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ABSTRACT 

 

Anthropogenic nitrogen deposition in arid ecosystems is relatively low when 

compared to mesic systems. However, because arid ecosystems are characterized by low 

precipitation and high potential evapotranspiration rates in addition to nutrient limitations 

additional anthropogenic N deposition will likely have major effects on community 

structure and function of soil microorganisms relative to the effects found in mesic 

systems. Determining the impacts of N deposition in arid systems is critical as they cover 

more than 40% of the global land surface, contain a large portion of agricultural lands 

and are inhabited by more than 1 billion humans.  

This study evaluated how a simulated increase in annual N deposition and 

variable precipitation affected soil microbial functional diversity in a mid-elevation Sotol 

grassland and high-elevation Oak-Pine forest in the Chihuahuan Desert in Big Bend 

National Park, TX. Microbial functional diversity functional diversity parameters and 

monthly precipitation were measured and evaluated at both sites biannually from August 

2003 to August 2006 and seasonally in the Sotol grassland in 2007 as an extension of the 

project. Differences in bacterial and fungal functional diversity on carbon substrates and 

fungal functional diversity on nitrogen substrates were estimated via substrate utilization 

profiles from Biolog microtiter plates from 2003 to 2007. Additionally, FAME analysis 

was used to evaluate relative proportions of soil bacteria and fungal groups during 2007. 

Finally, extracellular enzymes were evaluated during 2007 to evaluate the contribution of 

microbial enzyme activity on carbon, nitrogen and phosphorus cycling in the soil. 



 viii 

Fungal functional diversity on carbon substrates was increased by low level 

nitrogen treatments in the Oak-Pine forest. However, increased nitrogen deposition did 

not effect carbon  utilization in the Sotol grasslands. Fungal utilization of some amino 

acids was significantly altered by increased nitrogen deposition in the Sotol grasslands. 

Additionally, Gram-negative bacterial community abundance and nitrogen cycling 

enzymes showed a seasonal response to additional nitrogen deposition in the Sotol 

grasslands. Seasonal influences and variable precipitation had a strong effect on most of 

the measured microbial community structural and functional parameters in the Sotol 

grasslands throughout the project. The difference in responses between the two sites is 

likely due to the higher precipitation and lower soil temperatures and the more diverse 

litter makeup of the high-elevation Oak-Pine forest when compared to the Sotol 

grasslands.  
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CHAPTER I 

Introduction to Nitrogen Deposition and Research Objectives 

INTRODUCTION 

Nitrogen Cycling 

 Nitrogen (N) is a critical component of all living organisms primarily for 

incorporation into nucleic and amino acids. Despite being the most abundant element on 

Earth, 99% of global N is in a non-reactive form (N2) and is unavailable to most 

organisms [1]. Therefore, N is often the element limiting plant productivity in most 

terrestrial ecosystems [2]. The majority of N in a given system is old N that cycles 

between states as freely exchangeable ions, fixed to clay or soil organic matter particles 

or immobilized in living microbial, animal or plant cells. New N can enter a system in a 

one of two of ways: non-reactive N2 can be converted to biologically available forms via 

symbiotic fixation (Rhizobium and Frankia bacteria forming root nodules on legumes and 

other plants) or, in small amounts, via abiotic fixation from lightning. Fixed N then enters 

the N cycle after plant death and is quickly immobilized into plant or microbial biomass 

or fixed to clay and organic matter particles where it can be freely exchanged in the soil 

solution. The majority of N in terrestrial systems is of this nature, immobilized in 

biomass or found in organic matter. Nitrogen can be lost from the system as gaseous 

emissions or from leaching out of the soil solution. The amount of biologically available 

N in the soil is controlled in part by decomposition and mineralization of detritus and 

humus and by N losses via denitrification, volatilization and leaching (Fig. 1.1). Pre-

industrialization, the amount of N entering or exiting a system via natural means was 

often relatively low and balanced, as microbial fixation and denitrification were 
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approximately equal. However, due to anthropogenic N deposition this is no longer true 

in many systems [3, 4]. During the 20
th

 century exponential human population growth led 

to an ever-expanding demand for fertilizer to sustain agriculture and increased burning of 

fossil fuels for energy production. In 1965 anthropogenic N creation exceeded natural N 

fixation for the first time.  

 The invention of the Haber-Bosch process in 1913 (the chemical conversion of N2 

to NH3) has allowed for a virtually endless supply of N for use in fertilizer, refrigerants, 

explosives, rocket fuel and synthetic compounds, and constitutes the major source of N 

creation today [1]. Although synthetic fertilizer has greatly increased the supply of food, 

low N use efficiency [5] ensures that the majority of N from fertilizer is lost from the area 

of application, as only 18-49% of fertilizer N is retained in crops for human or animal 

consumption [4, 6]. Further losses due to spoilage, loss of animals and waste ensure that 

in some cases only 4% of the N used to produce the food item is actually consumed by 

humans. 

 Although once a comparatively minor source of N, the Environmental Protection 

Agency (EPA) estimates that nitrous oxide (NOx) emissions have doubled since 1950 to 

the current level of 20-23 Tg N yr
-1

 in the US alone. With an exponentially growing 

population and increased industrialization in many countries, this number is likely to 

continue to rise [7]. Furthermore, unlike the N created for fertilizer, N created during 

combustion of fossil fuels is an unnecessary and undesirable waste product [8]. 

 Separate studies estimate that worldwide anthropogenic sources contribute 

between 170-220 Tg N yr
-1

 to the global N cycle (Fig. 1.2; [1, 9-11]. The alteration of the 

global N cycle has had a variety of consequences, including increased concentrations of 
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N2O in the atmosphere and substantial increase in the flux of NOx and ammonia (NH3) 

gas. The increased emission of N to the atmosphere has in turn led to increased 

deposition of N worldwide [12]. The impacts of N deposition should be of major concern 

as projections estimate that fertilizer requirements will increase by 0.7% to 1.3% annually 

[13], resulting in an increase in annual fertilizer use from 87 Tg N yr
-1

 in 2000 to up to 

135 Tg N yr
-1

 by 2020 [14]. Furthermore, increasing population and urbanization will 

lead to increased N deposition from fossil fuels, as has been shown in the western United 

States [15, 16]. 

Monitoring N Deposition 

 In an effort to establish a long-term record of chemical deposition from 

precipitation events and affect public policy on control of chemical emissions, the 

National Atmospheric Deposition Program/National Trends Network (NADP/NTN) was 

created in 1977 with 22 monitoring stations across the US. Currently the NADP/NTN 

monitors N deposition at approximately 240 sites across the US (Fig. 1.3). Data from 

each of the networks are available to researchers through each organization’s website 

(http://nadp.sws.uiuc.edu/ and http://www.epa.gov/castnet/).  

 Nitrogen deposition occurs as either wet deposition, through precipitation events, 

fog and cloud water, or as dry deposition via gases, aerosols and particulate matter. Wet 

deposition is composed primarily of dissolved NOx species (HNO3, HONO, NO2, NO
-
 

and NH4
+
) whereas the most prevalent sources of dry deposition are NH3 and HNO3 or 

particulate NO3
-
 and NH4

+
. The NADP program has resulted in a large dataset of wet N 

deposition trends across the US: however, information on dry deposition is currently 

limited as accurate methods for the collection of dry deposition are still being tested [15, 
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17]. The estimated proportion of wet vs. dry deposition varies widely depending on 

climate, with wet deposition constituting as little as 5% of total chemical deposition in 

dry regions and up to 80% in wet regions [18, 19]. Currently, the highest levels of wet N 

deposition in the US occur in the midwest and portions of the northeast (Fig. 1.3). The 

highest amounts of dry N deposition are believed to occur in the arid regions of the 

southwestern US, especially near large urban centers [15-17, 20, 21]. Although reduction 

in sulfate deposition has occurred since the inception of Title IV of the Clean Air Act 

Amendments of 1990 (http://www.epa.gov/air/caa/title4.html), aimed at acid deposition 

control, wet N deposition has remained constant and dry N deposition has increased by 

an estimated 7% [11, 18].  

N Accumulation and Saturation of Ecosystems 

Nitrogen deposition has been shown to cause a variety of negative effects on 

forested systems from N saturation, the long-term removal of N limitations on biotic 

activity accompanied by a decrease in N retention capacity [22, 23]. Initially, increased N 

deposition reduces limitations on plant growth, effectively increasing primary 

productivity. Nitrogen saturation occurs when other factors (i.e., precipitation or other 

nutrients) become more limiting than N, at which point N begins to accumulate in the soil 

and/or plant and microbial biomass. Accumulation of N can result in N concentrations 

toxic to native flora and reduced microbial activity and thus has a variety of impacts on 

ecosystems, including increased incidence of invasive plants, decreased primary 

productivity, increased nitrification, leaching of cations, toxic concentrations of NO3
-
 in 

streams and groundwater and soil acidification  [22, 24, 25]. See Figure 1.4 for a 

complete description of the four stages of N deposition.  
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As our understanding of N deposition patterns increases, the attention of 

investigators has turned to the effect of atmospheric chemical inputs on above- and 

below-ground biodiversity and function. Assessing the impacts of chemical deposition on 

biodiversity and ecosystem function is a major concern with respect to public land 

management [26, 27]. At present, the majority of N deposition research has been 

conducted in temperate forest ecosystems, where wet deposition is the highest, across the 

US [20, 22, 23, 28-34] and in Europe [35-41], with little research in other biomes or 

regions. 

N Deposition in Arid and Semi-Arid Systems 

Arid systems are defined by high variation in seasonal and annual precipitation, 

low water availability and high evapotranspiration rates. In addition, the arid systems of 

the southwestern US exhibit high annual temperatures [42]. Arid systems have evolved 

under both precipitation- and nutrient-limiting conditions which differs from most other 

terrestrial ecosystems, which are primarily N-limited [2, 43]. The moisture limitation in 

arid systems distinguishes them from the previously described N saturation model, where 

moisture limits production only after significant retention of N [30]. Although low levels 

of soil nitrogen have been shown to limit plant growth in the Chihuahuan desert [44-47], 

moisture is often described as the key limiting factor for primary productivity in arid 

systems, followed by N [43, 48, 49]. However, colimitation by moisture and N have been 

found across a range of arid systems [50-52] even at extremely low levels of precipitation 

[50]. Clearly the relationship among moisture, N and plant productivity is complex in 

arid systems.  
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Data from across the US suggest that N deposition is increased downwind of large 

urban areas [15]. Due to a lower concentration of urban centers in the central and 

southwestern US relative to other parts of the country, many of these areas experience 

lower amounts of N deposition (Fig. 1.3). However, due to increasing population and 

urbanization trends in the west and southwest, pollution rates are likely to increase in 

these areas in the future [16, 20, 53]. In fact, studies in the northern Chihuahuan Desert 

have shown an increase in N deposition of 0.049 kg ha
-1

 yr
-1

 from 1989 to 2004 [53]. 

Although the amount of N deposition in arid systems is typically less than that found in 

the more heavily polluted northeastern and mid-western US (Fig. 1.3), N saturation can 

occur with very low amounts of N deposition, depending on a system’s ability to remove 

N [31].  Furthermore, a threshold for N saturation is difficult to determine for any system, 

as land-use history [54] and seasonal precipitation can play important roles [20].   

In arid systems the long intervals between precipitation events coupled with high 

temperatures result in low soil moisture, limited plant growth and reduced germination of 

seedlings which contributes to high rates of soil erosion. These conditions result in slow 

recovery from disturbance and the increased potential for desertification [55, 56]. Despite 

these constraints, arid systems in the southwestern US are composed of many 

ecologically diverse habitats. These habitats are separated by elevation from desert scrub 

at lower elevations to grasslands at mid-elevations and isolated deciduous/evergreen 

forests at the highest elevations. The isolated mountaintop forests comprise a very small 

percentage of the arid southwest but can contain highly diverse communities of 

organisms specific to the habitats, which cannot survive in the surrounding ecosystems 
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[57, 58]. The potential for loss of habitat may be highest in these fragile isolated “sky 

islands.” 

Determining the impacts of N deposition in arid systems is critical because they 

cover more than 40% of the global land surface, contain a large portion of agricultural 

land and are inhabited by more than 1 billion humans. Furthermore, the effects of N 

deposition are potentially more drastic in arid systems which are already moisture 

limited, more susceptible to disturbances and more prone to desertification [55, 56]. 

SITE DESCRIPTION 

Big Bend National Park, TX 

 Our chosen research sites were located within Big Bend National Park, TX 

(BBNP). BBNP is located in southwestern Texas along the Rio Grande River and occurs 

within the northern extent of the Chihuahuan Desert (Fig. 1.5). With elevations in the 

park ranging from 525 m along the Rio Grande River to 2388 m in the Chisos Mountains, 

the park contains a wide variety of habitats supporting more than 1000 species of plants 

within its borders. The park has been divided into five broad ecological zones based on 

an elevational gradient [59]. The river floodplain-arroyo occurs in the lowlands along the 

Rio Grande and its tributaries. Indicative plants of the first zone include Populus deltoids 

(Rio Grande cottonwood), Salix gooddingii (Goodding willow) and Typha angusifolia 

(narrow leaf cattail). The shrub desert is one of the two largest ecosystems within the 

park and is comprised of widely spaced Larrea tridentata (creosotebush) and a variety of 

yucca species (Yucca) and cacti. At mid-elevations the shrub desert is replaced by 

grasslands, the other major ecosystem within the park, typically comprised of one or both 

species of sotol (Dasylirion leiophyllum or wheeleri), Nolina texana (beargrass) and 

Bouteloua curtipendula (side-oats grama). Within the Chisos Mountains lie the high-
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elevation woodlands and at the highest elevations the moist Chisos woodlands. These 

communities are characterized by several species of oak (Quercus), pine (Pinus) and 

juniper (Juniperus) and at the highest elevations include Pseudotsuga menziesii 

(Douglas-fir), Cupressus arizonica (Arizona cypress) and an isolated population of 

Populus tremuloides (quaking aspen). 

 The region is characterized by low relative humidity (except along the Rio 

Grande), high winds and low annual precipitation that display a high degree of spatial 

variability. The majority of precipitation occurs as monsoonal events in the summer 

months (Fig. 1.6). Seasonal temperature fluctuations are characterized by hot summers 

and cool winters in the lower elevations, reduced temperatures and increased 

precipitation at the higher elevations. 

RESEARCH GOALS 

 The objective of this study was to evaluate the impacts of increased nitrogen 

deposition on soil microbial community structure, functional diversity and edaphic 

parameters in the Chihuahuan Desert. Two ecosystems along the Pine Canyon Watershed 

[60]  in Big Bend National Park were selected for this study 1) a mid-elevation Sotol 

grassland and 2) a high-elevation Oak-Pine forest were selected for the study. The high 

elevation Oak-Pine forest (OPF; elevation 2098 m) is the highest point in the Pine 

Canyon Watershed and is dominated by Quercus emoryi (emory oak), Pinus cembroides 

(pinyon pine), several Juniperus species and several genera of bunch grasses. Mean 

annual soil temperature at 15 cm ranges from 13-15°C with a maximum of 23°C in June 

[61, 62]. The Sotol grassland (SG; elevation 1526 m) is at an intermediate elevation in 

the watershed and is a grama grassland, characteristic of mid-elevation grasslands in this 
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part of the Chihuahuan Desert. This mid-elevation grassland is dominated by Dasylirion 

leiophyllum, Nolina texana, several species of Opuntia (prickly pear) and Bouteloua 

curtipendula. Mean annual soil temperature at 15 cm ranges from 18-23°C with a 

maximum of 40°C in June [61, 62]. The two study sites occur in the northeastern portion 

of the Chisos Mountains, separated by approximately 550 m of elevation and 1.75 km in 

distance (Fig. 1.7). Each represents distinct plant communities that are representative of 

the range of biotic and abiotic environments in the Chihuahuan Desert with very diverse 

microbial communities. Aspects of microbial community structure and function as well 

as measures of soil characteristics and chemistry were assessed to address the following 

goal: 

Goal 1 

Determine the short and long-term effects of increased atmospheric nitrogen deposition 

on soil microbial community structure and function within a mid-elevation Sotol 

grassland and high-elevation Oak-Pine forest in Big Bend National Park.  

