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Abstract 

Cattle grazing, a common form of land use on grasslands, could alter the 

climate at the surface.  This study focused on how physical landscape changes 

associated with grazing could have a significant impact on soil temperature and 

moisture, and subsequently on soil respiration on a shortgrass steppe in northeastern 

Colorado. 

Using micrometeorological data, the objective of this research was to discern the 

connections between energy, water, carbon and land use, particularly grazing. 

 To achieve this objective, the research was divided into two sections, each 

with its own objectives and results, yet both related to the overall objective.  The first 

section examined the impacts of simulated grazing on soil temperature and moisture.  

Plots with varying fractions of bare ground were used to simulate grazing density.  

Results indicated that both soil temperature and soil moisture increased with an 

increase in the fraction of bare ground.   In addition, this section investigated the 

effects of the arrangement of bare ground on soil temperature and moisture.  Soil 

temperature was found to be similar under contiguous and mosaic patches of bare 

ground while soil moisture was found to differ. 
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 The second section of the research expanded upon the results found in the first 

section.  Having found the relationship between the fraction of bare ground, and soil 

temperature and moisture, simulated cattle grazing was indirectly linked to changes in 

soil respiration.  Soil respiration increased with an increase in soil temperature, until a 

critical threshold temperature was reached.  An increase in soil moisture resulted in a 

decrease in soil respiration. 

 Because grasslands cover nearly half of the earth’s terrestrial surface, it is 

important to understand how land management on these grasslands can affect the 

ecosystem.  In addition, determining how grazing can influence the release of CO2 to 

the atmosphere is crucial at such a time when there is growing concern about global 

climate change.   
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CHAPTER 1:  INTRODUCTION AND OBJECTIVES 

 

1.1 Introduction 
 

Approximately 40% of the earth’s terrestrial surface is characterized as 

grasslands (LeCain et al. 2002).  Cattle grazing, a common form of land use on these 

grasslands, may have a significant effect on the microclimate (Bremer et al. 2001), as 

well as regional and world-wide climate (Pielke et al. 2002).  Changes in vegetation 

can alter soil characteristics as well as water and energy cycles (Whitman 1971, 

Svejcar and Christiansen 1987, Wraith et al. 1987, Bremer et al. 2002).  In turn, 

alteration of microclimatic factors such as soil temperature and moisture can lead to 

changes in the carbon budget.  For example, an increase in soil temperature due to 

grazing (Whitman 1971, Bremer et al. 2001) can lead to an increase in soil respiration 

(Peterjohn et al. 1994, Buchman 2000, Frank et al. 2002, Cao et al. 2004).  

Recognizing the impact of simulated grazing on the microclimate can lead to a better 

understanding of how land use affects the carbon budget.  Studies investigating the 

impact of land use on the carbon budget have found that grazing can increase soil C 

(Schuman et al. 1999, Reeder and Schuman 2002, Reeder et al. 2004), and can either 

increase (Cao et al. 2003) or have no effect (LeCain et al. 2002) on soil respiration.  

Therefore, understanding the sources and sinks of atmospheric CO2, and how they are 

affected by land use and climate, is essential in analyzing how human activities can 

affect the global carbon cycle.   
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1.2 Purpose 
 

The overall objective of this study was to discern the connections between 

surface fluxes of energy, water, and carbon, and land use, particularly grazing.  To 

achieve this objective, the research was divided into two comprehensive parts.  

Together these two aspects can be viewed as separate facets that have each their own 

purposes and results, yet both relate to the overall objective.  

The first component of the research, presented in Chapter 2, explores the 

impact of different simulated grazing densities on the microclimate and more 

specifically, the effect of grazing on soil temperature and moisture.  Plots (1 m2) with 

varying fractions of bare ground were monitored in order to quantify the effects of 

simulated grazing densities on soil moisture and soil temperature.  Particularly, the 

objective was to see if a relationship developed linking soil temperature and moisture 

to the fraction of bare ground.  For example, soil temperature was expected to 

increase with an increase in the fraction of bare ground.  In addition, one plot was 

structured to be configured with half bare ground and half vegetation in order to 

examine whether vegetation arrangement would influence spatial variation of soil 

temperature and moisture.  

An application more global in nature was also investigated.  The second 

component of this research, presented in Chapter 3, expands upon the results found in 

the second chapter.  In finding the relationship between bare ground and soil 

temperature and moisture, simulated cattle grazing was indirectly linked to the land-

atmosphere exchange of carbon dioxide.  Research shows that photosynthesis and the 

carbon dioxide flux are a function of soil temperature and moisture (Oke 2003).  
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Carbon losses from nocturnal soil respiration represent a significant portion of the 

annual carbon balance in grasslands (Bremer et al. 1997), and several studies show 

that soil respiration is a function of soil temperature (Peterjohn et al. 1994, Buchmann 

2000, Frank et al. 2002, Cao et al. 2004) and moisture (Conant et al. 1998, Saleska et 

al. 1999).  In this study, therefore, the effects of soil temperature and soil moisture on 

night-time respiration were examined to determine whether grazing could influence 

the carbon cycle.  Examining the correlation between soil temperature and moisture, 

and the carbon dioxide flux, helped to evaluate the risk increasing stocking rates.  

 

1.3 Hypotheses 
 

As part of the methodology, the following hypotheses were developed to state 

expected relationships between variables.  The first three hypotheses are related to the 

first component of this research (see Chapter 2); they focus on the relationship of soil 

temperature and moisture, and the fraction of bare ground.  The fourth hypothesis is 

related to the second component of this research (see Chapter 3), which concerns the 

relationship between soil temperature and soil moisture and, nighttime respiration.    

   

Hypothesis 1:  An increase in the fraction of bare ground due to simulated heavier 

grazing densities will result in a higher soil temperature (at 3 cm below the surface).  

Prediction 1:  The land surface is the site of the greatest radiation absorption by day 

and depletion by night; therefore, it is the site where the greatest thermal response is 

found. Defoliation by grazing will increase the amount of bare ground at the surface.  
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A positive relationship between soil temperature and the fraction of bare ground is 

expected. 

Hypothesis 2:  An increase in the fraction of bare ground due to simulated heavier 

grazing densities will result in a decrease in soil moisture (at 3 cm below the surface).  

Prediction 2:  Defoliation results in less energy partitioned to vegetation for 

transpiration, and therefore, more energy will be used for evaporation of soil moisture 

(Bremer et al, 2001).  Thus, an increase in soil temperature will increase evaporation 

and, therefore, will decrease soil moisture.  A negative relationship between soil 

moisture and the fraction of bare ground is expected. 

Hypothesis 3:  Arrangement of vegetation (patchiness configuration) on the plot will 

account for a variation in soil temperature and moisture (3 cm below the surface) over 

the plot.   

Prediction 3:  Configuration of patchiness will impact spatial variation of soil 

temperature and moisture.  An increase in soil temperature and a decrease in upper 

profile soil moisture is expected with distance from vegetation.  Therefore, a plot of 

half bare ground and half vegetation will have a higher maximum temperature and 

lower minimum soil moisture than that of a randomly arranged plot. 

Hypothesis 4:  An increase in soil temperature due to simulated grazing will increase 

soil respiration.  

Prediction 4:  According to Buchmann (2000), soil respiration is exponentially 

related to soil temperature.  Therefore, as soil temperature increases (see Hypothesis 

1), carbon efflux will increase. 
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1.4 Background 
 
1.4.1 Hydrology of the Shortgrass Steppe 
 

An important theme in geography is the intertwining relationships of various 

components of the environment.  Major factors influencing the climate of the 

shortgrass steppe include precipitation, temperature, and vegetation.  The interaction 

of these environmental components contributes to an ecosystem where water 

availability plays a key role.  The shortgrass steppe receives minimal precipitation, 

and because precipitation significantly influences vegetation production and 

temperature, the shortgrass steppe can be viewed as a water-limited ecosystem.    

Water availability is the most important factor in determining the structure 

and dynamics of a semiarid ecosystem (Noy-Meir 1973, Sala et al. 1992).  In the 

shortgrass steppe, the difference between wet and dry years is related to the 

occurrence of large precipitation events.  However, most precipitation events are 

small and represent a source of water with small interannual variability.  Because 

potential evapotranspiration generally exceeds precipitation values, water is 

considered a limiting variable in ecological processes (Lauenroth et al. 1978, Sala et 

al. 1992).  Therefore, vegetation of the shortgrass steppe consists mainly of drought-

resistant shortgrasses, forbs, succulents and half-shrubs. 

 The dominance of dry, warm air in the shortgrass steppe contributes to the 

variation of soil water storage with relation to depth.  Water in surface soil layers has 

a short residence time and no seasonal pattern (Sala et al. 1992).  Due to the large 

atmospheric demand for water vapor, evaporation tends to leave surface soil layers 
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dry.  What is still unclear is whether the presence of vegetation cover affects the 

spatial variability of soil surface moisture in the shortgrass steppe. 

 

1.4.2 Effects of Land Use on Soil Temperature 
 
 Anthropogenic modifications of the earth’s surface alter the microclimate 

through mediation of energy fluxes between the biosphere and the atmosphere 

(Whitman 1971, Bremer and Ham 1999, Bremer et al. 2001, Bounoua et al. 2002, 

Pielke et al. 2002).  Removal of vegetation as well mediation of morphological 

characteristics of vegetation can affect the surface energy balance (Pielke and Avissar 

1990, Stohlegren 1998).  This section will discuss how land use can influence the 

surface energy balance and, consequently, alter soil temperature.   

A decrease in vegetation due to land conversion leads to an increase in soil 

temperature (Whitman 1971, Bremer et al. 2001).  The type and abundance of 

vegetation influences the amount of absorbed incoming shortwave-radiation and also 

affects the aerodynamic resistance affecting the exchange of heat.  A higher amount 

of exposed soil on the surface in a grazed site is expected to contribute to an increase 

in soil temperature (Bremer et al. 2001).  Additionally, the range of diurnal 

temperatures of surface soil (upper 15cm) is considerably greater on grazed areas 

(Whitman 1971).  Examining a range of plant covers is essential to further understand 

the relationship between the amount of bare ground (due to a heavier or lighter 

grazing management) and soil temperature.   

A change in vegetation morphology or abundance may affect the surface 

albedo.  In general, leaf reflectance is low; therefore, land conversion that decreases 
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vegetation would ultimately lead to an increase of snow-free albedo (Bounoua et al. 

