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This thesis presents pertinent data on the low-frequency paleoclimatic regime of the Mesa 

Verde region in southwestern Colorado from B.C. 100 to the present era.  Here, I define low-

frequency climatic changes as climatic changes over periods greater than 20 years.  I place 

interpretive emphasis on the period A.D. 600 – 1300, an era of continuous habitation by ancestral 

Puebloan farmers in the central Mesa Verde region.  These data are intended for use in the 

Village Project’s agricultural paleoproductivity model, which seeks to derive estimates of maize 

production in the central Mesa Verde region during the 700 years of continuous occupation.  

Knowledge of low-frequency climatic processes is critical to understanding subsistence practices 

because they not only establish a region’s carrying capacity, but they are also assumed to 

represent the normative climatic conditions perceived by a population.  A tentative comparison 

of regional paleodemography to low-frequency climate changes suggests that demographic 

processes are broadly correlated with low-frequency climatic conditions, likely due to associated 

fluctuations in agricultural productivity.       

 This study consists of an intensive analysis of 72 closely-spaced stratigraphic pollen 

samples from a subalpine fen in the La Plata Mountains, southwestern Colorado; 16 radiocarbon 
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samples provide temporal control.  The results offer data on the most closely sampled and 

radiometrically dated pollen core of lacustrine sediments from the past 2,100 years in North 

America.  I use these data to reconstruct low-frequency changes in regional temperature, summer 

precipitation and winter precipitation, all of which are critical to agricultural production in Mesa 

Verde region.  This reconstruction uses five indicator taxa whose existence around the fen is 

dictated largely by these climatic conditions: Engelmann spruce, ponderosa pine, pinyon pine, 

sedge and an inclusive category of plants belonging to the Chenopodaceae family and 

Amaranthus genus.  I argue and demonstrate that changes in the proliferation of these taxa 

around the fen occurred in response to climatic fluctuations that dictate their distribution.  

Therefore, I interpret changes in the proliferation of these taxa as changes in associated climate 

variables, and I extrapolate these climate changes into a regional context that includes the 

Village Project’s study area in the central Mesa Verde region.        
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CHAPTER ONE 

INTRODUCTION 

Paleoenvironmental and paleoclimatic reconstructions are essential contextual 

components (Butzer 1982) for understanding the history and complexity of cultural 

configurations and changes amidst the dynamics of physical and social environments.  As an 

aspect of cultural change, demographic processes in the southwestern United States are often 

analyzed in relation to environmental changes due to the relationships between subsistence 

potential and the climatic parameters that strongly influence the productivity of particular 

cultigens.  Since various culture groups resided in the Greater Southwest in the pre-Hispanic era, 

differences in their cultural compositions and social knowledge highlight the potential for 

different sociocultural responses to similar environmental or climatic changes.  One thing these 

people did share, however, was the ability to use mobility as a survival strategy when facing 

subsistence related stresses (e.g., Cordell and Plog 1979; Hard and Merrill 1992; Reid et al. 

1996; Schlanger 1988; Varien 1999; Zedeño 1994).   

This research focuses primarily on defining low-frequency fluctuations (> 20 years) (see 

Dean et al. 1985) in the climatic regime of the Mesa Verde region of the northern San Juan 

region (Figures 1 and 2) from A.D. 600 - 1300, a time when regional inhabitants became 

sedentary and increasingly reliant on a corn-based subsistence strategy.  While higher frequency 

paleoclimatic changes in this region are well known and have been the concern of much 

research, low-frequency processes are poorly understood and have not been studied to an extent 

compatible with the well dated demographic and cultural changes that occurred in the northern 

Southwest.  Both high- and low-frequency climatic changes play critical roles in subsistence-  
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Figure 1.  Northern San Juan region in a geographical context of the Greater Southwest. 
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Figure 2.  Diagram of southwestern Colorado showing Beef Pasture in relation to geographical 
features discussed in text.  The shaded area corresponds to the Village Project’s study area.   
 

 

related activities, and information on both scales of climatic change is necessary for studying 

human-environment relationships.  Dean et al. (1985:538-539) have described the importance of 

both low- and high-frequency environmental changes on human demography: 

Low-frequency environmental processes usually are not apparent to humans; 

conditions established by these processes probably are perceived as ‘stability.’  

High-frequency variability is apparent to human populations, and most behavioral 

buffering mechanisms are adaptations to expectable high-frequency fluctuations.  

The importance of both high and low-frequency environmental variability varies 

in relation to a number of factors, the most important of which is how close the 
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adaptive system is to carrying capacity.  High-frequency fluctuations are usually 

of little consequence when the population is well below carrying capacity; 

however, as the population approaches the long term carrying capacity established 

by low-frequency processes, high-frequency variability becomes more critical to 

survival. When low-frequency environmental changes reduce carrying capacity 

below the level required for the maintenance of the population, the population can 

no longer be sustained by the extant subsistence system.  

As they suggest, the effects of high-frequency environmental variability on demography and 

cultural change vary in relation to how close the environment is to reaching the human carrying 

capacity of the region.  Carrying capacity is dictated by population pressure, the subsistence 

system of the population, and the environmental limits of the region.  These environmental limits 

are established by low-frequency processes, and high-frequency processes become more critical 

the closer the environment approaches carrying capacity.  In sum, understanding the effects of 

high-frequency environmental change on populations and their subsistence systems requires 

knowledge of the carrying capacity, which is dictated largely by population size and the 

environmental parameters that are set by low-frequency processes.   

 In this chapter I provide a brief review of the relevance of paleoclimatic data to 

understanding the paleodemography of the Mesa Verde region and make a case for the utility of 

pollen-based paleoclimate reconstructions in archaeological research.  An overview of the 

known climatic processes of the Greater Southwest orients the reader to several of the forces 

causing climate change in the region.  A subsequent discussion on the required climatic 

conditions for maize agriculture demonstrates the need for paleoclimatic data for understanding 

agricultural paleoproductivity in the Mesa Verde region.  In the final section I review the 
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existing literature on pollen-based paleoclimate reconstructions in the northern Southwest and 

show how this thesis contributes to our understanding of paleoclimatic changes in relation to 

archaeologically relevant periods.                    

Agricultural Paleoproductivity in the Mesa Verde Region 

The Puebloan culture (Kidder 1927) was manifested in the Mesa Verde region as a 

complex array of sedentary communities, reliant mainly on dry-farming agriculture and centered, 

in most periods, on the region’s most productive agricultural lands (Varien 1999; Varien et al. 

2000).  Ultimately, Puebloan peoples left these communities in favor of other places peripheral 

to the San Juan region, and this translocation has traditionally been viewed as an adaptive 

response to a prolonged drought during the latter half of the thirteenth century (e.g., Douglass 

1929; Hewett 1908; Kidder 1924).  More recent research by Van West (1994, 1996), Varien 

(1999) and Varien et al. (2000), however, suggests that regional agricultural productivity would 

not have been limited by precipitation to such an extent that all established communities could 

no longer be supported by means of agricultural subsistence.   

Van West’s agricultural paleoproductivity research, however, has not entirely closed this 

debate.  A more recent paleoproductivity model for Van West’s research area in southwestern 

Colorado, developed by the “Village Ecodynamics” project, reconstructs maize production 

estimates that are considerably lower than Van West’s, though this reconstruction, discussed in 

more detail below, would not preclude continuing occupation of this area by reduced populations 

in the 1300s (Kohler et al. 2007).  Others agree that while successful maize cultivation could 

have occurred in several areas regardless of prolonged moisture deficiencies, thus enabling 

continual occupation of such areas throughout the megadrought of the mid-twelfth century and 

the Great Drought near the end of the thirteenth century, the effects of droughts across the region 
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would have contributed to a breakdown in social structure, thus establishing possible incentives 

to leave the area and gain residence in more socially stable communities elsewhere (Benson et al. 

2006; see also Axtell et al. 2002; Dean et al. 2000; Larson et al. 1996).   

Further complicating the picture is the possibility that the local onset of the cold period 

known as the Little Ice Age (A.D. 1250 – 1850) may have also reduced or eliminated maize 

production in the northern Southwest during certain periods of extreme cooling (Adams and 

Petersen 1999; Petersen 1988, 1994; see also Grove 1988; Matthews and Briffa 2005; Porter 

1986; Van West and Dean 2000).  So the status of climate change as the chief instigator for the 

widespread depopulations in the northern Southwest is once again hotly debated.  My current 

research, therefore, specifically aims to pinpoint periods of increased and reduced duration in 

annual growing seasons that may have affected regional agricultural productivity in conjunction 

with changing precipitation patterns. 

I now turn to a review of the history of environment-based archaeological research in the 

Mesa Verde region.  I discuss further how the Village Ecodynamics project expands our 

knowledge of the paleoenvironmental conditions in the Mesa Verde region and how these new 

data augment previous agricultural paleoproductivity models.     

Project Background 

 Detailed paleoenvironmental reconstructions for the Mesa Verde region, overseen by Ken 

Petersen, were a primary research component of the Dolores Archaeological Program (DAP), 

which engaged in archaeological research along the Dolores River from 1978 to 1985.  The DAP 

was the facet of the Dolores Project that dealt with the mitigation of cultural resources along the 

Dolores River in Montezuma County, Colorado that were to be destroyed by the construction of 

McPhee Dam and associated recreational facilities.  The Dolores Project was directed by the 
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U.S. Bureau of Reclamation; the University of Colorado was the primary contractor (David A. 

Breternitz, Senior Principal Investigator) for the DAP, with Washington State University as a 

major subcontractor.   

 Paleoenvironmental data were extremely relevant to the DAP’s research design because 

the DAP area sits at the extreme local northeastern boundary of the Puebloan distribution and it 

seemed quite plausible that this limit was climatically controlled (Petersen et al. 1986).  

Paleoenvironmental data were used to examine many of the questions posed in DAP’s original 

research design (Kane et al. 1983), such as the nature of aggregation, the source of population 

growth, the causes for the nearly complete depopulation of the project area around A.D. 900, and 

to test some of the interrelationships between environment and population posited in the DAP’s 

cultural modeling efforts (Breternitz et al. 1986; Lipe 1984).  Some of the results from the DAP 

are presented in Blinman et al. (1988), Breternitz (1983, 1984), Breternitz et al. (1986), Gross 

and Kane (1989), Kane and Gross (1986), Kane and Robinson (1986, 1988), Kane et al. (1986), 

Kohler et al. (1986), Lipe et al. (1988), Madden and Weakly (1980), Petersen and Orcutt (1987) 

and Petersen et al. (1985).    

 I initiated the current project to obtain pertinent paleoenvironmental data for use in “The 

Village Ecodynamics” project, a computerized simulation designed to model the settlement 

ecodynamics in the central Mesa Verde region (Figure 2) during ancestral Puebloan occupation 

from A.D. 600 - 1300 (Johnson et al. 2005; Kohler and Carr 1997; Kohler et al. 2000, 2007; 

Varien et al. 2007).  The Village Project continues, and elaborates on, earlier modeling efforts of 

the DAP (especially Kohler et al. 1986, but see also Lipe 1984).  The ultimate aims of the 

Village Project are to reconstruct the environmental conditions in southwestern Colorado from 

A.D. 600 to 1300 by using multiple proxy records, to explore the ‘ecological niche’ (see Odling-
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Smee et al. 2003) constructed by regional agriculturalists, and to better understand the co-

evolution of regional societal structures and environments over the 700 years of continuous 

occupation (Kohler et al. 2007). 