Evaluating Microbial Communities 

When studying microbial communities, evaluation of community 

diversity/structure and function (Fig. 1.8) provides a crucial understanding of the 

contribution of the community to ecosystem services. Diversity is defined as the species 

richness and abundance within a given community and can be evaluated via several 

methods, including direct counts of culturable organisms via plating of soil dilutions or 

soil organic matter on agar, using genetic analysis based on the Polymerase Chain 

Reaction (PCR) or via extraction of fatty acids from the soil microbial community. The 

method used is determined by the scope of the study. Plating techniques provide both 
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species richness and abundance data; however, they are time-intensive and are incapable 

of capturing the whole of the community, as certain bacterial and fungal isolates are not 

culturable [63]. PCR-based techniques can provide species richness data or “community 

fingerprints,” a sequence of DNA bands on a gel unique to each isolate, which allow one 

to compare communities subjected to experimental treatments [64-66]. Fatty acid 

analyses evaluate the fatty acid component of phospholipids extracted from microbial cell 

membranes. Using this technique a profile of fatty acids can be generated relating the 

abundances of major groups of organisms: saprophytic fungi, arbuscular mycorryhizae, 

gram-negative eubacteria, gram-positive eubacteria and actinomycetes [67-79]. 

Comparison of species richness (SR) and abundances can be important when evaluating 

the effects of different soil or crop management, experimental treatments or disturbances 

on microbial communities between control and experimental samples. 

Function can be defined in a variety of ways depending on which aspect is of 

greatest relevance to the study, but in general, function refers to the role of an organism 

or community in a system and the collective contribution to ecosystem services. 

Microbial communities serve a number of roles in ecosystems as plant and animal 

pathogens, food sources for other microfauna and/or symbionts (mycorhizae, N fixation 

by bacterial nodules, etc.), but the primary roles of microorganisms are generally 

believed to be decomposition and nutrient cycling [80-82]. Decomposition is as vital to 

ecosystem function as is primary production [83]. Decomposition maintains cycling of 

important nutrients like N, organic carbon (C) and phosphorus (P). As the primary 

decomposers of litter and soil organic matter in terrestrial ecosystems, soil 

microorganisms are vital for the maintenance of biogeochemical cycling, which returns 
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nutrients to the soil solution for uptake by plants, bacteria and fungi [84]. Therefore, 

changes in decomposer community structure and function as a consequence of 

disturbance, climate change or anthropogenic inputs would have important repercussions 

on ecosystem functioning [85]. Because the supply of nutrients is an important “bottom-

up” control of ecosystem structure and dynamics [81], altered resource availability would 

impact other ecosystem processes [86]. Therefore, soil microorganisms could serve as 

important indicators in the assessment of ecosystem health. Understanding how soil 

microorganisms control decomposition rates and participate in seasonal patterns of 

nutrient availability may prove crucial in predicting immediate and lasting effects of 

multiple stressors, such as climate change and anthropogenic disturbances, on ecosystem 

processes and stability. Measures of microbial function include, but are not limited to, the 

accumulation of biomass, N mineralization, percent mass loss of litter due to microbial 

decomposition, soil enzymatic profiles and substrate utilization profiles collecting these 

parameters provide estimates of microbial growth, N cycling and saprophytic activity.   

Impacts of atmospheric N deposition on saprophytic soil microbial biodiversity 

and activity have received little attention as past research has focused on describing its 

impacts on soil chemistry and plant communities associated with N saturation in 

temperate forests. Most research assessing microbial community responses to nitrogen 

deposition has focused on changes to mycorrhizal taxa and patterns of fruit-body 

production [87-89]. Our understanding of the interactions among soil N dynamics, 

atmospheric N inputs and saprophytic soil fungi is primarily limited to N deposition in 

temperate forests or fertilization effects in agricultural or reclaimed agricultural systems. 

Because the impacts of N deposition on microbial communities are highly dependant on 
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the system studied, research in other systems is necessary to better understand microbial-

environmental dynamics in response to N deposition. 

Effects of N deposition on Diversity 

Arnebrant, Baath et al. [39] observed changes in decomposer soil fungi 

community structure in response to ammonium nitrate or urea applications to a 135-year-

old temperate coniferous forest in Sweden. Fungal species that had been of high relative 

abundance were found in reduced abundance (Chaunopycnis alba and sterile fungi) or 

were no longer found in the community (Oidiodnedron griseum) due to increasing N 

deposition. Moreover, sterile fungi were replaced as the dominant fungi in the community 

by Penicillium spinulosum. Similar results are found in studies from grasslands and 

agricultural systems, which report changes in fungal biodiversity and a shift to a 

bacterial-dominated system with increased N inputs [67, 90-92]. Finally, studies in 

temperate hardwood forests of the Great Lakes Region of the US have found no 

differences in microbial community composition or relative abundances of bacteria, 

actinomycetes or fungi when subjected to N deposition [33].  

Effects of N Deposition on Microbial Biomass 

Most studies evaluating the effects of N deposition on microbial biomass in 

temperate forests agree that biomass is decreased by N deposition  [33, 34, 38, 39, 93]. 

Studies in grassland ecosystems show that as N levels increase, fungal decomposer 

biomass is depressed and the fungal:bacterial biomass ratio changes from fungal-

dominated to bacterial-dominated [67, 91, 92]. Additionaly, a study along an N 

deposition gradient at the Riverside-Perris Plain in southern California discovered 

decreased FAME associated with arbuscular mycorrhizae (16:1 w5c) with increasing N 
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deposition but no effects on other bacterial or fungal-associated FAME [89]. In contrast, 

in a seven-year study evaluating simulated N deposition in three different semi-arid 

systems in the UK, microbial biomass was found to be significantly increased in N-

limited heathlands, depressed in an acidic grassland and unchanged in a calcareous 

grasslands [94]. These results suggest that microbial biomass is often decreased with 

increasing N deposition, although the effect is dependant on the system studied, and 

furthermore that fungal and in particular arbuscular mycorrhizal biomass can be 

significantly reduced when subjected to increased N deposition.   

Effects of N Deposition on Decomposition 

Waldrop et al. [95] proposed that microbial communities should respond 

negatively to N deposition in systems with more recalcitrant litter, whereas systems with 

rapidly cycling litter will respond positively. This occurs because fungi only decompose 

the more recalcitrant lignin-containing compounds to release the bound N. If ample N is 

available in the environment decomposition of the lignin is not necessary. However, 

cellulosic compounds provide C and are decomposed to support biomass. The findings of 

several studies support this theory, demonstrating that N enrichment in temperate forests 

often stimulates decomposition of high percent cellulose litter [96], whereas degradation 

of high lignin content litter is often suppressed [32]. Furthermore, reduced levels of 

lignin-degrading enzymes in soil have been found in N-fertilized plots in temperate 

forests [32, 34]. Although some studies support the observation that additional N 

increases decomposition of low lignin content plant litter, others have found declines in 

cellulose-decomposing enzymes in response to additional N in temperate forests [33, 34]. 
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A recent study by Stursova, Crenshaw et al. [97] evaluated microbial enzymatic 

responses to low-level increases in N deposition (10kg h
-1

 y
-1

 ) in the Sevilleta National 

Wildlife Refuge, a semi-arid grama-dominated grassland in the northern Chihuahuan 

Desert. They found significantly higher cellulase and glycosidase activities in N-amended 

soils compared to control sites. Most importantly, aminopeptidase activities were 

significantly lower in N-amended soils. Aminopeptidase activities are rarely evaluated in 

temperate forests as activity is low compared to cellulase and lignin-degrading enzymes 

and thought to be unimportant relative to C cycling.  However, the high activities of 

aminopeptidases recorded in these soils in comparison to temperate forests suggests that 

they may play an important role in C cycling and humification in arid systems [97].  

Effects of N Deposition on Phosphorous Cycling Enzymes 

Because N deposition relieves the natural N-limited state of most ecosystems a 

change in resource acquisition from N to the element next-most limiting for plant and 

microbial growth (typically phosphorus, P) is believed to occur [97]. Little research has 

been conducted in this area, but the limited results show increased activity of P-acquiring 

enzymes. Soil phosphomonoesterase (PME) activity following simulated N deposition in 

semi-arid systems in the UK was increased along with microbial biomass and soil N with 

N deposition, suggesting that N limitations for microbial growth were relieved by N 

additions in a heathland and calcareous grassland [94]. Likewise, N accumulation has 

been found to increase phosphatase activity in arid grama grasslands and crust soils [97].  

The impact of N deposition appears to be dependant on two factors: 1) the 

ecosystem of interest and 2) the status of the system with respect to N pool size and 

retention capacity. However, some generalizations can be made with respect to the 
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impacts of N deposition on microbial communities. First, fungi are more negatively 

affected, compared to eubacteria: second, the role of fungi as soil decomposers is reduced 

and third, decomposition of recalcitrant material is reduced leading to a build-up of 

humus.   

Goal 2 

 Determine the short and long-term effects of increased atmospheric nitrogen deposition 

on soil chemical properties within a mid-elevation Sotol grassland and high-elevation 

Oak-Pine forest in Big Bend National Park. 

The impact of N deposition on microbial communities is only one aspect of the 

deleterious effects of N deposition on an ecosystem. The alteration of community 

structure or function due to evaluated N deposition in the plant and microbial 

communities of effected ecosystems are often directly linked to changes in soil 

chemistry.  

Accumulation of N 

 The accumulation of N in terrestrial ecosystems is controlled by three factors: the 

N inputs into a system, the N retention capacity of a system and the N losses from the 

system [31]. Nitrogen begins accumulating when inputs exceed outputs, marking the 

initial stage of N saturation [22].  

 Inputs 

As previously stated, the primary inputs into terrestrial systems are atmospheric 

wet and dry deposition, symbiotic N2 fixation and fertilization, although the relative 

amounts of each differ depending on the system of interest (see Introduction).   
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Retention 

Plant and microbial uptake are important N-retention mechanisms in terrestrial 

systems [31]. Fertilization studies in forests have shown that litter and soils are major N 

sinks [31, 98-102]. A review of 29 fertilization studies found an average of 28% of added 

N was recovered in vegetation as opposed to 39% in soils [103]. In addition in a survey 

of 18 studies using labeled 
15

N, 6-33% of labeled NH4
+
 was recovered in vegetation and 

30-87% was recovered from the soil, with 4-37% of labeled NO3
-
 recovered in vegetation 

and 19-87% in the soil. Another study along an N deposition gradient in southern 

California scrublands found elevated atmospheric deposition to be correlated with 

increased extractable N in soils [104]. Furthermore, studies have shown that N 

accumulates in desert soils during dry periods, and that N accumulation is increased in 

response to N deposition [5, 97, 104]. Therefore, N deposition results in N accumulation 

in the soil solution, plant biomass, litter and microbial biomass.   

Outputs 

The major output of N in forests is via leaching below the root zone into 

groundwater or streamwater, or in surface flows associated with erosion, with gaseous 

losses via denitrification and volatilization of ammonia resulting in smaller losses [31, 

105, 106]. Deposition into freshwater lakes, streams and coastal waters leads to 

eutrophication and loss of biodiversity [107]. Although leaching was previously thought 

to be an insignificant output compared to volatilization in arid systems [108, 109], recent 

studies have found large amounts of NO3
-
 (up to10

4
 kg N h

-1
) leaching into and 

accumulating in subsoil zones (below 1 m) of North American deserts [110].  
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Leaching of NO3
-
 is also associated with leaching of base cations, which are 

important in acid neutralization (above pH 4.2). Several studies in northern forests have 

shown decline in availability of base cations, primarily Ca
2+

, in response to acidic 

deposition of N and S [111-116]. Depletion of these cations (Ca, Mg and K), primarily 

Ca, leads to soil acidification and aluminum (Al) mobilization [117]. Furthermore, soil 

acidification significantly impacts the availability of elements important for plant and 

microbial growth, especially P (often the element most limiting to plant growth after N).   

 Although a large amount of research has been conducted evaluating the impacts 

of N deposition in temperate forests little is known about the impacts in arid and semi-

arid ecosystems. As of yet the extent of the problem in the southwestern US is not known 

as monitoring efforts have focused on the mid-western and northeastern US [20]. 

Furthermore, a method to accurately evaluate dry N deposition, which comprises the 

majority of N deposition in arid systems, has only recently been developed [17]. 

However, estimates from study sites in southern California suggest dry deposition 

amounts equal to or surpassing those of recorded in other portions of the country [5, 15-

17, 20, 21, 89] and it has been shown to be increasing in the northern Chihuahuan Desert 

[53].   
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Figure 1.1 The terrestrial nitrogen cycle. Depicted are the major pools of nitrogen in the 

soil as well as sources of natural and anthropogenic inputs and losses of nitrogen. 
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Figure 1.2 Global population trends in billions (left Y-axis, dark blue line) and 

creation of nitrogen in Tg N yr
-1

 (right Y-axis, other lines) from 1850 to 2000. 

‘Haber-Bosch’ represents creation of ammonia via the Haber-Bosch process and  

includes all ammonia for fertilizer and non-fertilizer purposes. ‘C-BNF’ 

represents N created from cultivation of N-fixing bacteria and associated biota. 

‘Fossil Fuel’ represents N created from fossil fuel combustion. ‘Total Nr’ is the 

sum of N created by all of the above processes (This figure is reproduced from 

Galloway, Aber et al 2003). 
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Figure 1.3 Total annual inorganic wet and dry nitrogen deposition, by chemical 

composition across the United States of America in 2004. Values represent total 

kg/ha of N deposition. Each pie chart represents a collection station, and the size 

of each pie chart is relative to total N deposition. Furthermore, colors on each pie 

chart represent the proportion of total N deposition by source. Figure is courtesy 

of the EPA, NADP/NTN and CASTNET. 
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Figure 1.4 Hypothesized response of temperate forest ecosystems to long-term 

nitrogen additions. In Stage 1, N-mineralization increases, which results in 

increased Net Primary Productivity (NPP). In stage 2, NPP and N-mineralization 

decline due to decreasing Ca:Al and Mg:N ratios, and soil 

acidification. Nitrification also increases as excess ammonium is available.  

Finally, in Stage 3, nitrate leaching increases dramatically (modified from Aber, 

McDowell et al. 1998).  
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Figure 1.5 The extent of the Chihuahuan Desert covering portions of northern Mexico 

and the southwestern United States of America. The Chihuahuan Desert is brown, US 

National Parks and Reserves within the Chihuahuan Desert Network are red, and Big 

Bend National Park (BBNP) is denoted by the arrow. Courtesy of the National Park 

Service. 
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Figure 1.6 Mean monthly precipitation for the Chisos Basin and Panther 

Junction in Big Bend National Park. Means are calculated using 

precipitation data from 1977 to 2005 (+/- standard error). Data courtesy of 

Big Bend National Park. 
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Figure 1.7 Map of Big Bend National Park, TX, denoting important landmarks within the 

park. Expanded view identifies the location of Pine Canyon Watershed in BBNP. 

Research sites in the Pine Canyon Watershed Project are marked. SG and OPF are the 

sites for this proposed study on N deposition. From lowest elevation (m) to highest: LDS 

= Lowland Desert Scrub (793 m), CR = Cresotebush Bajada (1010 m), SG = Sotol 

Grassland (1526 m), CCO = Closed-Canopy Oak (1824 m), and OPF = Oak-Pine forest 

(2098 m). 
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Figure 1.8 Important aspects of microbial communities that are generally 

evaluated in scientific studies. 
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CHAPTER II 

Microbial Functional Diversity in Response to Simulated Nitrogen 

Deposition and Variable Precipitation in the Chihuahuan Desert. 

