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The Pump III Project

In 2002, Gnomon, Inc., was awarded a contract from the U.S. Department of Energy for a project entitled, Adaptive Management and Planning Models for Cultural Resources in Oil and Gas Fields. This project, funded through DOE’s Preferred Upstream Management Practices (PUMP) grant program, is examining cultural resource management practices in two major oil and gas producing areas, southeastern New Mexico and the Powder River Basin of Wyoming, with the purpose of identifying more effective management practices and developing information technology tools to facilitate those practices.  

Gnomon, Inc., in partnership with the Wyoming State Historic Preservation Office and William Eckerle of Western GeoArch Research, is completing the Wyoming portion of the project.  SRI Foundation, in partnership with the New Mexico Historic Preservation Division, Statistical Research, Inc., and Stephen Hall of Red Rock Geological Enterprises, is carrying out the New Mexico component.
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The New Mexico project area (Figure 1) includes three study areas:  Loco Hills, Azotea Mesa, and Otero Mesa. In the summer of 2004, SRI Foundation will be producing a detailed report on the entire New Mexico component of the project.  The current document is a draft technical summary of the Loco Hills component of this project.  The summary has been prepared for peer review so that any needed technical changes can be made early in the research process and so that comments on this component of the study can be used to inform and improve the remaining components of the research.  The final report will have more detailed information on the topics addressed in this introduction; these brief summaries are intended to orient the peer reviewers to the project.

Figure 1  Location of three study areas

The New Mexico Component

The New Mexico component of the Pump III project includes development of:

· digitized archaeological survey and site location information for the entire project area; this information will be made available through the New Mexico Cultural Resource Information System (NMCRIS) maintained by the State Historic Preservation Division,
· a geomorphology study for each of the three study areas,
· predictive models of archaeological site locations based on correlation with environmental variables for each of the three study areas,
· inventory simulations to reconstruct the history and evaluate the effectiveness of archaeological survey within each of the study areas, and 

· management recommendations for more predictable, efficient cultural resource compliance processes for oil and gas development as well as better management of cultural resources on the public lands.
The overall project area encompasses much of the current and projected areas of oil and gas development on the public lands in the New Mexico portion of the Permian Basin.  The three detailed study areas were chosen because they represent a heavily developed field (Loco Hills), a currently developing field (Azotea Mesa), and a potential field that is currently the subject of land use planning by the Bureau of Land Management (BLM). The underlying premise of the New Mexico project is that we can learn from the decisions that worked well in previous developments and from the decisions that did not work as well.  Ultimately we hope to devise better, more efficient and effective management strategies for future developments.

The individual components of the New Mexico project are described briefly below. 

NMCRIS data project.  The New Mexico Historic Preservation Division’s Archaeological Records Management Section (ARMS) maintains an inventory of all recorded archeological sites and investigations in the state. ARMS is the official state clearinghouse and repository for data derived from more than 80 years of archeological research describing more than 100,000 archeological sites and 40,000 inventory and excavation projects.

In 1993, the original computerized ARMS database was upgraded to a more comprehensive system known as the New Mexico Cultural Resource Information System (NMCRIS) designed to serve the needs of a broader user community that includes industry as well as government and researchers. NMCRIS is based on modern relational database technology in a multiuser operating environment. The database may be accessed locally at the Laboratory of Anthropology in Santa Fe, New Mexico, or at remote locations via modem or the Internet. NMCRIS provides information to both government and private entities so that cultural resources may be considered in early stages of project planning, and damage to archaeological resources can be minimized. 

As part of the Pump III project, ARMS will input data for all sites recorded and all archaeological inventories completed prior to June 2000 in the project area.  These data are expected to include some 23,500 surveys and more than 9000 sites.  The Loco Hills study area data include 5194 surveys and 1143 sites.  Survey data include a GIS layer showing surveyed space and information on acreage, survey methods, and when and by whom the survey was completed.  Site data include a GIS layer showing site boundaries and temporal, functional, and assemblage information as well as information pertinent to National Register of Historic Places eligibility (consensus determinations, depth of deposits, integrity, etc.). 

Geomorphology Study.  Geomorphology was important to this project for two reasons:  1)  Geomorphology is a major component of the natural environment and thus may be an important factor in site-location decisions by prehistoric people; and 2) once a site is formed and abandoned, geomorphology and geomorphic processes are pivotal in determining whether or not the site is preserved or destroyed.  Thus, the preserved archaeological record that can be seen and inventoried and analyzed is, in part or wholly, a consequence of geomorphology.  Additionally, site visibility is a key ingredient of the archaeological record.  If sites are mantled by sediments and bioturbation has not brought artifacts to the surface, the site is invisible and will not be detected in surface site surveys.

Because of a rare combination of geologic circumstances operating actively over the past 100,000 years (and with precursors extending back millions of years), the Loco Hills area is today dominated by an eolian sand sheet.  The central portion of the Mescalero Sands is comparatively thick and young (Holocene), while the edges of the sand sheet are thin and old (Pleistocene).  By mapping the distribution of the sand sheet and comparing it with the distribution of archaeological sites, we were able to address both cultural and taphonomic questions: Did people choose to live on or off the sand sheet? Did they prefer the margins or the central portion?  What has been the effect of recent geomorphology on the visible distribution of archaeological materials? 

Where the sand sheet is thick and covered by shin oak vegetation, historic erosion produces small parabolic dunes.  The blowout areas of the dunes are colonized by plants and become in-filled with new sand.  Thus, if sites are present and partially exposed by erosion, they become buried again, masked from surface surveys. In contrast, the margins of the sand sheet do not have shin oak vegetation.  Historic erosion has produced mesquite coppice dunes; the areas between the dunes are severely deflated down to Pleistocene-age sand, exposing all sites that are present.  Thus, archaeological site visibility in the margins of the sand sheet is virtually 100 percent.  

The geomorphic circumstances also pertain directly to site preservation.  Sites that are covered by sand and invisible at the surface, ironically, may be well preserved in the subsurface.  In contrast, the erosion that provides 100% site visibility also destroys those sites; their stratigraphic contexts are completely lost, and the spatial distribution of artifacts may be severely altered.  

Predictive Models.  One of the most valuable tools available to land managers for managing archaeological resources is a mathematically derived predictive model.  The end product of such a model is a set of probability statements, generally displayed as a map, that indicate the likelihood that an archaeological site will be found at a particular location.  Such models are based on the correlation between known archaeological site locations and a variety of environmental variables, and can be easily tested and upgraded as additional sites are recorded.  

Models can be and often are developed intuitively, of course, based on experience and knowledge of the archaeology of a particular area:  “agricultural villages will be located on low ridges overlooking shallow drainages.”  And such models may be quite accurate, e.g., successful at predicting the locational characteristics of agricultural villages. But we have no means of estimating their precision, that is, knowing how likely it is that the prediction will be correct.  For land use planning purposes, it is critical to know the likelihood that significant archaeological resources will be found in specific areas, and this is only possible with statistically based models.

For each of the three study areas, two different types of predictive models will be developed: weighted sensitivity models and logistic regression models. Both types divide the land surface into a grid of 30 meter cells and then examine correlations between site locations and particular values for a given set of environmental variables on a cell by cell basis. The weighted sensitivity models first assign a likelihood score to each of the possible values for each environmental variable (for example, slope or vegetation type).  Then the model adds together the scores for all the environmental variables for each cell to come up with an overall likelihood score for that cell.  The logistic regression model begins with the same environmental variables and the same grid of cells, but the model first evaluates the covariation among the environmental variables.  Only those environmental variables that independently explain a substantial portion of the variability in site location are used in the logistic regressions equations that calculate the probability that a cell will contain a site.

 Inventory Reconstruction.  In order for land-managing agencies such as the BLM to meet, in part, their responsibilities under federal law to consider the effects of their actions on historic properties, they generally require archaeological surveys prior to oil and gas development projects. Currently, these surveys are carried out on a case by case basis.  Each individual request to the BLM for approval of a portion of a project triggers a requirement for an individual survey.  Clearly this is inefficient, time-consuming and potentially more costly both for the oil and gas industry and for the BLM.  For this project, we also wanted to assess the implications of the case by case survey process for effective management of archaeological resources on the public lands.

This issue will be addressed by reconstructing the history of inventory for each study area and then examining the results in terms of data needed for resource management and cost-effectiveness.  The purpose of the reconstruction is to determine whether our level of archaeological knowledge and confidence in that knowledge could have been achieved more effectively and efficiently. 

Management Recommendations.  The ultimate purpose of the entire Pump III project is to provide recommendations and create tools that will help land managers to do a better, more effective and efficient job of management cultural resources in oil and gas leasing and development situations.  By “better,” we mean both a more predictable, timely, and cost effective process for oil and gas exploration and development AND serving the public interest through more effective stewardship of the historical and prehistoric archaeological record.