 An integral component of this simulation is the development of a reliable resource-

availability model for maize (Zea mays) production that integrates aspects of soil hydrology, 

seasonal precipitation patterns, and annual temperature measures, all of which influence the 

productivity potential of dry-farming practices.  Although variable degrees of reliance on maize 

agriculture should be expected across communities and households in this region, 

macrobotanical and stable carbon isotope analyses support the commonly held notion that maize 

was the most important subsistence resource on the Colorado Plateau by at least A.D. 600, with 

some possible exceptions in marginal areas (see Kantner 2004:60-67).  For example, Decker and 

Tieszen (1989) estimated that maize provided 70 to 80 percent of the caloric intake of Mesa 

Verdean populations during the thirteenth century.     

 The Village Project’s new resource availability model, like that of Van West (1994), uses 

the Palmer Drought Severity Index (PDSI) for calculating maize productivity on particular soil 

classes.  Palmer (1965) developed the PDSI as a relative measure of soil moisture for different 

soil classes under known precipitation patterns; Burns (1983) was the first to realize the utility of 

this index for archaeological research.  In Van West’s (1994) model, records of maize and bean 

production in Montezuma County, Colorado from 1931 to 1960 are compared to 

contemporaneous PDSI values of different soil classes in this region to develop predictions of 

maize productivity under various climatic conditions in prehistory.  The extrapolation into 

prehistory is possible because PDSI measures can be retrodicted through regional tree-ring 
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records.  Van West’s model, however, did not explicitly address the role of temperature 

variability in agricultural productivity.   

 To account for high-frequency changes in regional temperatures, the Village Project 

incorporates proxy data for cold and short summers from regional tree-ring data.  Two high-

elevation bristlecone pine (Pinus aristata) sequences were selected for this project: one from 

Almagre Mountain, situated approximately 350 km east-northeast of the project area, and 

another from the San Francisco Peaks (Salzer 2000a), located approximately 335 km southwest 

of the project area.  Temperature measures were calculated by extracting the first principal 

component of both sequences; annual scores so derived proved to be highly correlated with 

various local measures of temperature in and near the Village Project study area.  

In the following section I argue that pollen proxies can help overcome several limitations 

of low-frequency paleoclimatic reconstructions derived from tree rings.  I outline further how 

pollen-based paleoclimatic reconstructions augment those derived from tree rings, primarily the 

distinction between seasonal precipitation patterns.  

Limitations of Paleoclimatic Reconstructions Derived from Tree Rings 

Prehistoric fluctuations in climatic regimes have been successfully identified through 

various biotic and abiotic proxies, including but not limited to tree-ring sequences, pollen 

records, packrat middens, insect fossils, chemical isotope analyses and geomorphology.  While 

tree-ring climatic reconstructions have received most of the attention, due to the high temporal 

resolution that they provide, there are several limitations to low-frequency climate 

reconstructions from such data (Cook et al. 1995, 1996; Dean 1988, 1996b; Fritts 1991).  First, 

tree-rings express the climatic conditions of a tree’s immediate environment, which may differ 

significantly from surrounding areas and not reflect regional conditions.  Second, tree-ring 
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chronologies are composites derived from multiple trees, often from different localities, and the 

life spans of such trees are less than the duration of many of the low-frequency climatic 

processes that we want to identify.  Further, many of the earlier chronologies are derived from 

relatively short tree-ring series from archaeological contexts, many of which are relics of 

modified architectural materials that do not have a known geographical origin.   

In conjunction with these limitations, a potential problem arises when attempting to 

extrapolate data on low-frequency changes in temperature and precipitation from tree-ring 

sequences.  While tree rings express high-frequency, year-to-year fluctuations very accurately, 

long-term trends on the order of several decades or more (low-frequency) are poorly reflected 

because of the tree’s ability to adapt to such conditions.  Thus, the widths of tree rings reflect not 

only high-frequency climate change but also the organism’s adjustment to climatic perturbations, 

obfuscating and minimizing the magnitude and duration of the climatic change.  Moreover, tree 

rings may only demonstrate how individual trees, tree species or tree communities responded to 

climate change in the past, whereas realistic data on perturbations in the structure of vegetational 

communities and their distributions across the landscape resultant from climatic change must 

come from the actual remains of such organisms.  While it is impossible to decode such 

phenomena solely from a single proxy, pollen sequences from aquatic locations provide 

continuous records of change in adjacent vegetational communities.  In alpine settings such 

records have the potential to express the succession of species, plant communities and forest 

structures that result mainly from low-frequency climatic changes. 

To overcome the limitations to low-frequency climatic reconstructions from tree-ring 

chronologies, I use here an alpine pollen record from Beef Pasture in the La Plata Mountains of 

southwestern Colorado (Figure 2) to identify changes through time in the elevation of the 
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boundary between the subalpine and montane forest zones that reflect prolonged changes in the 

amount of winter snowpack, which results from fluctuations in the amount of winter 

precipitation and/or annual temperature.  Since most of the tree-ring-based precipitation 

reconstructions for the Southwest are calibrated with either annual or winter/early spring 

precipitation more than with summer precipitation (Fritts 1976:139-140), they limit our ability to 

differentiate seasonal precipitation patterns.  As an effort to distinguish between seasonal 

precipitation patterns, I use pinyon pine (Pinus edulis) pollen influx as a relative measure of low-

frequency changes in summer precipitation, and I further use measures of other taxa (i.e., Carex 

sp., Chenopodiaceae, and Amaranthus sp.) to identify similar changes in winter precipitation.   

Alpine pollen records provide an opportunity to elucidate low-frequency climate changes 

that are poorly expressed in the tree-ring record.  These data provide an opportunity to 

extrapolate relative durations of increased and reduced annual temperatures that would have 

altered the length of the growing season at lower elevations, and they provide further an 

opportunity to differentiate between the winter and summer precipitation regimes.  I now turn to 

a discussion on the likely causes for the paleoclimatic fluctuations observed in pollen and tree-

ring proxies.  A thorough comparison of these to the fluctuations identified in my paleoclimatic 

reconstruction, however, is beyond the scope of this thesis.       

Overview of Climate Patterns in the Northern Southwest 

The known climatic processes of the northern Southwest, at both high- and low-

frequency scales, are the likely mechanisms of climatic change that occurred in the past.  The 

relationships between high- and low-frequency climate changes, however, are still poorly 

understood due to a lack of low-frequency studies, poor temporal resolution in such studies and 

the infancy of meteorological instrumentation, research, modeling and theory.  Simply put, the 
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modern era of scientific climatology has not existed long enough to place well-known high-

frequency changes in low-frequency contexts, and the extrapolation of what is known about 

modern climatological patterns and relationships into the pre-industrial era is problematic 

because we still do not fully understand the effects of greenhouse gases and deforestation on 

established climatic regimes (Mann et al. 1999; Trenberth and Hoar 1996, 1997; see also Cook et 

al. 1995).  

 Regardless of the potential problems that arise from extrapolating modern climatological 

relationships and patterns into prehistory, we do know, and continue to learn about modern 

climatological patterns that likely existed in prehistory.  Petersen (1988:14-20) discusses the 

climatic patterns and relationships for the Greater Southwest, and these will be summarized and 

updated here.  Precipitation occurs in a bimodal pattern in the Greater Southwest, in which snow 

and rain are deposited during the winter and early spring months and rain falls during the 

summer monsoons.  This bimodal precipitation pattern is discussed at length in Sellers (1960) 

and Sellers and Hill (1974:4-19).  Based on tree-ring records, Dean (1996a, 1996b) suggests that 

this pattern has been the normative climatic regime across the Greater Southwest from A.D. 966 

to 1988.  Ahlstrom et al. (1995), however, note that the Mesa Verde region witnessed a period of 

unpredictable and unstable precipitation between A.D. 1250 and 1450.     

Dean (1988:123) suggests that annual variation in rain is driven largely by fluctuations in 

winter/early spring precipitation because these differ more from year to year than does the more 

predictable summer rainfall.  Summer monsoons in July and August are caused by the Bermuda 

high-pressure system (Allen 2004:22), which extends from the Atlantic Ocean to the central 

United States and carries moist air from the Gulf of Mexico into the Greater Southwest.  Along 

with the Bermuda high-pressure system, moisture from the south and southwest is brought into 
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the Four Corners area during August and September via surges of moist air that originate from 

tropical cyclones off the west coast of Mexico and the Gulf of California.    

Precipitation from November to March is dictated largely by the polar jet stream, which 

brings moist air from the west into the area and deposits precipitation.  The jet stream is a current 

of low atmospheric pressure that usually enters the North American continent via the Pacific 

Northwest and tends to traverse southward along the eastern side of the Rocky Mountains, thus 

avoiding the Greater Southwest and resulting in relatively dry and windy winters.  This jet 

stream usually follows the northern edge of a high-pressure system off the West Coast, however, 

this high-pressure system is occasionally located further to the west.  When it is, the jet stream 

enters the North American continent further south and then traverses eastward across the Greater 

Southwest and deposits above-average winter precipitation.   

The relatively new concept of the El Niño/La Niña Southern Oscillation also affects the 

high-frequency precipitation patterns of the Greater Southwest.  During El Niño years anomalous 

low-pressure systems coupled with above-average sea-surface temperatures (SSTs) in the Pacific 

Ocean result in increased winter and spring precipitation in the Greater Southwest (Andrade and 

Sellers 1988; Ropelewski and Halpert 1986).  Droughts associated with La Niña cycles often 

occur during the interim of these El Niño events (Molles and Dahm 1990).  Quinn and Neal 

(1992) suggest that significant El Niño episodes occurred at an average of every 4 years (ranging 

from 2 – 6 years) between A.D. 1524 and 1987.  Quinn and Neal’s research also demonstrates a 

period of relatively infrequent wet El Niño conditions between A.D. 1000 and 1500.  A record of 

southwestern floods developed by Ely et al. (1993) evidences a period of low flood-frequency 

from A.D. 1200 to 1400, presumably due to drier conditions as a result of the suppressed 

frequencies of El Niño years suggested by Quinn and Neal (1992), but the periods from A.D. 
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1000 to 1200 and A.D. 1400 to the present witnessed higher flood frequencies likely due to 

southern shifts in the polar jet stream. 

