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 A proposed state-and-transition model (STM) for the Deep Sand 

Savannah ecological site in central New Mexico was developed using 

historical data and expert knowledge. This STM was tested utilizing data from 

short and long term one-seed juniper (Juniperus monosperma (Engelm.) 

Sarg.) control experiments initiated in 1981 and 1985. Utilizing data from the 

individual plots within the identified states, the proposed model was refined 

with definitions of specific processes and indicators associated with each state 

and transition. At-risk community phases, feedback mechanisms and 

threshold values were identified and described for soil aggregate stability and 

vegetative cover variables.  

 Short term response data were collected in 1984 and long term 

response data from 1985 through 1989 and in 2003. Soil moisture data 

indicated the treated plots contained significantly (α=0.05) more available 

moisture than control plots especially during the drought year of 1989. The 

treated plots were significantly (α=0.05) different from controls for all the 

vegetation and soil variables. Vegetation measurements were repeated in 

2003 along with additional vegetation attributes and soil aggregate stability.  

 Eighteen years after treatment, data analysis indicated significantly 

(α=0.05) different treatment effects in most variables and significant (α=0.05) 

ranch by treatment interactions for many others. Linear regression showed 



expected correlations and several weak (r2<0.30) but significant (α=0.05) 

relationships.  

 Results suggest soil aggregate stability variables provided the best 

integrator of long term ecological responses to change in vegetation 

production, soil moisture, cover, bare ground, litter accumulation and bare 

patch size. Surface soil stability was a reliable indicator and predictor of state 

membership and provided indication of value ranges within states for itself and 

other data elements. The STM includes feedback mechanisms that build 

resilience into each of the three identified states, at-risk community phases 

within the Reference and Juniper States and threshold values between the 

three states. This model will assist managers with identification of potential 

ecological thresholds and at-risk community phases, thus providing 

information to plan actions that facilitate the maintenance of ecological and 

economic sustainability while providing the broadest array of ecosystem 

services possible within the potential of the ecological site. 
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Quantification of State-and-Transition Model Components 
Utilizing Long-term Ecological Response Data Following  

One-seed Juniper Treatment on a  
Deep Sand Savannah Ecological Site 

 
CHAPTER 1:  GENERAL INTRODUCTION 

 
MODELS OF ECOLOGICAL DYNAMICS 
Succession-Regression Model 
 Building on Clements‟ (1928) concepts of linear succession to a 

climatic climax, Sampson‟s (1919) classification ideas and the edaphic 

polyclimax of Tansley (1935), E. J. Dyksterhuis (1949) proposed the 

quantitative climax model. This model is based on the succession-

regression concept of plant dynamics and provided a quantitative way in 

the field to determine the status of a plant community. It is based on the 

concept that competition driven plant succession will return a plant 

community to its site potential once an outside disturbance has been 

removed. The status or condition of the functional edaphic unit (later 

called range site) was based on the proportions of decreaser, increaser 

and invader plant species in the existing plant community (Dyksterhuis 

1958). 

 The quantitative climax model was integrated into range site 

descriptions and became the model for directing management decisions 

and plant community response to disturbance levels. Range sites were 

defined as a distinctive kind of land with specific physical characteristics 

that differs from other kinds of land in its ability to produce a distinctive 

kind and amount of vegetation (USDA 2003). The quantitative climax 

model worked well for many parts of the country, especially in areas of 

summer precipitation with plant communities dominated by herbaceous 

plant species. However, as introduced plants and invasive alien species 

became more common this model did not explain the resulting dynamics. 

The quantitative climax model also did not adequately explain much of 
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the plant community dynamics observed in semi-arid and arid 

ecosystems and in the shrub steppe (Westoby et al. 1989, Laycock 1991, 

Fuhlendorf et al. 1996, Fuhlendorf and Smeins 1997), especially when 

natural disturbance regimes were altered (e.g., fire frequency, herbivory 

levels). 

 

Non-Equilibrium Model 
 Non-equilibrium theory as applied to rangelands was developed 

from observations that succession did not always return a plant 

community to its site potential. These observations, and later research 

results, recognized that linear succession failed to adequately predict the 

observed vegetation changes (West et al. 1984, Archer 1989, Laycock 

1991). 

 The idea of alternative steady states as distinct entities for 

management purposes was first identified by Westoby et al. (1989). 

Working in South Texas, Archer (1989) discussed the changes in 

structure and process in a plant community that may accompany a 

change in disturbance regime. He specifically addressed the cessation of 

fire as a change in the disturbance regime that results in the 

establishment of woody vegetation in a system previously dominated by 

grasses. This change from herbaceous to woody plant domination 

caused a change in structure and process that could not be reversed by 

reintroduction of the historic disturbance regime. Significant inputs of 

energy (machinery, seed, etc.) would be required to return the system to 

its original structure and function. He also stated that the change is likely 

to be short lived without continued energy inputs. Friedel (1991) 

discussed the concept of thresholds between domains from one state to 

another. She discussed several examples and recognized two main types 

of thresholds, changes from herbaceous to woody dominated systems 

and changes from stable to eroding soils.  
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In 1997 the USDA-Natural Resources Conservation Service 

officially incorporated concepts of multiple steady states and the use of 

state-and-transition models (STM) into range sites and enlarged the 

application into the current ecological site concept (USDA 2003). 

Ecological sites are the basic unit of inventory, assessment and 

management on rangeland in the United States. Bestelmeyer et al. 

(2009) suggested a revision to the range site definition to accommodate 

the state-and-transition concepts that are now being incorporated into 

ecological sites and the descriptions of those sites. An ecological site was 

defined as a class of land based on recurring soil, landform, geological, 

and climate characteristics that differs from other such classes in the 

production and composition of plant species under the disturbance 

regime of reference conditions, associated dynamic soil property levels, 

and ecosystem services provided. Bestelmeyer et al. (2009) continued by 

discussing the uniqueness of the ecological site in its responses to 

management and the processes of degradation and restoration. They 

further state that ecological sites reoccur on similar soil components, and 

that within the range of the ecological site it can be observed in one or 

more ecological states.   

Stringham et al. (2003) provided definitions and a framework to 

develop STM. These proposed models are at the ecological site scale, 

with each unique ecological site having its own STM. These definitions 

stress the relationship of the soil and vegetation components to the 

functioning of the ecological processes within a state. The soil 

component, having been developed through time integrating the parent 

material, climate, landscape position and with the interaction of the 

resulting biota, determines the capability of the ecological site. This 

interaction between soil and vegetation determines the functional 

relationship of the ecological processes and the site resiliency and 

resistance to change in ecological process function. Table 1.1 displays 
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the definitions for states, community phases, community pathways, 

transitions and thresholds. 

 

Table 1.1. Definitions of the components of a state-and-transition model 
adapted from Stringham et al. (2003). 

State A recognizable, resilient complex of two components, the soil base 
and the vegetation structure. The components are connected through 
integrated ecological processes that interact to produce a resilient 
equilibrium expressed by a specific suite of vegetative communities. 
 

Community 
Phase 

Different assemblages within a state that represent the natural range 
of variability within the state. These dynamics may be driven by 
succession and regression and/or non-equilibrium events. 
 

Community 
Pathway 

Causes of change between community phases within a state. 

Transition Trajectory of change caused by natural or management actions that 
degrade the integrity of one or more of the state‟s primary ecological 
processes beyond the point of self repair. 
 

Threshold A boundary in space and time between states or along a transitions 
where one or more of the state‟s primary ecological processes has 
been degraded beyond self repair. 

 
 

The definitions and framework shown in Figure 1.1 provided the 

necessary structure to begin the process of developing process based 

STM derived from data for use in understanding the ecological dynamics 

involved in rangeland management.  
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Figure 1.1. Model framework adapted from Stringham et al. (2003) 
showing community dynamics within a state, transitions and thresholds.  
  

Briske et al. (2008) further refined the model to include more emphasis 

on resilience within the state and the feedbacks involved in building 

resilience. Figure 1.2 illustrates this refinement.  

 

 

Figure 1.2. Illustration of resilience concepts in state-and-transition 
models using feedback mechanisms to help explain the movement 
toward and away from thresholds (adapted from Briske et al. 2008). 
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 Peterson et al. (1998) explained resilience as the amount of 

change or disruption that is required to transform a system from being 

maintained by one set of mutually reinforcing processes and structures to 

a different set of processes and structures. The community pathways 

between the community phases are feedback mechanisms that maintain 

the mutually reinforcing processes and structures. Briske et al. (2008) 

provide additional definitions and suggested inclusion of resilience based 

concepts into the state-and-transition models (Table 1.2). Bestelemeyer 

et al. (2009) further refined many of the definitions and added concepts of 

reference state and reference community phase and their definitions 

(Table 1.3). Together the definitions and frameworks from Stringham et 

al. (2003), Briske et al. (2008) and Bestelmeyer et al. (2009) form the 

basic concepts of state and transition model development in use today.  

 
Table 1.2. Additional definitions and resilience-based concepts for state-
and-transition model framework (adapted from Briske et al. 2008). 

At-risk 
community 
phase 

Plant community phase within a state that is most vulnerable to 
exceeding the resilience limits of the state.  

Ecological 
resilience 

Amount of change or disruption that is required to transform a 
system from being maintained by one set of mutually reinforcing 
processes and structures to a different set of processes and 
structures. 

Feedback 
mechanisms 

Ecological processes that enhance (negative) or decrease 
(positive) ecosystem resilience. 

Feedback 
switch 

Point at which feedbacks shift from a dominance of negative 
feedbacks that maintain ecosystem resilience to a dominance of 
positive feedbacks that decrease ecosystem resilience and 
contribute to a state change. 

Restoration 
pathways 

Re-establishment of prethreshold states following active restoration 
of negative feedback mechanisms necessary to maintain the 
resilience of these states. 

States 

A suite of plant community phases occurring on similar soils that 
interact with the environment to produce persistent functional and 
structural attributes associated with a characteristic range of 
variability. 

Thresholds 
Conditions sufficient to modify ecosystem structure and function 
beyond the limits of ecological resilience, resulting in the formation 
of alternative states. 

Triggers 
Biotic or abiotic variables or events, acting independently or in 
combination, that initiate threshold-related processes by 
contributing to the immediate loss of ecosystem resilience. 
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Table 1.3. Additional definitions of STM components including reference 
state and reference community phase (adapted from Bestelemyer et al. 
2009). 
 

State A suite of temporally-related plant communities and associated 
dynamic soil properties that produce persistent, 
characteristic structural and functional ecosystem attributes. 

Reference 
state 

The state supporting the largest array of potential ecosystem services 
and from which all other states and phases can be 
derived; often considered to represent a historical or natural range of 
variability or the set of conditions most preferred by 
a society. 

Community 
phases 

Distinctive plant communities and associated dynamic soil property 
levels that can occur over time within a state. 

Reference 
phase 

The phase of the reference state exhibiting the structural and 
functional properties that impart resilience to this state. 

At-risk 
phase 

The community phase that is most vulnerable to transition to an 
alternative state (i.e., least resilient). 

Transition The mechanisms by which one state is transformed into another 
state. 

Trigger  Events processes, and drivers that initiate a transition to an 
alternative state. Triggers can be indicated by changes in plant 
community patterns that result in altered feedbacks or increased risk 
of sudden transition from the at-risk phase. 

Threshold Conditions defined by vegetation/soil characteristics and related 
processes that distinguish alternative states and that 
preclude autogenic (unassisted) recovery of the former state. 

 
JUNIPER ECOLOGY 
 Juniper dominated plant community associations currently cover 

approximately 40 million hectares in the western United States (West et 

al. 1975, Fowler et al. 1985, Romme et al. 2009). These plant 

communities are generally transitional between lower elevation arable 

lands and higher elevation coniferous forests and provide critical 

seasonal habitat for wildlife and forage for livestock (Roundy and Vernon 

1999).  

 In parts of the southwest, juniper species including one-seed 

juniper (Juniperus monosperma (Engelm.) Sarg) have encroached into 

adjacent grasslands or increased in stand density (Woodbury 1947, 

Jameson 1962, Mueggler 1976, Lanner and Van Devender 1998, 

Gottfried 1999). Explanations for this encroachment include a decrease in 
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fine fuels from grazing, active fire suppression, reduction of grass 

competitiveness from overgrazing, spread of seed by livestock and 

wildlife, and climate change (Johnsen 1962, White 1965, Miller and 

Wigand 1994, Allen and Breshears 1998, Lanner and Van Devender 

1998). Increased juniper cover is generally associated with reduced 

herbaceous cover and production (Jameson 1962, Arnold 1964, Arnold et 

al. 1964, Jameson 1967, Jameson 1970, Clary and Jameson 1981, and 

Pieper 1983) and increased runoff and erosion (Arnold 1964, Jameson 

1970, Wilcox et al. 1996a, Wilcox et al. 1996b, Pierson et al. 2007, 

Petersen and Stringham 2008). 

 One-seed juniper is common in the desert grassland and piñon-

juniper ranges throughout New Mexico and in southeastern and north-

central Arizona. This species also occurs in southern Colorado, western 

Texas and western Oklahoma (Pieper 1977, Allen and Peet 1990). One-

seed juniper is a native, long lived, evergreen tree with often shrubby 

form, 3-12 m tall with several curved limbs arising near the base. One-

seed juniper produces small, berry like cones. Mature cones are dark 

blue to purple or brownish, and succulent, or at least somewhat fleshy 

with one seed per fruit (Tueller and Clark. 1975).  

 Mature one-seed junipers have both tap and lateral root systems. 

The taproots range from 46 cm to more than 3.7 m in length. Lateral roots 

are widespread, commonly being 2.5 to 3 times as long as the tree is tall. 

Most lateral roots are in the surface 1 m of the soil, most of those 

concentrated below the surface 15 cm (Johnsen 1962). The deep root 

system of mature one-seed junipers is adapted for growth on dry sites 

(Johnsen 1962). Foxx and Tierney (1987) reported rooting depths 

ranging from 5-60 m. One-seed juniper has the ability to stop active 

growth when moisture is limited but can resume growth when moisture 

availability improves (Herman 1956). Johnsen (1962) reported three 

growth rings formed in the summer of 1956 corresponding to three rainy 
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periods separated by three dry periods in which the soil dried. This 

growth pattern represents an important adaptation allowing junipers to 

survive on harsh, arid and semi-arid sites.  

 Trees first produce seed at 10 to 30 years of age, although 

maximum seed production generally does not occur until 50 years of age 

(Johnsen and Alexander 1974, Schott and Pieper 1986). Trees as short 

as 46 cm in height can produce seed (Johnsen 1962). One-seed juniper 

typically produces large seed crops at 2- to 5-year intervals (Johnsen and 

Alexander 1974). Dispersal of one-seed juniper seeds may occur through 

water, gravity, or by any of a number of birds and mammals (Johnsen 

1962). Animal dispersal may be particularly important, as digestive 

processes may enhance germination (Balda 1987). Most seed cones 

occur on the outer edges of trees where they are most visible and 

accessible to birds (Salomonson 1978). On some sites in New Mexico, as 

much as 95% of juniper reproduction could be attributed to bird dispersal 

(Balda 1987). Domestic sheep and cattle may also aid in seed dispersal 

(Johnsen 1962). According to Johnsen (1962), seed viability is not 

harmed by long periods of drought. Viable seed in the soil may endure 

prolonged drought and still germinate when conditions become favorable 

(Johnsen 1962). Seedling establishment of one-seed juniper is often very 

poor even when good germination occurs (Schott and Pieper 1987). The 

growth rate has been characterized as slow with medium vigor. Shade 

may be important for good establishment and early growth of one-seed 

juniper (Jameson 1965). Emergence appears to be somewhat greater 

under trees or shrubs than in interspaces where humidity and 

temperature fluctuations are more extreme (Johnsen 1962).  