The management recommendations component of the New Mexico Pump III project will begin with the existing process, from resource management plans through lease parcel development through lease sales and all the steps in development, production, abandonment, and reclamation.  Through examination of the current process and discussions with BLM technical staff, state agencies, oil and gas industry representatives, cultural resource professionals, and Native American tribes, SRI Foundation will develop a set of management recommendations.  These suggestions will include both general recommendations for managing archaeological resources in oil and gas fields and specific recommendations for each of the three study areas.   

The Loco Hills Technical Summary

This technical summary is an interim product of the New Mexico Pump III project. In order to ensure that the technical products—predictive models and inventory reconstructions—will be of the highest quality, technical summaries will be produced for each of the study areas to permit early peer review.  In addition, a management recommendations summary document will also be circulated for early peer review.  Ultimately, all of the pieces of the various technical and management summaries will be folded into a draft technical report which will be circulated for broader peer review prior to development of the final project report.

This technical summary contains brief background information on the overall Pump III project and on the New Mexico component to provide a context for the peer reviewers.  It also contains information on the environment, paleoenvironment, and culture history of the Loco Hills study area.  The predictive models and the inventory reconstruction analysis are discussed in detail, followed by a brief discussion of the implications of the modeling and reconstruction analysis for management of cultural resources in Loco Hills.  The final report for the project will provide recommendations for possible ways to address the management implications raise by this and the other two technical summaries.

The Loco Hills Study Area
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Location and Topography

The Loco Hills study area (Figure 1) is rectangle covering approximately 1200 square kilometers (460 square miles) and located between the towns of Hobbs and Artesia in southeastern New Mexico.  Most of the study area lies within the Pecos River valley; the river itself is about 16 kilometers (10 miles) west of the area’s western boundary. The northeastern corner of the study area includes a small segment of The Caprock or Mescalero Ridge, which forms the eastern edge of the river valley and the western edge of the Llano Estacado.  Elevations within the study area (Figure 2) vary from about 300 meters (1000 feet) in the southwest to 390 meters (1300 feet) in the northeast; most of the land within the study area is in the below 360 meters (1200 feet).
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Figure 2  Terrain of the Loco Hills study area

Much of the study area is covered by a thick sandsheet deposited some 5000–9000 years ago and topped with parabolic dunes that are very recent in age; in the western and southwestern portions of the study area, the sandsheet is thinner and covered with coppice dunes formed around mesquite and other shrubs.   In the southwestern and southcentral parts of the study area, there are exposures of eroded limestone covered with thin soils. The northeastern portion of the area lies within the Llano Estacado, which is a flat, nearly featureless landscape of eroded limestone characterized by thin soils and numerous shallow drainage depressions and playas.  

Geomorphology  

The Loco Hills project area is characterized by Permian-Triassic shales and sandstone bedrock overlain by a mantle of wind-deposited sand (Mescalero Sands) of varying thickness, the entire landscape gently dipping to the southwest (Figure 3).  The High Plains and Caprock escarpment occur in the northeast corner of the project area.  

Eolian Sand.  The main geomorphic feature is a sand sheet that covers most of the project area.  The central portion of the sand sheet is comparatively thick (1–6+ meters) and composed of sand that accumulated about 5000 to 9000 years ago (Hall 2002).  The thicker sand is characterized by low shrubby shin oak (Quercus havardii) vegetation and has been recently deflated, forming small parabolic dunes oriented east and east-northeast.  These thick dune-covered sands may hide deeply buried archaeological sites.  
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Figure 3  Geomorphology of the Loco Hills study area

At the margins of the sand sheet, the eolian sand cover is comparatively thin, generally less than 1 meter in thickness.  The thin sand is an eroded older red sand that predates the thick Holocene sand and has been dated 70,000 to 90,000 years by optically stimulated luminescence.  The red sand has been eroded recently, forming numerous coppice dunes around Torrey mesquite (Prosopis glandulosa torreyana) in the 20th century.  Archaeological sites in this setting are both highly visible and largely destroyed by erosion, although intact cultural features may intrude into the old red sand or may be preserved beneath some coppice dunes.  

Beneath the sand sheet is a moderately well developed calcic paleosol (Mescalero paleosol) that formed on bedrock and that pre-dates the sand sheet.

A weak A horizon soil occurs throughout the study area and has been named the Loco Hills soil.  Radiocarbon ages from the soil range from 150 to 380 radiocarbon years BP.  The soil likely formed in association with desert grassland vegetation during a period of slightly less arid climate.  The Loco Hills soil is the surface that was disturbed by deflation resulting in parabolic and coppice dunes in this century.  The soil occurs on surfaces of all ages and may mantle sediments containing archaeological sites.

Alluvium.   Stream deposits in the project area are largely hidden by recently deposited eolian sand.  At various times in the past, around AD 1000, for example, surface water may have been more abundant.  Although difficult to assess, all alluvial deposits and small streams were mapped with the possibility in mind that surface water was more abundant in other times.  

A few deposits of terrace gravels that contain rounded caliche clasts from the nearby Ogallala Formation were mapped.  It has been noted in the field that many fire-cracked-rocks are actually Ogallala caliche and not caliche from the local Mescalero paleosol that underlies the sand sheet. 

Playas and Small Ponds.  Numerous playa lakes occur on the High Plains surface in the northeastern corner of the project area.  The lakes probably originated in the Pleistocene; some have established drainages leading into them.  The playas likely all contain Holocene sediments as well as deflated remnants of Pleistocene deposits.  All of these playa lakes were mapped, as were the alluvial sediments in associated drainages.  It seems reasonable to expect that the playas, especially the larger ones, were sources of permanent water during periods of wetter climate and higher water tables. 

Throughout the Mescalero Sands are several small ponds that may be related to karst activity (in the eastern area) or the presence of depressions on the irregular surface of the sand sheet.  The more larger, less ephemeral ones were identified by color infrared photography and included on the geomorphology maps.  

Given a slightly wetter climate and more surface water, these small playas and ponds would have been sources of water for game animals and prehistoric inhabitants.

Eroded Bedrock Surfaces.  Where not mantled by Quaternary deposits, the bedrock terrain is denuded and archaeological sites have 100 percent visibility.  These surface sites may also be severely bioturbated.  Sites of all ages occur at the surface of the eroded bedrock. 

Summary.  In the Loco Hills project area, thick deposits of sand dunes that may cover and mask the presence of buried archaeological sites characterize much of the landscape.  On the other hand, the remaining portion of the area is severely eroded and denuded where archaeological sites are all visible.  The dichotomy of site visibility related to geology makes the Loco Hills area a good case study.  

Climate

The climate in southeastern New Mexico is semi-arid with hot summers and mild winters.  The period 1987–1997, average high temperature in June was 96 degrees F, although daytime temperatures over 100 are very common.  The highest recorded temperature in recent years was 116 degrees.  The July low temperatures averaged 68 degrees F, although nighttime temperatures in the 70s are very common. The average high temperature in January was 57 degrees F with an average low of 27 degrees F, although daytime temperatures in the 60s and even 70s and nighttime temperatures in the teens are not uncommon. The frost-free season averages 200 days per year.

Average annual precipitation varies substantially with elevation.  Over the period 1948–1997, Hobbs, which is on the Llano Estacado, had an average annual precipitation of 16.5 inches, whereas Artesia, in the lowest part of the Pecos Valley, had an average of 11.7 inches per year.  The study area, which lies between the two, would have experienced rainfall figures between the two, and probably closer to the Artesia figure.  Most of the precipitation in this area falls between May and September.  The primary source of this summer precipitation is moist, warm air that pushes inland from the Gulf of Mexico.  The moist air combined with surface solar heating, results in localized afternoon and evening thunderstorms.  During the winter months, the main source of moisture for precipitation is Pacific storm systems, and the uplands along the western edge of the Pecos Valley tend to block many of these systems.  A combination of high evaporation rates (approximately 100 inches per year) and frequent strong winds, especially in the spring, contribute to the aridity of the climate and the xeric nature of the vegetation.

Vegetation

As Figure 4 shows, more than 58 percent of the Loco Hills study area is covered by vegetation that is categorized as broadleaf sand scrub with another 9 percent being categorized as desert scrub. Of the remainder, most (19 percent) is short-grass steppe or some type of grassland (14 percent).  The major grass species are black grama (Bouteloua eriopoda) and tobosa (Hilaria mutica), along with various species of dropseed and sacaton (Sporobolus spp.)  The main shrub species are creosote (Larrea tridentate), mesquite (both Prosopis julifora and gladulosa), and shin oak (Quercus havardii).
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Figure 4  Vegetation in the Loco Hills study area

Paleoclimate

Although there are a number of important paleoenvironmental studies for the southern High Plains in general (Hall 1982; Reeves 1972; Stafford 1981) and for the northern Chihuahuan desert, reconstructions specific to the Loco Hills area are rare (Hall 2002 and Sebastian and Larralde 1989 provide summary information).  The only research specific to this general area comes from the Guadalupe Mountains to the southwest (Roney 1985;Van Devender 1980; Vandevender et al. 1979).