Introduction 

Increasing amounts of nitrogen (N) addition to terrestrial ecosystems is primarily 

a mid-20
th

 century phenomenon due to the expanded burning of fossil fuels, the advent of 

synthetic fertilizer and the use of N-fixing leguminous cover crops to increase cash crop 

productivity. The Environmental Protection Agency (EPA) has estimated that nitrous 

oxide (NOx) emissions have doubled since 1950 to the current level of 20-23 Tg N yr
-1 

in 

the US alone [1]. Worldwide anthropogenic sources contribute greater than 220 Tg N yr
-1

 

to the global N cycle, effectively doubling the transfer of N from the atmosphere into the 

terrestrial component of the N cycle over the last decade [1-3]. The alteration of the 

global N cycle has had a variety of consequences including increased concentrations of 

N2O in the atmosphere, and substantial increase in the flux of NOx and ammonia (NH3) 

gas [1].  

Nitrogen deposition is a widespread phenomenon affecting many ecosystems 

though the majority of research has focused on temperate forests that have experienced N 

saturation. Anthropogenic deposition of N into the environment has caused a wide range 

of effects on temperate forests ranging from forest decline and loss of native plant species 

[4] to promoting invasion of introduced species [5-7]. Studies evaluating the effects of N 

deposition on microbial communities have focused on mycorrhizal dynamics [8-12] and 

changes in richness and diversity of microbial communities [13, 14]. Studies from 

grasslands and agricultural systems report changes in fungal biodiversity and a shift to a 
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bacterial-dominated system with increased N inputs [15-18]. Researchers in semi-arid 

and arid systems have begun to evaluate seasonal N deposition trends [19] and the effects 

on plant communities [7, 20], arbuscular mycorrhizae [21] and enzymatic responses [22]. 

However, the effects of N deposition on soil microbial function in arid systems are 

largely unknown. In that soil microbes are responsible for decomposition and nutrient 

cycling, an understanding of the impact of N deposition on the functional dynamics of the 

soil microflora is imperative. 

Assessing the effects of anthropogenic N inputs to terrestrial systems is important 

because many ecosystems have evolved under N-limiting conditions [1]. In arid 

ecosystems the effects are potentially more dramatic because these systems are more 

susceptible to disturbances, and more prone to desertification [23, 24]. Arid systems are 

defined by high variation in seasonal and annual precipitation, low water availability and 

high evapotranspiration rates; in addition the arid systems of the southwestern US exhibit 

high annual temperatures [25, 26]. Arid systems differ from most other terrestrial 

ecosystems, as they have evolved under both precipitation and nutrient-limiting 

conditions. Although low levels of soil nitrogen have been shown to limit plant growth in 

the Chihuahuan desert [27-30], moisture is often described as the key limiting factor for 

primary productivity in arid systems, followed by N [26, 31, 32]. However, colimitation 

by moisture and N have been found across a range of arid systems [33-35] even at 

extremely low levels of precipitation [33]. Clearly the relationship among moisture, N 

and plant productivity is complex in arid systems. The relationship with microbial 

activity in arid systems is largely unknown. Determining the impacts of N deposition in 

arid systems is critical as they cover more than 40% of the global land surface, contain a 
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large portion of agricultural lands and are inhabited by more than 1 billion people [23, 

24]. An accurate assessment of the impacts of pollution and global climate change 

scenarios coupled with the highly variable precipitation patterns in arid systems will be 

critical for future management of these fragile systems. 

A nitrogen deposition study was begun in 2003 in Big Bend National Park, TX 

(BBNP), located in the northwestern Chihuahuan Desert, to understand how microbial 

dynamics in two desert ecosystems would respond to increased N deposition. Soil 

samples and monthly precipitation data were collected from 2003-2006 from a sotol 

grassland and oak-pine forest located in BBNP to evaluate the responses of fungal and 

bacterial function to simulated increased N deposition and variable precipitation patterns. 

The two ecosystems were chosen because of their different flora and environmental 

characteristics and allow for comparison of the impacts of N deposition on two diverse 

plant communities located within the Chihuahuan Desert.  

Materials and Methods 

Design, Sample Collection and Treatments 

 Soil samples were collected from two ecosystems located along the Pine Canyon 

Watershed [36] in Big Bend National Park at 1) a mid-elevation Sotol grassland and 2) a 

high-elevation Oak-Pine forest. The high elevation Oak-Pine forest (OPF; elevation 2098 

m) is the highest point in the Pine Canyon Watershed and is dominated by Quercus 

emoryi, Pinus cembroides, several Juniperus species and several genera of bunch grasses. 

Mean annual soil temperature at 15 cm ranges from 13-15°C with a maximum of 23°C in 

June [37, 38].  The Sotol grassland (SG; elevation 1526 m) is at an intermediate elevation 

in the watershed and is a grama grassland, characteristic of mid-elevation grasslands in 
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this part of the Chihuahuan Desert. This mid-elevation grassland is dominated by 

Dasylirion leiophyllum, Nolina texana, several species of Opuntia and Bouteloua 

curtipendula. Mean annual soil temperature at 15 cm ranges from 18-23°C with a 

maximum of 40°C in June [37, 38]. The two study sites occur in the northeastern portion 

of the Chisos Mountains, separated by approximately 550 m of elevation and 1.75 km in 

distance (Fig. 1.7.).  

  A total of 30 m plots (5x5) were established at each site to evaluate N deposition 

effects. Plots were randomly assigned to treatments (10 plots/treatment x 3 treatments). 

Treatments evaluated 1) a simulated low-level increase in anthropogenic N deposition 

(4N), 2) a simulated high-level increase in anthropogenic N deposition (12N) and 3) 

ambient levels of N deposition. Since 1980, the NADP/NTN and CASTNET have been 

measuring N deposition from rainfall in BBNP. The average N deposition over this 

period was 3.99 kg-N h
-1

 y
-1

 (0.399 g N m
-2

 y
-1

). However, recent studies have shown the 

NADP/NTN and CASTNET data can in some cases can underestimate the amount of dry 

deposition in arid systems [39]. Therefore, conservative N deposition treatments were 

chosen: controls received no additional nitrogen (ambient mean of 4 kg-N h
-1

 y
-1

), 4N 

plots received an additional 4 kg-N h
-1

 y
-1

 of N (0.4 g N m
-2

 y
-1

) to simulate a low-level N 

increase in N deposition), and 12N plots received an additional 12 kg-N h
-1

 y
-1

 of N (1.2 

g N m
-2

 y
-1

) to simulate a high-level increase in N deposition. N additions were applied in 

a ratio of 3:1 (NO3:NH4) reflecting the NADP/NTN data from 1980-2002. The additional 

N was added as NH4NO3 and CaNO3 mixed with 400g of sterilized sand and broadcast by 

hand within each plot. Treatment plots received 0.625 g of NH4NO3 and 2.06 g of CaNO3 

per kg of N addition h
-1

 y
-1

. Deposition treatments were applied dry, as the majority of N 
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deposition in arid systems is dry [22, 39, 40] and were applied in June and July (half the 

annual amount at each application) to coincide with the months of greatest rainfall (Fig. 

1.6) to minimize losses due to volatilization.  

 Soil samples to a depth of 15 cm were collected twice annually in April and 

August from August 2003 until August, 2006 to assess microbial and edaphic parameters. 

Samples were stored at 4°C until processing but for no longer than 2 weeks. Daily 

precipitation were collected at meteorological stations administered by the National Park 

Service in BBNP and are representative of each study site.  

Microbial Biomass Carbon (MBC) 

 Microbial biomass carbon was evaluated via chloroform fumigation extraction 

technique [41] in which a duplicate set of samples from each soil sample was incubated 

in the presence of chloroform for 48 hrs. A second set of duplicate samples was incubated 

without chloroform for 48hrs. Soil and microbial C is then extracted from the soil using a 

0.5M K2SO4 solution. The difference in C between the two treatments is the amount of 

MBC contained in living organisms. Quantification and the amount of microbial biomass 

C in the 0.5M K2SO4 is determined via absorbance at 280 nm [42]. 

Microbial Function 

 Soils were diluted to 10
-4 

using sterile DI H2O and inoculated into Biolog® GN-2 

(Biolog Inc.; Hayward, CA) microtiter plates to assess bacterial functional diversity as 

described by Zak et al. [43, 44]. To determine fungal functional diversity on N substrates, 

soil organic matter particles (SOMPs) were collected from each soil sample and 

inoculated into PM-3 microtiter plates as described in the Soil Nitrolog Procedure [45]. 

To determine fungal functional diversity on C substrates SOMPs were inoculated into 
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SFN-2 plates as described in the Soil Fungilog Procedure [37].  Plates were incubated at 

25º C and read on an automatic plate reader after 120 hrs. Functional diversity was 

evaluated as substrate activity (SA, the sum of optical densities in all wells per plate), a 

measure of the rates at which microbial assemblages can catabolize the various substrates 

available and substrate richness (SR, the total number of substrates catabolized), a 

measure of the diversity of a microbial assemblage with respect to the substrates that can 

be utilized [37, 38].  

Soil Parameters 

 Exchangeable NH4
+
-N in each sample was extracted using a 2M KCl solution and 

determined spectrophotometrically at 636 nm [46]. The amount of NO3
-
-N was 

determined at A&L Laboratories (Lubbock, TX) using ion-specific probes. Percent 

organic C was determined on 10.0 g of dried soil as mass loss after combustion at 450ºC 

for 24 h [47]. Soil pH was determined via 2:1 paste extract [48]. 

Data Analysis 

 All statistical analyses were performed using SPSS 13.0 (www.spss.com) or 

Matlab 6.0 (www.mathworks.com).  To evaluate differences among the two study sites, 

the treatments and the sample dates a 3-way multivariate analysis of variance 

(MANOVA) was performed. All tests are considered significant at α = 0.05 unless 

otherwise stated. Post-hoc analyses were performed on all microbial and edaphic 

parameters following a significant MANOVA result via univariate ANOVAs on all 

dependant variables. These univariate ANOVAs were performed to aid in data 

description and analysis. A Bonferroni correction was used to maintain an α = 0.05 for 

the multiple comparisons.  
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The following parameters were evaluated: Biolog substrate activity and richness 

(BSA and BSR), Fungilog substrate activity and richness (FSA and FSR), Nitrolog 

substrate activity and richness (NSA and NSR), microbial biomass carbon (MBC), 

extractable NO3
- 
-N and NH4

+ 
-N, organic C and pH. Confidence intervals (CI=0.95) were 

calculated to characterize differences in mean variability of measured parameters 

between sites.  

A significant interaction from MANOVA was followed up with Discriminant 

Function Analysis (DFA) to evaluate the significant main effect or interaction. 

Discriminant Function Analysis emphasizes the relative importance of each variable and 

provides a graphical representation of the data that is often useful in interpretation. For 

each DFA, 5000 bootstrap iterations were performed to select variables and to build a 

sampling distribution against which the observed data were compared. Confidence 

ellipses (95%) were then generated from the point estimates based on the sampling 

distribution. Criteria established by Comrey and Lee [49] were used to assess the 

importance of each factor loading. Factor loadings are correlations between each 

independent variable and each discriminant function. In general the greater the loading 

(correlation), the more the variable is a pure measure of the factor: a factor accounting for 

10-19% (r =0.320-0.449) of the variance in a discriminant function is considered poor, 

20-29% (r = 0.450-0.549) is fair, 30 – 39% (r = 0.550-0.629) is good), 40-49% (r = 0.63–

0.709) of the variance is very good and greater than 50% (r > 0.71) is excellent.  

Finally, Mahalanobis distances (D
2
) were calculated to aid in interpretation of 

group differences between individual groups from the Site x Date interaction. Two 

subsets of data were evaluated via Mahalanobis distances: the distance between the two 
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sites at the same time period and the distance between sample dates of the same year for 

each individual site. Mahalanobis distance is the measurement of distance between two 

points in multinormal space. This measure is similar to a Euclidean distance but adjusts 

for the respective scales of different variables and accounts for correlation among 

variables [50]. As with DFA, a bootstrap procedure (5000 bootstrap iterations) was used 

to evaluate D
2
.  

Results 

 Precipitation Patterns 

 Mean annual precipitation in the Oak-Pine forest was 52% greater than 

precipitation in the low-elevation Sotol grasslands during this study (Table 2.1); however, 

annual precipitation amounts were highly variable ranging from 715 mm (in 2004) to 344 

mm (in 2005). In addition to having the highest precipitation (46.6% greater than the 

mean) 2004 also had consistently high monthly precipitation values throughout the year. 

During 2006 precipitation was consistently low except in August when 219 mm of 

precipitation was received 50.3% of the annual precipitation for 2006, and the highest 

monthly amount of precipitation during the study.  

An examination of precipitation patterns in the Sotol grasslands revealed highly 

variable precipitation during the study (Table 2.2). In 2003 precipitation was 22.2% 

greater in the Sotol grasslands than mean annual precipitation (MAP) from 1976–2006. 

However, precipitation in 2003 was relatively average until October, when 1450 mm of 

precipitation fell in the Sotol grasslands, 36.5% of the yearly total. Precipitation events 

during 2004 were consistent throughout the year and were 43.7% greater in the Sotol 

grasslands than the MAP. In contrast precipitation in 2005 was approximately equal to 
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the mean and in 2006 precipitation was 14.2% lower in the Sotol grasslands than the 

MAP. Despite low overall precipitation in 2006 during the months we sampled (April and 

August), precipitation was unusually high especially in August when 147 mm of 

precipitation fell, 53.9% of the yearly total. 

Microbial and Soil Parameters: Main Effects 

 Significant differences in microbial function and edaphic parameters between 

sites (P < 0.001) and dates (P < 0.001) were determined from the MANOVA; however 

the across-site treatment effect was not significant (P = 0.283). Post-hoc analyses of the 

significant between-site effects on the measured microbial functional parameters revealed 

that MBC and C utilization parameters for eubacteria (BSA and BSR) and fungi (FSA 

and FSR) were higher in the Oak-Pine forest site, whereas N utilization by fungi (NSA 

and NSR) was higher in the Sotol grasslands site (Table 2.5). Extractable soil NO3
-
-N 

was greatest in the Sotol grasslands while soil NH4
+
-N did not differ between the sites 

(Table 2.5). Organic C and pH were both higher in the Oak-Pine forest (Table 2.5). 

Differences in microbial and edaphic parameters between dates will be discussed in detail 

in the Site x Date interaction section. 

Microbial and Soil Parameters: Site x Treatment Interaction 

Results of MANOVA demonstrated a significant interaction between site and N 

addition (P = 0.028). Post-hoc analyses revealed no individual parameters were 

significant in discrimination suggesting that differences were due to the combined effect 

of multiple factors. The accompanying DFA (Fig. 2.2A) shows that both sites are 

significantly discriminated along Discriminant Function 1 (DF 1), which explained 

87.7% of the variation. The following variables are all relatively highly correlated with 
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DF 1 and therefore contributed highly to site discrimination (Fig. 2.2B): Org C (r=0.699), 

BSR (r=0.646), BSA (r=0.567),  MBC (r=0.516), pH (r=0.47) and NSA (r=-0.398). 

Those variables with positive correlations are associated with higher means in OPF , 

whereas negatively correlated variables have higher means in SG (Table 2.5). DF 2 

explained 6.1% of the variation in the data and is associated with differences due to the N 

additions. Although the confidence ellipses for each of the SG treatments overlap, 

discrimination is apparent in the OPF sites. The low-level OPF (4N) treatment is 

significantly discriminated from the control (C) and high-level N treatment. Both MBC (-

.0463) and FSR (-0.418) are negatively correlated with DF 2 (Fig. 2.9B), whereas BSA 

(0.352) is positively correlated; thus each contributed to treatment-specific 

discrimination. 

