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Abstract: 

The ranching industry in the American West has long been both an integral and romanticized part 

of our nation’s history and culture.  It is also recognized as a way of life that has been detrimental to 

native ecological communities and a contributor to land degradation.  Over 70% of the American west is 

grazed, making the disturbance to natural systems brought by livestock perhaps the most ubiquitous force 

shaping western landscapes today.  Thus, it is important to have an appropriate tool to assess rangeland 

condition, to better determine areas that are susceptible to degradation, lands that are degraded and 

regions that might be more resilient to livestock use.  Currently, the Natural Resource Conservation 

Service (NRCS) uses a combination of ranked indicators and vegetation surveys in their rangeland 

condition analysis, which can be expensive and time consuming.  For this project, I analyze data from an 

NRCS-based rangeland health survey from the Navajo Nation in Northern New Mexico; a region marked 

by its marginal resource base and depressed economy.   Using an NMS ordination and a cluster analysis, I 

assess the three rangeland health indicators that the NRCS uses to assess ecological condition.  Building 

upon this analysis, an indicator species analysis for groups defined by rangeland health show that for the 

poorest range, an invasive species, cheatgrass (Bromus tectorum) is an indicator of poor health, while 

native forbs such as Townsendia incana and Scarlet Globemallow are indicators of areas in good biotic 

health.   Species scores calculated from a  weighted average ordination are another tool to be used in a 

monitoring plan, where scores can be used to calculate range health scores at certain sites.  Assessment of 

a CART model of environmental variables associated with the groups provide a map of areas that could 

be prioritized for monitoring.   Even though results of this analysis show that this study site might be too 

recently disturbed by overgrazing to show a wide range of ecological condition, these methods are an 

improved rangeland assessment tool that is less costly for natural resource managers on the Navajo 

Nation.  This will allow for rapid immediate assessment in years between major rangeland health surveys, 

and can use range-condition indicator species, species weights and corresponding environmental variables 

created in this study to prioritize areas to monitor and manage.  In having a better assessment technique, it 

is the hope that new and more efficient monitoring strategies can be implemented in areas that are 

affected by overgrazing in the American Southwest.  
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Introduction 

 The management of rangeland is one of the most important aspects of natural resource 

planning in the Western United States.  Ranching has long been a vital industry in our nation’s 

history, and is often romanticized as a part of Western American culture.  It is also recognized as 

a way of life that has been detrimental to native ecological communities and a contributor to land 

degradation (Barnes 1913, Dyksterhuis 1949, Fleischner 1994).  In the early part of the 20
th

 

century, forward-thinking land stewards recognized the catastrophic effects of overstocking on 

the American range.  Aldo Leopold (1924) simply stated that “[t]here has been great damage to 

the range resources” in 1924.  Will Barnes (1913) poetically describes virgin range destroyed by 

“[t]he greed of the settlers and the utter lack of responsibility for preserving the ranges for future 

use.”  Damage inflicted during the original expansion of the United States persists today, as do 

management practices that allow for the continuation of range degradation.  This analysis will 

focus on rangelands on the Colorado Plateau, a geographic region covering Northern Arizona 

and New Mexico and Southern Colorado and Utah.  Long a marginal resource base for human 

and livestock communities, the range on the Colorado Plateau has been described as “60-40 

range…where a cow must have a mouth sixty feet wide and move at forty miles-per-hour to be 

able to find enough to eat” (Grahame and Sisk 2002). 

 The ultimate goal of this project is to provide natural resource managers a more cost-

effective and efficient way to conduct rapid rangeland assessments.  In doing so, I will assess 

current techniques and explore relationships among vegetation information, rangeland health 

indicators and environmental variables.  Long ago, managers used an assessment of livestock 

health to gauge range condition based on the observation that over-grazed land and healthy, fat 

animals do not usually coexist (Barnes 1913). In the mid 20
th

 century, this approach evolved into 
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using productivity or current year’s growth of forage as an estimate for range health (Dyksterhuis 

1949).   These techniques are centered mostly on determining land and resource utility to the 

ranching industry, rather than a holistic approach of ecosystem health.  Recent decades have seen 

a rise in using an analysis of departure from a pre-settlement “climax” community, where current 

trends are compared with what is expected to be found at any given site (Smith 1979.) Using 

current standards for rangeland condition assessments, both quantitative and qualitative, can be 

expensive and time consuming, involving the hiring and training of expert field crews that take 

months to carry out research protocols.  This makes rangeland assessments cost-prohibitive and 

difficult to repeat on a reasonable time scale for monitoring purposes.  

In this analysis, I will answer the following questions: 

 

• How do rangeland condition indicator scores compare to axes found in an ordination? 

• Are there groups of samples based on rangeland indicator scores?  

• Are there significant indicator species for groups of samples?  How do species sort along 

ordination axes or rangeland health criteria? 

• Which environmental characteristics are associated with groups within the sample set? 

 

These elements will be woven together into a rapid assessment plan for rangeland health that 

builds on the qualitative assessments that the NRCS uses today, but adds more directed field 

condition assessment using indicator species for a variety of range conditions.  Scientists and 

managers struggle to develop research methods and monitoring plans that are able to quantify 

vegetation and land use dynamics at larger landscape scales (Stohlgren 1997).  While some 

critics worry that rapid assessment protocols are too simplified (e.g Abate 1992), the results of 
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this analysis will be used to inform more in-depth research plans, by strategizing areas for study.  

Currently, rangeland health assessments take place at a very long to non-existent time scale on 

the Navajo reservation.  It is the hope that in using a plan such as this, more directed monitoring 

and restoration initiatives may be developed, to use limited funding and time resources as 

efficiently as possible.   

Impacts of Grazing in the Western US 

 Over 70% of the western United States is grazed by livestock, on both publicly and 

privately owned lands, making the effects of grazing on the landscape one of the most ubiquitous 

forces shaping ecosystem structure and function on the continent (Fleischner 1994).  As such, it 

is difficult to find areas that haven’t been used for livestock grazing to examine untouched 

condition of landscapes.  Historic records and photographs have served as templates on which to 

base trend analyses of the compositional changes of rangelands throughout time.  However, 

today it is virtually impossible to truly determine the harmful effects of grazing on pristine lands 

due to the very fact that there simply isn’t enough ungrazed range on which to base a 

comparison.  Further complications arise from determining effects of different types of 

ecosystem response to grazing because of extreme variation in management variables such as 

intensity, type of livestock grazing on lands, seasonality and migration (Fleischner 1994).  

Historical data for even the most well documented cases are scarce. Even determining to what 

extreme we define overgrazing is also difficult due to its inherent subjectivity. 

 Fleischner’s (1994) effort to document the profound negative effects of livestock grazing 

and poor range management on natural ecological systems outlines three general areas of effect: 

(adapted from Fleischner 1994) (1) alteration of species composition in communities, including 

reductions in species richness; (2) disruption of ecosystem function and (3) alteration of 
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ecosystem structure, which effects soil retention, leading to erosion and decrease in water for 

biotic communities.  Livestock grazing directly effects the composition of vegetation 

communities in two ways; either by skewed selection of certain more desirable forage species by 

herbivores or by varied vulnerability of certain taxa to grazing pressure (Fleishner 1994). 

Alteration of plant species composition is manifested by the reduction in overall species diversity 

(Rummell 1951, Cottam and Evans 1945, Brady et al 1989) and dramatic decreases in density 

and biomass of herbaceous grasses and forbs (Gardner 1950, Blydenstein 1957, Webb and 

Stielstra 1979).   

 Grazing also alters the community composition of ecosystems, often allowing for 

invasion of undesirable or exotic species, such as creosote in New Mexico grasslands and alien 

species such as Bromus tectorum and Tamarix sp in significant areas of the west (Hobbs and 

Huenneke 1992, D’Antonio and Vitousek 1992).  The alteration of habitat structure and 

composition also has severe consequences for animals that depend on it.  Populations of 

songbirds were much more diverse and dense on sites with released grazing pressure (Duff 1979, 

Mosconi and Hutto 1982, Taylor 1986).  Grazing profoundly influences ecosystem function.  In 

the arid southwest, cryptobiotic soil crusts, essential to nutrient cycling and water storage, are 

easily destroyed by trampling, leading to decreases in community diversity and structure, and 

therefore loss of soil crust function (Anderson et al 1982, Belnap and Gilette 1998.) Once the 

crust is broken, the establishment of invasive plants is facilitated, and is further propagated from 

grazing pressure and selective use of forage (Belsky 2000).  Populations of invasive weeds, such 

as diffuse knapweed (Centaurea diffusea) are found at high rates (up to 84%) on lands used for 

grazing (Roche 1988).  Livestock also act as vectors for invasive species of plants, transporting 

and depositing seeds in their hides and from digested materials.  Given their population density 
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and range, livestock have been suggested as being the most pervasive vector of invasive species 

in the American West (Belsky 2000).   

Overgrazing significantly alters the soil structure of arid lands.  In the early part of last 

century, Aldo Leopold (1924) noted that “grazing is a prime factor in destroying watershed 

values…localized overgrazing means earth-scars.” Trampling from hooves also leads to soil 

compaction and decreases in water infiltration, a major problem in arid regions where 

desertification becomes a major problem (Fleischner 1994).  In addition to trampling, erosion 

will increase from lack of plant cover, allowing for increase surface runoff (Belsky and 

Blumenthal 1997).  Belsky (2000) highlights the significant lack of consideration for these 

effects included in management plans for livestock grazing on federal lands.   

 It is unequivocal that grazing can have a negative effect on sensitive ecosystem types, yet 

it remains probable that the rangeland of the western United States will continue to be managed 

as a resource base, and grazing practices will continue.  It therefore becomes necessary to find a 

way to monitor rangeland condition and to have recourse to make suggestions for restoration or 

alterations in management practices in areas where ecological damage from grazing has 

occurred.  Prior to making any sort of suggestions for management, we must visit how rangeland 

condition is assessed, and consider the science and ecology that drives management decisions 

and research.  Current debate centers on two competing models for rangeland assessments: one is 

based on a climax successional approach and the other is based on a state and transition model 

that implies there are numerous possible rangeland states that can exist in equilibrium/non-

equilibrium states (Briske et al 2003).  Both agencies and scientists differ greatly in their 

approach to understanding such a fundamental part of range condition, making it difficult to 

make effective management decisions. 
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 The distinction of the two arguments finds its basis in the restructuring of a larger 

discussion on how to interpret ecosystem response to disturbances.  Briske (2003) divides these 

into equilibrium models, where ecological change is considered continuous and reversible; and 

non equilibrium models, in which ecological dynamics are discontinuous and not reversible.  

Briske further argues that these ecological dynamics occurs on multiple spatial and temporal 

scales, therefore making it essential to find a model flexible enough to describe vegetation 

dynamics at multiple scales while dealing with uncertainty and varied responses to disturbance 

drivers.   The first paradigm is based on a Clementsian idea of succession, in that there is an end-

point climax community brought about by a continuous competitive restructuring of 

communities (Clements 1936).  According to this theory, ecosystems are regulated by negative 

feed-back loops, such as inter- and intraspecific competition and are relatively resistant to 

influences from profound outside disturbances because of their internal equilibrium (Briske 

2003).  Dyksterhuis, long the authoritative figure in rangeland condition concept in North 

America, embraced this theory, stating that there is a pre-settlement climax community that 

represents excellent rangeland condition (Dyksterhuis 1949).  Health is therefore determined 

through a comparison of the current assemblage of species and the expected climax community.    

 Some range experts have noted that a successional equilibrium model doesn’t fit the 

observed ecology in the field.  In the late 1980s, the concept of applying state and transition 

models to rangeland management started to gain attention.  This concept is based on the idea that 

ecological communities can exist in multiple equilibrial states (Bestelmeyer et al 2003). The state 

and transition model thus allows for many different systems, and the rapid shift between 

ecosystem types in response to disturbance.  This is easily seen in rangelands, as grasslands that 

have been turned into shrub-dominated areas have shown little ability to be brought back to the 
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equilibrial grassland state through grazing management (Laycock 1991). While systems such as 

these were previously thought to be “out of equilibrium,” this model states that alternative 

ecosystem states can possibly be highly stable.  Westoby et al (1989) used to create a new 

framework for rangeland ecological thinking.  This model allowed for the multi-equilibrial states 

that many rangeland systems exhibit along with the many outside processes that shape vegetation 

dynamics in areas that are managed as grazing lands (Bestelmeyer et al 2003).  This approach, 

while seemingly more inclusive and descriptive of what is observed in rangeland ecology, 

requires the generation of specific models for each ecosystem.  Bestelmeyer et al (2004) 

indicates that it is expected that thousands of models will be developed in the future, tailored 

specifically to regional and local soils, topographic and climatic conditions.  This will take a 

considerable amount of effort, and cost much in time and resources to develop for the substantial 

areas that are affected by grazing management practices. 

