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ABSTRACT 
 Global climate change models for desert ecosystems not only predict an 

increase in mean temperatures but also an increase in the daily low temperatures, 

resulting in a decrease in daily temperature range (DTR).  While soil moisture and 

antecedent precipitation regimes are considered in current models for desert ecosystem 

functioning, these models are limited in understanding the role of temperature and 

seasonal variability, specifically the daily temperature range and the response of soil 

microbial communities to available soil moisture during different times of the year.  

This study seeks to utilize new automated soil gas monitoring technology and solar 

shading, altering the DTR by increasing nightly low temperatures and decreasing daily 

high temperatures, to measure soil microbial community respiration activity in 

response to reduced DTR compared with unaltered soil temperature dynamics in 

control plots.  The research was conducted in a creosotebush bajada in the Chihuahuan 

Desert in Big Bend National Park.  Over the course of a year of with observations 

beginning in November 2012 and ending in December 2013, the soil monitoring 

equipment recorded hourly temperatures and CO2 emissions from the top 15 cm of 

soil. Soil sampling over the study period was conducted to determine levels of 

microbial biomass of carbon (MBC), fungal substrate activity (FSA), fungal substrate 

richness (FSR), extractable soil ammonia (NH4-N) and nitrate (NO3-N), extractable 

phosphorus (P), available potassium (K), soil organic matter (SOM), and soil pH.  For 

some of the experimental parameters there was no significant difference between 

treatments on individual sampling dates, but there was an observed difference between 

treatment groups for some parameters across the whole time period of the study.  
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Reduced DTR plots experienced an increase 7.7% in CO2 flux, an increase of 28.9% 

in MBC, a 32% increase in FSA, and a 26% increase in FSR.  These results indicate 

that in addition to the pattern of rain events and levels of soil moisture, soil microbial 

activity in arid and semi-arid regions is governed in some way by soil temperatures 

over the day.  Reductions in DTRsoil appear to ultimately allow soil microbial 

communities to respond to rain events more robustly than previously predicated by 

moisture responses alone.  Thus, DTRsoil changes the magnitude of the response but 

not the overall seasonal timing of the response.  Even when soil moisture is optimal, 

microbial activity as measured by CO2 efflux was reduced when DTR soil was high.  

The incorporation of DTR response in microbial communities in desert soils will help 

to fully understand and predict the impact of further climate change in regions that are 

already sensitive to variable climate and precipitation. 
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CHAPTER I - INTRODUCTION 
Temperature regulates and controls many chemical reactions in both physical 

and biological systems, including most ecosystem processes (Hobbie, 1996; Pregitzer 

& King, 2005; Lin et al., 2010). Soil nutrient dynamics and organic matter 

decomposition respond to soil temperature, which also regulates the activity of soil 

microbes that facilitate these vital processes (Wardle, 2004; Bardgett, 2005).  Our 

understanding of how soil temperatures affect microbial activity and functional 

diversity is greatly lacking, and in the midst of global climate change it is imperative 

that we better understand the magnitude of this process to help manage and protect our 

natural resources and develop sustainable agricultural practices under increasing 

climate variability. 

Global climate change studies have shown that global temperatures have 

increased 0.74 °C since the previous century and temperatures are projected to 

increase to as much as 6.4 °C within the next decade (IPCC, 2007).  While the 

implications of this increase in daily maximum air temperature, Tmax, are troubling, 

another discovery in climate studies is an increase in daily minimum air temperatures, 

Tmin.  This increase in Tmin has been shown to be increasing at a rate greater than that 

of Tmax (Vose et al., 2005; Zhou et al., 2009).  This unbalanced change in temperature 

patterns has resulted in a reduction of the daily temperature range for air, DTRair (Vose 

et al., 2005; Zhou et al., 2009).   

Air temperatures have a strong influence on soil temperatures, and the resultant 

reduction in DTRair will likely have an effect on the daily temperature range of the 
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soil, DTRsoil (Nobel & Geller, 1987; Kemp et al., 1992; van Gestel et al., 2011; van 

Gestel et al. 2015).  The current reduction in DTRsoil has been shown to be 43% more 

pronounced in arid and semiarid ecosystems when compared to other ecosystems 

(Zhou et al., 2009).  Lower vegetation density and greater heat-holding capacity of 

soils in arid and semiarid ecosystems appears to be the prevailing factor in 

determining soil temperatures at shallow depths based on air temperatures (Parton, 

1984; Kemp et al., 1992; Pregitzer & King, 2005; Zhou et al., 2007).  

Bacteria and fungi are the primary decomposers of soil organic matter and are 

essential to the mineralization of nitrogen and phosphorus in terrestrial ecosystems 

(Wardle, 2004; Bardgett, 2005; Paul, 2007).  Soil microbes produce the critical 

cellulose-, chitin-, and lignin-degrading enzymes, which are responsible for recycling 

organic matter and associated nutrients back to primary producers (Conant et al., 

2011; Wallenstein et al., 2011) under a given set of abiotic conditions that is optimal 

for all terrestrial ecosystems.  These enzymes, and the microbes that produce them, do 

respond to different temperatures regimens; however, understanding what aspects of 

soil temperature (min, max, average, or range) actually regulates microbial activity is 

needed (Conant et al., 2011; Tibbett et al., 1999). When soils in a Chihuahuan Desert 

creosotebush bajada were subjected to an experimental reduction of DTRsoil, microbial 

biomass carbon and increased irrespective of any change in soil moisture, with a 

reduction in extractable NO3-N caused by the increased activity of soil microbes as the 

temperature stress of a high DTRsoil was lowered (van Gestel et al., 2011).   
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Soil microbial activity in response to temperature variation can also be 

analyzed by monitoring CO2 emissions. Soil respiration data can also allow for a 

greater understanding of how soil temperatures may affect carbon sequestration or 

carbon dynamics in semiarid ecosystems under increasing climate variability.  Karhu 

et al (2014) in a study across multiple ecosystems showed that the magnitude of the 

response of soil microbes to temperature increases remains uncertain, as the response 

of soil microbial communities to changing temperatures has the potential to either 

decrease or increase warming-induced carbon losses through increased respiration. 

Until recently, most data on soil respiration was limited to short time frames (weeks to 

a month), but with current technologies, observation times can be extended to full 

seasons or years (Li-Cor, Inc., 2013).  Understanding how CO2 emission levels change 

over time under different DTRsoil will improve our knowledge on what effects climate 

change may have on the amount of carbon soil microbes take up and how much they 

release back into the environment.  

Impacts of soil temperatures can have a seasonal component that is responsible 

for much of the microbial activity observed within ecosystems.  Bell et al (2009) 

showed that fungal activity was regulated by soil temperatures for a mid-elevation 

sotol-grassland in the Chihuahuan Desert, while bacterial activity was regulated by 

soil moisture irrespective of soil temperatures. Using a combination of FAME and 

DGGE analyses along with BioLog and FungiLog methods to characterize functional 

capabilities, Clark et al (2009) examined microbial community structure and function 

along an elevation gradient in the Chihuahuan Desert at Big Bend National Park.  
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They concluded from this study that the changes in the magnitude of precipitation 

events and temperatures predicted for the region on soil microbial structure and 

function for bacteria and fungi were site specific along the elevation gradient. The soil 

bacterial communities in the mid-elevation sotol-grassland location was most 

vulnerable to changes in precipitation size and frequency while fungal community 

structure was most venerable in the low desert scrub sites (Clark et al., 2008). 

Working in a precipitation manipulation experiment in a grassland ecosystem in 

California, Hawkes et al. (2011) found that the response of soil fungi to altered rainfall 

was due in large part to how the alterations related to current rainfall patterns.  