The earliest human occupation in southeastern New Mexico took place during the last Wisconsin pluvial, which dates from approximately 13,000 to 6000 BP. The early part of this San Jon Pluvial was a time of greater effective moisture owing to both increased precipitation and lower summer temperatures.  The southern Plains were covered with a mixed grassland/open woodland vegetation, and there were numerous small and large playas.  After about 11,000 BP the climate became drier with warmer summers and possibly cooler winters.  Precipitation was increasingly concentrated in the winter, and the vegetation shifted to largely grasslands.  It was during this period from 11,000 to 10,000 BP that the Pleistocene megafauna—mammoths and Bison antiquus—went extinct.  It was also during this time that the Pleistocene sandsheet, the earlier of the two major sand deposits that underlie the recent coppice and parabolic dunes in the study area, underwent considerable erosion. 

Between approximately 10,500 and 9500 BP there was some fluctuation of wetter and drier periods, but generally the trend was one of increasing dryness.  By 9000 BP woodland vegetation had disappeared from the southern Plains, which now formed an immense desert grassland, and all but the largest playas dried up. The last period of increased moisture during the San Jon pluvial dates from about 8500 to 7000 BP; from that time onward the climate and the vegetation of southeastern New Mexico came to resemble the modern climate and vegetation of the region. 

Between 9000 and 5000 BP the more recent of the two major sandsheets that underlie the recent coppice and parabolic dunes was deposited.  From that time until about 500 years ago this Holocene sandsheet was covered with desert grassland and shrub grassland vegetation and remained largely stable or underwent some small amount of deflation.  Between 500 and 100 years ago the landscape of southeastern New Mexico was quite stable and a soil A horizon developed on the exposed Holocene and Pleistocene sandsheets in conjunction with a stable grassland and the expansion of shin oak.  

As noted in the Geomorphology discussion, during the past 100 years, owing to changes in land use that have disturbed the desert grasslands, the earlier sandsheets have been severely deflated.  In areas where the sand sheet is thin, Torrey mesquite have expanded and a mantle of coppice dunes have formed.  Where the sandsheet is thicker, shin oak and parabolic dune fields cover the earlier deposits. 

Culture History

What follows is a very brief overview of the history of human occupation in southeastern New Mexico.  For additional information the reader should consult the two major syntheses:  Katz and Katz (2001) and Sebastian and Larralde (1989).  

The earliest human inhabitants of southeastern New Mexico were the people referred to by archaeologists as Paleoindians, highly mobile hunters and gatherers adapted to the open savanna environment and abundant big game species of the late Pleistocene.  Paleoindian sites are rare everywhere, but are found most frequently above the caprock on the Llano Estacado and in the Guadalupe Mountains.  Given the prevalence of recent sandsheets in the Loco Hills area, it is likely that most evidence of Paleoindian occupation will be buried and not detectable during surface survey.

The earliest Paleoindian sites in the region date to the Clovis (ca. 11,000 years BP) and Folsom (ca. 10,500 years BP) periods.  Famous for their extraordinary fluted spear points and for their apparent ability to use those fragile weapons to bring down large, now-extinct species such as mammoths and Bison antiquus, the Clovis and Folsom people remain shadowy figures to us.  We have examples of kill sites and butchering sites, but  because we have no material culture markers to help us identify the non-hunting associated components of their adaptation, we know very little about the rest of their technology and overall subsistence practices.

Later Paleoindian sites (8500–10,500 years BP) reflect the changing adaptation required by the drying and warming trends of the early Holocene.  The smaller modern bison (Bison bison) became a major prey species, and there is some evidence of specialization in bison hunting.  Again, however, our inability to identify the non-hunting related components of the late Paleoindian settlement system has almost certainly skewed our understanding of the adaptation.

By about 7000 years ago, the generalized hunting and gathering adaptation that archaeologists call the Archaic was firmly established in southeastern New Mexico. Much of what we know about the Archaic adaptation of this region is a result of excavations in dry caves in the Guadalupe Mountains, but a number of open-air sites in the Pecos Valley have also been excavated.  These excavation data indicate substantial dependence on plant foods and use of a wide range of animal species from bison and antelope to rabbits and small rodents. 

While it is likely that much of the early Archaic record in the Loco Hills study area is, like the Paleoindian record, buried beneath the recently deposited sandsheet, the large number of aceramic sites found within the study area indicates a substantial presence of mobile, broad-spectrum hunters and gatherers.  Some of these “sites” are very large scatters of lithic artifacts with multiple concentrations of burned caliche and other evidence of thermal features—most likely hearths or roasting pits. These locations are often interpreted as favored gathering or hunting areas where multiple reoccupations have created the appearance of a single, very large site.  Other Archaic period sites are small, perhaps single-use locations, generally without surface visible features.

The Archaic period in southeastern New Mexico is traditionally viewed as ending sometime between AD 600 and 900 with the introduction of ceramics and the bow and arrow.  One of the interesting questions about this region, however, is whether the Archaic lifeway also ended at this time or whether these new technologies were simply added to the Archaic repertoire.  There is clear evidence of corn agriculture and relatively sedentary village or farmstead settlements in some parts of this region by AD 900, but much of southeastern New Mexico does not conform to the traditional image of Formative cultures in the American Southwest.  Instead, various forms of subsistence intensification based on agave and shin oak appear to have been added onto an otherwise largely Archaic lifeway. 

By approximately AD 1400 southeastern New Mexico was largely abandoned by agricultural peoples and population that remained became increasingly mobile and focused on bison hunting.  At the time of European contact, this region was within the territory of the Kiowa, the Mescalero Apache, and by the 1700s the Comanche.  Once mounted on horseback, these groups became increasingly focused on bison hunting, although other resources such as agave were of considerable importance.  Although we know from historical records that these groups made considerable use of the study area, their considerable mobility makes them very difficult to identify in the archaeological record.  

Euroamerican settlement in the region did not occur until after the establishment of Fort Stanton in 1855, and even then was concentrated in the uplands and drainages to the northwest of our study area.  It was not until after the Civil War that substantial settlement occurred within the Pecos Valley itself, nearly all of it based on cattle and sheep ranching.  In the 1880s and 1890s, homesteading and land development based on actual and fictitious water and railroad development brought considerable additional settlement into the Pecos Valley.

As early as 1908, water well drillers noticed traces of oil in some of the wells in Lea and Eddy counties. Good shows of oil and some indications of natural gas were encountered at approximately 1200 feet, but the technology of the time was not sufficient to prevent water contamination. By 1923, the search for economically recoverable oil and gas was well underway.  Two successful wells had been drilled in northwestern New Mexico only a few months before, and in April of 1924 the Illinois #3 became the first viable producing well in southeast New Mexico.  In 1939, Martin Yates II and three partners brought in the first well in the Loco Hills field in what proved to be the second largest pool in the United States.

Predictive Models
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Predictive modeling is a term that covers a wide array of techniques, which capitalize on the empirical observation that archaeological site locations tend to be associated with environmental features. Mappable environmental features are treated as independent variables that are either individually or in combination associated with the dependent variable, archaeological site locations. Such techniques have been used in cultural resource management (CRM) for more than two decades (Altschul et al. 2003; Kohler 1988; Kohler and Parker 1986). Although quite variable in design, predictive models are developed following a fairly standard process (Altschul 1988, 1989). In the following discussion, we present the results of the analyses performed in each step for the Loco Hills study area. 
In developing predictive models, we begin by assembling data on all types of environmental variables. Some of these environmental variables will be found to be correlated with archaeological sites; others will not. These relationships will become clear during the next step in the model development process: creation of sensitivity maps. Before we get to that point, however, we need to ensure that we cast our net wide enough so that the variables included in the model will, through a variety of statistical manipulations, cover all aspects of the human decision-making process through which indigenous people placed themselves and their activities on the landscape.
The initial modeling began with compiling available data on the environment and archaeology of Loco Hills. We restricted our search to data that already existed in digital formats that could easily be converted into layers in a geographic information system (GIS). We used the IDRISI GIS package to store data, calculate the statistics, and display the results of the predictive models for Loco Hills. This GIS package is a raster-based system, and uses a grid of a specified size superimposed over the area in question. We chose a 10-by-10-m cell as our grid size, which generated 13,298,193 cells for the Loco Hills project area.  

Environmental Data  

The environmental variables used in predictive models are best viewed as proxy variables. Humans use a complicated “calculus” in assessing potential locations in which  to live, obtain and process resources, and commune with the gods. People do not generally measure the slope of the land where they place their house or measure the exact distance to water, but they do chose land that is flat and near water. The indigenous people of Loco Hills probably did not know, much less care, at what elevation they placed their camps, but they certainly knew where the stands of black grama and tobosa grasses occurred. Elevation, though not part of the prehistoric “calculus,” is strongly correlated with the vegetative communities of southeast New Mexico, and thus can be used as a predictor of site location.

For environmental variables, we obtained GIS layers on elevation, vegetation, and geomorphology. Because the data relate to empirical observations (i.e., someone actually measured the elevation of some of the points in the project area), these layers are termed primary themes. It is important to point out that in GIS, the designation primary theme does not mean that the score of each cell was derived from an empirical observation, only that the interpolation is based on source data. For example, the elevation theme is a digital elevation model (DEM) created by the United States Geological Survey (Figure 5). DEMs are created by interpolating between a set of points with known elevations at a specified contour interval. In the case of Loco Hills, the contour interval is 40 feet. 