 

PROJECT RATIONALE 
 The quantitative climax model of plant community dynamics has 

been used for more than 50 years in the management of rangelands. It 
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has not been effective in providing managers with timely options for 

restoration of many ecosystems (Laycock 1991, Fuhlendorf et al. 1996, 

Fuhlendorf and Smeins 1997). State-and-transition models are becoming 

the decision support tool of choice for developing, adapting and selecting 

management options, especially when dealing with invasive plant 

encroachment into grassland ecosystems. Currently, most STMs are 

based on experience and professional knowledge with little data to 

support the descriptions of plant community pathways and transitions. 

The use of models to describe states and predict transitions across 

thresholds using quantitative indicators has been widely called for 

(Friedel 1991, Laycock 1991, Herrick et al. 2002, Bestelmeyer et al. 

2003, Bestelmeyer et al. 2004, Briske et al. 2005, Briske et al. 2006, and 

Bestelmeyer et al. 2009).  

 The increase in extent and density of juniper has been well 

documented (West et al. 1975, Fowler et al. 1985, Romme et al. 2009) 

and some effects of juniper have been well studied. Increased juniper 

cover is generally associated with reduced herbaceous cover and 

production (Jameson 1962, Arnold 1964, Arnold et al. 1964, Jameson 

1967, Jameson 1970, Clary and Jameson 1981, Pieper 1983, and Miller 

et al. 2000) and increased runoff and erosion (Arnold 1964, Jameson 

1970, Wilcox et al. 1996a, Wilcox et al. 1996b, Pierson et al. 2007, 

Petersen and Stringham 2008). However, there have been relatively few 

studies exploring the effects of juniper mortality on soil water availability, 

and most have focused on medium to fine textured soils and included 

only near surface soil moisture measurements (Gifford 1973, Wilcox et al. 

1996a, Wilcox et al. 1996b, Reid et al. 1999, Bates et al. 2000). Newman 

et al. (1997) and Weltzin and McPherson (1997) quantified water use 

throughout the soil profiles of untreated stands of one-seed juniper and 

Emery oak (Quercus emoryi Torr.) on fine textured soils and under a 

winter dominated precipitation pattern. 
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 Long term studies have been limited to historical, pre-Columbian, 

and Paleo-Indian disturbance regimes and mechanisms (Betancourt 

1987, Allen et al. 1998, Mueller et al. 2005, Briggs et al. 2007, Romme et 

al. 2009), but these do not address the effects of juniper on the 

processes involved in ecological resilience. Most long term studies of 

junipers have focused on landscape level plant community composition 

changes in response to changes in climate or fire regimes (Brown et al. 

1997, Swetnam and Betancourt 1998, Floyd et al. 2000, Brown et al. 

2001, Rees et al. 2001, Breshears et al. 2005, Bates et al. 2007). One 

exception is Barnitz et al. (1990) who examined site specific juniper 

treatment in south central New Mexico over a 31 year time span. 

However, they looked only at vegetation composition changes and tree 

density following treatment and did not address ecological processes 

such as water, energy or nutrient cycles. 

 The study described here provided an opportunity to use long term 

ecological response data to test a proposed STM, and to identify 

resilience feedback mechanisms. Indicators of state properties and of 

feedback switches were also identified and quantified. 

 This study was conducted in three main phases on four private 

ranches in central New Mexico. Data were collected for the first phase of 

this study in 1984, with supplemental data collected from 1981 – 1986. 

The objectives of the first phase of the study were to test the effects of 

juniper mortality on soil water in the top 125 cm of a coarse textured soil. 

Non-replicated data were also collected on plant production by species 

as a basis for developing future studies on relationships between 

changes in soil water and plant composition and production. 

 Data for the second phase of the study were collected from 1985 – 

1989 and again in 2003. The objectives of this phase were to test the 

hypothesis that vegetation production, cover and soil moisture will 
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increase after juniper treatment on coarse textured soils and that these 

changes would be sustained over time. 

 The third phase of this study was to test a proposed process 

based state-and-transition model for the Deep Sand Savannah ecological 

site (070CY123NM) to further develop and to quantify the model using 

data collected within this ecological site over a period of 22 years.   
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CHAPTER 2: SHORT TERM RESPONSE OF SOIL MOISTURE AND 
VEGETATION TO ELIMINATION OF ONE-SEED JUNIPER CANOPY 

 
ABSTRACT 
 The effects of the removal of one-seed juniper (Juniperus 

monosperma (Engelm.) Sarg) on soil moisture and vegetation 

composition and production were studied. One-seed juniper was killed on 

site by the application of the herbicide tebuthiuron in the fall of 1981. Soil 

moisture was measured at four depths during the growing season of 

1984. A repeated measures analysis of variance showed that the soil 

moisture in the treated plots was significantly higher throughout the 

season. The available soil moisture in the treated profile was consistently 

above the 1.5 MPa moisture content and for most of the season had 

twice as much as the control plots. These differences were associated 

with reductions in woody vegetation and increases in herbaceous 

production from 1981-1986 in treated plots, resulting in higher total 

production in the treated plots for 1981-1986. The potential options for 

management aimed at livestock production, wildlife habitat and 

watershed values are much greater with increased available soil moisture 

and the resultant change in vegetation composition and production. 

 

INTRODUCTION 
 Juniper dominated plant community associations currently cover 

approximately 40 million hectares in the western United States (West et 

al. 1975, Fowler et al. 1985, Romme et al. 2009). In parts of the 

southwest, juniper species including one-seed juniper (Juniperus 

monosperma Engelm.) Sarg) have encroached into adjacent grasslands, 

or increased in stand density (Woodbury 1947, Jameson 1962, Mueggler 

1976, Lanner and Van Devender 1998, Gottfried 1999). Explanations for 

this encroachment include fire suppression, a decrease in fine fuels from 

grazing, reduction of grass competitiveness by overgrazing, spread of 
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seed by livestock and wildlife, and climate change (Johnsen 1962, White 

1965, Miller and Wigand 1994, Allen and Breshears 1998, Lanner and 

Van Devender 1998).  

 Increased juniper cover is generally associated with reduced 

herbaceous cover and production (Jameson 1962, Arnold 1964, Arnold et 

al. 1964, Jameson 1967, Jameson 1970, Clary and Jameson 1981, and 

Pieper 1983) and increased runoff and erosion (Arnold 1964, Jameson 

1970, Wilcox, et al. 1996a, Wilcox et al. 1996b, Pierson et al. 2007, 

Peterson and Stringham 2008). It has been argued that these changes 

should lead to reductions in soil water availability (Arnold 1964, Jameson 

1970). If true, juniper mortality should result in increased soil water 

availability. There have been relatively few studies exploring the effects of 

juniper mortality on soil water availability, and most have focused on 

medium to fine textured soils and included only near surface soil moisture 

measurements (Gifford 1973, Wilcox et al. 1996a, Wilcox et al. 1996b, 

Breshears et al. 1997a, Reid et al. 1999, Bates et al. 2000). Exceptions 

include Newman et al. (1997) and Weltzin and McPherson (1997). These 

studies looked at water use throughout the soil profiles on mature 

untreated stands of one-seed juniper and Emery oak Quercus emoryi 

Torr. Breshears et al. (1997a) showed that plant water potential of one-

seed juniper correlates with variations in soil moisture at shallow depths, 

indicting direct competition for soil available moisture with grasses.  

 One-seed junipers have both tap and lateral root systems. The 

taproots range from 46 cm to more than 3.7 m in length. Lateral roots are 

widespread, commonly being 2.5 to 3 times as long as the tree is tall. 

Most lateral roots are in the surface 1 m of the soil, and most are 

concentrated below the surface 15 cm, expanding to fully occupy the 

interspaces between trees (Johnsen 1962). Foxx and Tierney (1987) 

reported rooting depths ranging from 5-60 m. One-seed juniper has the 

ability to stop active growth when moisture is limited but can resume 
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growth when moisture availability improves (Herman 1956). This growth 

pattern may represent an important adaptation allowing junipers to 

survive on harsh, arid sites.   

 

STUDY OBJECTIVES 
 The objective of this study was to test the hypothesis that juniper 

mortality would increase soil water in the top 125 cm of a coarse textured 

soil in central New Mexico, USA. Non-replicated data were also collected 

on plant production by species as a basis for developing future studies on 

relationships between changes in soil water and plant composition and 

production. 

 
METHODS 
Study Area 
 The study was completed on a private ranch located 

approximately 3 km southwest of the Salinas National Monument, Gran 

Quivira Unit in central New Mexico at an elevation of 1920 m. The area 

has a flat to rolling dune topography. Soils in the area are similar and 

formed from aeolian sand deposits derived from mixed sources. The 

dominant characteristic is the coarse surface texture. The soil moisture 

regime at this location is aridic-ustic and the soil is classified as mixed, 

mesic, Ustic Torripsamments. The soil map unit component on the study 

area is Mespun fine sand (USDA 1988). This classification was confirmed 

with a soil pit and several auger holes at the study site. The soil is deep 

and excessively drained, the surface layer is a brown fine sand about 28 

cm thick. The underlying material is strong brown fine sand in excess of 

155 cm deep (USDA 1988). This map unit component is correlated to the 

Deep Sand Savannah Ecological Site in MLRA G070C, Central New 

Mexico Highlands, site number 070CY123NM (USDA 2004). 
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The climate of the study area is characterized as semi-arid 

continental. The average annual precipitation ranges from 33-40 cm 

depending on the period of record. The thirty year average (1951-1980) 

immediately preceding the study was 36.2 cm. Precipitation during the 

study period, measured at the Gran Quivira Unit of the Salinas National 

Monument was above average. Precipitation during the first three years 

of the study (1981-1983) was 6.8, 3.1 and 5.4 cm above average. In 

1984, 1985 and 1986 it was 8.88, 13.08 and 23.77 cm above average. 

Seventy five percent of the precipitation falls from April to October, 

primarily in the form of high intensity thunderstorms. Temperatures are 

characterized by distinct seasonal changes and large annual and diurnal 

fluctuations. The average annual air temperature is about 10oC, with 

extremes of -34oC in the winter to 40oC in the summer. The average frost 

free season is 130–160 days. The last killing frost occurs in early May 

and the first killing frost is in early October (Western Regional Climate 

Center, 2009).  

At the time of the study the vegetation in the study area was 

dominated by one-seed juniper greater than 4 meters tall and canopy 

cover in excess of 25%. Initial annual plant production transects indicated 

a total annual production of less than 400 kg/ha. The herbaceous 

component of the total was less than 270 kg/ha.   

 

Procedures 
 An area of approximately four hectares was fenced and sixteen 

38.1 m X 38.1 m plots were established. There was a 15.2 m buffer 

between each plot. Three different chemical application rates and a 

control plot were randomly assigned to plots and replicated four times. In 

the fall of 1981, tebuthiuron pellets were applied by hand in a crisscross 

pattern across the entire plot area. The active ingredient application rates 

were 1.1, 1.6 and 2.2 kg/ha. At the same time ten 0.89 m2 (9.6 ft2 ) frames 
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were established in treated and control plots to use for double sampling 

herbaceous vegetation production in response to the chemical treatment 

(Wilm et al. 1944, Cook and Bonham 1977, USDA 2003). Two of the ten 

plots were expanded to 40.5 m2 plots to estimate woody plant production 

(USDA 2003). Figure 2.1 shows the layout of the plots, application rates 

and location of the double sampling frames. 

 

 

 

 

 

 

 

 

 

  

  

 Double sampling was completed annually, after the first frost from 

1981 to 1986. Annual production of each species in the 0.89 m2 frame 

was estimated for each of the ten frames. After all ten frames were 

estimated, two frames were then clipped by species, and the clipped 

production was separated into a paper bag and weighed. Samples were 

oven dried and weighed again to calculate dry weight. Weight estimates 

were adjusted based on the clipped weights. Individual species weights 

were converted to kilograms per hectare and a total production value was 

summed.   

 It was noted that in the fall of 1982 most of the sand sagebrush 

(Artemisia filifolia Torr.) appeared to be dead and all the one-seed juniper 

showed effects of the chemical application. By the fall of 1983 all one-

seed juniper and sand sagebrush on the treated plots appeared to be 
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  Figure 2.1. Plot design, double sampling frames and chemical    

application rates (kg/ha ai. Tebuthiuron). Each plot is 38.1 m X 38.1 m 

with a 15.2 m buffer strip between plots in all directions. 
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dead at all application rates. Therefore, all treatment plots were combined 

and the study compared treated and control plots. 

 The monitoring of the vegetation response continued through the 

fall of 1986. Due to time constraints and objectives of the study, the 

vegetation data collection part of this project was not replicated. 

Therefore, it is inappropriate to conduct any statistical analysis of the 

vegetation response to the treatment. Soil moisture measurements were 

begun in the spring of 1984. Soil moisture samples were collected 

thirteen times from 17 April 1984 to 27 November 1984 at approximately 

two week intervals. Locations within both the treated and control 38.1 m 

X 38.1 m plots were randomly selected for soil moisture collection. Four 

depths were used for sampling. The first depth was 25-30 cm below the 

surface. The next three depths were 43-51 cm, 91-99 cm and 122-130 

cm below the soil surface. These depths represented the bottom of the 

soil surface horizon, the top, middle, and bottom respectively of the 

moisture control section for the soil. Soil moisture samples were collected 

using a soil auger. Samples were collected into a soil can, weighed, oven 

dried at 105oC for 24 hours and weighed again (Gardner 1986). Wet 

weight minus dry weight divided by dry weight produces the percent of 

gravimetric moisture. This number was then converted to volumetric 

moisture by multiplying the gravimetric moisture content by the bulk 

density of the soil at each of the measured depths. Bulk density is the 

mass of a unit volume of soil and was determined at each of the depths in 

each plot by using a cylindrical core sampler (Gardner 1986). The known 

volume of soil was then oven dried and weighed to determine the bulk 

density.  

 

Statistical Analysis 
 A repeated measures analysis of variance was performed on the 

soil moisture data using Statistica 7.1 software (StatSoft, Inc. 2005). The 
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dependent variables were the data taken at each sample date and the 

categorical predictors were treatment and depth.  
 

RESULTS 
One-Seed Juniper Mortality   
 All of the one-seed juniper and sand sagebrush plants in the study 

area were killed at all tebuthiuron application rates. After two years of 

observations, no further work was done on the juniper mortality portion of 

this study. 

 

Vegetation Response 
The nomenclature used in this study is from The PLANTS database 

(USDA 2010).  The response of the herbaceous vegetation to the 

decrease in one-seed juniper was readily apparent. The actual values for 

the total annual production of herbaceous species on the treated and 

control plots each year, 1981 - 1986, are shown in Table 2.1. 
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Table 2.1. Production and composition of vegetation on treated and 

control plots from 1981 – 1986. 
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1981 Treated 
kg/ 
ha 53 26 28 31 34 27 0 0 12 67 20 298 

  % 18 9 9 11 11 9 0 0 4 23 7   

 Control 
kg/ 
ha 92 23 25 19 23 18 15 0 0 65 13 294 

    % 31 8 8 6 8 6 5 0 0 22 5   

1982 Treated 
kg/ 
ha 50 22 17 17 38 23 0 0 4 27 19 218 

  % 23 10 8 8 17 11 0 0 2 12 9   

 Control 
kg/ 
ha 87 22 18 12 22 16 12 0 0 56 12 259 

    % 34 9 7 5 9 6 5 0 0 22 5   

1983 Treated 
kg/ 
ha 207 12 25 67 44 22 0 0 226 59 34 697 

  % 30 2 4 10 6 3 0 0 32 9 5   

 Control 
kg/ 
ha 92 17 23 20 22 12 17 0 0 56 13 273 

    % 34 6 9 7 8 5 6 0 0 20 5   

1984 Treated 
kg/ 
ha 280 17 17 202 39 45 6 6 146 56 31 844 

  % 33 2 2 24 5 5 1 1 17 7 4   

 Control 
kg/ 
ha 63 17 22 18 22 28 13 0 0 56 13 253 

    % 25 7 9 7 9 11 5 0 0 22 5   

1985 Treated 
kg/ 
ha 286 314 45 134 67 34 28 22 78 95 39 1143 

  % 25 27 4 12 6 3 2 2 7 8 3   

 Control 
kg/ 
ha 90 56 34 28 28 22 6 6 0 67 22 364 

    % 25 15 9 8 8 6 3 2 0 18 6   

1986 Treated 
kg/ 
ha 476 230 9 205 103 22 9 9 16 142 183 1404 

  % 34 16 1 15 7 2 1 1 1 10 13   

 Control 
kg/ 
ha 157 87 8 22 22 28 13 7 25 55 13 438 

    % 36 20 2 5 5 6 3 2 6 13 3   
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 Total annual production of the treated plots increased more than 

1000 kg/ha from 428 to 1438 kg/ha in the six years of the study. During 

the same six years the total annual production of the control plots also 

increased from 425 to 566 kg/ha. Herbaceous production also showed a 

large difference between the treated and control plots. The herbaceous 

species included all the grasses and forbs on the site. The annual 

herbaceous production on the treated plots far exceeded that of the 

control plots. The treated plot herbaceous annual production increased 

from 298 to 1404 kg/ha while the control plot herbaceous annual 

production changed from 294 to 438 kg/ha. Figure 2.2 illustrates the 

changes in total annual production on the treated and control plots. 
 