2002).  Bonan (1997) reported a general increase in surface albedo associated with 

land use (reduction in vegetation) in the United States.   An increase in albedo 

reduces absorption of incoming short-wave radiation, alters the surface energy 

balance and thus changes soil temperatures.  Investigating the impact of the fraction 

of bare ground on soil temperature is critical to determine the influence of land use on 

the microclimate. 

 

1.4.3 Effects of Land Use on Hydrology  
 
 In addition to influencing an area’s temperature, land conversion can affect 

the microclimate through changes in hydrology.  To better understand these changes, 

studies have investigated the relation between land cover change and soil moisture 

(Whitman 1971, Svejcar and Christiansen 1987, Wraith et al. 1987, Bremer and Ham 

1999, Bremer et al. 2001).  This section will briefly discuss how grazing can directly 

affect the microclimate through changes in hydrology.  

By altering vegetation, land use affects ecosystem hydrology.  Changes in the 

type and density of vegetation alter components of the latent heat flux and water 

storage; the simultaneous alteration of the latent heat flux and water storage illustrates 

the strong coupling between evapotranspiration and soil moisture.   With less 

vegetation available for transpiration, more soil water evaporates from the surface 

while less soil water is used in deeper soil layers (leaving a dry surface and wet deep 

soil layers) (Sala et al.1992).  Additionally, more irradiance at the surface contributes 

to an increase in soil surface temperature which, in turn, will cause an increase in 
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evaporation.   Essentially, grazing alters the partitioning of energy between the 

canopy and the soil, making more energy available for evaporation of water from the 

soil and less available for transpiration (Bremer et al. 2002).   In order to further 

explore this partitioning of energy, the next step in research is to determine the 

relationship between simulated intensity of cattle grazing and the hydrology of the 

shortgrass steppe. 

Surface roughness can affect the amount of soil moisture in an ecosystem.  

Roughness characterizes the turbulence generated by frictional drag as the 

atmosphere moves across the rigid surface of the earth and generally decreases with 

land use when there is a decrease in vegetation.  A decrease in roughness (e.g., after 

grazing) can increase the aerodynamic resistance of water vapor transport; therefore, 

water would not be as likely to be evaporated from the surface.  However, in areas 

grazed by cattle--where a decrease in vegetation results in patchiness--an increase in 

turbulence can considerably offset the increase in aerodynamic resistance to water 

vapor transport from the canopy (Bounoua et al. 2002).  Therefore, the effect of an 

increase in patchiness due to grazing would be a decrease in resistance to water vapor 

transport and a subsequent increase in evaporation.  Changes in evaporation will 

ultimately lead to changes in soil moisture.  Thus, investigating of areas of different 

grazing densities helps to further clarify the relationship between patchiness and soil 

moisture. 
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1.4.4  Relation between Grazing in the Shortgrass Steppe and Climate Change 
 
 Land use can influence climate by altering ecosystems and their vegetated 

cover.  Most research has focused on the effect of large-scale deforestation (Bonan et 

al. 1992, Zhang et al. 1996, Bonan 1999, Fearnside and Barbosa 1999, Chase et al. 

2000, Justice et al. 2001); however, other land use practices can also influence 

regional and global weather and climate.  With increasing concern about climate 

change, more data are needed to investigate how other types of land use can affect the 

global carbon cycle.    This section will discuss studies that have investigated the 

impact of grazing on regional climate and will summarize key mechanisms indirectly 

linking grazing and climate change. 

Chase et al. (1996) found that a change in leaf area index could affect regional 

atmospheric circulation patterns.  Because grazing pressure is analogous to a decrease 

in leaf area index, one can assume that grazing would affect regional climate as well.  

Accordingly, Eastman et al. (2001) found that historical grazing pressure from bison 

on the Great Plains, which originated before European settlement, has played a 

significant role on the climate.  More specifically, this research indicated a cooling 

response to removal of grazing.  In addition, studies focusing on land use practices in 

Eastern Colorado (Stohlgren et al. 1998, Chase et al. 1999) used models to find that 

land cover change in this area affects surface properties which, in turn, influence local 

weather.  A key goal in this research is to provide much needed field data to 

complement such modelling studies.  

 As discussed before, grazing can affect soil temperature and hydrology in the 

shortgrass steppe.  Because soil temperature (Peterjohn et al. 1994, Buchman 2000, 

 9



Frank et al. 2002, Cao et al. 2004) and soil moisture (Conant et al. 1998, Davidson et 

al. 1998, Saleska et al. 1999, LeCain et al. 2002) have been found to influence soil 

respiration, grazing can be indirectly linked to changes in atmospheric carbon.  In 

other words, understanding the impact that grazing can have on these microclimatic 

variables can help to predict how grazing affects the carbon budget.  Results from 

Chapter 2 will allow for the investigation of the effect of grazing on regional climate 

(through manipulation of the CO2 flux). 

 

1.5 Summary 
 

Grazing lands occupy a large portion of land cover both nationally and 

globally.  Consequently, grazing lands contribute significantly to global energy, water 

and carbon budgets.  With growing concerns about global climate change, predicting 

the impact of land management, particularly grazing, on the hydrology and climate is 

essential.  This research sought to determine the relationship between land use, 

particularly grazing, and the microclimate and regional climate.  

Specifically, this research had three objectives.  The first two objectives were 

to determine the relationships between grazing, and soil temperature and soil 

moisture.  These analyses provided results with which the third objective could be 

accomplished.  The third objective aimed to better understand the impact of grazing 

on soil respiration, (and the regional climate) through mediation of soil temperature 

and moisture.     
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CHAPTER 2:  THE EFFECTS OF SIMULATED GRAZING ON 
SOIL TEMPERATURE AND SOIL MOISTURE IN SEMIARID 

GRASSLANDS 
 

2.1 Introduction 

Rangelands and pastures comprise 55% of the total U.S. land area;  in fact, 

privately owned (212 Mha) and publicly owned (124 Mha) grazing lands occupy 

more than twice the area (155 Mha) of cropland in the U.S. (Follett et al. 2001).  

Considering the vast expanses of land influenced by grazing, developing land 

management practices and creating sustainable management policies is of great 

importance. 

Semiarid grasslands are characterized by large extremes in the hydrologic 

cycle and surface energy balance; therefore, understanding the factors that affect 

water and energy fluxes is essential (Kustas et al. 1991).  Because little research has 

been conducted on arid and semiarid grasslands regarding the microclimatic effects of 

grazing on rangelands (Whitman 1971, Wraith et al. 1987, Ham et al. 1998, Bremer 

et al. 2001, LeCain et al. 2002), an important research question remains:  Could 

physical landscape changes associated with grazing have a significant impact on soil 

temperature and moisture, and thereby affect the microclimate? 

Studies have found that soil temperature either increases (Whitman 1971, 

Bremer et al. 2001) or is not affected (LeCain et al. 2002) by defoliation via grazing.  

According to those studies that find an increase in soil temperature, removal of green 

leaf area due to grazing increases the amount of irradiance at the soil surface, and 

thereby raises soil temperature (Whitman 1971, Bremer et al. 1998, Bremer et al. 

2001).  Furthermore, exposed soil at the surface may lead to a change in albedo 
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because the properties of the soil are different from those of a vegetative canopy.  In 

addition, because soil temperature negatively correlates with soil moisture (Lakshmi 

et al. 2003), grazing can influence the hydrology of the environment. 

The effect of grazing on soil moisture impacts the overall environment.  In 

some cases, grazing has conserved soil water content (Svejcar and Christiansen 1987, 

Wraith et al. 1987, Bremer et al. 2001), while at other times grazing has reduced soil 

water content (Whitman 1971, Naeth et al. 1991).  In addition, grazing can influence 

soil moisture via changes in infiltration due to treading or compaction (Naeth and 

Chanasyk 1995) as well as via changes in evapotranspiration as a result of defoliation 

(Day and Detling 1994). 

Arid and semi-arid ecosystems that have a long history of grazing by 

ungulates are extremely resilient to the influence of grazing and are essentially in an 

equilibrium state.  Therefore, the diversity of plant species is not predicted to change 

with grazing density (Milchunas et al. 1988, Stohlgren et al. 1999, Metzger et al. 

2005).  However, grazing density has been found to positively correlate with the 

fraction of bare ground (Metzger et al. 2005).  Both reduction in aboveground 

biomass and trampling associated with grazing contribute to the formation of 

compacted soils and patchiness.  As grazing densities increase, patchiness (the 

fraction of bare ground) increases. 

Understanding the effects of grazing on soil temperature and moisture can 

help to explore broader implications as well.  For example, Chapter 3 examines the 

relationship between cattle grazing and soil respiration.  By clarifying the relationship 

between grazing and soil temperature and moisture in this chapter, and further 
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researching the relationship between soil temperature and moisture on soil 

respiration, land use can be indirectly linked to the CO2 budget.   

Another issue that can be further explored is desertification due to 

overgrazing.  Desertification, a process of land degradation characterized as the 

replacement of vegetation by shrub cover or bare soil, occurs as a result of 

anthropogenic forces coupled with climatic variation.  According to Li et al. (2000), 

desertification due to grazing in a semi-arid steppe can affect micrometeorological 

characteristics of a grassland ecosystem.  Understanding the impact of different 

grazing intensities on the soil temperature and moisture can help to explain this 

process.    

 The objective of this chapter was to discern the connection between land use, 

particularly grazing, and soil temperature and moisture.  In a semi-arid ecosystem, 

grazing density positively correlates with the fraction of bare ground (Teague et al. 

2004, Metzger et al. 2005); therefore, in order to achieve this objective, soil 

temperature and moisture were measured in plots of varying fractions of bare ground, 

which simulated a range of grazing densities.  Finding the relationship between 

grazing and soil temperature and moisture allows for an understanding of the impact 

of a common land use on the environment.  In addition, it provides data to explore 

broader implications such as the relationship between land use and carbon exchange, 

and the process of desertification due to overgrazing.  

 This chapter begins by describing the methods used to measure grazing 

intensity and microclimatic data (soil moisture, soil temperature).  Next, in the 

Results and Discussion section, the relationships between bare ground and soil 
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temperature and moisture, as well as the effect of the arrangement of bare ground on 

the microclimate are explored.  Finally, the chapter concludes by reviewing important 

findings and explaining the broader implications of the results. 