[image: image8.wmf]
     Figure 5  The primary layer, digital elevation model (DEM), of the Loco Hills area

Algorithms exist within GIS packages to transform primary themes into derived, or secondary, environmental themes. In many cases, DEMs serve as the primary data theme from which secondary themes, such as slope and aspect, are created. For example, to calculate the slope of a cell, IDRISI uses the elevation scores of the four cells located to the north, south, east, and west of the one in question to compute an “average” slope (Figure 6). Similarly, aspect, or the prevailing exposure of the cell, is calculated by determining whether the elevation of the subject cell is higher or lower than each of its eight neighbors, and then assigning the direction to which the cell is “open” as its score. 
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Figure 6  A secondary layer, slope, for the Loco Hills area; this layer was created from the DEM primary layer
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Distance to water themes also are created from the DEMs by calculating either the shortest distance from a cell to a blue line feature (distance to water; Figure 7) or the shortest distance following the flattest grade (cost distance to water). The interpolated stream systems may differ from the blue topographic lines because the GIS is computing where water will flow based on slope and elevation of the DEM.  This is very useful for archaeological site modeling, since most topographic blue lines show only modern drainages.

Figure 7  The “distance to water” theme for Loco Hills

In addition to the environmental themes based on the DEM, we acquired a vegetation layer and a geomorphology layer. The vegetation data are from the Gap Analysis Program of the USGS provides information on biodiversity and conservation gaps.  The data comprise major vegetation categories that are divided into 21 subcategories, based upon common description of vegetation.    

The geomorphology data were provided by Gnomon, Inc., based on maps prepared by Steve Hall of Red Rock Geological Enterprises. The 500-square mile Loco Hills project area was mapped using black-and-white stereo aerial photographs (scale about 1:52,000) and color infrared stereo aerial photographs (scale about 1:86,000) available from the EROS Data Center, Sioux Falls, SD.  Landforms were identified from the stereo aerial photographs using a Topcon mirror binocular stereoscope at X3 magnification, and the location and spatial distribution of the landforms were then plotted on 7.5-minute topographic maps (scale 1:24,000), the base-map standard for this project.  For reasons of practicality, landforms smaller than about 200 feet in greatest dimension (ca. 1/10 inch on topographic maps and smaller yet on the aerial photos) were not mapped.  

Archaeological Data

The dependent variable in the Loco Hills model is the presence or absence of precontact archaeological sites. Archaeological data were obtained from the New Mexico Historic Preservation Division’s Archaeological Records Management System (ARMS).  ARMS provides data on areas that have been subject to archaeological surveys, the sites that have been recorded, and various characteristics of those sites. Ideally, we would like to have created a series of predictive models by dividing the sites into classes based on time of occupation and/or function. Unfortunately, current knowledge about the archaeological sites recorded in the Loco Hills region is not sufficiently to allow us to classify sites into temporal or functional classes. The basic distinction in the ARMS database is between artifact scatters, and artifact scatters with features. Although very few sites have been dated, we were able to distinguish between post-European contact and precontact sites. Because these two temporal categories represent fundamentally different cultural systems, we excluded postcontact period sites from the predictive models. 

Site Data. The archaeological site data provided by ARMS are shown graphically in Figure 8. The data used in the models are in vector format, which is a geographic information system (GIS) convention that stores spatial data and databases with a corresponding point, line, or area feature. The site data were provided as polygon features, where every site is represented as an area within the GIS. Each site polygon is also linked to related information such as area, site number, and a site description within the vector database.
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Figure 8  Distribution of known archaeological sites, Loco Hills study area

An important part of GIS data is its spatial orientation in real world coordinates. The ARMS data were already georeferenced in Universal Transverse Mercator (UTM), Zone 13 grid format, using the North American Datum of 1927. The UTM georeference system is common for archaeological applications and measurements in the x and y are given in meters. 

The site data originally contained 1625 polygons. It was determined that this number could be reduced to 779 polygons by combining sites that had multiple entries. These polygons overlapped each other and could be fused into one without disrupting modeling goals. The original, unmodified data layer was also used for some analyses.

Survey Data.  The archaeological survey data provided by ARMS (Figure 9) are polygon features, in which every survey is represented as an area within the GIS. Each survey polygon is linked to related information such as area, identification number, and some basic methodological descriptions within the vector database. The ARMS survey data were georeferenced in Universal Transverse Mercator (UTM), Zone 13 grid format, using the NAD27 datum.
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Figure 9  Surveys conducted in the Loco Hills study area as of 2002

The survey data originally contained 5196 polygons. For the purposes of our analysis, the survey data were cleaned by identifying overlapping areas and splitting out areas that are not spatially contiguous, even if they were associated with the same project. The data were then cropped to remove those portions of surveys that were outside our rectangular study area. The net result was 6301 individual polygons, comprising 5099 individual survey episodes.

Confidence and Statistical Independence

Once the GIS layers have been assembled, each environmental theme is reviewed to determine whether the areas covered by archaeological surveys adequately represent the target environmental attributes. If so, we can have confidence that the association between the environmental variable and site location found in the surveyed areas mirrors their relationship in the larger project area. Although one could test for these relationships statistically, we have found that a simpler approach suffices. We begin by creating a histogram of the distribution of the individual values for a particular environmental variable for the entire study area. This histogram is then compared visually with a similar histogram for the areas covered by archaeological surveys. If the two histograms are similar in shape, then we can assume that the raster cells that fall in the surveyed areas can be taken as a representative sample for that particular environmental theme. 

As an example of this process, the histogram for the slope of all cells in Loco Hills (Figure 10) is nearly identical to that for cells that have been covered by archaeological surveys (Figure 11), indicating that all slopes present in Loco Hills are adequately represented by the surveyed areas.
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Figure 10  Slope values for entire Loco Hills study area (mean = 0.96)

[image: image13.png]70,00

300,00

s00,00

40000

30000

2000

10000

10

15

0

10





Figure 11  Slope values for surveyed cells within Loco Hills area (mean = 0.98)

Visual comparisons for all of the histograms displaying environmental variables in the Loco Hills study area suggested that, with one exception, the surveyed cells adequately represented the values for each of the environmental variables. The exception occurs within the geomorphology theme. Eroded limestone covers approximately 13 percent of Loco Hills, but only about 7 percent of the archaeological surveyed areas fell within this geomorphic category. We decided, however, to include this variable in the predictive model. No sites have been found on the portions of the eroded limestone that has been surveyed, and anecdotal evidence from archaeologists and geomorphologists indicates that it is highly unlikely that intact cultural deposits could occur on this landform (see Hall 2002). Thus, even though the eroded limestone has not been adequately surveyed, we believe that the relationship between this landform and archaeological site locations has been established and that the environmental variable can be a useful predictor of site locations (or in this case, of the absence of sites).

Beyond demonstrating that the environment of the surveyed areas adequately represents the general Loco Hills environment, we want to be sure that the environmental variables that will be used in the predictive models are statistically independent of each other. Statistical independence is an assumption of most statistical techniques that involve multiple variables. Violations of this assumption often lead to overstating the predictive power of the resulting model. For example, soils and vegetation are often very closely related; that is, certain vegetation only grows on particular soil types. By including both variables as predictors, one runs the risk of having the predictive value inflated. 

To guard against including independent variables that are related to each other, we calculated the pair-wise Spearman’s 
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 between each environmental variable (Table 1). No 
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score exceeded 0.52, and all but two were below 0.4. Based on these results, the variables being used as predictors in the models can be taken as statistically independent. To reinforce this conclusion, we calculated the logistic regression model (see below) without the two most interrelated variables-elevation and cost distance to water. The logistic regression model was very close to the model calculated with all variables (
[image: image16.wmf]r

score of 0.78). Accordingly, we only present the full model below.

Table 1  Pair-wise Spearman’s 
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 scores for environmental variables 

	
	Elevation
	Geomor-phology
	Vege-tation
	Slope
	Aspect
	Distance to water
	Cost distance  to water
	Distance to quarries

	Elevation
	1
	
	
	
	
	
	
	

	Geomorphology
	-0.35
	1
	
	
	
	
	
	

	Vegetation
	-0.33
	0.36
	1
	
	
	
	
	

	Slope
	-0.07
	0.05
	0.04
	1
	
	
	
	

	Aspect
	-0.01
	-0.03
	-0.11
	-0.03
	1
	
	
	

	Distance to water
	0.35
	-0.08
	-0.21
	-0.15
	-0.03
	1
	
	

	Cost distance to  water
	0.52
	-0.08
	-0.05
	0.23
	-0.14
	0.46
	1
	

	Distance to quarries
	-0.09
	0.16
	-0.16
	-0.13
	0.07
	0.50
	0
	1


A second concern of many geographic models is spatial autocorrelation. If knowing the value of one cell helps us guess the value of nearby cells, then the distribution of that variable is said to exhibit spatial autocorrelation. This property violates the assumption that variable scores are distributed randomly over the project area. Yet, most of the variables used in the Loco Hills model are not randomly distributed. For example, the terrain in the Loco Hills areas gradually rises from the valley floor. Thus, knowing the slope of one cell allows one to guess within reason the slope of its neighbor. 