 

Figure 2.2. Total annual production for 1981–1986. Bars denote total 

annual production with stacks indicating herbaceous and woody 

production. 
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Species Composition 
 Herbaceous species composition by weight is shown in Table 2.1. 

The largest change in both species production and percent composition 

by weight was in the one-seed juniper and sand sagebrush. Both of these 

species were killed by the application of the herbicide and these data are 

not included in Table 2.1. It should be noted however, that by the end of 

the study, sand sagebrush seedlings were establishing in the treated 

plots as reflected in the difference in the total annual production and total 

annual herbaceous production for the treated sites (Figure 2.2) in 1985 

and 1986. Most of the herbaceous species on the site increased in 

production following treatment. The most responsive were little bluestem 

(Schizachyrium scoparium (Michx.) Nash) and sand bluestem 

(Andropogon hallii Hack.) which were 3 and 2.6 times greater, 

respectively. 

 

Soil Moisture 
 Soil moisture increased significantly (F(1,8)=2766.6, p<0.0000) for 

the season at all depths (Figure 2.3).  When the three depths were 

compared separately, there was a significant (α=0.05) treatment by depth 

interaction (F(3,8)=104.66, p=0.0000). Figure 2.4 shows the treatment by 

depth interaction. 
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Soil Moisture for 1984 Season

 F(12, 96)=69.273, p=0.0000

Vertical bars denote 0.95 confidence intervals
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Figure 2.3. Differences in the mean volumetric soil moisture throughout 
the 1984 growing season. 
 
 

Soil Moisture by Depth

F(3, 8)=104.66, p=.00000

Vertical bars denote 0.95 confidence intervals
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Figure 2.4.  Soil moisture differences by soil profile depth from 17 April, 
1984 to 27 Nov., 1984. 

 At every depth measured, the treated plots had significantly more 

moisture than the control plots. At the bottom of the soil surface horizon 

(25-30 cm) the volumetric soil moisture for the treated plots was 6.7% 
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while the control plots had 4.4% volumetric soil moisture. The next depth, 

which was the top of the control section for the soil, at 43-51 cm below 

the surface showed the moisture in the treated plots at 6.6% and  in the 

control plots at 4.1%. The differences in soil moisture between the treated 

and control plots however diverged even more at the next two depths. At 

91-99 cm, which is the middle of the control section, the soil moisture in 

the treated plots increased to 7.1% while the control plot moisture 

decreased to 2.8%. The difference was even greater at the bottom of the 

control section, 122-130 cm below the soil surface. At this depth, the 

treated plot soil moisture increased to 8.2% while the control plots were 

at 3.1%. Table 2.2 shows the average percent soil moisture by depth 

along with the standard deviation and standard error. 

 

Table 2.2. Mean, Standard Deviation and Standard Error for soil moisture 

at each depth during the 1984 season.  

 Mean 

Standard 

Deviation 

Standard 

Error 

25-30cm Treated 6.66 1.92 0.38 

25-30cm Control 4.37 2.06 0.40 

43-51cm Treated 6.58 1.57 0.31 

43-51cm Control 4.11 1.95 0.04 

91-99cm Treated 7.14 1.56 0.31 

91-99cm Control 2.77 0.52 0.10 

122-130cm Treated 8.21 1.80 0.35 

122-130cm Control 3.14 0.30 0.06 

 

 The differences in soil moisture also extended throughout the 

season. Volumetric soil moisture throughout the soil profile was 

constantly greater in the treated plots than the control (Figure 2.5). 
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Soil Moisture by Depth and Date

 F(36, 96)=41.977, p=0.0000

Vertical bars denote 0.95 confidence intervals
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Figure 2.5. Average volumetric soil moisture content by depth through the 

1984 season. 

 On 26 July 1984, the treated plots showed the minimum soil 

moisture content of 5.1%. The maximum soil moisture content, 9.9% 

occurred at the last measurement on 27 November. Both treated and 

control plots increased in soil moisture between 24 September and 9 

October. The lowest soil moisture in the control plots was 2.7% which 

occurred on 17 April while the highest was 5.5% on 27 November.  

 

DISCUSSION 
 The total annual production for this site in average growing 

condition years (1981 – 1983)  as reported in the ecological site 

description is 1155 kg/ha of which 950 kg/ha should be herbaceous. The 

total annual production in favorable years (1984-1986) is reported in the 

site description as 1980 kg/ha of which about 1640 kg/ha should be 
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herbaceous vegetation (USDA 2004). Two species, little bluestem 

(Schizachyrium scoparium (Michx.) Nash) and sand bluestem, 

(Andropogon hallii Hack.) are shown in the ecological site description to 

be the dominant plants making up 20% - 30% of the total composition by 

weight or 230 - 350 kg/ha. Although not tested statistically, these two 

species showed an increase from 79 kg/ha and 27% of the composition 

to 706 kg/ha and 50% of the composition of the herbaceous species in 

the treated plots. This was a nine fold increase in production and a 

doubling in percent composition by weight. In the control plots these two 

species ranged from a low of 80 kg/ha and 32% of the herbaceous 

production to a high of 244 kg/ha and 56% of the herbaceous production. 

This was a threefold increase in production and a 1.8 increase in percent 

composition by weight. These increases in measured herbaceous annual 

production following treatment are consistent with research studies 

conducted in one-seed juniper systems showing high levels of 

interannual variability associated with weather (Jameson 1970, Pieper 

1983). 

 The increase in available soil moisture suggests that soil moisture 

for plant growth may be the major reason for the vegetation differences 

measured. This agrees with Johnsen (1962) and Breshears et al. (1997a) 

who both found direct competition for soil moisture between one-seed 

juniper and herbaceous vegetation, and with Jameson (1970) who 

showed increased herbaceous basal area after removal of one-seed 

juniper root activity. The soil moisture analysis showed significantly 

(α=0.05) more available soil moisture in the treated plots than in the 

control plots. The difference of more than 2% soil moisture by volume in 

the profile throughout the season is highly important for plant growth. This 

difference is reflected throughout the soil profile at all four depths 

measured and throughout the season from mid April to late November. 

The two lower depths (middle and bottom of the moisture control section) 
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showed a much greater difference in soil moisture than the two upper 

depths (soil surface and top of the moisture control section). This 

suggests that one-seed juniper and sand sagebrush were extracting 

moisture from all depths and that the herbaceous vegetation was 

primarily extracting moisture from the upper depths. It also suggests that 

even though the herbaceous vegetation produces more annual growth 

than the woody vegetation, the one-seed juniper and sand sagebrush 

extracted more soil moisture than the herbaceous plants. This agrees 

with the finding of Breshears et al. (1997a), however, they offer an 

alternative explanation that there was greater soil surface evaporation in 

the one-seed juniper dominated community (Breshears et al. 1997b). 

Regardless of the mechanism, the available soil moisture for plant growth 

was higher in the treated plots.   

It is also notable that the observed increase in both total and 

herbaceous production in the treated plots occurred in conjunction with 

the increase in soil moisture. Using the permanent wilting point of 1.5 

MPa, the volumetric water percentage was 2.9%. Although one-seed 

juniper can extract soil moisture at as low as -2.4 MPa (Johnsen 1962), 

1.5 MPa is a good reference for comparing the available water in the soil 

profile. The volumetric moisture content in the control plots was close to 

the 1.5 MPa throughout most of the season. It was consistently higher 

only after the killing frost at the end of September. The available soil 

moisture in the treated profile was consistently above the 1.5 MPa 

moisture content and for most of the season had twice as much moisture 

as the control plots. This difference in available soil moisture occurred 

while apparent total production was much higher in the treated plots than 

the control plots.  

Due to the large increase in soil moisture at the lower two depths, 

there is a suggestion of the possibility of increased ground water 

recharge. Some of this increase in the treated plots, especially in the 
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earliest part of the season and at the end of the season, could be due to 

the decrease in transpiration of the herbaceous species allowing deep 

penetration of the soil moisture. In the control plots transpiration 

continues as long as the one-seed juniper remained active. Johnsen 

(1962) showed that while air temperature did not matter, one-seed juniper 

roots actively grew any time of the year when soil temperature was above 

10 °C and there as available soil moisture. The actual precipitation during 

the study period was above average and the 1984 precipitation was 8.88 

cm above average. Studies needed to determine increased groundwater 

recharge should be long term and should include additional hydrologic 

variables. Many studies including Wilcox et al. (1996a) suggest that there 

is little or no additional ground water recharge from woody plant removal 

in systems of less than 50 cm precipitation. It should be pointed out 

however, that their study was conducted on sites with much finer textured 

soils.  

 

SUMMARY and CONCLUSIONS 
While there were several years of vegetation data collected, there 

was no replication within the yearly data collection. However, the 

apparent differences observed in total and herbaceous annual 

production, ground cover differences and species composition changes 

occurred in a relatively short time frame and were obvious to the casual 

observer. 

The results of this study clearly showed a significant increase in 

available soil water in the upper 125 cm, at least in the short term 

following one-seed juniper mortality. This increase occurred when no 

apparent change in runoff was observed and in spite of a dramatic 

increase in total annual production on the treated sites. These results 

suggest the need for additional work to relate the differences observed 

and measured here to long term changes in soil erosion, plant cover and 
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production and groundwater recharge. Wind erosion on this ecological 

site was evident to the point that much of the area was active sand dunes 

with one-seed juniper.  

Livestock production values and management options were greatly 

enhanced by the change in vegetation composition and production.  

Wildlife habitat values for most species of concern were also enhanced. 

Both food and cover values changed radically and different habitat 

elements were developed as a result of the changes in structure and 

composition of the vegetation. With more available water in the soil profile 

and the possibility of increased ground water recharge, the water cycle 

and resulting watershed values were enhanced by the treatment. 
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CHAPTER 3: LONG TERM RESPONSE OF SOIL MOISTURE AND 
VEGETATION TO THE REDUCTION OF ONE-SEED JUNIPER  

CANOPY COVER 
 
ABSTRACT 
 The response of soil moisture and several vegetation and soil 

attributes were measured following the application of herbicide on one-

seed juniper (Juniperus monosperma (Engelm.) Sarg). Treatment was 

applied in 1985 and soil moisture, annual herbaceous production and 

vegetative cover were measured for five years. In 2003 these 

measurements were repeated along with additional vegetation attributes 

and soil aggregate stability. A repeated measures analysis of variance 

was used to test the effects of the original treatment including the 

repeated measurements in 2003. This analysis indicated a significant 

treatment effect on most variables. It also indicated that the effects of the 

1985 treatment were still significant in 2003. The proportion of time that 

moisture was available in the soil profile was much greater in the treated 

plots. Herbaceous production and various ground cover measurements 

were also significantly greater in the treated plots. These results may 

explain the significant differences measured in soil aggregate stability. 

The increase in soil aggregate stability in the treated sites suggests that 

the vegetation changes resulting from the treatment improved the organic 

matter inputs into the system and the resulting nutrient cycle. Improved 

soil aggregate stability has been associated with improved water 

infiltration, reduced evaporation and erosion, and a resultant feedback for 

improved herbaceous production and soil aggregate stability. These 

changes have important implications for the development of state-and-

transition models and for management systems aimed at maintaining or 

improving the ecological and economic sustainability of rangelands. 
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INTRODUCTION 
  Juniper dominated plant community associations currently cover 

approximately 40 million hectares in the western United States (West et 

al. 1975, Fowler et al. 1985, Romme et al. 2009). In parts of the 

southwest, juniper species including one-seed juniper (Juniperus 

monosperma (Engelm.) Sarg) have encroached into adjacent grasslands 

or increased in stand density since European settlement (Woodbury 

1947, Jameson 1962, Mueggler 1976, Lanner and Van Devender 1998, 

Gottfried 1999). Explanations for this encroachment include a decrease in 

fine fuels from grazing, active fire suppression, reduction of grass 

competitiveness from overgrazing, spread of seed by livestock and 

wildlife, and climate change (Johnsen 1962, White 1965, Miller and 

Wigand 1994, Allen and Breshears 1998, Lanner and Van Devender 

1998). Increased juniper cover is generally associated with reduced 

herbaceous cover and production (Jameson 1962, Arnold 1964, Arnold et 

al. 1964, Jameson 1967, Jameson 1970, Clary and Jameson 1981, and 

Pieper 1983), and increased runoff and soil erosion (Arnold 1964, 

Jameson 1970, Wilcox et al. 1996a, Wilcox et al. 1996b, Petersen and 

Stringham 2008). It has been argued that these changes should lead to 

reductions in soil water availability (Arnold 1964, Jameson 1970, 

Breshears, et al. 1997). If true, juniper mortality should result in increased 

herbaceous production and cover, increased soil water availability, and 

decreases in associated soil erosion. There have been relatively few 

studies exploring the effects of juniper mortality on soil water availability, 

and most have focused on medium to fine textured soils and included 

only near surface soil moisture measurements (Gifford 1973, Wilcox et al. 

1996a, Wilcox et al. 1996b, Reid et al. 1999). Exceptions include 

Newman et al. (1997) and Weltzin and McPherson (1997) which 

quantified water use throughout the soil profile of untreated stands of 

one-seed juniper and Emery oak (Quercus emoryi Torr.), respectively. 
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These studies were conducted on fine textured soils and with a winter 

dominated precipitation pattern. There have been few studies on large 

spatial or temporal scales assessing the effects of juniper treatment on 

vegetation and soil changes on coarse textured soils with a summer, 

monsoon dominated precipitation pattern. 

 The first objective of this study was to test the hypothesis that 

vegetation production, cover and soil moisture would increase after 

juniper treatment on coarse textured soils. The second objective was to 

test the hypothesis that these changes would be sustained over time. 

  

METHODS 
Study Area 
 The study was conducted on four private ranches located in 

central New Mexico. The four ranches are all within a 46 km diameter 

area. The area has a flat to rolling dune topography with elevations 

ranging from 1750 m to 2000 m. The soils in the area are very similar and 

formed from aeolian sand deposits derived from mixed sources. The 

dominant characteristic of these deep soils is the coarse texture. The soil 

moisture regime is aridic-ustic and the soils at all locations are classified 

as mixed, mesic, Ustic Torripsamments (USDA 1970, USDA 1988). This 

classification was confirmed with a soil pit and several auger holes at 

each of the study sites. The soil is deep and excessively drained and the 

surface layer is a brown fine sand about 28 cm thick. The underlying 

material is strong brown fine sand in excess of 155 cm deep (USDA 

1970, USDA 1988). The soil map unit components are all correlated to 

the Deep Sand Savannah Ecological Site in MLRA G070C, Central New 

Mexico Highlands, site number 070CY123NM (USDA 2004). 

