may 

give rise to patterns that are very different from the additive effect of individual 

utilization patterns (Haack et al. 1995). 



Recently, a procedure was developed using Biolog technology to examine the 

fungal functional diversity of entire litter assemblages (Dobranic and Zak 1999). The 

research setting involved a gradient located along a watershed in the Chihuahuan desert. 

Results of whole assemblage analysis with the FungiLog Method (Dobranic and Zak 

1999) provided evidence to suggest that fungal function can be quite diverse across 

habitats. Furthermore, high desert sites, which are much cooler and wetter than low 

desert sites, had significantly greater fungal functionality. However, site differences were 

not nested, where lower altitude sites utilized a smaller subset of higher altitude sites 

(Dobranic 2001). These findings suggest fungal assemblages are acting at localized 

scales pertaining to parameters of the immediate soil environment. 

Obiective #2 

To investigate functional diversity patterns of fungal assemblages in relation to 

seasonal climatic shifts. 

Seasonality is a prevalent phenomenon in terrestrial ecosystems that lie north and 

south of the tropics. Desert seasonality is quite different from temperate forest 

seasonality, because of latitude. Proceeding north or south from the equator results in 

larger seasonal effects with pronounced differences in season (e.g., winter, summer, 

spring, and fall). In most deserts of North America there are two seasons, summer and 

winter, which differ primarily in precipitation amounts and temperature. Major pulses of 

rainfall enter the Chihuahuan Desert during the hottest part of the summer, July to mid-

September (MacMahon 2000). Although the winter season receives littie moisture, 



potential evapotranspiration is significantly decreased (as compared to summer), thus any 

rainfall reaching the soil will tend to remain longer in the soil matrix. 

Seasonal shifts in temperature and rainfall can have dramatic effects on the soil 

fungi. Several studies have shovsii that temperature shapes fundamental niche space of 

fungi (Flanagan and Scarborough 1974, Maheshwari et al. 2000). Indeed, psycrophilic 

and thermotolerant fungi are not uncommon and they dominate cold and hot 

environments, respectively (Kjoller and Struwe 1992). Psycrophiles are even common in 

deserts (Griffin 1994) because they (like all fungi) have the ability to remain dormant for 

extended periods, and function primarily in winter. 

In a gradient study, such as this one, as elevation increases temperature decreases. 

However, the species response can vary depending on the elevation. For instance, 

decomposition rate is negatively correlated with elevation in high latitude systems, but 

positively correlated with elevation in a warm desert (Cadisch and Giller 1997). This 

data suggest that extremes in temperature and moisture operator differently at different 

latitudes. 

High desert altitudes often support the most productive vegetation (Sowell 2001), 

exemplified by "green" high desert vegetation against a brown low desert landscape. 

However, low desert landscapes can be diverse and productive, but these events are often 

ephemeral. For example, a high desert forest can remain green for several months, while 

low desert scrub communities are usually defoliated in a few days or weeks after 

substantial preciphation (Sowell 2001). Zak et al. (1995) pointed to the importance of 

"windows of opportunities" in relation to fungal function in desert systems. Accordingly, 



high desert fungal assemblages function in a context of large windows, whereas low 

desert assemblages deal with brief windows. Temporal influences on the functioning of 

soil fungi are important with respect to ecosystem-processing of energy and nutrients, 

especially in light of global climate change and anthropogenic perturbations. 

Disturbances that influence important fungal functional periods (winter vs. summer) may 

also disrupt decomposition processes. Such effects will likely manifest in ecosystem 

stability dynamics or ecosystem equilibrium points. It is extremely difficult to predict 

outcomes that result from community assemblage shifts (Pimm 1984); but may be 

influenced by desertification (Schlesinger et al. 1990). 

Obiective #3 

To evaluate fungal function in the context of soil and climatic variables at a range 

of scales, namely, the site, locale, and region. 

Fungi operate at multiple spatial scales—from whole ecosystems, to a fallen log, 

to a microscopic soil particle. Therefore, soil properties at the microsite and regional 

level are important for structuring soil fungal assemblages. Regions that are mesic tend 

to have higher soil organic carbon and large nutrient pools and often exhibit higher 

productivity as compared to xeric, low-nutrient environments (Pickett and White 1985). 

However, microsites within mesic environments may or may not be productive 

depending on the heterogeneity of environmental resources. When resources are 

clumped productive microsites will also be clumped, hence, predictions of regional 

productivity from microsite productivity is not recommended (Pickett and White 1985). 



In order to understand how ecosystems are structured at multiple scales, a nested-

scale approach is warranted (Gross et al. 2000). A principal question arising from the 

ecological literature is how species diversity relates to spatial scale (Scheiner et al. 2000). 

In other words, is diversity dependent on scale? By understanding the diversity-scale 

relationship, elucidation of important processes or mechanisms giving rise to species 

diversity is possible. I have approached the issue not based on species diversity per se, 

but in a functional context, where soil fungal function or activity is linked to the 

environment at various levels of scale. By examining scale in a multivariate context, h 

may be possible to determine which environmental factors impact the activity of soil 

fungal assemblages at the regional, locale, and site strata. A developed understanding of 

the scale dependency of soil fungal functionality will allow scientists to address issues of 

conservation and reclamation with greater confidence because the causal factors driving 

patterns of fungal function will be understood in terms of the dimensions of the area in 

question. 
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Scale in meters 
Elevation in feet, Contour interval = 600 feet 

Pine Canyon Drainage Basin Study Area 

Figure 1.1. Identifies the location of The Pine Canyon Watershed in Big Bend National 
Park, TX. LDS = Lowland Desert Scrub, CR = Creosotebush Bajada, SG = Sotol 
Grassland, CCO = Closed-Canopy Oak, and OPF = Oak-Pine Forest 
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CHAPTER II 

THE SOIL FUNGILOG PROCEDURE: METHOD AND 

ANALYTICAL APPROACHES TOWARDS UNDERSTANDING 

FUNGAL FUNCTIONAL DIVERSITY 

Abstract 

Conservation methods are often focused towards preserving the biodiversity of a 

particular landscape or ecosystem. Scientists often employ species richness as an 

indicator of biodiversity; however, species richness data is problematic when attempts are 

made to enumerate microfungi, particularly those from the soil environment. Many soil 

fungi fail to sporulate making identification difficult. Other means of assessing the 

importance of fungi to ecosystem preservation must be developed; otherwise, microfungi 

may be overlooked in discussions of ecosystem management and conservation issues. 

Herein, I have described a procedure (Soil FungiLog) and analytical techniques that will 

allow investigators to examine the functional role that soil fungi play in providing 

structure and stability to ecosystems. Ecosystem function in many cases may be more 

important than species diversity for understanding ecosystem dynamics. Functional 

attributes are critical for maintaining ecosystem structure and stability. The preservation 

of the functions associated with the extant biota, particularly the soil microbes, may be 

just as important for conservation of ecosystems and biodiversity than species diversity 

alone. The soil FungiLog procedure was used to assess functional diversity of soil fungi 

in an anthropogenically disturbed Georgia forest, and along an elevational gradient in the 
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Chihuahuan Desert. Sites within each location were separated on the basis of fungal 

carbon substrate utilization profiles. These utilization profiles were then analyzed to 

provide information regarding the functional diversity of soil fungal assemblages within 

each site. The effects of disturbance and elevation were evaluated with respect to soil 

fungal functional diversity. 

Introduction 

Understanding the relationship between biodiversity of soil fungi and ecosystem 

function is an issue of paramount importance, particularly in the face of global climate 

change and anthropogenic alteration of ecosystem processes. The soil microflora 

performs a variety of ecosystem functions that are crucial for maintaining ecosystem 

stability, and include purification of air and water, biogeochemical cycling of nutrients 

including carbon, nitrogen, and various greenhouse gases, recycling of organic matter and 

detoxification of hazardous wastes (Stark 1972, Vitousek and Reiners 1975, Vitousek and 

Hooper 1993, Zak and Visser 1996, Schlesinger 1997, Zhang and Zak 1998). Since 

saprobic soil fungi are directiy involved with critical ecosystem processes (Cromack and 

Caldwell 1992), it is evident that fungi will be one of the first components of an 

ecosystem biota to be affected by environmental disturbance (Zak 1992, Lodge 1997, 

Miller and Lodge 1997, Persiani et al. 1998). Thus, soil fimgi should provide an 

excellent "indicator" group for determining changes in ecosystem function arising from 

natural successional events, climate change, pollution, or following reclamation. 
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Dobranic and Zak (1999) proposed a theoretical framework and methodology 

(FungiLog) to relate attributes of ecosystem functioning, which include decomposition 

and nutrient cycling, with the in vitro catabolic profile of litter fungi. Fungal functional 

diversity, as defined by FungiLog methodology, is based on the number of compounds 

utilized from a suite of 95 carbon compounds by a given fungal assemblage, and the rates 

at which these compounds are catabolized over a specified period and at a preset 

incubation temperature. 

Herein, I describe a modification of the FungiLog method, as described by 

Dobranic and Zak (1999) for plant litter, that allows for evaluation of the fungal 

functional diversity associated with soil organic matter. I have coined this method the 

Soil FungiLog procedure. To evaluate the efficacy of the Soil FungiLog procedure in 

assessing differences in functional diversity of soil fungi between closely related habitats, 

and across substantially different ecosystems, I have employed the procedure to evaluate 

soil fiingi functional diversity within two distinct systems: (a) from five vegetation zones 

along an elevational gradient in the Chihuahuan Desert, and (b) from six forested sites in 

Georgia that have experienced various levels of anthropogenic disturbance. 

To assist in the analysis of Soil FungiLog data I will discuss several methods for 

describing and statistically analyzing FungiLog data. Previous investigations of bacterial 

functional diversity using the Biolog approach have relied heavily on multivariate 

analyses, primarily Principal Component Analysis (PCA) (Zak et al. 1994, Haack et al. 

1995, Gariand et al. 1997, Engelen et al. 1998, Fantroussi et al. 1999, Ibekwe et al. 2001); 

however, I ascertain that many PCA analyses are flawed due to the inherent structure of 
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Biolog data, namely numerous variables (95 carbon substrates) and few observations or 

samples. The methods described herein circumvent this problem by using stepwise 

discriminant function analysis that adjusts the variable to observation ratio such that 

tenable patterns arise that are amenable to significance testing. I provide the appropriate 

references and details so that investigators can directly employ both the Soil FungiLog 

method and statistical analyses necessary to garner a comprehensive understanding of 

soil fungal functional diversity at various sites or across selected environmental gradients. 

Methods 

The Soil FungiLog method was developed using soils collected from a closed-

canopy oak woodland dominated by Quercus, Pinus, Arbutus, and Juniperus species and 

a sparse understory of shrubs, located within the Pine Canyon Watershed of Big Bend 

National Park, TX. 

Retrieval of Soil Organic Matter 

To ensure that functional diversity estimates were based on fungi actively 

growing on soil organic matter, spores and conidia were removed from soil organic 

matter (SOM) particles by shaking 25-50 g (larger samples can be used for soils with low 

organic matter content) of soil in 100 ml of reverse osmosis water containing 10 jil of 

Tween 80 for one hour. Tween 80 was added to help disperse material. The soil 

suspension was washed with tap water through 500 and 250 )a,m sieves for at least 1 min 

(longer washing times are needed for soils with high clay content). SOM particles from 
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the 250 ^m sieve were collected in a 500 ml beaker, the beaker was filled with tap water, 

stirred and allowed to stand 10-20 s in order to sediment the mineral fraction. 

Afterwards, the SOM particles were decanted into a filtration system under vacuum, and 

collected onto P8 filter paper (Fisher Scientific). A 2-3 mm thick layer of SOM particles 

on the filter paper provided ample material for microtiter plate inoculation. However, if 

the amount of SOM particles in a sample was sparse, muhiple subsamples were extracted 

from the original sample to provide enough particles for inoculation. SOM particles were 

immediately used in experiments or sealed in a petri plate containing a damp piece of 

filter paper and stored at 4°C. All stored material was used within 24 hours after 

extraction. 

Microtiter Plate Inoculation 

The inoculation mixture consisted of water agar, antibiotics, dimethylthiazolyl-

diphenyltetrazolium bromide (MTT), and SOM particles. The mixture was prepared in 

25 ml glass vials, where each vial contained 50 mg of SOM particles, 2.0 mg of MTT, 2.0 

mg streptomycin sulfate, 1.0 mg of tetracycline, and 20 ml of 0.2% water agar. In order 

to expedite the soil FungiLog procedure, MTT and antibiotic stock solutions were 

prepared in advance. The MTT stock solution was prepared by suspending 150 mg of 

MTT in 10 ml of warm sterile, distilled water. The solution was placed in a sonicating 

bath set at 55°C for 5-15 min, and then vortexed to facilitate dissolution of the MTT. If a 

sonicating bath is unavailable, the solution should be heated to 58°C and vortexed 

repeatedly to dissolve the MTT. A small amount of MTT may not dissolve; the 
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undissolved amount had no noticeable effect on FungiLog results. The antibiotic stock 

solution was made by dissolving 400 mg of streptomycin sulfate and 200 mg of 

chlortetracycline hydrochloride in 40 ml of sterile distilled water. Exactly 134 ^1 of the 

MTT stock and 200 î l of the antibiotic stock were added to each vial and vortexed for 20 

s to ensure proper mixing of the solution. 1 suggest that the MTT stock be added to the 

vials immediately, while the MTT stock solution is still warm. MTT will precipitate out 

of solution during storage and is not readily dissolved thereafter. However, the antibiotic 

stock can be kept frozen until use. The vials with water agar, MTT, and antibiotics can 

be prepared several days in advance of use, and stored at room temperature in the dark. 

MTT and antibiotics will remain dissolved in the water agar solution. Immediately 

before microtiter plate inoculations, SOM particles were added to the vials containing the 

water agar solution and vortexed for 10 s to distribute the particles. The viscosity of the 

0.2% water agar is sufficient to keep the SOM particles in suspension. To inoculate the 

microtiter plates, the 20 ml water agar solution containing SOM particles, antibiotics, and 

MTT was poured into sterile troughs (BIOLOG, Hay ward CA) from which 100 |j,l of the 

mixture was transferred to each well in the Biolog SNF-2 microtiter plates (BIOLOG, 

Hayward CA) using an 8-channel micropipette pump fitted with large orifice pipette tips 

having a 200 ^1 capacity (Fischer Scientific). The use of the large orifice tips is 

paramount for the procedure to work properly, because SOM particles tend to become 

jammed in small orifice tips. To avoid the formation of a single large bubble in the wells, 

the micropipette pump should be initially depressed to the second stop to acquire the 

solution. Subsequent inoculations into the same microtiter plate require that the pipette 
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be depressed to the first stop to acquire the solution, and that the pipette tip be placed at 

the bottom of the well before delivery. Pull up on the micropipette as material is 

dispensed into the wells to prevent contamination. 

The SF-N2 microtiter plates were incubated at 25°C, and optical density of each 

plate taken every 24 h for 5 days using a Biotek Plate Reader set at a wavelength of 590 

nm. For the analysis described here, functional diversity was calculated from the 120 h 

period, which was previously shown to be the period of maximal microtiter-plate color 

development when plates were incubated at 25 °C (Dobranic and Zak 1999). 

Particle Size Effects 

The effect of SOM particle size on fungal functional diversity was evaluated by 

screening four size classes of SOM particles in Biolog SF-N2 microtiter plates. The 

following particle size classes: (1) 1.0-0.5 mm, (2) 0.5-0.25 mm, (3) 0.25-0.125 mm, and 

(4) 0.125- 0.053 mm were used in this experiment. SOM particles were extracted from 

ten combined soil samples that were collected from the Closed-Canopy Oak Forest within 

the Pine Canyon Watershed at Big Bend National Park. Sieves that cortesponded to the 

four SOM particle size classes were used to obtain soil organic matter from the soil 

according to the previously described retrieval procedure. Afterwards, five replicate 

microtiter plates were inoculated with 50 mg of SOM particles from each particle size 

class as previously described. Microtiter plates were incubated at 25°C and read every 

24 h for 5 days as described above. 
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Particle Density Effects 

The effect of particle density per well on color development and subsequent 

estimation of fungal functional diversity was evaluated by testing five levels of SOM 

particles (30, 75, 150, 225, and 300) from the 500 ^m and 250 |am size class in Biolog 

SF-N2 microtiter plates. The results of the particle-size experiment (see results section) 

indicated that SOM particles between 500 fim and 250 |im were the most appropriate size 

for discriminating patterns arising from fungal functional diversity. Particle densities 

inoculated into the SF-N2 microtiter plates were prepared by diluting a 300 mg 

suspension of SOM particles to the five aforementioned ranges of denshies in each well. 