To overcome spatial autocorrelation, we used a feature of IDRISI that placed a “filter” over the Loco Hills grid. The program selects a 10 percent random sample of cells, which we used to represent the environment.

Sensitivity Maps

There are many different types of predictive models, ranging from subjective statements about where archaeologists have found sites in a region to highly sophisticated multivariate statistical models. For Loco Hills, we used two modeling techniques: a weighted method and logistic regression. These two approaches capture both the predictive power of multivariate statistical techniques and the intuitive understanding that comes with intersection models that examine simple correlations between dependent and independent variables.

Weighted Model.  The most common types of predictive models in CRM are created by the intersection method. In this method, each environmental theme is separated into cells that are associated with archaeological sites and cells that are not. The themes are then overlaid.  The areas of intersection where multiple themes contain cells associated with sites are classified as high sensitivity zones; areas of intersection where multiple themes contain cells not associated with sites are classified as low sensitivity zones. Those areas where some environmental themes are correlated with sites and some are not are considered moderate sensitivity zones. 

Intersection models vary in degree of sophistication, depending on the rules used to construct the sensitivity zones. Simple models generally have two states for each theme: cells associated with sites and cells that are not. More sophisticated models weight the states of each theme based on their correlation with known archaeological sites and determine sensitivity ranking by some type of mathematical formula. 

The Loco Hills weighted model is of this second type. Each environmental variable was divided into discrete states. For instance, the geomorphology theme was divided into nine classes as defined in Table 2. We then calculated the expected percentage of the cells that contain sites that should fall within each of the nine geomorphic classes if sites were randomly distributed.  That is, if geomorphic class X constitute 10 percent of the study area and sites are randomly distributed relative to geomorphology, then 10 percent of the cell that contain sites should be found in the area covered by geomorphic class X. The observed percentage of cells containing sites within each geomorphic class was then determined. If the percentage of sites observed for a geomorphic class is less than the percentage expected, then that class receives a negative value, and if the percentage is greater, the class is assigned a positive value. The greater the deviation in either direction, the higher the weight. Weights range from -3 to +3.  

Table 2  Weighting of variable classes for weighted sensitivity model.

	Class
	Description
	 Expected % of all cells with sites that would be found  in this class
	Observed % of cells with sites that actually fall in this class
	Weight 

	1
	Coppice dunes, thin sand sheet 
	31.0
	54.0
	3

	2
	Eroded Limestone surf, thin soils 
	13.4
	1.2
	-3

	3
	Exposed Pleistocene playa deposits 
	0.05
	0
	0

	4
	Floodplains of large drainages, Holocene deposits 
	0.26
	0
	-1

	5
	Floodplains of small drainages 
	0.47
	0.21
	-1

	6
	Parabolic Dunes, thick sand sheet 
	54.67
	44.31
	-2

	7
	Quarry, potential source of stone materials 
	0.00003
	0
	0

	8
	 Sand sheet of undetermined age
	0.1
	0.08
	0

	9
	Thick, uneroded Holocene playa deposits  
	0.27
	0.15
	-1


Using the data presented in Table 2 on geomorphology as an example, we see that coppice dunes cover 31 percent of the study area, but 54 percent of cells with sites are located in these landforms. Coppice dunes, therefore, are strongly associated with archaeological sites and are weighted a score of 3. In contrast, eroded limestone covers 13 percent of the project area, but only slightly more than one percent of eroded limestone cells contain sites. We must remember that eroded limestone areas are underrepresented in archaeological surveys. Thus, the strong negative association between sites and eroded limestone has to be assumed to be a function of insufficient archaeological investigation. We believe, nevertheless, that this negative association will hold up upon further survey, and accordingly, we weighted the eroded limestone class as a –3. 

We performed a similar analysis for the remaining seven environmental themes: aspect, slope, elevation, vegetation, cost distance to water, distance to water, and distance to quarries. With the exception of cost distance to water, all themes had variable states that proved to be positively or negatively associated with archaeological site locations.  Because cost distance to water did not exhibit any relationship, it was eliminated from the model.

The weighted scores for each cell are then summed for the seven environmental themes. Theoretically, scores can range from –21 to 21. In practice, scores ranged from –12 to 21. To eliminate the problems of dealing with negative scores, we added twelve points to each score so that the range of weights varied between 0 and 36. To make the results comparable with those of the logistic regression model, the possible weights were grouped to yield four sensitivity zones (Figure 12). Class 3 comprised those cells scoring 21–36 (very good chance of containing a site); Class 2 contains those cells scoring between 18–21 (good chance); Class 1 contains cells scoring between 15–18 (poor chance); and the cells in Class 0 had scores ranging between 0–15 (very poor chance). Class 3 contains 45 percent of the cells with sites in 32 percent of the project area. Classes 1 through 3 combined contain 76 percent of cells with sites in 41 percent of the project area.

As the above discussion illustrates, the assignment of weights and sensitivity classes is somewhat subjective. One of the advantages of this method is that the scores are easily manipulated so that the model can be re-created, and the results of these manipulations can be observed. It is important to note, however, that there is no “best” or “final” solution. In our original attempts to create a weighted model for Loco Hills we only used positive weights. A weight of 3 was assigned to those classes that contained 65 percent or more of the total number of cells with sites; a weight of 2 was given to classes that constituted the next 20 percent of site cells; and a weight of 1 to those that contained the last 15 percent. The resulting model worked “poorly” as judged in relation to the logistic regression model. The Spearman’s 
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between the two models was less than 0.60. In contrast, when we changed the weighted model to include both positive and negative weights, based on relative percentages, the Spearman’s 
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between the logistic regression and weighted model increased to 0.74.

[image: image20.png]


 Figure 12  Weighted sensitivity model with 3 classes (0–3).  Class 4 is outside the boundaries of the project area.

Logistic Regression Model.  In classic linear regressions, the predicted values are unbounded; that is, they can take any value between negative infinity and infinity. For archaeological predictive models, however, we are only interested in two outcomes: a location does or does not contain a site. To overcome this problem, we can perform a nonlinear transformation, thereby constraining the dependent variable to probability scores between 0 and 1. The "logistic" distribution is an S-shaped distribution function, which is similar to the standard-normal distribution but easier to work with in most applications because the probabilities are easier to calculate. 

For Pump III, we used the IDRISI module, LOGISTICREG, to calculate the logistic regression. The resulting equation is:

Logit(site) = 1.4146 + 0.545241(coppice dune) + 0.003666(cost distance to water) – 0.000043(distance to quarries) – 0.000169(distance to water) – 0.005068(elevation) – 2.489208(eroded limestone) – 0.003594(aspect) – 0.217984(slope) – 1.075599(grass cover) – 0.317156(scrub) + 0.000689(aspect)

In an ordinary least squares regression equation or a linear probability model, the slope coefficients are directly interpretable. The direction and size of the slope coefficient can be interpreted as the strength and nature (positive or negative) of the relationship between the independent and dependent variables. This is not the case in logistic regression. Instead of the slope coefficients being the rate of change in the dependent variable as the independent variable changes, now the slope coefficient is interpreted as the rate of change in the "log odds" as the independent variable changes. This explanation is not very intuitive. While it is mathematically possible to compute the marginal effects of the values of the independent variables, such an option is not available with IDRISI, and this was not done for the Pump III model. Instead, we used the results of the weighted model (see below) to provide insight into the relative importance of the environmental variables as predictors of site location.

The first step in assessing a logistical regression model is to evaluate its overall performance. Most linear regression models can be assessed with an R2 statistic, which is the proportion of the variance in the dependent variable explained by the variance in the independent variables. Unfortunately, there is no equivalent measure in logistic regression. There are several "Pseudo" R2 statistics, however. Mathematically, these statistics vary between 0 and 1, but in practice the scores are relatively low. A good regression model should have a Pseudo R2 greater than 0.2. The Loco Hills model scored 0.1006, indicating a relatively weak fit. Additionally, IDRISI calculates a Goodness of Fit statistic, which measures the difference between the observed and predicted values of the dependent variable; the lower the score, the better the fit. The Loco Hills score of 1,621,930.25 suggests a poor fit. 

The scores for both the Pseudo R2 and the Goodness of Fit of the Loco Hills model may be affected by the mismatch in size between the number of cells that contain sites (8,500) and those representing the environment (1,330,429). Another potential explanation relates to the very large differences in site size. Sites in the highest sensitivity zone average just less than 175,000 square meters in area, whereas those in the lowest sensitivity zone are, on average, less than 20,000 square meters. Because each raster cell is treated the same by the model, large sites are given more weight than smaller ones. It is possible, then, that the logistic regression model is skewed by the inclusion of a few very large sites. 

To test this notion, we ran the model again, using only one cell to represent each site. The cell selected was near the middle of the site, and the resulting equation was termed the “centroid” model. To our surprise, the result of the centroid model was very close to that of the full model (Spearman’s 
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score of 0.74). Site size, therefore, is not a major factor in determining the shape or nature of the surface probability map.