Changes in precipitation will also have impacts on seasonal patterns in soil 

temperatures and indirect consequences to soil microbial dynamics. 

Temperature along with soil moisture also influences the mineralization of soil 

nitrogen (Agehara & Warncke, 2005).  Specifically, a proportional relationship 

between temperature and production of soil nitrate (NO3-N) in incubated soils that 

could be linked to the activity of soil microbes as long as sufficient soil moisture is 

available.  Carbon to nitrogen ratios (C:N), also show dependence on soil temperature 

as the activity of soil microbes that facilitate the process of mineralization can be 

limited by extreme high and low temperature (MacDonald et al., 1994; van Gestel et 

al., 2011). 

 This study focused on the effects of DTRsoil on microbial activity and 

associated nitrogen dynamics as evaluated by microbial biomass production, 

functional diversity, and CO2 evolution in a Chihuahuan Desert creosotebush bajada at 
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Big Bend National Park.  The study builds upon the information previously collected 

at the site by van Gestel et al (2011); van Gestel et al 2015 and Dhurgana 2013.  The 

core experimental hypothesis for this study is that reduced DTR in creosotebush 

bajada soils will result in an increase in soil microbial community activity.  The 

predictions that I will use to evaluate the hypothesis are that 1) a reduction in DTRsoil 

will increase soil respiration during the summer, 2) The increase in soil respiration is 

attributed to an increase in soil microbial biomass and functional capabilities on 

carbon compounds, and 3) CO2 respiration levels will be negatively related to soil 

nitrogen availability by influencing the immobilization and mineralization patterns of 

nitrogen in soil microbes.  
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CHAPTER II - METHODOLOGY 

Site Description 
The second largest desert in North America, the Chihuahuan Desert straddles 

the US and Mexican border as it runs from the central and northern regions of Mexico 

into southwestern Texas and southern parts of New Mexico and Arizona.  Sheltered by 

the Sierra Madres, the Chihuahuan Desert can boast as one of the most biologically 

diverse arid regions in the world (Dinerstein et al., 2000 and Olson & Dinerstein, 

1998).  Big Bend National Park occupies the central extents of the desert that crosses 

over southwest Texas. 

This study was conducted within a creosotebush bajada (Rice Tank location) 

within the Pine Canyon Watershed (N 29°13’43” latitude, W 103°10’12” longitude, 

962 m elevation) in Big Bend National Park, Chihuahuan Desert (Figure 1). Soil at the 

site is a gravelly, fine sandy loam of the Chilicotal series (loamy-skeletal, mixed, 

superactive, thermic Ustic Haplocalcids) (Cochran & Rives, 1985) with a pH of 8.1. 

The dominant vegetation includes Larrea tridentata (creosote bush), Agave 

lechuguilla (shin dagger), Leucophyllum frutescens (ceniza) and Opuntia sp. (prickly 

pear) (van Gestel et al., 2011; Dhungana, 2013). Based on data recorded by the 

National Oceanic and Atmospheric Administration (Weather Service, 2014) for 

Panther Junction, located in the central region of Big Bend National Park, annual 

climate patterns for Rice Tank typically consist of hot summers, mild autumn and 

springs, and cool winters with some freezing events that occur overnight.  

Precipitation is sparse for most of the year except for the summer months when 
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monsoonal rains move across the area.  There are intermittent rainfall events in the 

spring and little to no rain during the winter months.  Total annual rainfall has 

averaged 357 mm per year over the last ten years for this part of Big Bend National 

Park (Weather Service, 2014). 

 To reduce the daily temperature range of soil of the experimental plots, solar 

shading nylon cloth was employed following the experimental manipulation employed 

by van Gestel et al (2011), and Dhungana (2013).  The shade cloth used reduces the 

amount of solar radiation reaching the soil surface under the experimental plot by 

50%, thus reducing the daily high temperature of the soil surface.  The shade cloth 

also acts as an insulator, keeping the soil slightly warmer at night.  Due to their loosely 

woven design, these shade cloths would also allow rainfall to pass through.  The nylon 

shade cloth was suspended, using a PVC support frame, half-meter over the soil 

surface so that the shade cloth would not interfere with the Li-Cor automatic soil 

respiration chambers. The 3x3 meter experimental shade plots were set up in an 

alternating radial pattern with control plots with the main control and power unit for 

the Li-Cor 8100A soil monitoring equipment in the center (Figure 2).  Initially two 

plots were established for each treatment and then one month later, the study plots 

were expanded to four as additional chambers were obtained.  Plots were established 

such that they did not contain creosote bush shrubs or other larger plants which would 

be impacted by the implementation of the DTR reduction. All plots were fenced off 

with chicken wire fastened to rebar to keep animals out of the plots. 
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 Soil sampling was conducted during each season, from November 2012 

through December 2013. Specifically samples were collected in December 2012, 

March 2013, May 2013, July 2013, November 2013, and then December 2013 by 

taking two random samples to a depth of 15 cm to produce a composite soil sample 

from each plot.  Composite sampling was used to attain enough soil for analysis while 

minimizing disturbance to the plot in one location.  During sampling dates, data and 

basic maintenance and repairs to the Li-Cor 8100A soil monitoring equipment was 

also performed. 

Li-Cor 8100A 
 Monitoring sites for the Li-Cor 8100A gas analyzer were selected within the 

shade and control plots based on the relative proximity shrubs adjacent to the plots. 

We wanted the readers to be close vegetation outside of the plots because to capture 

potential CO2 derived from rhizosphere dynamics. 

 After soil collar rings were installed, the difference in the distances from the 

soil surface to the tip of the collar ring and the base frame of the reader to the top of 

the collar ring was calculated and inputted into the monitoring software to correct for 

the differences in monitored soil volume that would result in variations in the depths 

of the collar rings for each plot.. 

 Gas measurements were programmed to occur every hour continuously.  

Measurements were taken with a 30 second pre-purge of the air in the tubing leading 

up into the main gas analyzer, a 60 second recording phase, and then a 30 second post-

reading purge.  Values for carbon dioxide flux and surface soil temperature were 
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averaged among treatment (shaded soils) and control (exposed soils) groups.  The 

daily temperature range was then plotted alongside the mean carbon dioxide flux 

values. 

Microbial Biomass of Carbon 
The chloroform-fumigation and extraction method (Vance et al., 1987) was 

used to estimate microbial biomass carbon (MBC). From each soil sample, two 

duplicate sets of subsamples (5 g dry-weight equivalent) were obtained with one set 

chloroform-fumigated and another set non-fumigated. Both sets were incubated under 

vacuum in a moist environment for 48 hours. Total C in each sample was extracted 

using a 0.5 M K2SO4 solution and the amount of soluble C was estimated 

spectrophotometrically at 280 nm (Nunan et al., 1997) for each subsample with a 

correction factor of 0.45 (Vance et al., 1987). The amount of soluble carbon from the 

non-fumigated set of subsamples was subtracted from the corresponding set of 

fumigated subsamples before the amount of MBC was calculated (Nunan et al., 1997). 

Soil samples were processed within a week when returning from sampling and stored 

at 4 ºC.  Sampling for MBC occurred on December 2012, March 2013, May 2013, 

July 2013, and November 2013. 

FungiLog 
 FungiLog provides an indication of fungal community functional capabilities 

based on the metabolism of 95 different carbon sources within a 96-well microtiter 

array (Sobek & Zak, 2003).  Based on how many (Substrate Richness) carbon sources 
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are metabolized, and the total activity associated with a sample (Substrate Activity) 

comparisons between fungal communities functional diversity can be made 

 FungiLog preparation begins with preparing soil samples of 50-75 grams of 

mesothrophic soils; however 125-150 grams of arid soils were typically used to 

account for the extremely low levels of organic matter present in those samples.  The 

remaining steps were followed in the protocol outlined by Dobranic, Sobek, and Zak 

(1999 & 2003).  Absorbance readings at 590 nm were taken at 48, 72, and 120 hours 

after inoculation (Dobranic & Zak, 1999; Sobek & Zak, 2003). 