Current Rangeland Condition Assessment Techniques 

 In the mid 1990s, representatives from the BLM and NRCS realized the need for 

developing a new common national range assessment standard.  In 1997, representatives from 

the BLM, NRCS and the Forest Service formed a committee, responsible for creating an 

assessment system based on qualitative indicators, while a quantitative method was developed 

(Pyke 2002).   The qualitative assessment technique was divided into three categories (Table 1), 

in response to land manager’s requests for providing an assessment that allows for evaluation of 

specific range attributes.  Over 500 scientists and land managers participated in identifying 

indicators that would provide information to create the attributes, testing the suggested protocols 

in the field in 9 selected ecotypes in the US (Pyke 2002).  From this, range health has been 

defined as the “degree to which the integrity of the soil and ecological processes of rangeland 
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ecosystems are maintained” (Pellant et al 2000).  While this system has been developed as a 

rapid assessment technique, it is often coupled with intensive vegetation sampling to determine 

production values for high-value forage species (Watts, pers comm).   

 For range management in arid lands of the US, especially in the southwest, the NRCS 

uses ecological sites, formally known as range units, which are characterized by environmental 

features such as soil properties, slope and landscape position.  The Society for Range 

Management (SRM 1989) defines ecological site as “an area of land with the potential to 

produce and sustain distinctive kinds and amounts of vegetation under its particular combination 

of environmental factors, particularly climate, soil sand associated native biota.”  Ecological sites 

are defined, therefore, based on soil map units, where vegetation communities are expected to be 

similarly arranged (Bestelmeyer 2003).  This system is similar to other classification structures, 

and is nested hierarchically based on geography, then landscape characteristics and smaller and 

smaller spatial scales.  Currently, these ecological sites are not well defined spatially, as it can be 

difficult to split up a landscape into distinctive groups based on the factors chosen.  Managers 

and researchers alike advocate for more work to adequately delineate these management areas 

(Creque 1999).  
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Table 1.  Rangeland health qualitative attributes. From Pellant et al 2000, Pyke et al 2002. 

Attribute Description 

Soil/Site Stability 

The capacity of the site to limit redistribution and loss of 

soil resources (including nutrients and organic matter) 

by wind or water 

Hydrologic Function 

The capacity of the site to capture, store and safely 

release water from rainfall, run-on and snow melt (where 

relevant), to resist a reduction in this capacity and to 

recover this capacity following degradation 

Integrity of the Biotic 

Community 

The capacity of the site to support characteristic 

functional and structural communities in the context of 

normal variability and to resist loss of this function and 

structure caused by disturbance, and to recover 

following disturbance 

 

Grazing on the Navajo Nation: 

The Navajo Nation (Figure 1) encompasses 27,000 square miles of Arizona, New Mexico 

and Utah.  It is the largest Indian reservation in the United States, home to 175,000 Native 

Americans.  The earliest Navajo settled in the region starting in about 1300, and, although 

mistreated by the American government’s Indian policies of the 19
th

 century, did not suffer the 

great displacement that many tribes endured in the expansion of the United States.  In 1868, the 

Navajo Nation signed a treaty, which served as the basis for the modern reservation, giving the 

Navajo a territory containing what is the heart of the Nation today, Many Farms, Chinle and 

Window Rock (Fig. 1) (Choudhary 2001).  In 1923, the Navajo Tribal Council was developed, 

which governs the Navajo Nation as a sovereign state within the US, with an executive 

(President and Vice President), legislative (Navajo Nation Council) and judicial branch (Chief 

Justice of the Navajo Nation.)  Today, it is a region marked by high unemployment and poverty 

rates, 42.6% and 42.9%, respectively (Choudhary 2001.)  Most of the tribal income has been 

from mining and levying taxes, but 2005 brought the closing of the Peabody Western coal mine, 
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and along with it, the loss of hundreds of Navajo jobs and up to 30% of the Navajo budget.  

Many have described the Navajo Nation as having a third world economy (Choudhary 2001.)  

Education and health care statistics consistently rank poorer when compared to the general US 

population.  With little opportunities for careers and employment on the reservation, many young 

Navajo find work in border towns or move farther away to urban centers such as Phoenix or Salt 

Lake City. 

 

Figure 1.  The Navajo Nation.  (Source: Lombard et al 2006). 

  

The Division of Natural Resources (DNR) of the Navajo Nation manages the nation’s 

considerable resource base, from forestry and range, to water and mineral rights.  In the fiscal 

year 2003, the budget of the DNR ranked second in funding from the operating budget, 

comprising 15.7% of the total, (Choudhary 2001) making it one of the Navajo Nation’s most 
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important divisions within its government. Because of the sovereignty of the Navajo nation, 

natural resource management presents a particularly difficult scenario for land managers.  

Navajo are granted only usufruct land rights, meaning that, in order to protect tribal identity and 

cultural values, the Navajo do not have private property rights and do not make individual 

decisions regarding land use.  The Navajo range, therefore, is a classic common good (Libecap 

1980).  Navajo sheep and cattle ranchers hold permits for grazing rights on the reservation and 

these are often handed down from generation to generation and split between families.  Between 

1943 and 1978, sheep herd sizes declined until 80% of permit holders ran 100 or fewer sheep 

(Libecap 1980).  With smaller herds and more herders, larger herders cannot control entry, 

leading to conflict between herders and to higher and higher stocking rates (Johnson and Libecap 

1980).  Forced stock reduction in the 1930s brought livestock numbers to 513,000 animals from 

over one million, below the officially estimated carrying capacity.  Although the years following 

the dramatic decrease in numbers saw an increase in wool production, lamb survival and income 

per sheep, it set the stage for inherent disapproval from Navajo ranchers (Libecap 1980). Added 

to the equation is a high level of mistrust between the Navajo and the Bureau of Indian Affairs, 

which regulates natural resources on the reservation.   Already marked with high unemployment 

rates and marginalization of its people, the Navajo Nation is faced with the social cost of 

considering the viability of a future for their traditional sheepherding way of life on rangeland 

that has been overgrazed to the detriment of ecological health.   
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Methods 

Study area  

 The study area is located on the Navajo Nation in Northwestern New Mexico, and sits in 

the San Juan River watershed basin on the Colorado Plateau (Figure 2)  The Colorado Plateau 

covers over 130,000 square miles of semi-arid basins, plateaus and mountains (Figure 3) 

(Wheeler 1990).   This region sits between the Great Basin and the lush Rocky Mountains.  It is 

home to extremely diverse ecological communities; from desert grassland to alpine tundra.   

Precipitation in the Colorado Plateau region can be scarce.  In the southern reaches, where this 

study is located, precipitation events are driven by the movement of warm tropical air from the 

Pacific Ocean during the monsoonal months of July and August (Hales 1973, Hereford and 

Webb 1992).  Winter snowpack is also a major source of water in the area, with the Colorado 

River and its tributaries draining over 90% of the area of the Colorado Plateau.   
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Figure 3.  Navajo Rangeland Health Survey, Grazing District 20.  Source:  Ecosphere Environmental Services, 

Eastern Navajo Agency Vegetation Study, 2007.  Green polygons are range units within the Eastern Navajo Agency  

grazing districts 



 - 15 -  

 

Figure 3.  Map of the Colorado Plateau (Source: hydrology.neng.usu.edu/giswr/archive02/mackley/plateau.jpg) 

The study area and surrounding regions are managed by the Eastern Navajo Agency 

(ENA) of the Bureau of Indian Affairs (BIA)  The ENA manages an area of about 3.3 million 

acres, of which 1.1 million are managed as rangeland.  This region is divided into six different 

management units, numbers 15, 16, 20, 21 and 22.  In 2006, Ecosphere Environmental Services 

(Ecosphere) was contracted by the BIA to collect and analyze vegetation data on Grazing District 

20 of the ENA.  District 20 is comprised of four different described ecological sites and two 

other characteristic regions.  Data sets are divided up into six different ecological sites within the 

study area: numbers 36A and B, 37A and B, Gullied sites and Pinyon Juniper sites. These 

ecological sites are not specific geographic regions, but rather are grouped together based on 

similarities in soil and vegetation composition.  In this study, I will focus on Ecological Site 36B 

to construct an assessment model (Table 1, see also Appendix A, Figure A.1 and A.2).  This site 
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is mainly bounded by elevation, from 6000 to 7500 feet.  Soil texture and type is used to further 

distinguish the classes.  For visual and data analysis, points are compartmentalized by soil type. 

 

Table 2:  Ecological Site Descriptors for 36B (with soil texture listed) Source: USDA NRCS 2003.  

Ecological Site Descriptors for 

R036BNM 

Elevation 

Range (ft) 
Dominant Grasses Dominant Shrubs 

R036B Loamy 6000 - 7300 Western wheatgrass, blue grama Saltbush, winterfat, rabbitbrush 

R036B Sandy 6000 - 7200 Western wheatgrass, blue grama Saltbush, winterfat 

R036B Deep Sand 6000 - 7300 Indian ricegrass, blue grama Sandsage, fourwing saltbush 

R036B Shallow 6000 - 7300 Blue grama, side oats grama Winterfat, bigelow sagebrush 

R036B Bottomland 6000 - 7300 Alkali sacaton, western wheatgrass fourwing saltbush, rabbitbrush 

R036B Clayey Bottomland 6000 - 7300 Western wheatgrass  fourwing saltbush, rabbitbrush 

R036B Shallow Sandstone 6000 - 7500 Blue grama, side oats grama Bigelow sage, pinyon, juniper 

R036B Savannah 6000 - 7200 blue grama, western wheat, rice grass broom snakeweed, winterfat 

R036B Clayey 6000 - 7300 galleta, blue grama, squirreltail 
fourwing saltbush, rabbitbrush, 

broom snakeweed 

R036B Shale Hills 5800 - 6900 Alkali sacaton  scattered oneseed juniper 

R036B Foothills 6000 - 7000 
blue grama, galleta, squirreltail, black 

grama, side oats 
oneseed juniper, pinyon  

 

Data Collection 

 Field methods are from District 20 Vegetation Inventory Phase 1 Study Design, 

Ecosphere Environmental Services (2007).   A total of 924 transect start points were generated in 

a stratified random sample throughout the study area, using soil map units from the NRCS as the 

basis of the sampling design.  Field crews visited these sites in the summer and fall of 2007 to 

collect biomass production, species frequency, ground cover and rangeland health indicator data.  

Prior to this analysis, Ecosphere and the BIA have used this data to determine stocking rates for 

sheep and cattle and as a baseline for monitoring rangeland trends in the future. 

 Each transect consisted of 10 plots paced 10m apart on a straight line, on a bearing 

chosen by selecting a prominent landmark  in the distance and measuring the azimuth.  Care was 

taken to remain in the same soil type as the start point, to maintain the sampling design.  Plots 

were delineated using a frame 2ft x 4.8ft, for an area of 9.6 ft
2
.  In each plot, production and 
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species composition data were recorded from a combination of estimation and harvesting, known 

as double sampling.  Crews estimated field biomass by estimating and harvesting mass of live 

plants and weighing them in the field, until the weight unit could be estimated with a high degree 

of accuracy by sight.  Production was estimated using this calibrated weight unit to estimate 

current year’s growth for each species located within the plot.  A separate “plot 11” was used to 

additionally calibrate biomass estimates outside of the ten plots on the transect, where 

representative samples of abundant and forage species were clipped.  These samples were 

estimated and weighed in the field, and then dried in the lab and weighed again to determined 

dry weight (ADW).  This dry weight was used as a corrective factor, to better calibrate field 

estimates and to correct variability (Ecosphere 2007).  Sensitive or cultural resource species were 

not harvested in the field, but were included in the survey by estimation.  Succulents such as 

cacti, yucca, sotol and cholla were not harvested as well, to protect field assistants.  Production 

for these was estimated using the National Range and Pasture Handbook (2003). 

 Rangeland qualitative assessment indicator data was also collected by the field crew, 

based on 17 variables, but in this analysis, only 16 were used, dropping soil compaction from the 

original assessment (Table 3).  Each of these indicators was based on a five point scale, depicting 

departure from what would be expected at the ecological site in pristine condition.  The 16 

specific indicators are combined to three different indicators for ecological heath: soil and site 

stability, hydrologic function and biotic integrity.   Low values correspond to areas with 

significant departure from what is expected, and therefore, poorer range condition.  High values 

correspond to areas that are very similar to what is expected for that ecological site, and 

therefore, better range condition for that particular variable.  In this study, field crews ranked 
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condition from 1 to 5, 1 indicating significant departure from ecological health and 5 being a 

good representation of expected characteristics of the site.  