Although the Pseudo R2 and Goodness of Fit scores suggest a relatively weak model, the centroid model comparison indicates that the logistic regression is accurately reflecting the underlying relationship between the environment and human settlement. This inference also can be tested by a statistic termed the Relative Operating Characteristic (ROC). The ROC compares a Boolean map of “reality” to a suitability map. This measure varies between 0 and 1, with 1 indicating a perfect fit and 0.5 a random fit. The Loco Hills logistic regression model had a ROC score of 0.7953. The relatively high ROC score combined with the comparison of the centroid and full model suggests that the environmental variables used as predictors are strongly associated with archaeological site location.

Once we were satisfied that the logistic regression result was an accurate reflection of the relationship between site locations and environmental variables, we needed to display the calculated probabilities. For each cell, the logistic regression calculates a probability score between 0 (site, less likely) to 1 (site, more likely). To display the results, we need to simplify the infinite number of possible probability scores into a more manageable number of “sensitivity” classes. We defined four classes:

0  (0.00–0.09-very poor chance of site presence); 

1  (0.10–0.39-poor chance of site presence); 

2  (0.40–0.59-good chance of site presence); and 

3 (0.60–1.00-very good chance of site presence)

Classes 2 and 3 together contain 95 percent of the site cells, while covering 71 percent of the study area.  Class 3 alone contains 58 percent of the site cells and constitutes only 21 percent of the project area. 

A probability surface map of these scores is displayed in Figure 13. The four probability classes are displayed along with a fifth class of cells (Class 4) that did not enter into the logistic regression. These cells fall on the edges of the project area. Scores for secondary environmental themes could not be computed for these cells, and thus they were deleted from the model.
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 Figure 13  Logistic regression model with 3 classes (0–3).  Class 4 is outside the boundaries of the study area
Comparison of the Sensitivity Models

Visually, the main difference between the weighted models and the logistic regression model is that the former contain fewer high sensitivity cells and many more very low sensitivity ones. To a large extent, this is a result of the manner in which the independent variables are treated in the analysis. The logistic regression model maximizes the statistical association of all the independent variables as a group with the dependent variable. Some variables are weighted more than others, not because they are more important in human decisions about settlement, but because these variables accounted for more of the variation in site location. Less variation in site location remained to be explained by the other proxy variables, and thus, these variables are much less important to the regression equation. 

In contrast, all environmental variables have the same importance in the weighted model. This feature makes weighed models relatively easy to interpret. For example, parabolic dunes were assigned a weight of –2 (see Table 2) because few archaeological sites are visible on their surface. Because this landform covers such a large area of Loco Hills, this weighting has the effect of helping place a substantial part of the project area into the lowest sensitivity class (Class 0) (Figure 14). The logistic regression model, however, weights variables in relation to their association with the dependent variable. Parabolic 
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dunes are given a negative weight, but by comparing the probability surface map, we see that other factors mitigate their presence. Parabolic dunes cover a far smaller percentage of the lowest sensitivity class in the logistic regression model (Figure 15) than they do in the weighted model (Figure 14).

Figure 14 Weighted sensitivity model.  Parabolic dunes cover 73% of the low sensitivity area
. [image: image23.png]


 Figure 15  Logistic regression model.  Parabolic dunes cover 53% of the low sensitivity area.

The question immediately arises as to which is the better model. The answer depends on the intended use of the model. The logistic regression model is a better predictor of site location. If one knows the proposed boundaries of a lease area, then the best method for predicting whether a site will be found would be to place the lease area boundaries on the surface probability map. If, on the other hand, one is interested in accounting for the surface distribution of sites, then changing the weights of the various variables in an attempt to maximize the predictive power of the weighted model is an excellent way of beginning to understand the archaeological landscape. 

The weighted model, as currently constructed, depends heavily on geomorphology. The distribution of coppice dunes mimics the highest sensitivity zones, whereas that of parabolic dunes mirrors the lowest sensitivity zones. This distribution raises the possibility that the models are not so much reflecting past human behavior as they are modeling depositional environments. Is it possible that archaeological sites are distributed much more evenly over these landforms, but are hidden beneath the parabolic dunes? This is a question that must be addressed if we are to manage cultural resources effectively in the Loco Hills.

Interpreting the Results

Predictive models can effectively identify patterns in settlement trends. Some trends are easy to spot and intuitive to grasp. In Loco Hills, bigger, more complex sites are found along watercourses in the coppice dunes (Table 3). These settings, which would have supported economically important grasses and attracted small mammals, would have been ideal campgrounds for hunter and gatherers. Not surprisingly, sites in the high sensitivity class are larger, have more features, more formal flaked tools, more milling implements, and more depth of deposit. Sites in the lowest sensitivity zone are smaller and less complicated than their counterparts in the more sensitive classes, but these tendencies are one of degree and not nature. Sites in the lowest sensitivity class contain the same types of artifacts and features, just in smaller numbers and densities than comparable sites in the other classes. 

Table 3  Prehistoric site data for a sample from high and low model sensitivity.

	
	Low sensitivity
	High sensitivity

	N of prehistoric sites
	36
	101

	Averages site size
	19,038 sq. m
	173,107 sq. m

	Stratigraphy
	Unknown
	Subsurface deposits present

	% with ceramics
	39
	53

	% with ground stone tools
	69
	86

	% with projectile points
	8
	15

	% with hearths
	33
	43

	% with FCR concentrations
	11
	20

	% with lithic quarries
	6
	0

	% with middens
	0
	2

	% in coppice dunes
	16
	86

	% in parabolic dunes
	78
	13

	Average distance to water
	1986 m
	538 m

	% on North facing slopes
	2
	20

	% on South facing slopes
	67
	18

	% on East facing slopes
	19
	10

	% on West facing slopes
	10
	50


There are two plausible explanations for the observed differences in the nature of sites found in the lowest and highest sensitivity zones. First, the differences may reflect variability in human adaptation to the Loco Hills area. Sebastian and Larralde (1989) review the adaptive models that have been created for southeast New Mexico and note that for the Archaic period most archaeologists argue that humans placed themselves on the landscape in relation to the seasonal availability of particular resources. This system, termed serial foraging (Elyea and Hogan 1983) is based on residential as opposed to logistical mobility. Sebastian (1989a:55-56) describe the serial foraging settlement pattern as:

A strategy of serial foraging involves a small residential group that moves into the general vicinity of an abundant resource and camps there, uses the target resource and other hunted and gathered resources encountered in the general area until the target resource is gone, or until another desired resource is known to be available, and then moves on to the next scheduled procurement area. Such a strategy could be expected to create a great deal of redundancy in the archaeological record, an endless series of small, residential camps from which daily hunting-and-gathering parties move out over the surrounding landscape, returning to process and consume the acquired foods each evening. If the resources were randomly distributed, all the sites would look generally the same. But since many resources appear in the same place year after year or in some other cyclical pattern, some sites tend to be reoccupied.

In serial foraging model, all sites in the Loco Hills region reflect small, mobile groups, performing similar activities. Differences in site size, artifact density, and feature occurrence are not the result of differences in the nature of group composition or site function, but instead reflect the distribution and availability of particular plant and animal resources. The probability surface map, then, can be viewed as a prehistoric resource use map. 

During the subsequent Ceramic period, settlement might have become more complex (Sebastian 1989b:82-83). Groups practicing agriculture may have established seasonally permanent sites, although they never achieved year-round permanence. These base camps would have housed larger groups, practicing a wide range of domestic and economic activities. To guard against crop failure, these groups might have gathered plants and hunted animals in the surrounding region, creating small sites consisting primarily of artifact scatters. Alternatively, hunters-and-gatherers and agriculturalists may have co-existed in the same area, developing a mutually cooperative adaptive system. In either case, larger, more permanent sites would have been established near agriculturally viable areas, with small, impermanent camps located at or near targeted wild resources.

The archaeological record of these various settlement systems would be different, although these differences would be slight and subtle. The differences hinge on the nature of the larger sites near the watercourses. Are these sites simply overlapping and repeatedly occupied locales or the remains of structured base camps? Detailed surface mapping could inform on these issues, although definitive answers would require data obtained in controlled excavation. 

The relatively small sites in the low sensitivity zones all appear to represent the same cultural behavior: small groups establishing a camp for a day or two near a particular resource, exhausting that resource, and then moving on. If this interpretation is correct, these sites have little research potential. They probably will not be determined eligible for listing in the National Register of Historic Places under criterion d. Even if they are eligible as a class, the likelihood is that data recovery will be needed at only a few before their research potential is exhausted.  

Approximately a third of the sites in the low sensitivity zones, however, contain features and more than two-thirds have groundstone tools, suggesting that at least some of these sites may have functioned as more than overnight procurement and processing camps. Are some of the sites in the low sensitivity classes remnants of repeatedly occupied locations? Could some be logistical basecamps? If so, what resource or resources were so attractive that people returned to what was otherwise perceived as an inhospitable region? Is it possible that the model is failing to detect the environmental signature of a key part of the adaptive strategy?