The Pacific Decadal Oscillation (PDO) and the Atlantic Multidecadal Oscillation (AMO) 

also influence the climatic regime of the Greater Southwest.  The PDO, an index of Pacific 

Ocean SSTs, is similar to the El Niño phenomenon in spatial extent (Mantua et al. 1997), 

however, the PDO ranges from 50 to 70 years in duration (MacDonald and Case 2005).  The 

Southwest tends to have higher-than-average precipitation during warmer-than-normal Pacific 

SSTs (positive PDO) and vice versa (Benson et al. 2006), and winter precipitation in New 

Mexico is positively correlated with the PDO (Brown and Comrie 2002; Ni et al. 2002).  The 

AMO is an average measure of Atlantic Ocean SSTs between 0 and 70º N (Kerr 2000), and it has 

expressed a cyclicity of 65 to 80 years since A.D. 1856 (Benson et al. 2006).  Although research 

on the PDO, the AMO and their interrelationships is in its infancy, atmospheric modeling efforts 

suggest that droughts in the western United States are associated with positive AMO and 

negative PDO phases (Fry et al. 2003; Schubert et al. 2004). 

In the next section I discuss the climatic requirements for maize agricultural and 

demonstrate how data on precipitation and temperature are critical for estimating agricultural 

paleoproductivity in the Mesa Verde region.  

Corn and Climate in the Mesa Verde Region 

 Considering that maize was the most important subsistence resource for regional 

populations between A.D. 600 and 1300, the climatic parameters for the successful production of 

this crop in the Mesa Verde region need to be addressed.  Regarding dry-land agricultural 

practices, Adams and Petersen (1999:23) highlight the importance of a biseasonal precipitation 

pattern, where soil moisture from winter precipitation is necessary for plant germination and 
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summer precipitation is critical for maturation.  Hack (1942:23) originally suggested that maize 

agriculture on the Colorado Plateau required at least 12 inches of annual rainfall; Petersen 

(1988:11) augmented that to a minimum of 14 inches for the Mesa Verde region.  Milo (1991), 

however, argues that annual precipitation is a poor measure when considering growing-season 

requirements, and precipitation measures should therefore be distinguished for each mode in the 

biseasonal pattern.  In this study I differentiate between low-frequency fluctuations in winter and 

summer precipitation based on appropriate biotic indicators.        

Petersen (1988) realized that variability in maize productivity in the Mesa Verde area, 

probably more so than in lower, more southern areas, is dictated by temperature as well as by 

precipitation.  Some earlier research (e.g., Berlin et al. 1977:59; Martin and Byers 1965:135; 

Smiley 1961:703; Woodbury 1961:708-709) had also hypothesized that reduced temperatures 

may have influenced the Mesa Verde regional depopulation during the thirteenth century, and 

more recent investigations (e.g., Salzer 2000b) have given increasing attention to the role of 

temperature in agricultural productivity during this turbulent period.  

In general, modern maize agriculture rarely takes place in areas with an average growing 

season temperature less than 19º C (66.2º F) (Shaw 1988), and normal plant growth occurs when 

temperatures range between 10 and 40º C (50 and 104º F) (Tivy 1990).  A minimum of 110 to 

130 frost-free days is generally required for most varieties of Corn Belt dent hybrids of maize to 

mature (Adams 1979:291; Adams and Petersen 1999:26; Hack 1942:20, 23; Salzer 2000b:297), 

however, some southwestern maize cultivars are adapted to a shorter season of 60 to 90 frost-free 

days (Meunchrath and Salvador 1995).  Frost-free days are generally calculated as the sum of 

days during a growing season when temperatures do not fall below 0º C (32º F).  However, 

maize can tolerate temperatures as low as  -3º C (26.6º F) during both germination and 
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maturation (Chang 1968:101), therefore, total frost-free days as a measure of growing season 

duration may be misleading for understanding maize productivity (Milo 1991).   

Regardless of the intricacies of maize production and disagreements on the standard for 

calculating grow season duration, all parties agree that cold periods are detrimental to maize 

productivity.  Early-season cold spells can delay germination and shoot development, while 

prolonged episodes of cool temperatures inhibit overall plant development, lengthening the 

period for germination and growth.  Unexpected frosts can kill plants by creating ice crystals that 

dehydrate or damage the cellular structure of the plant.  Ritchie et al. (1992) suggest, however, 

that late frosts are more problematic than earlier ones because during the first three weeks after 

germination plant production is focused underground and is therefore largely protected from the 

formation of ice crystals.  In fact, maize is most sensitive to cold periods while it is flowering, 

which occurs near the middle of the growing season when freezing temperatures are least likely 

to occur (Adams and Petersen 1999:26). 

While agricultural productivity in the Mesa Verde region is thus susceptible to relatively 

slight changes in precipitation and temperature, our ability to develop intraseason measures of 

precipitation or temperature in the past from palynological data is extremely limited.  Fall 

(1997b) has used terrestrial lapse rates to retrodict quantifiable climatic parameters in central 

Colorado.  Terrestrial lapse rates allow for estimates of a temperature at elevation ‘X’ when such 

conditions are known at elevations both lower and higher than ‘X’ (Axelrod 1965).  This method 

is often simplified for large geographic areas with the following equation: (Tsl – Tu) * (1000 

m/5.5º C), where Tsl is the mean annual temperature at sea level, Tu is the mean annual upland 

temperature, and 1000 m/5.5º C (or 182 m/-1º C) is the constant rate of change in temperature 

with change in elevation (Meyers 1992:71).   Barry and Bradley (1976) devised a summer 
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terrestrial lapse rate of 100 m/-0.82º C for the Durango area and an annual terrestrial lapse rate of 

100 m/-.59º C for the San Juan National Forest.     

The use of terrestrial lapse rates as a method for estimating paleotemperatures, however, 

has been criticized by some paleoclimatologists for disregarding many of the contextual 

intricacies relevant to reconstructing a locality’s paleoclimate, such as the region’s geological 

structure, topography and microenvironments (e.g., Meyers 1992).  Furthermore, the lower 

boundary of the subalpine forest at Beef Pasture is gradational and a blending of two forest types 

occurs.  This boundary is unlike the discrete upper boundary of the subalpine forest for which 

terrestrial lapse rates are often calculated when using pollen data (e.g., Fall 1997b).  In the 

present case, though, reconstructed shifts in the elevational boundaries of vegetative zones are 

useful for reconstructing climate parameters without attempting to derive estimates of 

paleotemperatures.  I will use the palynological data from Beef Pasture to identify ordinal 

(wetter/drier and warmer/cooler) rather than interval measures through time.  Coupling these 

palynological data and other studies of low-frequency climate change with high-frequency 

records that provide interval-level estimates of temperature and precipitation (e.g., Dean and Van 

West 2002; Salzer and Kipfmueller 2005) can provide more robust measures of changing 

paleoclimates (Swetnam et al. 1999).  While such an effort is a critical element of the Village 

Project, it is beyond the realm of the present study.  

I now turn to a review of existing pollen-based low-frequency paleoclimatic 

reconstructions from the northern San Juan region to demonstrate how the current project adds to 

the existing database.    
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Previous Paleoclimatic Research 

Paleoenvironmental reconstructions in the Four Corners area have relied on a variety of 

proxies and have been conducted in a range of locations, however, many have relied on 

discontinuous sequences as a result of climatic change, geological processes or anthropogenic 

disturbance.  Since Bryant and Holloway (1983) and Hall (1985a, 1985b) provide a 

comprehensive review of many pollen studies undertaken in the Greater Southwest, I will not 

present these here.  Likewise, a complete review of past efforts at paleoenvironmental 

reconstruction from other proxy data in the Southwest is beyond my scope here, though I will 

briefly review and synthesize palynological research at Mesa Verde and surrounding areas to set 

the stage for the current study.   

 Palynological research in service of understanding past climates in the Mesa Verde 

region has been largely limited to peat-bog sequences from the La Plata Mountains.  As part of 

the Eastern New Mexico State University’s Salmon Ruins Archaeological Project at Bloomfield, 

New Mexico, Petersen and Mehringer (1976) analyzed a sediment core from Twin Lakes, La 

Plata Mountains, Colorado to investigate the past history of summer temperature fluctuation in 

the Four Corners area.  Petersen (1975) continued his paleoenvironmental investigations by 

analyzing pollen cores from Beef Pasture, also in the La Plata Mountains.  These early 

investigations laid the ground work for the extensive research conducted later by the 

Environmental Archaeology Program of the DAP.  As part of the DAP, Petersen (1988) analyzed 

additional samples from the Twin Lakes and Beef Pasture pollen cores, and he also incorporated 

data from a pollen core extracted from Sagehen Marsh located within the DAP project area.   

As a preliminary study for the current project, Wright and Petersen (2005) conducted 

additional palynological research at Beef Pasture.  In an effort to reconstruct the environment 
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around the Navajo Reservoir and Chuska Valley areas of northwest New Mexico (south of our 

project area), Schoenwetter (1966, 1967, 1970, 1987; Schoenwetter and Eddy 1964) compared 

modern pollen ratios and pollen spectra of local environments to those from numerous 

archaeological and alluvial deposits.  As part of the archaeological research at Black Mesa, 

Arizona (southwest of our project area) in the late 1970s, Hevly (1988) conducted palynological 

investigations in an attempt to identify low-frequency environmental changes that were not 

clearly expressed in tree-ring data. 

 Additional palynological studies relevant to western Colorado were conducted in the San 

Juan Mountains (Andrews et al. 1975; Maher 1961, 1963) and elsewhere within the Rocky 

Mountains of central Colorado (Fall 1985, 1988, 1997a, 1997b; Feiler et al. 1997; Maher 1972a; 

Markgraf and Scott 1981; Pennack 1963; Short 1985; Vierling 1998).  Although these areas are 

not generally considered to be part of the Greater Southwest, their vegetational assemblages are 

quite similar to those of the La Plata Mountains.  Likewise, the Mesa Verde region is located 

between these areas and the northern Arizona and northern New Mexico localities where much 

stratigraphic palynological research has been conducted.  Therefore, environmental 

reconstructions from the La Plata Mountains should eventually be compared to similar studies 

from both of these areas to put my results in a larger geographical context.  Since the aim of my 

research is to isolate climatic change particular to the Mesa Verde region, I make no effort here 

to correlate and compare my results to those of other regions.  Furthermore, broad regional 

correlations will be imperfect due to vagaries in localized climatic patterns in the past.   

 Aside from the work of Petersen (1988), not one of the aforementioned analyses from 

montane environments has focused primarily on the late Holocene period, particularly the last 

1,500 years.  Instead, most of these efforts have been oriented toward geological and ecological 
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processes spanning long periods to identify broad patterns associated with climatic transitions 

between the Pleistocene and Holocene epochs, which are often associated with deglaciation from 

Holocene warming as evidenced by successional responses of vegetation assemblages.  With the 

exceptions of Fall (1997b) and Petersen (1988), these palynological investigations have 

concluded that temperature patterns for the past 2,000 years in western Colorado have remained 

relatively stable.  Moreover, previous research, including that of Petersen (1988), may have 

underemphasized minor climatic oscillations by using relatively low-resolution sampling 

strategies consisting of samples that are spaced every 5 cm or more, often with unequal intervals.  