 
Table 3:  Rangeland health indicator values and methods of measurement, source: from Pyke 2002. 

Attributes 

Indicator Description of characteristics and evaluation Soil/Site 

stability 

Hydro. 

Function 

Biotic 

integrity 

Rills Frequency and spatial distribution of linear erosional rivulets x x   

Water Flow Patterns 
The amount and distribution of overland flow paths that are identified by 

litter distribution and visual evidence of soil and gravel movement. 
x x   

Pedestals and/or Terracites 
The frequency and distribution of rocks or plants were soil has been 

eroded from their base (pedestals) or areas of soil deposition behind 

obstacles 

x x   

Bare Ground 
Size and connectivity among areas of soil not protected by vegetation, 

biological soil crusts, litter, standing dead vegetation, gravel or rocks 
x x   

Gullies 
Amount of channels cut into the soil and the amount and distribution of 

vegetation in the channel 
x x   

Wind Scour 
Frequency of areas where soil is removed from under physical or 

biological soil crust or around vegetation 
x x   

Litter Movement Frequency and size of displaced litter by wind and overland flow of water   x   

Soil surface resistance to erosion 
Ability of soils to resist erosion through the incorporation of organic 

material into soil aggregates.  It is evaluated by using a modified slake 

test. 

x x x 

Soil Surface Loss or Degradation 
Frequency and size of areas missing all or portions of the upper soil 

horizons that normally contain the majority of organic material at the site 
x x x 

Plant Composition 
The community composition or distribution of species that restrict the 

infiltration of water at the site. 
  x  

Functional Structural Groups 
The number of groups, the number of species within groups or the rank of 

order of dominance in groups 
    x 

Plant Mortality Frequency of dead of dying plants     x 

Litter Amount Deviation in the amount of litter   x x 

Production Amount relative to the potential for that year based on regional climate     x 

Invasive Plants 

Abundance and distribution of invasive plants regardless if they are 

noxious weeds, exotic species or native plants whose dominance greatly 

exceeds that expected at site. 
    x 

Reproductive Capability 
Evidence of the inflorescences or of vegetative tiller production relative to 

the potential based on the current climate 
    x 
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Additional environmental variables were collected from GIS data downloaded from the 

New Mexico GIS portal (http://rgis.unm.edu) and the USGS seamless server 

(http://seamless.usgs.gov/index.php) (Table 4).  Digital elevation model (DEM) derived 

variables (slope, aspect, transformed convergence index, and topographic position were 

calculated in ArcGIS 9.3 (Environmental System Research Institute, Redlands, CA 2008).   I 

used a 30m DEM for these analyses from the National Elevation Dataset (NED), projected in 

North American Datum 1983, UTM zone 12N.  Topographic convergence index (TCI) (Moore et 

al 1990) was created using TauDEM tools (Tarboton 1997); terrain shape index (TSI) (McNab 

1989) and relative slope position (Parker 1982) were created in an ArcGIS model.  Topographic 

convergence index is used a proxy for soil moisture.  I calculated TCI by  

      

Where α is the number of upslope pixels that contribute water runoff to the pixel and β is the 

upslope angle.   Transformed shape index (TSI) indicates that pixel’s relative position, compared 

with pixels nearby.  Pixels with a high TSI would be exposed; pixels with low TSI are not 

exposed.  Relative slope index calculates the position on the slope of each pixel when compared 

to surrounding pixels. Once the environmental variables were gathered in the GIS, I sampled the 

rasters using the range data points created from an XY table, using nearest neighbor as the 

sampling parameter. 
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Table 4.  Environmental Variables from Geospatial Data. 

Variable  Source 

Distance from: Reservoirs, 

Perennial water, Lakes, Towns 

Intermittant water, Wells, Roads 

and Springs 

Euclidean Distance calculated from point source.  Point data from  

New Mexico State GIS Data Portal (http://rgis.unm.edu) Projection - 

30m UTM 1983 Zone 12 

Elevation 
DEM (from USGS seamless data server - http://seamless.usgs.gov)  

Projection - 30m UTM 1983 Zone 12 

Aspect and Slope DEM-derived in ArcGIS 9.3 (ESRI 2008) 

Terrain Shape Calculated from DEM (source: Parker 1982) 

Position Calculated from DEM (source: McNab 1989) 

Topographic Convergence Index 
Calculated from DEM using TauDEM (source: Tarboton 1997, 

Moore et al 1990) 

Soil Type SSURGO Database  

Vegetation code NM Gap Analysis (source :Thompson et al 1996) 

 

 Because I think that grazing pressure will differ with respect to distance from human-

built or human-altered structures and land use patterns, as well as natural water features, I 

calculated distance variables from a number of different types of geographic features.  I 

downloaded location data for towns, roads and both man-made and natural water sources from 

the New Mexico GIS server, and used Euclidean distance tools in ArcGIS to create rasters of 

distance measurements.  Distance data are used along with estimate range condition variables to 

see if distance, coupled other factors that would make areas more susceptible to degradation can 

serve as a proxy for grazing intensity estimation for this analysis.   

Data Analysis- 

 In the first part of the analysis, I seek to find groups of samples within the data set that 

are similar based on their scores for the seventeen rangeland indicator variables.  Determining 

significant groups in the ecological site will be the basis of further investigation, as I look to 
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describe exactly how those groups are different, in terms of how they relate to the original 

seventeen indicator variables. To do this, I use an NMS ordination, a technique that allows the 

user to explore trends in the data set by reducing the number of variables to axes, and plots 

sample units in an ordination space.  This plot will help me to determine if the groups found in 

the first part of the analysis are visually separate in a graphic.  In addition, I will compare axes 

returned in the ordination to the 3 qualitative indicators (criteria) of health by which the NRCS 

uses to summarize the 16 health indicators.   

 For the second part of the analysis, I am interested to determine exactly how, 

ecologically, the groups found in the cluster analysis are different.  This will take the form of two 

analyses.  First, I will seek to find species that serve as strong indicators of each group.  Next, I 

will explore associations between the groups and environmental variables built from the GIS.  To 

do this, I will use a CART model, which creates a decision tree that is easily interpretable and 

useful for mapping and predicting geographic areas that might be indicative of different levels of 

rangeland health. 

 Combined, these analyses will provide a statistically robust and qualitative way to 

describe rangeland condition, based on environmental and species indicators.  An assessment 

plan will be constructed from the results of this analysis, and will be based on the ecological site, 

preferred unit of range condition assessment for the NRCS.  To construct the plan, I will begin 

by working backwards through the data analysis, first identifying environmental variables that 

are associated with range condition from the CART model.  These can be easily interpreted in a 

GIS so that specific geographic regions with those characteristics may be targeted for further 

study.  Next, using the indicator species analysis and species scores from a weighted averaging 

ordination, rapid initial field checks to areas described by the environmental variables in the 
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CART model can be carried out, where managers can quickly take stock of conditions on the 

ground based on the presence or absence of indicator species and determining site scores from 

species scores in the weighted averaging.  These efforts will help to narrow down and target 

areas that the resource managers can investigate further, at more appropriate time scales for 

monitoring and restoration plans.   

Part I.  Identifying groups of samples based on rangeland indicator scores. 

 I used cluster analysis to identify groups of samples with respect to rangeland health 

indicators from the NRCS within the data set.  Cluster analysis is a tool that separates groups 

based on their compositional similarity (McCune and Grace 2002).  This is an agglomerative 

hierarchical method, meaning that each sample is partitioned as separate groups and are then 

joined into larger and larger groups, until one group of all samples remains.  It is considered 

hierarchical because each larger cluster is comprised of smaller groups of compositionally 

similar species (Legendre and Legendre 1998).  I used the program PC-Ord to perform the 

analysis (McCune and Grace 2002).  I chose Euclidean distance measure for the data, which is 

appropriate for environmental variables, and was the best option for the ranked variables in the 

indicator data.  The beta level selected was -0.25, which gives a balance between extreme 

chaining which shrinks the data space around each group and complete linkage, which expands 

the data space around clusters, making the groups appear to be more different than they actually 

are.  This method is also appropriate, because the clusters will be plotted in ordination space, and 

the beta shrinks the data space around each group, allowing for better visual interpretation. 

 To find quantitative significance of the group separation in the cluster analyses, I used a 

Mantel’s test.  A Mantel’s test is correlation between two dissimilarity matrices.  The two 

matrices that are used in this analysis are a group contrast matrix, which compares among and 
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within group similarities of the data, and a matrix of Euclidean distances for indicators, 

calculated in R statistical software (R Development Core 2009).  I performed the Mantel’s test 

using the package ecodist (Goslee and Urban 2007) I computed Mantel R for 15 cluster levels, 

seeking the level that maximized among- to within-group dissimilarities (i.e., maximized the 

Mantel R) as a way to find groups that were optimally distinct.  Plotting the Mantel’s R’s for 

each of the cluster levels showed the optimum number of clusters for the data set.  

Part II.  Investigating patterns among the samples based on groups with similar rangeland condition scores. 

 A non-metric multi-dimensional scaling (NMS) ordination was used to investigate trends 

in the rangeland indicator data, and also to determine if the three groups of qualitative 

assessment variables could be seen in the data set through an ordination.  Ordination, in general, 

is an assortment of analysis techniques that order samples in the data set with respect to 

underlying patterns or trends in the samples.  These techniques also serve to reduce multivariate 

data into a few axes, all the while keeping as much information from the data as possible.  

Distance between two samples within ordination space is equivalent to the ecological difference 

between the samples.  For the NMS ordination, of indicator variables, the distance between the 

samples will correspond with the difference between samples based on their scores from the 

indicators.  NMS is an analysis technique that summarizes compositional trends in species 

abundance data.  It is an ideal ordination technique because it allows the use of any distance 

measure for the data matrix; it does not require a linear relationship between variables.  NMS 

works by searching for the best arrangement of samples in a given (user-supplied) number of 

dimensions that minimizes the stress of the final number of dimensions (McCune and Medford 

2002).  Stress is essentially the difference from monotonicity in the comparison between distance 

of the original dissimilarity in the data and the distance in ordination space.  Low stress 
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corresponds to a better fit between original data and ordination space.  In examining a stress plot, 

I will look for where the stress against number of dimensions line levels out.  This indicates that 

the addition of another axes does not bring about a significant reduction in the amount of stress 

in the ordination.   

For this analysis, the NMS ordination was performed in PCord (McCune and Medford 

2005). To be consistent, I used Euclidean distance as the distance measure for the NMS 

ordination.  Six axes were used for the initial run, with 10 runs with real data at 100 iterations, to 

determine the ideal number of axes.  The stress vs. dimensions graph produced by the program 

will be used to assess dimensionality.  In the end, the final configuration was run with 2 axes, 

using one run with real data at 100 iterations.  For both runs, I used a user-supplied random 

number (42 for each trial, for consistency’s sake.) 

Part III.  Investigating how the groups are different ecologically. 

 Next, I used an Indicator Species Analysis on the indicator clusters to determine if there 

were any species that were particular more indicative of any group than another (Dufresne and 

Legendre 1997).  An indicator species thus is high in abundance and frequency in its group, 

while also being relatively low in frequency and abundance in other groups.  Prior to performing 

the analysis, I removed any species that had less that 5% abundance in the data.  Rarer species 

(that occur with a less frequent abundance) might be better indicators of range quality, especially 

for range that it is in good condition.  However, because I am trying to develop a rapid 

assessment technique, using plants that are more common as indicators of condition will allow 

for assessments to be faster, since they will be easier to find in the field.  In addition, I suspect 

that indicators of poor range will be more important to determine in this area, and these species 

tend to become widespread and invasive.  Species were also relativized by column maximum, so 
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that species that are rare in the study area are not dominated by species that are common in the 

analysis.  I used PC-Ord to calculate the indicator value for each of the range forage species. 

These values range from 1 to 100, 100 being a perfect indicator score.  Monte Carlo 

permutations are used to determine significant indicator values, where species to groups and 

indicator values recomputed.  A tally is generated when the permutation returns an indicator 

value that is higher than when using randomized data.  With an appropriate number of 

simulations, a significance value, p, can be computed.   