Each treatment was replicated 5 times. 

In addition, the effect of particle density on color development in the absence of 

Biolog carbon substrates was examined. Preliminary experiments had indicated that high 

particle densities (>200 particles per well) distorted optical density readings. Six particle 

density classes were used: 28, 69, 113, 143, 161, and 197 particles per well. For this 

experiment, Biolog MT plates (Biolog, Hayward, CA) were used. Biolog MT plates lack 

carbon substrates, but the wells contain micronutrients. Each microtiter plate well served 

as a replicate, and the above six particle densities were assigned as treatments. 

Consequently, each density treatment was replicated 96 times with one Biolog MT plate 

inoculated per particle density treatment. 
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Method Evaluation 

Two distinct landscapes were used to evaluate the Soil FungiLog method: a) five 

vegetation zones along an elevational gradient at Big Bend National Park in the 

Chihuahuan Desert, and b) forested sites in Georgia that have experienced various levels 

of anthropogenic disturbance. Soil samples were processed following the previously 

described retrieval and inoculation procedures. 

Chihuahuan Desert 

The Pine Canyon Watershed extends from Lost Mine Peak in the Chisos 

Mountains east to Glenn Springs. The entire watershed traverses a distance of 

approximately 19 km. There are 5 distinct vegetation zones in the watershed which 

correspond to elevation (Dobranic and Zak 1999) and include: (1) Lowland Desert Scrub 

(LDS; elevation 793 m) consists of mixed subshrubs dominated by Leucophyllum 

leiophyllum and Agave lechuguilla, and numerous grasses and annuals, (2) Creosote Bush 

Bajada (CR; elevation 1010 m) is dominated by Larrea tridentata. Agave lechuguilla, 

and several species of Opuntia, (3) Sotol-Grassland (SG; elevation 1526 m), where 

dominant plant species include Dasylirion leiophyllum, Molina texana, and Bouteloua 

ramose, (4) a Closed-Canopy Oak Forest (CCO; elevation 1824 m) dominated by 

Quercus gravesii, Pinus arizonica. Arbutus xalapensis, and Juniperus deppeana, and a 

sparse understory of shrubs, and (5) an Oak-Pine Forest (OF; elevation 2098 m) that 

contains Quercus emoryi and Pinus cembroides. 
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In each vegetation zone, two 100 x 30 m belt transects were established. Five soil 

samples were obtained from each transect in August 2000 with ten samples used to 

characterize a vegetation zone along the Pine Canyon Watershed. Samples were taken 

from a depth of 10 cm. Samples were stored at 5 ° C until use. 

Georgia 

Ft. Benning, GA, is located in the Upper Coastal Plain physiographic province. 

The region around Ft. Benning is characterized by sand hills bisected by a series of third 

and fourth order watersheds. Upland sites consist of pine-hardwood mosaics, while 

extensive riparian areas occur along streams. Soil samples were collected in May 2000 

from six upland locations within the Ft. Benning Army Base. The sites were designated 

as either experiencing low, medium, or high impact, based on landscape disturbance and 

military records. Forested sites that experienced only limited troop movement in the last 

10 years were considered low impact sites. Areas that experienced moderate troop 

activity and periodic burning (to reduce understory vegetation) were designated as 

moderate impact areas. High impact areas have extensive tank and troop activity with 

complete eradication of the forest vegetation. In high impact areas samples were taken 

from areas that have initiated natural revegetation immediately adjacent to the current 

vehicle use area. From each upland location, 6 composite samples were collected with 

each composite sample consisting of 6 subsamples taken from a depth of 15 cm. The 

sampling scheme was designed so that one composite sample was collected above and 
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one collected below each of three lysimeters that were established at each site. The final 

analysis from the Ft. Benning area examined 36 composite samples. 

Analytical Approaches 

Functional Diversity Parameters 

Two aspects of fungal functional diversity, substrate activity and substrate 

richness, were derived from the Soil FungiLog analysis of Big Bend National Park and 

Georgia soils. Substrate activity and substrate richness were determined by measuring 

changes in optical density within the 95 wells of the SF-N2 microtiter plates for 120 h at 

24 h intervals beginning at 24 h. All analyses were subsequently based on data obtained 

at 120 h incubation. Further details on choice of reading times are provided in Dobranic 

and Zak (1999). 

Substrate activity was defined as the amount of carbon in each microtiter plate 

well utilized by at least one member of the soil fungal assemblage inoculated into each 

plate. Each well can generate an optical density value ranging between 0-3, where values 

of 0 indicated no utilization and 3 indicated maximum utilization of a specific substrate 

as measured by the microtiter plate reader. Values were summed across each microtiter 

plate to provide an index of substrate activity for each sample. The maximum substrate 

activity measured by the microtiter plate reader for SOM particles extracted from an 

individual sample is 285 at an optical density of 590 nm. Substrate richness is defined as 

the number of substrates utilized from a microtiter plate that exhibit an optical density > 

0.1. The maximum possible substrate richness per microtiter plate is 95. 
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Stepwise Discriminant Function Analysis 

In order to discriminate among sites and determine which substrates were giving 

rise to site discrimination patterns at Big Bend and Ft. Benning, the Soil FungiLog data 

were analyzed using stepwise discriminant function analysis (Tabachnick and Fidell 

1996). Stepwise discriminant function analysis (Stepwise DFA) has several unique 

features: (a) condensation of variables where only a small subset of the total 95 carbon 

substrates are used in the discriminant analysis, (b) the selected substrates provide the 

best separation among sites in question, and (c) clarity of interpretation; DFA gives rise 

to patterns that are easily visualized and delimited in discriminant ftinction graphs. In 

addition, the stepwise discriminant method prevents the occurrence of singularities and 

multicolinearities that are present when all the 95 carbon substrates are used in the 

analysis (Tabachnick and Fidell 1996, Stevens 2002). For example, if the number of 

variables (carbon substrates) is greater than the number of observations (soil samples), a 

singular solution is provided by the analysis, which when graphed displays perfect 

separation among groups. However, that solution is only an artifact of the analysis 

process, and unfortunately, the scientific literature contains many such faulty analyses. 

Furthermore, when groups or sites have been identified a priori, DFA is superior to 

another commonly used method to describe Biolog data, namely Principal Components 

Analysis or PCA (Tabachnick and Fidell 1996). 

There are several selection criteria available when performing a stepwise DFA. 

The criteria are used to determine which variables (in my case, carbon substi-ates), from 

all possible variables, are to be used in the DFA. I chose RAO's V, which is a 
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generalized distance measure that incorporates variables that elich the greatest change in 

V or the distance between groups (Tabachnick and Fidell 1996). Thus, variables are 

selected based on their contribution to the overall separation of groups. 

The fungal functional diversity data from Big Bend National Park and Georgia 

were analyzed using SPSS 9.0 (vyww.spss.com), and the computer language program 

Matlab 6.0 (www.mathworks.com). All Matlab programs used for the analyses presented 

here are available at the Texas Tech Biological Sciences website 

(www.biol.ttu.edu/Faculty/FacPages/Strauss/Matlab/matlab.htm). The following Matlab 

functions: (a) DISCRIM, (b) ANOVA, (c) STEPDISC, and (d) CLASSIFY were used to 

conduct analyses. All analyses were executed in both Matlab and SPSS. However, the 

data presented in this paper were obtained from Matlab, with the exception of ANOVA 

and selection of the inclusion variables to be incorporated into the DFA, which were 

conducted in SPSS. The Maflab function STEPDISC and SPSS's Discriminant function 

is able to choose variables based on the RAO's V criterion. However, the SPSS program 

defines a particular cutoff point for the number of variables to be included in the analysis. 

STEPDISC does not, and leaves the decision up to the investigator. With no a priori 

knowledge of the number of variables to include in the DFA analysis I decided to follow 

SPSS criteria. 

Statistical Analyses 

One-way ANOVA (Sokal and Rohlf 1995) was used to evaluate the effects of 

particle size and density on substrate activity and substrate richness. When significance 
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was detected, post hoc analysis using the Student-Newman-Keuls test was conducted to 

determine which treatments were significantly different (Sokal and Rohlf 1995). 

The degree to which variation in fungal functional diversity among sites at Big 

Bend National Park or Georgia can be expressed as she specific differences can be 

visualized by plots generated from discriminant function analysis (Tabachnick and Fidell 

1996). If the Biolog SF-2 carbon suhe is effective in discriminating differences in soil 

fungal functional diversity among sites, samples within sites should form distinct clusters 

in multidimensional space. DFA was conducted in a stepwise fashion (Tabachnick and 

Fidell 1996) to decrease the number of variables, and only incorporates the most pertinent 

variables for discriminating among sites from each field location. RAO's V was the 

stepwise crherion employed for data sets from Big Bend National Park and Georgia. The 

SPSS defauh F-values were used in the analyses (SPSS ver. 9.0). For each DFA, 5,000 

bootstrap iterations were performed in order to build a sampling distribution against 

which the observed data was compared. In addition, not only were p-values provided by 

this technique, but confidence intervals were generated for the point estimates based on 

the sampling distribution. When employing any stepwise method it is often desirable to 

determine the efficiency of the analysis via a cross-validation procedure. The cross-

validation analysis determines the percentage of observations correctly classified. In 

essence, a cross-validation procedure determines the level of resolution the chosen 

stepping procedure has in classifying observation to groups. I used the Matlab function 

CLASSIFY as the cross-validation procedure, where each observation was removed from 

the data set, and a DFA was conducted. Afterwards, the removed observation was 
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reclassified to a group based on the discriminant structure. This approach provides an 

unbiased estimate for determining to which group or treatment a particular observation 

belongs. When the classification procedure is bootstrapped using the CLASSIFY 

function in Matiab, an index of percent correct classification is produced for each site. 

Results 

Particle Size Effects 

The size of SOM particles inoculated into the Biolog microtiter plates had a 

significant influence on substrate activity (P = 0.001) and substrate richness (P = 0.004) 

based on the results of a one-way ANOVA. Maximum substrate activity and richness 

levels were achieved when SOM particles were within the 0.5-0.25 mm size range 

(Figure 2.1). Moreover, Student-Newman-Keuls comparisons revealed that the 1.0 - 0.5 

mm SOM particle size class reduced substrate activity and richness significantly 

(a=0.05). 

Particle Density Effects 

A one-way ANOVA indicated that particle density or the number of SOM 

particles per microtiter plate well caused a significant change in substrate activity 

(P<0.001), but not substrate richness (P=0.206). Student-Newman-Keuls multiple 

comparison results indicate that SOM particle density levels of 30 and 75 particles per 

microtiter plate well resulted in the highest substrate activity levels (Figure 2.2). 

Moreover, density levels of 75 particles per well elicited maximum substrate activity 
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levels. While the effect of SOM particle density on substrate richness was nonsignificant 

(P=0.206), the variance in substrate richness increased substantially when 300 SOM 

particles where inoculated into the microtiter plate wells (Figure 2.2). 

Variation in optical density (OD) was noted in the Soil FungiLog microtiter plates 

in relation to SOM particle density levels. Distortion occurred when the OD reading 

exceeded the range of 0.2-0.25 in the blanking or Al well. Resuhs from the Biolog MT 

plates, which only contain micronutrients (Table 2.1), indicated that SOM particle 

concentrations ranging between 28 and 69 particles caused the least OD distortion. 

Site Discrimination 

Discriminant function analyses indicated that site specific differences do occur at 

both Georgia and Big Bend National Park based on the carbon substrate utilization 

patterns elucidated via the FungiLog procedure. Georgia sites exhibited a high degree of 

separation along both discriminant function axes (Figure 2.3). Discriminant function 

(DF) 1 accounted for 90% of the variation in the data, whereas DF 2 accounted for the 

remaining 10%). Seven variables were included in the analysis (Table 2.2, Figure 2.3). 

Two variables, D-glucosaminic acid and Turanose, were significant and positively 

correlated with first DF axis (Figure 2.3) according to the bootstrapped confidence 

intervals (0.31-0.78 and 0.31-0.75, respectively). Five substrate classes were represented 

in the Georgia data set (Table 2.2); however, no particular class was dominant. 

Classification results (Table 2.3) indicated that the FungiLog procedure provides enough 

resolution to group 83%) of the observation to their respective disturbance level within Ft. 
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Benning sites. The medium site had the highest percentage of correct classifications. 

Furthermore, soil fungal functional diversity at Georgia sites was significantly reduced 

(Figure 2.4) by the high disturbance level. However, the effects of disturbance were only 

evident with respect to substrate richness (P = 0.021), and not substrate activity (P = 

0.208). Substrate richness was greatest in the medium disturbed sites as compared to the 

low and high disturbed sites. Substrate activity was low at all sites. 

Sites at Big Bend National Park displayed a greater degree of overlap than the 

forest sites at Ft. Benning, GA, and DF 1 and DF 2 together accounted for 59 % and 17 % 

of the variation in the data, respectively (Figure 2.5.). Six variables were included in the 

stepwise discriminant analysis from the Big Bend data (Table 2.2, Figure 2.5). Of the 

six, M-inositol, L-pyroglutamic acid, Glycyl-L-aspartic acid. Glycogen, and L-alanyl-

glycine were significant and positively correlated with the first DF axis. The amino acids 

were the dominant substrate class that most accounted for patterns of fungal functional 

diversity across sites. Classification results (Table 2.3) indicate that the Lowland Desert 

Scrub and Closed-Canopy Oak Forest sites were the most reliably classified. The Sotol-

Grassland site had the lowest percentage of correct classifications. Overall classification 

was relatively high at 73%. Both substrate activity and substrate richness were found to 

be significant among the Big Bend sites (p-values were P<0.001 and P=0.01, 

respectively). In general, both substrate activity and substrate richness increased with 

increasing elevation (Figure 2.6). The high elevation sites (closed-canopy oak and oak-

pine forests) had the largest values for substrate activity and substrate richness, whereas 

low desert sites (Lowland Desert Scrub and Creosotebush Bajada) values were 
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significantly less. Soil fungal functional diversity for the Sotol-Grassland site was 

intermediate between upper and lower desert sites in terms of substrate activity and 

substrate richness. 

Discussion 

Fungal functional diversity in the FungiLog procedure is determined by a color 

change that results from metabolic activity within each well of the microtiter plate 

(Dobranic and Zak 1999). Therefore, I view particle size to be critical in this procedure. 

My goal in the development of the inoculation procedure was to obtain a particle size that 

would be optimal for insuring a minimum of interference from the SOM particles 

deposited within the wells in reading the optical density, and one that would insure 

maximum fiingal growth and species survival. Most fungal isolation procedures from 

plant litter recommend that particles of 1 mm or less are necessary to obtain the greatest 

species richness from decomposing plant litter (Zak and Rabatin 1997). The size range 

of SOM particles used in this study was chosen based on recommendations of detailed 

studies of the effects of particle size and culturability (Baath 1987, Bills and Polishook 

1994). I wanted to satisfy two criteria: (1) isolation of single isolates for each SOM 

particle, and (2) maximization of microtiter well color development. The final size range 

of 500 p-m to 250 pm satisfied both condhions. Neariy 99%o of the SOM particles yielded 

a single isolate, and depending on site, 70%)-99%) of these isolates did not sporulate in 

culture (data not presented). In terms of fungi present in the microtiter plates, it is 

unlikely that there are significant numbers of unculturable saprobic fungi from soil 
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(Cannon 1996) that would not grow in the microtiter plate wells. Based on the work of 

Bill and Polishook (1994), it is likely that the majority of these isolates were 

hyphomyetes or coelomycetes. 