 The Gran Quivira Unit of the Salinas National Monument is located 

on one of the ranches in the study. Summarizing Spanish journals and 

records, Horgan (1954) described the mission of Gran Quivira and the 
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area to the east of the mission as golden-grassed plains where no natural 

barriers divide them from the country of hunters (Comanche). The 

territorial land survey (McLeullough, 1882) describes several sections 

west and north of Gran Quivira as sandy with good grass cover and 

scattered piñon and juniper.  The same survey describes several sections 

north and east of Gran Quivira as having good grass cover with no timber 

on the sandy soils.  Adolph Bandelier (1884) described the area as seen 

from the mission ruin looking southeast as treeless but very grassy. He 

also noted the grass was three feet high in places.  

 The climate of the study area is characterized as semi-arid 

continental. The average annual precipitation at the Gran Quivira 

National Monument ranges from 33-40 cm depending on the period of 

record. The thirty year average (1951-1980) immediately preceding the 

study was 36.2 cm (Western Regional Climate Center, 2009). 

Precipitation during the first four years of the study (1985-1988) was 

above average with 49.3 cm, 60.0 cm, 52.9 cm and 45.1 cm, 

respectively. In 1989 the precipitation was below average at 25.0 cm. The 

period 1989 – 2003 shows the variability common to the area with 2001 – 

2003 being very dry (Figure 3.1). Seventy five percent of the precipitation 

falls from April to October, primarily in the form of high intensity 

thunderstorms. Temperatures are characterized by distinct seasonal 

changes and large annual and diurnal fluctuations. The average annual 

air temperature is about 10oC, with extremes of -34oC in the winter to 

40oC in the summer. The average frost free season is 130–160 days. The 

last killing frost occurs in early May and the first killing frost is in early 

October (Figure 3.2).  
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Figure 3.1. Actual and average precipitation for the study site from 1980–
2007. 
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Figure 3.2. Average annual high and low temperature and average total 
precipitation.  
  
 Vegetation measurements prior to the treatment in 1985, indicated 

the vegetation in the area was dominated by one-seed juniper greater 

than 4 m tall with canopy cover in excess of 25%. Total annual production 

of all species was less than 150 kg/ha (Shaver 2010).   
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Procedures 
 Long Term Effects Study 
 The herbicide tebuthiuron was aerially applied to approximately 

1300 ha on four ranches in the fall of 1985. Application rates ranged from 

0.66 kg/ha to 0.99 kg/ha. The objective of this study was to determine the 

effects of juniper mortality, not tebuthiuron effectiveness, thus all 

application rates were grouped for analysis. The design of the study was 

a complete randomized block for ranches 1 and 2 and as generalized 

blocks – unbalanced for ranches 3 and 4. Plot locations were selected 

and established at the time of herbicide application.  Ranches 3 and 4 

were treated with more than one treatment rate, and as a result, data 

were collected on two randomly located treatment plots. One location in 

the control area at each of the four ranches was also randomly selected 

for data collection. Ten permanent transect locations were established 

(Figure 3.3). These transects were oriented magnetic north and data 

collection started at the south end. The soil moisture locations were 

selected randomly within 20 feet of the beginning marker for the 

vegetation transects. 
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Figure 3.3.  Plot layout for long term effects study showing the relative 
location of ranches and treated and control plots. 
 

  Vegetation Measurements. Vegetation production and 

composition by weight were measured in the autumn of each year 1985 – 

1989, after killing frost, using double sampling (Wilm et al. 1944, Cook 

and Bonham 1977, USDA 2003). Ten 0.89 m2 (9.6 ft2) frames located 

along a permanent 100 pace transect line at each of the 10 locations 

were sampled. Two locations along each transect had grazing exclusion 

cages to allow for reconstruction of grazed production. These cages were 

moved each year after sampling. Two of the ten plots on each line were 

expanded to 40.5 m2 (0.01 ac.) to estimate woody plant production using 

weight units and weight size relationships tables developed by USDA-

NRCS (USDA 2003). 

Point cover data were collected at the same time as the double 

sampling. A 100 pace transect was sampled along the production 
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transect.  At each pace bare ground, herbaceous foliar cover, litter and 

live juniper canopy cover at a point on a frequency frame were recorded 

(Allison 1982). Percent bare ground, herbaceous foliar cover and litter 

together totaled 100%.  

  Soil Measurements. Soil moisture was measured using a 

Troxler model 503, neutron probe (Gardner 1986) at four depth intervals 

within the soil profile. The first interval was centered at 17.8 cm below the 

surface. The resulting sphere of measurement represented the bottom of 

the soil surface horizon. The next three depths were centered at the top, 

middle and bottom of the moisture control section as determined for each 

soil at each of the locations. Data were correlated to volumetric soil 

moisture.  Soil moisture samples collected with a soil auger at each depth 

were weighed, oven dried at 105oC for 24 hours and weighed again 

(Gardner 1986).  Bulk density was determined one time at each of the 

depths in each plot using a cylindrical core sampler (Gardner 1986). 

Volumetric soil moisture was determined by multiplying the gravimetric 

value by the bulk density of the soil at each of the measured depths. This 

procedure was followed until enough moisture samples were taken to 

yield a correlation to volumetric soil moisture of at least an r2=0.80. After 

that time, the neutron probe readings alone were used to determine the 

soil moisture content. 

  
 Expansion Study 
 In the fall of 2003, at each of the original locations, vegetation 

production and point cover were repeated using the same methodology 

as 1985-1989.  In addition to these data, ten new transects each on the 

treated and untreated locations at each ranch were established. Ranch 3 

and 4 had an additional three transects each in the treated areas (Table 

3.1). 
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Table 3.1. Summary of the number of plots in the original 1985 – 1989 
study and in the expansion study of 2003 

 Original Plots Expansion Plots 

Ranch Treated Control Treated Control 

1 1 1 10 10 

2 1 1 10 10 

3 2 1 13 10 

4 2 1 13 10 

 

  Three of the 2003 transects were established at each of the 

original treatment and control locations. The remainder of the new 

transects were randomly selected throughout the extent of the treated 

and control areas on each ranch. The purposes of this new data and 

additional transect locations were to increase the sample numbers and 

precision of the analysis and to test the representativeness of the original 

transect locations. The following data were collected at each of the new 

transect locations in 2003. 
  Vegetation and ground cover.  A transect line 50 m long 

was established with a point reading at 0.5 m intervals starting at 0.5 m. 

All foliar cover was counted regardless of height and recorded as dead or 

alive. Species were recorded only once at each point. A basal hit of a 

plant species automatically warranted a canopy hit of that species. 

Woody litter (>5mm), herbaceous litter, embedded litter, duff, lichen, 

moss, bedrock, rock and bare soil were also recorded (Herrick et al. 

2005). 

  Vegetation Gaps. Gaps in both plant canopy and plant 

bases >20 cm were recorded along the point transect. The line was read 

from the zero end of the tape, reading left to right. Woody litter (not 

attached to plant base) that was >5 mm diameter, 15 cm long and in 

contact with the soil or fine litter, was considered a stop in basal gap. 

Woody litter that was above the soil surface was considered a stop in 
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canopy gap. Gap sizes were analyzed by the following groupings: 25 – 

50 cm, 51 – 100 cm, 101 – 200 cm, and >200 cm (Herrick et al. 2005). 

  Soil stability. Nine surface samples and nine subsurface 

samples, 6 – 8 mm in diameter, were collected along the point transect at 

a randomly predetermined distance perpendicular to the left side of the 

line. Samples were taken at 5 m intervals for a total of nine samples per 

line. Sample soil peds were placed in the sample boxes and allowed to 

dry if wet. Deionized water was used in the test and each sample was 

placed in the water and observed for five minutes. After five minutes, 

each sample was sieved in and out of the water five times. The soil peds 

were then rated on a scale of 1 – 6 (from least to most stable) based on 

the percent of ped remaining before and after sieving (Herrick et al. 

2001). 

  Statistical analysis.  Statistica 7.1 software (StatSoft, Inc. 

2005) was used for all analyses. A repeated measures analysis of 

variance (ANOVA) was performed on the long term effects study 

vegetation data. Dependent variables were the data elements taken on 

each of the sample dates and the categorical predictors were treatment 

and ranch (block). Due to the unbalanced nature of the design, the 

effective hypothesis approach (Hocking et al. 1980, Hocking 1985) was 

employed. Based on Levene‟s test for normality (Levene 1960) all data 

except soil moisture were evenly distributed. Therefore, Friedman 

ANOVA (Friedman 1937), a nonparametric alternative to one-way 

repeated measures ANOVA, was used to compare the percent of time 

soil moisture was above 1.5 MPa in all or in any part of the moisture 

control section. Simple linear regression analysis was conducted to 

determine the relationship between the data elements.  

 The expansion study data were analyzed using a factorial ANOVA 

with the various values obtained from the data elements being the 

dependent variables and the ranch (block) and treatment being the 



53 
 
categorical predictors. Simple linear regression analysis was conducted 

to determine the relationships between the data elements. Significance 

level was alpha = 0.05. 

 

RESULTS  
 Long Term Effect Study 
  Vegetation Production. The repeated measures ANOVA 

for the 1985 – 1989 data showed a significant treatment by years 

interaction (F(4,8)=7.0051, p=0.01). The mode of action of the herbicide 

tebuthiuron was likely a key factor influencing this interaction through the 

delayed response in annual production. It was not until the end of the first 

growing season after application (1986) before any herbicide effects 

could be observed on the juniper trees. It was the end of the second 

season (1987) or the middle of the third growing season (1988) before 

the juniper trees exhibited full effects of the herbicide. A Dunnett‟s pair 

wise comparison (Dunnett 1980, Winer et al. 1991, Westfall et al. 1999) 

was used to more fully assess the differences shown in the repeated 

measures ANOVA and the effects of treatment by year interaction. 

Dunnett‟s pair wise comparison determined the difference between a 

control mean and the treatment means. The test showed significant 

differences between annual herbaceous production in the control plots 

and treated plots through time. Using the 1985 control plots as the 

starting pair, 1987, 1988 and 1989 treated plots were significantly 

different from the 1985 control plots (p=0.0048, p=0.0003 and p=0.0008, 

respectively). 

 When the 2003 annual herbaceous production data were added to 

the analysis, the interaction between treatment and years was still 

significant (F(5,10)=5.7229, p=0.0095). Dunnett‟s pair wise comparison 

showed the 2003 treated plots were significantly different from the 1985 

control plots (p=0.047). This test also showed no difference in the 1985 
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and 2003 control plots (p=0.85). Figure 3.4 shows the effect of time on 

the response of the herbaceous production to the treatment of the 

juniper.  

Annual Herbaceous Production  by Treatment by Year

F(5, 10)=5.7229, p=.00950

Vertical bars denote 0.95 confidence intervals
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Figure 3.4.  Annual herbaceous production by year by treatment, 1985-
1989 and 2003. 
 

Table 3.2 lists the p-values for the Dunnett‟s pair wise comparison for 

annual herbaceous production. 

Table 3.2. p-values for Dunnett‟s pair wise comparison using 1985 control 
plots as comparison to illustrate effects of treatment and year interaction. 

 Control Treated 

 „86 „87 „88 „89 „03 „85 „86 „87 „88 „89 „03 

1985-1989 0.79 0.33 0.42 0.74 N/A 0.88 0.42 0.005 0.0003 0.0008 N/A 

1985-1989 & 

2003 
0.69 0.13 0.22 0.62 0.85 0.85 0.30 0.002 0.0001 0.0004 0.02 

 

  Bare Ground. Year by treatment interaction was significant 

(F(4,8)=3.5954,p=0.049). This interaction clearly shows the effects of 

time on the amount of bare ground present due to juniper treatment. 

When the 2003 data were added to the analysis, the years by treatment 

interaction was again significant (F(5,10)=3.4029,p=0.047). This 
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interaction shows the effects of time on the amount of bare ground 

present due to juniper treatment. The decrease in percent bare ground 

occurred somewhat sooner than the increase in annual herbaceous 

production, but otherwise the pattern of the results match that of the 

annual herbaceous production (Figure 3.5). Dunnett‟s pair wise 

comparisons showed significant differences in 1986 (p=0.0046), 1987 

(p=0.0006), 1988 (p=0.0011), 1989 (p=0.0016) and 2003 (p=0.0004). 

Percent Bare Ground by Year by Treatment

F(5, 10)=3.4029, p=.04698

Vertical bars denote 0.95 confidence intervals
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Figure 3.5. Percent bare ground by year by treatment for 1985–1989 & 
2003.  
   

  Litter Cover. The amount of litter cover was significantly 

different (F(1,2)=41.143 p=0.023) between the treated and control plots. 

The treated plots averaged 36.9% ± 1.16 litter cover and the control plots 

averaged 25.5% ± 1.34 litter cover. When the 2003 data were added to 

the analysis, the difference between treated and control plots was still 

significant (F(1,2)=52.261, p=0.019) with the treated plots having 39.06% 

± 0.97 and the control plots having 28.33% ± 1.12 average litter cover.  

 

  Juniper Canopy. The analysis of the 1985 – 1989 data 

showed significant treatment by year interaction (F(4,8)=23.992, 
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p=00016) demonstrating the effects of time on the herbicide activity. 

When the 2003 data were added to the analysis, that interaction was 

again significant (F(5,10)=5.2309, p=0.013) . It is interesting to note that 

the decrease in juniper canopy cover over time matched very closely with 

the increase in annual herbaceous production, and the decrease in 

percent of bare ground. Dunnett‟s pair wise comparison showed 

significant treatment effects for 1988 and 1989 (p=0.024 and p=0.023 

respectively), but no difference for 2003 (p=0.966) (Figure 3.6), indicating 

that overall the juniper canopy cover had recovered from the treatment. 

The recovery in juniper canopy cover is likely due to the establishment of 

one-seed juniper seedlings since herbicide treatment in 1985. 

Juniper Canopy Cover by Year

F(5, 10)=5.2309, p=.01283

Vertical bars denote 0.95 confidence intervals
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Figure 3.6. One-seed juniper canopy cover for treated and control plots 
by year for 1985–1989 & 2003. 
 

 The analysis with the 2003 data also showed a significant ranch by 

treatment interaction (F(3,2)=22.406, p=0.043) (Figure 3.7). Dunnett‟s 

pair wise comparison showed no effect on juniper canopy in the treated 

plots on ranches 1, 2, and 4 but on ranch 3 the differences were 

significant (p=0.013).  
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Juniper Canopy Cover

 F(3, 2)=22.406, p=.04303

Vertical bars denote 0.95 confidence intervals
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 Figure 3.7. Average one-seed juniper canopy cover by ranch with 1985 – 
1989 and 2003 data, showing ranch by treatment interaction. 
 

 These differences indicate the effects of the juniper treatment may 

be ending and juniper canopy was increasing both in absolute terms and 

relative to the control on ranches 1, 2 and 4. 

  

  Soil Moisture. There were significant differences between 

the treated and control plots in the amount of time soil moisture was 

above 1.5 MPa in all parts of the control section (p=0.0016).  Significant 

differences also appeared between the treated and control plots in the 

amount of time soil moisture was above 1.5 MPa in any part of the control 

section (p=0.0003) (Table 3.3).  

 

Table 3.3. Proportion of time soil moisture was above 1.5 MPa in the all 
or part of the moisture control section of the soil profile. 
 

 Any Part of Moisture Control Section All Parts of Moisture Control Section 

 Mean Std Dev p Mean Std Dev p 

Treated 0.99 0.03 
0.003 

0.91 0.29 
0.0016 

Control 0.79 0.23 0.60 0.13 
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The treatment effect was especially noticeable during the dry year of 

1989 when only 25 cm or 69% of normal precipitation was available 

(Figure 3.8). 
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Figure 3.8. Proportion of time soil moisture in the profile exceeds 1.5 MPa 
in any part. Note: Treated plots during 1986 – 1988 had some part of the 
profile above 1.5 MPa 100% of the time. 
  