 

2.2 Methods 

2.2.1 Site Description 

The study was conducted at the United States Department of Agriculture-

Agricultural Research Service (USDA-ARS) Central Plains Experimental Range 

(CPER), 40°50'N, 104°47'W, approximately 61 km northeast of Fort Collins in the 

shortgrass steppe (SGS) of north-central Colorado.  The SGS Long Term Ecological 

Research Program (LTER), housed in the College of Natural Resources at Colorado 

State University, is funded primarily through a grant from the National Science 

Foundation and is part of a coordinated network of LTER sites across North America.  

The climate of the SGS is typical of mid-continental semiarid regions, except 

for the strong rain shadow influence from the Rocky Mountains.  Mean maximum 

July temperatures are 30.6 oC and January minimums average -11.0 oC (Milchunas et 

al. 1994).  Annual precipitation ranges from 130 to 500 mm, with 50 to 80% 

occurring in the growing season (Hart, 2001).    

 Low growing blue-grama (Bouteloua gracilis) consists of 60 to 80% of 

vegetative cover in the SGS.  Other important plant species include buffalo grass 

(Buchloe dactuloides), plains prickly pear (Opuntia polyachantha), and rabbit brush 

(Chrysothamnus nauseosus).  The shortgrass steppe is unique among North American 

grasslands due to its long history of grazing and periodic drought (Kustas et al. 1991).  
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Over time, intense selection by both drought and grazing has created an ecosystem 

composed of flora and fauna that are well adapted to both.  For example, blue grama 

is a grazing-tolerant C4 species that has adaptive traits including basal meristems, low 

stature and the ability to reproduce vegetatively, in order to survive in such an 

environment. The high temperatures and dry climate of semi-arid grasslands 

produces an ecosystem comprised mostly of C4 species.  These plants tend to be 

drought resistant.  Additionally, grazing considerably affects the ecology of an area 

by changing soil temperature and soil moisture (see previous section).  Clearly, the 

climatic influence coupled with sustained grazing pressure leads to a very unique 

ecosystem. 

Soil at the experimental site is a Remmit fine sandy loam (Ustollic 

camborthids) (Morgan et al. 2001, Nelson et al. 2004).  This sandy loam holds 18% 

of the water at field capacity, while only 4% of the water is held at the permanent 

wilting point.  At the surface, sand content is approximately 80%, while clay content 

is 13%. 

 The particular pasture used in this study was lightly stocked from 1940 to 

1971, and moderately stocked from 1972 to the present.  For moderate grazing 

treatments, there are usually ten yearlings during the measurement period on the 

pasture; the yearlings are 0.6 animal month units (AUMs), which translates to 4 or 5 

acres per AUM.  After grazing, roughly 136 kg per acre residual forage is left in 

moderate treatments.  This is about 50% removal of vegetation.  Summer grazing on 

this pasture continued from May 18 to October 13, 2004 (Ashby, 2005). 
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2.2.2 Meteorological Conditions 

 Precipitation in 2004 was 268 mm, which was 70 mm less than, or 79% of the 

50-year average (1948 to 1998) for the area (Figure 2a).  Precipitation in the study 

period, from July through October, was 119 mm, which was 14 mm less than the 

long-term average.  The driest months in the study period were August and October, 

receiving 18.4 and 18.7 mm, respectively.  Long-term average precipitation amounts 

for August and October were 35.3 and 21.6 mm, respectively, which indicates that in 

2004, August received 52% and October received 86% of long term average 

precipitation.  September, the wettest month in the study period, received 39.9 mm, 

which is 13.23 mm higher than the long-term average.  

 Air temperatures throughout the study period were above long-term averages 

in July, and lower than long-term averages for the remainder of the period (Figure 

2.1b).  The average air temperature for July was 20.2 oC, which was 1.8 oC above 

normal.  August average temperature (18.5 oC) was 3.4 oC below long-term average 

temperature, while September (15.17 oC), and October (9.14 oC) temperatures were 

5.91 oC and 6.5 oC below long-term average temperatures, respectively. 
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Figure 2.1  a) The bar graph represents monthly total precipitation in 2004.  The line 
graph is long-term average total precipitation over 50 years (1948-1998).  b) Long-
term (dashed line) versus short term (solid line) air temperature. 
 

2.2.3 Measurements 

Two replicates of four plots (eight plots total) were selected by ocular method 

to simulate varying degrees of grazing intensity.  All plots were within a 30 x 30m 

area.  To represent lighter to heavier densities, each 1 x 1 m plot had a unique fraction 

of bare ground (30%, 47%, 57%, 78%).  In addition, two plots of half bare ground, 

half vegetated cover were used to measure the spatial variation of soil temperature 

and moisture; these two plots had contiguous fractions of bare ground, whereas the 

other eight plots had mosaics of bare ground.  Plots of identical plant cover (equal 
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amounts and arrangements of bare ground) were within at least 8 meters of each other 

so as to share a common data logger for soil moisture probes.   

Three times throughout the study period, July 8 (DOY 190), August 2 (215), 

and August 25 (238), digital pictures were taken of each plot to quantify the percent 

of bare ground.  The pictures were imported into Photoshop 5.0 where a grid layer 

was created to divide each plot into 25 subgrids in order to estimate the percentage of 

bare ground for each plot (Figure 2.1).   

Soil temperature probes (model Tidbit, Onset Computer Corporation, Bourne, 

Massachusetts) and soil moisture probes (model Echo Probes, Decagon Devices, 

Pullman, Washington) were buried 3cm below the surface of each plot.  Each plot had 

a soil temperature and moisture measurement under both vegetated and bare ground.  

Therefore, each plot had four sensors (soil temperature-bare; soil temperature-

vegetation; soil moisture-bare; soil moisture-vegetation).  All sensors were factory 

calibrated and manually compared before use.  Soil temperature probes were placed 

in a bucket of sand overnight and all sensors agreed within 2.69 oC within a 

temperature range of 13.6 to 38.2 oC.   Soil moisture measurements were recorded in 

air and water and all sensors were within 0.105 m3 H2O m-3 of each other.  Soil 

moisture probes have an accuracy of +/- 0.031 m3/m3 and a resolution of +/- 0.0004 

m3/m3.  

Soil temperature tidbits and moisture probes were sampled at one minute 

intervals and averaged over 10 minutes from July 2 (DOY 184) to November 8 (DOY 

304), 2004.  Data loggers (model Hobo Microstation, Onset Computer Corporation, 

Bourne, Massachusetts) were used to store soil moisture data throughout the sampling 
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period.  These loggers were also factory calibrated and measured before use to assure 

accurate measurements.   

The effects of simulated grazing density on soil temperature and moisture 

were analyzed using SPSS 9.0.  Means comparisons were made using the analysis of 

variance tests with soil temperature and regression with soil moisture.  The dependent 

variables used were temperature and moisture, respectively, in order to determine 

whether means between cover types and means between bare ground percentages 

were significantly different. 
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                  A. 30% Mosaic Bare Ground              B. 47% Mosaic Bare Ground 
 

         
C. 57 % Mosaic Bare Ground   D. 78 % Mosaic Bare Ground 

 

 
        E. 50 % Contiguous Bare Ground 
Figure 2.2  Plots of varying fractions of bare ground were used to simulate grazing 
density.  Additionally, a plot of half bare ground/half vegetated cover was used to 
analyze the effects of arrangement of bare ground.  Pictures were taken on DOY 190 
at a height of roughly 2-m above ground. 
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2.3 Results and Discussion 

2.3.1  Relationship between Soil Temperature and the Fraction Bare Ground 

 These data represent the soil temperatures (Ts) measured under vegetation and 

under exposed soil from the eight plots with mosaics of bare ground.  The Ts values 

ranged from -0.47 oC to 38.22 oC throughout the study period (Figure 2.3; Table 2.1) 

(Note: In order to maximize resolution, 38.22 oC was the maximum temperature the 

sensors were able to record).  Average Ts values under bare cover were generally 

greater, and means and standard deviations were similar between vegetated and bare 

cover within each particular month.   

 
Figure 2.3  Time series of soil temperature from June 2 (DOY 184) to October 30 
(DOY 304), 2004 under a) vegetated cover and b) bare cover.   
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When analyzed in monthly periods, it appears that the fraction of bare ground 

had little effect on Ts (Figure 2.4).  However, when analyzed over the entire study 

period by plot, average Ts values indicate that the fraction of bare ground did have an 

effect on Ts.  Average Ts for the full period peaked at 18.98 oC under bare ground 

cover and 18.91 oC under vegetation (Table 2.1); both of these values were in the 

78% bare ground plot.  Lowest average Ts values, 18.75 oC under bare ground cover 

and 18.29 oC under vegetation, were recorded under the 30% plot.  Under bare 

ground, average Ts values increased as the fraction of ground increased in July, 

September, and for the full period (Table 2.1).  The Ts values under vegetation were 

always greatest under 78% bare ground plot and were always lowest under the 30% 

bare ground plot.  However, the analysis of variance operation indicated that means 

under vegetation were not significantly different from means under bare, and means 

between plots were not significantly different (Table 2.2).   

Because grazing density and bare ground are positively correlated (Teague et 

al. 2004, Metzger et al. 2005), these results imply that an increase grazing density 

will increase Ts.  These findings are consistent with a number of studies that have 

found that grazing leads to greater Ts (Whitman 1971, Svejcar and Christiansen 1987, 

Bremer et al. 1998, Bremer et al. 2001).  Unfortunately, because the maximum Ts 

was reached in six of eight plots, it is difficult to fully assess the relationship between 

grazing density and Ts. 

Figure 2.5 shows the difference in Ts under bare and vegetated cover under the 

47% plot for the full period; this plot indicates that bare areas were up to 5 oC greater 

than vegetated areas.  In order to focus more closely on this data, results from DOY 
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250 to 260 were used to effectively represent data from the entire period; patterns 

found in these ten days were typical of the entire period (Figure 2.6).  Trends in the 

30% and 47%  

 

 

Table 2.2 Test of Between-Subjects Effects from SPSS 9.0.  The dependent variable 
was soil temperature.  The results indicate that no means were significantly different. 
 
Source Type II Sum 

Of Squares 
df Mean Square F Sig. 