Microbial and Soil Parameters: Site x Date Interaction 

 MANOVA showed a significant difference in microbial function and edaphic 

parameters with respect to the Site x Date interaction (P < 0.001). Post-hoc analysis of 

microbial parameters showed bacterial C utilization (BSA and BSR) was more highly 

variable in the Oak-Pine forest and achieved the highest activity (August 2004, 2005 and 

April 2006) and richness (August 2004) during the study (Fig 2.4). Fungal substrate 

activity on C showed a similar trend in both sites and was lowest in April 2006 in both 

sites and highest in April 2004 (OPF) and April 2005 (both sites). Likewise fungal 

substrate richness was lowest in April 2006 (both sites) and relatively similar across the 

rest of the study with the exception of August of 2006 when FSR was much higher in the 

Oak-Pine forest. Post-hoc analyses showed that MBC was highest in the Oak-Pine forest 

and the greatest MBC occurred in August 2004 and 2005, April 2006 and August 2006 in 
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the Oak-Pine forest. Post-hoc analyses of edaphic parameters revealed that extractable 

soil NO3
- 

-N was highly variable during the study. Extractable soil NO3
-
-N was lowest 

during April 2004 and 2006 in both sites and highest in August 2003 and 2006 in the 

Sotol grasslands. Extractable soil NH4
+
-N was less variable with the highest value in 

April 2006 in the Oak-Pine forest.  

The associated DFA shows a high degree of separation between Site and Date in 

multivariate space due to microbial and edaphic parameters (Fig. 2.3A). Each 

discriminant function accounts for an almost equal amount of variation in the dataset (DF 

1 = 31.6% and DF 2 = 28.9%). Several variables are significantly correlated with DF 1 

(Fig. 2.10B); NO3
-
 (r = -0.720), Org C (r = 0.517), BSR (r = 0.510), BSA (r = 0.454), pH 

(r = 0.388), and MBC (r = 0.386) and in general groups with higher mean NO3
- 

are 

oriented in a more negative direction on DF 1 whereas groups with higher mean Organic 

C are found in a positive location with respect to DF 1. Three variables show a significant 

correlation with DF 2 (Fig. 2.3B); FSA (r = -0.635), FSR (r = -0.376), and BSR (r = 

0.346).  

Although group location may at first appear to be random there are a few 

underlying patterns. First, the sites tend to group together on opposite sides of the plot, 

the Oak-Pine forest occupying the upper right portion and the Sotol grasslands in the 

lower left portion, as demonstrated by the diagonal line placed on Fig. 2.10A Secondly, 

the Sotol grasslands and Oak-Pine forest sites from the same sample date are grouped 

relatively closely together with the Oak-Pine forest site being oriented in a more positive 

direction along DF 1. There are a few important exceptions to the aforementioned trends. 

First, in April 2006 both sites experienced the lowest mean FSA during the study (Fig. 
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2.8), which resulted in the Sotol grasslands April 2006 group being isolated from other 

Sotol grasslands assemblages. Furthermore, both sites are positioned in a more positive 

direction with respect to DF 2 of any groups in the analysis. The remaining exceptions 

are apparent when evaluating the Mahalanobis distances (D
2
). Distance between the sites 

in August 2003 is the greatest (D
2

 = 11.2) and in April 2004 the shortest (D
2

 = 3.75) 

suggesting that the sites were respectively the most different and most similar during 

these two time periods. Distances for August 2004, April 2005, August 2005, April 2006 

and August 2006 are all very similar (Table 2.3A). The greatest difference between 

sample dates within the same year occurred in 2006 for both the Oak-Pine forest (D
2
 = 

13.15, Table 2.3B) and the Sotol grassland (D
2
 = 11.42, Table 2.3C) 

Discussion 

Nitrogen Treatments 

The responses of microbial communities to additional N deposition in the two 

sites differed greatly. The microbial community response in the high-elevation Oak-Pine 

forest was primarily due to three factors fungal functional diversity on carbon substrates, 

microbial biomass and bacterial functional diversity. None of these was significant on it’s 

own, but small increases in FSR and MBC and small decreases in BSA in the Oak-Pine 

forest plots receiving 4kg-N h
-1

 y
-1

 (4N) combined to separate the 4N addition from the C 

and 12N. An increase in microbial activity is consistent with other studies that have 

reported increases in cellulosic decomposition [51] and microbial enzymatic activity [22] 

with N deposition. However, these differences were greatest in 2004 and late 2005/early 

2006 when precipitation was highest and lowest respectively suggesting an interaction 

with precipitation. Furthermore, the increase in fungal activity and the decreased bacterial 
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activity in the 4N suggests that small increases in nitrogen deposition in high-elevation 

arid forests might shift the microbial community towards fungal dominance in contrast to 

previous studies showing a decrease in fungal dominance after N deposition [15-18]. 

Furthermore, the changes in FSR may suggest a change in species composition as well as 

substrate utilization [52].  

The repression on FSR and MBC in the 12N treatment back to control levels is 

not an unexpected result and is consistent with the other studies in temperate forests 

showing that high levels of N deposition can reduce microbial decomposition and 

production of cellulases [53, 54] and lignin-degrading enzymes [55] and MBC [14, 53, 

54, 56, 57]. Although the presented results do not show the dramatic reductions 

associated with N-saturated systems, this study is relatively short-term (4 years of N 

deposition) and the 12N treatment (12 kg-N h
-1

 y
-1

) is much lower than most 

experimental studies evaluating ranges of N from 30 kg-NO3
-
 h

-1
 y

-1
 [53, 54] to 150 - 

600kg-N h
-1

 y
-1 

[14, 55, 57]. These results suggest that the threshold for stimulation of 

microbial activity by N to suppression by toxic levels of N may occur at very low levels 

in arid forests. 

In contrast to the Oak-Pine forest, no significant differences in microbial or 

edaphic parameters were found in the Sotol grasslands in response to increased nitrogen 

additions. There are a several likely explanations for the lack of response in the Sotol 

grasslands. First, the difference in functional response between the two sites may be due 

to the plant litter available at each of the sites. Sotol grasslands litter consists primarily of 

non-recalcitrant grasses and sparse woody residues from shrubs and cacti. Litter from the 

Oak-Pine forest includes some grass, leaves, pine needles, shrubs, cacti and a 
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considerable amount of oak and pine residue. A second possibility for the overall 

response in the Sotol grasslands is that the system is in the early stages of N saturation.  

Evidence for this argument comes from long-term pH measurements collected in the 

Sotol grasslands. Mean soil pH in the Sotol grasslands in January 1996 was at 6.67 (Zak 

unpublished). However, it has been steadily becoming more acidic and during this study 

ranged from ranged from 5.92 to 5.09 (Fig 2.15). This is consistent with current models 

of N saturation predicting decreases in pH with chronic N deposition. Finally, this study 

was conducted on a limited temporal scale as samples were collected only twice a year 

and were not timed to follow precipitation events. According to current moisture pulse-

reserve models for North American deserts microorganisms are much more responsive to 

even small moisture pulses [58, 59] than are plants, and the wet-dry cycle resulting from 

the pulse event can result in initial stimulation of C and N mineralization and an increase 

in MBC followed by a decrease as the soil dries [60]. It is therefore possible that the 

sampling schedule used in this study did not allow for the capture of important pulse 

response events in the Sotol grasslands.  

Of note, there was a strong trend of increasing fungal SA and SR on nitrogen 

substrates with increasing N deposition in the Sotol grasslands during August of 2003 

and April of 2004 which appears to be a “shock” response in the fungal community to the 

first applications of simulated N deposition in the previous summer months, as the trend 

does not continue through most of the remaining sample periods and is not significant in 

any statistical analysis.  
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Precipitation interactions 

 Fungal C utilization appears to be partly responsive to season. Fungal substrate 

activity collected in April was highly variable, whereas FSA collected in August did not 

differ (within site) during the study. This variability in April appears to be tightly coupled 

with precipitation, as the highest FSA in the Oak-Pine forest occurred during April 2004 

when precipitation was both consistent and high. High FSA occurred again in April 2005 

(both sites) and is potentially a residual effect due to the uncommonly high precipitation 

experienced in 2004. In April 2006 after 5 months of severe drought, FSA was the lowest 

at any time during the study. The variability in April but not August has been suggested 

as a response of soil fungi to temperature variability, as the majority of fungi may be 

adapted to function as mesophiles with regards to temperature [61].  

 Microbial biomass also responded to precipitation although not in the same 

manner as FSA. MBC was highest at the end of the study in August 2005 and April 2006, 

especially in the Oak-Pine forest when precipitation was lowest. These results are 

consistent with other results from BBNP during the same time period [61, 62] and are 

likely a result of several factors. First, the microbial communities in arid and semi-arid 

environments remain viable even during drought and can quickly respond to any moisture 

pulses [62, 63]. The high variability in MBC during the drought period is also likely 

effected by differential soil drying as canopy cover differed qualitatively across the study 

plots in the Oak-Pine forest although data were not collected to evaluate this. 

Additionally, the effect of grazing microfauna is likely reduced in drought [64] allowing 

MBC to accumulate. Likewise, increased microbial grazing is one potential reason MBC 

was lower during 2003 and 2004 when the highest precipitation was recorded.  
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MBC also appears to be linked to levels of soil NH4
+
, as high extractable soil 

NH4
+ 

accompanied high levels of MBC. Similar results were found in the Chihuahuan 

desert by Bell et al. [65] and is likely a result of the variable pulses of  precipitation 

resulting in N accumulation during the dry periods.  

Conclusion 

These results support other recent studies that show that microbial processes in 

arid systems react differently than do temperate systems to N deposition. Precipitation 

patterns are a major driver in the system, as the dry and wet periods contributed to 

significant differences in the magnitude of the response of MBC and fungal activity to 

amounts of N deposition. Under present conditions microbial activity in the high 

elevation Oak-Pine forest is regulated by precipitation and is nitrogen-limited, as this 

forested system responded to the 4N addition. In some years soil organic matter was 

higher with additional N suggesting that the plant community also responded to additions 

of N. In contrast the lack of a response in the Sotol grasslands to N additions suggests 

that this system is N-saturated. Furthermore, the response to annual precipitation suggests 

that microbial activity in this grassland ecosystem is moisture-limited. Although the 

amount of atmospheric N deposition within the Chihuahuan Desert at BBNP is low 

compared to other areas of the country, the results from the Sotol grasslands indicate that 

even low levels of chronic atmospheric N deposition can have negative consequences.   
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Table 2.1 Monthly and annual precipitation from 2003-2006. Mean monthly and annual 

precipitation values (in mm, +/- standard error) from 1976-2006 in the Chisos Basin rain 

collection station (high-elevation Oak-Pine forest). The calculated coefficient of variation 

(CV) for each year is included. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Month 2003 2004 2005 2006 
Mean 1976-

2006 Std Err 

Jan 5.90 29.49 19.49 3.34 16.70 2.90 

Feb 29.23 10.51 19.49 0.00 17.20 4.00 

Mar 10.26 69.49 2.56 1.79 11.05 2.79 

Apr 3.85 41.03 1.03 9.49 17.83 4.09 

May  47.69 61.54 33.59 34.62 42.27 5.55 

Jun 149.23 79.49 13.59 21.79 68.09 9.50 

Jul 153.59 105.90 62.56 29.74 81.46 11.18 

Aug 11.03 118.72 94.10 219.23 95.15 13.08 

Sep 33.59 104.62 23.85 46.41 60.29 9.92 

Oct 137.18 37.44 56.67 45.13 45.56 8.77 

Nov 2.56 55.38 0.00 0.00 18.36 3.72 

Dec 0.00 1.03 16.67 24.62 13.33 3.67 

Annual Total 584.11 714.64 343.60 436.16 487.31 34.42 

CV 1.25 0.64 1.00 1.65   
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Table 2.2 Monthly and annual precipitation from 2003-2006. Mean monthly and annual 

precipitation values (in mm, +/- standard error) from 1976-2006 in the Panther Junction 

rain collection station (Sotol grasslands). The calculated coefficient of variation (CV) for 

each year is included. 

 

Month 2003 2004 2005 2006 
Mean 1976-

2006 Std Err 

Jan 5.13 24.87 16.41 1.02 15.55 3.69 

Feb 24.10 6.92 21.79 0.00 11.08 1.85 

Mar 6.41 65.64 2.31 2.05 9.27 2.42 

Apr 1.28 31.79 3.08 25.90 16.45 3.32 

May  29.74 10.51 28.72 26.67 35.34 5.56 

Jun 67.44 72.56 48.72 2.82 50.26 6.11 

Jul 83.08 108.21 65.38 21.02 54.95 7.83 

Aug 4.87 68.72 89.74 147.44 60.00 8.28 

Sep 36.15 102.05 0.51 14.10 40.87 7.31 

Oct 149.49 13.85 39.23 14.62 38.22 8.34 

Nov 2.05 61.54 0.00 0.00 15.70 3.44 

Dec 0.00 0.51 13.33 17.95 12.40 3.26 

Annual Total 409.74 567.17 329.22 273.59 318.92 30.78 

CV 1.33 0.79 1.04 1.78   
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Table 2.3 Correlations between measured variables and standardized canonical 

discriminant functions. The criteria set forth by Cormey and Lee [49] were used to 

determine the relative importance of each correlation. 

A. Site x Treatment Interaction   

      DF1       DF2   

BSA 0.567 *** 0.352 * 

BSR 0.646 **** 0.251  

FSA 0.293  -0.238  

FSR 0.298  -0.418 * 

NSA -0.398 * 0.001  

NSR -0.194  0.088  

MBC 0.516 ** -0.463 ** 

NO3 -0.269  0.067  

NH4 0.099  0.314  

Org C 0.699 **** 0.226  

pH 0.470 ** 0.022   

     

B. Site X Date interaction   

      DF1       DF2   

BSA 0.454 ** 0.196  

BSR 0.510 ** 0.346 * 

FSA 0.160  -0.635 **** 

FSR 0.062  -0.376 * 

NSA -0.287  -0.159  

NSR -0.181  0.254  

MBC 0.386 * 0.308  

NO3 -0.720 ***** 0.121  

NH4 0.182  0.221  

Org C 0.517 ** 0.069  

pH 0.388 * -0.095   

     

* - poor (10-19% of the variance in the discriminant function) 

** - fair (20-29% of the variance in the discriminant function) 

*** - good (30-39% of the variance in the discriminant function) 

**** very good (40-49% of the variance in the discriminant function) 

***** - excellent (>50% of the variance in the discriminant function) 
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Table 2.4 The Mahalanobis distance (D
2
) between groups from the Site x Date 

Interaction. A. The D
2
 between sites within the same sample date. B. The D

2
 between 

sample dates within the same year in the mid-elevation Sotol grasslands. C. The D
2
 

between sample dates within the same year in the high-elevation Oak-Pine forest. These 

data were collected along the Pine Canyon Watershed from 2003-2006. 

A.     

SG 8-03      11.20 OPF 8-03 

SG 4-04        3.70 OPF 4-04 

SG 8-04        6.42 OPF 8-04 

SG 4-05        6.30 OPF 4-05 

SG 8-05        6.80 OPF 8-05 

SG 4-06        6.12 OPF 4-06 

SG 8-06        5.45 OPF 8-06 

 

B.     

OPF 4-04       5.62 OPF 8-04 

OPF 4-05       3.85 OPF 8-05 

OPF 4-06     13.15 OPF 8-06 

 

C.      

SG 4-04       5.20 SG 8-04 

SG 4-05       6.81 SG 8-05 

SG 4-06     11.42 SG 8-06 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Heath W. Grizzle, August 2011 

 

 61 

Table 2.5 Between site mean comparisons (95% confidence intervals) for microbial and 

soil parameters collected from the high-elevation Oak-Pine forest and Sotol grasslands 

along the Pine Canyon Watershed in Big Bend National Park from 2003-2006. The 

measured variables are: bacterial substrate activity (BSA), bacterial substrate richness 

(BSR), fungal substrate activity on C (FSA), fungal substrate richness on C (FSR), fungal 

substrate activity on N (NSA), fungal substrate richness on N (NSR), microbial biomass 

carbon (MBC), extractable NO3
-
 -N (NO3), extractable NH4

+
 -N (NH4), soil organic 

carbon (Org C) and pH. 