Although taxonomic work is a crucial element for understanding biodiversity 

patterns, surveys of fungal species require highly skilled specialists. Therefore, a 

functional approach may be relevant, where organism function serves as the basis for 

describing ecosystem dynamics. Furthermore, carbon substrate utilization analysis 

(Biolog Analysis) has been a particulariy useful technique for enhancing understanding 

of bacterial community structure and function in natural ecosystems (Gariand and Mills 

1991, Zak et al. 1994, Willig et al. 1996, Broughton and Gross 2000) and agroecosystems 

(Di Giovanni et al. 1999, Schutter et al. 2001). In addhion, Biolog Analysis has been 

used to assess bacterial dynamics in contaminated soils (Fantroussi et al. 1999, Ibekwe et 

al. 2001), waste treatment processes (Guckert et al. 1996, Victorio et al. 1996), and water 

quality (Lehman et al. 2001). The Soil FungiLog procedure linked with litter fungal 

functional diversity should provide significant insight regarding ecosystem processes 

related to fungal assemblages. 

Dobranic and Zak (1999) first applied Biolog technology (FungiLog) to litter 

fungi, paving the way for detailed analysis of fungal functional diversity in an ecosystem 

context. They inoculated Biolog wells with ground litter particles. 1 have modified their 

procedure by incorporating soil organic matter particles directly into Biolog SF-N 

microtiter plates. By using SOM particles, only the active assemblage of soil fungi is 

assayed in relation to carbon substrate utilization patterns. Logically, this is a sensible 
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approach for detecting functional patterns of soil fungi, in that the fungi actively growing 

on the SOM particles are carrying out ecosystem processes. Spores, sclerotia, and other 

fungal survival structures can remain viable in soil for indeterminate amounts of time 

without contributing to ecosystem processes. While survival structures are important in 

ecological time, where their effects are pronounced in terms of fungal population and 

community dynamics, their contribution to ecosystem function at any point measurement 

is most likely insignificant. 

Tilman (2001) defined functional diversity as "The range and value of those 

species and organismal traits that influence ecosystem functioning," where ecosystem 

functioning is observed from the standpoint of several parameters, including primary 

productivity, total biomass, or resource utilization. Hence, ecosystems having higher 

values for these parameters also are likely to possess greater functionality. In current 

theory, two models (the sampling effect model and the niche differentiation model) 

predict that ecosystem ftinction is a product of the species richness and species 

composition of the ecosystem being considered. Accordingly, most studies examining 

functional diversity use species diversity as a metric for function. Alternatively, the soil 

FungiLog measures soil saprobic fungal assemblage functionality directly. The 

FungiLog procedure uses carbon source utilization profiles as a means for extracting 

fungal functionality data from a Biolog© array of 95 different carbon substrates. The 

degree to which a fungal assemblage utilizes or decomposes the suite of carbon substrates 

represents an index of fungal functional diversity. This is analogous to the sampling 

effect model which predicts that ecosystems containing greater numbers of species traits 
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should on average be more functionally diverse. In this view, functional diversity is 

related directly to a greater range of traits that on average will enhance the ability of 

species to utilize a greater range of resources. Likewise, fungal assemblages utilizing a 

greater range of FungiLog carbon substrates should on average possess a greater range of 

traits that control decomposition ability. Any explicit increase in the decomposition 

spectrum of a fungal assemblage may be interpreted as enhanced functional diversity. 

The use of carbon substrates to determine fungal functional diversity is not a new 

concept (Miller 1995). Kjoller and Struwe (1987) provided evidence that substrate 

utilization patterns were useful for describing decomposition patterns of litter under field 

conditions. Flanagan (1981) examined physiological groups of fungi, based on carbon 

substrate utilization, from soil and litter in both arctic and tundra, and revealed functional 

differences based on temperature where arctic fungi were able to utilize more carbon 

substrates than temperate fungi when incubated at 5''C. While these studies contribute 

significantly to the understanding of fungal functional diversity, they suffer from 

limitations. Namely, few carbon substrates were used as functional indicators and 

individual isolates were screened, rather than whole fungal assemblages. 

The Soil FungiLog procedure provided ample resolution to discriminate 

differences in fiingal functional diversity among sites at both of my study areas. I 

propose that the patterns in fungal functional diversity arising from Soil FungiLog 

analysis are determined by the functional capability of the soil fungal assemblages in 

relation to decomposable carbon substrates in their immediate environment. While the 

Soil FungiLog analysis cannot account for the ability of fungi to utilize every carbon 
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substrate in the soil, it provides a robust suite of carbon substrates that act as surrogates 

for environmentally relevant carbon substrates. Therefore, the Soil FungiLog provides an 

estimate or a carbon utilization potential of the functional diversity of fungi in the soil 

system at a specific point in time. 

Soil fungi rely on the extant vegetation of their environment to provide carbon in 

the form of decomposable plant material for growth and reproduction (Cromack and 

Caldwell 1992, KJ0ller and Struwe 1992). Hence, it is reasonable to infer that fungal 

functional diversity is directly linked to the physiognomy of the vegetation. I propose 

three related characteristics of plant produced carbon that could account for the potential 

linkage between soil fungi and vegetation: (1) Complexity of carbon sources produced 

by the vegetation, (2) Quantity of organic matter input by the vegetation assemblage, and 

(3) Spatial and temporal heterogeneity of carbon substrates in a system. A vegetation 

assemblage that is more complex in the types of carbon compounds it produces should 

provide a strong diversifying effect on the soil fungi- selecting for groups of decomposers 

that can utilize a wide variety of carbon substrates. Similarly, substrate quantity may also 

influence soil fungal functional diversity in two ways. For example, if a compound is 

rarely produced by plants within a vegetation assemblage, the probability that soil fungi 

will use it as a food source is rare; however, if a compound is abundantly produced, that 

compound has a high probability of being encountered and utilized. Furthermore, 

substrate quantity must be reconciled with substrate heterogeneity. Substrates may be 

clumped in space and time due to the sfructure and composition of the vegetation 

assemblages. While a substrate may be produced in large quantities, clumping will 
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dampen the homogenizing effect of quantity, and may select for low fungal functional 

diversity. 

Plant community species richness may not be a good predictor of vegetation 

related carbon substrate complexity. In a species rich plant community, where all species 

belong to a similar taxonomic group, carbon substrate diversity may be minimal as 

compared to a less species rich community that contains a diverse set of plant families. 

In other words, richness at the species level may not be appropriate when inferences are 

to be made concerning the functional abiUties of the soil fungi. Higher level taxon 

diversity may serve as a better correlate. In regression analysis, the hypothesis of 

equality of slopes can be tested with an F test (Sokal and Rohlf 1995). Thus, 

measurements of plant diversity at multiple taxon levels (e.g., species, genera, family) 

could be compared on the basis of the magnitude of their slopes. The taxon(s) having the 

highest significant slope value should be used to determine the effects of plant diversity 

on fungal functional diversity. 

The FungiLog procedure provided sufficient resolution to discriminate differences 

in fimgal functional diversity among sites at Big Bend National Park and for forest sites 

at Ft. Benning, GA. Sites within Big Bend National Park separated concurrently with the 

elevation gradient of the Pine Canyon Watershed, while the Georgia sites separated along 

disturbance levels. Functional diversity of the soil fungi at Big Bend National Park is 

most likely related to environmental constraints and the structure of vegetation 

assemblages. As the elevation gradient increases along the Pine Canyon Watershed, soil 

temperature decrease, rainfall increases, and potential evapotranspiration decreases. 
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Thus, in the low desert environment, where vegetation is patchy and sparse providing 

modest litter for decomposition, soil fungal functional diversity is most likely constrained 

indirectly via the environmental limitations imposed on the vegetation assemblages. Due 

to the heterogeneity of carbon substrate input into the low desert system, soil fungi may 

be exposed to relatively few carbon sources, resulting in low ftingal functional diversity. 

However, at the high elevation desert sites, and particulariy in the closed-canopy oak 

forest, environmental conditions are alleviated, resulting in substantial plant productivity. 

Furthermore, plant litter input in these sites is much greater than the low desert, giving 

rise to a homogenous input of carbon substrates. The effect of homogenous carbon 

substrate input at the high desert sites may account for greater soil fungi functional 

attributes when compared to less productive locations. However, the extent to which 

plant productivity versus environmental constrains controls soil fungal functional 

diversity is unclear at this time. 

All sites at Ft. Berming, GA, experience similar climatic and environmental 

parameters, thus, soil functional diversity within the Georgia sites is likely regulated by 

differences in vegetation structure and composition coupled with levels of disturbance. 

Consequently, heterogeneity of carbon substrate input at Ft. Benning, GA, sites increases 

with increased levels of disturbance, and may account for reduced soil fungal functional 

diversity in the most highly disturbed sites. However, h is unclear why medium 

disturbance levels tend to result in the highest soil fungal functional diversity. It is 

possible that medium disturbed sites have a greater complexity of carbon substrates 

resulting from medium levels of disturbance. According to the intermediate-disturbance 
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hypothesis (Connell 1978), plant species diversity should be highest at intermediate 

levels of disturbance. Indeed, the Georgia sites may fall into the context of the 

intermediate-disturbance hypothesis. However, further studies on plant diversity within 

the sites are required to make such a determination. 

Most biodiversity research, whether microbial, plant, or animal is most often 

aimed towards understanding species richness and how richness relates to environmental 

parameters, including geography, climate, and nutrient dynamics (Vitousek and Hooper 

1993, Naeem et al. 1994, Tilman and Downing 1994, Naeem and Li 1997, Chapin III et 

al. 1998, Waide et al. 1999). However, other aspects of divershy may be as or more 

important than species numbers (Walker 1992, Lawton and Brown 1993, Naeem 1998). 

For soil fiingi, functional diversity may be one such measure (Zak et al. 1995, Dobranic 

and Zak 1999). The Soil FungiLog procedure should provide investigators the ability to 

discern the functional structure of soil fungal assemblages and is applicable in different 

venues including agriculture, ecosystem restoration, revegetation efforts, disturbance 

impacts, and the stability or successional state of "natural" ecosystems. Moreover, the 

type of carbon substrate class that accounts for the observed pattern in fungal functional 

diversity may provide insights into the physiology that is driving the functional response. 

For example, fungal assemblages at Big Bend were dependent on the amino acid and 

carbohydrate class of Biolog SF-N2 substrates, whereas assemblages at Ft. Benning used 

a variety of substrate classes. The substrate classes that give rise to the discriminate 

ftinction patterns may be useful in drawing conclusions concerning nutiient cycling and 
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decomposition dynamics by providing a Hnk between soil fungal functional diversity and 

relevant ecosystem parameters. 
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Table 2,1. Distortion in optical density readings caused by increasing amounts of 
soil organic matter particles inoculated into Biolog MT microtiter plates, N=96 
Particle Density' Mean OD SE'' OD > 0.2= OD > 0,25' 

28 
69 
113 
143 
161 
197 

0.15 
0.19 
0.23 
0.31 
0.36 
0.39 

0.0022 
0.0033 
0.0039 
0.0049 
0.0075 
0.0083 

0.06 
0.40 
0,71 
0.95 
0,98 
0,98 

0,01 
0.11 
0,35 
0.80 
0,89 
0.92 

'Soil organic matter particle size used in microtiter plate wells ranged from 
0.5-0.25 mm 

''Standard Error of Mean optical density (OD) 

"^Percentage of OD readings greater than 0,2 

''Percentage of OD readings greater than 0.25 
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Table 2.2. Correlations between carbon substrates and discriminant function axes. 
VARIABLE!' LOCATION" Class^ LOADINGS 

Big Bend National 
Park. TX 

Ft. Benning, GA 

m-inositol 

L-pyroglutamic acid 

Glycyl-L-aspartic acid 

Succinic acid 
Glycogen 
L-alanyl-glycine 

Glycogen 
a-keto glutanc acid 
Tween 80 
D-glucosaminic acid 
Turanose 
Aspartic Acid 
Glycerol 

" Five vegetation sites were sampled along an Elevational gradient in Big Bend 
National Park; Six sites were sampled at Ft. Benning which had experienced 
various levels of anthropogenic perturbation. 

"Carbon substrates from Biolog SFN-2 plates. 

" A group of carbon substrates that have a similar chemical makeup. 

" Carbohydrate 

° Ammo Acid. 

'Carboxylic Acid. 

s Miscellaneous compounds that do not belong to a particular guild. 

'' Polymer. 

' Correlations between discriminating variables and standardized canonical 
discrimmant functions. 

•Significant loading based on bootstrapped confidence intervals at alpha=0.05. 

DF 1 DF2 
carbo'' 

aa'̂  

aa 

ca' 
misc^ 
aa 

poly" 
ca 
poly 
ca 
carbo 
aa 
misc 

0.848* 

0.812* 

0.475* 

0.023 
0.509* 
0.524* 

DF 1 
0.380 
0.334 
-0.292 
0.576* 
0.577* 
-0.032 
-0.379 

0.292 

-0.033 

-0.421 

0.447 
0.173 
0.282 

DF2 
0.351 
0.391 
0.376 
-0.013 
-0.184 
-0.641 
0,201 

46 



Table 2.3. Unbiased estimate of the percentage of observations classified correctiy 
to each site and location. 

LOCATION " 

Big Bend 
National Park, 
TX 

Ft. Benning, 
GA 

SITE CLASSIFICATIONS * 

CR L-DS 
73 88 

HIGH MEDIUM 
81 89 

S-G CC-0 
50 84 

LOW 
77 

AVERAGE' 

0-P 
70 73 

83 

Five vegetation sites were sampled along an Elevational gradient in Big Bend 
National Park, CR=cresotebush, L-DS=lowland desert scrub, S-G=sotol 
grassland, CC-0=Closed-Canopy oak forest, 0-P=Oak-Pine forest. Six sites were 
sampled at Ft. Benning which had experienced various levels of anthropogenic 
perturbation: high, medium and low, 

'' Percentage of observations classified correctly to sites based on bootstrap results 
using the CLASSIFY function. 

^ Mean percentage of sites correctly classified per location. 
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Figure 2.1. The effects of soil organic matter particle density, as determined by a 
colorimetric assay of Biolog SFN-2 microtiter plates inoculated with soil organic matter 
particles, on A: Substrate Activity (total carbon substrate utilization), B: Substrate 
Richness (sum of substrates utilized). Treatments having the same letter designation are 
not significanfly different (a = 0.05). N=5. 
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Figure 2.2. The effects of soil organic matter particle size, as determined by a 
colorimetric assay of Biolog SFN-2 microtiter plates inoculated with soil organic matter 
particles, on A: Substrate Activity (total carbon substrate utilization). B: Substrate 
Richness (sum of substrates utilized). Treatments having the same letter designation are 
not significantly different (a = 0.05). N=5. 
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Figure 2.3, Discriminant function analysis of soil fungal functional diversity associated 
with three levels of disturbance (High, Medium, Low) in forested shes at Ft. Benning, 
GA. A. Site separation in along DFl and DF2, where the center (+) indicates the centroid 
of site. Each site centroid is encompassed with a 95% confidence interval ellipses. B. 
Discriminate ftinction vector loadings, where the numbered vector lines represent vector 
loading of variables on DFl and DF2, and correspond to: (1) Glycogen, (2) a-keto 
glutaric acid, (3) Tween 80, (4) D-glucosaminic acid, (5) Turanose, (6) Aspartic Acid, 
(7) Glycerol, 
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Figure 2.4. Mean differences among sites at Ft. Benning, GA, in relation to substrate 
activity (total carbon substrate utilization) and substrate richness (sum of substrates 
utilized) as determined by a colorimetric assay of Biolog SFN-2 microtiter plates 
inoculated with soil organic matter particles, N=12. Bars with the same capitalized letter 
represent substrate richness and are nonsignificant, and bars with the same lower case 
letter represent substrate activity and are nonsignificant (a = 0.05). Three levels of 
disturbance are indicated on the x-axis. High, Medium and Low. 
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Figure 2.5. The graphical illustration of soil fungal functional diversity associated with 
five vegetation zones along the Pine Canyon Watershed in Big Bend National Park, TX 
generated from discriminant function analysis. A. Site separation along DFl and DF2, 
where the center (+) indicates the centroid of site. Each site centroid is encompassed 
with a 95% confidence interval ellipses. L-DS= Lowland Desert Scrub, CR= 
Creosotebush Bajada, S-G= Sotol-Grassland, CC-0= Closed-Canopy Oak Forest, and O-
P= Oak-Pine Forest. B: Discriminate function vector loadings, where the numbered 
vector lines represent vector loading of variables on DFl and DF2, and correspond to: 
(1) m-inositol, (2) L-pyroglutamic acid, (3) Glycly-L-aspartic acid, (4) Succinic acid, (5) 
Glycogen, (6) L-alanyl-glycine 
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Figure 2.6. Mean differences among sites associated with five vegetation zones along the 
Pine Canyon Watershed in Big Bend National Park, TX, in relation to substrate activity 
(total carbon substrate utilization) and substrate richness (sum of substrates utilized) as 
determined by a colorimetric assay of Biolog SFN-2 microtiter plates inoculated with soil 
organic matter particles, N=10, Bars with the same capitalized letter represent substrate 
richness and are nonsignificant, and bars with the same lower case letter represent 
substrate activity and are nonsignificant (a = 0.05), L-DS= Lowland Desert Scrub, CR= 
Creosotebush Bajada, S-G= Sotol-Grassland, CC-0= Closed-Canopy Oak Forest, and O-
P= Oak-Pine Forest. 
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CHAPTER III 

SEASONAL TRENDS IN SOIL FUNGAL FUNCTIONAL DIVERSITY 

IN RELATION TO VEGETATION TYPE AND ELEVATION 

WITHIN A CHIHUAHUAN DESERT LANDSCAPE 

Abstract 

Five distinct Chihuahuan Desert soil fungal assemblages defined by elevation and 

vegetation were investigated using the recentiy developed Soil FungiLog Method. The 

Soil FungiLog Method uses Biolog technology to screen entire soil fungal assemblages 

against a suite of 95 different carbon substrates that vary in chemical complexity. 