 Under the assumption that it is possible to infer environmental conditions at a certain 

point from the species that are found there (Ter Braak and Barendregt 1986), I built upon the 

indicator species analysis, using a simple ordination technique to rank all of the species used in 

the analysis.  Weighted averaging is a technique in which a set of weights for species are used to 

calculate scores for a set of sites.  This method has been used in a number of ecological studies, 

most well-known perhaps being that used to create the Federal Wetlands Manual (Federal 

Interagency Committee for Wetland Delineation 1989).  The Federal Wetlands Manual has 

scores for each species found in wetlands within the US, which are assigned a value for hydric 

soil tolerance, ranked from 1-5, and are then used to calculate a score for the site in question 

(McCune and Grace 2002).  In doing so, this manual provides a powerful tool for quantitative 

assessment of the characteristic wetland vegetation in an area, ultimately aiding in wetland 

delineation.  This method could easily be applied to range health analyses, where species scores 

can be calculated from the ordination axes from the NMS ordination as well as for the original 

NRCS indicators.  In doing so, analogous to the wetlands manual, it would be possible to judge 

rangeland condition for sites based on species that occur at that site, and how species rank along 

the indicator gradients, both from my analysis and from those from the NRCS protocol. 
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Species weights are calculated from site scores using the following equation: 
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Where wj is the new species weight, aij is the species abundance and vi the site score from the 

axis in question.  The axes used to arrange the species scores will be the two axes returned from 

the NMS ordination, as well as the three criteria (soil site stability, hydrological function and 

biotic integrity) from the NRCS.  Species data are the same used in the Indicator Species 

Analysis, that is, species under 5% frequency are removed and biomass is relativized by column 

sum.  Analyses were completed in PCord (McCune and Medford 2007).   These calculated 

species weights were used to explore if the original NMS and NRCS axes could be created based 

on species weights and biomass.  To do this, I multiplied the relativized species abundance 

(biomass) in the original data set by the new species score and divided the product by the total 

relativized biomass in the sample plot to get the new sample score: 
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Where aij is the species abundance (relativized biomass), wi is the species score calculated 

previously and p is the vector of species.  Next, I performed Pearson product and Spearman rank 

correlations to determine if the species scores can be used to estimate the NMS ordination axes 

and the NRCS range criteria. 

 A classification tree was produced to explore differences among groups with respect 

environmental variables.  Classification and regression trees or CART models are a tool used to 

distinguish differences among variables and responses.  Classification trees are well suited to 
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ecological data that predicts a categorical response, which is ideal in this situation because we 

are seeking to describe, environmentally, the differences among the clusters.  Classification tree 

models involve a recursive partition of the data set; the method splits the data points into the 

purest possible groups based on predictor variables (Vayssiere et al 2000).  This provides one of 

the advantages of CART models; some data have responses that actually have different ranges of 

predictors or categories and the CART model allows for multiple pathways to describe the 

response samples.  CART can be interpreted with statements; such as this and that, or, this but 

not that, etc.  This characteristic makes these models extremely interpretable, as they can be read 

similar to a dichotomous key.   For analysis of rangeland condition, the interpretability of these 

models is ideal, because I believe that there are probably multiple environmental pathways to 

rangeland condition within each ecological site.  A possible drawback of these models is that 

CART models are non-parametric and therefore have no test of significance.  Model assessment 

comes through cross-validation.  Despite lacking a significance test, because each split of the 

decision tree is optimized for best possible fit, these models are a robust and valuable modeling 

tool for ecological data. 

 To create the classification tree, I used the function “TREE” (Ripley 2007).  I analyzed 

the tree output from this function to determine the best possible tree, using cross-validation to 

minimize misclassification rates within the data, and to determine the ideal number of branches 

within the decision tree.  After the ideal tree was created, I used the pruned tree to construct a 

confusion matrix in R.  Prior to the analysis, environmental data were not relativized or 

transformed, to maintain interpretability within the data set for feasible management suggestions.   
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Results 

Part I Cluster Analysis 

 To determine the appropriate number of clusters for this analysis, I looked at the Mantel’s 

R statistics plotted over 15 clustering levels from PCord.  The cluster analysis for ecological site 

36B indicates that there are 3 distinct groups of rangeland indicators within the data, indicated by 

the peak Mantel’s R (Figure 4).  The percent chaining for this analysis was 1.25, which indicates 

that the dendrogram has in fact adequately divided the samples into smaller subset groups, 

without a chaining groups.  With three groups, the amount of information remaining in the data 

set was approximately 20%.  The dendrogram, which aids in defining which samples belong to 

each group, indicates that group 1 is fairly large, (Appendix III) indicating that there might be a 

preponderance of a certain range condition within the study area.     

 

Figure 4.  Mantel’s R against number of clusters for Ecological Site 36B. 
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Part II Results -NMS Ordination  

 For the Rangeland Health indicators used by the NRCS, I found that instead of the three 

attributes or axes of variables that are reported in the NRCS handbook (biotic integrity, 

hydrological function and soil stability,) the NMS ordination returned only two axes.  The stress 

plot (Figure 5) indicates that after 2 axes, the decrease in stress by adding another axis was 

minimal, indicating that 2 axes was the proper solution.  The final instability for the 2-

dimensional solution was 0.00747.  The final stress was 15.75, which is higher than desirable, 

but can still be a usable ordination even with the potential for false inferences (Clarke 1993).   
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Figure 5: NMS ordination stress per dimension, ecological site 36B 

 

Next, I used an overlay of the cluster analysis to visually determine if there are groups in 

the samples (Figure 6).  There are obvious distinctive groups within the data, most notably the 

group of red triangles at the upper left corner of the ordination diagram.  The other two groups 
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aren’t as well defined.  The group of red triangles, which are the most numerous from the 

previous cluster analysis, is concentrated more densely than the other two groups.  Inspecting an 

overlay of the attributes from the NRCS assessment protocol, the first group is separated from 

the second group based on biotic integrity (Figure 5)  The first group is separated from the third 

group (labeled as 24) based on soil site and hydrological characteristics, evidenced by the two 

vectors for qualitative attributes overlaid on the figure.   

The first axis from the ordination has an r squared value of .311, indicating that the axis 

explains about 30% of the variation inherent in the data.  The second axis explains even more, 

with an r-square of 0.617.  Together, the axes combine to account for 93% of the variation within 

the indicator data (Table 5).  Five variables show correlation with the first axis; water flow 

patterns, pedestals, gullies, wind scour and soil loss (Table 6).  Soil loss and water flow patterns 

show the highest correlations, and are above 0.6.  Wind scour shows the least, with an R-squared 

statistic below 0.4.  Bare ground, plant mortality, functional/structural groups, mortality, litter 

amount, production, invasive and reproduction are all highly correlated with the second axis.  

The highest correlations are for plant mortality and functional structural groups, which are both 

around 0.8.  Litter movement and soil resistance were correlated with both axes evenly, and did 

not show the same correlation strengths that the other variables did.  The opposite effect can be 

seen between hydrological function and soil/site stability scores with the first axis. 

To compare the axes returned in the NMS ordination with the NRCS criteria, I performed 

Pearson product correlations and Spearman rank correlations in R (R Statistical software 2008).  

There is an extremely strong significant correlation between the second NMS axis and the NRCS 

biotic integrity index (Table 7.)  While the other two criteria, hydrological function and soil site 

stability show fairly strong, highly significant correlations with the first axis, these don’t show 
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the same strength as the biotic integrity criteria.  Soil/site stability is the most correlated with the 

first axis, with an R-value from the Pearson correlation test of -0.945 (the NMS axis can be 

transposed to fix the sign).  Hydrological function was more correlated with the first axis.  

Spearman rank correlation decreases for biotic integrity on axis 2, indicating that there might be 

some clumping of points (Table 8).  The Pearson correlation for these two axes picks up the 

spacing of species scores, while the Spearman doesn’t pick up the ranking of sites along the axis 

as well.  For hydrology and soil site stability, the correlations increase, indicating that while the 

spacing between site scores might not be captured, the rank of sites along that particular axis are 

similar.   These correlations are well-represented visually (Figures 6a-f), where it is possible to 

see the strong relationships between all three axes with the NRCS criteria.  Most notably, the 

strong significant correlations between axis 2 and biotic integrity and axis 1 with soil/site 

stability are strongly apparent in Figure 6a and Figure 6f. 

 I chose four points in each cluster group that were found at different points along the two 

axes in the ordination space to explore the original indicator values to qualitatively determine 

which groups might be associated with scores that indicate poor range.  Sample RM1201 (Figure 

7) is located at the highest end for the first axis, and lowest end for the second axis.  Returning to 

the original data set, this sample consistently received the lowest possible score for each of the 

rangeland indicators, meaning it was in the worst condition possible according to the NRCS 

standards (Table 9).  Sample SL3504, in group 2 (blue) had some of the highest indicator scores, 

especially for rills, water flow patterns, pedestals, bare ground and gullies, which are some of the 

highest correlated variables for the first axis.  This sample sorts at the lowest end of axis 1, and is 

about midway up the second axis.  This sample has mid-range values for the variables that are 

most correlated with this axis (namely, mortality, litter amount, production, invasive species and 
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mortality.)  Sample SL3201, in group 24 (green) is located near the top of axis 2 (Figure 7), and 

has high values for indicators that are most correlated with the axis (mortality, functional 

structural groups, production, and invasive species.)   

 

 

 

 

 

Table 5.  R-squared values from NMS ordination 

Axis Increment Cumulative 

1 0.311 0.311 

2 0.617 0.928 

 

Table 6.  R-squared values for axis 1 and 2 from the NMS ordination 

  Axis 1 Axis 2 

Indicator r r-sq tau r r-sq tau 

Rills -0.507 0.257 -0.327 0.107 0.012 0.105 

Water Flow Patterns -0.782 0.612 -0.606 0.175 0.031 0.146 

Pedestals -0.676 0.457 -0.521 0.304 0.092 0.254 

Bare Ground -0.519 0.27 -0.462 0.79 0.625 0.629 

Gullies -0.643 0.414 -0.45 0.063 0.004 0.113 

Wind Scour -0.626 0.391 -0.524 0.387 0.15 0.326 

Litter Movement -0.683 0.466 -0.571 0.733 0.537 0.608 

Soil Resistance  -0.608 0.369 -0.529 0.74 0.547 0.581 

Soil Loss -0.816 0.666 -0.693 0.493 0.243 0.402 

Plant Mortality -0.43 0.185 -0.361 0.89 0.793 0.774 

Plant Composition -0.451 0.203 -0.323 0.378 0.143 0.309 

Functional/Structural Groups -0.35 0.122 -0.29 0.907 0.823 0.778 

Mortality -0.253 0.064 -0.246 0.722 0.521 0.584 

Litter Amount -0.332 0.11 -0.283 0.755 0.57 0.635 

Production -0.252 0.064 -0.246 0.777 0.603 0.645 

Invasive -0.168 0.028 -0.138 0.778 0.605 0.613 

Reproduction -0.373 0.139 -0.34 0.77 0.593 0.63 
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Table 7  Pearson product moment correlation coefficients for site scores on axes from the NMS ordination and from 

the NRCS indicator criteria   

 
Biotic Integrity Hydrological Function Soil/Site Stability 

 R P-value R P-value R P-value 

Axis 2 0.97234 2.20E-16 0.76938 2.20E-16 0.59866 1.06E-13 

Axis 1 -0.5374 7.34E-11 -0.871 2.20E-16 -0.9454 2.20E-16 

 

 

 

 

 

 

Table 8  Spearman rank correlation coefficients for site scores on axes from the NMS ordination and from the 

NRCS indicator criteria   

 
Biotic Integrity Hydrological Function Soil/Site Stability 

 Rho  P-value Rho  P-value Rho  P-value 

Axis 2 0.96732 2.20E-16 0.81367 2.20E-16 0.65907 2.20E-16 

Axis 1 -0.5971 1.27E-13 -0.87136 2.20E-16 -0.9411 2.20E-16 
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Figure 6a-f.  Visual representation of correlations for NRCS criteria and NMS axes, examining sample scores from 

the ordination.  First 3 panels are axis 2, and the second 3 panels are for axis 1. 
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Figure 7.  NMS Ordination Plot for Rangeland Health Indictors, Ecological site 36B.  Some plots labeled to explore 

indicator values.  Three cluster levels used for visual interpretation.  The label for point LW10437 is obstructed at 

the top of the graphic. 
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Table  9.  Indicator scores for labeled points in the ordination diagram.  Listed below are the indicator codes. 

GroupGroupGroupGroup    Plot IDPlot IDPlot IDPlot ID    AAAA    BBBB    CCCC    DDDD    EEEE    FFFF    GGGG    HHHH    IIII    JJJJ    KKKK    LLLL    MMMM    NNNN    OOOO    PPPP    QQQQ    

1 LW10428 1 2 2 2 2 1 2 2 2 2 1 3 1 2 2 2 1 

1 RM1212 1 2 2 1 3 2 1 1 2 1 1 1 1 1 1 1 1 

1 RM1201 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

1 SL3701 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 3 1 

                                      

24 B10126 1 1 1 4 1 1 3 3 3 4 1 4 4 3 4 4 3 

24 LW10437 1 1 3 3 1 3 3 3 3 3 2 3 2 2 3 3 2 

24 LW1502 1 2 3 2 1 1 1 1 2 1 1 1 1 1 2 1 1 

24 SL3201 2 3 3 4 1 2 2 3 2 5 2 5 4 2 4 5 4 

                                      

2 LW10414 2 3 3 3 4 3 3 4 4 3 1 3 3 2 4 3 3 

2 LW1401 1 4 3 1 5 2 2 3 4 2 1 3 2 2 3 2 2 

2 SL108101 4 4 4 3 4 2 4 3 3 3 2 2 2 2 2 3 2 

2 SL3504 4 4 4 4 5 2 4 3 4 4 3 4 2 3 2 3 2 

 

 

 

 

 

 

 

Part III – Analysis of how the groups differ, with respect to species and environmental variables. 