These questions bring up the second possible explanation to account for sites occurring in low sensitivity zones: some of these areas were attractive to prehistoric humans but post-depositional processes have erased all archaeological surface indications. Archaeological sites in Loco Hills are strongly associated with coppice dunes and rare in the parabolic dunes. Both landforms are recent geomorphic features, resulting from historical period land use. The underlying parent sand sheets are different between the types of dunes, and it is reasonable to infer that the vegetative communities established on these underlying sands would have differed as well. Thus, it is possible that the dunes serve as proxy indicators for the locations of resources targeted or ignored by prehistoric populations.

It is not clear, however, that the prehistoric inhabitants of Loco Hills would have favored one vegetative community over the other. Both of the earlier sand sheets would have supported plants and animals of the desert scrub grasslands, and many of these resources would have been sought after by prehistoric inhabitants. Although the relative biological productivity of the two underlying landforms is debatable, there is no question that surface visibility in the coppice dunes is far greater than within the parabolic dune fields. Coppice dunes are less stable than parabolic dunes, and thus the former evidence more blowouts where archaeological materials can be found eroding out of or lying on the exposed underlying sand sheet. Thus, if the same number of archaeological sites were buried beneath the two recent landforms, we would to find more archaeological sites exposed on the surface within coppice dunes than in parabolic dunes. 

Such observations beg the question, “Are the differences in the archaeological record simply due to visibility?” This question, which cannot be answered with presently available data, is critical for the management of cultural resources in Loco Hills. If all the sites in the region represent the remnants of a single serial foraging system, any sites that may be buried under the parabolic dunes would be of limited significance, since the overall system could be adequately documented through the study of other, more accessible sites. If, however, sites in the parabolic dunes represent a unique portion of an adaptive system or an entirely different adaptive system then these sites are of exceptional significance, and cultural resource management within the Loco Hills study must take into account these differences.

Modeling and Management
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Evaluation of our predictive models demonstrated that they were reasonably successful in predicting the locations of surface-visible archaeological sites based on the correlation of site locations with a variety of environmental factors.  The point of this project, however, is not prediction for its own sake or even modeling as a means of understanding human behavior in the past.  The goal of the New Mexico Pump III project is to evaluate the effectiveness of current cultural resource management practices in oil and gas fields and to provide data, technical support tools, and procedural recommendations for improving management in the future.  The final section of this Loco Hills technical summary uses a variety of modeling approaches to examine the effectiveness of current management practices and identifies some implications of the results for future management practices.  The final report for the project will include recommendations for more efficient and effective management approaches based on the results of all three technical summaries.

Model Stability

Our first approach to evaluating the effectiveness of current cultural resource management practices was to answer the question “Has our understanding of site location patterns stabilized or would additional survey data increase our predictive success?”  To address this question, we developed a series of logistic regression models using the same environmental themes but including only the site and survey data that would have been available at various points in the past. The expectation underlying this exercise was that, as our knowledge of the archaeological record improved, so would the predictive success of the models.  If we found that the models were continuing to improve with each new iteration, including the final 2002 version, then we would assume that additional archaeological data would permit additional model refinement. Alternatively, if we found that the rate of improvement in predictive power had slowed or stopped, we could assume that we have enough site location data to create an accurate predictive model to be used in support of management decisions.

To determine when, during the history of archaeological survey and identification in the Loco Hills study area, we would have been able to generate predictive models as effective as the current model, we recalculated the logistic regression model based on data available in 1986, 1991, 1995, and 1998 and compared the resulting models with the model based on current data (2002). At the end of 1985, approximately 10 percent of the 62,875 acres covered by 2002 had been surveyed. This total had risen to 20 percent by 1991; 30 percent by 1995; and 55 percent by 1998. We found that, visually, there was little difference among the models generated.  Figures 16 and 17 show the results of a model based on the data available in 1986 and the results of the model based on 2002 data. Spearman’s 
[image: image25.wmf]r

scores were computed to compare each model’s performance against the 2002 model. These scores ranged from a low of 0.88 in 1991 to 0.98 in 1998. The regression line depicted in Figure 18 is nearly flat, indicating that there has been little gain in predictive power since 1985. In short, we knew, or could have known, the basic outline of settlement in Loco Hills after only 10 percent of the region had been surveyed. 


Figure 16  Logistic regression model created using prehistoric site data prior to 1986.  The correlation score is the relation to the 2002 model.
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Figure 17  Logistic regression model created using prehistoric site data prior to 2003.  The correlation score is the relation to the 2002 model.
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Figure 18  Correlation of each logistic model by year to 2002 

Inventory Reconstruction 

In the previous section, we demonstrated that the structure of the logistic regression model of archaeological site location stabilized very early in the development of the Loco Hills gas fields. Areas likely to contain sites could have been differentiated from those unlikely to contain resources within five years of the onset of large-scale gas exploration. This finding begs the questions of whether, armed with this knowledge, we would have spent so much time and effort finding cultural resources, and whether we would have managed these resources differently. To a large extent, answering these questions depends on the confidence we place in the statistical models. Although the stability in the predictive model indicates that the underlying patterns of site distributions are quite strong, the complexity of the statistical techniques makes it difficult for the non-statistician to assess how much faith they should put in the results.

In this section, we provide a more intuitive and simpler means of making this assessment. By using the dates when surveys were conducted and sites were recorded, we reconstructed the history of archaeological inventory in the Loco Hills study area. Here we examine this history to determine when, in an ideal setting, we would have been able to recognize that we were not learning significantly more about settlement. 

At first glance, the inventory reconstruction seemed simple. The ARMS staff had digitized and attributed all surveys and all individual recording episodes at each site. All we had to do was associate surveys and sites with the year in which they were conducted and recorded. With these data, we could calculate for each year the number of acres of sites recorded and the number of acres surveyed. By dividing the number of “site” acres by the number of acres in any given year, we would arrive at a site density for that year, which could then be compared with a running density figure that included all sites and acres surveyed up to that date. 

We assumed that the cumulative site density figure for all years including 2002 was an accurate estimate of site density for the entire Loco Hills study area. This assumption allowed us to use the yearly running site density figures to compute the standard deviation and confidence intervals around the 2002 figure which captured 95 percent of the estimates. We then examined the annual history and determine at what year the running site density consistently fell within the confidence intervals.

As we examined the ARMS data, however, it became clear that the task would be more involved. Many areas had been surveyed multiple times and many sites had been re-recorded; sometimes these events occurred in the same year. The survey history of Loco Hills was so complex that it was impossible to create an accurate summary or even to visually interpret the raw information. 

Figures 19 and 20 demonstrate the problem. These two figures show a small portion of the study area which, though somewhat more densely inventoried than the majority of the area, is by no means exceptional in its complexity.  Figure 19 shows the raw data captured by ARMS.  Each survey was recorded fully, including portions that overlap previous surveys.  The site recording episodes reflect the extent to which a site or portion of a site was recorded during any particular survey event.  In this example, the large number of coincident boundaries is the result of one large site being repeatedly recorded to differing extents.  
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Figure 19  Examples of survey and recording episodes

To circumvent these problems, we aggregated the data by year. All surveys and site recording episodes were assigned to the year in which field activity concluded, as reflected in the ARMS data set. Figure 20 shows surveys within the same small portion of the study area, coded by year, and Figure 21 shows a time sequence of cumulative survey, aggregated by year, within the whole study area.
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Figure 20  Example of survey coverage aggregated by year
Even after aggregating the data, we found that the process of estimating site density on an annual basis was complicated by the large amount of resurvey and the concomitant re-recording of sites that was taking place each year.  The magnitude of this problem is hard to overemphasize. Between 1975 and 2002, surveys in the study area covered 75,223 acres, yet only 62,875 acres of ground were actually inventoried; the 12,348 acre difference results from resurvey.  More than 19 sections of land were resurveyed over the years.  A quick look at Figure 21 makes it clear why and how this happened.  As roads and pipelines and seismic grids were overlaid one on top of the other, it became virtually impossible to complete a project-specific inventory without resurveying at least some ground that had already been surveyed.
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     Figure 21  Time sequence for cumulative survey in the study area, aggregated by year

Figure 22 graphically displays the history of survey in the Loco Hills study area with special attention to this issue of resurvey.  For each year there are three bars, one which represents the reported number of surveyed acres, one which represents the reported acreage minus the overlapping surveys within that year, and one which represents the actual new ground surveyed with all overlaps removed.
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Figure 22  Annual survey statistics

These data allowed us to calculate site density using two different methods.  Method I (Figure 23) was based on survey as it was actually performed. In this analysis, sites that were recorded more than once and areas that were surveyed more than once in different years are included in the calculations for each year fieldwork took place. The site density figures in Method I, therefore, are inflated. Method II (Figure 24) eliminated survey overlap and site re-recording; it provides a more accurate estimate of site density but masks the inefficiency of the piecemeal survey history. In short, Method I calculates site density as it would have been available to managers under existing survey strategies, whereas Method II provides the density figure that would have been available in an ideal world where there were no survey overlaps or site re-recording.
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Figure 23  Overall site density Method I
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Figure 24  Overall site density Method II

The results of the annual site density analyses are intriguing. Both the Method I and Method II graphs show a general rise in site density that peaks in 1997 and then falls off. It is unclear why 1997 is such an anomalous year, but it appears to be the result of targeted survey of one or more very large sites in the Bear Grass Draw area. During normal compliance-driven surveys, the portions of a site outside the boundaries of the survey corridor are not included as “surveyed space.”  With this very large site or sites in Bear Grass Draw, however, the entire site area was included as surveyed space, greatly increasing the proportion of site area relative to survey area for that year and thus skewing the annual density figure. 