  Relationships. Table 3.4 summarizes the results of simple 

linear regression between the data elements for the 1985 – 1989 data.  

 
Table 3.4. Results of simple linear regression of the data collected in the 
long term study, 1985 - 1989.   

 1985  - 1989 

Data Elements r r
2
 p 

Annual Herbaceous Production :  Bare Ground -0.88 0.78 0.0007 

Annual Herbaceous Production : Litter Cover 0.89 0.79 0.0006 

Annual Herbaceous Production : Juniper Canopy -0.93 0.86 0.0001 

Bare Ground ; Litter Cover -0.95 0.90 0.00002 

Bare Ground : Juniper Canopy 0.94 0.89 0.0001 

Litter Cover : Juniper Canopy -0.76 0.59 0.0099 

 



59 
 
 When 2003 data were included in the regression the negative 

correlation between annual herbaceous production and juniper cover 

remained strong (r2=0.8535, p=0.00002, y=34.5111-0.0596*x). The 

negative correlation between annual herbaceous production and bare 

ground weakened (r2=0.5884, p=0.0036) as did the positive correlation 

between annual herbaceous production and litter cover (r2=0.5138, 

p=0.0087), however, both remained highly significant. 

 
Expansion Study 
 Bare ground and total ground cover showed significant treatment 

differences with no ranch interactions. Table 3.5 summarizes those 

effects. 

 

Table 3.5. Treatment differences for per cent bare ground and total 
ground cover. 
 

 Bare Ground Total Ground Cover 

 Average 
Std. 

Dev 

p-

value 
Average 

Std. 

Dev 

p-

value 

Control 38.53 1.85 

0.0032 

52.3 1.9 

0.0065 

Treated 30.76 1.74 59.61 1.79 

 

  Juniper Foliar Cover. Analysis showed a significant 

interaction between ranch and treatment (F(3,78)=4.5539, p=0.00542). 

The differences in the ranches affected the overall effects of the 

treatment. Post hoc analysis using Fisher‟s LSD (Winer et al. 1991) to 

test differences in the means for the interaction showed  no significant 

differences in the means for ranches 1 and 2 (p=0.1061 and p=0.4288, 

respectively) and significant differences between the means for ranches 3 

and 4 (p=0.0001 and p=0.0000, respectively) (Figure 3.9). 
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Juniper Foliar Cover

F(3, 78)=4.5539, p=.00541

Vertical bars denote 0.95 confidence intervals
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Figure 3.9. Percent juniper foliar cover by ranch by treatment. 

 
  Soil Stability. The average stability rating for all surfaces, 

both protected and unprotected, showed significant (F(3,78)=3.8953, 

p=0.0119) ranch by treatment interaction. Post hoc analysis using 

Fisher‟s LSD showed that all ranches had significant difference in 

treatment means (p<0.0001 for all pairs) (Figure 3.10).  

 

Aggregate Stability All Surfaces
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Figure 3.10. Average surface soil stability by ranch showing treatment 
interaction effects. 



61 
 
 The average stability ratings for the protected subsurface samples 

showed a significant treatment difference (F(1,77)=26.737, p<0.0001). 

The treated protected subsurface samples had an average stability rating 

of 2.93 ± 0.13 and the control plots averaged 1.95 ± 0.14.  

 The average stability ratings for unprotected surface samples 

showed a significant (F(3,77)=5.2134, p=0.0025) ranch by treatment 

interaction. Post hoc analysis using Fisher‟s LSD showed significant 

differences for ranches 1, 2 and 3 as p<0.001 and for ranch 4 as p=0.05 

(Figure 3.11). 

 

Unprotected Surface Stability
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Figure 3.11. Average treated and control unprotected surface soil stability 
ratings by ranch. 
 

The average stability ratings for the unprotected subsurface 

samples also showed a significant (F(3,76)=3.0579, p=0.0333) ranch by 

treatment interaction.   Figure 3.12 shows the differences in the average 

unprotected subsurface soil stability ratings by ranch and treatment. Post 

hoc analysis using Fisher‟s LSD showed that ranches 1 and 3 had 

significant differences in treatment means (p=0.0009 and p<0.0001 

respectively). 
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Unprotected Subsurface Stability

F(3, 76)=3.0579, p=.03330

Vertical bars denote 0.95 confidence intervals
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Figure 3.12. Average unprotected subsurface soil stability ratings by 
ranch and treatment.  
 
  Relationships. Simple linear regression was used to 

determine the relationship between the data elements from the expanded 

study.  Table 3.6 summarizes selected results of those regressions that 

showed relationships with significant p-values (α=0.05). 
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Table 3.6. Selected results of simple linear regression of the data 
collected in the expansion study showing significant p-values (α=0.05). 
 

Data Element r r
2
 p 

Foliar Cover : Bare Ground -0.8125 0.6602 0.0001 

Total Ground Cover : Bare Ground -0.8798 0.7741 0.0001 

Total Litter : Total Ground Cover 0.885 0.7832 0.0001 

Annual Herbaceous Production : Litter                                                      0.6927 0.4799 0.0264 

Annual Herbaceous Production : Juniper Foliar Cover -0.6704 0.4494 0.0338 

Litter : Juniper Foliar Cover 0.4396 0.1933 0.00002 

Basal Cover : All Surface Stability 0.4312 0.1859 0.00003 

Canopy Gaps 25–50 cm : Protected Surface Stability 0.5128 0.263 0.0000005 

Basal Gaps 25–50 cm : Protected Surface Stability 0.4734 0.2241 0.000005 

Canopy Gaps >200 cm : All Surface Stability -0.4610 0.2125 0.000008 

Canopy Gaps >200 cm : Protected Surface Stability -0.4824 0.2327 0.000005 

All Surface Stability : Juniper Area -0.4690 0.2200 0.000005 

 

 Based on the significance of the simple linear regression, multiple 

regression was used to look at the relationship between aggregate 

stability of all surfaces and selected other data elements. When 

aggregate stability of all surfaces was used as the dependent variable 

and aggregate stability of all subsurfaces, canopy gaps >200 cm, basal 

gaps >200 cm, basal cover, juniper foliar cover, foliar cover and bare 

ground were used as the independent variables, there was a significant 

relationship (F(7,77)=17.71, p<0.0000, R=0.79, R2=0.62). This indicates 

that aggregate stability of all surfaces is a good integrator of the other 

data elements.   

 

DISCUSSION 

Soil aggregate stability is a function of the interactions of the soil 

microbes, mineral and organic inputs, the existing plant community and 

disturbance history (Kemper and Koch 1966, Tisdall and Oades 1982, 

Goldberg et al. 1988, Topp et al. 1996, Bird et al. 2007). The identified 
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significant non-linear relationships may indicate the presence of 

thresholds of change (Friedel, 1991) and changes in feedback 

mechanisms affecting resilience of steady states (Briske et al. 2008). 

Bestelmeyer et al. (2006) showed the relationship between soil aggregate 

stability and bare patch size. Their work supports the concept of a 

discontinuous relationship between vegetation attributes, bare patch size 

and soil degradation that might be used to define thresholds. Their results 

suggest that soil aggregate stability data elements provided the best 

integrator of long term ecological responses to change in vegetation 

production and cover, bare ground, litter accumulation and bare patch 

size. They also suggest that soil aggregate stability may provide insight 

into the ecological dynamics of the ecological site.  

The differences in the disturbance history between plots in the 

study area (herbicide application and reduction of juniper on treated sites) 

have affected the amount and kind of organic matter inputs. Organic 

matter inputs occur from both above ground and below ground sources. 

The increase in annual herbaceous production in the treated plots would 

indicate a greater organic matter input from all sources. Total litter cover 

for the expanded study plots totaled 48.4%. However, in central New 

Mexico arid and semiarid sites, Vanderbilt et al. (2008) suggest that 

unless litter incorporation into the surface occurs, biological 

decomposition of litter is less likely to occur than losses due to abiotic 

processes, primarily oxidation, physical weathering and loss due to wind. 

Biological crusts have the potential to directly stabilize soil surfaces and 

to add organic matter to the soil (Fletcher and Martin 1948). Only 0.58% 

of the ground was covered by moss, lichen crust or well developed 

cyanobacteria. The underground sources including root exudates, 

mycorrhizal fungi, glomalin, and root turnover are likely the largest 

contributor to the increased organic matter inputs. Gill and Jackson 

(2000) show that root turnover can be as high as 70% for blue grama 
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(Bouteloua gracilis (Willd. ex Kunth) Lag. ex Griffiths), 45 – 60% for little 

bluestem (Schizachyrium scoparium (Michx.) Nash) and 35 – 50% for 

sand bluestem (Andropogon hallii Hack.). These three grass species 

make up more than 80% of the total plant basal hits on the line point 

transects. Gill and Jackson (2000) also state that given the differences in 

root turnover between grasses and shrubs, it is expected that a lower 

proportion of root biomass is turned over annually in shrub invaded 

ecosystems than in grasslands. This further supports the conclusion of an 

increase in organic matter inputs in the treated sites due to the increase 

in annual herbaceous production. 

Many studies discuss the reallocation of soil resources (e.g. soil 

moisture and nutrients) and soil aggregate stability as grassland 

conditions deteriorate, and describe the process of desertification 

(Davenport et al. 1996, Weltzin and McPherson 1997, Breshears and 

Barnes 1999, Reid et al. 1999, Bird et al. 2002, McIntyre and Tongway 

2005, Bestelmeyer et al. 2006, Bird et al. 2007). These studies showed 

that as grass cover and reproduction declined and erosion of interspaces 

occurred, soil moisture, nutrients and organic matter decreased in the 

interspaces and increased under remaining shrubs. This study showed 

that the reverse is also true and that as grass cover increased, 

herbaceous production increased, bare ground decreased and soil 

aggregate stability improved.  

 The years 1985 – 1989 were above average rainfall years and the 

soil profiles in the treated plots were above 1.5 MPa over 90% of the time 

while the control plots had periods of drying. In 1989, which was a dry 

year with only 25 cm or 69% of normal precipitation, the difference in soil 

moisture between the control and treated plots was most pronounced. 

When precipitation was limited the control plots were dry a much higher 

percent of the time than the treated plots. It is believed that this increase 

in available soil moisture contributed to the treatment results.  As shown 
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by the analysis of the 1985 – 1989 data, the treated plots were 

significantly (α=0.05) different from the control plots for all the vegetation 

and soil cover data elements. Annual herbaceous production was 

negatively correlated to juniper canopy cover (r2=0.86) and bare ground 

and juniper canopy cover were positively correlated (r2=0.89). Litter was 

positively correlated to annual herbaceous production (r2=0.79) and 

negatively correlated to bare ground (r2=0.78). These correlations clearly 

indicate that as juniper canopy cover decreased, herbaceous production 

increased. These cover relationships and the increase in annual 

herbaceous production should lead to a corresponding increase in 

organic matter being added to the soil.  

  When the 2003 data were added to the analysis, the results 

showed that the treatment effect was still significant 18 years following 

treatment. The negative correlation between annual herbaceous 

production and juniper canopy remained strong (r2=0.85). The negative 

correlation between annual herbaceous production and bare ground 

weakened (r2=0.59), as did the positive correlation between annual 

herbaceous production and litter cover (r2=0.51). The analysis of the 

extended study data also supported this conclusion. Eighteen years after 

treatment there was a significant (α=0.05) treatment effect for bare 

ground, and total ground cover and protected subsurface soil stability.  

Juniper foliar cover, aggregate stability of all surfaces, unprotected 

surfaces and unprotected subsurface all showed significant (α=0.05) 

ranch by treatment interactions. Although still significant, the changes 

between the 1985 – 1989 data and the 2003 and expanded study data 

along with the recovery of juniper canopy cover indicate the effect of 

treatment may be reaching an end. Analysis of the juniper canopy cover 

during 1985 – 1989 showed no treatment by ranch interaction, but when 

the 2003 data were added that interaction was significant (α=0.05). This 
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indicates increased juniper canopy between 1989 and 2003 on most 

ranches in the study. 

The linear regression models for the expanded study data showed 

several expected correlations. Foliar cover and total ground cover were 

both negatively correlated to bare ground (r2=0.66 and, r2=0.77, 

respectfully). There were also several weak (r2<0.30) but statistically 

significant (α=0.05) relationships. Multiple regression using the aggregate 

stability of all surfaces as the dependent variable showed a significant 

(α=0.05) strong relationship (R2=0.62) with selected other data elements.  

 

SUMMARY and CONCLUSIONS 
The differences in surface soil stability have major implications for 

use and management (Herrick et al. 2002). While the treatment of juniper 

with herbicide is very expensive, the resulting conditions may allow for 

continued economic use of the land. Results indicate that with no follow 

up treatment the effects of herbicide treatment may have reached their 

peak and are now declining. Wright (1990) states that non-sprouting 

junipers less than 4 ft. tall are susceptible to a ground fire of herbaceous 

fuels. Prescribed burning as a secondary treatment is relatively 

inexpensive and very effective in reducing the juniper seedlings and 

saplings. The use of fire to maintain the herbaceous production and 

resulting organic matter inputs would provide management with a tool 

that would facilitate the continued economical and sustainable use of the 

resources. Anecdotally, a visit to the study sites in 1990 indicated that a 

prescribed fire would carry with the fine fuels present and would reduce 

the number of juniper trees that had germinated and established since 

treatment. Based on the annual herbaceous production data collected in 

2003 (<300 kg/ha), there currently is not enough fine fuel to carry a 

prescribed fire. It appeared that the herbicide treatment was necessary to 

restore soil aggregate stability and the function of the associated 
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ecological processes, but that some follow up treatment such as 

prescribed fire, would be necessary to maintain those ecological 

functions.  
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CHAPTER 4: PROCESS BASED STATE AND TRANSITION MODEL 
FOR THE DEEP SAND SAVANNAH ECOLOGICAL SITE 

 
ABSTRACT 
 A proposed three-state state-and-transition model (STM) for the 

Deep Sand Savannah ecological site was developed using historical 

data, experience, expert and scientific knowledge. The model was tested 

using k-means clustering, a non-hierarchical multivariate exploratory 

technique based on 22 years of soil and vegetation data from a 

manipulative restoration experiment. Three significantly (α=0.05) different 

clusters were produced, which supports the identification of three states 

in the proposed model. Surface soil stability data, were excluded from the 

k-means clustering analysis in order to utilize the data to validate the 

results. Mean stability ratings for State 1, the Reference State; State 2, 

the Juniper State; and State 3, the Eroded State; were 4.31±0.65, 

2.78±0.55 and 2.05±0.38 respectfully. The relatively wide mean 

separation and low variances support the identification of three states. A 

qualitative analysis suggested that mean and range values for soil 

stability and the other soil and vegetation variables were generally 

consistent with the proposed model. Using the data from the individual 

plots within the three identified states, the proposed model was refined 

with the definition of specific processes and indicators associated with 

each state and transition. The STM includes feedback mechanisms that 

build resilience into each of the three identified states, at-risk community 

phases within the Reference and Juniper States and threshold values 

between the three states. This model will assist managers with 

identification of potential ecological thresholds and at-risk community 

phases, thus providing information to plan actions that facilitate the 

maintenance of ecological and economic sustainability while providing 

the broadest array of ecosystem services possible within the potential of 

the ecological site. 
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INTRODUCTION 
 The USDA Natural Resources Conservation Service uses a 

hierarchical classification system to organize landscapes into interpretive 

units for the purposes of inventory, assessment, and development of 

management plans. This system is made up of the following components: 

Land Resource Regions (LRR), Major Land Resource Areas (MLRA) and 

Land Resources Units (LRU) and finally Ecological Sites (USDA 2006). 