Temporal resolution, as a result, is often on a scale of hundreds of years (Butzer 1982; Dincauze 

2000), whereas the local archaeological record is tied to tree rings and has an effective resolution 

of years to decades.   

Our knowledge of cultural change and settlement dynamics in the Mesa Verde region has 

expanded significantly since Petersen’s (1988) remarkable paleoclimatic reconstruction, 

primarily through the work of Crow Canyon Archaeological Center.  Due to these recent 

advances, it has become imperative to refine Petersen’s low-frequency paleoclimatic 

reconstruction to identify climatic changes of lesser magnitudes and at smaller scales.  The 

identification of minor climatic oscillations is critical for inferring differences in subsistence 

potential that are temporally similar in scale to the periods recognized in the archaeological 

record.  The Village Project, for example, recognizes 14 periods from A.D. 600 - 1300, with an 

average length of about 50 years (s = 25 years) (Kohler et al. 2006:Table 1).  As an attempt to 

identify relatively slight oscillations, on a time scale more compatible with that recognized in the 

local archaeological record, I sampled the peat-bog record at Beef Pasture every other 
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centimeter, which, as we will see, yields a temporal interval between samples of about 30 years – 

an average temporal precision higher than that recognized in the archaeological record.   

Previous research has also been of low utility to archaeological research because there is 

a dearth of chronological control for deposits from the late Holocene in these studies.  As Hevly 

(1988) points out, only a few of the numerous palynological studies from the Four Corners 

region have yielded results that are dated either archaeologically (relatively) or radiometrically 

(absolutely) to the last 2,000 years.  Therefore, their ability to provide a dynamic environmental 

context for the most-studied period in Southwest prehistory is limited.  While Petersen’s research 

(1988) provides the best temporal resolution for the past 2,000 years of any locally relevant 

palynological studies, his chronological control for this period is based solely on two 14C dates 

and one relative date inferred from palynological evidence of historical activity.  Petersen’s two 

radiometric dates bracket the period relevant to my study, and these dates with known depths-

below-surface provided an excellent opportunity to re-core at Beef Pasture to a depth known to 

include deposits dating from A.D. 600 - 1300 and to re-sample organic matter for additional 14C 

dates within this period.  This earlier work has made it possible for me to report, and use for 

chronological control, 16 radiocarbon dates from the past 2,100 years as well as a modern 

surface date.  

In the remainder of this thesis I provide a detailed discussion of the methods and analysis 

I used to reconstruct the paleoclimatic patterns over the past 2,100 years in the northern San Juan 

region.  In Chapter 2 I outline the geology of the study area, its vegetation, and the possible 

impacts historic activities may have had on this area’s sedimentology and vegetation, which 

could have affected the types of pollen deposited and their preservation at Beef Pasture.  I then 

detail how the pollen of certain species, referred to here as indicator taxa, serve as reliable 
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proxies for paleoclimatic changes in Chapter 3.  In Chapter 4 I lay out the methods I used for 

collecting, processing, and analyzing the pollen and radiocarbon samples that I use to reconstruct 

changes in the region’s paleoclimate.  I present the results of these analyses in Chapter 5, where I 

describe how I created a deposition rate for calculating pollen influx rates and assigning each 

pollen sample and estimated calendrical date.  I also present here the methods used for dividing 

the pollen sequence into zones and discuss the various quantitative measures employed to 

identify significant paleoclimatic changes.  

 I interpret the results of my analysis in Chapter 6, where I present a two-part discussion.  

The first part entails a comparison of the various proxies across zones to identify statistically 

significant changes in climatic variables.  I then compare these results to those of other 

paleoclimatic reconstructions from the region, including those derived from both tree-ring and 

pollen records.  In the second part I compare the Village Project’s paleodemographic 

reconstruction to the paleoclimatic reconstruction presented here, which identifies many major 

demographic fluctuations that corresponded with major perturbations in the region’s climate.  I 

suggest that these demographic processes, therefore, may have been in response to these low-

frequency climatic changes due to their effect on regional agricultural potential.  This 

comparison, however, is tentative because the low-frequency paleoclimatic reconstruction 

presented here has yet to be incorporated into the Village Project’s paleoproductivity model.  

Furthermore, while the temporal resolution of this paleoclimatic reconstruction conforms well to 

that of the archaeological record, significant within-zone paleoclimatic fluctuations cannot be 

verified statistically.         
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CHAPTER TWO 

STUDY AREA 

 In this chapter I discuss the relevant geographic, geological and environmental contexts 

of the La Plata Mountains and the coring location.  Here, I place emphasis on the vegetation of 

the La Plata Mountains, primarily the dominant species within the mountains that are likely 

contributors to the pollen deposited at the coring location.  A review of historical activity around 

Beef Pasture brings to light the possibility of disturbance to the sediments and pollen used in this 

study.  These effects are shown later to be minimal and restricted to the uppermost deposits.     

La Plata Mountains, Southwestern Colorado 

The La Plata Mountains (Figures 2 and 3) are located in the San Juan National Forest at 

the juncture of the Colorado Plateau and the San Juan Mountains in southwest Colorado.  This 

mountain group extends into the eastern edge of the Colorado Plateau 30 km (20 mi) southwest 

of the actual San Juan Mountain front.  The La Plata Mountains are one of four structural domes 

along the western margin of the San Juan Mountains that formed as a result of plutonic intrusions 

into overlying sedimentary bedrock.  This sedimentary bedrock has subsequently eroded along 

fault blocks and fracture zones, resultant from warping along the western flanks of the San Juan 

uplift, to expose these plutonic intrusions (Blair et al. 1996; see also Cross et al. 1899; Eckel et 

al. 1949; Haynes et al. 1972; Holmes 1877:268-272).  The plutonic intrusions that originally 

formed the mass of the La Plata Mountains occurred between 65 and 67 million years ago 

(Cunningham et al. 1977).  Subsequent geological intrusions consisted of igneous dikes, sills and 

stocks, of which the formations now called Burro Mountain, Helmet Peak, Hogback Ridge and 

Sharkstooth Ridge are comprised.  The Dolores River watershed drains the north side of the La 

Plata Mountains whereas the San Juan River watershed drains the south side.  Both of these  
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Figure 3.  Google Earth® image of southwestern Colorado showing Beef Pasture in relation to  
modern settlements and topographic features discussed in text. 
 

 

rivers and their tributaries, along with their floodplains, supported relatively large communities 

of agriculturalists with water and farmland during Ancestral Puebloan occupation of the region.       

 The 2,700 m (8,850 ft) elevational change between the San Juan River and the highest 

peaks in the La Plata Mountains results in very different climate regimes at the base of and on 

top of the mountains.  These elevationally dictated climate regimes strongly influence the type 

and abundance of vegetation at any point along the gradient.  Eckel et al. (1949:5), Cross et al. 

(1899:2) and Steinhoff (1976) provide brief descriptions of the vegetation in the La Plata 
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Mountains.  More extensive mapping and descriptions are available for the adjacent San Juan 

Mountains and between Durango and Pagosa Springs, Colorado (Krebs et al. 1976; Maher 

1961:16-20, 1963:148-149).  Brown (1982) also provides a description of the biotic communities 

in the region, including the distribution of vegetation and fauna across landscapes.  In a broader 

sense, the vegetational assemblages of both the La Plata and San Juan Mountains are typical of 

the Southern Rocky Mountains (Alexander 1974; De Velice et al. 1986; Peet 1978).       

Petersen (1988:12-14) divides the La Plata Mountain vegetation into four zones (Figure 

4) based on their arboreal compositions, and I use his classification here to facilitate comparisons 

to studies by Petersen and others from the region.  The alpine zone begins at the spruce-fir tree-

line (3,500 to 3,700 m [11,500 to 12,000 ft], depending on aspect) and extends upward to the 

mountains’ peaks (a maximum elevation of 4,030 m [13,232 ft] at Hesperus Peak).  Tree-line is 

defined here as the elevational limit of erect trees taller than 4 m (13 ft) (Little 1979).  The alpine 

zone is characterized by a lack of arboreal vegetation due to dense snowpack and shallow soil 

deposits.  However, the lower limit of the alpine zone, approximately 100 to 150 m (325 to 500 

ft) above the tree-line, contains trees that are krummholz (German for ‘crooked wood’) in form; 

such trees are environmentally dwarfed types that grow as regular trees in more hospitable 

climates (Wardle 1974) in the subalpine forest.  The biological processes that result in 

krummholz forms are discussed in LaMarche and Mooney (1972:69-70), Tranquillini (1979:102-

111) and Wardle (1965:127-128, 1968, 1974:378-388).  The upper elevation where krummholz 

trees terminate is called the timber-line in contrast to the spruce-fir tree-line as defined above.  

The subalpine zone begins near 3,050 m (10,000 ft) in elevation and extends upward to the 

spruce-fir tree line.  The arboreal vegetation of this zone is comprised largely of Engelmann  
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Figure 4.  La Plata vegetation zones highlighting dominant overstory species by elevation 
(adapted from Krebs et al. 1976:Figure 1; Maher 1961:Figure 2; Petersen 1988:Figure 4). 
 

 

spruce (Picea engelmannii), subalpine fir (Abies lasiocarpa) and stands of quaking aspen 

(Populus tremuloides) that envelop numerous subalpine fens, such as Beef Pasture.  The 

montane zone begins roughly at an elevation of 2,500 m (8,200 ft) and extends upslope to the 

base of the subalpine zone.  This zone contains a mixed-conifer forest composed of the following 

species (in order of abundance): Douglas-fir (Pseudotsuga menziesii), ponderosa pine (Pinus 

ponderosa), quaking aspen, white fir (Abies concolor), limber pine (Pinus flexilis), blue spruce 

(Picea pungens) and subalpine fir.  The foothills zone begins at an elevation of 1,900 m (6,200 

ft) and extends upward to the base of the montane zone; it is comprised largely of ponderosa pine 

and Gambel oak (Quercus gambelii).  While ponderosa pine is located in the montane zone as 

well, it is most prolific in the foothills.  Likewise, Gambel oak extends into lower elevations.  

The lower portion of the foothills zone, below 2,200 m (7,200 ft), begins to blend with the lower 
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elevational plains zone, thus it commonly contains pinyon pine (Pinus edulis), Utah juniper 

(Juniperus osteosperma), Rocky Mountain juniper (Juniperus scopulorum) and Gambel oak. 

Although Petersen (1988:12-14) does not refer to vegetation below the foothills zone as 

comprising a zone of the La Plata Mountains (these elevations are not actually in the mountain 

range), the vegetational assemblage from these elevations is considered here as the plains zone 

for classificatory purposes.  Newberry (1876:84) describes the area extending from Mesa Verde 

west to Comb Ridge as the “Sage Plain” due to the abundance of Great Basin sagebrush 

(Artemisia tridentata; also known as big sagebrush) in this area.  The Sage Plain is actually a 

dissected plateau with an area of 3,100 km2 (1,200 mi2) and ranges in elevation from 1,500 to 

2,200 m (4,900 to 7,200 ft) (Gregory and Thorpe 1938:7, cited in Petersen 1988:14).  Aside from 

Great Basin sagebrush, the plains zone also supports pinyon pine, Utah and Rocky Mountain 

junipers and the occasional grove of Gambel oak.  Most of the extra-local pollen grains in the 

pollen rain of the La Plata Mountains probably originated in this area given the west-to-east and 

northwest-to-southeast winds prevailing today. 