Several indices were derived to describe carbon substrate utilization patterns arising from 

the screening process. Substrate activity and substrate richness indices measured the 

level of carbon substrate utilization and the number of substrate utilized, respectively. In 

addition, carbon substrates were arranged into seven carbon substrate guilds based on 

chemical composition. Analysis was performed to determine which guilds were utilized 

by fungal assemblages in response to elevation and season. A dichotomy was evident 

between upper and lower desert soil fungal assemblages, where high elevation fiingal 

assemblages possessed significantiy greater functional capabilities over low desert fungal 

assemblages. Furthermore, upper elevation fungal assemblages responded to season with 

an enhanced functionality during the summer, whereas the functional capability of low 

desert fungi was enhanced during the winter. Regardless of season or elevation effects, 

complex and simple carbohydrate guilds were the most frequently utilized by soil fungal 
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assemblages. Abiotic environmental variables - temperature and moisture - were the 

primary factors responsible for seasonal variation in substrate and guild activity; whereas, 

the extant vegetation within elevation zones structures substrate richness patterns. 

Introduction 

Soil fungi and bacteria perform a variety of ecosystem functions that are crucial 

for maintaining ecosystem stability. These functions include purification of air and 

water, biogeochemical cycling of nutrients including carbon, nitrogen, and various 

greenhouse gases, recycling of organic matter and detoxification of hazardous wastes 

(Stark 1972, Vitousek and Reiners 1975, Vitousek and Hooper 1993, Zak and Visser 

1996, Schlesinger 1997, Zhang and Zak 1998). Sobek (see Chapter II), developed a 

procedure and methodology to relate attributes of ecosystem functioning, which included 

decomposition and nutrient cycling, with the in vitro catabolic profile of saprobic soil 

fungi. The Soil FungiLog Procedure incorporates Biolog technology allowing for the 

screening of entire soil fimgal assemblages against a preset suite of 95 different carbon 

substrates. Site-specific catabolic profiles that emerge from FungiLog analysis provide a 

robust data set that can be used to calculate a variety of functional diversity indices 

(Dobranic and Zak 1999, see Chapter II). Functional diversity indices, such as substrate 

richness and substrate activity (Dobranic and Zak 1999) may prove useful for assessing 

ecosystem stability and resilience related to the species richness and functional attributes 

of soil fungi at a variety of scales. For example, functional diversity indices derived for 

soil bacterial assemblages were used to address ecological questions concerning the 
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effects of hurricane disturbance and land use in a tropical forest (Willig et al. 1996), 

while another study used functional diversity indices to explain trends in desert bacterial 

assemblages related to elevation and vegetation along an elevational gradient in the 

Chihuahuan Desert (Zak et al. 1994), 

The Chihuahuan Desert landscape represents an ideal ecological theater in which 

to examine the role of vegetation and environmental stress in structuring the functional 

diversity of soil fungal assemblages. Desert communities experience the effects of 

extremes in both temperature and moisture (Polls 1991). However, the desert landscape 

is not uniform, and the Chihuahuan desert in particular is characterized by volcanic 

formation giving rise to mountainous areas topping 2000 m in elevation (MacMahon 

2000). These high elevation zones may provide relief in terms of moderate temperature 

and increased rainfall. However, few studies exist that examine the relationship between 

high elevation refugia and soil fungal assemblages; although, one study found that the 

decomposition rate of leaves of Agave lechuguilla was significantly enhanced in the 

upper elevations of the Chihuahuan Desert (Dobranic 2001). Furthermore, in Chapter II 

while using the Soil FungiLog Procedure, 1 found greater fungal fianctional diversity in 

high desert elevation zones. 

The Chihuahuan Desert experiences two distinct seasons - hot summers 

punctuated by cyclonic rainfall events and dry cool winters. Seasonal changes in relation 

to fungal diversity are well documented. For example, in a Swedish pine forest, fungal 

biomass significantly increased during early spring and autumn seasons as compared to 

the summer season (Baath and Soderstonn 1982). Investigations into seasonal 
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variability of soil fungi at sites in Andrha Pradesh, India, which has a hot and dry climate 

influenced by monsoons, also found seasonal variation in fungal diversity (Rama 1970), 

In particular, the lowest levels of diversity were recorded during the hot and dry summer 

months (February-,Iune) and increased significantly during the rainy season (June -

October), A large study investigating air spore concentrations across the continental 

United States noted significant changes in spore concentration related to season (Schutter 

et al. 2001). Fungal concentrations were highest in the fall and summer and considerably 

lower during the spring and winter months. 

Few studies have investigated seasonal differences in fungal fianctional diversity. 

An examination of physiological groups of fungi from soil and litter in both Arctic and 

tundra ecosystems revealed functional differences based on temperature, where Arctic 

fungi were able to utilize more carbon substrates than temperate fungi when incubated at 

5'̂ C (Flanagan 1981). However, seasonal differences in fungal fianctional diversity were 

not detected. In contrast, an investigation into fungal assemblages from decomposing red 

alder revealed distinct seasonal differences in fungal function diversity, where the 

catabolic potential was greatest during the cold season (Kjeller and Struwe 1980, 1987). 

While these studies contribute significantly to the understanding of fiingal functional 

diversity they suffer from limitations, namely, few carbon substrates were used as 

functional indicators, and individual isolates were screened rather than whole fungal 

assemblages. 

The following study aims to present a detailed investigation of soil fungal 

functional diversity of desert fungal assemblages in relation to season using a robust suite 
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of 95 different carbon substrates, and to analyze diversity patterns from entire fungal 

assemblages via the Soil FungiLog Procedure (see Chapter II). In particular, soil fungal 

functional diversity trends related to elevation, vegetation, and environmental stress will 

be evaluated in the context of season. Identified trends will be related to the various 

groups or guilds of carbon substrates contained in the Biolog SF-N2 microtiter plates. 1 

hypothesize that overall fungal functional diversity and the complexity of carbon 

substrate guilds utilized by fungal assemblages will shift between seasons. 

Methods 

Study Site 

This study was conducted along the Pine Canyon Watershed within the confines 

of Big Bend National Park, located in southwestern Texas. Pine Canyon watershed 

extends from Lost Mine Peak in the Chisos Mountains east to Glenn Springs, and 

traverses a distance of approximately 19 km. There are 5 distinct vegetation zones in the 

watershed which correspond to elevation (Dobranic and Zak 1999) and include: (1) 

Lowland Desert Scrub (LDS; elevation 793 m) consists of mixed subshrubs dominated by 

Leucophyllum leiophyllum and Agave lechuguilla, and numerous grasses and annuals, 

and is the most species rich of all Pine Canyon Watershed vegetation zones, (2) Creosote 

Bush Bajada (CR; elevation 1010 m) is a monoculture-like system dominated by Larrea 

tridentata, and includes ^gave lechuguilla, and several species of Opuntia, (3) Sotol-

Grassland (SG; elevation 1526 m) where dominant plant species include Dasylirion 

leiophyllum, Molina texana, and Bouteloua ramose, (4) a Closed-Canopy Oak Forest 
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(CCO; elevation 1824 m) dominated by Quercus gravesii, with Pinus arizonica. Arbutus 

xalapensis. and Juniperus deppeana, and a sparse understory of shrubs also occuring, and 

(5) an Oak-Pine Forest (OPF; elevation 2098 m) that contains Quercus emoryi and Pinus 

cembroides, and a mixed assemblage of grasses forbes and subshrubs. The Chihuahuan 

Desert receives 150 - 400 mm of rain yearly (MacMahon 2000) with the majority of rain 

occurring during the summer in the form of cyclonic thunderstorms of short duration and 

high intensity, which usually cover only localized areas. 

Temperature Stress 

Soil temperature was monitored within each vegetation zone using HOBO data 

loggers and probes. Temperature probes were placed at a soil depth of 15 cm and set to 

read continuously at 36 min intervals. 

Sample Processing 

In each vegetation zone, two replicate 100 x 30 m beh transects were established. 

Five soil samples were obtained from each transect in both January and August (winter 

and summer sampling, respectively) over a three-year period (1999-2001). 

Consequently, ten soil samples were used to characterize a vegetation zone along the Pine 

Canyon Watershed. Samples were taken from a depth of 10 cm and were stored at 4 ° C 

until use. Soil samples were processed according to the Soil FungiLog Procedure (see 

Chapter II) Briefly, soil organic matter (SOM) particles were extracted from all soils by 

shaking soils in a tween 80 solution, sieving particles through a 500 |am and 250 ^m, and 
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finally filtering the 250 pm fraction through a vacuum filtration system to concentrate the 

soil organic matter particles. SOM particles were immediately used or sealed in a petri 

plate containing a damp piece of filter paper and stored at 4°C. All stored material was 

used within 24 hours after extraction. An inoculation mixture was prepared consisting of 

water agar, antibiotics, dimethylthiazolyl-diphenyltetrazolium bromide (MTT), and 

approximately 50 SOM particles. The inoculation mixture was added to Biolog SF-N2 

plates at a rate of 100 pi per well. Plates were incubated at 25 °C for 120 h and read 

every 24 h using a Biotek Plate Reader set at a wavelength of 590 nm (peak absorbance 

of MTT). Each Biolog plate contained a control well that lacked a carbon substrate. The 

absorbance of the control well was subtracted from the absorbances of all other wells on 

the plate. For the analysis described here, measurements of functional diversity were 

calculated from the 120 h period, which was previously shown to be the period of 

maximal microtiter-plate color development when plates were incubated at 25 °C 

(Dobranic and Zak 1999). 

Functional Diversity Indices 

The Biolog system allowed for the quantitative assessment of each carbon 

substrate within the SF-N2 plates by measuring the level of incorporation of the 

tetrazolium dye (MTT) into respiring fiangi within each Biolog well. Two indices were 

used to assess the overall functional diversity of soil fungal assemblages within the Pine 

Canyon Watershed, subsfrate activity and substrate richness. Substrate activity provided 

a measure of the degree to which a fungal assemblage catabolize a particular carbon 
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substrate, and was recorded by colorimetric analysis of Biolog plates. The maximum 

value for substrate activity from any substrate was 3,0, and the minimum activity level 

was 0.1. Substrate richness accounts for the number of substrates that are utilized by a 

fungal assemblage (Zak et al. 1994). If a substrate had activity level of 0.1 or greater, it 

was recorded as utilized. Furthermore, carbon substrates with similar chemical 

composition were classified into 7 carbon substrate guilds (Table 3,1), and substrate 

activity and richness were calculated for each guild. Guild activity was determined by 

summing the optical density readings within each guild and dividing the sum by the 

number of substrates in a guild. Weighting the guild activities by the number of 

representative substrates prevented biases arising from the inequality in numbers of 

substrates among guilds. Guild richness was calculated as percent richness, where the 

count of utilized substrates in a guild was divided by the total number of substrates within 

that guild. 

Statistical Analyses 

A full factorial two-way analysis of variance (Two-Way ANOVA) was used to 

assess the overall temporal and spatial variation for each functional diversity index across 

shes. Season, with two levels (winter and summer), and vegetation zone, with five 

levels, were used as categorical factors. In addition, seasonal differences within 

vegetation zones were calculated via Bonferroni sequential adjustment (a = 0.05). All 

post hoc analyses of main effect were evaluated with Student-Newman-Keuls tests. To 

examine the degree to which variation in fungal functional diversity among vegetation 
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zones along the Pine Canyon Watershed could be expressed as site specific differences, 

canonical variate (discriminant) analysis (CVA) was performed using the seven carbon 

substrate guilds as dependent variables. Data from all years were combined and grouped 

by vegetation zone within season. Finally, guilds were used as dependent variables and 

a multivariate analysis of variance (MANOVA) was conducted to access seasonal and 

spatial variation in relation to guild structure. Guild differences affected by season within 

vegetation zones were determined through the use of Bonferroni sequential adjustment (a 

= 0.05). All post hoc analyses of main effects were evaluated with Student-Newman-

Keuls tests. 

The statistical analyses (Sokal and Rohlf 1995, Tabachnick and Fidell 1996) 

ANOVA and MANCOVA were conducted using SPSS 9.0, whereas CVA's were 

performed using Matiab 6.0. The Matiab ftinction DISCRIM 

(www.biol.ttu.edu/Faculty/FacPaaes/Strauss/Matlab/matiab.htm) was used for the 

analyses. Five thousand bootstrap iterations were performed to construct a sampling 

distribution against which the observed data were compared for each CVA. 

Results 

Temperature Stress 

Temperature values decreased from low desert vegetation zones to the high desert 

vegetation zones (Table 3.2), and means were significantly lower across all vegetation 

zone during the winter (P<0,001; ANOVA) (data not shown). The maximum soil 

62 

http://www.biol.ttu.edu/Faculty/FacPaaes/Strauss/Matlab/matiab.htm


temperature at 15 cm, 43^0, was recorded during the summer at the Lowland Desert 

Scrub vegetation zone. 

Functional Diversity Indices 

There was a significant effect of vegetation zone by season interaction on 

substrate activity (P = 0.014). Fungal assemblages exhibited consistently higher substrate 

activity levels across all vegetation zones during the summer sampling period, except for 

the Lowland Desert Scrub soil fungal assemblage, which had higher substrate activities in 

the winter than summer (Figure 3.1). In addhion to interaction effects, seasonal effects 

on subsfrate activity occurred within the Closed-Canopy Oak and Oak-Pine Forest fungal 

assemblages, where substrate activity of fungal assemblages was significantly greater in 

the summer (a = 0.05). Vegetation zone effects on fungal substrate activity produced a 

dichotomy in the amount of substrate activity partitioned along the watershed with the 

upper sites (Sotol Grassland, Closed-Canopy Oak, and Oak-Pine Forest) containing 

fungal assemblages with significantly higher substrate activity levels than lower sites 

(Lowland Desert Scrub and Creosotebush Bajada) (Figure 3.1), 

The season by vegetation zone interaction was also significant whh respect to 

fungal substrate richness (P = 0.005; Figure 3.2). The lower desert fungal assemblages 

and the Sotol Grassland assemblage exhibited higher substrate richness levels in the 

winter than summer; whereas, the reverse occurred in the high desert vegetation zones 

(Closed-Canopy Oak and Oak-Pine Forest). Significant seasonal differences in fungal 

substrate richness only occurred in the Lowland Desert Scrub vegetation zone (a = 0.05), 
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However, a significant vegetation zone effect on fungal substrate richness was identified, 

whereby the Closed-Canopy Oak fungal assemblage exhibited significantly higher 

substrate richness than the Sotol Grassland assemblage but was equivalent to substrate 

richness levels in the Oak-Pine Forest fungal assemblage (Figure 3,2), Moreover, the 

Sotol Grassland and Oak-Pine Forest fungal assemblages were not significantly different 

with regard to substrate richness, while Lowland Desert Scrub and Creosotebush Bajada 

included fungal assemblages with significantly lower substrate richness levels than upper 

vegetation zones (a = 0.05). 