Indicator Species Analysis – 

 The results of the indicator species analysis in PCord indicate that there are 7 species that 

are significant at the 0.05 alpha level (Table 10.)  I included also species that have significance 

values of up to 0.09 because there were so few species were significant within the data set 

(Appendix V).  For group 1, BRTE (Bromus tectorum; Cheat grass) was the only significant 

indicator species, and the observed indicator value was very low (21.3.)  Cheatgrass was most 

abundant and had the highest frequency in group 1 (Appendix V.)  The significant indicator 

Code Indicator Code Indicator 

A Rills J Plant Mortality 

B Water Flow Patterns K Plant Composition 

C Pedestals L Functional/Structural Groups 

D Bare Ground M Mortality 

E Gullies N Litter Amount 

F Wind Scour O Production 

G Litter Movement P Invasive 

H Soil Resistance  Q Reproduction 

I Soil Loss   
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species for group 2 were DESCU (Descuriana spp, Tansy Mustard), SPCO (Sphaeralcea 

coccinea, Scarlet Globemallow) and TOIN (Townsendia incana,Stemless Townsend daisy).  The 

indicator values for the lowest p-values were both around 40, and corresponded with Tansy  

Mustard and Townsends Daisy.  KOSC (Kochia scoparia, burningbush) is included, even 

thought the p-value was high.  For the final group, there were four significant indicator species, 

ATPO2 (Atriplex powellii, Powell's saltweed), CHENO (Chenopodium spp), CHGR6 

(Chrysothamnus greeneii, Greene's rabbitbrush), and CHNAA4 (Chrysothamnus nauseous, 

rubber rabbitbrush)  The strongest indicator value was for Chenopodium species, at 42.8.   

 Some species have high abundances, such as SATR12 (Salsola tragus, Russian Thistle), 

and high frequency within the ecological site, which makes it a bad indicator for any group..  

HECO26 (Hesperostipa comata, needle and thread) only occurred in group 1, and would have 

been a perfect indicator, but occurred at such a low frequency that the observed indicator value 

was low and the p-value was not significant (Appendix C, Table C.1.) 

Table 10.  Significant Indicator Species Values for NMS Ordination, 3 Group cluster analysis. 

Rel. 

Frequency 

Rel. 

Abundance 

From 

Randomization 
Group 

with 

Max 

Species 

Avg. Max Avg. Max 

Obs. 

Indicator 

Value Mean St. Dev 

P Value 

1 BRTE 14 23 33 91 21.3 14 5.51 0.0954 

2 DESCU 50 64 33 66 42.1 26.5 6.36 0.0294 

2 KOSC 6 14 33 84 11.4 6.6 3.56 0.08 

2 SPCO 21 36 33 67 24.4 14.2 5.57 0.0578 

2 TOIN 29 50 33 77 38.7 16.7 5.9 0.0078 

24 ATPO2 28 45 33 82 37.2 13.7 5.43 0.0034 

24 CHENO 29 55 33 78 42.8 17 6.08 0.0032 

24 CHGR6 20 45 33 82 37.1 10.5 4.75 0.0014 

24 CHNAA4 24 45 33 74 33.7 15.3 5.85 0.0144 

 

Weighted Averaging 

 The species scores created from the weighted averaging were used to compare correlation 

statistics between axes from the NMS ordination with the axes from the NRCS Rangeland health 
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indicator data.  Looking at Pearson product correlation will show how the spacing and rank 

between species compare between the two axes (Table 11).  All of the Pearson product 

coefficients are significant at the alpha = 0.05 level.  The strongest correlation was between the 

biotic NMS axis and the Biotic integrity NRCS criteria, with an R value of .98.  Hydrological 

function and soil site stability were less correlated with the NMS axis.  Hydrological function 

and soil/site stability were highly negatively correlated with the biophysical NMS axis.  The 

negative correlation would be expected, as higher values on the biophysical NMS axis 

correspond with worse range health, while the lower values on the NRCS indicator criteria 

correspond with worse range health.   

 Spearman rank correlation coefficients show that spacing along the axis for species 

scores when compared between the two axes might be different, but if the correlations are strong, 

the ranking of species along the axis is the same.  For the two biotic axes, in NMS and from the 

NRCS variables, the correlation coefficient was less than for the Pearson product correlation, 

indicating that the spacing and ranking are more similar between the axes than ranking alone 

(Table 12).  For the other two NRCS axes with the biotic axis, the correlation coefficients in the 

Spearman rank test were higher, indicating that the rank order of the species is more similar than 

spacing and rank together.  The pattern observed for the biophysical NMS axis is opposite, that is 

the biotic integrity Spearman coefficient is higher, indicating that the species ranks are more 

similar than when considering ranks and spacing along the axis.  The Spearman ranks for 

hydrological function and soil/site stability decrease in the Spearman test, so the spacing and 

ranks between the more strongly correlated than ranks alone.  Two plots of the NMS biotic 

scores against the NRCS biotic scores show how strong the correlations are between the species 
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scores on the two axes (Figure 8a).  Similarly, the species scores for hydrological and soil site 

criteria are strongly correlated with the NMS biophysical scores (Figure 8b).   

 

 

Table 11.  Pearson product moment correlation coefficients for species scores on axes from the NMS ordination and 

from the NRCS indicator criteria 

 
Biotic Integrity  

Hydrological 

Function  
Soil/Site Stability 

 R P-value R P-value R P-value 

Biotic NMS Axis 0.98205 2.20E-16 0.47765 0.00183 0.61983 2.00E-05 

Biophysical NMS 

Axis -0.3261 0.04002 -0.8849 3.57E-14 -0.8487 4.60E-12 

 

Table 12.  Spearman rank correlation coefficients for species scores on axes from the NMS ordination and from the 

NRCS indicator criteria 

 
Biotic Integrity  

Hydrological 

Function  
Soil/Site Stability 

 Rho P-value Rho P-value Rho P-value 

Biotic NMS Axis 0.97054 2.20E-16 0.55666 0.00024 0.68799 2.08E-06 

Biophysical NMS 

Axis -0.3514 0.02675 -0.8308 2.20E-16 -0.767 1.35E-07 
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Figure 8a and 8b Correlation between species scores for NMS ordination for biotic and biophysical scores and 

corresponding NRCS rangeland health indicator axis.  For 7b, green dots correspond with hydrological function and 

red dots with soil/site stability. 
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Determining sample scores from weighted averaged species scores 

 Overall, the correlation between derived axes and the axes from NMS ordination and the 

NRCS range health criteria were weak.  The highest correlation was for the NMS biotic scores 

and the derived NMS scores, with an R value of 0.503 (Table 13).  The worst of the correlations 

was the NRSC hydrological function at .383.  The spearman rank correlations were also worse 

than the Pearson product correlations, indicating that the spacing might be similar between the 

two axes, but that it is possible that the points are so clumped so that the sample scores’ ranks 

along the axis might be two close to detect differences in rank.  Visually, it is possible to see that 

there are some trends when comparing the derived axis with the original axis, but there is also a 

lot of scatter within the plots of the sample scores (Figures 9a-9e).    

 

Table 13.  Correlation values for NMS and NRCS criteria with derived criteria from species weights 

 Pearson Product Correlation Spearman Rank Correlation 

 R P-Value Rho P-value 

NMS Biotic Scores 0.503 1.72E-09 0.477 1.86E-08 

NMS Biophysical Scores 0.452 9.27E-08 0.343 7.92E-05 

NRCS Biotic Integrity 0.493 3.91E-09 0.450 1.07E-07 

NRCS Hydrological Function 0.383 8.62E-06 0.332 0.0001402 

NRCS Soil Site Stabilty 0.445 1.61E-07 0.375 1.38E-05 
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Figure 9a-9e.  Associations between calculated sample scores from species weight data and the true sample scores 

from the original NMS ordination and NRCS rangeland health criteria 
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Classification and Regression Tree (CART) -  

A matrix of the environmental variables reveals that there are few variables that are 

correlated with each other; intermittent streams and distance to natural water are perfectly 

correlated.  Elevation and distance from intermittent streams show the next highest correlation.  I 

removed intermittent streams from the analysis, keeping elevation as an environmental variable.  

All of the other variables show little to no significant correlation and were included in the full 

model. 

 The first CART model returned eight variables that defined differences in the groups of 

samples (Table 14).  This model returns a misclassification rate of 10%, and has 16 terminal 

nodes, with some obvious over-fitting (i.e., some of the splits defined the same group  To 

“prune” the tree, I plotted the misclassification rate and the cross validation graph to show that 

the appropriate number of terminal nodes of the CART model is 11 nodes (Figure 10 ).  The 

pruned tree had a higher mean residual deviance and misclassification rate than the full model 

(Table 8).  For both models, “wells” (distance from wells in meters) was the first split in the tree, 

indicating that it was fairly important to defining variation between groups (Figure 11).  It is 

repeated again, in the seventh split.  Distance from lakes, reservoirs, perennial water are the next 

four variables that are used to split the next few branches.  All but one of the variables returned 

in the model are distance variables to water features or to roads.  The lone variable that is 

returned from ecological variables and variables from terrain modeling is aspect, which appears 

once in the pruned tree.    
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Table 14.  Summary from full and pruned trees for Ecological site 36B.  Note: Water is distance to intermittent 

water. 

Tree Variables returned in model 
No of 

terminal 

nodes 

Residual 

mean 

deviance 

Misclass 

Rate 

Full  
Wells, Lakes, Reservoir, Perennial, Roads, Aspect, 

Elevation, Water 
16 0.5229 0.1032 

 Pruned 
Wells, Lakes, Reservoir, Perennial, Roads, Aspect, 

Water 
 11 0.638 0.1111 
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Figure 10.  Misclassification and cross-validation of CART model.  Top panel shows pruning curve.  Bottom panel 

is cross validation of the CART model 

 

The first group, which corresponds to the worst range, is described through multiple 

pathways in the classification tree (Figure 11).   The second group, corresponding to the best 

values for biotic characteristics, is only described by two pathways in the final model, and the 

last group, for best biophysical characteristics, only has one pathway in the model.  Two of the 
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five end nodes for the worst group of range condition were described by being closer to water 

features or roads, while three end nodes are split from another group by being farther away from 

features or roads, or described by certain values of terrain aspect.  Two splits that divided the 

group with best biotic characteristics from the worst range condition were described by being 

farther away from water features.  The third split for group 2 was actually closer to wells than the  

|
Wells < 3507.95

Lakes < 7979.17

Reservoir < 6945.07 perennial < 27432.6

Roads < 275.674

Wells < 2089.87

Lakes < 14268.4

Wells < 2457.44

Aspect < 66.4744

Water < 1563.73

1 2

1

2 1

2

1

24 1

1

1

 

Figure 11.  Pruned classification tree from CART model, 11 nodes 

 

worst range.  Lastly, the single split for the best biophysical group from the worst group was 

defined by distance to wells.  The best biophysical group was closer to wells than the poorest 

group. 
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When the CART model is placed into a map, it is evident that most of the area described 

by ecological site 36B is rated as poor range (Figures 12 and 13) with very little area described 

by the other two groups . The sample points are also color coded, indicating areas where the 

model misclassified the groups of sample points from the classification.  To investigate this, I 

created a misclassification table (Table 15).  The CART model had a total error of 13.5%, 

correctly identifying 109 of 126 points.  Overall, the model did a good job of estimating the 

poorest range group, with an accuracy rate of 89% for correctly identifying actual data.  The 

model did a much poorer job of determining the difference between the groups ranked by good 

biotic and good biophysical scores, only identifying 31 and 54% of the data points correctly.  

The model produced had lower errors of commission, where the model incorrectly classifies the 

point as belonging to a group.  The high biotic scores group had the highest, where the model 

included some points that actually belonged to the poorest range group, or the best biophysical 

group about 25% of the time.  The model classified 11 points that were not actually poor range 

as poor range, with about an equal amount of points from the other two categories.  The 

biophysical group had 1 point incorrectly included, but because there were so few points in this 

group, the error rate was fairly high. 