 Substrate activity was determined by summing the wells on the microtiter array 

that had absorbance values greater than the control well.  This value would indicate 

how many carbon sources could be metabolized by at least one member of the fungal 

community in the sample.  Substrate richness was determined by counting all the wells 

on the microtiter array that had absorbance values greater than the control well by at 

least 0.1 absorbance reading.  The slope of a linear line of best fit with the y-intercept 

set as zero was used to compare substrate activity and richness across sampling dates 

and treatments as the slope indicates the rate of substrate use by members of the soil 

fungal community.  Sampling for fungal substrate activity and richness occurred in 

December 2012, March 2013, July 2013, and November 2013. 

Soil Nutrient Content  
 Soil samples will be sent to Water’s Agricultural Laboratories, Inc. 

(Owensboro, KY, USA) for the evaluation of the levels of extractable NO3-N and 

NH4-N, available Phosphorus, Exchangeable Potassium, Soil pH (water and buffer), 
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and Soil Organic Matter.  Sampling for soil nutrient content were sent to Water's 

Agricultural Laboratories, Inc in November 2012, December 2012, March 2013, Jul 

2013, and December 2013. 

Statistical Analyses 
 Microbial biomass carbon values were first analyzed using a one-way ANOVA 

for each separate date and treatment combination to test for homogeneity using the 

Levene’s Test as the assessment (IBM SPSS version 22). Microbial biomass of carbon 

values were square-root transformed to obtain homogeneous variances. Differences 

across treatments and season were subsequently analyzed using a Repeated Measure 

ANOVA to determine both within and between subject effects of time, experimental 

treatment independent of time, and experimental treatment dependent on time. 

 The same approach was used to assess the effects of DTRsoil reduction on the 

slope values for FungiLog substrate activity and substrate richness, on the collective 

slopes for substrate activity and substrate richness on the FungiLog plates, extractable 

NO3-N and NH4-N, available phosphorus, exchangeable potassium, soil pH, and 

percentage Soil Organic Matter Based on the results of the Levene's test for 

homogeneity, values for nitrate, ammonia, phosphorus, and potassium were all log 

transformed before running the Repeated Measures ANOVA while the values for 

SOM were transformed by the arcsine square root of the value.  The values for pH 

were not transformed. Significant differences among sample dates, when significant 

were evaluated using the aposteriori Tukey test (IBM SPSS version 22).   
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 Redundancy analyses (RDA; ‘rda’ function) in R (assistance provided by N. 

van Gestel) to determine whether the relationship between environmental conditions 

(DTRsoil, soil moisture) and microbial and soil nutrient responses differed between 

DTR plots and control plots. To compensate for when the instruments were running 

the daily mean temperature range for the five days following sampling was used for 

the RDA. Data were centered and scaled prior to running the RDA to account for 

differences in units and ranges (van Gestel et al., 2015). 

 All statistical tests were performed using IBM SPSS version 22, and the R 

statistical software package, and graphs were produced using SigmaPlot 11.2 and R. 
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CHAPTER III - RESULTS 

Abiotic Observations 
 During the observational period from November 2012 to December 2013, there 

was a combined 34.93 cm of rainfall. Temperatures ranged from a high of 39.39 °C on 

June 1st, 2013 to a low of -5.0 °C on December 8th, 2013.  Average high daily 

temperature for the period of the experiment was 25.15 °C and average low daily 

temperature for the period of the experiment was 12.40 °C (Figure 3).  During the 

observational time of the experiment, small rain events occurred in November and 

December of 2012 with most of the annual precipitation arriving during August and 

September of 2013, and then smaller rainfall events occurring during November 2013 

(Figure 3).  Total accumulated rainfall for the fall of 2012 was 3.81 mm, 48.51 mm for 

the winter of 2012 to 2013, 58.93 mm for the spring of 2013, 99.57 mm for the 

summer of 2013, 130.30 mm for the fall of 2013, and 8.13 mm for the first part of the 

winter of 2013 to the end of the calendar year. 

 Percent soil moisture (gravimetric soil moisture) ranged from a low of 1.60% 

the control plots sampled in May 2013 to a high of 9.02% for the December 2013 

sample period with an average of 3.82% for the period of the study (Figure 4). For the 

reduced DTR plots the lowest level of percent soil moisture, 1.47%, was observed 

during July 2013 and the highest value, 8.04%, was observed during December 2013 

with an average of 3.12% for the period of the study. For both the control and reduced 

DTR treatment plots seasonal variability remained similar from November 2012 to 

May 2013, until July 2013 when the control plots experienced 59% higher percent soil 

moisture compared to the reduced DTR plots.  
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 The average gravimetric soil moisture (%) across all sample dates was 3.82% 

for the control plots and 3.12% for the reduced DTR plots.  Across all sample dates, 

soil moisture in the control plots were 18.5% higher than the reduced DTR plots.  The 

Repeated Measures ANOVA did not indicate a significant time effect for percent soil 

moisture across the duration of the experiment irrespective of the treatments (Figure 4 

and Table 1).  Nor was there a significant interaction of time and treatment indicating 

that manipulation of the DTR by way of soil shading did not influence the abiotic and 

biotic factors that affect soil moisture levels significantly on the basis of each 

individual sampling period.  There was a significant difference between the reduced 

DTR plots and the control plots with all of the dates combined (Table 1). 

Microbial Biomass of Carbon 
 Microbial Biomass Carbon (MBC) ranged from a low of 21.16 µg/g dry wt. of 

soil for the control plots sampled in March 2013 to a high of 95.51 µg/g dry wt. of soil 

for the November 2013 sample period (Figure 5).  For the reduced DTR plots the 

lowest MBC levels of 44.86 µg/g/dry wt. of soil were observed during May and July 

2013 with the highest values observed during November 2013 (89.54 µg/g/dry wt. of 

soil).  For the control plots, Microbial Biomass Carbon dynamics did not show as 

much seasonal variability as did the reduced DTR plots except for the final sampling 

period when Microbial Biomass Carbon increase by three times between the July 

sample date and November 2013. 

 The average Microbial Biomass Carbon for the reduced DTR plots across all 

sample dates was 62.4 µg/g/dry wt. of soil while the average MBC amount for the 

control plots was 44.4 µg/g/dry wt. of soil.  Across the period of observation a 
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reduction in DTR through shading increased MBC by 28.9% (Figure 5).  Statistical 

analysis did not indicate a significant time effect for MBC across the duration of the 

experiment irrespective of the treatments (Table 1).  There was also no significant 

interaction of time and treatment on MBC indicating that manipulation of DTR did not 

alter the pattern of microbial biomass response to environmental control on the basis 

of each individual sampling period.  The between-subjects effects for treatment did 

find a significant higher level of MBC in the reduced DTR plots compared with the 

controls with all dates combined (Table 1).   

FungiLog 
 The slope of linear line of best fit from the origin of a five day fungal 

enzymatic substrate activity array ranged from a low of 0.1931 for the control plots 

sampled in November 2013 to a high of 0.2741 for the March 2013 sample period 

(Figure 6).  For the reduced DTR plots, the lowest value for the slope of a linear line 

of best fit from the origin of a five day enzymatic substrate activity array was 0.3371 

during the March 2013 sampling period with the highest slope of 0.3811 occurring 

during the November 2013 sampling period.  Seasonal variability for both the reduced 

DTR plots and the control plots was not observed, however during the November 

2013 observation period there was a dramatic reduction in the slope of a line of best fit 

for FungiLog substrate activity of the control plots compared to the activity of the 

reduced DTR plots for that same time. 