Corrected Model 310.445a 7 44.349 .461 .863

Intercept 8306375.586 1 8306375.586 86340.106 .000

Bare 82.075 1 82.075 .853 .356

Percbare 80612 3 2.871 .030 .993

Bare*percbare 219.967 3 73.322 .762 .515

Error 2507206.267 26061 96.205   

Total 10813892.298 26069    

Corrected Total 2507516.713 26068    
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Figure 2.4  Average soil temperature under a) bare and b) vegetated cover as a 
function of the percentage of bare ground.  The fraction of bare ground had little 
effect on average soil temperature under bare or vegetated cover.   
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Figure 2.5 Difference in soil temperature between bare and vegetated cover in the 
47% plot for the full period. 
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Figure 2.6 Daily differences in average soil temperature between bare and vegetated 
cover.  Each panel represents a plot with a different percentage of bare ground.  From 
top to bottom, the panels correspond to the 30%, 47%, 57% and 78% plots.  The 
greatest difference in average soil temperature between bare and vegetated cover is 
found in the 47% plot. 
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plots were found to be similar:  bare cover showed higher average Ts values than 

vegetated cover during the day and lower temperatures at night.  The 57% and 78% 

plots followed the same trend on a smaller, less significant scale.   

The differences in Ts values between bare and vegetated cover were greatest 

in the 47% plot (Figure 2.7).  At this fraction, the area under bare ground, on average, 

was roughly 0.9 oC greater than that under vegetation.  As mentioned above, a 

decrease in vegetation due to grazing has been found to increase Ts (Whitman 1971, 

Bremer et al. 2001); however, it is unclear why the greatest differences in Ts between 

bare and vegetated cover occurred in the 47% plot.  This result may have been a 

factor of longwave heat loss from the ground coupled with an appropriate amount of 

vegetation cover to trap heat.  In addition, the influence of the dominant cover type 

(bare or vegetation) could have controlled the Ts within the entire plot for the 30% 

and 78% bare ground plots.  For example, because the 78% bare ground plot was 

primarily bare ground, there was not a large difference between Ts under the bare 

ground and vegetation. 

Overall, simulated grazing seemed to have an influence on Ts.  As (simulated) 

grazing density increased, Ts increased.  In addition, the greatest difference in Ts 

occurred  in the plot that was roughly half vegetation and half bare ground.  

Recommended grazing management results in around 15 to 20% bare ground cover 

(Justin Derner, personal communication).   Considering that the differences in Ts in 

the 30% plot were not great, the contrast of Ts between vegetated and bare cover 

would be expected to be relatively small in such recommended densities.  However, 

results indicate that if an area were more heavily grazed (or overgrazed) enough to 
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produce about 50% bare ground, then implications would be great.  The significant 

difference in Ts between the bare and  

 
 
 
 
 
 
 

 
Figure 2.7 Difference in average soil temperature between bare and vegetated cover 
as a function of the percentage of bare ground.  The greatest difference between bare 
and vegetated cover was found in the 47% plot. 
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vegetated cover could influence surface heat fluxes and, in turn, could affect 

atmospheric conditions. 

Large thermal differences resulting from landscape patchiness could 

potentially result in changes in atmospheric behavior.  Modellers have found that 

surface heterogeneity due to land use can have an effect on the convective boundary 

layer (Avissar and Schmidt 1998, Weaver and Avissar 2001, Weaver et al. 2002).  

Variability in land surface characteristics contributes to significant gradients in 

sensible and latent heat fluxes.  It is the interaction of these heat fluxes and the 

overlying atmosphere that influences meteorological conditions.  A difference in Ts as 

large as 5 oC (seen in Figure 2.5) would likely produce differences in heat fluxes 

which, in turn, could affect the atmospheric behavior near the ground.    

Whether such small scale gradients in heat fluxes could affect regional 

weather patterns is unknown.  According to Avissar and Schmidt (1998), however, if 

an area of patchiness in surface landscape has a characteristic length scale smaller 

than 5-10 km, then the area will represent a single type of land surface in atmospheric 

models, thereby generalizing any surface patchiness within that area.  Such 

conclusions would lead to the assumption that gradients in heat fluxes due to 

patchiness would not have a strong effect on weather patterns.  Data from this chapter 

are of extreme importance because, as noted by Avissar and Schmidt (1998), 

simulations from models produce realistic results, but observational field experiments 

must be performed in order to fully evaluate results. 
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2.3.2  Relationship between Soil Moisture and the Fraction of Bare Ground 

The data reported in this section represent the volumetric soil moisture (θ) 

measured from the two replicates of four plots with scattered, varying fractions of 

bare ground.  Soil moisture ranged from 0 to 0.383 m3 H2O m-3 (at 3 cm below the 

surface) over the study period.  The time series shows that θ varied similarly under 

vegetated and bare cover (Figure 2.8).  However, averages for all plots for the full 

period, show that vegetated cover had a greater θ than under bare cover under all 

plots except the 30% bare ground plot (Table 2.2).  It is suggested that as vegetation 

cover decreases in areas preferential to grazers, areas of compacted bare soils allow 

precipitation to run off into remaining vegetation patches (Van de Koppel et al. 

2002).  In all months except July vegetated cover had greater average θ; in fact, in 

September on average, vegetated cover had 17% greater θ than the bare cover (data 

not shown).   

In addition, as the fraction of bare ground increased, Table 2.2 shows that θ 

generally increased under both bare and vegetated cover; lowest θ values were found 

in the 30% bare ground plot while greatest values were found in the 78% bare ground 

plot.  An increase in θ under bare ground cover could be a result of a decrease in 

evapotranspiration (ET).  With fewer roots beneath the surface, there is less chance of 

losing moisture to ET.   

Figure 2.9 demonstrates that as the fraction of bare ground increased, θ under 

vegetated cover increased greatly.  Comparison of the differences in θ under bare and 

vegetated cover in the 30% bare ground plot to that under the 78% plot shows this 

increase in θ under vegetated cover.  Average θ values by plot (including both bare 
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and vegetated cover) over the entire period were 0.107, 0.119, 0.119, and 0.144 m3 

H2O m-3 for the 30%, 47%, 57% and 78% plots, respectively; the plot of greatest 

simulated grazing density had the greatest θ over the full period.  According to 

numerous studies, grazing conserves soil water content (Svejcar and Christiansen 

1987, Wraith et a. 1987, Bremer et al. 2001).  In these studies, however, the separate 

θ values for bare ground and vegetated cover are unknown.  If conservation were a 

result of greater increase in θ under vegetation, then results found in this section 

would support their conclusion that grazing intensity conserves θ.  Regression of the 

means indicated that means in the 57% and 78% plots were significantly different 

from those under the 30% plots; however, means under the 30% plot and 47% plot 

were not significantly different.  Means between vegetated and bare cover were not 

significantly different (Table 2.4). 
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Figure 2.8 Time series of soil moisture from June 2 (DOY 184) to October 30 (DOY 
304), 2004 under a) vegetated and b) bare cover.  Soil moisture tended to be greater 
under bare cover. 
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Figure 2.9 Average soil moisture under bare and vegetated cover.  Each panel 
represents a plot with a different percentage of bare ground.  From top to bottom, the 
panels correspond to the 30%, 47%, 57% and 78% plots.  The greatest difference in 
average soil moisture between bare and vegetated cover is found in the 78% plot. 
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Table 2.4 Regression results from SPSS 9.0.  The dependent variable was soil 
moisture.   

 
Unstandardized 

Coefficients 
Standardized
Coefficients 

Model 

B Std. Error Beta 

t Sig. 

(constant) .069 .001  71.140 .000 

Bare .002 .001 .023 1.483 .138 

Perc2 7.85E-005 .001 .001 .057 .955 

Perc3 -.004 .001 -.039 -2.917 .004 

Perc4 -.014 .001 -.134 -10.019 .000 

P2xbare .001 .002 .006 .426 .670 

P3xbare -.020 .002 -.144 -9.958 .000 

P4xbare -.022 .002 -.161 -11.105 .000 
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Figure 2.10 shows the difference in θ for the full range of data collected for all 

the plots (30%, 47%, 57%, 78% bare ground).  Each plot showed a slightly different 

variation in differences in θ between bare and vegetated cover.  However, most 

noticably, between July 14 (DOY 196) and August 3 (DOY 216) (Period 1), and 

August 23 (DOY 236) and September 23 (DOY 267) (Period 2), θ in all the plots 

generally followed the same trend.  Both of these time periods were characterized by 

relatively large amounts of precipitation and experienced similar environmental 

stresses.  The following two paragraphs will focus specifically on these two periods.   

During Period 1, bare ground generally had greater θ than vegetated cover 

while, during Period 2, the opposite held true: vegetated cover generally had greater 

θ (in all plots except the 30% bare ground).  The rate of precipitation was 1.27 mm 

day-1 and 1.64 mm day-1 for Period 1 and Period 2, respectively.  Potential 

evapotranspiration (PET) was calculated using the Priestly-Taylor method using the 

following equation: 

       PET = α*(s/(s+λ))*(Rn - Qg)   
 
where α is a constant value representative for semi-arid environments (1.74), s is the 

slope of the saturation vapor pressure (SVP) and Ta, λ is a psychometric constant, Rn 

is net radiation, and Qg  ground heat.   
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Figure 2.10  Daily differences in average soil moisture between bare and vegetated 
cover.  Each panel represents a plot with a different percentage of bare ground.  From 
top to bottom, the panels correspond to the 30%, 47%, 57% and 78% plots.   
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PET was greater in the first period (4.02 mm day-1) compared to the second 

period (2.54 mm day-1) (Figure 2.11).  And, knowing that potential evapotranspiration 

(PET) will always exceed precipitation in this environment (Lauenroth and Milchunas 

1991, Sala et al. 1992), actual evaporation values during Period 1 (1.17 mm day-1) 

and Period 2 (1.01 Wm-2day-1) imply that actual evaporation accounted for only 29% 

of potential in Period 1 and 39% in Period 2.  Essentially, these analyses indicate 

that similar forces were acting upon the ecosystem during these two periods.   

Even though there were similar environmental conditions during these 

periods, different patterns of θ were seen in the different periods.  One theory that 

could explain the differences in θ patterns between Period 1 and Period 2 involves a 

comparison of rates at which water is drawn through the soil or through the leaves to 

be evaporated.  If in Period 1 the greater PET caused the plants to pull water up from 

the soil during transpiration faster than it could diffuse upward during direct 

evaporation, this would lead to greater θ under bare ground.  In order to evaporate 

from bare ground, water would have to move upward via vapor diffusion in the pore 

space or via capillary action.  These processes may be slower than water moving from 

roots in a moist environment through plants and out the leaves.  The smaller value of 

PET in Period 2 may have decreased this effect, and, because water was not pulled 

through the plants as quickly, vegetated cover would be left with greater θ.   
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Figure 2.11  PET over the full study period from June 2 (DOY 184) to October 30 
(DOY 304), 2004.  PET decreased throughout the study period. 
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Results in Figure 2.12 indicate that the greatest differences in θ between bare 

and vegetated cover were found in the 78% plot.  These findings imply that in an area 

of mostly bare cover, soil under vegetation would most likely have more moisture.  