Ecological sites had their inception as functional edaphic units initially 

within the USDA Soil Conservation Service as Range Sites (Dyksterhuis 

1949). Ecological sites are the basic unit of inventory, assessment and 

management on rangeland in the U.S. An ecological site is defined as a 

distinctive kind of land with specific physical characteristics that differs 

from other kinds of land in its ability to produce a distinctive kind and 

amount of vegetation (USDA 2003). The quantitative climax model 

(Dyksterhuis 1949) was integrated into the range site descriptions and 

became the model for directing management decisions and plant 

community response to disturbance levels. This model works well in 

many places, however as non-native species increase this model does 

not explain the resulting ecosystem dynamics. The quantitative climax 

model also does not adequately explain much of the plant community 

dynamics observed in the semi-arid and arid parts of the world and the 

shrub steppe (Westoby et al. 1989 and Laycock 1991).  

 The idea of alternative steady states as distinct entities for 

management purposes was first identified by Westoby et al. (1989). 

Working in south Texas, Archer (1989) discussed the changes in 

structure and function in a plant community following the cessation of fire 

resulting in the establishment of woody vegetation in a system previously 

dominated by grasses. The change from herbaceous to woody plant 

domination caused a change in structure and mineral cycling and 

hydrologic function that could not be reversed by reintroduction of the 
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historic disturbance regime (the quantitative climax model). Significant 

inputs of energy (machinery, seed, etc) would be required to return the 

system to its original structure and function. Archer (1989) also indicated 

that rehabilitation would be short lived without continued energy inputs. 

Friedel (1991) discussed the concept of thresholds between domains 

from one state to another. She recognized two main types of thresholds: 

1) change from herbaceous to woody dominated systems and 2) change 

from stable to eroding soils. The use of models to describe states and 

predict transitions across thresholds using quantitative indicators has 

been widely called for (Friedel 1991, Laycock 1991, Herrick et al. 2002, 

Bestelmeyer et al. 2003, Bestelmeyer et al. 2004, Briske et al. 2005, 

Briske et al. 2006, and Bestelmeyer et al. 2009).  

Stringham et al. (2003) provided definitions and a framework to 

develop state-and-transition models (STM). These proposed concepts 

function at the ecological site scale, with each unique ecological site 

having its own STM. The definitions stress the relationship of the soil and 

vegetation components of the state in determining the functional capacity 

of ecological processes integral to ecological site integrity. The soil 

component, having been developed through time integrates parent 

material, climate, and landscape position with the interaction of the 

resulting biota, thus determining the capability of the ecological site. The 

interaction between soil and vegetation determines the functional status 

and the site resiliency and resistance to change in ecological process 

function. These definitions and framework provided the necessary 

structure to begin the development of process based STM derived from 

data for use in understanding the ecological dynamics involved in 

rangeland management.  

 Briske et al. (2008) further refined the model to include more 

emphasis on resilience within the state and the feedbacks involved in 

building resilience. Peterson et al. (1998) explained resilience as the 
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amount of change or disruption that is required to transform a system 

from being maintained by one set of mutually reinforcing processes and 

structures to a different set of processes and structures. The community 

pathways between the community phases are feedback mechanisms that 

maintain the mutually reinforcing process and structure. Briske et al. 

(2008) provide additional definitions and suggested inclusion of resilience 

based concepts into the STM. Together with the definitions and 

frameworks from Stringham et al. (2003), they form the basics of state 

and transition concepts in use today.  

There were three objectives to this study: 

1.  Develop a process based state-and-transition model for the 

Deep Sand Savannah ecological site (070CY123NM) using 

historical data, experience, expert and scientific knowledge.  

2. Test the model using data collected during a long term effects 

study (Shaver 2010b) on this ecological site over a period of 22 

years.   

3. Use the data together with understanding of the biophysical 

processes on the ecological site to refine the model for use as 

a decision making tool. 

 

METHODS 
Study Area  
 The study was conducted on four private ranches located in south 

central Torrance and northeastern Socorro counties, New Mexico. The 

ranches are within an area defined by a 46 km diameter circle around the 

Gran Quivira Unit of the Salinas National Monument.  

 Elevation of the study area ranges from 1750 m to 2000 m with a 

flat to rolling dune topography. The soils in the area are all very similar 

and formed from aeolian sand deposits derived from mixed sources. The 

dominant characteristic of these deep soils is the coarse texture. The soil 
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moisture regime at these locations is aridic-ustic and the soils at all 

locations are classified as mixed, mesic, Ustic Torripsamments (USDA 

1970, USDA 1988). This classification was confirmed with a soil pit and 

several auger holes at each of the study sites. The soil is deep and 

excessively drained and the surface layer is a brown fine sand about 28 

cm thick. The underlying material is strong brown fine sand in excess of 

155 cm deep (USDA 1970, USDA 1988). The soil map unit components 

are all correlated to the Deep Sand Savannah ecological site in MLRA 

G070C, Central New Mexico Highlands, site number 070CY123NM 

(USDA 2004) (Figure 4.1). 

 

                                                                  

       

Figure 4.1.  Map of Great Plains area of the U.S. showing location and 
size of Land Resource Region - G; Major Land Resource Area - 70C; and 
Ecological Site – Deep Sand Savannah. 
 

 The climate of the study area is characterized as semi-arid 

continental. The average annual precipitation at the Gran Quivira 

Land Resource Region: G 
Western Great Plains and                                            
Irrigated Region ~ 54,395 sq.km. 
 
Major Land Resource Area:70C 

Central New Mexico Highlands                                           

 ~32,375 sq. km. 

 

 Ecological Site:   Deep Sand                    

S  Savannah ~ 12, 950 ha. 
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National Monument ranges from 33-40 cm depending on the period of 

record. The thirty year average (1951-1980) immediately preceding the 

study was 36.2 cm. The actual precipitation during the study period 

(1985-1989) was above average with 46.5 cm. The most recent thirty 

year record (1971 – 2000) showed an average of 43.9 cm. Seventy five 

percent of the precipitation falls from April to October, primarily in the 

form of high intensity thunderstorms. Temperatures are characterized by 

distinct seasonal changes and large annual and diurnal fluctuations. The 

average annual air temperature is about 10oC, with extremes of -34oC in 

the winter to 40oC in the summer. The average frost free season is 130–

160 days. The last killing frost occurs in early May and the first killing frost 

in early October (Western Regional Climate Center 2009).  

 
Information Used to Develop the Proposed State-and-Transition 
Model 

A state-and-transition model was developed using archeological 

and historical data, professional experience, expert and scientific 

knowledge. A brief summary of the information used is included here. 

In the early 1600‟s Gran Quivira (Jumano Pueblo) may have had 

as many as 1000 inhabitants. These people traded with the Pueblo 

peoples in the Rio Grande valley to the west, the Comanche in the east 

and the Apache in the south. Vivian (1961) quotes Spanish documents in 

which Nicolas de Aguilar, a Spanish “Encomendero”, in 1663 states: 

 “It has never been possible to keep livestock in said Pueblo 
because there is not water, for what there is comes only from wells 
which are a quarter of a league (~850 – 900 m) from the place, forty 
or fifty estados (~70 - 85 m) in depth. And therefore it costs a great 
deal to get water and it makes a lot of work for the Indians in 
obtaining it, and the wells are exhausted and there is an insufficient 
water supply for the people, for their lack of water is so great they 
are accustomed to save their urine to water the land and to build 
walls.” 
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 Excavations of the ruin of Gran Quivira show that over half of the 

animal bones found were blacktailed jackrabbit (Lepus californicus) and 

pronghorn antelope (Antilocapra americana). Cottontail rabbits 

(Sylvilagus auduboni), domestic and wild sheep (Ovis spp), mule deer 

(Odocoileus hemionus), domestic horse (Equus caballus) and bison 

(Bison bison) were also present in much smaller amounts. Trace amounts 

of bones were found from various birds, cougar (Felis concolor), Gray fox 

(Urocyon cinereoargenteus) and black-tailed prairie dog (Cynomys 

ludovicianus) (Vivian 1961). The indication is that native herbivory prior to 

European influence, and even after Spanish reconquest and colonization 

in 1692, was mainly by lagomorphs and pronghorn antelope.  

 This area has historically been described as grassland with few 

junipers dotting the landscape. One-seed juniper (Juniperus monosperma 

(Engelm.) Sarg) was confined to ridge tops and the foot slopes of 

adjoining mountains (Bandelier 1884, Horgan 1954, McLeullough 1982). 

While not specific to the peoples of the Jumano Pueblo, Stewart (2002) 

states that the Apache, Navajo and Pueblo inhabitants of this area used 

fire as a management tool for hunting, to draw game into the area, for 

clearing crop fields and to increase the yield of grass seeds used for 

grain. Other authors support this contention with fire frequencies for the 

area ranging from 4 – 20 years (Allen 1989, Baisan and Swetnam 1997, 

and Frost 1998). This fire regime would be frequent enough to create and 

maintain a grassland aspect and herbaceous dominated plant 

community.  Wright (1990) indicated that fires every 10 – 30 years kept 

juniper on shallow, rocky, rough places. He also indicated that non-

sprouting junipers less than four feet tall are readily killed by ground fires 

of herbaceous fuel. Dwyer and Pieper (1967) show that one-seed juniper 

less than four feet tall were killed with a ground fire. 

  Given this description, it is very unlikely that large numbers of 

domesticated or wild animals were grazing in this region until the Anglo 
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expansion into New Mexico occurred in the mid 1800‟s. It is estimated 

that there were several hundred thousand head of sheep in New Mexico 

from 1788 onward to about 1870 (Denevan 1967). Domestic livestock 

grazing increased rapidly following Anglo expansion. From 1870 to 1890 

sheep numbers increased to around 5 million state wide (Denevan 1967). 

Cattle numbers were approximately 137,000 in 1880 and reached 1.3 

million by 1889. Numbers of sheep and cattle increased from the 1880‟s 

to the end of World War I and have been decreasing since 1920 

(Schickedanz 1980). In 1906 there were approximately 1 million cattle 

and 6 million sheep in New Mexico. By 1979, cattle had increased to 1.5 

million, while sheep had decreased to 600,000. This increase in livestock 

numbers undoubtedly impacted the natural disturbance regime of 

frequent fires and low levels of herbivory. Many studies have linked 

juniper expansion to increased livestock and decreased fire frequency 

(Jameson 1962, Johnsen 1962, Arnold 1964, Arnold et al. 1964, White 

1965, Jameson 1967, Jameson 1970, Clary and Jameson 1981, and 

Pieper 1983, Miller and Wigand 1994, Allen and Breshears 1998, Lanner 

and Van Devender 1998). 

The historical information, the Deep Sand Savannah ecological 

site description, 070CY123NM (UDSA 2004), and existing data (Shaver 

2010a, 2010b) indicate these physical and environmental conditions have 

led to ecological dynamics that have produced an ecological site 

characterized by tall and mid warm season grasses. Warm and cool 

season mid and short grasses were the sub-dominant plant functional 

groups on this ecological site. Observation indicates the forb component 

was variable depending on timing and amount of precipitation and with 

the season. The woody plant component was both spatially and 

temporally variable depending on time since the last fire, but was always 

a minor component of the plant community (Allen 1989, Baisan and 

Swetnam 1997, Frost 1998, Stewart 2002). The production of a 
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continuous fine fuel load and resulting fires were important negative 

feedbacks that limited the abundance of the woody components and 

maintained an herbaceous dominance on the site. One-seed juniper trees 

less than four feet tall were readily killed by ground fire fueled by 

herbaceous fuels (Dwyer and Pieper 1967, Wright 1990). The resilience 

of the ecological site was maintained by the continued input of organic 

matter primarily from root turnover of the herbaceous species (Gill and 

Jackson 2000) and herbaceous litter. Development and maintenance of 

stable soil aggregates is a function of the interactions of soil microbes 

and organic inputs, and the continuation of herbaceous litter production 

and root turnover. The resulting soil aggregate stability is integral to the 

negative feedback mechanisms responsible for ecological resilience. 

High soil aggregate stability provides optimal rates of infiltration, water 

holding capacity, aeration and mineral cycling, which maintains 

herbaceous production. Herbaceous production provides for a uniform 

distribution of soil nutrients and water throughout the soil profile 

(Schlesinger et al. 1990). This uniform distribution maintains uniform 

organic matter inputs (Kemper and Koch 1966, Tisdall and Oades 1982, 

Goldberg et al. 1988, Topp et al. 1996, Bird et al. 2007) and strengthens 

the resilience of the site to the periodic fires that were necessary to 

control the establishment and increase of one-seed juniper.  

As European settlement progressed, domestic livestock numbers 

increased rapidly and the resulting grazing pressure decreased fine fuel 

for fires (Savage and Swetnam 1990, Swetnam et al. In Press). One-

seed juniper increased in density and cover with an increase in the time 

since the last fire, also causing a decrease in herbaceous production 

(Jameson 1962, Johnsen 1962, Arnold 1964, Arnold et al. 1964, White 

1965, Jameson 1967, Jameson 1970, Clary and Jameson 1981, and 

Pieper 1983, Miller and Wigand 1994, Allen and Breshears 1998, Lanner 

and Van Devender 1998). Decreased herbaceous production caused a 
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decline in organic matter inputs, resulting in lowered soil aggregate 

stability (Tisdall and Oades 1982). As herbaceous production and cover 

were reduced and bare ground and erosion increased, fine fuels for fire 

became inadequate and resilience was weakened. Soil moisture, 

nutrients and organic matter decreased in the interspaces and increased 

under the trees and shrubs (Padien and Lajtha 1992, Davenport et al. 

1996, Weltzin and McPherson 1997, Breshears and Barnes 1999, Reid et 

al. 1999, Bird et al. 2002, McIntyre and Tongway 2005, Bestelmeyer et al. 

2006 and Bird et al. 2007). The decreased herbaceous production and 

organic matter in the interspaces likely decreased soil aggregate stability, 

infiltration, water holding capacity and mineral cycling. As the 

redistribution of resources continued the strength of the feedback 

mechanisms began to shift and site resilience decreased.  

 Plant interspaces continued to lose resources resulting in a lower 

proportion of root biomass available for annual turnover (Gill and Jackson 

2000) further concentrating resources under the one-seed juniper. Gill 

and Jackson (2000) discussed the difference in root turnover from 

grasses and shrubs and state that the turnover from woody plants is 

much less proportionately than that of grasses. When juniper increases, 

the resulting reallocation of underground resources is well documented 

(Padien and Lajtha 1992, Davenport et al. 1996, Weltzin and McPherson 

1997, Breshears and Barnes 1999, Reid et al. 1999, Bird et al. 2002, 

McIntyre and Tongway 2005, Bestelmeyer et al. 2006 and Bird et al. 

2007). This change develops abiotic feedback mechanisms controlled by 

wind and water erosion, leading to desertification that builds very strong 

resilience feedback mechanisms and resistance to change (Schlesinger 

et al. 1996, Whisenant 1999, Bestelmeyer et al. 2006).  
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Testing the Model 
 The proposed model was tested using data collected from treated 

and control plots from the long term and expanded study (Shaver 2010a). 

A significant response of available soil moisture and herbaceous 

vegetation production to juniper treatment was found in a short term 

response study on this ecological site (α=0.05) (Shaver 2010a). These 

results led to the design of a long term study to quantify available soil 

moisture and vegetation responses from 1985 – 1989 and again in 2003. 