Beef Pasture, La Plata Mountains, Colorado 

At present, Beef Pasture (S1/2 SW1/4, Section 11, Township 37 North, Range 12 West, 

Rampart Hills Quadrangle, Colorado; 37º 28’ 20” north, 108º 9’ 30” east) is a relatively open, 

75-hectare (8,072,933-ft2) meadow with a southwest-facing aspect on the west slope of the La 

Plata Mountains (Figures 5 and 6).  Positioned near the drainage divide between the San Juan 

and Dolores River watersheds, Beef Pasture is about 25 km (15 mi) northwest of Durango, 

Colorado (Figure 3).  The western portion of the La Plata Mountains above 2,400 m (7,875 ft) is 

composed largely of Mancos Shale (Cross et al. 1899; Haynes et al. 1972), a soft and friable 

clay-shale formation. The topographically depressed nature of Beef Pasture, which has created  
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Figure 5.  Aerial photograph of Beef Pasture, La Plata Mountains, southwestern Colorado in 
1994 showing pollen core location (picture courtesy of the U.S. Geological Survey).  Darker-
colored trees near top of picture are Engelmann spruce (subalpine forest zone) while the lighter-
colored trees in bottom portion of picture are ponderosa pine (montane forest zone).  Note the 
relationship of Beef Pasture and the pollen core location to the transition between the forest 
zones.  Note further that the pollen core location is periodically inundated by standing water (as 
in the picture), however, the standing water was located approximately 35 m west of this location 
when we cored in August 2005.     
 

 

its perennially wet meadow, is the result of a landslide that occurred circa 5,500 years B.P. 

(Petersen and Mehringer 1976:277).  Higher elevation landslides in this region, such as the one 

that created Beef Pasture, are often the result of more resistant rock sliding over the Mancos 

Shale (Atwood and Mather 1932:146-164).  When the Mancos Shale is exposed, it is permeated 

by groundwater and runoff, which lubricates glide planes and adds weight to the more resistant 

rock atop the shale.  As a result, landslides occur and leave crescent-shaped depressions that later 

become marshes, fens and oval ponds.  At Beef Pasture, the sediments that subsequently in-filled  
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Figure 6.  Google Earth® image of Beef Pasture, La Plata Mountains, southwestern Colorado  
showing location of peat bog and provenance of pollen-core used in this study (Core No. 3). 
 

 

this depression are comprised mostly of sedge peat, with a 17-cm thick band of silty detritus 

gyttja (Swedish for ‘a nutrient-rich sedimentary peat’) interbedded within the peat at 

approximately 3.3 m below surface, which in turn overlies accumulations of sand, silt and clay 

formed immediately after the landslide (Petersen 1988:Table 2). 

The elevation of Beef Pasture (3,060 m [10,040 ft]) is just above the approximate 

elevation of the present-day division between the subalpine and montane forest zones (Figures 4, 

5 and 7).  The peripheral overstory at Beef Pasture is currently composed of Engelmann spruce,  
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Figure 7.  Area-elevation graph of the western front of the La Plata Mountains (adapted from  
Petersen 1988:Figure 28; Petersen and Mehringer 1976:Figure 10).  Note Beef Pasture’s  
location near the boundary of two forest zones.  
 

 

Douglas-fir, quaking aspen and alder (Alnus tenuifolia).  Although willow (Salix sp.) is generally 

considered an arboreal genus, the species at Beef Pasture, Salix brachycarpa, is a short 

deciduous shrub located near the edges of the wet meadow, hence the common name of ‘barren-

ground willow.’  Aside from barren-ground willow, common understory plants located presently 

around Beef Pasture are goosefoot (Chenopodium fremontii), yarrow (Achillea lanulosa), Rocky 

Mountain goldenrod (Solidago multiradiata), Coulter’s daisy (Erigeron coulteri), aspen fleabane 

(Erigeron speciosus), beaked sedge (Carex utriculata), small-winged sedge (Carex microptera), 

western marsh marigold (Caltha leptosepala) and several species of grass (Poaceae) and mosses 

(Brachythecium sp., Aulacomnium sp. and Drepanocladus sp.).            
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Although it is unlikely that direct anthropogenic disturbance occurred at Beef Pasture in 

the prehistoric record, at least at a magnitude that would significantly alter the local forest 

composition and sedimentology, the area has witnessed considerable sedimentological and 

vegetational disturbance in the recent past from mining, logging, settlement, fire, grazing, 

recreation and water acquisition.  Petersen (1988:55) provides a brief review of these historic 

events.  Mining activity in the area began in 1869 with prospecting in the headwaters of the 

Mancos River (Larsen and Cross 1956:3).  Hundreds of mining claims were reported between 

1873 and 1909 and over 200 were granted, although none of these is known to have included 

Beef Pasture or the land immediately adjacent to it.  The railroad system expanded west to 

Durango in 1881, and the La Plata Mountains, and alpine fens like Beef Pasture in particular, 

became important locales for summer grazing of cattle and sheep.  By the 1890s, considerable 

logging activity began in the Mancos area, and E. C. Cooper established a sawmill at Beef 

Pasture circa 1900.  Cooper worked at Beef Pasture briefly, and then moved his operation to 

Spruce Mill Park, where he bobsledded timbers through Beef Pasture and on to Transfer Park 

(now known as Transfer Campground) (Ellis 1976:187). 

There is no documentation on what occurred around Beef Pasture between 1900 and 

1940, however, logging, grazing, mining and recreation probably continued near or in the fen.  

On October 8, 1940, Sherron Spencer was granted a special use permit to construct Spencer 

Reservoir (Tim Kohler, personal communication 2006, citing McCoy n.d.).  Construction of the 

reservoir began in the early 1940s and consisted of a 2.74-m (9-ft) earthen dam that created a 5-

acre (217,800-ft2) pool of standing water; this reservoir serviced the Spencer Water System, a 

privately owned irrigation company that supplied water to farmers down the West Mancos River.  

The headworks of the reservoir were damaged in 1967, which caused a breaching of the dam and 
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a complete draining of Spencer Reservoir.  The dam was reconstructed in 1973 to a height of 4.2 

m (13.8 ft) and relocated 6.1 m (20 ft) downstream.  Spencer’s permit was terminated in 1978 

because the construction activity in 1973 was not in conformance with Colorado statutes.  

Additional enlargements of the earthen dam were nevertheless undertaken in 1991 by Jim 

Spencer, a nephew of Sherron Spencer, but the extent of that remodeling is unknown.  A recent 

palynological project at Beef Pasture (Wright and Petersen 2005) concluded that over 2 m of 

sediment had been removed from where Petersen and Mehringer (1976) had cored in 1973, just 

prior to reconstruction of the dam.  The fact that this volume of sediment has been dislocated 

suggests that mechanical operations, probably with a bulldozer, occurred in 1973, 1991, or both 

years.  The original construction of the dam in the 1940s suggests that mechanical disturbance 

occurred at this time as well.  

Inspection of the area during coring for this project provides additional contextual data on 

recent disturbance in the area.  Remnants of several campfires at Beef Pasture are located just 

south of an east-to-west trending graded dirt road (San Juan National Forest Road #350) that 

traverses the northern edge of the meadow.  I also observed sheep grazing in the area, and 

several pieces of modern trash within Beef Pasture suggest continued use of the area by campers, 

hunters and other recreationalists.  The current level of the reservoir seems much lower than 

what has been documented in the past, where the edge of the standing water was located 

approximately 10 m (32.8 ft) downslope of Petersen and Mehringer’s (1976) coring location in 

August of 2005.  This lower water level is most likely related to the shifting location of the 

earthen dam that occurred in 1973 and differences in the season of coring activities because this 

water level likely fluctuates both seasonally and annually with different precipitation and 
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evaporation rates.  Figures 5 and 6 display different water levels likely due to differences in the 

years and seasons of photographic documentation. 

Given that cattle use Beef Pasture for grazing and to access the water tank, it is possible 

that they have disturbed the uppermost deposits in and around the fen.  Consistent trampling of 

the sediments and the uprooting of grasses and shrubs can disturb the depositional sequence of 

pollen in Beef Pasture.  Beef Pasture sediments, however, consist mainly of woody sedge peat, 

and the fibrous nature of this sediment enables it to support the weight of cattle without their 

hooves puncturing the ground surface to any large extent.  If cattle have altered the pollen 

deposition at Beef Pasture, I expect it to be maintained to the uppermost sediments.        

In the next chapter I discuss ways in which pollen of various species in the La Plata 

Mountains can serve as proxies for paleoclimatic changes. 
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CHAPTER THREE 

PROXIES FOR PAST CLIMATIC CHANGE 

 In this chapter I outline which plant species in the La Plata Mountains are sensitive to 

climatic fluctuations and how changes in the deposition of their pollen serve as reliable proxies 

for fluctuations in certain climatic variables.  I start with a review of how previous analysts have 

used the pollen of arboreal species to identify shifts in tree-lines, which imply changes in either 

winter precipitation or temperature.  I then discuss how the pollen of understory plants can serve 

as an independent proxy for winter precipitation, which allows me to differentiate between 

temperature and winter precipitation as the causal force of change in the arboreal structure of the 

subalpine forest.         

Studies that utilize alpine pollen assemblages to infer prehistoric fluctuations in regional 

temperatures typically rely on frequencies, influx rates and ratios of the tree species that 

demarcate regional tree lines (e.g., Andrews et al. 1975; Fall 1985, 1988, 1997b; Feiler et al. 

1997; Maher 1961, 1963, 1972a; Markgraf and Scott 1981; Pennack 1963; Petersen 1988; 

Petersen and Mehringer 1976; Short 1985; Vierling 1998).  The basic assumption in such 

analyses is that tree-lines move in tandem with the elevation of a particular summer isotherm 

(Arno 1984: Daubenmire 1943a, 1943b, 1954; LaMarche 1973; Scuderi 1987), therefore, 

changes in the elevation of the tree-line indicate changes in the elevation of this isotherm.  The 

climatic oscillation causing such movement is then extrapolated into a regional context.  A 

lowering of the elevation of the isotherm is inferred to also affect temperatures at lower 

elevations and within a given region.  A lowering of the isotherm’s elevation results in reduced 

temperatures within the region as a whole, and it affects not only the maximum summer 

temperatures but also the annual temperature patterns.  Thus, a lowering of the elevation would 
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reduce summer temperatures as well as the temperatures of the other seasons.  The converse of 

this relationship is also at play; increases in the elevation of the isotherm result in higher annual 

temperatures within a region.   