Carbon Substrate Guilds 

Canonical variate (discriminant) analyses based on carbon substrate guild activity 

clearly separated fungal assemblages among the various vegetation zones (Figure 3.3). A 

dichotomy occurred regardless of season, where upper elevation fungal assemblages 

(Sotol Grassland, Closed-Canopy Oak, and Oak-Pine Forest) were distinct from lower 

desert fungal assemblages (Lowland Desert Scrub and Creosotebush Bajada). In 

addition, seasonal effects were also evident from the CVA resuhs. Season had a 

distinctive effect on structure of the fungal assemblages. The upper desert fungal 

assemblages remained separated regardless of season; however, their position in 

multivariate space relative to each other changed between seasons. Moreover, the Sotol 

Grassland fungal assemblage moved closer to the lower desert sites in the summer. The 

low desert fungal assemblages, which were indistinguishable during the winter season, 

exhibited a clear separation during the summer season. 
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Fungal substrate activity on average was higher in the upper desert vegetation 

zones across all guilds (Table 3.3). The Closed-Canopy Oak fungal assemblage had the 

highest overall guild activity followed by the Oak-Pine Forest and Sotol Grassland 

assemblages. Further investigation into fungal assemblage structuring via carbon 

substrate guilds revealed a vegetation zone by seasonal interaction (MANOVA: Wilk's 

Lambda = 0.825; F = 2.001; df = 28, 1025; P = 0.002). Thus, seasonal effects on guild 

activity were not consistent across all vegetation zones. Fungal assemblages utilized four 

guilds (nucleotides, complex carbohydrates, amino acids, and simple carbohydrates) 

inconsistently with regards to season (Figure 3.4). The upper desert sites, Closed-Canopy 

Oak and Oak-Pine Forest, contained fungal assemblages that utilized all guilds to a 

greater degree in the summer (Table 3.3). However, the lower desert sites including the 

Sotol Grassland showed guild specific seasonal shifts in substrate activity toward greater 

activity levels during the winter. In particular, the Lowland Desert Scrub fungal 

assemblages exhibited higher guild activity in the winter than the summer in four out of 

the seven guilds. 

Fungal assemblages responded similariy across all carbon substrate guilds. The 

Sotol Grassland, Closed-Canopy Oak, and Oak-Pine Forest fungal assemblages utilized 

guilds to a significantiy greater extent than Lowland Desert Scrub or Creosotebush 

Bajada fungal assemblages, and tended to form one subgroup across all carbon guilds 

(Table 3.4). The Lowland Desert Scrub and Creosotebush Bajada formed another 

subgroup based on utilization patterns. However, assemblage groupings differed in the 
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nucleotide and polymer guilds with respect to activity. Here, three subsets occurred 

across the watershed gradient (a = 0,05), 

There was no interaction effect of season and vegetation on percent substrate 

guild richness; however, both main effects, vegetation zone (Wilks' Lambda = 0.358; F = 

12.061; df = 28, 1025; P < 0.000) and season (Wilks' Lambda = 0.937; F = 2.750; df = 7, 

284; P = 0.009) were significant according to MANOVA resuhs. Moreover, seasonal 

effects on percent guild richness were significant for six out of seven guilds (Table 3.4), 

Within the low elevation vegetation zones fungal assemblages on average utilized a 

greater percentage of carbon substrate guilds in the winter. Vegetation zone effects on 

percent guild richness were significant for all carbon substrate guilds (Bonferroni, a = 

0.05). Post hoc analyses revealed various patterns of fungal assemblage grouping with 

regard to vegetation zone (Table 3.4). The general trend was for fungal assemblages to 

group according to elevation where the high desert assemblages comprised of Sotol 

Grassland, Closed-Canopy Oak, and Oak-Pine Forest formed one subset and the low 

desert shes comprised of Lowland Desert Scrub and Creosotebush Bajada formed another 

subset. However, the Sotol Grassland and Creosotebush Bajada fungal assemblages 

tended to shift into their ovra subset depending on carbon substrate guild. Regardless of 

guild, more substrates were used per guild by fungal assemblages in the higher 

elevational vegetation zones (60-93%) guild richness). Low desert fungal assemblages 

had the lowest proportion of substrate use per guild (30-67%)). Complex and simple 

carbohydrate guilds had the greatest percent of substrates utilized by fiingal assemblages 
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across all vegetation zones (Table 3.3). Furthermore, fungal assemblages utilized a 

significantly greater percentage of guilds in the winter (a = 0.05). 

Discussion 

Soil fungal assemblages depend largely on the extant vegetation to provide the 

carbon substrates necessary for their survival and reproduction (Cromack and Caldwell 

1992, Kj0ller and Struwe 1992), In Chapter 11,1 proposed that community level linkages 

between soil fungal assemblages and vegetation may either singularly or in concert 

facilitate explanation of the observed patterns in fungal functional diversity. They 

include: (1) complexity of carbon sources produced by the vegetation, (2) quantity of 

organic matter input by the vegetation assemblage, and (3) spatial and temporal 

heterogeneity of carbon substrates in a community. These plant-environment linked 

aspects of resource abundance, type and distribution may be useful to explain differences 

in fungal functional diversity observed along the Pine Canyon Watershed in Big Bend 

National Park in conjunction with environmental stress imposed on the fungal 

assemblages. 

Environmentally imposed stress along the Pine Canyon Watershed comes in two 

forms, lack of soil moisture and soil temperatures in excess of 40''C. The lower desert 

sites along the watershed gradient experienced the highest levels of both stresses, while 

the Sotol Grassland fungal assemblage experienced intermediate stress levels, and the 

upper sites experienced moderate levels of environmental stress. Temperature stress in 

turn is fundamentally important to the structuring of vegetation assemblages along the 
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Pine Canyon watershed (Sowell 2001), and in doing so has allowed for the formation of 

distinct fungal assemblages across the elevational gradient. 

High Desert Elevations 

A dichotomy occurs in the functional diversity between upper and lower desert 

fungal assemblages (Sotol Grassland, Closed-Canopy Oak, and Oak-Pine Forest vs. 

Lowland Desert Scrub and Creosotebush Bajada, respectively). Soil fimgi from upper 

desert zones reflect functional versatility with respect to both carbon substrate guild and 

total substrate activity and richness. Within these high desert altitudes, fungal function is 

promoted by the large input of organic matter that is laid down in a relatively 

homogenous pattern. Large inputs of organic matter provide ample carbon substrates that 

may enhance the probability of fungal functional diversification (Cooke and Rayner 

1984, Wardle and Lavelle 1997). In addition, the vast majority of organic matter present 

in upper elevation zones is produced by tree species. A thick litter layer tends to insulate 

soil fungal assemblages from extremes in soil temperature (Powell and Hilsenbeck 1995), 

Within the Closed-Canopy Oak forest, leaf litter layers are often 10 cm or greater 

(Dobranic 2001). Although the litter layer is less within the high elevation Oak-Pine 

Forest vegetation zone, soil temperature is considerably reduced due to high elevation. 

High elevation zone environmental characteristics allow for continuous decomposition 

throughout most of the year (Dobranic 2001). However, a significant seasonal shift 

occurs where both soil ftingal subsfrate and guild activity is enhanced during the summer. 

In effect, cool winter temperatures may limit the soil functional diversity of high 
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elevation fungal assemblages. However, fungal functional diversity in these high 

elevation zones remains significantly greater than low desert fungal assemblages, perhaps 

due to relief from a combination of lower moisture and high soil temperature. Data 

suggest that the abundance and distribution of fungal species is influenced by soil 

temperature (Carreiro and Koske 1992). Psycrophlic fungi are more apt to be active 

during the winter season, which may account for the observed decreases in fungal 

functional diversity. However, psycrophiles may be more functionally diverse than 

mesophilic counterparts (Flanagan 1981). Therefore, h is possible that diversity and 

abundance of mesophilic fungi is more important for enhancing fungal function during 

the summer, where a greater range of species supports greater function. 

In terms of substrate richness, the Oak-Pine Forest and Closed-Canopy Oak 

Forest contain soil fungal assemblages that are the most functionally diverse regardless of 

seasonal shifts in fungal substrate activity levels. Thus, within the upper elevation 

vegetation zones, similar numbers of carbon substrates are being used across seasons; 

however, fungal substrate activity is enhanced by warm temperatures and increased 

rainfall events during the summer. Winter temperatures limit substrate activity levels 

while substrate richness levels remain constant. 

Low Desert Elevations 

Fungal assemblages within the Lowland Desert Scrub and Creosotebush Bajada 

vegetation zones are exposed to exfreme temperatures and drought-like conditions. 

Organic matter input in these low desert zones is derived from grasses, shrubs, and cacti. 
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Therefore, the similarity in overall substrate activity and richness between the Lowland 

Desert Scrub and Creosotebush Bajada fungal assemblages is not surprising given that 

they experience nearly similar environmental conditions. However, the seasonal trend in 

guild activity and percent richness within the Lowland Desert Scrub fungal assemblages 

was unexpected. Since, guild usage was unaffected by season within the Creosotebush 

Bajada fungal assemblages, and environmental conditions are consistent between 

Creosotebush Bajada and Lowland Desert Scrub, the seasonal variation within the 

Lowland Desert Scrub zone may be related indirectly to the differences in the diversity of 

vegetation between the two zones, ft has been hypothesized that plant species richness 

determines in part the decomposition rate of carbon compounds in leaf litter (Zimmer 

2002). While it has been known for some time that carbon substrate composition is the 

primary determinant of decomposition rates (Cadisch and Giller 1997), only recently has 

a link been established between fungal functional diversity and decomposition rates 

(Dobranic 2001). Decomposition, being the primary ecological function carried out by 

saprobic soil fungal assemblages, is a positive correlate to several fungal functional 

diversity indices. Moreover, I suspect that the dissimilarity of plant species richness 

between the Lowland Desert Scrub vegetation and Creosotebush Bajada vegetation zones 

(Lowland Desert Scrub having high species richness and Creosotebush Bajada having 

low species richness) is responsible for the significant seasonal variation in guild usage 

by Lowland Desert Scrub fungal assemblages. The Lowland Desert Scrub fungal 

assemblage is exposed to a rich assortment of carbon substrates, and when adverse 

environmental conditions are alleviated in the winter season, guild richness, primarily, 
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and guild activity increases. However, the Creosotebush Bajada vegetation zone exhibits 

a near monoculture-like vegetation profile dominated by Larrea tridentate. The 

Creosotebush Bajada fungal assemblage is continuously exposed to the same carbon 

substrates. In an evolutionary sense, the need for fungal functional diversification is 

possibly mitigated based on the assumption that the carbon sources entering the system 

act as selection pressures. One could foresee functional maximization within a fungal 

assemblage towards resource pools that, across evolutionary time, any assemblage should 

maximize utilization of available resources. Of course, homogeneity of resource input 

over time would play an important role in this assumption. It is feasible to expect that 

fungal assemblages exposed to the same resource base (therefore the same carbon 

substrates) would tend toward maximization of those resources, whereas when substrate 

input is heterogeneous over time (i.e., turnover of dominant plant species) fungal 

assemblages would have less evolutionary time to maximize functionality for any one 

plant composition cohort. Therefore, perhaps a hypothetical "substrate richness cap" 

imposed by the monoculture-like structure of the Creosotebush Bajada vegetation 

prevents further functional diversification within the Creosotebush Bajada fungal 

assemblage. However, guild activhy within the Creosotebush Bajada fungal assemblage 

increased during the winter, albeit not significantly. The general trend of enhanced 

carbon substrate utilization capacity during the winter season suggests that Creosotebush 

Bajada and the Lowland Desert Scrub fungal assemblages respond similarly to moisture 

and temperature stress. 
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Mid-Elevation Desert 

The seasonal patterns of functional diversity arising in the Sotol Grassland soil 

fungal assemblage are most likely due to mid-elevation environmental conditions. The 

grass-dominated Sotol Grassland vegetation shares environmental characteristics of both 

the upper elevation and lower desert vegetation. Organic matter input is elevated due to 

the abundant fine grass roots (similar to high elevation zones), while temperature and 

moisture regimes are harsher than the forested zones. Although substrate activity levels 

follow upper elevation fungal assemblage trends, both total richness and guild richness 

respond to season similarly to the Lowland Desert Scrub fungal assemblage. Again, in 

the Sotol Grassland system, interaction between the amounts and types of carbon inputs 

and abiotic constraints that regulate fungal functional diversity exits. Increased winter 

substrate richness of the Sotol Grassland fungal assemblage reflects seasonal changes in 

vegetation; whereas, fungal substrate activities are regulated by abiotic conditions. 

Carbon Substrate Guilds 

Carbohydrates in the free-state represent 15% of soil carbon substrates (Paul and 

Clark 1989). Moreover, carbohydrates are readily degraded by soil microbial 

assemblages. Thus, finding that the complex and simple carbohydrate guilds were the 

most readily utilized across the gradient was not surprising. The degradation of a 

significantly higher proportion of carbohydrates by the high elevation desert fungal 

assemblages likely relates to large quantities of carbohydrates present in leaf foliage 

deposited within these vegetation zones. 
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Fungal functional diversity along the elevational gradient at Big Bend National 

Park in the Chihuahuan Desert appears to be controlled at two levels: (1) fungal substrate 

activity, which tends to be related to the abiotic variables temperature and moisture, and 

(2) fungal substrate richness, which is often related to the diversity of the vegetation, 

where diverse plant assemblages correlate with functionally diverse fungal assemblages. 

The high-elevation desert fungal assemblage's benefit from relief of abiotic constraints 

compared to low desert sites. Moreover, large inputs of organic matter from the extant 

vegetation enhance overall soil fungal functional diversity. Seasonal climatic conditions 

play important roles in both upper and lower desert elevation zones. Fungal functional 

diversity is maximized in the summer within upper desert zones and in the winter at 

lower desert zones. 

The observed relationship between soil fungal functional diversity and climate 

could be used to develop predictions concerning the impacts of climate change (Johns et 

al. 1997) on landscape patterns and ecosystem processes within the Chihuahuan Desert. 

The debate over the importance of functional diversity versus biological diversity and the 

impacts of climate change has been raging for the last decade (Walker 1992, Naeem et al. 

1995, Wardle et al. 1997, Begtsson 1998). The results of this study indicate that shifts in 

vegetation due to climate change will result in commensurate changes in fungal 

functional diversity and attendant ecosystem levels processes. 
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Table 3.1. Carbon substrates included in Biolog SF-N2 microtiter plates categorized by 
carbon substrate guild. 