 The average slope of a line of best fit for fungal enzymatic substrate activity 

for the control plots was 0.245 and 0.358 for the reduced DTR plots, an average 

difference of 32% between the two groups (Figure 6). These differences indicate that 
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the rate of substrate activity (slope of the line) was higher for the reduced DTR plots 

even though soil moisture was slightly lower as a consequence of treatment.  The 

Repeated Measures ANOVA did not indicate a significant time effect on the slope of 

fungal substrate activity across the sampling dates irrespective of treatment; there was 

also no significant interaction of time and treatment.  Test of between-subjects effect 

did find a significant difference between the control plots and reduced DTR plots over 

the course of the observations combined (Table 1).  

 The slope of the linear line of best fit from the origin over the five day 

assessment of fungal substrate richness for the control plots ranged from a low of 

0.3874 for the control plots sampled in November 2013 to a high of 0.6040 for the 

July 2013 sample period (Figure 7). For the reduced DTR plots, the lowest value for 

the slope of a linear line of best fit from the origin over the five day assessment of 

fungal substrate richness array was 0.5542 during the March 2013 sampling period 

with the highest slope of 0.7139 occurring during the July 2013 sampling period. 

Seasonal values of the mean slope for fungal enzymatic substrate richness were 

increased in the reduced DTR plots in December 2012 and November 2013 when 

compared to the mean slopes for fungal enzymatic substrate richness of the control 

plots. The steeper slopes for the reduced DTR plots indicated that soil fungi in these 

plots were using a increasing greater number of substrates over the five day period as 

compared with the control plots. 

 The average slope of a line of best fit for fungal enzymatic substrate richness 

for the control plots was 0.473 and 0.633 for the reduced DTR plots, an average 

difference of 26% between the two groups (Figure 7). Statistical analysis did not 
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indicate a significant time effect on the slope of fungal enzymatic substrate richness 

across the sampling dates irrespective of treatment and there was no interaction of 

time and treatment on the slope of fungal enzymatic substrate richness indicating that 

the reduction of DTR did not alter the abiotic or biotic factors that regulate fungal 

enzymatic substrate richness (Table 1). Test of between-subjects effect did find a 

significant difference between the control plots and reduced DTR plots over the course 

of the observations combined.  

Soil Nutrients 
 Extractable soil ammonia (NH4-N) levels ranged from a low of 1.74 mg/kg dry 

wt. of soil for the control plots sampled in March 2013 to a high of 2.98 mg/kg dry wt. 

of soil for the December 2013 sample period (Figure 8).  For the reduced DTR plots 

the lowest NH4-N levels of 1.16 mg/kg dry wt. of soil was observed during the July 

2013 sample period. The highest average level (3.29 mg/kg dry wt. of soil) was 

obtained during the December 2013.  Levels of extractable soil NH4-N did not show 

much seasonal variability for the reduced DTR and the control plots for the November 

2012, December 2012-2013, and March 2013 sampling periods.  During the July 2013 

sampling period variability increased for the control plots dramatically, while the 

reduced DTR plots stayed relatively similar to what was observed for the other sample 

dates.  In December of 2013 both the reduced DTR and control plots had their highest 

observed values of extractable soil NH4-N during the entire experiment with similar 

variability in both groups. 

 The average level of extractable soil NH4-N for the reduced DTR plots across 

all samples dates was 1.95 mg/kg dry wt. of soil while the average level of extractable 
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soil NH4-N for the control plots was 2.05 mg/kg dry wt. of soil (Figure 8).  The 

Repeated Measures ANOVA indicated a significant time effect on extractable soil 

NH4-N across the sampling dates irrespective of treatment (Table 1).  Post-hoc Tukey 

analysis showed two homogeneous subsets of sample dates for extractable soil NH4-N, 

with the November 2012, December 2012, March 2013, and July 2013 as one subset 

(p = 0.245) and the December 2013 sample period as the second subset (p = 1.000) 

(Table 2).  There was no significant interaction of time and treatment on extractable 

soil NH4-N levels indicating that the reduction of DTR did not alter how abiotic or 

biotic factors regulate extractable soil NH4-N pool sizes.  Nor was there a significant 

between-subjects effect between the reduced DTR plots and the control plots with all 

dates combined (Table 1).   

 Extractable levels of soil nitrate (NO3-N) ranged from a low of 3.36 mg/kg dry 

wt. of soil for the control plots sampled in December 2013 to a high of 5.99 mg/kg dry 

wt. of soil for the July 2013 sample period (Figure 9).  For the reduced DTR plots the 

lowest average level NO3-N of 2.74 mg/kg dry wt. of soil, was observed in December 

2013.  The highest average level, for the reduced DTR treatment, 8.64 mg/kg dry wt. 

of soil, was found for the March 2013 sample period.  The level of extractable soil 

NO3-N in the reduced DTR plots was much greater than the levels in the control plots 

during the November 2012 sampling period and much less than the control plots 

during the March 2013 sampling period.  The seasonal variability of extractable soil 

NO3-N remained consistent during the November 2012, December 2012, and March 

2013 sampling periods.  During the July 2013 sampling period the variability of 
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extractable soil NO3-N increased and then decreased to its lowest level during the 

December 2013 sampling period.   

 Across all sample dates the average level of extractable NO3-N for the control 

plots was 5.12 mg/kg dry wt. of soil and 5.43 mg/kg dry wt. of soil for the reduced 

DTR plots, with an average difference of 6% between the two groups over the 

duration of the experiment (Figure 9).  Statistical analysis did not indicate a significant 

time effect on extractable soil NO3-N across the sampling dates irrespective of 

treatment, no significant interaction of time and treatment, nor was there a difference 

between the two treatments across all dates combined (Table 1). 

 Extractable soil phosphorus (P) ranged from a low of 43.5 mg/kg dry wt. of 

soil for the control plots sampled in December 2012 to a high of 54.3 mg/kg dry wt. of 

soil for the July 2013 sample period (Figure 10).  For the reduced DTR plots the 

lowest average level of P was 44.0 mg/kg dry wt. of soil during the November 2012 

sample period and reached its highest level of 53.0 mg/kg dry wt. of soil on the 

December 2013 sample period.  Soil P levels did not show any seasonal variability 

during the observation period of the experiment between the control treatment and the 

reduced DTR treatment. 

 Across all sample dates the average level of soil P was 48.95 mg/kg dry wt. of 

soil for the control plots and 47.95 mg/kg dry wt. of soil for the reduced DTR plots, 

with an average difference of 5% between the two groups over the period of the 

experiment (Figure 10).  The Repeated Measures ANOVA did not indicate a 

significant time effect on extractable soil P across the sampling dates irrespective of 
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treatment, no significant interaction of time and treatment, and no significant effect of 

treatment across all sampling dates (Table 1). 

 Extractable soil potassium (K) ranged from a low of 593.5 mg/kg dry wt. of 

soil for the control plots sampled in December 2013 to a high of 690.3 mg/kg dry wt. 

of soil during the November 2012 sample period (Figure 11).  For the reduced DTR 

plots the lowest average level of K was 543.3 mg/kg dry wt. of soil in November 2012 

and the highest level of K was 604.5 mg/kg dry wt. of soil during the March 2013 

sampling period.  Soil K levels for the control and the reduced DTR treatments did not 

show any seasonal variability during the experimental period, except for the first 

observation during November 2012 when the average level of soil K for the control 

plots was 22% greater than the reduced DTR treatment group. 