 Sotol Grasslands  Oak-Pine Forest 

 95% CI    95% CI 

  Lower Upper Mean   Mean Lower Upper 

BSA 10.25 14.02 12.13 * 23.96 22.07 25.85 

BSR 21.05 25.54 23.30 * 40.53 38.28 42.78 

FSA 53.02 57.10 55.06 * 62.13 60.08 64.17 

FSR 70.40 73.35 71.87 * 76.85 75.37 78.33 

NSA 30.27 33.37 31.82 * 25.23 23.68 26.79 

NSR 66.58 71.27 68.92 * 64.05 61.70 66.40 

MBC 52.38 243.80 148.09 * 679.43 583.46 775.39 

NO3 8.10 9.10 8.60 * 6.84 6.34 7.35 

NH4 9.54 12.07 10.80  12.36 11.10 13.63 

Org C 39.48 45.64 42.56 * 63.88 60.80 66.97 

pH 5.70 5.87 5.78 * 6.21 6.12 6.30 
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Figure 2.1 Monthly precipitation collected at the Chisos Basin (elevation 1646 m) and 

Panther Junction (elevation 1143 m) Visitor Centers in Big Bend National Park, TX. 

These data were collected from 2003–2006. 
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Figure 2.2 Discriminant Function Analysis of soil microbial functional parameters 

associated with the significant Site x N treatment interaction from MANOVA (P < 

0.001). Data were collected from 2003-2006 in the high-elevation Oak-Pine forest (OPF) 

and mid-elevation Sotol grassland (SG) in Big Bend National Park, TX. Treatments are 

Control (C), an addition of 4 kg-N h
-1

 yr
-1

 (4N) and an addition of 12 kg-N h
-1

 yr
-1

 (12N). 

A. Treatments are separated along DF 1 and DF 2 a plus sign (+) indicates the centroid of 

each treatment. Each centroid is encompassed by 95% confidence ellipses. B. 

Discriminant Function vector loadings, where the numbered vector lines represent vector 

loadings of variables on DF1 and DF2 and correspond to the following microbial 

functional parameters: bacterial substrate activity (BSA), bacterial substrate richness 

(BSR), fungal substrate activity on C (FSA), fungal substrate richness on C (FSR), fungal 

substrate activity on N (NSA), fungal substrate richness on N (NSR), microbial biomass 

carbon (MBC), NO3
-
 -N (NO3), NH4

+
 -N (NH4), soil organic carbon (Org C) and pH. 
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Figure 2.3 Discriminant Function Analysis of soil microbial functional parameters 

associated with the significant Site x Date interaction from MANOVA (P < 0.001). Data 

were collected from 2003-2006 in the high-elevation Oak-Pine forest (OPF) and mid-

elevation Sotol grassland (SG) in Big Bend National Park, TX.. Each group is denoted by 

a 2-digit alphanumeric code: the first digit represents the site (S = SG and O = OPF), and 

the second digit represents the date (1 = Aug. 2003, 2 = April 2004, 3 = Aug. 2004, 4 = 

April 2005, 5 = Aug. 2005, 6 = April 2006, and 7 = Aug. 2007). The groups are separated 

along DF 1 and DF 2 a plus sign (+) indicates the centroid of each treatment. Each 

centroid is encompassed by 95% confidence ellipses. The dashed line represents the 

separation between sites along the 2 discriminant function axes. B. Discriminant Function 

vector loadings, where the numbered vector lines represent vector loadings of variables 

on DF1 and DF2 and correspond to the following microbial functional parameters: 

bacterial substrate activity (BSA), bacterial substrate richness (BSR), fungal substrate 

activity on C (FSA), fungal substrate richness on C (FSR), fungal substrate activity on N 

(NSA), fungal substrate richness on N (NSR), microbial biomass carbon (MBC), NO3
-
 -N 

(NO3), NH4
+
 -N (NH4), soil organic carbon (Org C) and pH. 
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Figure 2.4 Mean bacterial substrate activity (BSA, +/- standard error) in response to N 

treatments in the high-elevation Oak-Pine forest (A) and mid-elevation Sotol grasslands 

(B) in Big Bend National Park from Aug. 2003–Aug. 2006. Treatments are Control (C), 

an addition of 4 kg-N h
-1

 yr
-1

 (4N) and an addition of 12 kg-N h
-1

 yr
-1

 (12N). Bacterial 

substrate activity is equal to the sum of activity (measured at 590 nm) on Biolog GN-2 

microtiter plates (Biolog analysis). Letters indicate significant differences between dates 

from the significant Site x Dates interaction from MANOVA (P = 0.028). 
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Figure 2.5 Mean bacterial substrate richness (BSR, +/- standard error) in response to N 

treatments in the high- elevation Oak-Pine forest (A) and mid-elevation Sotol grasslands 

(B) in Big Bend National Park from Aug. 2003–Aug. 2006. Treatments are Control (C), 

an addition of 4 kg-N h
-1

 yr
-1

 (4N) and an addition of 12 kg-N h
-1

 yr
-1

 (12N). Bacterial 

substrate richness is equal to the number of substrates utilized out of 95 on Biolog GN-2 

microtiter plates (Biolog analysis). Letters indicate significant differences between dates 

from the significant Site x Dates interaction from MANOVA (P = 0.028). 
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Figure 2.6 Mean fungal substrate activity (FSA, +/- standard error) in response to N 

treatments in the high- elevation Oak-Pine forest (A) and mid-elevation Sotol grasslands 

(B) in Big Bend National Park from Aug. 2003–Aug. 2006. Treatments are Control (C), 

an addition of 4 kg-N h
-1

 yr
-1

 (4N) and an addition of 12 kg-N h
-1

 yr
-1

 (12N). Fungal 

substrate activity is equal to the sum of activity (measured at 590 nm) on Biolog SFN-2 

microtiter plates (Fungilog analysis). Letters indicate significant differences between 

dates from the significant Site x Dates interaction from MANOVA (P = 0.028). 
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Figure 2.7 Mean fungal substrate richness on C substrates (FSR, number of utilized 

substrates, +/- standard error) in response to N treatments in the high-elevation Oak-Pine 

forest (A) and mid-elevation Sotol grasslands (B) in Big Bend National Park from Aug. 

2003–Aug. 2006. Treatments are Control (C), an addition of 4 kg-N h
-1

 yr
-1

 (4N) and an 

addition of 12 kg-N h
-1

 yr
-1

 (12N). Fungal substrate richness is equal to the number of 

substrates utilized out of 95 on Biolog SFN-2 microtiter plates (Fungilog analysis). 

Letters indicate significant differences between dates from the significant Site x Dates 

interaction from MANOVA (P = 0.028). 
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Figure 2.8 Mean fungal substrate activity on N substrates  (NSA, +/- standard error) in 

response to N treatments in the high- elevation Oak-Pine forest (A) and mid-elevation 

Sotol grasslands (B) in Big Bend National Park from Aug. 2003–Aug. 2006. Treatments 

are Control (C), an addition of 4 kg-N h
-1

 yr
-1

 (4N) and an addition of 12 kg-N h
-1

 yr
-1

 

(12N). Fungal substrate activity is equal to the sum of activity (measured at 590 nm) on 

Biolog PM3 microtiter plates (Nitrolog analysis). Mean fungal substrate activity on N 

substrates was significantly greater in the Sotol grasslands (MANOVA P < 0.001). 



Texas Tech University, Heath W. Grizzle, August 2011 

 

 72 

 

Figure 2.9 Mean fungal substrate richness on N substrates (number of utilized substrates, 

+/- standard error) in response to N treatments in the high- elevation Oak-Pine forest (A) 

and mid-elevation Sotol grasslands (B) in Big Bend National Park from Aug. 2003–Aug. 

2006. Treatments are Control (C), an addition of 4 kg-N h
-1

 yr
-1

 (4N) and an addition of 

12 kg-N h
-1

 yr
-1

 (12N). Fungal substrate richness is equal to the number of substrates 

utilized out of 95 on Biolog PM3 microtiter plates (Nitrolog analysis). Mean fungal 

substrate richness on N substrates was significantly greater in the Sotol grasslands 

(MANOVA P < 0.001). 
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Figure 2.10 Mean microbial biomass carbon (MBC, +/- standard error) in response to N 

treatments in the high- elevation Oak-Pine forest (A) and mid-elevation Sotol grasslands 

(B) in Big Bend National Park from Aug. 2003–Aug. 2006.  Treatments are Control (C), 

an addition of 4 kg-N h
-1

 yr
-1

 (4N) and an addition of 12 kg-N h
-1

 yr
-1

 (12N). Letters 

indicate significant differences between dates from the significant Site x Dates interaction 

from MANOVA (P = 0.028). 
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Figure 2.11 Mean extractable NO3
-
 -N (+/- standard error) in response to N treatments in 

the high- elevation Oak-Pine forest (A) and mid-elevation Sotol grasslands (B) in Big 

Bend National Park from Aug. 2003–Aug. 2006.  Treatments are Control (C), an addition 

of 4 kg-N h
-1

 yr
-1

 (4N) and an addition of 12 kg-N h
-1

 yr
-1

 (12N). Letters indicate 

significant differences between dates from the significant Site x Dates interaction from 

MANOVA (P = 0.028). 
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Figure 2.12 Mean extractable NH4
+
 -N (+/- standard error) in response to N treatments in 

the high- elevation Oak-Pine forest (A) and mid-elevation Sotol grasslands (B) in Big 

Bend National Park from Aug. 2003-Aug. 2006.  Treatments are Control (C), an addition 

of 4 kg-N h
-1

 yr
-1

 (4N) and an addition of 12 kg-N h
-1

 yr
-1

 (12N). Letters indicate 

significant differences between dates from the significant Site x Dates interaction from 

MANOVA (P = 0.028). 
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Figure 2.13 Mean soil organic C (Org C, +/- standard error) in response to N treatments 

in the high- elevation Oak-Pine forest (A) and mid-elevation Sotol grasslands (B) in Big 

Bend National Park from Aug. 2003–Aug. 2006.  Treatments are Control (C), an addition 

of 4 kg-N h
-1

 yr
-1

 (4N) and an addition of 12 kg-N h
-1

 yr
-1

 (12N). Mean soil organic 

carbon was significantly greater in the high-elevation Oak-Pine forest (MANOVA P < 

0.001). 
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Figure 2.14 Mean pH (+/- SE) in response to N treatments in the high- elevation Oak-

Pine forest (A) and mid-elevation Sotol grasslands (B) in Big Bend National Park from 

Aug. 2003–Aug. 2006.  Treatments are Control (C), an addition of 4 kg-N h
-1

 yr
-1

 (4N) 

and an addition of 12 kg-N h
-1

 yr
-1

 (12N). Values of pH were converted to H
+
 

concentration before computing the mean and standard errors. Letters indicate significant 

differences between dates from the significant Site x Dates interaction from MANOVA 

(P = 0.028). 
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Figure 2.15 Mean (+/- SE) pH in the Sotol grasslands from 1996 – 2006. Measurements were 

made biannually in January and August. Values of pH were converted to H
+
 concentration before 

computing the mean and standard errors.  

 

 

 

 

 

 

 

 



Chapter III 

Seasonal Responses of Microbial Community Structure and  

Function to 5 Years of Simulated Nitrogen Deposition  

in a Chihuahuan Desert Grassland. 

Introduction 

Nitrogen deposition is a widespread phenomenon affecting many terrestrial 

ecosystems though the majority of research has focused on temperate forests that have 

experienced N saturation[1-5]. The additional inputs of anthropogenic N deposition into 

temperate forests have resulted in a wide range of effects from forest decline and loss of 

native plant species [6] to promoting invasion of introduced species [7-9]. Studies 

evaluating the effects of N deposition on microbial communities have focused on 

mycorrhizal dynamics [10-14] and changes in richness and diversity of microbial 

communities [15, 16]. Researchers in semi-arid and arid systems have begun to evaluate 

seasonal N deposition trends [17] and the effects on plant communities [9, 18], arbuscular 

mycorrhizae [19] and enzymatic responses [20-22]. However, the effects of N deposition 

on soil microbial function in arid systems are largely unknown. In that soil microbes are 

responsible for decomposition and nutrient cycling, an understanding of the impact of N 

deposition on the functional dynamics of the soil microflora is imperative. 

N deposition in the arid portions of southwestern North America is comparatively 

lower than northeastern North America [23] however, N saturation can occur with very 

low amounts of N deposition, depending on a system’s ability to remove N [24].  In arid 

systems the long intervals between precipitation events coupled with high temperatures 

result in low soil moisture, limited plant growth and reduced germination of seedlings 
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which contributes to high rates of soil erosion. These conditions result in slow recovery 

from disturbance and the increased potential for desertification [25, 26].  

 A nitrogen deposition study was begun in 2003 in a Sotol grassland in Big Bend 

National Park, TX (BBNP), located in the northwestern Chihuahuan Desert, to 

understand how microbial communities would respond to simulated increased N 

deposition. Although functional responses of the microbial community to increased 

atmospheric N deposition were evaluated over the initial 4 years (Chapter II), the use of 

FAME and several key enzyme assays where incorporated into the fifth year microbial 

assessment methods to increase the resolution of our previous study towards 

understanding the long-term consequences of chronic N deposition into arid ecosystems 

and the impacts on the structure of the microbial community and associated functional 

capabilities of the microbial community as linked to key ecosystem processes. 

Furthermore, with only two sampling periods each year any potential seasonal responses 

to the N deposition that may occur outside of the early spring or late summer were not 

elucidated. Finally, the belowground microbial response is only one component of the 

ecosystem-level effects often recorded in response to N deposition. The end result of the 

ecosystem-level response often results in a number of negative effects on the plant 

communities ranging from increased incidence of invasive plant species [27] to increased 

mortality in the native plant communities [2-5].  Therefore, a new component of the study 

was added during the 5
th

 year (2007) to include the collection of aboveground plant 

community and physiological data. 

 In 2007, sampling included soil collection during each of the four seasons to 

evaluate seasonal responses by the microbial community to N deposition in the sotol 
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grasslands. Of the five sites that were established as part of the Pine Canyon Watershed 

Program [28], this site was chosen for increased study as it has been the location of a 

number of studies beginning in 2002 evaluating the effects changes in precipitation 

magnitude and frequency on soil microbial structure and functionality, plant community 

dynamics and plant physiological responses[29-31]. Furthermore, soil collection was 

coordinated with evaluation of the dominant plant response to increased N deposition in 

the Sotol grasslands. Combining these efforts allowed for a more in-depth evaluation of 

the above and belowground impacts of N deposition in the sotol grasslands BBNP. 

Aboveground plant community and physiological data were collected by another member 

of the Pine Canyon Research Group and will not be presented herein. 

Materials and Methods 

Design, Sample Collection and Treatments 

 Details of the site, N deposition treatments and plot design were presented in 

Chapter II. Soil samples to a depth of 15 cm were collected 4 times annually in February 

(winter), May (spring), August (summer) and November (fall) during 2007 to assess 

microbial and edaphic parameters in response to season and simulated N deposition 

treatments. Samples were stored at 4ºC until processed but for no longer than 2 weeks. 

Daily precipitation were collected at a meteorological station administered by the 

National Park Service at Panther Junction Visitor Center in BBNP and is representative 

of the sotol grasslands study site.   

Community Structure 

Microbial Biomass Carbon (MBC) 
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 Microbial biomass carbon was evaluated via chloroform fumigation extraction 

technique [32] in which a set of soils was incubated in the presence of chloroform, while 

another set of duplicate soils was incubated without chloroform. Soil samples were 

fumigated under vacuum for 48 hrs. Soil and microbial C was then extracted from the soil 

using a 0.5M K2SO4 solution. The difference in C between the two treatments is the 

amount of MBC contained in living organisms. Quantification and the amount of 

microbial biomass in the 0.5M K2SO4 is determined via absorbance at 280 nm [33]. The 

amount of C extracted from the controls was subtracted from the same subset soil sample 

to correct for non-microbial C.  