Complex Carbohydrates 
alpha-cyclodextrin 
glycogen 
adonitol 
L-arabinose 
D-arabitol 
cellobiose 
D-fructose 
D-galactose 
gentiobiose 
alpha-D-lactose 
lactulose 
maltose 
melibiose 
Beta-methyl-D-glucoside 
D-raffinose 
sucrose 
D-trehalose 
turanose 
xylitol 
methyl pyruvate 
mono-methyl succinate 
glucose-1 -phosphate 
glucose-6-phosphate 

Polymers 
tween 40 
tween 80 
2,3.-butanediol 
glycerol 
D,L-alpha-glycerolphosphate 

Simple Carbohydrates 
dextrin 
erythritol 
L-fucose 
alpha-D-glucose 
m-inositol 
D-mannitol 
D-mannose 
D-psicose 
L-rhamnose 
D-sorbitol 

Carboxylic acids 
acetic acid 
cis-aconitic acid 
citric acid 
formic acid 
D-galacturonic acid lactone 
D-galacturonic acid 
D-gluconic acid 
D-glucosaminic acid 
D-glucuronic acid 
alpha-hydroxybutyric acid 
beta-hydroxybutyric acid 
gamma-hydroxybutyric acid 
p-hydroxyphenylacetic acid 
itaconic acid 
alpha-ketobutyric acid 
alpha-ketoglutaric acid 
alpha-ketovaleric acid 
D,L-lactic acid 
malonic acid 
propionic acid 
quinic acid 
D-saccharic acid 
sebacic acid 
succinic acid 

Amines/Amides 
N-acetyl-D-galactosamine 
N-acetyl-D-glucosamine 
succinamic acid 
glucuronamide 
alanimamide 
phenyethylamine 
putrescine 
2-amino ethanol 

Amino Acids 
D-alanine 
L-alanine 
L-alaynl-glycine 
L-asparagine 
L-aspartic acid 
L-glutamic acid 
glycyl-L-aspartic acid 
glycyl-L-glutamic acid 
L-hisidine 
hydroxy L-proline 
L-leucine 
L-ornithine 
L-phenylalanine 
L-proline 
L-pyroglutamic acid 
D-serine 
L-serine 
L-threonine 
D.L-carnitine 
gamma-aminobutyric acid 

Nucleotides 
bromosuccinic acid 
urocanic acid 
inosine 
uridine 
thymidine 
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Table 3.2. Soil temperature ranges at 15 cm for the five vegetation zones along the Pine 
Canyon Watershed at Big Bend National Park for year 1999-2001. 

Vegetation zone" 
Lowland Desert Scrub 
Creosotebush Bajada 
Sotol Grassland 
Closed-Canopy Oak 
Oak-Pine Forest 

Average Low 
Temperature °C 

24 
22 
18 
13 
13 

Average High 
Temperature °C 

29 
28 
23 
19 
15 

Max Temperature °C 
43 
34 
40 
28 
23 

^ Vegetation zones are grouped in ascending order from the lowest elevation zone to the 
highest. 
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Table 3.3. Seasonal mean substrate activity and percent substrate richness for the seven 
carbon substrate guilds that are contained in a Biolog SFN-2 microtiter plate for fungal 
assemblages present in the five distinct vegetation zones that occur along the Pine 
Canyon Watershed at Big Bend National Park. 

Guild Vegetation 
Zone 

Mean Substrate 
Activity 

Mean % Substrate 
Richness 

Nucleotides 

Amines/Amides 

Complex Carbohydrates 

Carboxylic Acids 

Polymers 

Amino Acids 

LDS 
CR 
SG 

CCO 
OPF 

LDS 
CR 
SG 

CCO 
OPF 

LDS 
CR 
SG 

CCO 
OPF 

LDS 
CR 
SG 

CCO 
OPF 

LDS 
CR 
SG 

CCO 
OPF 

LDS 
CR 
SG 

CCO 
OPG 

Winter 
0.689 
0.611 
1.156 
1.555 
1.290 

1.371 
1.445 
3,162 
3.308 
3,172 

10.930 
12.326 
20.208 
19.016 
16.863 

4.276 
5.047 
8.490 
9.248 
7.787 

1.382 
1,402 
2,352 
1,890 
2.138 

4.704 
5.008 
11.981 
11.658 
10.932 

Summer 
0.459 
0.539 
1,130 
1,651 
1,764 

1.420 
1.530 
3.739 
3.711 

4.615* 

9,428 
13.574 
21.741 

22.190* 
23.589* 

4.652 
5.464 
10.652 
10.008 

12.530* 

1.501 
1,684 
2,730 

2,413* 
2,657* 

4.456 
5.146 
13.040 
13.362* 
16.210* 

Winter 
0.427 
0,367 
0.573 
0.620 
0.627 

0.471 
0.433 
0,754 
0,796 
0.788 

0,719* 
0.688 
0.893* 
0.901 
0.891 

0.494* 
0.507 
0,750 
0.792 
0.718 

0,593 
0.580 
0.793 
0.700 
0.727 

0.552* 
0.537 
0.850 
0,875 
0,865 

Summer 
0.293 
0,327 
0,447 

0,740* 
0.633 

0.337 
0,462 
0,721 
0,867 
0.858 

0,513 
0,671 
0,830 
0.912 
0.900 

0.369 
0.474 
0.689 
0.826 
0.796 

0.560 
0.587 
0,780 
0,767 
0,733 

0.423 
0.505 
0.807 
0.928* 
0,905 
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Table 3.3 cont. 

Guild 

Simple Carbohydrates 

Average 

Vegetation'' 
Zone 

LDS 
CR 
SG 

CCO 
OPF 

Mean Substrate 
Activity 

Winter 
5.860* 
5.764 
10.257 
9,896 
9.096 

6.465 

Summer 
4.167 
5.788 
10,059 
12,122* 
11.069* 

7.451* 

Mean % Substrate 
Richness 

Winter 
0.773* 
0.713 
0.910 
0.970 
0.950 

0.702* 

Summer 
0.570 
0,687 
0,860 
0.993 
0.977 

0.678 
^ Fungal assemblage groupings according to vegetation zone where LDS = Lowland 
Desert Scrub, CR = Creosotebush Bajada, SG = Sotol Grassland, CCO = Closed-Canopy 
Oak and OPF = Oak-Pine Forest. 

''Mean substrate activity was calculated for each guild and site from Biolog SF-N2 
microtiter plates. Activity values for individual substrates range from 0.0 - 3.0, 

'̂ Percent substrate richess was calculated for each guild and site from Biolog SF-N2 
microtiter plates. Substrates were calculated into the richness index if their activity levels 
was greater than 0.1. 

* The mean difference is significant at the .05 level and has been adjusted for multiple 
comparisons: Bonferroni. 

**Significant seasonal differences occurred for guild activity (Wilks' Lambda = 0.908; F 
- 4,094; df = 7, 284; P < 0.001), and percent guild richness (Wilks' Lambda = 0,937; F = 
2.750; df= 7, 284; P = 0.009) 
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Table 3.4. Fungal assemblage groupings based on guild activity and percent guild 
richness and defined hy post hoc comparisons of activity or percent richness levels of site 
within carbon substrate guild. 

GUILD Substrate Activity" Percent Substrate 
Richness" 

Nucleotide LDS, CR; SG; CCO, OPF LDS, CR; SG; CCO,OPF 
Amines/Amides LDS, CR; SG, CCO, OPF LDS, CR; SG; CCO,OPF 
Complex Carbohydrates LDS; CR; SG, CCO, OPF LDS; CR; SG, CCO, OPF 
Carboxylic Acids LDS, CR; SG, CCO, OPF LDS, CR; SG, CCO, OPF 
Polymers LDS, CR; SG, OPF; OPF, CCO LDS, CR; SG, CCO, OPF 
Amino Acids LDS, CR; SG, CCO, OPF LDS, CR; SG, CCO, OPF 
Simple Carbohydrates LDS, CR; SG, CCO, OPF LDS, CR; SG; CCO,OPF 

^ Fungal assemblages were grouped according to vegetation zone where LDS = Lowland 
Desert Scrub, CR = Creosotebush Bajada, SG = Sotol Grassland, CCO = Closed-Canopy 
Oak and OPF = Oak-Pine Forest. Subsets that are significantly different (a = 0.05) are 
separated by a semicolon. 
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Figure 3.1. Describes the effects of season and elevation on soil fungal substrate activity. 
Substrate activity = the mean of optical density of the ninety-five substrate wells at 120 h 
after inoculation. Black bars represent mean summer fungal substrate activity levels, 
while white bar represent mean winter fungal substrate activity levels. The five 
vegetation zones in the order of increasing elevation from left to right are listed along the 
X-axis (LDS = Lowland Desert Scrub, CR = Creosotebush Bajada, SG = Sotol Grassland, 
CCO = Closed-Canopy Oak, OPF = Oak-Pine Forest). Superscripts associated with 
vegetation zone labels indicate the significance of season at levels: * = 0.01 < P < 0.05, 
** = 0.001 < P < 0 . 0 1 , * * * - P < 0.001, P > 0.05 (ns). Bars with the same uppercase 
letters do not differ significantly in fungal substrate activity with respect to elevation in 
the summer, while bars with the same lowercase letters do not differ significantiy in 
fungal substrate activity with respect to elevation in the winter. 
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Figure 3.2. Effects of season and elevation on soil fungal substrate richness. Substrate 
richness = the number of wells on the Biolog SFN-2 plates that had an optical density 
greater than or equal to 0.1 at 120 h after inoculation. Black bars represent mean summer 
fungal substrate richness levels, while white bar represent mean winter fungal substrate 
richness levels. The five vegetation zones in the order of increasing elevation from left 
to right are listed along the x-axis (LDS = Lowland Desert Scrub, CR = Creosotebush 
Bajada, SG = Sotol Grassland, CCO = Closed-Canopy Oak, OPF = Oak-Pine Forest). 
Superscripts associated with vegetation zone labels indicate the significance of season at 
levels: * = 0.01 < P < 0.05, ** = 0.001 < P < 0.01, *** = p < o.OOl, P > 0.05 (ns). Bars 
with the same uppercase letters do not differ significantly in fungal substrate richness 
with respect to elevation in the summer, while bars with the same lowercase letters do not 
differ significantly in fungal substrate richness with respect to elevation in the winter. 

83 



4 

3 

o 
^ 1 

-1 

-2 

A 

% 

1 1 1 

• 

. 

• 

(T • 

SG 

_ i [ — 1 1 

- 3 - 2 - 1 0 1 2 3 

DFl (82.1%) 
- 2 0 2 4 6 

DF 1(84.3%) 

Figure 3.3. The graphical illustration of soil fungal functional diversity associated with 
five vegetation zones along the Pine Canyon Watershed in Big Bend National Park, TX 
generated from canonical variate analysis. Vegetation zones separated along 
discriminant function 1 (DFl) and discriminant function 2 (DF2), where the center (+) 
indicates the centroid of site. Each site centroid is encompassed by a 95% confidence 
interval ellipse. LDS= Lowland Desert Scrub, CR= Creosotebush Bajada, SG= Sotol-
Grassland, CCO= Closed-Canopy Oak Forest, and 0P= Oak-Pine Forest. A: Summer 
season, and B: Winter season. 
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Figure 3.4. Vegetation zone and season interactions with regards to carbon substrate 
guilds. A. Nucleotides, B. Complex carbohydrates, C. Amino Acids, D. Simple 
carbohydrates. The five vegetation zones include: LDS = Lowland Desert Scrub, CR = 
Creosotebush Bajada, SG = Sotol Grassland, CCO = Closed-Canopy Oak, OPF = Oak-
Pine Forest. The winter season is represented by lines with a D, and the summer is 
represent by lines with a o. 
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CHAPTER IV 

EFFECTS OF SOIL ENVIRONMENTAL FACTORS ON SOIL FUNGAL 

FUNCTIONAL DIVERSITY IN RELATION TO SPATIAL SCALE 

Abstract 

Soil fungal functionality as measured by the Soil FungiLog Procedure can be 

directly linked to environmental parameters affecting the extant soil fungal assemblage at 

a particular site or region. Research, conducted herein, links Soil FungiLog data to a 

suite of soil factors including nitrate, ammonia, moisture, pH, and organic carbon using 

reduced-rank regression analysis (RDA). In addition, these analyses were performed at a 

variety of scales. At the regional scale, soil moisture, pH and nitrogen dynamics were the 

primary factors that influenced soil fungal functional diversity. Whereas, at the extent of 

site, an idiosyncratic response occurred, and soil functional diversity patterns were linked 

to the intricacies of soil factors in the immediate soil matrix. Lower and upper desert 

locales differed in that fungal functionality of lower-desert-locale fungal assemblages 

depended on nitrogen flux, and the upper-desert-locale assemblages depended on 

moisture and pH. 

Introduction 

Sobek (see Chapter II) and others (see Wardle, 2002) have hypothesized that 

fungal assemblages are linked to plant assemblages based on the plant production of 

carbon compounds. A recent paper in Ecology (Madritch and Hunter 2002) provides the 

86 



strongest evidence to date in support of a Carbon Substrate Hypothesis. They found that 

variation in litter chemistry among genotypes of the same tree species affects nitrogen 

and carbon dynamics related to the microbial community. Hence, even genotypic 

variation at the species level can have profound effects on soil-level functional responses. 

Several other studies outline the importance of plant assemblage diversity on 

decomposhion dynamics (Melillo et al, 1982, Lang et al, 1997, Zhang and Zak 1998, 

Zimmer 2002). However, none examine the direct effects of nutrients or other 

environmental factors on soil fungi, which act as the primary decomposers in terrestrial 

ecosystems. So, in order to obtain a thorough understanding of the linkages between soil 

fungi and decomposition, fungal assemblage dynamics require investigation. The 

research herein connects two disparate data sets to examine the effect of soil factors, from 

five vegetation types, on fungal function in a desert ecosystem. One data set includes soil 

factors—moisture, pH, nitrate, ammonia and organic carbon—whereas the other set 

comprises Soil FungiLog data that is classified into carbon substrate guilds (see chapter 11 

for a Soil FungiLog overview). 

The linkage between soil factors, fungal function, and vegetation type is also 

evaluated through a hierarchal approach, whereby spatial scale is analyzed at three levels 

of extent (region, locale, and site). One of the principal questions apparent in the 

ecological literature is: "how does species diversity relate to spatial scale?" (Scheiner et 

al. 2000). In other words, is diversity dependent on scale? By understanding the 

diversity-scale relationship, elucidation of important processes or mechanisms giving rise 

to species diversity is possible. I have approached the issue not based on species 
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diversity per se, but in a functional context, where soil fungal functional diversity is 

linked to soil factors across multiple scales. Moreover, the scale-function relationship is 

analyzed in a multivariate context by Reduced Ranks Regression analysis (RDA) (ter 

Braak and Smilauer 1998). Through RDA, 1 have determined which soil factors 

influence the function of soil fungal assemblages at a particular scale. A better 

understanding of scale dependency of soil fungal functionality should enhance 

conservation and reclamation studies and allow researchers to tailor recommendations to 

the specific scale in question. 

Thus, the objectives of this research endeavor are: (1) to discover trends in soil 

fungal function with respect to vegetation type and soil factors, and (2) to determine the 

impact that spatial scale has on the functional trends of soil fungal assemblages. 

Methods 

Study Site 

The Pine Canyon Watershed is located within the borders of Big Bend National 

Park and extends from Lost Mine Peak in the Chisos Mountains east to Glenn Springs. 

The entire watershed traverses a distance of approximately 19 km. Five distinct 

vegetation zones exist in the watershed which correspond to elevation (Dobranic and Zak 

1999) and include: (1) Lowland Desert Scrub (LDS; elevation 793 m) consists of mixed 

subshrubs dominated by Leucophyllum leiophyllum and Agave lechuguilla, and numerous 

grasses and annuals, and is the most species rich of all Pine Canyon Watershed 

vegetation zones (Dobranic 2001), (2) Creosote Bush Bajada (CR; elevation 1010 m) is a 
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monoculture-like system dominated by Larrea tridentata, and includes Agave 

lechuguilla, and several species of Opuntia, (3) Sotol Grassland (SG; elevation 1526 m) 

where dominant plant species include Dasylirion leiophyllum, Molina texana, and 

Bouteloua ramose, (4) a Closed-Canopy Oak Forest (CCO; elevation 1824 m) that is 

dominated by Quercus gravesii, Pinus arizonica. Arbutus xalapensis, and Juniperus 

deppeana, and a sparse understory of shrubs, and (5) an Oak-Pine Forest (OPF; elevation 

2098 m) where the dominant tree species are Quercus emoryi and Pinus cembroides. The 

Chihuahuan Desert receives 150-400 mm of rain yearly (MacMahon 2000) with the 

majority of rain occurring during the summer in the form of cyclonic thunderstorms of 

short duration and high intensity that usually cover only a localized area. 

Sampling 

In each vegetation zone, two replicate 100 x 30 m belt transects were established. 

Five soil samples were obtained from each transect in both January and August (winter 

and summer sampling, respectively) over a three-year period (1999-2001). 