 Across all sample dates the average level of soil K was 636.0 mg/kg dry wt. of 

soil for the control plots and 582.4 mg/kg dry wt. of soil for the reduced DTR 

treatment group, with an average difference of 9% between the two groups over the 

period of the experiment (Figure 11).  Statistical analysis did not indicate a significant 

time effect on extractable soil K across the sampling dates irrespective of treatment, 

no significant interaction of time and treatment, and no significant between-subjects 

effect with all sampling dates combined (Table 1).  

 Soil pH ranged from a low of 7.83 for the control plots sampled in July 2013 

and December 2013 and a high of 8.23 during the December 2012 sample period 

(Figure 12).  For the reduced DTR plots the lowest average pH level of 7.83 for March 

2013 and a high of 8.1 for the December 2012 sampling period.  Soil pH levels for the 

control and the reduced DTR treatments did not show any seasonal variability during 
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the observational period and remained fairly consistent for most of the experiment 

except for a slight increase in both treatment groups during the winter of 2012. 

 Across all sample dates the average soil pH for the control plots was 7.97 and 

7.92 for the reduced DTR treatment plots, with an average difference of 1% between 

the two groups over the period of the experiment (Figure 12).  Statistical analysis did 

not indicate a significant time effect on soil pH across the sampling dates irrespective 

of treatment, no significant interaction of time and treatment, and no significant 

between-subjects effect with all sampling dates combined (Table 1).   

 Soil organic matter (SOM) (%) ranged from a low of 0.65% for the control 

plots sampled in December 2013 and a high of 1.03% during the July 2013 sample 

period (Figure 13).  For the reduced DTR plots the lowest average of 0.62% in 

December 2013 and a high of 0.97% at the March 2013.  SOM levels for both the 

control and reduced DTR plots did not exhibit any seasonal variability during the 

course of the experiment except for the last sampling date in December 2013 where 

both experimental groups experienced a sharp reduction in percent SOM levels. 

 Across all sample dates the average SOM level for control plots was 0.892% 

and 0.847% for the reduced DTR plots, with an average difference of 6% between the 

two groups over the course of the experiment (Figure 13).  The Repeated Measures 

ANOVA did indicate a significant time effect on percent SOM levels across the 

sampling dates irrespective of treatment (Table 1).  Post-hoc Tukey analysis showed 

two homogeneous subsets of sample dates for SOM, with the November 2012, 

December 2012, March 2013, and July 2013 as one subset (p = 0.431) and the 

December 2013 sample period as the second subset (p = 1.000) (Table 2).  There was 
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no significant interaction of time and treatment on percent SOM levels indicating that 

the reduction of DTR did not alter abiotic and biotic factors that influence SOM.  

There was also no significant difference between treatments irrespective of sampling 

date. 

CO2 Respiration, Daily Temperature Range, and Precipitation 
 Across all of the observational periods the total difference of soil surface 

carbon dioxide flux between the reduced DTR treatment and the control treatment 

plots was 1.44 mmol/m2/s.  Considering all observations of temperature, the solar 

shading treatments plots experienced an average reduction of 1.58 °C over all of the 

temperature recordings, an average reduction of 8.16% for the reduced DTR 

treatments.  The first period of observations monitoring the soil surface carbon dioxide 

flux (CO2 flux), surface daily temperature range (DTR), and daily total precipitation 

started on November 4th, 2012 and ended on December 9th, 2012.  For the reduced 

DTR plots, the average DTR was 17.94 °C with the largest DTR occurring on 

December 2nd, 2012 at 24.56 °C and the smallest DTR of 8.91 °C on November 23rd, 

2012 (Figure 14).  The control plots had an average DTR of 19.85 °C, with the largest 

DTR occurring on December 2nd, 2012 at 26.58 °C and the smallest DTR of 10.28 °C 

on November 23rd, 2012.  Across the observation period for this time there was a 10% 

difference between the control DTR and the reduced DTR plots.  During this time a 

total of 3.81 mm of precipitation was recorded for the area with the most rainfall 

occurring on November 22nd, 2012.   

 The daily mean CO2 flux of the reduced DTR plots ranged from a low of -

0.0488 mmol/m2/s on November 27th, 2012 to a high of 0.1608 mmol/m2/s on 
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November 4th, 2012 (Figure 14).  For the control plots, the CO2 flux ranged from a 

low of -0.1179 mmol/m2/s on November 12th, 2012 and a high of 0.1358 mmol/m2/s 

on November 22nd, 2012.  Average daily CO2 flux for the reduced DTR plots during 

this time was 0.0760 mmol/m2/s and 0.0342 mmol/m2/s for the control plots, with an 

average difference of 55% during the observation period. 

 The next observations on soil surface CO2 flux, DTR, and daily total 

precipitation started on January 20th, 2013 and ended on January 29th, 2013.  The 

reduced DTR plots had an average DTR of 19.99 °C with the largest DTR occurring 

on January 24th, 2013 at 22.66 °C and the smallest DTR of 13.65 °C on January 29th, 

2013 (Figure 15).  The control plots had an average DTR of 21.84 °C, with the largest 

DTR occurring on January 24th, 2013 at 24.64 °C and the smallest DTR of 14.74 °C 

on January 29th, 2013.  Across the observation period for this time there was an 8.5% 

difference between the control DTR and the reduced DTR plots.  During this time 

there was no precipitation recorded. 

 The daily mean CO2 flux for the reduced DTR plots ranged from a low of 

0.126 mmol/m2/s on January 20th, 2013 to a high of 0.2044 mmol/m2/s on January 

26th, 2013 (Figure 15).  For the control plots, the CO2 flux ranged from a low of 

0.0843 mmol/m2/s on January 21st, 2013 and a high of 0.174 mmol/m2/s on January 

26th, 2013.  Average daily CO2 flux for the reduced DTR plots during this time was 

0.1633 mmol/m2/s and 0.1067 mmol/m2/s for the control plots, with an average 

difference of 34.7% during the observation period. 

 The April 2013 observations on soil surface CO2 flux, DTR, and daily total 

precipitation started April 4th, 2013 and ended on April 23rd, 2013.  The reduced DTR 
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plots had an average DTR of 22.98 °C with the largest DTR occurring on April 22nd, 

2013 at 29.34 °C and the smallest DTR of 11.78 °C on April 18th, 2013 (Figure 16).  

The control plots had an average DTR of 24.82 °C, with the largest DTR occurring on 

April 16th 2013 at 31.58 °C and the smallest DTR of 13.48 °C on April 18th, 2013.  

Across the observation period for this time, there was a 7.40% difference between the 

control DTR and the reduced DTR plots.  There was only one day of recorded 

precipitation of 1.27 mm on April 14th, 2013. 

 The daily mean CO2 flux for the reduced DTR plots ranged from a low of 

0.0497 mmol/m2/s on April 21st, 2013 to a high of 0.1724 mmol/m2/s on April 14th, 

2013 (Figure 16).  For the control plots, the CO2 flux ranged from a low of 0.1181 

mmol/m2/s on April 19th, 2013 to a high of 0.2351 mmol/m2/s on April 22nd, 2013.  

Average daily CO2 flux for the reduced DTR plots during this time was 0.115 

mmol/m2/s and 0.1855 mmol/m2/s for the control plots, with an average difference of 

39.9% during the observation period. 