Fatty Acid Methyl Ester Analysis (FAME) 

 Fatty acid methyl esters were extracted from soil samples following the Microbial 

Identification System (MIDI, Inc., Newark, DE) procedure described by Acosta-Martinez 

et al. [34]. To reduce contamination from plant-derived phospholipids soil samples were 

sieved through a 0.5 mm soil sieve to remove small roots and plant debris. Three-gram 

soil samples underwent 4 steps to prepare soil samples for FAME analysis: 1) 

saponification of fatty acids at 100°C with 3 ml of 3.75 M NaOH in aqueous methanol 

(methanol:water ratio 1:1) for 30 min 2) methylation (esterfication) at 80°C in 6 ml HCl 

in aqueous methanol (1:0.85) for 10 min 3) extraction of FAMEs with 3 ml of 1:1 

methyl-tert-butyl ether/hexane by shaking samples for 10 min and 4) washing of solvent 

extract with 1.2% NaOH by shaking samples for 5 min. The FAMEs were then be 

analyzed in a 6890 GC Series II (Hewlet Packard, Wilmington, DE) equipped with a 

flame ionization detector and a fused silica capillary column (25 m x 0.2 mm) using ultra-

high purity hydrogen as the carrier gas. Temperature was increased from 170°C to 250°C 
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at 5°C min
-1

. The fatty acid markers were identified and their relative peak areas 

determined using the MIS Aerobe method of the MIDI system.  The specific fatty acid 

markers used to assess the abundance of the saprophytic fungal, arbuscular mycorrhizal 

fungal, gram-positive eubacteria, gram-negative eubacteria and actinomycetes are listed 

in Table 3.1.   

Community Function 

Microbial Carbon and Nitrogen Use 

 Soils were diluted to 10
-4 

using sterile DI H2O and inoculated into Biolog® GN-2 

(Biolog Inc., Hayward, CA) microtiter plates to assess bacterial functional diversity as 

described by Zak et al. [35, 36]. To determine fungal functional diversity on N substrates, 

soil organic matter particles (SOMPs) were collected from each soil sample and 

inoculated into PM-3 microtiter plates as described in the Soil Nitrolog Procedure [37]. 

To determine fungal functional diversity on C substrates SOMPs were inoculated into 

SFN-2 plates as described in the Soil Fungilog Procedure [38].  Plates were incubated at 

25ºC and read on an automatic plate reader after 120 hrs. Functional diversity was 

evaluated as substrate activity (SA, the sum of optical densities in all wells per plate), a 

measure of the rates at which microbial assemblages can catabolize the various substrates 

available and substrate richness (SR, the total number of substrates catabolized), a 

measure of the diversity of a microbial assemblage with respect to the substrates that can 

be utilized [38, 39].  

Soil Enzyme Assays 

 Enzymatic activity of phosphodiesterase, acid phosphatase, β-glucosidase, and β-

glucosaminidase (aka N-Acetyl-β-glucosaminidase or β-hexosaminidase) activity was 
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evaluated using 1 g of soil (<2mm, air-dried) and incubated for 1 h at the optimal pH of 

the enzyme being assayed [40, 41]. The product of the reaction, p-nitrophenol was 

determined colorimetrically at 400 nm. Enzyme activities were assayed in duplicate with 

one control to which the substrate was added after stopping the reaction. 

Phosphodiesterase and acid phosphatase regulate organic and inorganic P transformation 

and thus are important in P cycling. β-glucosidase is a key enzyme in cellulose 

degradation, cleaving cellobiose β1-4 bonds that link adjacent glucose molecules. Finally, 

the decomposition of chitin was determined via β-glucosaminidase activity, which is a 

key enzyme in the hydrolysis of N-acetyl-β-D-glucosamine. It is important in both C and 

N cycling as chitin is one of the major sources of mineralizable N in soils [42].   

Soil Parameters 

 The following soil analyses were performed by Waters Agricultural Laboratories, 

Inc. (Camilla, GA): available P, S, NH4
+
-N and NO3

-
-N. Percent organic carbon was 

determined on 10.0 g of dried soil as mass loss after combustion at 450ºC for 24 h [43]. 

Soil pH was determined via 2:1 paste extract [44]. Gravimetric soil moisture was 

determined by drying soils in a drying oven at 60ºC for 48h [45]. 

Data Analysis 

 All statistical analyses were performed using SPSS 13.0 (www.spss.com), Matlab 

6.0 (www.mathworks.com) or Canoco for windows 4.5 (Ceske Budejovice, Czech 

Republic).  Differences in microbial function on C and N, microbial community 

abundance, extracellular enzyme activity and edaphic parameters between simulated N 

deposition treatments across seasons were evaluated using repeated-measures ANOVA 

(rmANOVA). All tests are considered significant at α = 0.05 unless otherwise stated. 
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Post-hoc analyses were performed on all microbial and edaphic parameters following a 

significant rmANOVA result via univariate ANOVAs on all dependant variables. These 

univariate ANOVAs were performed to aid in data description and analysis. A 

Bonferroni correction was used to maintain an α = 0.05 for the multiple comparisons.  

The following parameters were evaluated via rmANOVA: bacterial substrate 

activity and richness (BSA and BSR); fungal substrate activity and richness on C (FSA 

and FSR); fungal substrate activity and richness on N (NSA and NSR); relative 

abundance of microbial FAME (G+, G-, Actinomycete, Saprophytic fungi and AM 

fungi), extracellular enzyme activity (phosphodiesterase, acid phosphatase, β-

glucosidase, and β-glucosaminidase); microbial biomass carbon (MBC); percent soil 

moisture; available P, S and NH4
+
-N and NO3

—
N; percent organic C and pH.  

The relationship among the microbial community, N deposition treatments and 

environmental conditions was examined using redundancy (RDA). RDA is a form of 

regression analysis where a Principal Components Analysis is performed on a set of 

response variables (microbial community data), but is constrained by a linear 

combination of predictor variables representing the environmental conditions. Thus, 

variance is simultaneously maximized for the microbial and environmental variables 

along a set of principal components. Ordination plots produced using CANOCO display 

vectors for both microbial and environmental parameters. The length of each vector 

determines the strength of relationships and the cosine of pairs of vectors can be 

interpreted as the degree of correlation between variables. Three analyses were performed 

evaluating 1) substrate utilization, 2) extracellular enzyme activity) and 3) structural 

(FAME indicators) as the response variables to simulated N deposition and 
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environmental parameters (predictors). Soil moisture, percent organic C, pH, available P, 

S and NH4
+
-N and NO3

—
N were examined as environmental variables.  

The results from RDA on fungal substrate utilization on N substrates suggested 

further exploration was warranted therefore, stepwise discriminant function analysis 

(sDFA) was performed on substrate activity of the 95 individual substrates contained in 

the BIOLOG PM3 microtiter plates used in the analysis to assess differences by season 

and treatment. For each DFA, 5000 bootstrap iterations were performed to select 

variables and to build a sampling distribution against which the observed data were 

compared. Confidence ellipses (95%) were then generated from the point estimates based 

on the sampling distribution. 

Results 

 Precipitation 

 The annual precipitation for 2007 was 387.44 mm which falls just above the mean 

precipitation from 1976-2006 at Panther Junction Visitor Center in BBNP (318.92 ± 

30.78 mm, Table 3.1). Precipitation was relatively high during the early part of the year 

receiving greater than 35mm in January, March, May, June and July. The later part of the 

year received less precipitation with 16.92 – 23.34 mm of precipitation falling during 

August – November and 0.0 mm of precipitation in December. The greatest amount of 

rainfall occurred during July when 100.0 mm of precipitation was recorded.  

Microbial Community Structure 

 Repeated-measures ANOVA determined that MBC did not differ among N 

deposition treatments (P = 0.500) or across seasons (P = 0.302) during 2007 (Fig. 3.2). 

However, there were some seasonal and N deposition treatment responses elucidated 
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from rmANOVAs on data gathered from FAME analysis. Relative AM FAME 

abundance was greatest in the winter and lowest in the fall (P < 0.001; Fig. 3.3A). 

Likewise saprophytic fungal FAME abundance was greatest in the winter and spring and 

lowest in the summer and fall (P < 0.001; Fig. 3.3B). Neither AM or saprophytic fungal 

FAME abundances differed due to increased N deposition (P = 0.254 and P = 0.134 

respectively, Fig. 3.3). Gram-positive eubacteria FAME abundances increased throughout 

2007 (P < 0.001), but did not respond to increased N deposition (P = 0.650; Fig. 3.4A). 

Gram-negative eubacterial FAME abundances displayed a significant interaction between 

season and N deposition (P = 0.003; Fig. 3.4B). The greatest differences occurred in the 

spring when Gram-negative eubacterial FAME abundances in the 4N and 12N treatments 

were much higher than at any other time during the study. Finally, actinomycete 

eubacterial FAME abundances did not differ across seasons (P = 0.963) or due to 

increased N deposition (P = 0.306; Fig. 3.4C). Calculated confidence intervals reveal that 

regardless of season the saprophytic fungal FAME was the dominant component of the 

microbial community followed by Gram-positive eubacteria (Table. 3.2). The dominance 

of the saprophytic fungal FAME abundance over Gram-positive eubacteria FAME 

abundance was diminished in the summer and fall months when compared to the winter 

and spring sampling period (Table. 3.2). 

Microbial Functional Diversity 

Repeated-measures ANOVA on BSA and BSR determined significant differences 

across season (P = 0.010 and P < 0.001) but not due to N deposition treatments (P = 

0.476 and P = 0.258; Fig. 3.5A and 3.5B) during the study. In both cases bacterial 

functional diversity was lowest during the fall. Mean FSA was lowest in the fall and 
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highest in the summer (P = 0.014; Fig. 3.6A) whereas mean FSR was greatest in the 

winter and summer and lowest in the spring and fall (P < 0.001; Fig 3.6B). Neither 

showed a significant response to increased N deposition (P = 0.799 and P = 0.871; Fig 

3.6A and 3.6B). NSA did not differ across seasons (P = 0.651) or in response to 

increased N deposition (P = 0.120; Fig. 3.7A). Finally, mean NSR was lowest in the fall 

and greatest in the winter and summer (P = 0.017; Fig 3.7B). Mean FSA was greater than 

NSA and BSA regardless of season (Table 3.3A), however, confidence intervals for mean 

FSR and NSR overlap across the study but were much greater than BSR (Table 3.3B) 

Microbial Extracellular Enzyme Activity 

 Repeated-measures ANOVA performed on potential β-glucosidase activity 

revealed significant seasonal differences (P = 0.016), with potential β-glucosidase 

activity highest in the winter and lowest in the summer (Fig. 3.8.A). There were no 

significant differences in β-glucosidase activity with increased N deposition (P = 0.650, 

Fig. 3.8A). Potential β-glucosaminidase activity showed a significant interaction between 

season and N deposition (P = 0.019). Potential β-glucosaminidase activity was lowest in 

the spring with the highest activity occurring in the control (no additional N) in the fall 

sampling period (Fig. 3.8B). Potential acid phosphatase activity was determined to be 

lowest in the spring and greatest in the fall (P < 0.001; Fig. 3.9A). Potential 

phosphodiesterase activity was also found to be lowest in the spring but highest in the 

winter sampling period (P = 0.002; Fig 3.9B). Neither potential acid phosphatase or 

phosphodiesterase activity showed significant differences with increased N deposition (P 

= 0.755 and P = 0.624 respectively; Fig. 3.9A and 3.9B).  
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Edaphic Parameters 

 Overall available NO3
-
 -N was highly variable during 2007 with the lowest values 

in the winter and fall sampling periods. A 3-fold increase over the fall/winter amount was 

found in the spring and then the highest value of 39.26 mg N03
-
 -N kg

-1
 soil

-1
 in the 

summer; 2 times higher than the spring mean and 6 times greater than the fall/winter 

mean (P < 0.001; Fig. 3.10A). No difference in N03
-
 -N was found due to N deposition 

treatments (P = 0.437). Available NH4
+
 -N was much less variable ranging from a mean 

of 0.90 mg NH4
+
 -N kg

-1
 soil

-1
 in the summer to 2.49 mg NH4

+
 -N kg

-1
 soil 

-1
 in the spring 

and fall (P < 0.001; Fig. 3.10B). Repeated-measures ANOVA showed no differences in 

mean available NH4
+
 -N due to increased N deposition (P = 0.872).  Repeated measures 

ANOVA determined that mean available soil P was significantly different both across 

seasons (P < 0.001) and due to N deposition treatments (P = 0.023). Available soil P was 

greatest in the spring sampling period and lowest in the summer (Fig. 3.11A). 

Furthermore, available soil P was significantly higher in the 4N (mean of 19.91 mg P kg
-1

 

soil
-1

) treatments when compared to the control (mean of 15.94 mg P kg
-1

 soil
-1

), the 12N 

treatment (mean of 16.94 mg P kg
-1

 soil
-1

) was not different from either the control or 4N. 

Visual inspection of the data shows that the major differences were in the spring and 

summer when available soil P was at its highest and lowest respectively (Fig. 3.11A). 

Available soil S was significantly different across seasons (P = 0.029). Available soil S 

was highest in the winter with a mean of 25.90 mg S kg
-1

 soil
-1

 declining to a low of 

18.80 mg S kg
-1

 soil
-1

 in the fall (Fig. 3.11B). Available soil S did not differ between N 

deposition treatments (P = 0.108). Percent soil moisture varied greatly across season (P < 

0.001) with a low of 2.28% in the fall to a high of 6.40% in the winter and summer 
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sampling period (Fig. 3.12.A). Percent soil organic C differed across season (P < 0.001) 

but not between treatments (P = 0.091). Seasonal differences were small ranging from a 

mean of 2.31% soil organic C in the winter and fall to a high of 2.89% in the spring a 

difference of  0.58% (Fig. 3.12B). Finally soil pH did not differ across seasons (P = 

0.064) or between N deposition treatments (P = 0.260; Fig. 3.13).  

RDA: Microbial Community Structure 

The RDA analyses on microbial community structure during the winter and fall 

sample periods accounted for a high degree of variation in the dataset (combined 51.9% 

and 51.7% respectively; Fig. 3.14). The summer RDA analysis accounted for 40.3% of 

the variation in the dataset, whereas the RDA analysis on the spring data set accounted 

for much less (24.5%; Fig. 3.14). During the winter, summer and fall sampling periods 

saprophytic fungal and AM fungal FAME indicators were negatively correlated with soil 

P (Fig. 3.14). Soil pH was shown to have a positive influence on AM fungal FAME 

indicators during the winter and fall months (Fig. 3.14). Saprophytic fungal FAME 

indicators and AM fungal FAME indicators were consistently positively associated with 

the control and negatively associated with the 4N treatment (Fig. 3.14). No factors appear 

to have a consistent relationship with eubacterial FAME indicators, however in the spring 

Gram-negative FAME indicators were strongly associated with soil P, percent soil 

moisture and soil organic C as well as the 4N treatment (Fig. 3.14). Of note, Gram-

negative FAME indicators measured in the N deposition treatments were significantly 

higher than Gram-negative FAME indicators found in the control plots (Fig. 3.4.B). 
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 RDA: Functional Diversity 

 RDA analyses on microbial functional diversity accounted for much less variation 

in the datasets relative to RDA analyses on microbial community structure and 

extracellular enzyme activity. The RDA analysis on microbial functional diversity 

accounted for a combined (axis 1 + axis 2) 39.6% (winter), 24.1% (spring), 28.7% 

(summer) and 39.8% of the variation in the datasets (Fig. 3.15). Bacterial functional 

diversity (BSA and BSR) do not show a consistent correlation with any parameters (Fig. 

3.15). However, there is a strong correlation between both BSA and BSR and soil NO3
-
 -

N in the summer sampling period (Fig. 3.15) when soil NO3
-
 -N was highest during the 

study (Fig. 3.10A). Similarly neither FSA or FSR show a strong correlation with any 

measured parameters during 2007. Finally, fungal functional diversity on N substrates 

was strongly correlated with N deposition treatments throughout the study (Fig. 3.15), 

with the 4N treatment during the winter and then with the 12N treatment during the 

remainder of the study (Fig. 3.15).  