The long term study analyzed the effects on selected vegetation and soil 

variables to a 1985 herbicide application on one-seed juniper. The long 

term study experimental design was a complete randomized block on two 

of the ranches and generalized blocks - unbalanced on the other two 

ranches (Shaver 2010b). Eighteen years after treatment there were 

significantly (α=0.05) different treatment effects for parameters measured, 

which included bare ground, total litter cover, total ground cover and 

protected subsurface soil stability.  Juniper foliar cover, aggregate 

stability of all surfaces, of unprotected surfaces and of unprotected 

subsurface all showed significant (α=0.05) ranch by treatment 

interactions. There were significant (α=0.05) relationships (R2=0.62) 

between aggregate stability of all surfaces and many other data elements 

tested. These results led to the development of a hypothesis of ecological 

dynamics involved in a proposed process based state-and-transition 

model. Figure 4.2 shows the relative layout and locations of the plots in 

the long term study. 
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Figure 4.2.  Plot layout for long term effects study showing the relative 
location of ranches and treated and control plots. 
 
 

Refining the Model 
The model was refined using professional experience and expert 

knowledge gained over the last 22 years of working on this ecological 

site. Scientific knowledge gained from the long term and expanded 

studies (Shaver 2010b) and the scientific and historical literature was also 

used.  

 
Soil and Vegetation Measurements 
 The moisture, vegetation and soil variable responses to the short 

term response study conducted in 1984, and the long term response 

study conducted from 1985 – 1989, provided the foundation for this 
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expanded study. The long term study contained 10 plots on four ranches 

(Shaver 2010a, Shaver 2010b). In the fall of 2003, a total of eighty-six 50 

m transects were established as part of the long term effects study. Three 

of these were placed at each of the ten original plot locations with the 

remaining 56 transects randomly located within treatments on the four 

ranches in the study (Shaver 2010b). Table 4.1 summarizes the number 

of plots in each treatment on each ranch for both the long term study and 

the expanded study. 

 
Table 4.1. Summary of number of plots in original study set up in 1985 
and in the expansion study set up in 2003. 

 Original Plots Expanded Study 
Ranch Treated Control Treated Control 

1 1 1 10 10 
2 1 1 10 10 
3 2 1 13 10 
4 2 1 13 10 

 
 The objectives of both the long term and expanded studies were to 

test the hypothesis that vegetation production, cover and soil moisture 

will increase after juniper treatment on coarse textured soils and that 

these changes would be sustained over time. The data from these 

studies as well as the expanded plot data were used in this study to test 

the proposed STM and develop state and community phase 

characteristics. The following data elements collected on all 86 transects 

in 2003 were used in this analysis: herbaceous foliar cover (%), bare 

ground (%), basal cover (%), canopy gaps >200 cm (%), basal gaps >200 

cm (%), juniper foliar cover (%), surface soil stability (rating 1-6) and 

subsurface soil stability (rating 1-6). These data elements were selected 

due to their significance to the long term response portion of the larger 

study (Shaver 2010b), their use in the development of the proposed STM 

and their importance in resilience feedback mechanisms (Schlesinger et 

al. 1999, Whisenant 1999, Bestelmeyer et al. 2006, Petersen et al. 2009). 
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  Vegetation, ground cover and vegetation gaps.  A 50 m 

transect was established and a point reading was taken at 0.5 m intervals 

starting at 0.5 m. Canopy was counted regardless of height and whether 

dead or alive. Species were recorded only once in the canopy. A basal hit 

of a plant species automatically warranted a canopy hit of that species. 

Woody litter (>5mm), herbaceous litter, embedded litter, duff, lichen, 

moss, bedrock, rock and bare soil were also recorded. Intercanopy 

vegetation gaps >20 cm in both canopy and plant bases were measured 

(Herrick et al. 2005). 

 

 Soil stability. Nine surface samples and nine subsurface samples 

0.64 cm in diameter, were collected at set distances perpendicular to the 

left side of the point transect line. Samples were taken at 5 m intervals for 

a total of nine samples per line. An in-field soil stability test developed by 

Herrick et al. (2001) was used. Soil peds were rated on a scale of 1 – 6 

(from least to most stable) based on the percent of ped remaining before 

and after sieving. 

 

 Statistical analysis. Statistica 7.1 software (StatSoft, Inc. 2005) 

was used for all analyses. The proposed STM was tested using all the 

transect level data except surface soil stability data, collected in 2003. 

The multivariate exploratory technique k-means clustering was used to 

group each of the 86 transects into meaningful classes. This 

nonhierarchical method, examines the means of each cluster on each 

dimension to assess how distinct from one another the clusters were.  To 

test the proposed model, clustering was performed with 2, 3, 4, and 5 

clusters and average Euclidean distances between clusters were 

calculated.  The number of clusters with the highest average distance 

between clusters was used as the optimum number (StatSoft, Inc. 2007). 

This optimum number of clusters was compared to the proposed state-
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and-transition model and considered to represent the number of states in 

the STM. This model structure was then used for further development of 

state and community phase characteristics.  

 In order to test the number and distinctness of the cluster defined 

states (StatSoft, Inc. 2007), surface soil stability data were tested 

separately. Surface soil stability was used for this test due to the 

relationship to the other data elements (Shaver 2010b) and to changes in 

organic matter inputs associated with resilience building feedback 

mechanisms. A one-way analysis of variance (ANOVA) was used to test 

the differences between clusters using surface soil stability as the 

dependent variable. 

 The values for the other data elements were relativized to the 

same scale for data analysis. Herbaceous foliar cover, basal cover and 

subsurface soil stability data were also inverted so that the direction of 

interpretation was the same (McCune and Grace 2002). 

   

RESULTS 
Developing the State-and-Transition Model 

A three state model based on historical information, experience, 

expert and scientific knowledge was developed. State characteristics, at-

risk community phases, thresholds, resilience feedback mechanisms and 

transitions were proposed. Figure 4.3 shows the proposed state-and-

transition model.    
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Figure 4.3. Proposed state and transition model for the Deep Sand 
Savannah Ecological Site.   
 
Testing the Model 

The k-means clustering procedure was used with two, three, four 

and five clusters. The average Euclidean distances between clusters 

showed the optimum number of clusters as three. Distances for each of 

the clustering analyses are shown in Table 4. 2. 

 
Table 4.2. Average Euclidean distances between clusters when two, 
three, four and five clusters were used.      
 

 2 Clusters 3 Clusters 4 Clusters 5 Clusters 

Distance 0.140124 0.172404 0.160947 0.158287 
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 The resulting three clusters or states in the state-and-transition 

diagram determined the transect membership for the state. Individual plot 

membership in the three states showed that all transects in state 1 had 

been treated with herbicide in 1985. Table 4.3 provides a summary of the 

number of transects in each state and how many of those transects were 

treated in 1985. 

 

Table 4.3. Number of total, treated and control transects in states.  

  Total Treated Control 

State 1 31 31   0 
State 2 35 13 22 
State 3 20   2 18 

 

 The results of the ANOVA test of the surface soil stability data 

showed that the states were significantly (α=0.05) different from one 

another (F(2,83)=113.39, p=0.0000) (Figure 4.4).  

 

Mean Soil Surface Stability Ratings by State

F(2, 83)=113.39, p=0.0000

Vertical bars denote 0.95 confidence intervals
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Figure 4.4. Soil surface stability differences between states. 

 

Table 4.4 shows the means, standard deviations, standard errors 

and ranges within a 95% confidence interval for each data element in 
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each state. Differences between the states as well as the variability of 

those data elements within the states were evident.  

 
Table 4.4. Means, standard deviations and standard errors and range for 
a 95% confidence interval for each data element in each state. 
 

Data Element State Mean 
Standard  

Deviation 

Standard  

Error 

Confidence Interval 

-95% +95% 

Surface Soil Stability 
1   4.3   0.6   0.1   4.1   4.5 

2   2.8   0.6   0.1   2.6   3.0 

3   2.0   0.4   0.1   1.9   2.3 

 1   2.7   0.7   0.1   2.4   2.9 
Subsurface Soil Stability 2   1.7   0.3   0.1   1.6   1.8 
 3   1.4   0.3   0.1   1.3   1.6 

Canopy Gaps > 200cm (%) 
1   7.2   7.9   4.2   4.3 10.1 

2 14.8 12.6 10.4 10.4 19.1 

3 35.8 14.7   3.3 28.9 42.7 

Basal Gaps > 200 cm (%) 
1 13.0 11.7   2.1   8.7 17.3 

2 22.8 17.7   3.0 16.8 29.0 

3 45.4 25.6   5.7 33.5 57.4 

Basal Cover (%) 
1   9.0   4.6   0.8   7.3 10.7 

2   6.9   5.5   0.9   5.0   8.8 

3   2.7   2.0   0.5   1.7   3.7 

Juniper Foliar Cover (%) 
1 12.1 11.4   2.0   7.8 16.3 

2 22.2 12.8   2.2 17.8 26.6 

3 23.2   9.9        2.2 18.5 27.8 

Herb. Foliar Cover (%) 
1 49.5 10.3   1.8 45.7 53.3 

2 50.0 13.5   2.3 45.4 54.7 

3 35.7 10.5   2.4 30.8 40.6 

Bare Ground (%) 

1 29.6   8.6   1.5 26.5 32.8 

2 32.8 13.1   2.2 28.3 37.3 

3 44.8 10.5   2.3 39.4 49.7 

  

Refining the Model 
This variability within transects clustered into a state may provide 

evidence of potential at-risk community phases. Viewing the data in two- 

and three- dimensional scatter graphs provided the opportunity to 

observe the variability within states and the patterns and exceptions in 

the distribution of the data values. The lowest value for surface soil 

stability in state 1 was 2.7 and the next lowest was 3.4. The highest value 

in state 3 was 2.8. The percent of canopy gaps >200 cm in state 1 was 
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below 15%, with two exceptions and was above 24% in state 3 with three 

exceptions. The percent of canopy gaps >200 cm was always greater 

than 10% in state 3 (Figure 4.5). 
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Figure 4.5. 2-dimensional scatter graph for surface soil stability ratings 
and the three states identified using the k-means joining method. Also 
note the distribution of the surface soil stability rating within the states, 
especially the low values in state 1 and the high values in state 3. 
   

 When viewed in a 3-D scatter graph with surface soil stability the 

pattern of transect distribution by state within surface soil stability space 

can easily be seen. Transects in state 2 clearly show a unique distribution 

and relationship in three dimensional space from the transects in state 1 

and state 3. Exceptions to the patterns in State 1 and State 2 can also be 

seen (Figure 4.6).  
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Figure 4.6. 3-dimensional scatter graph by state with surface soil stability 
and % canopy gaps >200 cm. This graph shows the unique distribution of 
large canopy gaps and surface soil stability values by state. 
 

 State 1 values for the percent of basal gaps >200 cm, showed that 

with one exception less than 30% were covered by basal gaps >200 cm, 

while in state 3 only five transects had less than 30% covered by basal 

gaps >200 cm. In three dimensional space, the distribution of percent 

basal gaps >200 cm in the three states is distinct as is the identification of 

exceptions to the pattern (Figure 4.7).  
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Figure 4.7. 3-dimensional scatter graph by state with surface soil stability 
and % basal gaps >200 cm. This graph shows the unique distribution and 
relationship of large basal gaps by state in surface soil stability space. 
 

 There was a great deal of overlap in percent basal cover for all 

three states, and the variability in the mean values. However, the basal 

cover in state 3 never exceeded 7% and the distribution of basal cover by 

state in surface soil stability space showed a distinct pattern of low 

surface soil stability ratings and low basal cover in state 3 and higher 

values for both variables as they moved from state 3 to state 2 to state 1 

respectively (Figure 4.8). The exceptions to the pattern in state 2 were 

readily identified for further examination. 
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Figure 4.8. 3-dimensional scatter graph by state with surface soil stability 
and % basal cover. This graph clearly shows the unique distribution of 
basal cover by state in surface soil stability space. 
 

 Subsurface soil stability values showed similar trends with the 

other data elements. State 1 values were above 1.8, with one exception 

and state 3 values were below 1.8 with two exceptions, one of which had 

a rating of 1.9. Subsurface soil stability ratings for state 3 never exceeded 

2.3.  

 When viewed in three dimensional space the pattern and 

relationship of basal and canopy gaps as grouped into states 1, 2 and 3, 

is clear (Figure 4.9). Exception to the patterns can also be readily 

identified for further evaluation. 
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Figure 4.9. 3-dimensional scatter graph by state with basal gaps >200 cm 
and canopy gaps >200 cm. This graph clearly shows the unique 
relationship, distribution and importance of basal and canopy gaps by 
state. 
 

 When viewed in three dimensional space the pattern and 

relationship of surface soil stability and subsurface soil stability as 

grouped into states 1, 2 and 3, is evident (Figure 4.10). Exceptions to the 

patterns can also be readily identified for further evaluation. 
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Figure 4.10. 3-dimensional scatter graph by state with surface soil 
stability and subsurface soil stability. This graph clearly shows the unique 
relationship and distribution of surface soil stability and subsurface soil 
stability by state. 
 
DISCUSSION  
Developing the Model 
 The development of STMs using available historical and 

professional knowledge must be preceded by a good understanding of 

the concepts and parameters of the specific ecological site. The range of 

variability that is expressed throughout the spatial extent of the ecological 

site must be observed over time to understand the temporal and spatial 

variability of the ecological site. However, without data to support the 
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conceptual understanding of the ecological dynamics, interpretation is 

limited and use of the model as a decision making tool is restricted. 

 
Testing the Model 

The k-means clustering method produced three states that were 

significantly different (α=0.05) from one another. When used to validate 

the clustering of multiple variables into ecological states, surface soil 

stability showed significant (α=0.05) differences between states. These 

differences support the use of surface soil stability as an indicator and 

predictor of state membership. The data presented supports the 

hypothesis of a three state ecological process based state-and-transition 

model.  

Using the 95% confidence interval values for the variables the 

three states can be described in terms of those data elements.  Table 4.5 

summarizes the range of values for each data element used to describe 

three states in the STM for this ecological site. 

 

Table 4.5. Summary of data values within 95% confidence interval of the 
mean value for variables in state descriptions. 

   Reference State 
1.0 

Juniper State 
2.0 

Eroded State     
3.0 

Surface Soil Stability >4.0 2.6 – 3.0 < 2.4 

Subsurface Soil Stability >2.4 1.6 – 1.8 < 1.6 

Canopy Gaps > 200cm <10% 10% - 20% > 28% 

Basal Gaps > 200cm < 17% 17% - 29% > 33% 

Basal Cover >7% 5% - 9% < 4% 

Juniper Foliar Cover <17% 18% - 27% >20% 

Herb. Foliar Cover >45% >45% <41% 

Bare Ground <33% 28% - 37% >39% 
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Refining the Model 

These ranges in data element values provide evidence for 

community phase identification in the STM. They also provide indication 

of the feedbacks involved in changing resilience from one state to 

another. The indication of different community phases within states due 

to the variability of the within state data led to further examination of the 

distribution patterns in the 2- and 3- dimensional scatter plots and 

individual data for each transect identified in each state. Because of the 

importance of the soil stability and vegetation gap distribution to 

ecological function, these data elements were used to sort transects in 

each state. There were six transects grouped into the Reference State 

whose surface soil stability values were <4.0 and subsurface soil stability 

values were <2.4. All of these transects had at least one of the vegetation 

gap data elements whose value was outside the 95% C.I. for the 

Reference State. There were two additional transects where either 

surface or subsurface stability was less than the 95% C.I. yet contained 

values for both vegetation gap elements that were greater than the 95% 

C.I. for those data elements. In the Juniper State there were five 

transects with values for both soil stability elements greater than the 95% 

C.I. These five transects also had at least one other data element that 

was outside the 95% C.I. on the Reference State side. All five of these 

transects had been treated with herbicide in 1985.  

The values for the soil stability variables and the vegetation gap 

variables for these five transects and the eight transects identified in the 

Reference State were grouped and the mean and 95% C.I. were 

computed. The same computation was made for the remaining transects 

in the Reference State and Juniper State. When those values were 

compared, there was very little overlap and the preponderance of 

evidence indicates that the fourteen transects are a community phase in 

the Reference State. This procedure was continued with the other 
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transects in the Juniper and Eroded States producing an additional 

community phase (Table 4.6). When comparing these ranges in values to 

the previous state ranges (Table 4.5), community phases 1.2 and 2.2 

appear to be at-risk community phases approaching a threshold from one 

state to another. The resulting state-and-transition diagram is shown in 

Figure 4.11. 