 The observations that started on May 12th, 2013 and ended on June 7th, 2013 

had an average DTR for the reduced DTR plots of 14.85 °C with the largest DTR 

occurring on May 25th, 2013 at 28.09 °C and the smallest DTR of 0.54 °C on July 6th, 

2013 (Figure 17).  The control plots had an average DTR of 15.68 °C, with the largest 

DTR occurring on May 25th, 2013 at 28.38 °C and the smallest DTR of 0.23 °C on 

July 6th, 2013.  Across the observation period for this time, there was a 5.30% 

difference between control DTR and the reduced DTR plots.  There was a total of 

14.99 mm of precipitation for this time, with the largest rainfall event occurring on 

May 15th, 2013. 
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 The daily mean CO2 flux for the reduced DTR plots ranged from a low of -

0.0026 mmol/m2/s on June 2nd, 2013 to a high of 0.1948 mmol/m2/s on May 24th, 2013 

(Figure 17).  For the control plots, the CO2 flux ranged from a low of -0.016 

mmol/m2/s on May 20th, 2013 to a high of 0.4335 mmol/m2/s on May 14th, 2013.  

Average daily CO2 flux for the reduced DTR plots during this time was 0.0530 

mmol/m2/s and 0.0782 mmol/m2/s for the control plots, with an average difference of 

32.3% during the observation period. 

 The observations that started on July 21st, 2013 and ended on August 9th, 2013 

had an average DTR for the reduced DTR plots of 18.66 °C, with the largest DTR 

occurring on August 6th, 2013 at 22.78 °C and the smallest DTR of 12.68 °C on July 

21st, 2013 (Figure 18).  The control plots had an average DTR of 20.56 °C, with the 

largest DTR occurring on August 6th, 2013 at 25.55 °C and the smallest DTR of 14.42 

°C on July 21st, 2013.  Across the observation period, there was a 9.22% difference 

between the control DTR and the reduced DTR plots.  There was a total of 39.12 mm 

of precipitation for this time, with the largest rainfall event occurring on July 27th, 

2013. 

 The daily mean CO2 flux for the reduced DTR plots ranged from a low of 

0.0583 mmol/m2/s on July 25th, 2013 to a high of 0.2684 mmol/m2/s on August 7th, 

2013 (Figure 18).  For the control plots, the CO2 flux ranged from a low of 0.0523 

mmol/m2/s on July 24th, 2013 to a high of 0.3996 mmol/m2/s on August 7th, 2013.  

Average daily CO2 flux for the reduced DTR plots during this time was 0.1055 

mmol/m2/s and 0.1687 mmol/m2/s for the control plots, with an average difference of 

37.5% during the observation period. 
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 The next observations started on August 14th, 2013 and ended on August 18th, 

2013.  The reduced DTR plots had an average DTR of 19.15 °C with the largest DTR 

of 21.04 °C on August 16th, 2013 and the smallest DTR of 17.51 °C on August 15th, 

2013 (Figure 19).  The average DTR for the control plots was 20.72 °C with the 

greatest DTR of 22.92 °C on August 16th, 2013 and the smallest DTR of 18.78 °C on 

August 14th, 2013.  Across the observational period, there was a 7.56% difference 

between the control DTR and the reduced DTR plots.  There was no precipitation 

recorded during this time. 

 The daily mean CO2 flux for the reduced DTR plots ranged from a low of 

0.3446 mmol/m2/s on August 16th, 2013 to a high of 0.4327 mmol/m2/s on August 

14th, 2013 (Figure 19).  For the control plots, the CO2 flux ranged from a low of 

0.3898 mmol/m2/s on August 17th, 2013 to a high of 0.4909 mmol/m2/s on August 

14th, 2013.  Average daily CO2 flux for the reduced DTR plots during this time was 

0.3759 mmol/m2/s and 0.4273 mmol/m2/s for the control plots, with an average 

difference of 12.1% during the observation period. 

 The last observation period started on September 15th, 2013 and ended on 

September 17th, 2013.  The reduced DTR plots had an average DTR of 11.22 °C with 

the largest DTR of 16.18 °C on September 15th, 2013 and the smallest DTR of 8.42 °C 

on September 17th, 2013 (Figure 20).  The average DTR for the control plots was 

12.23 °C with the largest DTR of 16.80 °C on September 15th, 2013 and the smallest 

DTR of 9.66 °C on September 17th, 2013.  Across the observational period, there was 

a 8.24% difference between the control DTR and the reduced DTR plots.  There was 

0.51 mm of precipitation on September 17th, 2013. 
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 The daily mean CO2 flux for the reduced DTR plots ranged from a low of 

0.1467 mmol/m2/s on September 16th, 2013 to a high of 0.2256 mmol/m2/s on 

September 15th, 2013 (Figure 20).  For the control plots, the CO2 flux ranged from a 

low of 0.1317 mmol/m2/s on September 17th, 2013 to a high of 0.2271 mmol/m2/s on 

September 15th, 2013.  Average daily CO2 flux for the reduced DTR plots during this 

time was 0.1896 mmol/m2/s and 0.1746 mmol/m2/s for the control plots, with an 

average difference of 7.8% during the observation period. 

Daily Temperature Range and Daily Mean CO2 Flux  
 Seasonal daily temperature range (DTR) from the Li-Cor 8100A Infrared Gas 

Analysis soil surface monitoring chambers and the daily mean CO2 flux for both the 

reduced DTR plots and the unaltered control plots were plotted together to examine 

how CO2 flux across all data collections was influenced by DTRsoil.  A quadratic line 

of best fit was calculated for the reduced DTR plots and the control plots and an r-

squared (r2) and p-values calculated to describe how close to the line of best fit the 

individual values were in relation to that line.  I used the quadratic line of best fit as it 

appeared to fit the assumption that CO2 flux values would reduced with low and high 

DTR and because it had a greater r2 value than linear and exponential lines of best fit.  

The DTRsoil and CO2 flux were evaluated by season to better understand the 

magnitude of the relationship. 

 The fall 2012 observations were recorded from the beginning of the 

experiment on November 4th, 2012 and ended on December 9th, 2012.  The average 

DTR was 17.94 °C for the reduced DTR plots and 19.85 °C for the control plots 
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(Figure 21).  The average daily mean CO2 flux was 0.0758 mmol/m2/s for the reduced 

DTR plots and 0.0342 mmol/m2/s for the control plots.  A quadratic line was the best 

fit for the relationship for both the reduced DTRsoil and control plots.  For the reduced 

DTR plots peak CO2 flux occurred around a max DTR of 15-17 ºC.  With higher 

DTR, CO2 flux declined.  For the control plots, the highest CO2 flux occurred with a 

DTRsoil range of 16-20 °C.  The peak level of activity where DTR was favorable for 

soil CO2 flux with the line for the reduced DTR plots was located higher up along the 

y-axis and closer to the zero coordinate on the x-axis when compared to the control 

plot.  However the trend line analysis indicated that for the fall period there was not a 

strong relationship was not (r2 = 0.0531, p = 0.407) for the control and (r2 = 0.0736, p 

= 0.283) for the reduced DTRsoil plots.  

 The winter 2012-2013 observations were recorded from January 20th, 2013 to 

January 29th, 2013.  The average DTR was 19.99 °C for the reduced DTR plots and 

21.84 °C for the control plots (Figure 22).  The average daily mean CO2 flux was 

0.1633 mmol/m2/s for the reduced DTR plots and 0.1067 mmol/m2/s for the control 

plots.  The quadratic line of best fit for each treatment plot indicated a peak level of 

activity where DTR was favorable for soil CO2 flux with the line for the reduced DTR 

plots (r2 = 0.1118, p = 0.661) located higher up along the y-axis and closer to the zero 

coordinate on the x-axis when compared to the control plot (r2 = 0.197, p = 0.646). 