From a palynological perspective, I would expect that tree-line fluctuations would result 

in changes in the pollen ratio of the tree-line species to other taxa; increases in the tree-line 

pollen would indicate succession of the tree-line upslope, and vice versa.  Such palynological 

investigations provide a unique analytical approach to analyzing low-frequency temperature 

change; they differ from many other palynological analyses because tree-line movement studies 

generally focus on the ecological preferences of a select few taxa (a method often referred to as 

the ‘indicator-species approach’ [see Birks 1973; Birks and Birks 1980; Janssen 1967, 1970, 

1981]), not on the entire vegetational assemblage.   

Engelmann Spruce as Temperature Indicator 

 In the alpine settings discussed in this thesis, gross temperature fluctuations are 

observable in the duration of snowpack and its effect on the reproductive success and annual 

production of local plant taxa (Billings and Bliss 1959; Canaday and Fonda 1974; Emerick and 

Webber 1982; Fareed and Caldwell 1975; Holway and Ward 1963; Steinhoff 1976).  Movement 

in elevation of the lower boundary of the spruce-fir forest is dependent on conditions of the 

snowpack deposited from late fall to early spring (Daubenmire 1954:128-129; Dix and Richards 

1976; LaMarche 1973:637; Lindsay 1971:Table 1; Marr and Marr 1973; Pearson 1931:Figures 

14 and 15; Wardle 1968:Figure 3).  Duration of snowpack at a particular elevation is the most 

critical non-geological determinant of whether or not Engelmann spruce will grow at that 

elevation.  The root system of Engelmann spruce is usually less than 50 cm in depth (Pearson 

1931:64), which contributes to its ability to grow in the shallow soils near the upper subalpine 
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forest tree-line.  Due to its shallow root system, Engelmann spruce is more prone to adverse 

affects from drought and heat than many other alpine species (Daubenmire 1943a:10-12; Pearson 

1931; Wardle 1968:Figure 6), and the lower elevational limit of this species is largely 

determined by deficient soil moisture (Daubenmire 1943a:365-372; Pearson 1920:306).   

Downslope movement of spruce trees is obviously dependent on dispersion of seeds and 

their ability to produce viable seedlings that can establish themselves and survive.  Spruce seeds 

are set in autumn and lie dormant under snow throughout the winter.  By late spring the snow has 

usually melted and the upper portion of the soil begins to dry and warm quickly.  Spruce seeds, 

given their small size, do not contain very high reserves of nutrition or moisture, and if the early 

summer rains are either delayed or deficient then the seeds will desiccate and not produce 

seedlings.  If the seeds do not germinate until after the monsoonal season in late summer, Ronco 

(1967:5) argues that seedlings will not have enough time to establish themselves adequately prior 

to the cold weather of autumn and winter.  According to Alexander and Nobel (1971), spruce 

seedlings can survive with a minimum of 25 mm (1 in) of well distributed monthly precipitation, 

mostly during summer months when there is no snow cover.  If less precipitation falls during 

these months, there is a heightened chance that soil drying will prevent the penetration of the 

seedling’s radicles, which would result in the untimely death of the seedling (Day 1963, 1964; 

Day and Duffy 1963:25). 

 While summer precipitation is essential to the establishment of seedlings on a yearly 

basis, duration of snowpack is actually more critical to the distribution of spruce along the lower 

boundary of the subalpine forest.  Dix and Richards (1976:311) observed that spruce 

predominates where the duration of snowpack is the longest, whether as a result of increased 

winter precipitation, decreased temperatures, or geographic aspect.  This is probably because 
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summer precipitation in the subalpine forest is generally higher than the required 25 mm (1 in) 

each month that Alexander and Nobel (1971) suggest.  Modern precipitation records from 

southwestern Colorado weather stations suggest that regional elevations higher than 2,134 m 

(7,134 ft) average 244 mm (9.6 in) of precipitation between May and September (Adams and 

Petersen 1999:23; Bradley and Barry 1973), or 48.8 mm (1.9 in) per summer month.  Although 

deficiencies in summer precipitation can be detrimental to seedlings, the existing root systems of 

fully grown trees can withstand such shortfalls.  As a result, seedlings may not survive from year 

to year, but fully grown trees can persist and deposit seeds in following years that can develop 

into fully established seedlings provided that summer precipitation deficiencies are not recurrent.  

I expect the lower subalpine forest border to shift upslope due to reductions in summer 

precipitation only if deficiencies were extreme and prolonged over many years, and it would 

therefore be a response to low-frequency climatic change. 

Although spruce pollen (Figure 8), like that of all gymnosperms, is anemophilous 

(dispersed by wind), the distance of dispersal tends to be geographically restricted due to its high 

fall-out rate (Dyakowska 1937), which is in turn due to its large size.  Maher (1961, 1963) is 

often credited for recognizing the short distances for spruce pollen dispersal; however, his  

measure was more qualitative than quantitative.  Janssen (1966:816) agrees that the dispersal of 

spruce is “poor” because it does not travel very far and is thus a poor indicator of regional 

conditions.  Jonassen’s research (1950) provided the first actual quantification of spruce pollen 

dispersal distance.  He noted that spruce pollen comprised 59 percent of the pollen sum at the 

Norway spruce (Picea abies) forest border and only 7 percent of the pollen sum from a sample 

200 m (600 ft) upslope of this border.  Following up on this study, Wright’s research (1952) 

determined that 68 percent of Norway spruce is deposited within 30 m (100 ft) of its source and  
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Figure 8.  Binocular microscopic images of indicator pollen-types discussed in text. (a)  
Cheno/Am with a size range of 20 - 30µ (from Hoffman 2006), (b) spruce with a size range of 75  
- 125µ (from Hoffman 2006), (c) pinyon pine with a size range of 50 - 60µ (from Jacobs 2006),  
(d) sedge with a size range of 30 - 40µ (from Hoffman 2006). 
 

 

 

only 7 percent at 100 m (330 ft) from its source.  King (1967) reported that the downslope 

dispersal of Engelmann spruce in the Sandia Mountains of New Mexico was less than 120 m 

(400 ft), and one should expect similar dispersal patterns for this species in the La Plata 

Mountains.   

Considering that Engelmann spruce pollen tends to be deposited so close to the source 

tree, significant changes in its deposition at Beef Pasture should relate to the proximity of the 

source trees to the sampling location.  In fact, an area elevation graph around Beef Pasture 

(Figure 7) demonstrates that a 100-m (328-ft) upslope movement of the lower boundary of the 
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subalpine forest would place Beef Pasture approximately 60 m west of this boundary; such a 

shift would undoubtedly result in considerably less deposition of spruce pollen at Beef Pasture, 

especially when one considers that wind would tend to disperse this pollen eastward and away 

from Beef Pasture.  I suggest, therefore, that measures of spruce pollen frequency and influx will 

help identify local movements of the lower subalpine forest boundary (comprised largely of 

Engelmann spruce).   

Since snowpack duration determines the elevation of the lower boundary of the subalpine 

forest, and since this forest zone is comprised largely of Engelmann spruce, a reduction in this 

duration would seemingly result in upslope movement of this boundary, and vice versa.  

Snowpack duration at any elevation, however, is controlled by two factors: the amount of winter 

precipitation and the rate at which snowpack melts.  The rate at which snowpack melts is directly 

related to annual temperature patterns; colder temperatures reduce the melt rate and result in 

longer durations of snowpack.  Winter precipitation rates dictate the amount of snowpack at a 

particular location, with increased winter precipitation resulting in more snowpack, and thus a 

longer duration of snowpack.  Therefore, while frequency, ratio and influx measures of the 

pollen of particular tree species allow inferences on the movement of the lower boundary of the 

subalpine forest, uncoupling the climatic cause(s) of the change in snowpack duration requires  

the use of other taxa indicative solely of either the amount of winter precipitation or temperature.  

As Fall (1997b:1307) notes, studies reliant on the movement of tree-lines usually result only in 

qualitative measures of “warmer and wetter” or “colder and drier”; this study attempts to isolate 

the winter precipitation regime from the regional temperature patterns.  A comparison of the 

fluctuations in spruce pollen measures to those of an independent proxy for winter precipitation, 

discussed below, allows me to uncouple these two climatic variables.      
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Sedge and Cheno/Am as Winter Precipitation Indicators 

The ability to isolate periods of increased winter precipitation from those of decreased 

temperature, as evidenced by the downslope movement of the lower boundary of the subalpine 

forest, may reside in the changing ratio of sedge (Carex sp.) to Cheno/Am pollen types as well as 

significant changes in the influx rates of these taxa through time. Here, Cheno/Am refers to a 

palynological classification for a combination of various plants belonging to either the 

Chenopodiaceae family or the Amaranthus genus whose pollen grains are indistinguishable with 

binocular microscopes.  Inability to differentiate these pollen-types in this study does not hinder 

my analysis because local species in these taxa favor similar environments and climates.   

Local varieties of sedge (beaked sedge and small-wing sedge) are indicative of wet and 

waterlogged sediments and are characteristic of Rocky Mountain alpine fens (Herman 1970); 

changes in their frequency should be related to water-table fluctuations resulting from fluctuating 

precipitation regimes.  Due to morphological similarities in the pollen of these two species of 

sedge, and others common to regional alpine fens (i.e., Carex aquatilis), I was unable to identify 

sedge pollen to a particular species.  Beaked sedge (Carex utriculata), small-wing sedge (Carex 

microptera) and water sedge (Carex aquatilis), however, tend to be part of the same vegetation 

community (Cooper 1986) and are thus indicative of similar environmental and climatic 

conditions.  Moreover, the habitat of beaked sedge tends to be low in species diversity and this 

species characteristically dominates the assemblage for long periods provided environmental and 

climatic factors remain favorable (Chade et al. 1989; Hansen et al. 1990).     

 Much less is known about the dispersal of sedge pollen (Figure 8) than that of spruce.  

Locally occurring sedge species are also anemophilous but appear to have relatively confined 

dispersal patterns.  Since these species are located within the forest’s understory, the dispersal of 
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their pollen should be expected to be restricted to within a few meters of the source (Handel 

1976).  As a component of the understory, sedge pollen dispersal is likely to be restricted to the 

trunk space component (Tauber 1965); pollen in this component does not travel very far because 

it is filtered from the air by tree trunks, tall vegetation and other obstacles to aerial transport.  

Given these dispersal patterns, sedge pollen in the Beef Pasture pollen profile should reflect 

locally occurring sedge species in the immediate vicinity of Beef Pasture.     

Unlike spruce, the biological processes of sedge germination are poorly understood and 

have therefore been the result of several recent ecological and range management studies (e.g., 

Cooper and MacDonald 2000; Jones et al. 2004; Vellend et al. 2000).  While germination is 

understudied, the environmental and hydrological preferences of established beaked sedges 

demonstrate how this taxon can be useful for inferring changes in winter precipitation.  