 

Table 4.6. Summary of data values within 95% confidence interval of the 
mean value for community phases within states. 

State Reference State  Juniper State  Eroded State     

Community Phase 1.1 1.2 2.1 2.2 3.1 

Surface Soil Stability >4.3 3.4 – 4.1 2.5 – 2.8 2.4 – 2.8 <2.1 

Subsurface Soil Stability >2.7 1.8 – 2.1 1.5 – 1.8 1.2 – 1.8 <1.5 

Canopy Gaps > 200cm <8% 12 – 27% 7 – 13% 18 – 33% >29% 

Basal Gaps > 200cm <15% 15 – 36% 12 – 25% 29 – 55% >30% 

Basal Cover >7% 5 – 9% 5 – 10% <4% <4% 

Juniper Foliar Cover <8% 11 – 24% 18 – 28% 16 – 32% >29% 

Herb. Foliar Cover >46% 40 – 54% 47 – 57% 32 – 46% <30% 

Bare Ground <32% 24 – 42% 27 – 37% 33 – 47% >39% 
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Figure 4.11. State-and-transition model diagram using data elements to 
identify state boundaries and at-risk community phases. 

 

The community pathways designated 1.1a and 1.2a represent the 

feedback mechanisms that maintain the resilience of the Reference 

State. As time since the last fire increased, the one-seed juniper in 

community phase 1.2 increased in size and number and the negative 

feedback mechanisms associated with site resilience weakened. Positive 

feedbacks associated with degradation increased, making this the at-risk 

community phase in the Reference State. The average surface stability 

ratings in community phase 1.2  was 3.7, well within the range for the 

Reference State, but the average subsurface stability rating was 1.9, at 

the lowest end of the Reference State range. Canopy gaps >200 cm and 

basal gaps >200 cm were 20% and 25% respectively, both within the 

range for the Reference State. Juniper foliar cover for these nine 

transects averaged 21%, outside the range of the Reference State and 



104 
 
within the range of the Juniper State indicating these transects are at risk 

of crossing an ecological threshold.   

As the one-seed juniper increased in size and density, soil and 

water resources began to concentrate under and around the juniper 

plants, reducing herbaceous production. This reduction in herbaceous 

production increased gap size, reduced fine fuel for fires and reduced 

organic matter inputs for soil aggregate stability. This agrees with Archer 

(1989) who suggested that changes to natural disturbance regimes might 

cause increases in woody plants. Bestelmeyer et al. (2006) showed that 

as the size of bare patches increased, aggregate stability decreased. 

Shaver (2010b) showed the results of herbicide treatment on these 

treated plots, although long lasting, were beginning to decline. This 

suggests that without the reintroduction of fire, the feedback mechanisms 

of increased organic matter inputs were not able to limit the increase or 

encroachment of one-seed juniper onto the site. The resilience of the 

Reference State was weakened and the processes of infiltration, nutrient 

cycle, aggregate stability and annual production were nearing a threshold 

into the Juniper State. Threshold values from the Reference State to the 

Juniper State for surface soil stability were between 3.4 and 2.8 and for 

subsurface soil stability at 1.8. Once the threshold was crossed, along the 

transition (T1a) the positive feedbacks for change become negative 

feedbacks strengthening the resilience of the Juniper State.   

There were ten transects that appeared to constitute an at-risk 

community phase approaching a threshold from the Juniper State to the 

Eroded State. The average surface stability rating for these transects was 

2.7 and the average subsurface stability rating was 1.5. The canopy gaps 

>200 cm were 26% and basal gaps >200 cm were 42%. While the soil 

stability values were within the Juniper State ranges, the vegetation gap 

values were well within the Eroded State ranges. It is unclear from the 

data how the feedback mechanisms maintain the resilience of the Juniper 
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State. Experience indicates that management actions intended to 

maintain or increase the production and cover of the short grasses are 

needed to control wind erosion and to ensure a level of organic matter 

inputs necessary to maintain soil aggregate stability. As gap size 

continued to increase due to nutrient pooling around one-seed juniper, 

soil aggregate stability decreased. Lower soil aggregate stability 

decreased infiltration which further decreased production and organic 

matter inputs. Larger gap sizes allowed for higher erosion rates from both 

wind and water. Indications based on the increase in vegetation gaps and 

bare ground coupled with decreases in both basal and herbaceous foliar 

cover (Shaver 2010b) support the crossing of an abiotic threshold where 

the physical processes of wind and water erosion are the feedback 

mechanisms that build the resilience in the Eroded State. Threshold 

values from the Juniper State to the Eroded State were canopy gaps 

>200cm and basal gaps >200cm both covering more 30% of the transect 

line with <4% basal cover of plants and 40% or more bare ground. The 

indication of crossing an abiotic threshold is supported by several authors 

who discussed the sequence of crossing biotic thresholds and as 

deterioration continues crossing abiotic thresholds (Westoby et al. 1989, 

Whisenant 1999, Petersen et al. 2009).  

 

SUMMARY and CONCLUSIONS 
Expert knowledge and k-means clustering were used to develop 

and test a state-and-transition model to organize our understanding of the 

dynamics of this ecological site. A model with three distinct states was 

developed with ranges in values for each of the data elements measured. 

Examining the state membership data showed patterns and 

inconsistencies in the state membership. When further examined with 

considerations of the ecological processes the model was refined. This 

refinement suggested composition and attributes of community phases at 
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risk of losing resilience and transitioning across thresholds to an 

alternative state.  

On this ecological site, the data suggest that the herbicide 

treatment was necessary to restore the ecological function of the site and 

enable the feedback mechanisms to develop resilience within the 

restored state. The data also suggest that although the feedback 

mechanisms have persisted for 18 years, without the re-establishment of 

one or more properties or processes that  limit the re-establishment of 

junipers, (such as frequent ground fires), site resilience is not strong 

enough to maintain the system in the Reference State.  

Surface soil stability proved to be a reliable indicator and predictor 

of state membership and provided indication of value ranges within states 

for itself and when combined with the other data elements, for those 

elements as well. The clear relationship between soil aggregate stability 

and gap size distribution is critical to understanding the feedback 

mechanisms responsible for site resilience. These relationships suggest 

that soil aggregate stability and gap size distribution can be incorporated 

into management systems and monitoring activities to ensure ecological 

function and vegetation structure in a state that provides the optimum in 

ecosystem services.  This can provide decision makers the opportunity to 

manage the rangeland in a productive and sustainable manner. The 

understanding of resilience and the identification of feedback 

mechanisms and the change in dominance from negative to positive 

feedbacks is a powerful tool allowing managers to make decisions to 

maintain the desirable plant community function and structure before a 

threshold is crossed.  

The identification and quantification of the components of a STM 

expands the ecological foundation of the STM concepts by linking them 

to process based feedback mechanisms and ecological resilience. The 

inclusion of resilience and feedbacks into the STM promotes adaptive 
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management by focusing on indicators of the feedbacks responsible for 

resilience before thresholds are crossed. This provides managers with 

information to restore degraded sites, to ensure that feedback 

mechanisms are in place to maintain restoration and to make 

management decisions based on maintaining state integrity through 

ecological resilience. Process based STMs derived from data analysis 

and evaluation can be a useful tool in organizing data into state-and-

transition models. However, professional experience and knowledge 

must be employed to interpret and understand relationships between the 

data, the ecological processes and management options. 
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CHAPTER 5: GENERAL CONCLUSION 

  The quantitative climax model of plant community dynamics has 

been used for more than 50 years in the management of rangelands. It 

has not been effective in providing managers with timely options for 

restoration of many ecosystems. State-and-transition models (STM) are 

becoming the decision support tool of choice for management options, 

especially when dealing with invasive plant encroachment into grassland 

ecosystems. Currently, most STM are based on experience and 

professional knowledge with little data to support the descriptions of plant 

community pathways and transitions. In an effort to quantify the 

components of a processed based STM, the effects of the manipulation 

of one-seed juniper (Juniperus monosperma (Engelm.) Sarg) on selected 

soil and vegetation variables were studied over the course of 22 years.  

 Short term response in available soil moisture and vegetation 

production and composition were collected from small plots treated with 

the herbicide tebuthiuron in 1981. Soil moisture data were collected at 

four depths during the growing season of 1984 and vegetation production 

and composition data were collected from 1981 – 1986. Analysis showed 

that the soil moisture in the treated plots was significantly (α=0.05) higher 

throughout the season. The available soil moisture in the treated profile 

was consistently above the 1.5 MPa and for most of the season 

contained twice as much available water as the control plots. These 

differences were associated with reductions in woody vegetation and 

increases in herbaceous production. The vegetation measurements 

contained no replicates, therefore no statistical analysis was done. There 

were large differences, however, in the measured production and 

composition between the treated and control plots. 

 Data for long term responses were collected from plots in field size 

application of the herbicide. Treatment was applied in 1985 and soil 

moisture, annual herbaceous production and vegetative cover were 
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measured from 1985 – 1989. In 2003, these vegetation measurements 

were repeated along with additional vegetation attributes and soil 

aggregate stability. Soil moisture data indicated that the treated plots 

consistently contained significantly (α=0.05) more available moisture than 

the control plots. This was especially evident during the drought year of 

1989. The treated plots were significantly (α=0.05) different from the 

control plots for all the vegetation and soil data elements. Annual 

herbaceous production was negatively correlated to juniper canopy cover 

(r2=0.86) and bare ground and juniper canopy cover were positively 

correlated (r2=0.89). Litter was positively correlated to annual herbaceous 

production (r2=0.79) and bare ground was negatively correlated (r2=0.78). 

These correlations clearly indicate that as juniper canopy cover 

decreased, herbaceous production increased. As annual herbaceous 

production increased, there was a corresponding increase in organic 

matter being added to the soil. When the 2003 data were added to the 

analysis, the results showed that the treatment effect was still significant 

18 years following treatment. The negative correlation between annual 

herbaceous production and juniper canopy remained strong (r2=0.85). 

The negative correlation with annual herbaceous production and bare 

ground weakened (r2=0.59) as did the positive correlation between 

annual herbaceous production and litter cover (r2=0.51).  

Analysis of the expanded study data also showed that the 

treatment effects lasted for the 18 years of the study. Eighteen years after 

treatment, data analysis indicated significantly (α=0.05) different 

treatment effects for bare ground, total litter cover, total ground cover and 

protected subsurface soil stability. Juniper foliar cover, aggregate stability 

of all surfaces, of unprotected surfaces and of unprotected subsurface, all 

showed significant (α=0.05) ranch by treatment interactions. The linear 

regression models for the expanded study data showed several expected 
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correlations. Foliar cover and total ground cover were both negatively 

correlated to bare ground (r2=0.66, r2=0.77 respectfully).  

There were also several weak (r2<0.30) but statistically significant 

(α=0.05) relationships. When surface soil stability was the dependent 

variable and seven other variables were used as the independent 

variables the resulting relationship (R2=0.62) was highly significant 

(p<0.0000). These results suggest that the soil aggregate stability data 

elements provided the best integrator of long term ecological responses 

to change in vegetation production, cover, bare ground, litter 

accumulation and bare patch size. They also suggest that soil aggregate 

stability may provide insight into the ecological dynamics of this 

ecological site.  

 The increase in soil aggregate stability in the treated sites 

suggests that the vegetation changes resulting from the treatment 

improved the organic matter inputs into the system and the resulting 

nutrient cycle. Improved soil aggregate stability has been associated with 

improved water infiltration, reduced evaporation and erosion, and a 

resultant feedback for improved herbaceous production and soil 

aggregate stability. The 2003 data also suggest that the effects of the 

herbicide treatment are nearing the end of their lifespan. These changes 

have important implications for the development of STM and for 

management aimed at maintaining or improving the ecological and 

economic sustainability of rangelands. 

 A proposed STM was verified and validated using the data from 

the short term, long term and expanded studies. Surface soil stability 

proved to be a reliable indicator and predictor of state membership. 

Surface soil stability also provided indication of value ranges within states 

for itself and when combined with the other data elements, for those 

elements as well. The understanding of the clear relationship between 

soil aggregate stability and gap size distribution is critical to identifying 
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feedback mechanisms. These relationships also suggest that these 

variables can be used to develop an ecological process based STM 

supported by field data. This relationship was used to identify and 

quantify a matrix of state characteristics and threshold values between 

states in the STM (Table 5.1). 

 

Table 5.1. Summary of data values within 95% confidence interval of the 
mean value for variables in state descriptions. 

   Reference State 
1.0 

Juniper State 
2.0 

Eroded State     
3.0 

Surface Soil Stability >4.0 2.6 – 3.0 < 2.4 

Subsurface Soil Stability >2.4 1.6 – 1.8 < 1.6 

Canopy Gaps > 200cm <10% 10% - 20% > 28% 

Basal Gaps > 200cm < 17% 17% - 29% > 33% 

Basal Cover >7% 5% - 9% < 4% 

Juniper Foliar Cover <17% 18% - 27% >20% 

Herb. Foliar Cover >45% >45% <41% 

Bare Ground <33% 28% - 37% >39% 

 

  At-risk community phases were also identified and quantified with 

value ranges for the indicators (Table 5.2).  

 
Table 5.2. Summary of data values within 95% confidence interval of the 
mean value for community phases within states. 

State Reference State  Juniper State  Eroded State     

Community Phase 1.1 1.2 2.1 2.2 3.1 

Surface Soil Stability >4.3 3.4 – 4.1 2.5 – 2.8 2.4 – 2.8 <2.1 

Subsurface Soil Stability >2.7 1.8 – 2.1 1.5 – 1.8 1.2 – 1.8 <1.5 

Canopy Gaps > 200cm <8% 12 – 27% 7 – 13% 18 – 33% >29% 

Basal Gaps > 200cm <15% 15 – 36% 12 – 25% 29 – 55% >30% 

Basal Cover >7% 5 – 9% 5 – 10% <4% <4% 

Juniper Foliar Cover <8% 11 – 24% 18 – 28% 16 – 32% >29% 

Herb. Foliar Cover >46% 40 – 54% 47 – 57% 32 – 46% <30% 

Bare Ground <32% 24 – 42% 27 – 37% 33 – 47% >39% 
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These ranges in values provide evidence for threshold 

identification in the STM. They also provide indication of the feedbacks 

involved in changing resilience from one state to another. State resilience 

is weakened as one-seed juniper increases, reducing available soil 

moisture and annual herbaceous production. As herbaceous production 

is decreased, gap size increased and organic matter input decreased. 

Reduced organic matter inputs weaken soil aggregate stability making 

the soil more susceptible to erosion from wind and water. Once the 

threshold is crossed into the new state, these same feedback 

mechanisms act to create resilience in the new state. The data suggests 

that the herbicide treatment was necessary to restore the ecological 

function of the site and enable the feedback mechanisms to develop 

resilience within the restored state. The data also suggest that without 

reestablishing the disturbance of a ground fire as part of the feedback 

mechanism to limit the increase in one-seed juniper, the resilience was 

not strong enough to resist the reinvasion of one-seed juniper into the 

system. The resulting STM diagram is shown in Figure 5.1. 
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Figure 5.1. State-and-transition model diagram using data elements to 
identify state boundaries and at-risk community phases. 
 
 The identification and quantification of the components of a STM 

expands the ecological foundation of the STM concepts by linking them 

to process based feedback mechanisms and ecological resilience. The 

inclusion of resilience and feedbacks into the STM promotes adaptive 

management by focusing on the indicators of feedback mechanisms 

responsible for resilience before thresholds are crossed. This provides 

managers with information needed to restore degraded sites, to ensure 

that feedback mechanisms are in place to maintain restoration, and to 

make management decisions based on maintaining state integrity 

through ecological resilience. 
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