The trend line for the Reduced DTRsoil plots indicated that during the winter period 

CO2 flux peaked at a max DTRsoil around 18 ºC and 20 ºC for the control plots.  In 

both treatments higher DTRsoil was associated with lower CO2 flux.  
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 The spring 2013 observations were recorded from April 14th, 2013 to June 7th, 

2013.  The average DTR was 17.05 °C for the reduced DTR plots and 18.15 °C for the 

control plots (Figure 23).  The average daily mean CO2 flux was 0.0688 mmol/m2/s 

for the reduced DTR plots and 0.1073 mmol/m2/s for the control plots.  The quadratic 

line of best fit for each control plot indicated a larger increase of CO2 flux as DTR 

increases for the treatment plots (r2 = 0.4531, p = <0.0001) when compared to the 

reduced DTR plots (r2 = 0.3311, p = 0.001) as CO2 flux values did not reach the same 

levels during this observation period. For the control plots in 2013, the trend line 

indicated that CO2 flux in the spring increased as DTR increased. 

 The summer 2013 observations were recorded from July 21st, 2013 to 

September 17th, 2013.  The average DTR was 17.95 °C for the reduced DTR plots and 

19.70 °C for the control plots (Figure 24).  The average daily mean CO2 flux was 

0.4133 mmol/m2/s for the reduced DTR plots and 0.3886 mmol/m2/s for the control 

plots.  The quadratic line of best fit for each treatment plot indicated an increase in 

CO2 flux values as DTR increased, but there is a drop off in soil respiration 

documented for the control plots at the largest values of DTR (r2 = 0.2974, p = 0.012).  

The reduced DTR plots experienced the same extreme DTR values as the control plot 

(r2 = 0.1376, p = 0.157).  For the control plots, DTR peaked at a DTR of 20 to 23 ºC 

and then declined with higher DTR levels.  Within the Reduced DTRsoil plots during 

the summer of 2013, DTR increased initially and then dropped off with higher levels 

of DTR at around 17 to 19 °C. 
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Redundancy Analysis 
 The Redundancy Analysis (RDA) indicated that CO2 flux and extractable 

levels of NO3-N during the summer were related to changes in DTR (Figure 25).  

Moreover, the overall responses of the control plots were directly opposite of the 

shade plots indicating that a reduction in DTR did alter microbial responses.  

Microbial Biomass Carbon was highly related to conditions in the Reduced DTR plots 

with one the longest vectors in the analysis.  Soil NH4-N levels were also related to 

MBC levels and Reduced DTR plot conditions but not strongly.  Control plot 

responses for microbial and nutrient dynamics were related primarily to soil moisture 

in the winter and spring. 
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CHAPTER IV - DISCUSSION 
In support of the first hypothesis, I found that a reduction in daily temperature 

range of the soil (DTRsoil) had a positive effect on soil respiration during the summer.  

I also found that across the observational timeframe of the experiment, the total CO2 

flux from the reduced DTRsoil treatments was greater than the total CO2 flux of the 

unaltered control plots by 7.7% (Figure 26). This pattern supports the hypothesis that 

temperature induced metabolic stress by way of large variability of daily soil 

temperatures may impact the ability of microorganisms to carry out decomposition 

and mineralization through production exo-enzymes.  The increased metabolic activity 

under reduced DTRsoil which contribute to the increased soil CO2 flux observed in this 

study.  Previous studies have shown a relationship between environmental stress in 

response to temperatures and subsequent metabolic activities (Petersen & Klug, 1994; 

Zogg et al., 1997). 

The observed increased soil respiration should also be in response to increased 

microbial biomass production under the less stressful DTRsoil conditions.  Support of 

the second hypothesis where an increase in soil respiration should be accompanied by 

an increase in microbial biomass of carbon (MBC) was supported using Redundancy 

Analysis (RDA).  The average amount of MBC across the year was increased in the 

reduced DTR plots when compared to the MBC of the control plots by 28.9%.  Van 

Gestel (2011) also showed a similar increase in MBC with a reduction in DTRsoil at 

the same location.  Recently van Gestel et al (2015) reported that MBC responses to 

changes in DTRsoil were seasonal with the greatest response in the summer than in the 

other seasons. 
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It is also important to consider the precipitation patterns during this time as 

biological activity is typically water limited in arid ecosystems (Reynolds et al., 2004; 

Bell et al., 2008; Collins et al., 2008).  However the response to these rainfall events 

may be magnified with less variable temperature ranges.  Direct evidence to this 

proposed pattern can be seen in Figure 17 where following a precipitation event where 

antecedent soil moisture conditions were favorable, the reduced DTR plots responded 

with a greater magnitude of CO2 production when compared to the control group.  

Other parameters like MBC, fungal substrate activity, fungal substrate richness both 

showed greater responses from the reduced DTR plots.  Another example of this 

pattern was observed on September 17th, 2013, where following a rain event soil CO2 

flux responded sooner than the control plots.  Further support for this magnifying in 

the seasonal response to reduced DTR in the summer as the RDA shows that the 

predicting variable of DTR influences CO2 flux and corresponds with the summer 

sampling period. 

Increased soil respiration was also found to accompany increased enzyme 

production in soil fungal communities during the summer as fungal substrate activity 

and substrate richness increased in the reduced DTRsoil treatments.  By reducing 

DTRsoil the subsequent reduction in temperature-related metabolic stress could have 

allowed the soil fungal community produces greater amounts and varieties of exo-

enymes.  The increased fungal substrate activity and substrate richness could have also 

resulted from a change in fungal species composition.  Bell et al (2009) had shown 

that fungal activity in a Sotal-Grassland at Big Bend National Park was regulated by 

soil temperatures rather than by soil moisture.  
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This study found that extractable NH4-N levels were lower in the reduced DTR 

plots compared to the control plots in the summer while previously; van Gestel et al 

had also shown an 18% reduction in NH4-N only for one year.  There was also a 

difference in extractable NH4-N levels in December 2013 compared to the sampling 

dates that occurred during the first portion of the experiment.  Unlike the van Gestel 

results earlier for the same site the current study did not find any changes in soil levels 

of extractable NO3-N, while they had shown a 16% reduction in extractable soil NO3-

N with a reduction in DTRsoil. Van Gestel et al (2015) also recently reported no long-

term positive or negative trends in extractable NO3-N in response to decreased DTRsoil 

for the period 2009 to 2013 at the same location in Big Bend despite increases in 

microbial biomass carbon and microbial biomass nitrogen.  Differences in seasonal 

moisture patterns and total amount of moisture received could account for the 

differences observed across years at this creosotebush bajada site in the Chihuahuan 

Desert at Big Bend National Park.  The period over which this study was conducted 

had below average rainfall. 

As the magnitude of DTRsoil is not uniform across the growing season (van 

Gestel et al., 2015) and as microbial activity is water regulated one would expect that 

soil respiration and DTRsoil should exhibit a relationship that is linked to seasonal 

moisture and temperature patterns.  During the spring, reduced DTRsoil plots did have 

an increased CO2 flux values when compared to the control plots but MBC, fungal 

substrate activity and substrate richness levels, and soil nutrient levels remained 

similar to each other.  The higher CO2 flux in the DTR plots and not similar increases 

in MBC in the spring suggests that differences in carbon use efficiency or the bacterial 
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fungal ratio could account for this response.  How temperature or moisture impacts 

microbial carbon use efficiency is not well understood (Allison et al., 2010; Dijkstra et 

al., 2011), however as Bell et al (2009) had previously shown that soil fungi in a 

Chihuahuan Desert Sotal-Grassland in Big Bend respond to cooler soil temperatures, 

the higher CO2 flux with reduced DTR without attendant changes in MBC might 

simply reflect a greater metabolic activity of the soil fungal mycelium that was 

currently present. 