RDA: Extracellular Enzyme  Activity 

 The RDA analyses of microbial extracellular enzyme activity during the winter, 

spring and fall accounted for a high degree of variation in the datasets (54.6%, 53.9% and 

49.5% respectively. However, RDA analysis on extracellular enzyme activity of the 

summer sample period accounted for only 20.8% of the variation in the dataset. β-

glucosidase and phosphodiesterase activity were strongly positively correlated with each 

other in each sample period except for the summer when the association was still positive 

but not as strong (Fig. 3.16). Additionally, β-glucosidase and phosphodiesterase activity 

were strongly positively influence by soil pH in the winter, spring and fall (Fig. 3.16). 
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Acid phosphatase activity was negatively influenced by soil P levels throughout the study 

(Fig. 3.16). Additionally, acid phosphatase activity was also negatively influenced by soil 

S levels (Fig. 3.16). 

Individual N Substrates 

 Stepwise discriminant function analysis selected 7 variables to discriminate 

among N deposition treatments. Of these 7 variables 6 were classified as amino acids (L-

arginine, L-glutamine, L-histadine, alanine-glutamine mixture, glycine-asparagine 

mixture and glycine-methionine mixture) and one as an amine (ethanolamine). The sDFA 

using these compounds was able to highly discriminate between N deposition treatments 

and accounted for a combined 100% of the variation in the dataset (Fig 3.17A). 

Discussion 

Simulated N Deposition 

Although no sustained response was found in MBC or in FAME abundances 

some microbial structural parameters did show a significant response restricted to a 

specific season. Gram-negative bacterial FAME abundances showed a significant 

increase with N deposition treatment in the spring sampling period. This response was 

positively linked to high % soil moisture, significantly higher soil P concentrations with 

increased N deposition, and the highest % organic C measured during the study (Fig. 

3.14). The lack of Gram-negative responses to N deposition in either the winter or 

summer despite significantly higher soil moisture suggests a seasonal component is 

regulating the response of the bacterial community at least to some extent. It is likely that 

the interaction of lower temperatures in the spring, N deposition and high soil moisture 

together contributed to the response seen in Gram-negative bacterial FAME abundances.  
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Decreases in both saprophytic and AM fungal FAME abundances occur alongside 

increases in β-glucosaminidase activity, the enzyme responsible for the degradation of the 

fungal cell wall component chitin. β-glucosaminidase activity increased significantly in 

the summer and again in the control plots in the fall. However, β-glucosaminidase 

activity was significantly lower in the 4N and 12N treatments in the fall when compared 

to the control plots. This response differs from previous studies; one by Stursova et al. 

[20] which found increased β-glucosaminidase activity using similar levels of N 

deposition (10 kg N ha
-1

 yr
-1

) in a Chihuahan Desert grassland and another by Zeglin et 

al. [21] which found no response to N deposition in a Chihuahuan Desert grassland and in 

mesic grasslands at the Konza Prairie LTER (Kansas, USA).  

Although significant overall differences in fungal functional diversity on N were 

not found in the rmANOVA analysis the RDA analysis showed a correlation between 

NSA and NSR and the 4N treatment during the winter and the 12N treatment during the 

spring, summer and winter. This suggests that there is an underlying effect of the N 

deposition treatments on fungal N utilization. Nitrolog Analysis (NSA and NSR) is 

composed of 95 individual N substrates and can be decomposed from the overall analysis 

of all 95 compounds to analyze the substrates found in the PM3 microtiter plates either 

individually or in guilds of related compounds [37, 38]. The stepwise DFA conducted on 

individual compounds found a significant difference between the control and N 

deposition treatments, based primarily on the utilization of amino acids. Other studies 

have concluded that most N2O produced in desert soils by fungal pathways are produced 

by the mineralization of protein and the amino acids within [46]. Further, evidence from 

recent studies in arid systems suggests that soil fungi in may be the dominant organisms 
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responsible for N mineralization and N transformations in arid systems [22, 46, 47] 

accounting for on average twice the N2O flux of bacteria in a Chihuahuan Desert system 

[22] because fungi are able to metabolize at lower water potentials than are bacteria [46, 

47].   

Although increased phosphatase activity in response to N deposition has been 

previously been found in northern hardwood forests [48-50] and in the Chihuahuan 

Desert grasslands [20] neither acid phosphatase or phosphodiesterase activity differed 

during our experiment. However, soil P concentrations were shown to significantly 

increase with simulated N deposition. Acid phosphatase was chosen as mean pH at our 

study site pH is never above 6; however, it is possible that phosphatase (at pH = 6.5) 

activity is responsible for the increase in soil P concentrations as with previous N 

deposition studies [20, 48-50]. 

This study occurred during the fifth year of a simulated N deposition study in a 

mid-elevation sotol grasslands in BBNP. Despite the chronic N deposition additions few 

measured microbial parameters evaluating C cycling showed a strong sustained response 

to the additional N deposition. This was previously attributed to the possibility that the 

sotol grasslands has begun to enter an N-saturated condition as evidenced by the decline 

in soil pH found in long-term pH measurements beginning in January of 1996 (Fig. 2.15); 

however, responses in N substrate utilization (primarily amino acids), N cycling enzymes 

(β-glucosaminidase) and soil P concentrations were found in this study. Therefore, the 

system has not reached a completely saturated state where it is unable to respond to 

further N additions. Another possibility is that the treatments administered during this 

study were not high enough to elicit a sustained response. As previously noted our 
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highest level of N addition (12N =12 kg-N h
-1

 y
-1

) is much lower than most experimental 

studies evaluating ranges of N from 30 kg-NO3
-
 h

-1
 y

-1
 [51, 52] to 150 - 600kg-N h

-1
 y

-
1 

[16, 53, 54]. Finally, this study was conducted on a set sampling schedule not correlated 

to precipitation events. According to current moisture pulse-reserve models for North 

American deserts microorganisms are much more responsive to even small moisture 

pulses [55, 56] than are plants, and the wet-dry cycle resulting from the pulse event can 

result in initial stimulation of C and N mineralization and an increase in MBC followed 

by a decrease as the soil dries [57], and in the case of CO2 efflux, often returning to pre-

pulse wet levels within 48 hrs even with large pulse treatments [58]. It is therefore 

possible that the sampling schedule used in this study did not allow for the capture 

ephemeral pulse responses in the Sotol grasslands.  

Seasonal Comparisons 

Total annual precipitation was above the mean during 2007 however, the winter 

and spring experienced greater rainfall than did the summer and fall. Saprophytic and 

AM fungal FAME abundances and Gram-negative bacterial abundances decreased in the 

summer and fall with the decrease in precipitation. In contrast, Gram-positive FAME 

abundances increased throughout the year with a maximum abundance during the fall 

sample period. RDA analysis on FAME abundances showed no strong or consistent 

correlations between Gram-positive FAME abundance and any measured parameter 

suggesting that Gram-positive FAME abundance are not tied to any specific edaphic 

parameters. Furthermore, the lower stress responses associated with some Gram-positive 

bacteria in response to climatic variability [59] likely accounted for the increased shift to 

a higher Gram-positive vs. Gram-negative FAME abundance during 2007.   
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Both fungi and bacteria are active in the C and N cycles in terrestrial systems. 

However, the fungal component of the microbial community was dominant in terms of 

FAME abundances during this study and in previous ones in the Chihuahuan Desert 

(Chapter II, [29, 30, 60]). Additionally, fungal functional diversity was found to be much 

greater than bacterial functional diversity throughout this study and the previous one 

(Chapter II). Bell et al. [30] showed similar findings in the sotol grasslands with one 

exception. Bacterial functional diversity was more strongly correlated to soil moisture 

than was fungal functional diversity, with bacteria seemingly able to react more quickly 

to precipitation events and eclipse fungal substrate activity in response to a precipitation 

event. However, fungal dominance in the sotol grasslands appears to be the normal state 

between moisture pulses as they are well adapted to the extreme heat conditions and 

inconsistent moisture pulses associated with arid systems [61]. 

Conclusions 

 These results show that fungal populations are dominant structural and functional 

components of the soil microbial communities in arid ecosystems. Although N deposition 

did not permanently alter the microbial community structure Gram-negative bacterial 

abundances increased due to additional N deposition in the spring but not in other seasons 

suggesting that the effect of N deposition on bacterial communities may be mediated by 

soil temperature. Although function of fungi and bacteria with respect to C cycling were 

not impacted due to the additional N deposition fungal utilization of amino acids and N 

cycling enzyme activity waere altered by the increased N deposition. As shown in other 

studies the mineralization of amino acids appears to be an important component of the 

fungal response to increased N deposition.  
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Table 3.1 Breakdown of microbial fatty acid markers as used in FAME analysis. 

Fatty Acids Associations 
Actinomycetes  

10 methyl 16:0 Actinomycetes [62-64], Gram + [64-66] 

10 methyl 17:0 Actinomycetes [62] 

10 methyl 18:0 Actinomycetes [62, 63, 67]  

Gram Positive Eubacteria  

14:0 iso Gram + [66] 

15:0 iso Gram + [64-66, 68-70] 

15:0 anteiso Gram + [64-68]  

16:0 iso Gram + [65, 66, 68, 69]  

17:0 iso Gram + [64-68] 

17:0 anteiso Gram + [64, 65, 67, 69]  

Gram Negative Eubacteria  

16:1ω9c Gram - [64, 65, 69]  

16:1ω7c Gram - [65, 70, 71]  

16:1ω7t Gram - [67, 69] 

Cyclo 17:0 Gram - [64-69]  

18:1ω7c Gram - [64-69]  

18:1ω7t Gram - [66] 

18:1ω5c Gram - [64, 65]    

Cyclo 19:0 Gram - [65-69] 

Protozoa  

20:4ω6 Protozoa [63, 67, 71]  

Fungi  

18:1ω9c Fungi [65, 66, 72], AM [73] 

18:2ω6,9 Fungi [65-67, 71, 73, 74] 

18:3ω3 Fungi [67, 71] 

20:5ω3 Fungi [73] 

Arbuscular Mycorrhizae  

16:1ω5c AM [67, 73]  

20:1ω9c AM [73] 

20:2ω6c AM [73] 

22:1ω9c AM [73] 

  

 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Heath W. Grizzle, August 2011 

 104 

Table 3.2 Seasonal mean comparisons of relative abundance of FAME indicators for the 

different elements of the microbial community during 2007 from the Sotol grasslands in 

Pine Canyon, Big Bend N.P. (including 95% confidence intervals).  G - = Gram-negative 

eubacteria, G + = Gram-positive eubacteria, Act = Actinomycete eubacteria, Saprobe = 

saprophytic fungi and AM = arbuscular mycorrhizal fungi.  

 

 

  Winter Spring 

FAME Relative 
Abundance 

Lower 
CI Mean 

Upper 
CI 

Lower 
CI Mean 

Upper 
CI 

Gram - 2.59 3.12 3.58 4.34 4.81 5.27 

Gram + 7.69 8.28 8.87 9.18 9.76 10.35 

Act 2.04 2.34 2.64 2.12 2.42 2.72 

Saprobe 15.79 17.15 18.52 16.88 18.24 19.61 

AM  5.86 6.78 7.69 6.07 6.98 7.89 

  Summer Fall 

FAME Relative 
Abundance 

Lower 
CI Mean 

Upper 
CI 

Lower 
CI Mean 

Upper 
CI 

Gram - 1.36 1.83 2.29 1.91 2.37 2.84 

Gram + 9.66 10.25 10.84 10.58 11.17 11.76 

Act 2.03 2.32 2.62 2.10 2.40 2.70 

Saprobe 12.01 13.38 14.74 13.18 14.55 15.91 

AM  4.21 5.12 6.04 3.14 4.97 4.06 
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Table 3.3 Seasonal mean comparisons of microbial functional diversity parameters 

during 2007 from the Sotol grasslands in Pine Canyon, Big Bend N.P. (including 95% 

confidence intervals). A) Substrate Activity (SA), the sum of optical densities in all wells 

per plate in Biolog microtiter plates. B) Substrate Richness (SR), the number of 

substrates utilized on Biolog microtiter plates. BSA = bacterial substrate activity (Biolog 

GN-2 plates), BSR = bacterial substrate richness (Biolog GN-2 plates), FSA = fungal 

substrate activity on C (Biolog SFN-2 plates), FSR = fungal substrate richness on C 

(Biolog SFN-2 plates), NSA = fungal substrate activity on N (Biolog PM3 plates) and 

NSR = fungal substrate richness on N (Biolog PM3 plates).  

 A. Winter Spring 

Functional Diversity (total 
activity) 

Lower 
CI Mean 

Upper 
CI 

Lower 
CI Mean 

Upper 
CI 

BSA 2.99 5.24 7.50 1.40 3.65 5.91 

FSA 60.02 68.45 76.89 60.17 68.61 77.05 

NSA 29.35 33.00 36.64 29.98 33.62 37.27 

  Summer Fall 

Functional Diversity (total 
activity) 

Lower 
CI Mean 

Upper 
CI 

Lower 
CI Mean 

Upper 
CI 

BSA 4.41 6.67 8.92 -1.64 0.62 2.87 

FSA 65.93 74.37 82.80 47.24 55.68 64.12 

NSA 30.19 33.84 37.49 27.13 30.77 34.42 

 

 

 B. Winter Spring 

Functional Diversity (# of 
utilized substrates) 

Lower 
CI Mean 

Upper 
CI 

Lower 
CI Mean 

Upper 
CI 

BSR 9.73 13.33 16.94 4.49 8.10 11.71 

FSR 76.83 82.37 87.91 65.13 70.67 76.21 

NSR 72.50 77.33 82.17 68.13 72.97 77.80 

  Summer Fall 

Functional Diversity (# of 
utilized substrates) 

Lower 
CI Mean 

Upper 
CI 

Lower 
CI Mean 

Upper 
CI 

BSR 10.39 14.00 17.61 -1.27 2.33 5.94 

FSR 76.09 81.63 87.18 64.23 69.77 75.31 

NSR 71.63 76.47 81.30 61.83 66.67 71.50 
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Figure 3.1 Monthly precipitation collected during 2007 from the Panther Junction Visitor 

Center (elevation 1143 m) in Big Bend National Park, TX. Total annual precipitation 

during 2007 = 387.23 mm.  
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Figure 3.2 Microbial Biomass Carbon Analysis. Seasonal response patterns of 

microbial biomass C to simulated N deposition treatments during 2007 from the 

Sotol grasslands in Pine Canyon, Big Bend N.P. Treatments are Control (C), an 

addition of 4 kg-N h
-1

 yr
-1

 (4N) and an addition of 12 kg-N h
-1

 yr
-1

 (12N). Values 

are mean ± SE.  
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Figure 3.3 FAME analysis. Seasonal response patterns of fungal community 

structure to simulated N deposition treatments expressed as relative abundance of 

A) arbuscular mycorrhizae and B) saprophytic fungi during 2007 from the Sotol 

grasslands in Pine Canyon, Big Bend N.P. Treatments are Control (C), an addition 

of 4 kg-N h
-1

 yr
-1

 (4N) and an addition of 12 kg-N h
-1

 yr
-1

 (12N). The FAME 

markers used to assess saprophytic and AM fungal abundances are listed in Table 

3.1. Values are mean ± SE. Lower-case letters indicate significant differences 

across seasons at P ≤ 0.05 using Fishers LSD post-hoc analysis.  
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Figure 3.4 FAME analysis. Seasonal response patterns of bacterial community 

structure to simulated N deposition treatments expressed as relative abundance of 

A) Gram-positive bacteria, B) Gram-negative bacteria and C) actinomycete 

bacteria during 2007 from the Sotol grasslands in Pine Canyon, Big Bend N.P. 