Controlled field experiments on the survival of greenhouse-germinated seedlings suggest that 

beaked sedge is more likely to survive in wet sites (Cooper and MacDonald 2000).  Beaked 

sedge prefers sites that flood in the spring and early summer, and can thrive in water standing up 

to 16 inches deep (Pearle 1996).  After lying dormant through the winter months, beaked sedge 

begins to regreen and grow in early spring (Bernard and Brown 1977; DeBenedetti and Parsons 

1984; Pierce and Johnson 1986) as winter snows melt.  Beaked sedge flowers from June to 

August, depending on location (Dittberner and Olsen 1983), just after the snow melt of spring; 

therefore, the deposition of this species’ pollen should follow winters where precipitation was 

adequate to allow growth.  Since beaked sedge lives for only 2 to 6 years (Bernard and Brown 

1977; Pierce and Johnson 1986), this species’ pollen deposition should fluctuate significantly 

through time.  These high-interval fluctuations, however, should be temporally subsumed into 
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periods represented by each pollen sample, here 25 to 30 years, and thus reflect the low-

frequency patterns that I intend to elucidate.  

To date, there have been few attempts to correlate winter precipitation with changing 

frequencies of sedge pollen in subalpine forests.  Several researchers (Fall 1985, 1988, 1997a; 

Vierling 1998) have viewed sedge frequencies as indicative of wetter or drier meadow 

conditions, however they have not directly linked these changes with winter precipitation.   

Vierling (1998) compared sedge pollen frequencies to those of Cheno/Am to differentiate 

perennially wet meadows from seasonally dry meadows; reduced sedge frequencies with 

increased Cheno/Am frequencies indicate seasonally dry meadows, and vice versa.  Vierling 

selected Cheno/Am frequency because it is characteristic of disturbed environments, such as 

seasonally flooded dry meadows.  Aside from Vierling’s (1998) study, this thesis is the only 

paleoenvironmental reconstruction from the region that is reliant on sedge, and it differs from all 

others by using sedge and Cheno/Am pollen (Figure 8) as indicators of qualitative changes in 

winter precipitation.    

Pinyon Pine as Summer Precipitation Indicator 

The physiological structure of pinyon pine suggests that its pollen deposition can serve as 

proxy for low-frequency fluctuations in summer precipitation.  Fritts et al. (1976:107-109) 

demonstrate that pinyon trees have shallow root systems and deep taproots, and that this 

structure is adapted to seasonal variability in precipitation.  During the spring and early summer, 

the deep taproot allows the tree to access deep soil moisture originating from winter 

precipitation.  Once this is depleted, usually by May or June, the shallow roots are able to capture 

moisture from summer thunderstorms that are intense but do not permeate deeply into the 

ground.  Research on seedling physiology also suggests that pinyon is well adapted to spring 
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droughts and summer thunderstorms.  The pinyon pine’s large seed provides this species with a 

rapid rate of establishment, where radicle penetration, cuticle thickening and needle development 

occur relatively quickly (Daubenmire 1943a:11; Emerson 1932; Wells 1979:318).   

Petersen used pinyon pine pollen influx rates as a proxy for changes in low-frequency 

patterns of summer precipitation, arguing that these changes are primarily influenced by dynamic 

jet stream relationships (Petersen 1988:83-94).  To demonstrate such a relationship, Petersen 

(1988:Figures 45 and 46) compared historic pinyon pine tree establishment with summer 

precipitation records from the Mesa Verde region.  This comparison indeed demonstrates a 

correspondence between historical pinyon pine distribution with summer precipitation patterns, a 

conclusion also found in other studies (e.g., Betancourt 1984; Cole 1982; Markgraf and Scott 

1981; Van Devender et al. 1984; Wells 1979).  Petersen (1988) further compared the historic 

influx rate of pinyon pine pollen in the La Plata Mountains with the number of pinyon pine trees 

known to have existed at lower elevations during this period.  His results demonstrate a 

correspondence between pinyon pine tree distribution and the influx rate of pinyon pine pollen in 

the La Plata Mountains, and thus a relationship between pinyon pine pollen influx and summer 

precipitation patterns.  This study thus assumes that changes in the influx rate of pinyon pine 

pollen (Figure 8) represent changes in the number of pinyon trees at lower elevations in the Mesa 

Verde region (below 2,200 m [7,200 ft] in the foothills zone), and by extrapolation, these 

changes in pinyon tree abundance are posited as resulting primarily from low-frequency 

fluctuations in summer precipitation. 

Based the climatic parameters and pollen dispersal patterns for the indicator taxa 

discussed above, I argue here that fluctuations in each indicator taxon’s pollen reflect changes in 

the associated climatic variables.  Table 1 provides a summary of the expected response of each  
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Table 1. Expected Changesa in Indicator Taxa Pollen in Response to Climatic Fluctuation 
 

Climatic Variable Fluctuation Spruceb Sedge Cheno/Am Pinyon Pine 
Increase Lower - - - 
Decrease Higher - - - 

Annual Temperature 

 
     

Increase Higher Higher Lower - 
Decrease Lower Lower Higher - 

Winter Precipitation 

 
     

Increase - - - Higher 
Summer Precipitation Decrease - - - Lower 

ameasured as changes in the percentage of total pollen sum, pollen influx rates, and pollen ratios between indicator 
taxa (see Chapter 5) 
bspruce fluctuates in response to both temperature and winter precipitation; a comparison to changes in sedge and 
Cheno/Am pollen deposition allows for a differentiation between the two climatic variables 
 
 
  
 
 
indicator taxon under given climatic changes as measured through the deposition of their pollen  
 
at Beef Pasture.  Therefore, I interpret significant fluctuations in the measures of each indicator  
 
taxon’s pollen as changes in the associated climatic variable.   

 
In this chapter I made a case for how the pollen from the indicator taxa serve as proxies  

 
for low-frequency fluctuations in the climatic variables that affect a region’s agricultural  
 
potential, as discussed in Chapter 1.  In the following chapter I outline the methods used for  
 
collecting and analyzing pollen and radiocarbon samples from Beef Pasture. 
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CHAPTER FOUR 

METHODS 

 Here, I detail the methods involved in collecting the sediment core, the processing of both 

pollen and 14C samples, and the identification of pollen types.  While these methods may differ 

slightly from those of other palynologists, they do follow established standards.  I selected the 

pollen-processing techniques used here to ensure that the recovered pollen assemblage is an 

accurate representation of the pollen deposited in the past and to minimize damage to the pollen 

grains to allow for their positive identification.    

Sediment Coring 

 With the assistance of Dr. Tim Kohler and Dr. John Jones from the Department of 

Anthropology at Washington State University, I extracted three sediment cores from a peat bog 

in Beef Pasture on August 8, 2005 in an effort to obtain a sediment profile that contained intact 

and undisturbed deposits that date from A.D. 600 to 1300 (Figures 5, 6, 9 and 10).  Although the 

placement of each coring location was judgmental, we made efforts to avoid areas that exhibited 

potential signs of mechanical disturbance.  My pilot project (Wright and Petersen 2005) revealed 

that the areas near Petersen’s coring locale had been mechanically disturbed after 1973.  To 

avoid these disturbed sediments, we cored in three areas between 20 and 40 m east and northeast 

of Petersen’s (1988) coring locale (Figure 9).  We measured core lengths in the field and 

recorded their locations with a hand-held GPS device (Table 2).  We also collected a modern 

surface pollen sample at this time.  Our sampling of the modern surface followed the “pinch” 

method (Adam and Mehringer 1975), and we randomly collected over 30 pinch samples within 

80 m of the sampling locale.  A reliable representation of the regional environment from a 

surface sample requires a minimum of eight pinches from around the vicinity of the sampling 
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Figure 9.  Locations of Beef Pasture pollen cores used and discussed in text.  
 

 

locale (Adam and Mehringer 1975). We then placed these pinch samples in an air-tight bag and 

thoroughly mixed them by kneading to prevent over-representation of pollen types derived from 

any one of the samples.   

 We extracted the sediment cores using an Intek® 206 vibra-corer manufactured by Briggs 

& Stratton.  We used a vibra-corer because it allows for the extraction of an entire core with only 

one coring drive, whereas other coring devices may require multiple drives to extract similar 

volumes of sediment.  This eliminates potential problems derived from multiple drives, such as  
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Table 2. Coring Locations and Core Depths from Beef Pasture 
 
 

 

 

 

 

acore reported by Wright and Petersen (2005) that exhibited truncated deposits 
 

 

 

 

 

 

 

Figure 10.  East-facing overview of Beef Pasture bog in June, 2003 with a man-made water-
retention feature in foreground and the provenance of the pollen core used in this study (Core 
No. 3) (picture courtesy of Dr. Timothy Kohler). 
 

 

Core No. Northing Easting GPS Error Range Core Length (m) 
1 37°  28’ 30.9” 108°  9’ 18.8” ± 5 m 0.61 
2 37°  28’ 29.9” 108°  9’ 15.9” ± 5 m 1.49 
3 37°  28’ 28.6” 108°  9’ 16.8” ± 5 m 1.45 

2003 corea 37°  28’ 28.6” 108°  9’ 19.3” ± 5 m 1.85 
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the need to overlap and correlate coring drives and the compaction of sediment between drives.  

Sediment compaction resulting from coring with a vibra-corer is minimal and is restricted to the 

uppermost deposits.  We used a three-inch diameter aluminum pipe, with a wall thickness of 

1/20th of an inch, as the core tube.  Once we extracted, capped, labeled and sealed the sediment 

cores with duct tape, Dr. John Jones transported them to Washington State University in 

Pullman, Washington where they remained in cold storage until I conducted 14C and pollen 

sampling.   

Pollen Sampling and Processing 

            I did not sample Beef Pasture sediment core No. 1 for either 14C or pollen because 

bedrock was encountered less than 1 m below ground surface, suggesting a slow accumulation of 

sediments in that portion of the meadow.  Beef Pasture sediment cores No. 2 and 3 contained 

deposits greater than 1.4 m below surface, and I submitted one 14C sample from each of their 

midsections to the University of Arizona’s Accelerator Mass Spectrometry Laboratory to verify 

that these cores contain sediments dating to the last 1,000 years.  Once this was verified, I 

proceeded by processing Beef Pasture sediment core No. 3 for pollen samples at the Washington 

State University’s Palynology and Paleoenvironmental Laboratory from August 22 to 28, 2005.  

Sediment cores No. 1 and 2 remain in cold storage at Washington State University for future 

research.  I used electric shears to create two lengthwise incisions into the aluminum core tube, 

which exposed the sediments while minimizing disturbance of the core-body.  I subsequently 

split the core lengthwise into two hemispherical bodies; one side for pollen sampling and the 

other for radiocarbon sampling (Figures 11 and 12).  I conducted sediment descriptions, when 

wet, with the aid of Munsell Soil Color Charts (MacBeth Division of Kollmorgen Instruments 

Corporation 2000).  I extracted pollen samples, each measuring approximately 1 x 2 x 3-cm, 
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using a sterilized blade, and I cleaned this blade after each extraction in order to prevent cross-

contamination of the samples.  Prior to sample extraction, I removed the sediment that was in 

contact with the core tube with a sterile blade to prevent sample contamination from the 

downward movement of the core tube during coring.   