Table 15  CART misclassification. 

 Actual Data     

CART Prediction Poor Range Good Biotic Good Biophysical Total Error 

Poor Range 89 6 5 100 11.0% 

Good Biotic 4 15 1 20 25.0% 

Good Biophysical  0 1 5 6 16.7% 

Total 93 22 11 126   

Error 4.3% 31.8% 54.5%     

      

True Positive Percent Correct Total Misclassification Error    

109/126 86.5% 13.5%   

 

 



 

 
Figure 12  CART Model output, mapped for Ecological Site 36B, by soil type.  Map I.  Overlaid is a roads layer 

 

 
Figure 13 CART Model output, mapped for Ecological Site 36B, by soil type.  Map II.  Overlaid is a roads layer. 
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Discussion  

This analysis shows that there were three definitive groups in the dataset that were 

separated within the ordination space, based on differences in rangeland indicator data, and these 

groups were separated in ordination space based on qualitative indicators from the NRCS 

assessment protocol.  Unlike the NRCS protocol, the ordination returned a different number of 

axes than the three axes that the NRCS describes.  In fact, only two axes explain most of the 

variation within the data.   In addition to considering the high correlation coefficients when 

comparing axes from the NMS and the NRCS criteria, it is possible to further investigate 

associations among the axes by looking at what variables are most correlated with which axis.  

The first axis corresponds most with the variables that are associated with biophysical 

descriptors of site: soil characteristics and hydrological function, indicating that it is somewhat 

difficult to separate these two qualitative indicators.  Hydrological function has one more 

significantly correlated variable that is associated with axis 2 than soil site stability (Table 16).  

The fact that these two qualitative attributes are similar makes intuitive sense, given that soil 

characteristics are intertwined intimately with hydrological characteristics.  These results 

indicate that the NRCS might consider reducing the qualitative attributes to two, from the three 

currently used.  This would make condition assessments computationally easier.  There also 

might be variables that might not be included in the assessment plan, which was developed at a 

national level to have a rapid assessment plan for the entire agency.  It might also be possible for 

the NRCS to reassess their technique, and have rapid assessment protocols that are created for 

distinct regions, that include variables that are most associated with the ecological effects of 

grazing livestock.  



 48  

Bromus Tectorum, also known as cheatgrass, was the highest indicator for the first group, 

which is associated with the poorest rangeland condition.  It is not entirely surprising to see this 

as a possible indicator of bad range, as it is a non-native invasive in the United States, and is 

listed as a noxious weed in two western states and 3 Canadian provinces.  While the significance 

value of the indicator species score is higher than the chosen alpha level (0.05), I chose to 

include cheatgrass in this analysis because of its known invasive status.  The fact that the 

significance value is fairly low I believe is important, given the fact that cheatgrass is so 

pervasive in the west, including this study area.   

 

Table 16.  Comparison of Axes from the NMS ordination and the attributes listed from the NRCS 

Attribute Axis One Variables Axis Two Variables 
Variables on both axes (not 

strongly correlated with 

either) 

Water Flow Patterns Bare Ground Soil resistance to erosion 

Pedestals and Terracites     

Gullies     

Wind Scour     

Soil Surface Loss     

Soil Site Stability 

      

Water Flow Patterns Litter Amount Soil resistance to erosion 

Pedestals and Terracites Bare Ground   

Gullies     

Soil Surface Loss     

      

Hydrologic 

Function 

      

Soil Surface Loss Functional Structural Groups Soil resistance to erosion 

  Litter Amount   

  Annual Production   

  Invasive Plants   

  Reproductive Capability   

Biotic Integrity 

  Plant Mortality   

 

Cheatgrass gets its common name from wheat farmers who were “cheated” out of a full 

harvest because of its ability to outcompete crops (Tueller 1989).  The first introductions of 

cheatgrass from its native range in Europe and Africa occurred in the late 1800s, and by the turn 
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of the century, had spread into adjacent range lands, where heavy livestock grazing had 

compromised native plants that did not evolve under heavy grazing pressure (Zouhar 2003).  It is 

an adaptable species, naturally occurring as a winter annual, but has the ability to be a spring 

annual whenever moisture levels prohibit growth (Steward and Hull 1949).   Because of its life 

history and ability to outcompete native vegetation after disturbance, it seems that it would be a 

good indicator of poor ecological health.  Cheatgrass responds better than native vegetation to 

disturbance such as fire or grazing for a number of reasons.  First, it is a prolific seed producer, 

and can produce two inflorescences in one year.  Its root system grows rapidly, and can penetrate 

up to 60 inches of the topsoil, effectively out-competing other species in the surrounding area 

(Zouhar 2003).  Cheatgrass also grows rapidly, and in dense clumps.  It can grow at low 

temperatures, so it is possible for it to germinate before native plants in the cold early springs in 

the intermountain west. 

In the second group, there were two species that had highly significant indicator scores.  

This group corresponds with higher (better range) values of scores for vegetation characteristics 

like plant mortality, production and invasive species, but low (poor range) values for biophysical 

site characteristics that are associated with erosion.  Townsendia incana, Townsends’ daisy had 

the lowest p-value for the group.  Townsend’s daisy is a native annual herb from the Asteraceae 

family.  It grows in open soils in sagebrush grassland and juniper woodlands (Lesica and Achuff 

1992).  Information for this species was incomplete.  The second plant that was a significant 

indicator for this group was Descuriana spp..  These plants were not identified to species, but are 

part of a group of plants known collectively as Tansymustard.  These plants are part of the 

Brassicaceae family, members of which have been listed as noxious weeds in certain states in the 

US, probably due to their toxicity to livestock.  Tansy mustard must be ingested at high levels in 
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order to be fatal, but livestock will graze on tansymustard if forage in the area is poor (Howard 

2003).  Tansymustard usually grows in areas that have an open stand structure, and grow to as 

tall as 3.3 feet.  It is adapted to growing in soils that may dry quickly (Howard 2003).  In some 

areas, tansymustard reacts favorably to grazing, increasing in areas of moderate to heavy grazing, 

but in other studies, it has been found to occur on all study plots (Harper et al 1996).  Some 

studies have shown that it supports the germination of seeds from native plant communities, such 

as shadscale (Atriplex confertifola) and winter fat on sites that are not heavily grazed (Freeman et 

al 1995).   

There were two species that were above the significance value, but were included in the 

table anyway.  These were Burningbush (Kochia scoparia) and Scarlet globemallow 

(Sphaeralcea coccinea).  Burningbush is listed in some states as a potential invasive, and some 

plants in the genera are highly drought resistant, growing easily in various environmental 

conditions, including low rainfall and cold soil temperatures (Undersander et al 2000).  It was 

introduced to the US in the early part of the 20
th

 century from Asia, and has proliferated on dry 

pastures characterized by alkaline soils, which are common in this study area.  Scarlet 

globemallow is a native plant to North America, a long-lived perennial forb that grows best in 

warm seasons (Tollefson 2006).  It is an extremely drought resistant plant, and can withstand 

drought by inducing vegetative dormancy and shedding its leaves.  It naturally establishes in 

areas where soil has been disturbed, but is not an intense competitor, and does best in early seral 

conditions (Tollefson 2006).  This plant is important as forage to livestock and wildlife alike, as 

it is the preferred forage for black-tailed prairie dogs, deer, and bighorn sheep.  Managers also 

use scarlet globemallow in restoration projects, because of its known properties of being good 

ground cover in disturbed sites.  It has been shown to be tolerant of grazing and even increases 
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under light to medium grazing (Dormaar et al 1994), but decreases in abundance in areas that are 

intensively grazed (Hansen 1928).  Because globemallow is a native plant, is preferred forage for 

wildlife and livestock alike, and because it is somewhat sensitive to climate conditions and soil, I 

included it as a potential indicator. 

In the final group, there were four significant indicators.  This group corresponds to high 

values on Axis 2 in the ordination, which his associated most with indicators of biotic integrity 

of rangeland health.  Chenopodium spp were also listed as significant indicators of this group, 

which are herbs that can be annual or perennial.  Because this was only listed as a genus and not 

identified to species, I did not include much life history information here, given the fact there are 

numerous Chenopodium species with various life histories that might occur in the area.  For 

these purpose, I chose to focus on the indicator species for this group that were actually 

identified to species.  The indicator with the lowest significance value was Greene’s rabbitbrush 

(Chrysothamnus greenei).  Greene’s rabbitbrush is a common shrub from the Asteraceae family, 

found in open areas of arid lands in sandy soils.  This shrub increases and becomes dominant in 

areas in grazing areas, outcompeting traditionally desirable species like winterfat, because it 

survives better in drier soils (Johnston 1997).  Powell’s saltweed (Atriplex powelli) is another 

significant indicator for this group.  These plants belong to the Chenopodium, or goosefoot 

family.  These are common in alkaline flats and badlands, and are tolerant of heat and salt, but do 

not compete well with dominant species and invasives (Natureserve 2009).  The last species that 

was indicative of this group was Rubber rabbitbrush, a common, dominant shrub species in the 

American west. It is a native plant that grows in openings in Artemesia dominated areas in arid 

regions.  It is a rounded shrub, growing up to 10 feet in certain areas, spreading in diameter up to 

3 feet (Tirmenstein 1999).  Rubber rabbitbrush can grow on disturbed sites, but tend to occur in 
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coarse textured soils that can be strongly alkaline.  It is highly valued forage for pronghorn and 

jackrabbits, but is considered low value to livestock and deer (Tirmenstein 1999).  It is 

considered an excellent soil stabilizer, and is used in restoration projects for erosion control and 

on degraded winter range (Davis et al 1985).   It also tends to occur in early successional stages, 

and will dominate heavily disturbed areas. 

While there were strong indicators for the two groups that corresponded with the higher 

values of range health, the group that corresponded to the areas with the poorest range did not 

have a significant indicator.  I included cheatgrass only because of its known invasive status, and 

it had a relatively low p-value.  I also should note here that most of the species that are indicators 

for the three groups tended to be dominant in early seral stages of ecological development.  This 

indicates to me that the entire study area might not have enough variation in range condition to 

truly compare areas that are in good range and areas in poor health.  This is entirely possible 

given the land use history in the region, as there are few areas that have been protected from 

grazing in the last few decades on the Navajo Nation.  Some of these species which could be 

considered as poor range indicators, such as the extremely noxious invasive Russian Thistle 

(Salsola kali) did not appear as significant indicators for the very reason that it is so widespread 

in the study area that it is not indicative of any one group.   It would be necessary, then, to find 

areas within the ecological site that are pristine and areas that are degraded enough to offer a 

range of values for rangeland health indicators.  Then, it would be possible to reassess the groups 

and indicator species.   

While examining the scores returned from the weighted averaging analysis, a few 

interesting trends appear.  First, needle and thread grass appears near the worst ranked end for 

each of the axes.  This grass is highly palatable to livestock, and could be an indicator that this 
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particular grass attracts livestock in the area, which then causes damage to the area.  Species that 

are considered invasive such as Russian thistle (SATR12) and cheatgrass (BRTE) tend to occur 

nearer to the middle of the values, again serving as another indicator that the study area might 

not have enough variation to truly assess difference between conditions of range.   

The correlations of the species scores further supports the argument that there are actually 

only two criteria that describe the patterns within the data, building upon conclusions drawn 

from the NMS ordination.  The biophysical NMS axis shows almost and identical strong 

negative correlation with both soil/site stability and hydrological function from the NRCS data, 

and little correlation with the biotic axis that is returned from the NMS ordination.  This provides 

an even stronger argument that the NRCS might consider using two axes in this region, provided 

that similar pattern appears in other ecological sites.  If an NMS ordination performed from 

identical data in another ecological site returns more than two axes, it might indicate that a 

region-wide (multiple ecological sites) could be created to assess range health.  This might 

generalize too much across scales.  The other option would simply be to build models using the 

NMS ordination, no matter how many axes returned, for each of the ecological sites.  This, 

opposite of what a region-wide model would do, might be too site-specific.  It will be necessary 

to investigate this in the future in order to best determine how to proceed in building models for 

other ecological sites.  

When I attempted to re-create an approximation of the NMS ordination and NRCS 

rangeland health criteria sample axes from the weighted average species scores, I found that the 

species scores were generally poor predictors.  While it would have been desirable for these to 

have been well-correlated, the results pose some interesting consideration.  First, it might be 

possible that because this site is already so degraded, that there is not a gradient of species along 
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these axes that is appropriate enough to re-create an axis of good-to-poor range health for each of 

the axes and NRCS criteria.  It might be indicative that some of these species, especially ones 

like Russian Thistle and Cheatgrass might be so prevalent across the scale of the study area that 

determining a weighted average and assigning it a score along  an axis is inappropriate.. 