Again, a potential explanation for this conclusion could be that with an increase in 

grazing density, and a subsequent decrease in vegetation cover, areas of bare soil 

facilitate an increase in runoff into vegetation patches (Van de Koppel et al. 2002).  

In addition, the vegetation cover could provide shade and allow moisture to re-

circulate underneath the cover.   

A relationship exists between the fraction of bare ground and θ.  Throughout 

the study period, bare cover generally had less θ than vegetated cover.  Because 

evaporation from bare ground follows environmental conditions more linearly than 

transpiration from vegetation (Ferenc Acs 2003), soil under vegetated cover had 

relatively higher θ in this dry ecosystem. 
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Figure 2.12 Difference in average soil moisture between bare and vegetated cover as 
a function of the percentage of bare ground.  Expectedly, the greatest difference 
between bare and vegetated cover was found in the 78% plot. At this fraction the θ 
under vegetated cover was greater than that under bare. 
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 Overall, θ under 78% plot (0.1436 m3 H2O m-3) was greatest.  These results 

are in agreement with the above mentioned studies that found grazing intensity to be 

positively related to θ (Svejcar and Christiansen 1987, Wraith et al. 1987, Bremer et 

al. 2001).   For example, Bremer et al. (2002) found that grazing decreased ET by 

28%, thereby conserving θ.  What this study found that adds to this conclusion is that 

potentially, the negative correlation between θ and grazing intensity can be accounted 

for by an increase in θ mostly under vegetated cover. 

 Again, as discussed in the previous section, greater implications are affected 

by the differences in θ between bare and vegetated cover.  For example, differences in 

θ result in gradients of latent heat fluxes which, ultimately, affect atmospheric 

conditions (Avissar and Schmidt 1998).    

 
2.3.3  Effect of Arrangement of Bare Ground on Soil Temperature and Moisture 

Common grazing lands generally contain patchy areas of vegetation and bare 

ground.  However, in areas especially favored by cattle, (i.e., around a water tank, an 

area where a preferred or palatable plant species is found), contiguous areas of bare 

ground can occur.  Using data from plots of mosaic and contiguous bare ground 

cover, this section aims to clarify the effect of the arrangement of bare ground on Ts 

and θ. 

Figure 2.13 illustrates the difference in average Ts between bare and vegetated 

cover on 47% and 57% plots with mosaics of bare ground (top two panels) versus on 

a plot with contiguous bare ground (bottom panel).  Distinctions are evident: the plot 

with contiguous bare ground had greater differences in Ts between vegetated and bare 
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cover than the 57% plot, but had similar differences in Ts to the mosaic 47% plot.   

These results demonstrate that patch of bare ground and vegetated cover will differ in 

soil temperature by the same amount, regardless of the surface area of the patch.  

Therefore, even though variability in land properties occurs at continuum of spatial 

scales, factors such as Ts will not be affected.  Such results would imply that gradients 

in sensible heat flux could be similar whether at a small or large spatial scale and 

could potentially affect atmospheric behavior. 

Figure 2.14 shows that θ under the bare contiguous ground (bottom panel) 

was much greater than any other location.  In addition, differences in θ between bare 

and vegetated cover were greatest in the contiguous plot.  These results indicate that 

unlike Ts, a greater surface area of bare ground will likely create greater gradients in 

latent heat fluxes.  Such a conclusion can be useful for modellers: an increase in the 

patch size considerably affects θ, however, has little impact on Ts.   

According to Lakshmi et al.  (2003), Ts and θ follow an inverse relationship 

through time-history.  For that reason, an increase in θ under contiguous bare ground 

would be expected to reduce Ts values under the same area.  However, this conclusion 

was not found to be true in this study.  In fact, θ seemed to play little if any role in the 

Ts, at least in the contiguous plot. 
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Figure 2.13  Difference in soil temperature between bare and vegetated cover.  The 
top two panels represent the 47% and 57% plots with a mosaic of bare ground.  The 
bottom panel represents the plot with 50% contiguous bare ground.   
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Figure 2.14 Soil moisture under bare and vegetated cover.  The top two panels 
represent the 47% and 57% plots with a mosaic of bare ground.  The bottom panel 
represents the plot with 50% contiguous bare ground.  Soil moisture was greater 
under contiguous bare ground and differences were greater under the contiguous plot. 
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2.4 Conclusions 

 Based on the results in this chapter, it is clear that, overall, grazing has an 

influence on soil temperature and moisture.  Greatest differences in Ts were found in 

the 50% bare ground plots (whether mosaic or contiguous) and θ was found to be 

conserved with increasing grazing intensity.  These results are very important when 

investigating broader implications. 

For example, results in this study can be used to better understand the impact 

of grazing on soil respiration.  By understanding how grazing intensity correlates with 

Ts and θ, an indirect link can be established to relate grazing with the exchange of 

CO2 between the biosphere and the atmosphere.  In a time when anthropogenic forces 

threaten to increase CO2 in the atmosphere, these studies become imperative.  In 

order to make better, more sustainable land management decisions, research must be 

conducted to determine how it is best to manage land at the lowest environmental 

cost. 

In addition, these results can help to further understand the desertification 

process.  Intense cattle grazing as well as periods of below average precipitation can 

compound the effects of herbivory, and can accelerate deterioration of the ecosystem.  

In the shortgrass steppe, these two factors play a large role in shaping the 

environment.  Using results in this study, one can further research how drought 

exacerbates the process of desertification. 
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CHAPTER 3:  SOIL TEMPERATURE AND MOISTURE 
CONTROLS ON SOIL RESPIRATION FROM A SHORTGRASS 

STEPPE RANGELAND 
 

3.1 Introduction 

Grazing lands cover approximately 3 billion ha of global terrestrial surface, 

about double the amount of land occupied by agriculture (Bronson et al. 1997, 

Schuman et al. 2001).  Soils in these grazing lands contain large reserves of carbon: 

according to Eswaran et al. (1993), these ecosystems contain 10 to 30% of the 

world’s soil organic carbon (SOC).  Because natural disturbances or anthropogenic 

land use often alters the characteristics of the soil profile thereby affecting carbon 

storage, changes in climate and land use have the potential to change CO2 fluxes 

(Buchmann 2000).   

Soil respiration plays a large role in the carbon budget of grasslands (Bremer 

et al. 1997).  According to Cao et al. (2004), insufficient data are available to 

effectively assess the impact of grazing on soil respiration.  Given that slightly less 

than 1/3 of the U.S. (excluding Alaska) can be considered as grazing lands (Sobecki 

et al. 2001), understanding the potential impacts that land use can have on soil 

respiration is necessary in order to better manage these ecosystems for carbon 

storage.   

 Arid and semiarid grasslands differ from croplands and pastures in that they 

sequester both organic and inorganic forms of carbon (Follet et al. 2001, Reeder et al. 

2004).  Soil organic carbon is derived from plant litter and root material.  Because of 

the immense amount of land involved, small changes in the net amount of SOC 

respired become very important.  According to Follett (2001), a loss of all the SOC in 
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the top 10 cm of soil in U.S. grazing lands would produce the same amount of carbon 

loss (from respiration) as U.S. croplands.   

Soil inorganic carbon (SIC) in the form of carbonates (CaCO3) is another 

important component in the carbon reservoir of grazing lands (Monger and Martinex-

Rios 2001).  As soil carbonate is the third largest pool of C (after oceanic and soil 

organic), it also plays a major role in terms of sequestering C from the atmosphere.  

However, uncertainties concerning the formation and rate of sequestration of SIC 

instigate the question of how important SIC is in the C budget. 

At a time when human-induced increases in greenhouse gases are expected to 

drive climate change (Raich and Potter 1995), evaluating the influence of grazing 

intensity on soil respiration is essential to clarify the relationship between land use 

and the carbon budget.  In order to address the importance of the effect of global 

climate change, studies have investigated the impact of elevated levels of CO2 on 

productivity and plant water relations in grasslands.  Most studies found that 

increased levels of CO2 led to decreased leaf conductance, improved plant-water 

status (increased leaf water potential) and increased soil water content (Morgan et al. 

2001, 2004; Nelson et al. 2004).  Such changes in ecosystem structure and hydrology 

could potentially affect soil respiration. 

Ecosystem warming due to global climatic change has also been found to alter 

rates of soil respiration, particularly through changes in soil temperature and soil 

moisture (Raich and Potter 1995, Davidson et al.1998, Buchmann 2000).  Evidence 

shows that soil temperature accounts for anywhere between 65 to 92 % of the 

variability of soil respiration in a mixed deciduous forest (Peterjohn et al. 1994), a 
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spruce forest (Buchman 2000), and an alpine meadow (Cao et al. 2004); CO2 efflux 

generally increases with increasing soil temperatures (Frank et al. 2002).  If an 

increase in global temperature yielded even a small increase in soil respiration from 

the large terrestrial soil C pool, the result could be a positive feedback (warming) on 

climate (Schimel 1995, Conant et al. 1998). 

Soil moisture has been found to either be unrelated (Buchmann 2000), 

positively related (Conan et al. 1998, Saleska et al. 1999, LeCain et al. 2002) or 

negatively related (Peterjohn et al. 1994, Davidson et al. 1998) to soil respiration.  

Such relationships tend to be site specific; no universal model has yet emerged 

(Davidson et al. 1998).  Most studies find that if soil moisture is determined to have 

an influence on respiration, it is usually secondary to that of temperature; however, 

Saleska et al. (1999) suggests that changes in soil moisture due to global warming are 

as important as the direct effects of changes in soil temperature.   

 In this paper the carbon dioxide flux (Fc) represents net ecosystem exchange 

(NEE), which is the net primary production (NPP) minus carbon losses in respiration 

(R): 

NEE = NPP – R 

Net primary production refers to the net production of organic carbon by plants, or 

photosynthesis, while respiration refers to CO2 efflux from either autotrophic 

respiration from plant roots or heterotrophic respiration from soil organisms (also 

referred to as total soil efflux, or Rs).  Specifically, this paper focuses on nighttime 

respiration, when NEE = R (because at that time NPP = 0).   
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As grasslands occupy a large proportion of the global terrestrial surface, an 

understanding of grassland carbon dynamics is vital to fully comprehend the 

grassland contribution to the regional or even global C budget (Frank et al. 2002).  