Treatments are Control (C), an addition of 4 kg-N h
-1

 yr
-1

 (4N) and an addition of 

12 kg-N h
-1

 yr
-1

 (12N). The FAME markers used to assess Gram-negative, Gram-

positive and actinomycete eubacterial abundances are listed in Table 3.1Values 

are mean ± SE. Lower-case letters indicate significant differences across seasons 

at P ≤ 0.05 using Fishers LSD post-hoc analysis. Greek letters indicate a 

significant difference in the interaction between season by N deposition treatment 

at P ≤ 0.05 using Fishers LSD post-hoc analysis. 
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Figure 3.5 Biolog Analysis. Seasonal response patterns of bacterial functional 

diversity to simulated N deposition treatments during 2007 from the Sotol 

grasslands in Pine Canyon, Big Bend N.P. Treatments are Control (C), an addition 

of 4 kg-N h
-1

 yr
-1

 (4N) and an addition of 12 kg-N h
-1

 yr
-1

 (12N). A) mean 

eubacterial substrate activity (BSA), BSA is equal to the sum of activity 

(measured at 590 nm) on Biolog GN-2 microtiter plates. B) mean eubacterial 

substrate richness (BSR), BSR is equal to the number of substrates utilized out of 

95 on Biolog GN-2 microtiter plates. Values are mean ± SE. Lower-case letters 

indicate significant differences across seasons at P ≤ 0.05 using Fishers LSD post-

hoc analysis.  
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Figure 3.6  Fungilog Analysis. Seasonal response patterns of fungal functional 

diversity on C substrates to simulated N deposition treatments during 2007 from 

the Sotol grasslands in Pine Canyon, Big Bend N.P. Treatments are Control (C), 

an addition of 4 kg-N h
-1

 yr
-1

 (4N) and an addition of 12 kg-N h
-1

 yr
-1

 (12N). A) 

mean fungal substrate activity on C substrates (FSA), FSA is equal to the sum of 

activity (measured at 590 nm) on Biolog SFN-2 microtiter plates. B) mean fungal 

substrate richness on C substrates (FSR), FSR is equal to the number of substrates 

utilized out of 95 on Biolog SFN-2 microtiter plates. Values are mean ± SE. 

Lower-case letters indicate significant differences across seasons at P ≤ 0.05 

using Fishers LSD post-hoc analysis.  
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Figure 3.7 Nitrolog Analysis. Seasonal response patterns of fungal functional 

diversity on N substrates to simulated N deposition treatments during 2007 from 

the Sotol grasslands in Pine Canyon, Big Bend N.P. Treatments are Control (C), 

an addition of 4 kg-N h
-1

 yr
-1

 (4N) and an addition of 12 kg-N h
-1

 yr
-1

 (12N). A) 

mean fungal substrate activity on N substrates (NSA), NSA is equal to the sum of 

activity (measured at 590 nm) on Biolog PM3 microtiter plates. B) mean fungal 

substrate richness on N substrates (NSR), NSR is equal to the number of 

substrates utilized out of 95 on Biolog PM3 microtiter plates. Values are mean ± 

SE. Lower-case letters indicate significant differences across seasons at P ≤ 0.05 

using Fishers LSD post-hoc analysis. β 
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Figure 3.8 Activity of C and N cycling enzymes. Seasonal response patterns of 

potential extracellular enzyme activity of soil microbial communities to simulated 

N deposition treatments during 2007 from the Sotol grasslands in Pine Canyon, 

Big Bend N.P. Treatments are Control (C), an addition of 4 kg-N h
-1

 yr
-1

 (4N) and 

an addition of 12 kg-N h
-1

 yr
-1

 (12N). A) β-glucosidase B) β-glucosaminidase. 

Values are mean ± SE. Lower-case letters indicate significant differences across 

seasons at P ≤0.05 using Fishers LSD post-hoc analysis. Greek letters indicate a 

significant difference in the interaction between season by N deposition treatment 

at P ≤ 0.05 using Fishers LSD post-hoc analysis. 
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Figure 3.9 Enzyme Assays (P cycling). Seasonal response patterns of potential 

extracellular enzyme activity of soil microbial communities to simulated N 

deposition treatments during 2007 from the Sotol grasslands in Pine Canyon, Big 

Bend N.P. Treatments are Control (C), an addition of 4 kg-N h
-1

 yr
-1

 (4N) and an 

addition of 12 kg-N h
-1

 yr
-1

 (12N). A) acid phosphatase B) phosphodiesterase. 

Values are mean ± SE. Lower-case letters indicate significant differences across 

seasons at P ≤ 0.05 using Fishers LSD post-hoc analysis. 
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Figure 3.10 Extractable N Analysis. Seasonal response patterns of extractable soil 

N to simulated N deposition treatments during 2007 from the Sotol grasslands in 

Pine Canyon, Big Bend N.P. Treatments are Control (C), an addition of 4 kg-N h
-1

 

yr
-1

 (4N) and an addition of 12 kg-N h
-1

 yr
-1

 (12N). A) extractable NO3
- 
-N, B) 

Extractable NH4
+ 

-N Values are mean ± SE. Lower-case letters indicate 

significant differences across seasons at P ≤0.05 using Fishers LSD post-hoc 

analysis. 
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Figure 3.11 Available P & S Analysis. Seasonal response patterns of available 

soil P and S to simulated N deposition treatments during 2007 from the Sotol 

grasslands in Pine Canyon, Big Bend N.P. Treatments are Control (C), an addition 

of 4 kg-N h
-1

 yr
-1

 (4N) and an addition of 12 kg-N h
-1

 yr
-1

 (12N). A) Available P, 

B) available S. Values are mean ± SE. Lower-case letters indicate significant 

differences across seasons at P ≤0.05 using Fishers LSD post-hoc analysis. 

Upper-case letters in legend indicate significant differences between treatments at 

P ≤0.05 using Fishers LSD post -hoc analysis. 
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Figure 3.12 Seasonal response patterns of percent soil moisture and organic C to 

simulated N deposition treatments during 2007 from the Sotol grasslands in Pine 

Canyon, Big Bend N.P. Treatments are Control (C), an addition of 4 kg-N h
-1

 yr
-1

 

(4N) and an addition of 12 kg-N h
-1

 yr
-1

 (12N). A) % soil moisture, B) % organic 

C. Values are mean ± SE. Upper-case letters indicate significant differences 

across seasons at P ≤0.05 using Fishers LSD post-hoc analysis. 

 



Texas Tech University, Heath W. Grizzle, August 2011 

 119 

 

 

Figure 3.13 Seasonal response patterns of soil pH to simulated N deposition 

treatments during 2007 from the Sotol grasslands in Pine Canyon, Big Bend N.P. 

Treatments are Control (C), an addition of 4 kg-N h
-1

 yr
-1

 (4N) and an addition of 

12 kg-N h
-1

 yr
-1

 (12N). A) % soil moisture, B) % organic C. Values are mean ± 

SE. Values of pH were converted to H
+
 concentration before computing the mean 

and standard errors.  
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Figure 3.14 RDA graph displaying seasonal response of microbial community structure 

(response variables) as a function of environmental parameters (predictor variables) and 

simulated N deposition treatments during 2007. Treatments (▲) are Control (C), an 

addition of 4 kg-N h
-1

 yr
-1

 (4N) and an addition of 12 kg-N h
-1

 yr
-1

 (12N). Axes are 

labeled with percent variance explained by each axis. GP FAME  = Gram-positive 

bacteria, GN FAME = Gram-negative bacteria, Act FAME = actinomycete bacteria, SAP 

FAME = saprophytic fungi and AM FAME = arbuscular mycorrhizae. SM = % soil 

moisture, OrgC = % organic C, NO3 = NO3
- 
-N, NH4 = NH4

+
 -N, S = available S, P = 

available P and pH = soil pH.  
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Figure 3.15 RDA graph displaying seasonal response of microbial functional diversity 

parameters (response variables) as a function of environmental parameters (predictor 

variables) and simulated N deposition treatments during 2007. Treatments (▲) are 

Control (C), an addition of 4 kg-N h
-1

 yr
-1

 (4N) and an addition of 12 kg-N h
-1

 yr
-1

 (12N). 

Axes are labeled with percent variance explained by each axis. BSA = Bacterial Substrate 

Activity, BSR = Bacterial Substrate Richness, FSA = Fungal Substrate Activity on C, FSR 

= Fungal Substrate Richness on C, NSA = Fungal Substrate Activity on N and NSR = 

Fungal Substrate Richness on N. SM = % soil moisture, OrgC = % organic C, NO3 = 

NO3
- 
-N, NH4 = NH4

+
 -N, S = available S, P = available P and pH = soil pH.  
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Figure 3.16 RDA graph displaying seasonal response of extracellular enzyme activity 

(response variables) as a function of environmental parameters (predictor variables) and 

simulated N deposition treatments during 2007. Treatments (▲) are Control (C), an 

addition of 4 kg-N h
-1

 yr
-1

 (4N) and an addition of 12 kg-N h
-1

 yr
-1

 (12N). Axes are 

labeled with percent variance explained by each axis. B-gluc = β-glucosidase, B-gluc 

amin = β-glucosaminidase, Phos di = phosphodiesterase and acid P = acid phosphatase. 

SM = % soil moisture, OrgC = % organic C, NO3 = NO3
- 
-N, NH4 = NH4

+
 -N, S = 

available S, P = available P and pH = soil pH.  
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Figure 3.17  

Discriminant Function Analysis evaluating differences in individual N substrates 

from the Nitrolog Analysis (BIOLOG PM3 microtiter plate). Stepwise selection 

was used to choose a subset of variables that best discriminates between the N 

deposition treatments. Data were collected during the winter, spring, summer and 

fall of 2007 in the mid-elevation Sotol grassland in Big Bend National Park, TX. 

Treatments are Control (C), an addition of 4 kg-N h
-1

 yr
-1

 (4N) and an addition of 

12 kg-N h
-1

 yr
-1

 (12N). A) Treatments are separated along DF 1 and DF 2 a plus 

sign (+) indicates the centroid of each treatment. Each centroid is encompassed by 

95% confidence ellipses. B) Discriminant Function vector loadings, where the 

numbered vector lines represent vector loadings of variables on DF1 and DF2 and 

correspond to the following N substrates: the amino acids; L-arginine, L-

glutamine, L-histadine, Ala-Gln (alanine-glutamine mixture), Gly-Asn (glycine-

asparagine mixture), Gly-Met (glycine-methionine mixture) and one amine 

(ethanolamine). 

 

 

 



Chapter IV 

Summary 

  Although levels of nitrogen addition applied to the grassland and forest 

sites in the Pine Canyon Watershed were low as compared with other investigations, the 

four year study demonstrated that soil microbial communities in the high elevation Oak-

Pine forest and from the mid-elevation Sotol grasslands greatly differ in their responses 

to simulated increased nitrogen deposition. Fungal carbon utilization and overall 

microbial biomass was altered in the Oak-Pine forest. Low-level additions of nitrogen (4 

g/ha/yr) increased both fungal carbon utilization and overall microbial biomass carbon 

whereas the high-level nitrogen additions (12 g /ha/yr) repressed these aspects of the 

microbial community . In contrast, microbial communities in the Sotol grasslands did not 

show a long-term sustained response to nitrogen additions at either level. Fungal nitrogen 

utilization did, however, show an initial response to the first applications of simulated 

low- and high-level nitrogen deposition. Initial increases in activity in the nitrogen treated 

soils only occurred in the first two sampling periods, and did not occur again during the 4 

year research project. Additionally, variable precipitation across seasons  and years were 

demonstrated to play an important role in controlling fungal carbon utilization in both 

sites irrespective of nitrogen additions. In April 2004 when measured spring precipitation 

was the highest during the duration of the study, fungal carbon utilization was high in 

both sites. In April 2006, after a 6 month drought,, fungal carbon utilization was lowest in 

both sites. Furthermore, fungal carbon utilization in the Sotol grasslands was most similar 

during the summer sampling periods, showing the greatest variability only during the 

spring.  
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 To further elucidate the underlying microbial dynamics that were observed for the 

period 2003-2006, I altered my research design to include soil sampling during the fall, 

spring, summer and winter during 2007. Furthermore, soil samples were only collected in 

the Sotol grasslands as part of a joint research project designed to evaluate the impacts of 

simulated increased nitrogen deposition on both the below-ground (microbial) and above-

ground (plant) component of the soil system. Additionally, the evaluation of microbial 

communities was expanded to include new techniques which improved my understanding 

of the effects of simulated increased nitrogen deposition on microbial communities. Only 

research evaluating microbial responses were discussed in this dissertation.  

 Microbial carbon utilization and carbon cycling enzymes were not affected by 

simulated increased nitrogen deposition treatments in the Sotol grasslands during 2007. 

However, fungal nitrogen utilization was found to be positively correlated with the levels 

of simulated nitrogen deposition. A closer inspection of the data revealed that the primary 

sources of the correlation was utilization of amino acids by saprophytic fungi. Although 

the response was not consistent across all measured amino acids, the utilization of many 

amino acids was increased with increased simulated nitrogen deposition. This response is 

not uncommon in arid systems as fungi are believed to be the dominant organisms 

responsible for nitrogen cycling in arid systems. Some studies have concluded that most 

N2O produced in desert soils by fungal pathways are produced by the mineralization of 

protein and the amino acids. Additionally, β-glucosaminidase activity was decreased with 

increased simulated nitrogen deposition during the winter of 2007. Finally, available soil 

phosphorus concentrations were increased during 2007 with increased nitrogen 

deposition treatments. This response is likely enzymatic in origin, and a response to the 
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reduced limitation of soil nitrogen on plant growth. Although total microbial biomass 

carbon was not affected by simulated increased nitrogen deposition during 2007, the 

relative abundance of Gram-negative bacteria were shown to increase with increasing 

nitrogen deposition during the spring sampling period. As this response only occurred 

during the spring,  lower soil temperatures in the spring when compared to the summer 

may have accounted for this pattern. Similarly, soil fungal abundances were much higher 

in the fall and spring sampling periods, but despite high soil moisture in the fall their 

community abundance decreased during the summer. Finally, Gram-positive bacterial 

community abundance increased throughout the year despite the high soil temperatures in 

the summer, as many Gram-positive bacteria adaptations allowing them to survive 

environmental stresses encountered in the soil.  

 In conclusion, soil microbial structural and functional responses of the high-

elevation Oak-Pine forest and mid-elevation Sotol grasslands in the Chihuahuan Desert at 

Big bend National Park greatly differed  in response to simulated increased nitrogen 

deposition. Total microbial biomass carbon and carbon utilization by soil fungal 

communities was increased under low-level nitrogen additions and subsequently 

repressed by high-level nitrogen additions in the Oak-Pine forest. In contrast, while 

microbial carbon utilization was not affected by simulated nitrogen deposition in the 

Sotol grasslands, fungal nitrogen utilization and nitrogen cycling enzymes were affected. 

Finally, seasonal patterns in  soil temperatures play an important role in regulating soil 

microbial function and community structure, especially in the Sotol grasslands 

irrespective of nitrogen inputs. Differences in the response of the soil microbial 

communities to additional nitrogen deposition between the two vegetation zones reflects 
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fundamental differences in microbial community structure and function as they are 

influenced by the structure of the plant communities, carbon quality and quantity and 

seasonal patterns in soil moisture and temperature. Moreover, abiotic constraints at the 

sotol grassland site and the composition of the vegetation may preclude the soil microbial 

community from utilizing the additional nitrogen. Thus, the interaction of vegetation type 

and microbial dynamics is crucial for predicting the impacts of nitrogen deposition even 

within an arid ecosystem. If nitrogen deposition continues at current levels, the results 

from this investigation indicate that soil fungal dynamics associated with organic 

nitrogen sources will be altered influencing amounts of soil carbon that is retained within 

the system. As the higher elevations at BBNP likely receive higher level of atmospheric 

nitrogen than the mid-elevation grasslands due to increased wet deposition continued 

inputs are likely to decrease fungal decomposition rates and subsequent mineralization 

processes. 

 