Secondly, species might exhibit a non-linear association with the original axes.  Species 

distributions should be examined before re-creating this analysis.  Lastly, species might be 

responding to environmental variables that are not associated with any of the axes, such as 

precipitation or even stocking rates.  It will be necessary in the future to fully investigate these 

phenomena before applying this technique to a monitoring plan. 

The CART model shows that there are multiple pathways that describe the three groups 

of rangeland condition indicators.  The variables used in the model are all distances from water 

features and human features.  This is unsurprising, given the fact that the ecological site itself is 

described based on soil type and terrain characteristics.  The CART model, because it separates 

groups based on how different they are, would not include variables that characterize the entire 

group to begin with.  These variables also make it easier for managers to monitor range 

condition, since it would be feasible for field crews to place transects that radiate from point or 

line features like wells or rivers in areas that are being targeted for range monitoring or 

restoration.  Following maps of soil units or contour lines would be more difficult for field crews 

to detect and measure while in the field.  By freeing up field crews to merely walk transects that 

are described by distance from a certain feature, more attention can be paid to collecting data on 

range condition. 

It is also unsurprising that most of the pathways describe the worst group of range 

indicators, given that a simple visual analysis of the mapped CART model shows that most of 
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the range in this ecological site is characterized as poor range.  It is surprising, however, that 

some of the splits that indicated the difference between end nodes showed that for the best 

biophysical group and one of the best biotic groups, the better-quality range was actually closer 

to water features. I  expected that areas closer to water sources would be unhealthier, 

ecologically than those areas farther away, due to trampling from use from livestock.  To 

investigate this further, I would suggest that field crews visit these areas to determine if these 

tanks or wells actually hold water.  If these are dry, and have been dry for awhile (which would 

be common in an arid region such as this), it would indicate that the point layer I used to 

calculate the distance from features is out of date or incorrect.  A more appropriate layer should 

be created and ground truthed to determine where water sources for livestock occur within the 

study area.   

Most of the results in this survey indicate that this region is already too ecologically 

degraded to offer enough variation in condition classes to assess ways of developing new range 

health analyses.  The fact that the significant indicators for all of the groups were either invasive 

or dominant in early seral stages indicates that most of the biota in this region has probably been 

established recently, following a widespread disturbance.  Because fire in this region has 

generally been suppressed (Watts, pers comm.), it can be assumed that this disturbance is most 

likely caused mostly by the overgrazing of Navajo range, coupled with extreme drought in the 

past few decades.  However, I feel that these methods provide an excellent path on which a new 

monitoring technique for range health can be based.  If and when an area is discovered that can 

be offer a better range in conditions for assessment purposes, this analysis can be reapplied and 

will provide an effective way to create a rapid assessment plan for ecological sites on the Navajo 

Nation. 
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Recommendations 

 While current monitoring techniques collect important data on biomass and ecological 

health indicators, these large-scale rangeland assessments, involving large field crews and 

detailed data collection are expensive and time consuming, especially for cash-strapped agencies 

such as the Bureau of Indian Affairs.   These assessments, as stated before, have been rarely done 

in the past.  It is feasible to think that a more expedited process could be used in the field on 

shorter time scales to track more immediate changes in condition responding to known stocking 

rates, climate changes and human land use patterns. 

 First, data from previous range condition assessments would be used to create CART 

models, indicator species analyses, and weighted averaged species scores based on ordination 

scores or the NRCS indicator scores for each ecological site with in the agency’s jurisdiction.  

These would serve as a baseline to track changes year to year in dominant vegetation 

composition and presence, which could occur between the years in which agencies have the 

resources to complete intensive range condition projects.  Once the models are created, managers 

would select areas from the mapped CART model that are indicative of whichever range 

condition is being monitored, based on associated environmental predictors.  Permanent transects 

would be established in these areas, perhaps traversing multiple range condition classes.  These 

transects could be walked by range technicians in the months following the peak growing season 

(August or September.)  While walking the transect, technicians would record the species and 

estimated percent cover of vegetation that is found within the boundary of the transect, probably 

within a 2-5m band on each side of the transect.   

Using the indicator species and weighted averages data, managers can determine areas 

that have species that are more indicative of bad range, or good range, indicating condition class 
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based on previously completed statistical analyses.  In addition, managers could track biotic 

composition, examining which plants occur together, and determining if composition in the area 

has high percentages of plants that are characteristic of poor range.  Once the data was recorded, 

individual species and assemblages would be compared to the indicators species and weighted 

averages for species from this analysis that rank species according to rangeland health indicator.  

This would give the agency a qualitative assessment tool for vegetation composition.  In 

addition, field crews can estimate species weights within a plot (the same size as the one first 

used to collect data) spaced along this transect at regular intervals.   This would not have to be as 

intensive as the large-scale assessment, but rather a quick estimation of biomass within the plot, 

but could be used in the future to estimate sample scores along the axes with the species weights, 

following the methods mentioned in this analysis.  Even though this technique didn’t work as 

well as expected in this study, there is hope that given a study area that has more variation in 

range condition, it would work.  This would provide an even more statistically sound and 

efficient way for the agency to estimate rangeland health within the ecological site. 

 In 2007, Ecosphere Environmental Services provided information to the BIA about 

appropriate stocking rates based on the biomass data collected from these rangeland health 

transects.  What my analysis offers in addition to this is a way to qualitatively assess vegetation 

condition year to year between major assessments.  If managers so desired, technicians could still 

collect the NRCS condition indicator information at points along the transect.  In addition, I 

suggest gathering information on grazing trends and stocking rates, so that real data can be used 

to assess spatially where grazing is occurring and what effects it is having on the physical land 

and biotic community.  In coupling these biophysical indicators and range data with more 

detailed vegetation information, I suggest that trends from year to year could be tracked to allow 
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for more appropriate management decisions to be made.  These trends could include information 

on how individual species respond and recover in coming years, how vegetation assemblages 

adapt to different conditions and how biophysical indicators might change from year to year.  In 

including data about stock rates and grazing trends with the vegetation and biophysical data, the 

Eastern Navajo Agency of the BIA can determine areas within their jurisdiction that are currently 

being overgrazed and might be in need of rest or areas that might be more resilient to grazing 

pressures and therefore more appropriate to use for livestock forage.  This would lead to better 

monitoring of ecological health within the region, and a more efficient allocation of grazing 

resources for people who depend on the land for their livelihoods. 

  

To recap, I suggest a monitoring plan for each ecological site that involves part or all of the 

following: 

• Select areas within the study area using a CART model, prioritizing what condition needs 

to be monitored first.  Develop permanent transects to track vegetation and biophysical 

changes 

 

• Monitor yearly, recording species found along the transect, and compare these species 

with indicator species scores and ranked weighted average scores for a qualitative 

assessment of vegetation composition 

 

• Record ancillary data on biophysical characteristics along transect, note erosion, 

compaction, water (or lack thereof).  Record stocking rates of livestock, including  

numbers, length of grazing pressure, type of livestock and area grazed. 

 

• Collect estimated species biomass data in plots along the transect, at a pre-determined 

distance (following NRCS protocol for double sampling) and correct using the air dry 

weight factors from the original data for this study.  Relativize species weights by column 

sum in a spreadsheet and multiply by weighted average species score for each NRCS 

criteria (biotic integrity, hydrological function and soil/site stability) or from the NMS 

ordination (biotic health, biophysical health) from this study for each sample.  Dividing 

by the total relativized biomass in that plot will allow for an estimated rank along that 

axis.  This step is pending re-visiting the  methods of back-calculating the axes as 

mentioned in the discussion.  
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• Build similar models for other ecological sites within the area, compare with these 

results, and develop monitoring plans accordingly.   

 

Conclusion 

 Grazing and livestock are ubiquitous in the American West.  While land management 

practices involving the overstocking of cattle and livestock have left deep scars on western 

landscapes, it is likely that resource use patterns are not going to completely disappear and that 

people will continue to rely on ranching and livestock to support themselves.  What becomes 

necessary then, is the use of well-developed management and monitoring scenarios for resource 

managers to use when making important decisions that can have major effects on the ecological 

health of public and private lands within the United States.  Overgrazing is just one piece of the 

puzzle, however, and in a larger sense, it is necessary to have a comprehensive ecological 

management plan in place that will help to alleviate ecological degradation from not only 

overgrazing, but other major disturbances as well, both human and natural.  Invasive species, 

pine beetle infestation, mineral resource extraction, agriculture, catastrophic wildfire and drought 

are all major pieces of this puzzle as well, with each contributing to and creating positive 

feedback loops that only serve to increase ecological degradation.  In creating effective and 

inclusive management plans, managers will be in a better position to monitor and prioritize 

conservation action in the arid Southwestern United States.  By incorporating techniques 

discussed in this paper, agencies in this region will be able to efficiently and cost-effectively 

monitor the ecological health of rangelands.   
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Appendix A.  Study Area Maps 
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Figure A.1  Ecological Site 36B Study Area, Map I 
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Figure A.2  Ecological Site 36B Study Area, Map II



 69  

 

 

 

 

 

 

 

 

 

 

 

Appendix B.  Species Codes and Names 
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Table B.1  Species codes and names 

Code Species name Common Name 

ACHY Acnatherum hymenoides Indian ricegrass 

ARPU9 Aristida purpurea Purple threeawn 

ARTR2 Artemisia tridentata Big sage 

ASTRA Astragalus L. Milkvetch 

ATCA2 Atriplex canescens Fourwing saltbush 

ATCO Atriplex confertifola Shadscale 

ATPO2 Atriplex powellii Powell's saltweed 

BOGR2 Bouteloua gracilis Blue grama 

BRTE Bromus tectorum L. Cheat grass 

CHENO Chenopodium L. Chenopodium L. 

CHER2 Chaetopappa ericoides Rose heath 

CHGR6 Chrysothamnus greenei Greene's rabbitbrush 

CHNAA4 Chrysothamnus nauseous Rubber rabbitbrush 

CHVI8 Chrysothamnus viscidiflora Yellow rabbitbrush 

CRCR3 Cryptantha crassisepala Thicksepal cryptantha 

DESCU Descurainia Webb Tansymustard 

ELEL5 Elymus elymoides Squirreltail 

ERIOG Eriogonum Michx. Eriogonum Michx. 

EUPHO Euphorbia L. Euphorbia L. 

GUSA2 Gutierrezia sarothra Broom snakeweed 

HECO26 Hesperostipa comata Needle and thread 

HYMEN7 Hymenoxysis Sass. Hymenoxysis Sass. 

KOSC Kochia scoparia (L.) Nurningbush 

KRLA2 Krascheninnikovia lanata Winterfat 

LAOC3 Lappula occidentalis Flatspine stickseed 

LYPA Lycium pallidum Mier Pale desert-thorn 

MUTO2 Muhlenbergia torreyi Ring muhly 

OPPO Opuntia polyacantha Plains pricklypear 

PASM Pascopyrum smithii Western wheatgrass 

PEPU7 Petradoria pumila Rock goldenrod 

PLJA Pleuraphis jamesii James' galleta 

PLPA2 Plantago patagonica Woolly plantain 

SATR12 Salsola tragus L. Prickly Russian thistle 

SPAI Sporobolus airoides Alkali sacaton 

SPCO Sphaeralcea coccinea Scarlet globemallow 

SPCO4 Sporobolus contractu Spike dropseed 

SPCR Sporobolus cryptandra Sand dropseed 

SPFL2 Sporobolus flexuosus Mesa dropseed 

TOIN Townsendia incana Stemless Townsend daisy 

VUOC Vulpia octoflora  Sixweeks fescue 
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Appendix C.  Cluster and Indicator Species Analysis Results 
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Figure C.1 Dendrogram of cluster analysis, based on rangeland indicators.  There are 3 significant groups for Ecological Site 36B. 
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Table C.1  Species Abundance and Frequency output from Indicator Species Analysis 