Consequently, ten soil samples were used to characterize a vegetation zone along the Pine 

Canyon Watershed. Samples were taken from a depth of 15 cm and stored at 4 ° C until 

use (7 days maximum). Functional diversity of soil fungal assemblages was determined 

according to the Soil FungiLog Procedure (see Chapter II). Briefly, soil organic matter 

(SOM) particles were exfracted from all soils by shaking soils in a Tween 80 solution, 

sieving particles through a 500 pm and 250 pm mesh, and concentrating the 250 pm 

fraction through a vacuum filtration system. SOM particles were immediately used or 

89 



sealed in a petii plate containing a damp piece of filter paper and stored at 4°C, All 

stored material was used within 24 hours after extraction. Before microtiter plate 

inoculation, a mixture of water agar, antibiotics, dimethylthiazolyl-diphenyltetrazolium 

bromide (MTT), and SOM particles was prepared. The inoculation mixture was added to 

Biolog SF-N2 plates at a rate of 100 pi per well. Plates were incubated at 25 °C for 120 

h, and scanned every 24 h using a Biotek Plate Reader set at a wavelength of 590 nm 

(peak absorbance of MTT). Each Biolog microtiter plate, in addition to the 95 carbon 

substrates, contains a control well that lacks a carbon substrate. The absorbance of the 

control well was subtracted from the absorbencies of all other wells on the plate. For the 

analysis described here, measurements of functional diversity were calculated from the 

120 h period, which has previously been shown to be the period of maximal microtiter 

plate color development for FungiLog analysis (Dobranic and Zak 1999). 

Soil Nutrients and Physical Parameters 

Soil moisture was determined for each soil sample within 24-48 h after collection. 

Five grams of soil was dried at 60 °C for 24 h. Mass loss after drying was used to 

calculate the percent soil moisture present in the sample. Organic carbon was determined 

on 5.0 g of soil as mass loss after combustion at 450 °C for 24 h. The percent organic 

carbon was calculated as (initial weight-final weight)/100 * imtial weight. Soil pH was 

calculated using standard procedures (Robertson et al. 1999). Extractable nitrate (NO3-

N) analysis was conducted at A&L Laboratories (Lubbock, TX) following the methods of 
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(Miller and Keeny 1982). Extractable ammonia (NH4-N) levels in the soil samples were 

also determined according to methods prescribed by Miller and Keeny (1982). 

Functional Diversity Indices 

The Biolog system allows for the quantitative assessment of each carbon substrate 

within the SF-N2 microtiter plates by measuring the level of incorporation of the 

tetrazolium dye (MTT) into respiring fungi that occupy Biolog wells. The substrate 

activity index (Zak et al. 1994) was used to assess the overall functional diversity of soil 

fungal assemblages within the Pine Canyon Watershed, Substrate activity provides a 

measure of the degree to which a fungal assemblage can catabolize a particular carbon 

substrate, and was recorded by colorimetric analysis of Biolog plates. The maximum 

value for substrate activity from any substrate is 3,0, and the minimum activity level is 

0.1. 

Carbon substrates with similar chemical composition were classified into 7 carbon 

substrate guilds (Table 1.1, Chapter II), and substrate activity was calculated for each 

guild. Guild activity was determined by summing the optical density readings within 

each guild and dividing the sum by the number of substrates in a guild. Standardizing the 

guild activities by the number of representative substrates prevented biases arising in the 

analyses from the inequality in the number of substrates among guilds. 
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' was 

Analyses 

The relationship between soil factors and fungal functional diversity 

examined at three spatial scales, which included region, locale and site. Focus and extent 

defined the spatial structure for these analyses (Scheiner et al. 2000), Focus was held 

constant at the sample level for all analyses. One regional analysis was conducted that 

included all vegetation zones within the entire Pine Canyon Watershed (extent = 

watershed). Two locale analyses were conducted by parthioning vegetation zones into 

lower and upper desert (extents = lower desert and upper desert, respectively). The 

lower desert locale included Lowland Desert Scrub and Creosotebush Bajada, whereas 

the upper desert locale included Sotol Grassland, Closed-Canopy Oak Forest, and Oak-

Pine Forest. Site analyses were conducted separately for each vegetation zone (extent = 

vegetation zone or site). Reduced Rank Regression analysis (RDA) was used to classify 

all spatial extents (Jongman et al. 1995). The Program CANOCO 4.0 was employed to 

perform all RDA analyses (ter Braak and Smilauer 1998). RDA is a form of regression 

analysis, where a Principal Components Analysis is performed on species data (in this 

case guild data), but is restricted by a linear combination of environmental variables such 

as soil factors. Thus, variance is maximized along a derived set of axes or components, 

restricted by the environment. Monte Carlo permutations (9,999 iterations) were used to 

build a sampling distribution against which to test the null hypothesis that the relationship 

between the soil factors and guilds is lacking at any level of extent (ter Braak and 

Smilauer 1998). Biplots produced by RDA provided a practical interpretation of the 

original guild data in relation to soil factors (ter Braak 1996). Vectors were produced for 
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both guild and environmental variables. The cosine of pairs of vectors can be interpreted 

directly as the degree of correlation between variables. Furthermore, nominal variables -

Year and Season - were coded as dummy variables for incorporation into the analyses. 

The perpendicular projection of sites and nominal variables onto environmental and guild 

variable vectors provided an estimate of the degree of influence the vector variable has on 

a particular site or nominal variable (Jacoby 1998). In addhion the length of the vector 

determines its importance of influence, where long vectors strongly influence the 

structure of the data. 

Results 

Explained Variance 

The RDA analyses provided three parameters for interpreting the relationship 

between carbon substrate guilds and soil factors (ter Braak and Smilauer 1998). 

Specifically, the three parameters included: cumulative percentage variance of guild data, 

cumulative percentage variance of the carbon subsfrate guild by soil factors data, and p-

values that indicated the significance of the relationship between soil factors and guild 

data. Using these three statistical parameters conclusions were drawn concerning the 

sfrength of the relationship between soil factors and carbon subsfrate guilds. 

The first two component axes from RDA analysis accounted for the largest 

proportion of guild variance and guild by soil factors variance at the extent of region or 

watershed (Table 4.1), followed by the site (vegetation type) and locale (upper or lower 

desert) extents, respectively. At the site extent, component axes one and two explained 
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25.7 % and 91.8% of guild variance and guild by soil factors variance, respectively; 

whereas, at the locale extent axes one and two accounted for 15.8% and 90.6% of the 

guild variance and guild by soil factor variance, respectively. The effects of soil factors 

on guild structure were or approached significance for 4 of the 5 site extern analyses, but 

were not significant at the locale extent, and highly significant at the regional extent 

(Table 4,1), The Oak-Pine Forest soil fungal assemblage had the highest level of 

explained guild variance and guild by soil factors variance when compared to other sites 

or extents. 

Site Extent 

The output from a RDA analysis can be represented geometrically in a two-

dimensional biplot. Biplots serve to facilitate understanding and comprehension of the 

underiying structure within a data set (see Jacoby, 1998 for a review). In general, at the 

extent of site, nitrate, ammonia, and organic carbon were the soil factors that had the 

maximum effects on soil fungal functional diversity as measured by carbon substrate 

guild activity (Figures 4.1-4,5). A seasonal effect was almost always present, as 

illustrated by the positions of the summer and winter season in opposite quadrants of the 

biplot. Fungal functional diversity also varied in relation to yearly fluctuations in soil 

factors. 

Nitrogen dynamics strongly influenced the Lowland Desert Scrub fungal 

assemblage (Figure 4.1). Ammonia and nitrate were negatively correlated and accounted 

for a large proportion of the variation in fungal function attributed to soil factors. Two 
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distinct guild clusters resulted from the RDA analysis. Guild cluster 1 occurred in the 

first quadrant and included simple carbohydrates, nucleotides and complex 

carbohydrates. Cluster 2 occurred in quadrant 4, and included all remaining guilds. Soil 

fungi preferentially utilized guild cluster 1 in the winter, and utilization was related to 

soils containing greater amounts of ammonia and high pH values. Guild cluster 2 was 

utilized more often during the summer, but in relation to low soil values for ammonia and 

nitrate. Guild utilization patterns shifted from being poshively associated with cluster 1 

in 1999 to being positively associated with cluster 2 in 2001. 

Soil organic carbon, pH and moisture were the primary soil factors that shaped 

ftingal functioning within the Creosotebush Bajada vegetation zone (Figure 4.2). The 

fungal assemblage colonizing the Creosotebush Bajada vegetation zone was able to 

utilize most of the carbon substrate guilds in equal amounts according to biplot vector 

lengths. Again, guild usage shifted from 1999 to 2001. Complex carbohydrates, simple 

carbohydrates, and amino acids were utilized by the fungal assemblage to a greater 

degree in 2001. Soils with high amounts of organic carbon and soil moisture were more 

functionally diverse in 2001. Fungal utilization of polymers and nucleotides dominated 

in 1999, which was linked to high soil pH, and relatively large amount of ammonia in the 

soil. Similar patterns in guild usage occurred in both 2000 and 1999, but the 2000 

response was lessened as noted by the proximity of 2000 to the centroid of the biplot. 

Seasonal shifts in ftingal ftinction within the Creosotebush Bajada site were negligible. 

In the Sotol Grassland vegetation zone, amines/amides, complex carbohydrates, 

amino acids, and carboxylic acids formed a primary cluster paralleling axis 1 (Figure 4.3) 

95 



and were positively correlated with soil organic carbon. However, fungal utilization of 

the simple carbohydrate guild was related to soils having high levels of ammonia, 

whereas nucleotides and polymers guilds were utilized by the fungal assemblage in soils 

with high organic carbon. Also, a seasonal shift occurred in fungal fiinctionality, where 

summer fungal function concurred with greater fungal utilization of nucleotides and 

polymers guilds; however, winter utilization was primarily in the form of simple 

carbohydrates, but was related to low soil moisture levels. In terms of yeariy shifts, 

carbon substrate guild usage decreased from 1999 to 2000 and increased in 2001. Fungal 

function in 2001 and 1999 was restricted to soils with high moisture and ammonia values, 

but in 2000 function was maximized in soils with high pH and organic carbon. 

Two distinct guild clusters were present in the Closed-Canopy Oak Forest (Figure 

4,4). Guild cluster 1 occurred in quadrant 1, and included nucleotides, amines/amides, 

amino acids, and carboxylic acids. Guild cluster 2 was located in quadrant 4, and 

included polymers and simple and complex carbohydrates. Additionally, large values of 

soil ammonia and nitrate were associated with fungal utilization of guild cluster 1, but 

guild cluster 2 was utilized in soils having relatively high nitrate levels, and lower 

ammonia, moisture and pH values. The length of the organic carbon vector suggested 

that organic carbon had slight effects on fungal functional diversity. 

Fungal functional diversity was greater in the summer than in the winter at the 

Closed-Canopy Oak Forest site. The high summer fungal functional response concurred 

with utilization of guilds within the second guild cluster. Winter fungal functional 

diversity was related to guild cluster two, although overall fungal functional diversity was 
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decreased. Yearly differences in soil fungal function also occurred, and fungal function 

reached its lowest levels in 1999, However, fungal functional diversity was similar in 

2000 and 2001; although, in 2000 guild cluster one was utilized to a greater degree. 

Since the length of the carbon substrate guild vectors indicated the degree of 

utilization by fungal assemblages, where long vectors were associated with higher guild 

utilization, the Oak-Pine Forest fungal assemblage utilized carbon substrate guilds more 

than any other vegetation zone (Figure 4,5). Moreover, the Oak-Pine Forest fungal 

assemblage formed two distinct guild usage clusters. Guild cluster 1 included amino 

acids, complex carbohydrates, amines/amides, and carboxylic acids, and formed in 

quadrant 2. Guild cluster 2 included simple carbohydrates, nucleotides, and polymers 

and was located quadrant 3. Whereas, guild cluster 1 was association with high soil 

nitrate and low soil moisture levels, guild cluster 2 was negatively associated with all soil 

factors. 

Oak-Pine Forest Fungal assemblages utilized carbon substrate guilds from cluster 

1 more so in the summer; however, a reversal occurred during the winter, and fungi 

utilized guilds in cluster 2; although fungal function was considerably lessened. Carbon 

substrate guild usage increased from 1999 to 2001. During 2001 guild cluster 1 was 

utilized, and utilization patterns were associated with low soil moisture and high soil 

nitrate levels. A similar pattern held for 1999, but carbon subsfrate utilization was 

decreased considerably. In 2000, soil fungi utilized more guilds in cluster 2, with 

maximum usage in the polymer guild. 
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Locale Extent 

Fungal functional diversity was affected by soil factors to a greater degree in the 

upper desert locale than in the lower desert locale according to comparisons of vector 

length. However, soil ammonia and moisture levels were important determinants of 

fungal functional patterns at both locales. 

Within the lower desert locale, guild usage increased from right to left along axis 

one (Figure 4.6). Only one primary guild cluster was present, where guild members 

included polymers, carboxylic acids, amines/amides, complex carbohydrates, and amino 

acids. Vectors representing simple carbohydrates and nucleotides guilds deviated 

towards quadrant 3, and were correlated with soil ammonia and nitrate levels. Dry soils 

were associated with fungal utilization of guilds in the primary cluster. 

The Lowland Desert Scrub and the Creosotebush Bajada fungal assemblages 

utilized similar guilds; however, the overall magnitude of guild usage was greater in the 

Creosotebush Bajada fungal assemblage. Seasonal differences also occurred within the 

low desert locale. Summer fungal function corresponded to soils having high amounts of 

organic carbon, where Lowland Desert Scrub fungi utilized the primary guild cluster. 

However, nucleotides and simple carbohydrates guilds were utilized more often in the 

winter. Fungal activity decreased from 1999 to 2000, but increased again in 2001. In 

2001 utilization occurred in the primary guild cluster, but in 1999 simple carbohydrate 

and nucleotides dominated usage patterns. 

Within the upper desert locale, guild utilization by fungal assemblages was 

relatively moderate. Guild vectors exhibited a large spread with one primary cluster 
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falling directly on axis 1, and consisting of amines/amides, carboxylic acids, complex 

carbohydrates, and amino acids. Nucleotide usage by soil fungal assemblages was 

greater in soils having high pH levels. While polymer usage was associated with soils 

having low pH, nitrate, and moisture, utilization of the guilds belonging to the primary 

cluster shared little association with soil pH, nitrate or moisture. The Sotol Grassland 

fungal assemblage utilized polymers to a greater degree than both the Closed-Canopy 

Oak Forest and the Oak-Pine Forest fungal assemblages. However, the Oak-Pine Forest 

fungal assemblage followed an overall similar guild usage pattern as the Sotol Grassland 

assemblage. The Closed-Canopy Oak Forest fungal assemblage maximized guild usage 

with respect to nucleotides and simple carbohydrates. 

A seasonal shift occurred within the upper desert locale, and utilization dropped 

considerably in the winter as compared to the summer season. However, similar guilds 

were utilized regardless of season, but summer usage was amplified. Yearly guild 

utilization patterns occurred. Carbon substrate guild utilization increased from 1999 to 

2001, and fungal functional diversity peaked in 1999 and 2001 in soils having high levels 

for all soil factors except nitrate. 

Regional Extent 

Several key characteristics were present at the regional extent, which 

encompassed the entire Pine Canyon Watershed. Namely, soil moisture, ammonia, pH, 

and organic carbon levels in the soil strongly influenced fungal functional diversity 

across the entire watershed. The most striking feature was the negative influence of pH 
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on overall guild utilization. Soils with particulariy high pH levels had the least 

fimctionally diverse fungal assemblages. These soils include both the Lowland Desert 

Scrub and Creosotebush Bajada. Closed-Canopy Oak Forest and Oak-Pine Forest soils 

contained fungal assemblages that had the highest functional diversity. Whereas, greater 

fungal functional diversity within the Sotol Grassland occurred in those soils having 

lower moisture and ammonia levels than soils in the Closed-Canopy Oak Forest or Oak-

Pine Forest. Winter fungal fimction was greater in soils having moderate values of 

organic carbon, ammonia and moisture, while summer activity showed the reverse trend 

- low levels of organic carbon, ammonia, and moisture, but higher levels of nitrate. 