Furthermore, because most grasslands are subject to grazing, an evaluation of the 

influence of simulated grazing on soil respiration via changes in soil temperature and 

moisture as a function of the fraction of bare ground simulating the impacts of 

grazing (Chapter 2) can help to clarify the influence of land use on the carbon budget.  

The objective of this research was to determine the impact of cattle grazing on 

respiration through associated changes in soil temperature and moisture, and, 

ultimately, on the regional climate.  Expanding upon the research conducted in 

Chapter 2, the effects of soil temperature and soil moisture on night-time respiration 

were examined to determine whether grazing could influence the carbon dioxide 

cycle.  Understanding the relationship between cattle grazing and respiration will aid 

in future sustainable management decisions. 

 This chapter begins by describing the methods used to collect and analyze 

data.  Next is a results and discussion section focused on how simulated grazing 

indirectly affects soil respiration through mediation of soil temperature and moisture.  

Finally, the chapter concludes by reviewing important findings and explaining the 

implications of the results in a regional or global context.   
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3.2. Methods 

3.2.1 Site Description 

 The study was conducted at the United States Department of Agriculture, 

Agricultural Resource Service (USDA-ARS), Central Plains Experimental Range 

(CPER) in northeastern Colorado (40.50° N, 104.47° W).  This grassland is 

categorized as a shortgrass steppe, with species such as low growing blue-grama 

(Bouteloua gracilis) consisting of 60 to 80% of vegetative cover.  Other important 

plant species at the site include buffalo grass (Buchloe dactuloides), plains prickly 

pear (Opuntia polyachantha), and rabbit brush (Chrysothamnus nauseosus).  Mean 

monthly air temperatures range from -4 oC to 22 oC (Lauenroth and Milchanus, 

1991).  Annual precipitation ranges from 130 to 500 mm with roughly 50 to 80% 

occurring from April to September (Hart 2001). 

 

3.2.2 Data Collection 

In order to achieve the desired objectives, micrometeorological data were 

collected in the summer and fall (DOY 184-304) of 2004.  Measurements were 

recorded by a data logger (Model CR23X, Campbell Scientific, Inc.).  This time 

period was designed to coinside with summer and fall grazing.   

 The Eddy Covariance (EC) method was used to measure the surface energy, 

water and carbon dioxide fluxes.  The energy balance over grazed and ungrazed plots 

requires the determination of the four main flux components, which are approximated 

as: 

Q* = QG + QH + QE 
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where Q* is net radiation, QG is the ground heat flux, QH is sensible heat flux and QE 

is the latent heat flux. 

The EC method calculates exchange rates or fluxes by measuring the 

covariance of fluctuations of the vertical wind velocity and energy (temperature) or a 

particular gas (e.g., water vapor, CO2).  Simultaneous measurements of vertical wind 

and temperature (moisture, CO2) can be analyzed to determine the sensible heat 

(latent heat, carbon dioxide) flux.  The vertical flux of a particular scalar, s, can be 

determined by correlating the fluctuations of a vertical wind and the fluctuations of s.  

For example, Fc is calculated as follows: 

c cF w ρ= ′ ′  

where w is the vertical wind speed and ρc is the density of CO2.  Primes indicate 

deviation from the 30-minute temporal mean (overbar). 

 The EC system included two net radiometers, one facing south at 3 m above 

the ground and one facing east at the same height.   A four component instrument 

(model CNR-1, Kipp and Zonen, Delft, The Netherlands) measured up and down, 

longwave and shortwave components of the radiation budget, while a separate 

integrated sensor yielded a single measure of net radiation (Rn).  Relative humidity 

and air temperature were measured using a humidity probe (model HMP35D, 

Vaisala, Helsinki, Finland) mounted 1.32 m above the surface.  These measurements 

were sampled every 5 seconds and averaged every 30 minutes using a datalogger 

(model 23X, Campbell Scientific, Logan, Utah). 

A sonic anemometer (model CSAT3, Campbell Scientific, Logan, Utah) 

mounted at a height of 1.32 m above the surface faced southwest (perpendicular to 
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the dominant wind direction) measured wind speed and virtual air temperature.  A 

krypton hygrometer (model KH2O, Campbell Scientific, Logan, Utah) and an open 

path gas analyzer (model LI-7500, Li-Cor Inc., Lincoln, Nebraska) measured water 

vapor density and were located with the sonic anemometer.  In addition to measuring 

water vapor, the open path gas analyzer, which was calibrated prior to use, measured 

CO2 density and atmospheric pressure.  Sample rates were set at 20 Hz and fluxes 

were calculated over a 30-minute averaging period using a datalogger (model 23X, 

Campbell Scientific, Logan, Utah).   

The following corrections were applied to the raw EC data: a 3-D coordinate 

rotation was conducted on the raw wind speed data (Kaimal and Finnigan, 1994); the 

sensible heat was corrected for heat storage in the volume of air beneath the 

measurement height; the moisture flux was corrected for oxygen absorption in the 

case of the Campbell Scientific KH2O (Campbell Scientific, 1998b); both the 

moisture and CO2 fluxes were adjusted using the Webb adjustment (Webb et al., 

1980; Suyker and Verma, 2001); and erroneous data points resulting from 

precipitation events were eliminated.  Complete details of the EC system can be 

found in Alfieri et al., (2005). 

A soil thermometer (model STP-1, Radiation Energy Balance System, Seattle, 

Washington) was positioned at a depth of 2.5 cm, directly above a soil heat flux plate 

(model HFP, Radiation Energy Balance Systems, Seattle, Washington) buried at a 

depth of 5.0 cm.   The heat flux plate sampled at 5-second intervals. A soil moisture 

probe (model CS615, Campbell Scientific, Logan Utah) was used to measure 

volumetric soil water content and sampled every 15 minutes.  The 30-minute average 
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was stored using a datalogger (model CR23X, Campbell Scientific, Logan, Utah).  

Corrections found in Oke (1987) were applied to soil heat flux data.  The 30-minute 

average was stored using a datalogger (model CR23X, Campbell Scientific, Logan, 

Utah).  In this study, fluxes away from the surface are positive while fluxes towards 

the surface are negative.  Table 3.1 summarizes the measurements that were taken 

and the methods used. 
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Table 3.1 Measurements and methods in the study are listed below.  Timing of 0.5 
hrs indicates that the instruments were sampled every 5 seconds and averaged every 
half hour.  * indicates instruments used for Eddy Covariance method that were 
sampled at a frequency of 20 Hz.  S, L, and G represent shortwave radiation, 
longwave radiation, and ground heat, respectively. 
INSTRUMENT UNITS MEASUREMENT AVERAGING 

PERIOD 
Net Radiometer Wm-2 S↓ - S↑ 

L↓ - L↑ 
0.5hr 

Pyranometer Wm-2 S↓ and S↑ 
 

0.5hr 

Pyrgeometer Wm-2 L↓ and L↑ 0.5hr 
Soil Heat Flux 
Plate 

Wm-2 G 0.5hr 

Infrared 
Thermometer 

oC IR surface temp 0.5hr 

Hobo Soil Moisture 
Sensors 

m3 H2O m-3 Soil moisture 0.5hr 

Tidbits oC Soil temp 0.5hr 
HMP  Air temp 

Humidity 
0.5hr 

Digital Photos MANUAL Patchiness Weekly 
Rain gauge mm Precipitation  
Thermistor oC Soil temp 0.5hr 
TDR Probe m3 H2O m-3 soil Soil moisture 0.5hr 
*Sonic 
Anemometer 

m s-1 Wind speed (u,v,w) 
Virtual air temp 

0.5hr 

*Krypton 
Hygrometer 

g m-3 Vapor density 
(g/m3) 

0.5hr 

*LI-7500 
Hygrometer 

g m-3 Vapor density 
(g/m3) 
CO2 density (g/m3) 

0.5hr 
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3.3 Results and Discussion 

3.3.1 Carbon Dioxide Flux Trends 

 Throughout the study period, the 24-hr average CO2 flux varied from roughly 

-0.06 to 0.08 mg m-2 s-1 (Figure 3.1).  The time series of daily average CO2 shows that 

at the beginning of the study period, the site was a source of CO2 (from roughly July 

2 (DOY 184) to July 30 (DOY 212)).  During the period from July 30 (DOY 212) to 

September 6 (DOY 250), the site was a sink for CO2, and for the remainder of the 

study period, the site took up and respired about the same amount of CO2. 

In order to examine these data more thoroughly, CO2 flux results from 

September 6 (DOY 250) to September 16 (DOY 260) were used as a typical period to 

represent data from the entire period.  Patterns found during these ten days show that 

the site was both a sink and source, which was typical of how respiration behaved 

throughout the study period (Figure 3.2).  Rain events on September 10-11 (DOY 

254-5) and September 14 (DOY 258) help explain the variation in the CO2 flux on 

these dates.  The trend in this plot indicates that daytime periods were characterized 

by carbon dioxide uptake (the site was a sink of CO2 from the atmosphere), while 

nighttime periods were characterized by carbon dioxide release (the site was a source 

of CO2 to the atmosphere). 
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Figure 3.1 24-hr average CO2 flux throughout study period as measured using the 
eddy covariance method. 
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Figure 3.2 a) Carbon dioxide flux and b) precipitation from September 6-16 (DOY 
250-260). 
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 Figure 3.3 indicates that at the beginning of the study period, soil respiration 

was greater than carbon uptake.  In this chapter, soil respiration is defined as CO2 flux 

measurements from the eddy covariance system when the CO2 flux was greater than 

0, while carbon uptake is defined as CO2 flux measurements when the CO2 flux was 

less than 0.  However, on roughly August 18 (DOY 231), the site changed overall 

from a source to a sink, sequestering more carbon dioxide than it was releasing 

(Figure 3.3a).  Vegetation growth during this period along with changes in soil 

moisture and temperature regimes (to be discussed further) most likely account for 

this transition.  Chapter 2 reveals that after a period of low soil moisture levels, θ 

increases throughout the rest of the period; this trend probably contributed to the 

decrease in Rs.  Overall, the site absorbed -9.68 mg m-2 s-1 of carbon dioxide, showing 

it was a net carbon sink during the full study period. 