 Abundance Frequency 

 Group Sequence: 1 2 3 Group Sequence: 1 2 3 

 Identifier: 1 2 24 Identifier: 1 2 24 

 Number of Items 94 22 11 Number of Items 94 22 11 

Species Avg Max MaxGrp       Avg Max MaxGrp       

ACHY 33 52 2 25 52 23 39 45 24 38 32 45 

ARPU9 33 43 1 43 25 32 39 55 24 36 27 55 

ARTR2 33 53 1 53 41 6 19 30 1 30 18 9 

ASTRA 33 82 2 14 82 4 14 18 2 15 18 9 

ATCA2 33 37 1 37 35 28 30 32 1 32 32 27 

ATCO 33 51 1 51 31 18 9 10 1 10 9 9 

ATPO2 33 82 24 8 10 82 28 45 24 15 23 45 

BOGR2 33 47 1 47 42 11 69 73 2 71 73 64 

BRTE 33 91 1 91 4 5 14 23 1 23 9 9 

CHENO 33 78 24 17 4 78 29 55 24 23 9 55 

CHER2 33 40 2 32 40 28 40 55 24 30 36 55 

CHGR6 33 82 24 11 7 82 20 45 24 11 5 45 

CHNAA4 33 74 24 26 0 74 24 45 24 23 5 45 

CHVI8 33 52 1 52 35 12 29 32 2 29 32 27 

CRCR3 33 40 1 40 30 30 30 32 2 31 32 27 

DESCU 33 66 2 31 66 3 50 64 2 50 64 36 

ELEL5 33 61 1 61 15 24 38 45 2 41 45 27 

ERIOG 33 48 1 48 14 38 23 27 24 23 18 27 

EUPHO 33 48 1 48 31 21 8 9 2 5 9 9 

GUSA2 33 44 2 35 44 21 76 82 24 73 73 82 

HECO26 33 100 1 100 0 0 2 7 1 7 0 0 

HYMEN7 33 65 2 35 65 0 5 9 2 6 9 0 

KOSC 33 84 2 16 84 0 6 14 2 4 14 0 

KRLA2 33 61 1 61 39 1 8 10 1 10 5 9 

LAOC3 33 38 2 29 38 33 74 86 2 54 86 82 

LYPA 33 85 1 85 0 15 7 12 1 12 0 9 

MUTO2 33 95 1 95 0 5 6 9 24 7 0 9 

OPPO 33 68 24 11 21 68 19 27 24 16 14 27 

PASM 33 94 1 94 6 0 6 13 1 13 5 0 

PEPU7 33 50 2 26 50 25 9 9 2 7 9 9 

PLJA 33 40 2 33 40 27 86 91 2 77 91 91 

PLPA2 33 57 1 57 20 22 37 55 24 33 23 55 

SATR12 33 46 2 27 46 27 86 100 24 81 77 100 

SPAI 33 41 24 28 31 41 42 55 24 34 36 55 

SPCO 33 67 2 20 67 13 21 36 2 18 36 9 

SPCO4 33 87 1 87 10 4 10 11 1 11 9 9 

SPCR 33 58 1 58 21 21 30 36 1 36 27 27 

SPFL2 33 98 1 98 2 0 4 6 1 6 5 0 

TOIN 33 77 2 13 77 9 29 50 2 20 50 18 

VUOC 33 58 1 58 27 15 36 40 1 40 32 36 
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Table C.2  Table of indicator values from ISA in PCord 

Rel. Frequency 
Rel. 

Abundance 
From Randomization 

Species 

Group 

with 

Max Avg. Max Avg. Max 

Obs. 

Indicator 

Value Mean St. Dev 

P 

Value 

ACHY 2 39 45 33 52 16.6 21.7 6.62 0.7868 

ARPU9 24 39 55 33 43 17.2 22.5 6.94 0.7846 

ARTR2 1 19 30 33 53 15.9 16 5.51 0.4054 

ASTRA 2 14 18 33 82 14.9 12.4 5.3 0.2406 

ATCA2 1 30 32 33 37 11.9 19.1 6.2 0.9486 

ATCO 1 9 10 33 51 4.8 9.1 4.44 0.9174 

ATPO2 24 28 45 33 82 37.2 13.7 5.43 0.0034 

BOGR2 1 69 73 33 47 33.6 33.2 6.16 0.3966 

BRTE 1 14 23 33 91 21.3 14 5.51 0.0954 

CHENO 24 29 55 33 78 42.8 17 6.08 0.0032 

CHER2 24 40 55 33 40 15.3 19 5.7 0.7248 

CHGR6 24 20 45 33 82 37.1 10.5 4.75 0.0014 

CHNAA4 24 24 45 33 74 33.7 15.3 5.85 0.0144 

CHVI8 1 29 32 33 52 15 18.2 5.97 0.656 

CRCR3 1 30 32 33 40 12.2 19.1 6.09 0.9368 

DESCU 2 50 64 33 66 42.1 26.5 6.36 0.0294 

ELEL5 1 38 45 33 61 25.3 22.6 6.19 0.2536 

ERIOG 1 23 27 33 48 11.3 15.5 5.83 0.765 

EUPHO 2 8 9 33 48 2.9 7.1 3.84 0.976 

GUSA2 2 76 82 33 44 31.9 33.8 5.96 0.5574 

HECO26 1 2 7 33 100 7.4 6.5 3.65 0.3228 

HYMEN7 2 5 9 33 65 5.9 7.2 3.79 0.596 

KOSC 2 6 14 33 84 11.4 6.6 3.56 0.08 

KRLA2 1 8 10 33 61 5.8 8.5 4.1 0.697 

LAOC3 2 74 86 33 38 33 32.1 7.17 0.3802 

LYPA 1 7 12 33 85 9.9 9.2 4.38 0.3434 

MUTO2 1 6 9 33 95 7.1 7 3.73 0.3832 

OPPO 24 19 27 33 68 18.6 12.8 5.33 0.1246 

PASM 1 6 13 33 94 12.1 9.3 4.41 0.1818 

PEPU7 2 9 9 33 50 4.5 8.3 4.11 0.8916 

PLJA 2 86 91 33 40 36.3 34.8 5.03 0.316 

PLPA2 1 37 55 33 57 18.9 21.9 6.86 0.6288 

SATR12 2 86 100 33 46 35.2 37.3 6.15 0.5746 

SPAI 24 42 55 33 41 22.3 20.2 5.75 0.2732 

SPCO 2 21 36 33 67 24.4 14.2 5.57 0.0578 

SPCO4 1 10 11 33 87 9.2 9.7 4.47 0.389 

SPCR 1 30 36 33 58 21 22.8 7.21 0.5244 

SPFL2 1 4 6 33 98 6.2 6.7 3.69 0.4406 

TOIN 2 29 50 33 77 38.7 16.7 5.9 0.0078 

VUOC 1 36 40 33 58 23.4 22.3 6.64 0.3416 
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Appendix D.  Weighted Averaging Species Scores Results 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 76  

 

ACHY

ARPU9

ARTR2

ASTRA

ATCA2

ATCO

ATPO2

BOGR2

BRTE

CHENO

CHER2

CHGR6

CHNAA4

CHVI8

CRCR3

DESCU

ELEL5

ERIOG

EUPHO

GUSA2

HECO26

HYMEN7

KOSC

KRLA2

LAOC3

LYPA

MUTO2

OPPO

PASM

PEPU7

PLJA

PLPA2

SATR12

SPAI

SPCO

SPCO4

SPCR

SPFL2

TOIN

VUOC

Axis 1

R
an

k

 
 

 Figure D.1  Weighted Averaging for Axis 2 from NMS (Biotic Characteristics) 
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 Figure D.2  Weighted Averaging for Axis 1 from NMS (Biophysical Characteristics) 
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Figure D.3  Weighted Averaging Scores for NRCS Biotic Integrity Criterion  
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Figure D.4  Weighted Averaging Scores for NRCS Hydrological Integrity 
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Figure D.5.  Weighted Averaging Scores for NRCS Soil Site Integrity 
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Table D.1  Weighted Average scores for both NRCS and NMS ordination axes 

 
NRCS Rangeland Health Axes NMS Ordination Axes 

Biotic Integrity Hydro. Function Soil/Site Stability Biotic  Biophysical 

Species 

WA 

Score Species 

WA 

Score Species 

WA 

Score Species Score Species 

WA 

Score 

HECO26 1.51923 HECO26 1.44345 HECO26 1.47185 HECO26 2.34194 ATPO2 2.29393 

SPCR 1.60692 PLPA2 1.48037 SPCR 1.55484 PASM 2.49115 CHGR6 2.32793 

BRTE 1.66809 BRTE 1.5834 PLPA2 1.56884 SPCR 2.50602 CHENO 2.6095 

SPCO4 1.67269 SPCR 1.61275 SPCO4 1.63778 SPCO4 2.52367 PASM 2.7831 

PASM 1.70537 VUOC 1.62595 BRTE 1.68435 BRTE 2.57562 CHNAA4 2.83101 

EUPHO 1.76367 ARPU9 1.65933 ARPU9 1.69342 MUTO2 2.6915 PEPU7 2.84873 

ARPU9 1.81396 BOGR2 1.67936 EUPHO 1.75878 ARPU9 2.77231 ERIOG 2.85284 

LYPA 1.8238 ELEL5 1.68059 ELEL5 1.76045 EUPHO 2.78336 SPAI 2.88004 

ELEL5 1.85505 KRLA2 1.69632 CRCR3 1.76503 ACHY 2.79504 MUTO2 2.89313 

PLPA2 1.85815 CHVI8 1.70225 VUOC 1.77045 LYPA 2.79887 ASTRA 2.90441 

MUTO2 1.85819 SPCO4 1.7067 KRLA2 1.77139 ELEL5 2.84785 OPPO 2.9158 

SPFL2 1.8815 ATCO 1.7168 BOGR2 1.79215 SPAI 2.86069 ACHY 2.91733 

ACHY 1.88181 CRCR3 1.72328 PASM 1.81302 ARTR2 2.87509 SPCO 2.91847 

ARTR2 1.89145 EUPHO 1.75693 CHVI8 1.82588 SPFL2 2.87575 LYPA 2.94885 

ATCA2 1.90975 PASM 1.76307 ARTR2 1.83337 PLPA2 2.87983 SATR12 2.98472 

SPAI 1.92175 ARTR2 1.77009 PLJA 1.83957 CHENO 2.88308 TOIN 2.99104 

BOGR2 1.92615 SPFL2 1.77137 ATCO 1.85227 CHNAA4 2.88687 SPFL2 3.00722 

KRLA2 1.92833 LYPA 1.7716 LYPA 1.88906 ATCA2 2.90734 LAOC3 3.0411 

CHENO 1.93416 CHER2 1.7911 ACHY 1.89259 ERIOG 2.93193 GUSA2 3.04359 

PLJA 1.94383 PLJA 1.79298 MUTO2 1.89786 PLJA 2.95871 ATCA2 3.069 

CRCR3 1.96123 GUSA2 1.80659 CHER2 1.91387 BOGR2 2.96736 EUPHO 3.06989 

ERIOG 1.98253 ATCA2 1.81996 GUSA2 1.92287 KRLA2 2.97728 PLJA 3.0716 

VUOC 1.99097 DESCU 1.84546 ATCA2 1.93368 CRCR3 2.97953 ARTR2 3.07535 

CHVI8 1.99833 LAOC3 1.85688 SPAI 1.95108 CHVI8 2.98476 DESCU 3.08 

ATCO 1.99948 ACHY 1.88036 SATR12 1.98252 VUOC 3.00258 CHER2 3.08738 

CHNAA4 2.00872 KOSC 1.88454 LAOC3 1.98348 ATCO 3.03774 ATCO 3.11135 

GUSA2 2.05802 SATR12 1.89109 DESCU 1.98524 GUSA2 3.08588 CHVI8 3.13302 

CHER2 2.08614 MUTO2 1.90545 HYMEN7 2.00157 CHGR6 3.12703 HYMEN7 3.13374 

SATR12 2.10031 SPAI 1.93673 ERIOG 2.00574 SATR12 3.15812 CRCR3 3.16368 

OPPO 2.18405 ERIOG 1.93708 SPFL2 2.00926 CHER2 3.16046 ARPU9 3.17236 

LAOC3 2.19048 HYMEN7 1.94073 KOSC 2.02727 ATPO2 3.21233 BOGR2 3.17773 

CHGR6 2.19058 SPCO 1.95783 SPCO 2.04675 LAOC3 3.23934 SPCR 3.19951 

SPCO 2.20036 PEPU7 1.97595 CHNAA4 2.06019 OPPO 3.24087 KOSC 3.20922 

ASTRA 2.25675 TOIN 1.97955 OPPO 2.06208 ASTRA 3.3159 VUOC 3.21122 

ATPO2 2.26622 OPPO 1.99469 ASTRA 2.07494 SPCO 3.358 BRTE 3.21668 

PEPU7 2.27046 ASTRA 2.00474 TOIN 2.1012 DESCU 3.37107 ELEL5 3.23805 

DESCU 2.27824 CHNAA4 2.01877 CHENO 2.15535 PEPU7 3.41859 KRLA2 3.2392 

HYMEN7 2.31693 CHENO 2.13949 PEPU7 2.218 HYMEN7 3.4631 HECO26 3.3089 

TOIN 2.36333 CHGR6 2.40314 CHGR6 2.44334 TOIN 3.4873 PLPA2 3.37589 

KOSC 2.71764 ATPO2 2.43821 ATPO2 2.47772 KOSC 3.98659 SPCO4 3.54413 
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