This study indicates that reducing DTRsoil does increases the total enzymatic 

activity and richness of soil fungi in desert soils as the slopes of FungiLog substrate 

activity and substrate richness were steeper in the reduced DTR plots versus soils 

under ambient conditions. This relationship between reduced DTR and soil fungal 

enzymatic activity could contribute to an increase in nutrient immobilization in desert 

soils, as seen with the reduction of extractable soil ammonia in reduced DTR plots.  If 

reduction of temperature variability occurs with adequate pulses of precipitation, this 

temperature trend could have a magnifying effect on the activation of dormant soil 

communities (Nielsen & Ball, 2014).  In turn, this amplification of precipitation pulse 

response with optimum DTR could increase soil respiration to higher levels than 

would be expected for soil moisture responses alone.  Considering the work of Bell et 

al (2009) and the impact temperature has on fungal populations, further work in 

developing models for desert ecosystem functioning and response to climate change 

ought to include parameters that account for the role soil fungal communities occupy 

in response to soil temperature and the DTR experienced by those soils. 
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While water availability remains the dominate determinant factor in controlling 

soil microbial activity in desert ecosystems (Reynolds et al., 2004; Bell et al., 2008; 

Collins et al., 2008), the role of temperature to this point has yet to be fully integrated 

into existing models of ecosystem functioning for these arid systems.  Daily 

temperature range appears to influence desert soil microbial functioning as an 

amplifier of rain pulse responses or as a limiting factor to soil microbial response.  

Even with ample soil moisture, high DTRsoil will dampen the capability of the soil 

microflora to utilize the soil moisture window (Zak et al., 1995) for growth and 

function.  Moreover, if DTRsoil is low, even small rain events could have a greater 

microbial response than predicted by moisture responses alone.  The seasonal 

responses of MBC and CO2 flux observed in this study indicate that DTRsoil is a 

modifier of microbial response to soil moisture in arid ecosystems.  The ability of 

DTRsoil to enhance or dampen soil CO2 flux from different moisture pulses across the 

season could account for the differences observed by Cable et al. (2010) in addressing 

temperature responses of soil respiration within seven deserts.  Cable et al. (2013) 

attributed the differences to antecedent moisture conditions accounting for the 

differences.  Importantly, Cable et al (2010) found that soil respiration peaked 

between 20 to 30 ºC which would suggest that these soil temperatures would also have 

the most moderate DTR ranges.  As with this study, as soil temperatures increase 

above 30 ºC, DTRsoil likewise soil respiration increases significantly. 

The relationship between soil temperature range and soil moisture should be 

considered in providing accurate models for desert ecosystem functioning as the 

predicted influence to ambient temperatures are applied to arid soil management.  
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Consideration should also be made in regards to the projected precipitation regimes 

that are predicted in the 2013 IPCC as reduced frequency and increased intensity of 

rain events will impact desert systems in their own manner (IPCC, 2013; Finch & 

Collins, 2012; Lioubimtseva & Adams, 2004; Schwinning et al., 2004).  Furthermore, 

the possibility of being able to tailor desert ecosystem models such as the pulse 

paradigm (Ogle & Reynolds, 2004) to the predicted regional average high and average 

low temperatures from will provide better guides for land managers and researchers 

for understanding soil nutrient cycling and carbon dynamics and soil microbial 

dynamics as they impact soil health. 
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APPENDIX A - FIGURES 
 

 
Figure 1:  The location of the creosotebush bajada site at Rice Tanks (red star) in Big 
Bend National Park. Map courtesy of the National Parks Services. 
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Figure 2:  Images of the shaded 
(A) and exposed experimental 
plots with the Li-Cor 8100A Gas 
Analyzer and soil monitoring 
chambers installed (B) at the Rice 
Tanks site in a creosotebush bajada 
of the Chihuanhuan Desert in Big 
Bend National Park.  Images 
courtesy of Natasja van Gestel, 
2012. 
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Figure 25:  Redundancy analysis bi-plot for soil microbial and nutrient dynamic 
responses to control and reduced DTR conditions established in a creosotebush bajada 
from the Rice Tanks site in the Chihuahuan Desert in Big Bend National Park. The 
discrete predictors (blue arrows) are dtr (Daily Temperature Range - determined by 
taking the daily mean temperature range for the five days following sampling) and 
vwc (volumetric water content) associated with the reduced DTR (shade) and ambient 
DTR (control) over three seasons (winter, spring, and summer). The response 
variables indicated with the solid black arrows are Microbial Biomass Carbon (mbc), 
mean daily carbon dioxide soil flux (co2flux), extractable soil ammonia (NH4-N), and 
extractable soil nitrate (NO3-N). The angle and direction of the arrows indicates the 
status of the relationship between the variables and the explanatory variables.  Arrows 
in the same direction indicate a positive relationship, opposite direction indicate a 
negative relationships and arrows at right angles no relationship.  The strength of the 
relationship is indicated by the arrow length.    
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APPENDIX B - TABLES 
Table 1:  P-values for Repeated Measures ANOVA for time, time and treatment, and 
between treatments effects of shade plots versus control plots for all recorded soil 
nutrient parameters from creosotebush bajada in Big Bend National Park calculated 
using IBM SPSS v22.  All p-values for the effect of time and time and treatment are 
Wilk’s Lambda p-value. 
Repeated Measures ANOVA P-values 
 Time Time and Treatment Between Treatments 
Soil Moisture 0.097 0.131 0.047 
Microbial Biomass Carbon 0.204 0.228 0.032 
Fungal Substrate Activity 0.933 0.318 0.005 
Fungal Substrate Richness 0.387 0.282 0.005 
Extractable NH4-N  0.007 0.870 0.656 
Extractable NO3-N  0.126 0.169 0.764 
Extractable Phosphorus 0.554 0.458 0.796 
Extractable Potassium 0.356 0.694 0.103 
Soil pH 0.246 0.721 0.686 
Soil Organic Matter  0.004 0.196 0.412 
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Table 2:  Seasonal dynamics for microbial and soil parameters associated with a 
creosotebush bajada soil from the Rice Tanks site in the Chihuahuan Desert in Big 
Bend National Park with treatments combined to evaluate main effects of season on 
designated parameters (ns superscript indicates non-significant effect of time 
irrespective of treatment and a/b superscript indicates Tukey homogeneous subsets). 
Dashes indicate dates where the soil parameter was not recorded. 
 Seasonal Sampling Period 
 Nov '12 Dec '12 Mar '13 May '13 Jul '13 Dec '13 
Soil Moisture 
(%) 

- 2.89ns 1.83ns 1.61ns 2.45ns 8.94ns 

Microbial 
Biomass 
Carbon (µg/g 
dry wt. of soil) 

- 66.57ns 41.97ns 38.35ns 49.56ns 74.89ns 

Fungal 
Substrate 
Activity (slope) 

- 0.30ns 0.31ns - 0.31ns 0.29ns 

Fungal 
Substrate 
Richness (slope) 

- 0.51ns 0.52ns - 0.66ns 0.52ns 

Extractable 
NH4-N (mg/kg) 

1.79a 1.60a 1.85a - 1.64a 3.13b 

Extractable 
NO3-N (mg/kg) 

4.55ns 5.38ns 6.78ns - 6.18ns 3.05ns 

Extractable 
Phosphorus 
(mg/kg) 

45.88ns 46.50ns 46.25ns - 51.13ns 52.50ns 

Extractable  
Potassium 
(mg/kg) 

616.75ns 611.75ns 604.13ns - 627.00ns 586.38ns 

Soil pH 8.00ns 8.14ns 7.85ns - 7.84ns 7.89ns 
Soil Organic 
Matter (%) 

0.88a 0.87a 0.98a - 0.99a 0.64b 

 