Even with the one anomalous year, the trend in running site density figures is clear. Site density stabilizes at about 0.43 under Method I and 0.40 under Method II. Under Method I, running density falls in the 95 percent confidence intervals between 1984 and 1986, in 1991, and then consistently from 1997 until 2002. About half of the 19 years in question fall outside the confidence intervals, though none in the last 6 years. In contrast, under Method II the running site density stabilizes much earlier, around 1984, and only falls out of the 95 percent confidence intervals in two of the 19 years in question. 

The results mimic those of the logistical regression. The estimate of site density stabilizes relatively early, though not as early as it does in the logistical regression model. The robustness of the predictive model reflects the very strong associations of archaeological site location and mappable environmental variables, and indicates that human behavior in this arid region was strongly shaped by the distribution of economic resources. The logistical regression model utilizes environmental themes that proxy the factors influencing human settlement. 

Site density, however, is simply a measure of the intensity of human use of a landscape. We are not interested in this figure because it necessarily tells us anything about human behavior. Rather, site density is a good measure of how rapidly we can characterize the archaeological record. This measure is important because surveys are not proceeding according to a sampling design that would allow us to calculate the precision or the reliability of the estimates, but instead have historically follow the dictates of oil and gas development. 

The logistic regression models and site density results above show that we stopped learning useful information about the distribution of cultural resources in the Loco Hills study area more than a decade ago. Based on a visual inspection of the 2002 survey map in Figure 21, we might be tempted to conclude that this is because such a high proportion of the study area has been examined.  Surprisingly, however, only about 20 percent of the total acreage has been inventoried. The appearance of greater intensity of coverage is a result of the sheer volume of narrow survey corridors represented by bounding lines, each of which is often nearly as wide as the width of the true survey corridor.  An examination of the original paper maps on which the surveys were recorded makes this clear – the width of a pencil line represents approximately 12 meters on a 1:24,000 scale map.  Even with GIS generated maps, the boundary lines have to be represented at a scale that makes them visible on electronic or printed media.

Yet both the logistical regression models and the site density analysis demonstrate that site distribution in Loco Hills in highly predictable, and that we could have known the structure of the archaeological record well before even the 20 percent survey coverage was reached. How is this possible? One reason is that oil and gas development is often preceded by seismic testing involving locations arrayed in long linear patterns. The rows of test locations and the associated roads all require survey, which has the effect of creating long transects across much of the study area. Oil and gas development and production also create long linear features, such as pipelines and powerlines; surveys for these facilities create still more long transects, and all of these transects almost invariably cross-cut the various environmental zones represented in the study area. Because human settlement is so strongly correlated with environmental features in southeast New Mexico, these linear surveys provide exactly the types of data required for predictive modeling. 

Long linear transects also have a large edge effect, and thus can be expected to “find” a higher proportion of the total universe of sites than small square quadrats covering the same amount of ground. A large number of sites are, therefore, found rather quickly. Given the nature of development and concomitant survey in the Loco Hills study area, it is not surprising that the archaeological record of Loco Hills could be characterized quite accurately with a relatively small percentage of inventory. 

We now return to our original question: when could we have had confidence in our predictions? To answer this question, we return to the site density analyses. The graphs of running densities for Method I and II  (Figures 23 and 24) exhibit similar trends, but their differences should not be minimized. As noted above, Method I graphs archaeological inventory results in “real time,” that is, as survey was conducted, overlaps and all, and uses data on the total amount of surveyed acres and the reported number of archaeological sites. If these data had been tracked year by year using this method, the relatively wide annual fluctuation in site density would most likely have led cultural resource managers to believe that they still could not estimate density with any degree of reliability at least as recently as 2000. 

By using Method II, reliable density figures would have been available by the end of the 1980s. These data, combined with the stable logistical regression models, would have enabled cultural resource managers to have as good an understanding of site densities and site locations relative to environmental parameters as we have today, despite the large amount of additional archaeological survey since that time. 

Management Implications

Several important lessons for cultural resource management in southeastern New Mexico can be drawn from the results of our inventory reconstruction and modeling efforts. The large amount of oil and gas development and related archaeological survey and site recording in the Loco Hills study area have enabled us to see the implications of current management practices and to identify areas where future improvements could be made in the management of new oil and gas fields.

First, oil and gas development, while not a random process, is conducted in a way that provides reasonable data for the creation of predictive models that associate human settlement with environmental features, especially when linear arrays of seismic tests or pipelines are producing a substantial portion of the data.  Despite the appearance of the surveyed space maps, however, only approximately 20 percent of the actual ground surface within the Loco Hills study area has been surveyed.

Second, there has been a great deal of re-survey of land and re-recording of sites in the Loco Hills study area. Cumulatively, more than 75,000 acres have been surveyed, of which about 12,500 acres represent areas that have been surveyed more than once. Approximately 1625 sites have been recorded, and of these, 508 have been recorded more than once. By any measure, the history of archaeological investigation is one of inefficiency.  The overlapping nature of the development, combined with the current case-by-case approach to inventory, makes a certain amount of such duplication unavoidable, but the magnitude of the duplicated effort was surprising. 

Third, the logistic regression models and the inventory reconstruction demonstrate that sufficient data were available to support important decisions about cultural resource management and oil and gas development when as little as 6 to 7 percent of the land in the Loco Hills survey area had been inventoried.  At approximately that point, site density analysis would have indicated that our understanding of where sites are located had stabilized, and predictive modeling would have indicated which environmental variables and values were strong predictors. Because there has been no mechanism for synthesizing previously acquired survey data, however, cultural resource managers have neither been able to use previous data to limit duplication of effort nor had available models and other tools to focus management and preservation efforts.

Fourth, our understanding of the past has not increased proportional to the amount of survey or the number of sites recorded. The questions posed in the research design for southeast New Mexico prepared in the 1980s have still not been addressed (Sebastian and Larralde 1989). Our knowledge of the archaeology of Loco Hills is rudimentary. We do not know if the sites visible on the surface reflect the distribution of archaeological deposits; we are no closer to understanding prehistoric adaptation.

How might we have done things differently? An obvious answer, but a difficult one to implement, given the nature of oil and gas development, is that a systematic inventory completed prior to all development would have eliminated all duplication of survey and site recording efforts.  This level of information on cultural resources is not necessary, however, to effective management.  If surveyed space data and GIS or other sophisticated data management technology had been available from the beginning of development in Loco Hills, the BLM would have been able, as early as 1990, to make informed decisions about where energy-related development should be concentrated and what areas should be avoided in order to minimize both immediate and, especially, cumulative, long-term effects to cultural resources.  Decisions could have been made about where archaeological inventory efforts should be intensive and where they could be less intensive, and some, though by no means all, of the overlapping, duplicative efforts could have been avoided.  

These approaches would have provide both better cultural resource management and greater cost-effectiveness for oil and gas development, but they would only have eliminated duplication; they would not have answered our questions about buried sites or cultural adaptation or enabled us to make better decisions about the significance of archaeological resources. Currently, decisions about the scientific importance, and thus the National Register eligibility, of archaeological sites in southeast New Mexico are based almost entirely on surface manifestations.  Given the active geomorphic setting and the relative lack of excavation data, these decisions tend to be extremely conservative: we don’t know enough about the integrity and data potential of these sites to know which ones have the potential to yield important information and which ones do not.  

To address these issues, we would have to drastically change our objective from simply documenting surface-visible archaeological sites and avoiding them to determining and understanding the nature and distribution of archaeological sites. We have enough information now to model basic settlement patterns.  Our challenge is to find ways of funding excavation and other scientific inquiries needed evaluate the information potential of surface-visible sites, to model likely locations of buried sites with important information to offer, and to explain both the distribution and the nature of sites in the Loco Hills area. 
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0 Not classed


1 Plains Mesa Broadleaf Sand Scrub (58.6%)


2 Chihuahuan Desert Scrub (1.5%)


3 Chihuahuan Broadleaf Evergreen Desert Scrub (1%)


4 Chihuahuan Broadleaf Deciduous Desert Scrub (6.3%)


5 Short Grass Steppe (18.8%)


6 Mid-Grass Prairie (2.8%)


7 Chihuahuan Desert Grassland (10.6%)


8 Chihuahuan Foothill-Piedmont Desert Grassland (0.3%)


9 Barren (0.1%)


10 Basin/Playa (0.03%)
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