Yearly fimgal function increased from 1999-2001, and was associated with high soil 

organic carbon and ammonia levels. 

Discussion 

Chapter III discussed evidence supporting a non-random association of fungal 

assemblages along an elevational gradient in the Chihuahuan Desert. Therein, soil fungal 

assemblages formed two distinct clusters based on carbon substrate guild utilization 

patterns. These clusters comprised the upper and lower desert fungal assemblages. 

Furthermore, seasonal patterns of fungal functional diversity were evident within each 

cluster, and often unique to a particular site. Although data analysis was preformed on 

guild parameters, which were analogous to species in traditional ordination techniques 

(Gauch 1982), important environmental factors (excluding temperature) were not 

incorporated. 
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Gross et al, (2000) examined the relationship between plant species density and 

productivity at multiple spatial scales. They surmised that patterns arising at any given 

scale are due to the extent and focus for which the data are aggregated. However, for the 

analyses presented here, focus was held constant at the level of the sampling unh or the 

soil sample; only spatial extent was manipulated. By holding focus constant, 1 was able 

to discern which soil nutrients and edaphic factors were contributing to functional 

diversity patterns among and across fungal assemblages, particularly with respect to 

yearly and seasonal fluctuation in functional diversity across sites in the Pine Canyon 

Watershed. Moreover, I used scale analysis to examine changes in the relationship 

between fungal functional diversity, soil nutrients, and edaphic conditions across years. 

A sharp distinction was found to occur among the extents examined within the 

Pine Canyon Watershed. At the extent of site, nitrogen dynamics was the driving force 

shaping soil fungal functionality; whereas, at the region and locale extent, soil moisture 

and pH played a prominent role. Differences among extents occurred in conjunction with 

changes in functionality of fungal assemblages present at the various vegetation zones, 

where interactions between abiotic environmental factors and fungal function limited or 

enhanced fungal activity. Interestingly, each vegetation zone contained a fungal 

assemblage that responded differently to environment. 

Site Extent 

While Lowland Desert Scrub and Creosotebush Bajada vegetation zones both 

experienced soil moisture limitations for much of the year, fimctional diversity of the 
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Lowland Desert Scrub fungal assemblage responded strongly to soil nitrogen dynamics. 

However, functional diversity of the Creosotebush Bajada fiangal assemblage responded 

more so to soil organic carbon availability. The observed differences in fungal functional 

patterns between low desert sites were likely the result of the effects of different plant 

communities on soil nutrient and carbon dynamics. Fungal functional diversity patterns 

likely emerged through the interplay between the resident fungal assemblages, carbon 

and nitrogen availability, and optimal soil conditions. 

Wardle (2002) points out that microbial biomass is enhanced in situations where 

the levels of secondary plant metabolites are reduced. The Creosotebush Bajada fungal 

vegetation zone provides a relevant example. Here, the fungal assemblage persists in a 

monoculture-like vegetation zone dominated by Larrea tridentate. Creosote bush 

{Larrea tridentate) contains a variety of phenolic resins (Mabry et al. 1977) that are toxic 

to mammals and insects (Mangione et al. 2000). Moreover, fungal assemblages are more 

functionally diverse in soils containing greater organic carbon. Soils with higher than 

average organic carbon levels likely contain a greater divershy of plant-derived carbon 

sources. Hence, the postulate described in Chapter II stating that the quality of carbon 

substrates derived from the plant community drives functional diversification of soil 

fungal assemblages should be included in the development of a Carbon Substrate 

Hypothesis. 

Fungal fianctional diversity was consttained by nitrogen dynamics in the Lowland 

Desert Scrub vegetation zone, as evident by the correlation between fungal function and 

soil ammonia. This suggests that the Lowland Desert Scrub fungal assemblage may 
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suffer from nitrogen limitation, although the assemblage inhabits a species-rich plant 

community. However, nutrient availably in the soil is not necessarily enhanced by a 

diverse plant community (Madritch and Hunter 2002). Moreover, in order to assimilate 

nitrogen, fungi must convert nitrate to ammonia (Griffin 1994). Thus, it would be 

metabolically beneficial for fungi to assimilate ammonia directly from the soil 

environment rather than transforming it from nitrate. In soils having high ammonia 

levels fungi utilized non-nitrate containing carbon substrate guilds to a greater degree 

when compared to soils having low ammonia levels. In low ammonia soils, amino acids 

and amines/amide guilds were utilized by soil fungi. This suggests that in the presence of 

high ammonia levels, the Lowland Desert Scrub fungal assemblage builds biomass by 

utilizing carbohydrates. 

Soil organic carbon was a primary determinant of soil fungal function in the Sotol 

Grassland vegetation zone. A grassland soil contains large amounts of organic matter 

produced by root systems of grasses. A strong positive correlation exists between 

microbial biomass and soil organic carbon levels (Wardle 2002). Both bacteria and fungi 

are major components of the decomposer microflora. However, fungi are the primary 

decomposers responsible for releasing nufrients bound in plant organic matter (Cromack 

and Caldwell 1992, Kjdler and Struwe 1992, Wardle 2002). Thus, fungi make up a 

significant proportion of microbial biomass, and are likely to respond directly to 

increased soil organic carbon inputs. However, in relation to guild usage, polymers and 

nucleotides were used more so than carbohydrate guilds when high levels of soil organic 

carbon was present in the soil. It is likely that when Sotol Grassland fungi have a 
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sufficient supply of carbon they tend to degrade other materials; possibly in response to 

growth-limiting nutrients. Moreover, nucleotides provide an important supply of nitrogen 

(Meyer 1994), which is essential to fungi when building biomass. Thus, 1 hypothesize 

that when organic carbon is abundant in the soil matrix, fungi utilize limiting nutrients to 

a greater degree in order to support rapid biomass production. 

The remaining two fungal assemblages responded fairly similarly with respect to 

soil factors. However, the Oak-Pine Forest fungal assemblage utilized all carbon 

substrate guilds to a greater degree relative to the Closed-Canopy Oak Forest fungal 

assemblage. Interestingly, at both sites, guild activity was greater in drier soils and in 

soils having higher nitrate levels. This is in contrast to the Lowland Desert Scrub fungal 

assemblage, where higher soil moisture levels and ammonia, but not nitrate, correlated 

with greater fimgal activity. Within the Closed-Canopy Oak Forest and Oak-Pine Forest 

vegetation zones, moisture limitations were not as severe as in low desert sites. Moisture 

within these soils may be in excess of requirements for fungal growth and can actually 

stifle growth (Griffin 1994), Obviously a gradient in moisture levels exists where the 

functionality of the entire fungal assemblage is maximized at some point along a 

moisture continuum. Although the maximized point is unknown, highly moist soils, at 

least within Closed-Canopy Oak Forest and Oak-Pine Forest settings, had decreased soil 

fungal functional diversity. We did not measure oxygen levels, but anaerobic condhions 

may be present in some of these overiy moist soils. Anaerobic conditions would alter 

fungal assemblages considerably giving rise to functional parameters outside the range of 

standard Biolog detection. However, any interpretation from soil moisture levels must be 
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evaluated with caution because moisture in the context of this research project is only a 

point observation, which was taken at the time of soil collection. Soils dry considerably 

fast in a desert, especially within the low desert setting. Dry soils that were wet just days 

before collection are likely to have high fungal functional diversity; however, since the 

soil was dry, functional diversity for that particular sample would correlate negatively 

with soil moisture. Thus, it remains unclear how soil fungi respond to pulses of moisture 

in the desert in terms of functional diversity. Long-term monitoring of soil water 

potentials is required to discern the relationship between moisture pulses and fungal 

function. 

The negative response to ammonia and positive response to nitrate in the Oak-

Pine Forest is perplexing. Perhaps nutrient competition from the abundant plant species 

or bacterial assemblages at these sites tends to decrease the availability of soil ammonia 

for ftingal uptake. In that case fungi must rely on nitrate for their primary nitrogen needs. 

Regional and Locale Extent 

Although nitrogen dynamics dominated the regional and locale extents, pH 

caused a disparity in fungal function between upper and lower desert assemblages. Fungi 

proliferate at acidic pH levels, and fungal growth is often inhibited in basic media 

(Griffin 1994), Soil pH within the lower desert locale was basic (Hernandez 2002), but 

acidic in the upper desert locale. Accordingly, it is plausible that the functional diversity 

of low desert fungi was negatively affected by pH, through diminished fungal abundance 

or diversity. Perhaps, since the lower desert locale is fairiy homogenous with regard to 
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basic soils, only a pH toleram fungal assemblage persists. However, discontinuity in soil 

pH within the upper desert sites may have led to variation in soil fungal fimctional 

diversity, and soils with lower pH values gave rise to greater fungal ftinction. Moreover, 

any type of disturbance, anthropogenic or otherwise, that alters pH levels within the 

upper desert locale has the potential of significantly affecting ecosystem function in 

relation to soil fungal assemblages. 

Season and Years 

The observed independence of season from spatial scale suggested that season 

acts as a broad governing force over fungal function across the Pine Canyon Watershed, 

whereby season interacted with site to inhibit or enhance fungal function. For example, 

in the high desert locale, nutrient depletion and soil acidification in the summer was 

indicative of enhanced fungal function. When fungi are active, they immobilize nutrients 

from soil pools and acidify soils. Fungi are highly senshive to changes in pH and often 

optimize their surroundings through acidification. (Griffin 1994), In addition, increased 

summer guild usage also pointed to enhanced fungal function. When fungi are active 

they consume carbon compounds and deplete soil nutrients through the process of 

decomposhion (KJ0ller and Struwe 1992). Since the guilds of the FungiLog act as 

surrogates for environmental carbon, the FungiLog provided a good estimation of fungal 

function, while correlating well with soil nutrient dynamics. Similar patterns were 

observed in the low desert locale, albeit less pronounced; however, winter acted to 

enhance fungal function. The primary indicators of enhanced fungal function during the 
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winter were carbohydrate usage and ammonia depletion, which are the main energy and 

nutrient source required for fungal growth (Griffin 1994), 

Yearly shifts in soil fungal functional diversity suggest possible cycling events; 

these yearly decreases in function may be related to factors outside of measured 

variables. Most likely cycling patterns correlate with temperature and rainfall pattems -

dry and hot years vs. cool and wet years or various combinations of precipitation and 

temperature. What is evident from the data is that soil functionality is intimately tied to 

regional weather patterns. Shifts in patterns due to global climate change may have a 

strong impact on the ability of the fungi in this system to maintain levels of ecosystem 

service - mineralization of plant based organic matter. Further investigations into 

nutrient and preciphation pulses within the Pine Canyon Watershed may provide insight 

into the expected outcomes of predicted global change models. 
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Table 4.1. Extent analysis results indicating percent variance in guild structure, percent 
variance in guild structure explained by environmental variables, and p- values indicating 
significance of environmental variables in determining guild structure. 

Extent 

Region 
Watershed 

Locale 
Upper Desert 
Lower Desert 

Site 
LDS 
CR 
SG 
CCO 
OPF 

N" 

300 

180 
120 

60 
60 
60 
60 
60 

Cumulative % 
Var. Guild 

39.3 

21.0 
10.7 

15.1 
18,2 
21.9 
20,0 
54.1 

Cumulative % Var, 
Guild-Env. 

97.2 

94.6 
86.6 

89.3 
86,6 
92,9 
92,2 
98.2 

P - Value' 

0,0001 

0.222 
0,124 

0,2183 
0,0591 
0,0440 
0.0529 
0.0001 

' Alpha for all test was set at 0.05. 
'' Indicates the number of samples used in the extent analysis. 
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Figure 4.1. An RDA biplot showing the relationship between environmental variables, 
substrate guilds, seasons, and years at the extent of the Lowland Desert Scrub vegetation 
zone. Gl=nucleotides, G2=amines/amides, G3=complex carbohydrates, G4=carboxylic 
acids, G5=polymers, G6=amino acids, and G7=simple carbohydrates. Data was grouped 
by years (•) for 99 (1999), 00 (2000), and 01 (2001) across all seasons. Data was 
grouped by season (•)for summer and winter across all years. 
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Figure 4.2. An RDA biplot showing the relationship between environmental variables, 
substrate guilds, seasons, and years at the extent of the Creosote Bajada vegetation zone, 
Gl=nucleotides, G2=amines/amides, G3=complex carbohydrates, G4=carboxylic acids, 
G5=polymers, G6=amino acids, and G7=simple carbohydrates. Data was grouped by 
years (•) for 99 (1999), 00 (2000), and 01 (2001) across all seasons. Data was grouped 
by season (•) for summer and winter across all years. 
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Figure 4.3. An RDA biplot showing the relationship between environmental variables, 
substrate guilds, seasons, and years at the extent of the Sotol Grassland vegetation zone. 
Gl=nucleotides, G2=amines/amides, G3=complex carbohydrates, G4=carboxylic acids, 
G5=polymers, G6=amino acids, and G7=simple carbohydrates. Data was grouped by 
years (•) for 99 (1999), 00 (2000), and 01 (2001) across all seasons. Data was grouped 
by season (•) for summer and winter across all years. 
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Figure 4.4. An RDA biplot showing the relationship between environmental variables, 
substrate guilds, seasons, and years at the extent of the Closed-Canopy Oak Forest 
vegetation zone. Gl=nucleotides, G2=amines/amides, G3=complex carbohydrates, 
G4=carboxylic acids, G5=polymers, G6=amino acids, and G7=simple carbohydrates. 
Data was grouped by years (•)for 99 (1999), 00 (2000), and 01 (2001) across all seasons. 
Data was grouped by season (•) for summer and winter across all years. 
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Figure 4.5. An RDA biplot showing the relationship between environmental variables, 
subsfrate guilds, seasons, and years at the extent of the Oak-Pine Forest vegetation zone. 
Gl=nucleotides, G2=amines/amides, G3=complex carbohydrates, G4=carboxylic acids, 
G5=polymers, G6=amino acids, and G7=simple carbohydrates. Data was grouped by 
years (•) for 99 (1999), 00 (2000), and 01 (2001) across all seasons. Data was grouped 
by season (•) for summer and winter across all years. 

116 



en 

SUMMER 

.N03 Axis 1 

NH4 

MOIST 

Figure 4.6. An RDA biplot showing the relationship between environmental variables, 
substrate guilds, seasons, and years at the extent of the lower desert locale. 
Gl=nucleotides, G2=amines/amides, G3=complex carbohydrates, G4=carboxylic acids, 
G5=polymers, G6=amino acids, and G7=simple carbohydrates. Site (A) included are 
LDS=Lowland Desert Scrub and CR=Creosotebush Bajada. Data was grouped by years 
(•) for 99 (1999), 00 (2000), and 01 (2001) across all seasons. Data was grouped by 
season (•) for summer and winter across all years. 
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Figure 4.7. An RDA biplot showing the relationship between environmental variables, 
substrate guilds, seasons, and years at the extent of the upper desert locale. 
Gl=nucleotides, G2=amines/amides, G3=complex carbohydrates, G4=carboxylic acids, 
G5=polymers, G6=amino acids, and G7=simple carbohydrates. Sites (A) included are 
SG=Sotol Grassland, CCO=Closed-Canopy Oak, and OPF=Oak-Pine Forest, Data was 
grouped by years (•) for 99 (1999), 00 (2000), and 01 (2001) across aU seasons. Data 
was grouped by season (•) for summer and winter across all years. 
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Figure 4,8. An RDA biplot showing the relationship between environmental variables, 
substrate guilds, seasons, and years at the extent of the region. Gl=nucleotides, 
G2=amines/amides, G3=complex carbohydrates, G4=carboxylic acids, G5=polymers, 
G6=amino acids, and G7=simple carbohydrates. Site (A) included are LDS=Lowland 
Desert Scrub, CR=Creosotebush Bajada, SG=Sotol Grassland, CCO=Closed-Canopy 
Oak, and OPF=Oak-Pine Forest. Data was grouped by years (•) for 99 (1999), 00 
(2000), and 01 (2001) across all seasons. Data was grouped by season (•) for summer 
and winter across all years. 
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