Looking at the partition between daytime and nighttime soil respiration allows 

for a clearer view of exactly how the carbon dioxide is involved in the exchange over 

the shortgrass steppe (Figure 3.3b).  Of the 120.59 mg of CO2 taken in by the surface 

(during the daytime), an almost equal amount (111.35) mg was released into the 

atmosphere (92.3%) during the night.  If the goal of sustainable management is to 

sequester as much carbon as possible, and for every mg of carbon dioxide taken in by 

photosynthesis, nearly 0.92 mg is lost by respiration, then, in order to best manage the 

impacts of land use on the carbon budget, it is important to understand which 

variables control respiration.  The next section will discuss how soil temperature and 

moisture affect soil respiration. 
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Figure 3.3 a) Cumulative CO2 measurements throughout the study period.  The 
transition from source to sink occurred on DOY 231.  b) Partition of uptake and 
respiration over the study period.

 61



3.3.2 Relationship between the CO2 Flux and Soil Temperature and Moisture 
 
 A sample period from August 17 (DOY 230) to September 6 (DOY 250) was 

used as an example to illustrate the relationship between soil temperature (Ts) and the 

carbon dioxide flux (Fc).  In this sample period Ts varied from about -8 oC to 40 oC.  

The data show that the decrease in Ts from August 27 to 29 (DOY 240 to 242) 

parallels a decrease in Fc (Figure 3.4).  Accordingly, Ham and Knapp (1998) found a 

positive relationship between Fc and Ts. 

 During the period from August 22 (DOY 235) to September 21 (DOY 265) 

volumetric soil moisture (θ) varied from roughly 0.07 to 0.23 m3 H2O m-3 soil.  Using 

a sample period with a variation of soil moisture made it possible to isolate the θ 

variable to determine its influence on Fc.  Therefore, this sample period was used as 

an example to show the relationship between θ and Fc.  A visual inspection of the 

time series shows that θ and Fc were found to be negatively correlated (Figure 3.5); as 

θ increased, Fc decreased.  Davidson et al. (1998) and Peterjohn et al.(1994) found 

similar results in a mixed hardwood and mixed deciduous forest, respectively.  

Additionally, after a precipitation event, it seemed that there was a flushing out of 

CO2, or a brief release of CO2, before a period of uptake.  This finding is in 

agreement with Hunt et al. (2004), who found that after a drought period, rainfall 

events result in sudden large, short-lived losses of carbon dioxide from the ecosystem, 

followed by a period of uptake.   
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Figure 3.4  Comparison of changing CO2 fluxes and changes in Ts.  These two variables seem to be positively related.  
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Figure 3.5 Comparison of changing CO2 fluxes and changes in θ.  Overall, soil moisture shares a negative relationship 
with Rs.  
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3.3.3  Relationship between Soil Respiration and Soil Temperature 

 In order to attain an accurate measurement of Rs, it is necessary to find a 

critical level of friction velocity (u*) where turbulence is large enough to mix the air 

effectively at the sensor heights (Blanken et al. 1998).  If this threshold is not taken 

into account, there will be an unnecessary dependence of Rs on turbulence (which is 

not a physiological relationship).  Figure 3.6a indicates that u*
 values less than 0.06 m 

s-1 are questionable.   Of the data collected, 97.13% were measured when u* was 

greater than 0.06, therefore only 3% were rejected due to a low u*  value in this windy 

environment (Figure 3.5b).   

Figures 3.7, 3.8, and 3.9 use data from the same sample period as Figure 3.5 

(August 22 (DOY 235) to September 21 (DOY 265)); this sample period is 

appropriate because short-term variation in θ is necessary in order to analyze the 

relationship between Rs and Ts when the soil is dry and wet.  No overall relationship 

exists between Rs and Ts (Figure 3.7).   
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Figure 3.6  a) Relationship between friction velocity (u*) and Rs.  Values equal to and 
less than 0.06 m s-1 show a dependency of Fc on the friction velocity.  Therefore, only 
data with values greater than this threshold will be used to find results.   The red line 
represents means over u* bin width of 0.04 m s-1.  b)  The frequency of values of u* 
show that most values (97%) were greater than 0.06 m s-1. 
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Figure 3.7  Relationship between Rs and Ts during the sample period of DOY 235 to 
265. Points represent 30-min average values.  The red line connects the means over Ts 
bin width of 2.5 oC.  
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After experimenting with different values for the threshold to separate wet 

from dry soil, the threshold of 0.15 m3 H2O m-3 soil of θ was chosen because it 

showed the strongest relationship.  Using this threshold, Figure 3.8 indicates that in 

both dry and wet soil, Rs was positively related to Ts up to a certain point; after this 

point, the relationship then becomes negative.  Under dry soil, the transition occurred 

around 27 oC, while under wet soil the transition occurred at around 21.5 oC.  The 

mean Rs values for dry and wet soil were the same (0.0289 mg m-2 s-1).   

To closer examine these relationships, a plot was created to compare the 

patterns under wet and dry soil (Figure 3.9).  This plot shows that greater respiration 

occurs under wet, cooler (Ts < 22.5 oC) soil, and respiration is greater under dry, 

warmer soil (26 oC < Ts < 34 oC).  At roughly 34 oC wet soil again shows greater Rs.  

As previously mentioned, trends exemplify that as Ts reaches a critical temperature, 

Rs begins to decrease.   

A number of studies found a decrease in Rs after a certain critical soil 

temperature was reached (Parker et al. 1983, Paul and Clarke 1989, Fernandez et al. 

2005).  Paul and Clarke (1989) suggested that at a certain critical temperature, Rs 

rates decline due to the denaturation of enzymes.  While O’Connel (1990) reported 

this temperature to be between 32 oC and 34 oC for a mesic environment, Parker et al. 

(1983) found that temperatures reached 41 oC in a xeric environment before Rs rates 

declined. 
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Figure 3.8  a) Relationship between Rs and Ts when the soil is dry (θ < 0.15 m3 H2O 
m-3)  and b) wet (θ > 0.15 m3 H2O m-3).  Points represent 30 min average values.  The 
red lines connect the means over Ts bin width of 2.5 oC.  Both plots show little 
relationship; however, in both cases, when soil temperatures reach a critical 
temperature, Rs decreases, most likely as a result of too high soil temperatures. 

 69



 
 
 
 

 
Figure 3.9  Mean values of Rs in dry and wet soil over the sample period of DOY 
235 to 265. 
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As Chapter 2 indicated, an increase in bare ground, the likely result of an 

increase in grazing density, increases Ts.  If grazing intensity were to increase Ts to a 

certain temperature, then this could result in an increase in Rs.  Numerous studies 

found that Ts and Rs are positively related, and anywhere from 75 to 92% of the 

variation in Rs is a result of Ts (Peterjohn et al. 1994, Davidson et al. 1998, Buchmann 

2000, Frank et al. 2002).  However, if an increase in grazing density increased the Ts 

to a temperature greater than 21.5 oC for wet soil or 27.0 oC for dry soil, then grazing 

could affect the ecosystem by reducing Rs.  Note, however, that because θ generally 

increased with an increase in bare ground (Chapter 2), the influence of simulated 

grazing cannot be simply stated (to be discussed further).   

 

3.3.4  Relationship between Soil Respiration and Soil Moisture 

 In order to evaluate the relationship between Rs and θ, the sample period from 

September 6 (DOY 250) to September 21 (DOY 265) was analyzed.  This time period 

had a variation of Ts and provided the strongest relationships when further analyzing 

how Rs and θ were related under warm and cool soils.  Figure 3.10 shows that as θ 

increases, Rs decreases.  This finding is in agreement with studies that found a 

negative relationship between Rs and θ (Peterjohn et al. 1994, Davidson et al. 1998).   
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Figure 3.10  Relationship between Rs and θ during the sample period of DOY 250 to 
265.  Points represent 30 min average values.  The red line connects the means over θ 
bin width of 0.01 m3 m-3.  As θ increases, Rs decreases, therefore, there exists a 
negative relationship. 
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 A number of tests were carried out to determine the threshold value of Ts to 

separate warm from cool soil.  Using 25 oC as the threshold for Ts proved to give the 

strongest relationships between Rs and θ.   Figure 3.11 indicates that under both warm 

and cool soils, a negative relationship exists between Rs and θ.   

 When looking at a comparison of trends in warm and cool soil, it is evident 

that a negative relationship between Rs and θ exists under both cool and warm soils.  

Cooler soil tends to emit greater amounts of CO2 than warmer soil (Figure 3.12).  

However, as Figure 3.12 indicates, warmer, drier soils have lower respiration rates 

only when θ is less than about 0.16 m3 m-3; when θ is greater than this amount, there 

is not much difference in respiration between warm and cool soils.   

Because an increase in bare ground leads to an increase in θ (as found in 

Chapter 2), this would, in turn, lead to a decrease in Rs.  Because respiration is a 

major component of the carbon cycle in grasslands (LeCain et al. 2002), it is 

important to understand how grazing management affects respiration.  If an increase 

in grazing density increases the amount of θ (Chapter 2), and subsequently decreases 

Rs, then an increase in grazing density, which produces greater areas of bare ground, 

is a sustainable management option for reducing carbon dioxide loss to the 

atmosphere. 
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Figure 3.11  a) Relationship between Rs and θ when the soil is warm (Ts > 25 oC)  
and b) cool (Ts < 25 oC).  Points represent 30-min average values.  The red lines 
connect the means over θ bin width of 0.01 m3 m-3.  Both plots show that as θ 
increases, Rs decreases.  
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Figure 3.12  Mean values of Rs in warm and cool soil over the sample period of DOY 
250 to 265. 
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However, because Ts and θ are related (Figure 3.13), it is difficult to make 

sweeping statements about how (simulated) grazing can affect Rs.  According to 

Figure 3.13, Ts and θ are negatively related.  Understanding this relationship allows 

for the clarification (and possibly, simplification) of the results described thus far.  As 

θ increases, Rs decreases (Figure 3.12).  And, as Ts increases, θ tends to decrease 

(Figure 3.13).   Therefore, one would predict that as Ts increases, Rs would increase 

(Peterjohn et al. 1994, Buchman 2000, Frank et al. 2002, Cao et al. 2004).   Figure 

3.9 shows that this is true (Rs increases); only, because a potential threshold 

temperature was reached, Rs increases only until about 27 oC under dry soil and 21.5 

oC under wet soil.  
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Figure 3.13  24-hr average relationship between Ts and θ is negative.  
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3.4 Conclusions 

 Based on the results in this chapter, it is evident that soil temperature and 

moisture regimes influence soil respiration.  First, Fc is positively related to Ts, and 

negatively related to θ.  Second, comparison of wet and dry, and warm and cool 

conditions shows that greater respiration occurs in cooler, wetter soil than in warmer, 

dryer soil.   

Because grazing density can have an effect on Ts and θ, it is clear that a 

decision regarding grazing management can influence the amount of CO2 released 

into the atmosphere.  If an increase in grazing density raises Ts to a certain critical 

temperature, an increase in grazing intensity will increase Rs.  At the same time, 

however, an increase in grazing density will increase θ, and subsequently decrease Rs.  

In addition, according to Cao et al. (2003), an increase in grazing density will 

decrease Rs because of a reduction in both above-ground and below-ground biomass. 

This component of the research is valuable because it provides the data 

needed to make decisions for sustainable management strategies.  For example, if 

conditions in a certain area were predicted to be cooler and wetter, a decision-maker 

would know the implications of such a change: cool and wet conditions imply an 

increase in carbon efflux from the ecosystem.  Similarly, understanding how an 

increase in the fraction of bare ground (potentially caused by grazing) could change 

soil temperature and moisture conditions, assists ranchers in choosing the most 

environmentally sustainable grazing density for their fields.  In addition, the results 

from this research can be used to implement policies regarding sustainable 

management.  Identifying the factors that control Rs and understanding the 
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implications of a change in climate helps to understand how to sequester more 

carbon, release less carbon dioxide to the atmosphere, and, potentially, acquire more 

carbon credits. 

Currently, concerns about increasing atmospheric CO2 and global climate 

change are at the forefront of scientific study and policy.   Understanding the impact 

that land management decisions can have on the atmosphere and ecosystem will help 

in trying to alleviate climate-related problems.   
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CHAPTER 4:  CONCLUSIONS AND BROADER IMPLICATIONS 

 

4.1 Introduction 

 The goal of this research was to understand the impacts that grazing can have 

on soil temperature, moisture, and respiration in the shortgrass steppe.  Specifically, 

this research focused on the impact that simulated grazing can have on soil 

temperature and moisture via changes in the fraction of bare ground, and the 

subsequent influence of grazing on changes in carbon efflux.  Identifying the role that 

grazing can play in controlling the release of CO2 to the atmosphere is crucial at such 

a time when there is growing concern about global climate change.   

Because nearly half the earth’s terrestrial surface is characterized as 

grasslands (LeCain et al. 2002), and nearly one third of the continental U.S. is 

considered as grazing lands (Sobecki et al. 2001), understanding the role that 

grasslands play in the regional carbon budget is essential.  Furthermore, 

understanding the sources and sinks of atmospheric CO2, and how they are affected 

by land use and climate, is important in analyzing how human activities can affect the 

global carbon cycle.   

A change in vegetation, potentially due to land management, can alter both the 

hydrology and surface energy fluxes of an ecosystem (Whitman 1971, Svejcar and 

Christiansen 1987, Wraith et al. 1987, Bremer et al. 2002).  Consequently, changes in 

soil temperature (Peterjohn et al. 1994, Buchman 2000, Frank et al. 2002, Cao et al. 

2004) and moisture (Peterjohn et al. 1994, Conan et al. 1998, Davidson et al. 1998, 

Saleska et al. 1999, LeCain et al. 2002) regimes can influence soil respiration.  
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Through these means, cattle grazing can have an effect on the amount of carbon 

released into the atmosphere.   

The overall objective of this research was to understand the how soil 

temperature and moisture, soil respiration and land use (particularly grazing) are all 

interconnected.  In order to accomplish this objective, the research was divided into 

two separate, comprehensive sections, each of which had its own objectives and 

methods.  The first section, which was presented in Chapter 2, focused on the effects 

of the fraction of bare ground (potentially, as a result of grazing) on the soil 

temperature (Ts) and volumetric water content (θ).  The second section, which was 

discussed in Chapter 3, expanded upon the data from the first chapter to analyze how 

soil temperature and moisture, and indirectly, cattle grazing, affect soil respiration. 

 

4.2 Review of Results and Conclusions 

 The first phase of this research found that while Ts under bare ground was 

generally greater than that under vegetation, more importantly, Ts values increased as 

the fraction of bare ground increased under both bare and vegetated cover throughout 

the full period.  Essentially, because there is a positive correlation between grazing 

density and the fraction of bare ground (Teague et al. 2004, Metzger et al. 2005), 

these results imply that an increase in grazing density will increase Ts.  Additionally, 

greatest differences in Ts between bare ground and vegetated cover were found in the 

plot with roughly half vegetation, half bare ground.  Although recommended grazing 

densities generally result in 15-20% bare ground (Justin Derner, personal 

communication), this result indicates that if an area were overgrazed enough to 
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produce 50% bare ground, then implications would be great.  Such a significant 

difference in Ts between the bare and vegetated cover could influence surface heat 

fluxes and, in turn, could affect atmospheric conditions. 

 The first component of the research also looked at the relationship between 

bare ground and θ.  Results showed that θ is greater under vegetation than under bare 

ground.  Van de Koppel et al. (2002) suggested that areas of compacted bare soil 

allow precipitation to drain into nearby vegetation patches.  Also, results indicated 

that as the fraction of bare ground increased, θ under both bare ground and vegetated 

cover generally increased.  An increase in θ under bare cover can be explained by a 

concurrent decrease in evapotranspiration (due to fewer roots).  However, the overall 

increase in average θ (with increased simulated grazing density) can be mostly 

attributed to the increase in θ under vegetated cover.  As the fraction of bare ground 

increased (due to an increase in simulated grazing density), θ under vegetated cover 

increased considerably.  Greatest differences in θ between bare ground and vegetated 

cover were found in the 78% bare ground plot. 

 In addition to examining the effect of the fraction of bare ground on  

Ts and θ, this section of research investigated how the arrangement of bare ground, 

whether mosaic or contiguous, affected these variables.  Results showed that one 

patch of bare ground (or vegetated cover) will be the same temperature as another 

patch, regardless of the surface area arrangement of the patch.  (The differences in Ts 

between vegetated and bare cover were similar in a mosaic plot and a contiguous 

plot).  The results for θ, however, showed that unlike Ts, a plot of contiguous ground 

will result in greater differences between bare and vegetated cover.  This conclusion 
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can be useful for modellers: an increase in the patch size considerably affects θ, 

however, has little impact on Ts.   

 The second chapter of the thesis found that Ts was positively correlated, and θ 

was negatively correlated to the carbon dioxide flux (Fc).  In addition, this section 

focused on the relationships between Ts and θ, and Rs.  Results showed that as Ts 

increases, Rs increases to a certain Ts (21.5 oC under wet soil and 27 oC under dry 

soil), and then Rs decreased.  Other studies also found that Rs declined after reaching a 

critical temperature (Parker et al. 1983, Paul and Clarke 1989, Fernandez et al. 2005).  

This reduction in Rs is assumed to be due to the denaturing of enzymes at a certain 

critical temperatures (Paul and Clarke 1989).   

Results also showed that as θ increases, Rs tended to decrease.  However, 

because Ts and θ are negatively related, one cannot simply generalize the influence of 

(simulated) grazing on Rs.  For example, if an increase in the fraction of bare ground, 

simulating an increase in grazing density, results in an increase in θ (as found in 

Chapter 2), and an increase in θ leads to a decrease in Rs (as found in Chapter 3), then 

one would expect an increase in Ts would increase Rs.  As mentioned before, this 

research concluded that an increase in Ts does lead to an increase in Rs (until a certain 

critical soil temperature). 

 

4.3 Broader Implications  

 The implications of this research reach far beyond scientific knowledge.   

A greater understanding of environmental factors regulating carbon fluxes in semi-

arid grasslands is essential due to the wide distribution of these ecosystems and issues 
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of sustainability including imminent threats of climate change.  Because water is a 

critical limiting factor to plant growth in these environments, changes in seasonality, 

distribution, and frequency of rainfall could impact the biosphere-atmosphere 

exchange of carbon.  In addition, changes in soil temperature due to climate change 

could affect the CO2 flux as well. 

 In the case of drought, extended periods of soil water deficit and associated 

high air and soil temperatures could affect a wide range of physiological plant 

functions.  Knowledge of how changes in volumetric soil moisture and soil 

temperature can affect soil respiration, can lead to a better understanding of how 

carbon efflux will be affected by drought.  Results from this study indicate that drier, 

warmer conditions increase Rs.  Therefore, in drought conditions (characterized by 

low θ and high Ts), an increase in Rs is expected.    

Most importantly, this research helps to explain how cattle grazing may affect 

the carbon balance in this ecosystem through changes in Rs.  Because an increase in 

bare ground, (a potential result of grazing) increases Ts and θ (Chapter 2), it is 

possible to indirectly link grazing density to changes in Rs.  This knowledge can 

greatly help a rancher in making decisions about how to manage his land.  However, 

because the linkages are so complex, and because Ts and θ are themselves related, it is 

difficult to generalize how grazing affects carbon efflux.  For example, if a rancher 

wanted to implement a sustainable management policy in order to limit the amount of 

CO2 released to the atmosphere, he/she must first determine how much bare ground a 

certain grazing density produces.  He then must incorporate the climatic conditions of 

the environment.  In a cooler, wetter ecosystem, he could expect a lower Rs.  
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However, if expected conditions were warmer and drier, he should expect a greater 

amount of CO2 efflux.  Further investigation of precisely how much Ts and θ account 

for the variability of Rs will allow the rancher to make the correct decision in reducing 

or increasing his grazing density.    

Furthermore, these results are very useful when attempting to calculate what 

the potential of an ecosystem is to sequester or release CO2.  Such an evaluation is 

necessary when working with carbon credits.  Carbon credits are an idea proposed by 

the 1997 Kyoto Protocol to help reduce CO2 emissions.  A carbon credit is an amount 

of carbon stored or sequestered in a specific environment, which can be used by 

governments or other entities to offset greenhouse gas emissions.  If ranchers were 

given the opportunity to use carbon credits on their land, use of the results in this 

research would help them to make decisions on how to manage their land in order to 

reduce Rs; they could estimate how changes in climate could affect the CO2 exchange 

on the rangeland. 

Overall, the results of this research demonstrated that, via changes in Ts and θ, 

and subsequent changes in Rs, cattle grazing may have an effect on the shortgrass 

steppe ecosystem.   As discussed above, the results from this study can be used to 

evaluate management policies or to aid in decision-making strategies.  In addition, 

this research suggests ideas for further research.  For example, one could focus more 

closely on how cattle grazing affects Ts and θ via changes in physiological 

characteristics of the vegetation itself.  Understanding the responses of the plants 

could clarify the responses in Rs.  Future studies could also help to further explain the 
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relationship between Ts and θ, and Rs by completely isolating the different variables 

to determine their separate influences.  
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