Starting at 4 cm, just below the compacted surface of the core, I extracted 71 samples 

every other centimeter (Figures 11 and 12).  I selected this sampling strategy for three reasons.  

First, such high-frequency pollen sampling permits a more accurate assessment of low-frequency 

paleoenvironmental change over short periods.  Based on Petersen’s sedimentation rates (1988: 

Figures 15 and 18, Table 6), approximately 10 to 20 cm of sediment accumulated at Beef Pasture 

every 100 years (0.049 – 0.100 cm/yr).  Using this rate as an estimate for the current project, I 

expected each sample to reflect the pollen assemblage at Beef Pasture on the order of every 20 to 

40 years.  Second, sampling every other centimeter minimizes the potential for misrepresentation 

due to any post-depositional translocation of pollen while maintaining a high temporal 

resolution.  The modern occurrence of Typha latifolia (cattail) at Beef Pasture, which has 

resulted from twentieth century cattle grazing as discussed in Chapter 2, demonstrates the 

effectiveness of this approach.  While cattail is a prolific pollen producer, the minimal 

translocation of this pollen type is apparent in the Beef Pasture pollen profile (Figure 16).  This 

suggests that the pollen assemblage of each sample is a reliable indicator of the vegetational 

assemblage around the sampling locale at any point in time, especially when one considers that 

the sediments at Beef Pasture have probably experienced more post-depositional disturbance 

during the twentieth century from recreation, logging, mechanical excavation, and cattle grazing 

than they did in earlier periods.  Third, this sampling strategy provides the highest resolution 

stratigraphic palynological analysis from the Four Corners region to date.      
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Figure 11.  Post-sampling photograph of Core No. 3.  Core is 1.45 m in length.  Radiocarbon samples were extracted from the upper  
hemisphere, and pollen samples were extracted from the lower hemisphere.  Plastic wrapping indicates locations of radiocarbon  
samples.  Note that four of the radiocarbon samples also contained sediments from the pollen-sampling hemisphere. 
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Figure 12.  Diagram of Core No. 3 showing pollen and radiocarbon sampling locales by depth. 
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The methods used for the extraction of fossil pollen from core No. 3 followed closely 

those outlined by other palynologists (e.g., Faegri and Iversen 1989).  I first quantified the Beef 

Pasture pollen samples to 3 cm3 to standardize the sediment volume for all samples, which 

allows for comparison of fossil pollen concentrations and the influx rates of particular species 

between samples and zones, thus facilitating the identification of temporal fluctuations in the 

local vegetational assemblage.  I then placed the samples in sterile beakers with five 

commercially prepared tablets of European Lycopodium sp. spores (Stockmarr 1971, 1973; 

Batch No. 124961), each containing 12,542 ± 416 spores, distilled water and several drops of 

hydrochloric acid (HCL).  The addition of HCL allows for the removal of naturally occurring 

carbonates in the sediment as well as the carbonate bonding agent in the tablets of tracer spores.  

I chose Lycopodium sp. (club moss) spores as tracer spores because they are highly unlikely to 

be found in the actual fossil pollen assemblages from this region. Tracer spores are added to 

samples for two reasons. First, by adding a known quantity of exotic spores to a known quantity 

of sediment, fossil pollen concentration values and influx rates can be calculated by using ratio-

estimate techniques (Beninghoff 1962). Second, in the event that no fossil pollen is observed in 

the sediment sample, the presence of Lycopodium sp. tracer spores verifies that processor error 

was not a factor in the pollen loss (Davis 1969a).   

Following the addition of the tracer spores, distilled water and HCL, I disaggregated the 

samples on a magnetic mixer for approximately 90 minutes.  Once disaggregated, I screened the 

samples through 150µ mesh screen in order to remove the larger, non-pollen organic fraction 

from the samples; I used 150µ mesh screen because it should allow the pollen of all known 

locally occurring plant species, even the large grains of Pseudotsuga menziesii (Douglas-fir) and 

Abies lasiocarpa (subalpine fir), with size ranges of 110 - 115µ and 100 - 125µ respectively 
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(Kapp et al. 2000), to be incorporated in the samples’ pollen assemblages.  Next, I rinsed and 

consolidated the samples through a series of spins in a centrifuge.  I then added a solution of 50-

percent hydrofluoric acid (HF), and the samples remained in this solution for 24 hours to allow 

for the complete removal of unwanted silicates. In order to remove undesirable humic acids, I 

then washed the residues in a solution of one-percent potassium hydroxide (KOH) and rinsed 

them until the samples attained a neutral pH.       

After the samples attained a neutral pH following the acid treatments, I dehydrated them 

in glacial acetic acid (CH3COOH).  Once dehydrated, I subjected the samples to an acetolysis 

treatment (Erdtman 1960) consisting of 9 parts acetic anhydride (CH3CO) to one part 

concentrated sulfuric acid (H2SO4).  This step removes most unwanted organic materials, 

including cellulose, hemi-cellulose, lipids and proteins, and converts these materials to water-

soluble humates. During this process, I placed the samples in a hot water bath for 10 minutes to 

aid in chemical digestion.  Once completed, I made test slides of several samples to inspect the 

effectiveness of the acetolysis treatment.  These test slides revealed that a considerable amount 

of unwanted organic matter remained in the samples, so the samples underwent an additional 

acetolysis treatment for 10 minutes.   I then rinsed the samples in distilled water until a neutral 

pH was achieved.  During acetolysis, it is possible for some fragile pollen grains to break down 

if the duration of treatment is too long; however, the presence of pollen from two species whose 

pollen often preserves poorly and breaks down easily during chemical treatment (Populus sp. 

[aspen] and Pseudotsuga menziesii [Douglas-fir]) suggests that the two 10-minute acetolysis 

treatments did not adversely affect any of the pollen grains.  Following the acetolysis treatments, 

I next subjected the samples to a heavy density separation using zinc chloride (ZnCl) with a 

specific gravity of 2.00; here, I isolated the lighter organic fraction from the heavier residual 
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minerals. I then dehydrated the organic residues in ethanol (ETOH) and transferred them to a 

glycerine medium for curation in glass vials.  

Pollen Identification and Counting 

                I prepared permanent slides using glycerine as a mounting medium, and I made pollen 

identifications with the aid of a Nikon© compound stereomicroscope set at 400X magnification, 

from September, 2005 to January, 2006.  My identifications were confirmed by using published 

keys and the Palynology and Paleoenvironmental Laboratory's extensive pollen reference 

collection.  Since large grains may be more frequent toward the center of the slide and small 

grains more frequent along the edges, due to the inverse relationship between the weight of the 

cover slip and the migration of differentially sized grains (Brooks and Thomas 1967), I counted 

slides by means of vertical linear transects.  When pollen concentrations were high and allowed 

for 500-grain counts prior to reaching the center of the slide, I counted additional grains until I 

reached the center of the slide to control for differential migration.    

Many palynologists classify Pinus sp. pollen into either haploxylon (e.g., Pinus edulis, 

Pinus flexilis) or diploxylon (e.g., Pinus ponderosa) types based on the presence or absence of 

distal verrucae (Hansen and Cushing 1973; Jacobs 1985); however, the pine pollen 

identifications in this study consisted of differentiating between Pinus edulis and Pinus 

ponderosa based on overall pollen size and the ratio of bladder size to body size.  Likewise, there 

was no effort to differentiate Pinus flexilis from the other local pine species.  Considering that 

Pinus flexilis is not abundant in the vegetation of the La Plata Mountains, and that it has an 

elevational distribution similar to that of Pinus ponderosa, I believe that the inability to 

differentiate its pollen from the other pine species does not result in erroneous statistical 

measures or faulty interpretations.  A similar limitation occurred with the identification of Picea 
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engelmannii and Picea pungens (blue spruce) pollen.  The latter also occurs in relatively low 

frequencies in the La Plata Mountains.  Therefore, I did not distinguish between these two 

species even though they inhabit different vegetational zones, and I believe that statistical 

measures and interpretations are still reliable.  I refer to both species here after as Picea sp. in 

figures, tables and text.   

As for the distinction between Pinus edulis and Pinus ponderosa, Kapp et al. (2000:45) 

suggest that the pollen grains of the former are considerably smaller than those of the latter, 

which I also observed in this study.  Likewise, they further suggest that the ability to differentiate 

pine pollen using the presence of distal verrucae, as suggested by Hansen and Cushing (1973) 

and Jacobs (1985), is less reliable for fossil pollen, which this study utilizes, than for modern 

reference samples (Kapp et al. 2000:45).  My preliminary identification efforts in this study also 

suggested that the ratio of bladder-size to body-size for Pinus edulis is greater than that of Pinus 

ponderosa.  However, I conducted no statistical measures to determine the reliability of this 

distinction.  Regardless, I used the ratio of bladder-size to body-size in conjunction with overall 

grain-size to distinguish Pinus edulis from Pinus ponderosa pollen in this study.  Provided that 

the pine pollen could be divided into two size classes, I classified these grains into groups of 

large pine and small pine, which I refer to here after as Pinus ponderosa and Pinus edulis 

respectively in figures, tables and text. 

Broken grains of Picea sp., Abies sp. and Pinus sp. were frequent in the pollen 

assemblages and I counted them along with the other pollen types.  If the body of the grain was 

present, then I counted it as a whole grain of that taxon, but bladders without bodies did not 

allow for reliable taxonomic identification.  Thus, I classified bladders as either large (Picea sp. 

or Abies sp.) or small (Pinus sp.) in order to account for their presence in measures reliant on 
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total pollen sums (pollen concentrations and influx estimates).  I divided the counts of each 

bladder size by two, and I rounded fractions up, in order to more accurately represent the number 

of pollen grains that were broken; therefore, all single counts in these categories are reflective of 

the presence of two bladders.  Since they could not be identified to a particular genus, I did not 

include these bladders in any of the taxon-specific analyses.  

While minimum 200-grain counts are standard among most palynologists (Barkley 1934) 

and are thought to be fairly reflective of past vegetation and paleoenvironmental conditions and 

allow for reliable statistical analyses, I conducted larger grain counts here to account for rare and 

exotic species as well as to increase sample sizes for statistical analyses (Bowman 1931; 

Crabtree 1968; Maher 1972b).  I counted each sample to a minimum of 500 grains, and when 

Carex sp. (sedge) grain totals exceeded 300 grains (samples 11 and 12, see Appendix A), I 

continued counts until at least 200 other grain-types were reached.  Since pollen types confined 

to lowland aquatic and mire vegetation tend to be prolific pollen producers and are locally 

abundant, some researchers disregard their contribution to the pollen assemblage by excluding 

their counts from the total pollen sums (Birks and Gordon 1985:5-6); this ensures a reliable 

representation of other species indicative of regional vegetation.  However, others (Cushing 

1963; Birks 1973; Birks and Birks 1980) argue that the choice of which pollen types to include 

in pollen sums depends on the nature of the research question.   

While arboreal pollen types provide measures of movement of the lower boundary of the 

spruce-fir forest, I argue here that sedge, a locally abundant aquatic taxon, is indicative of 

regional moisture regimes, primarily winter precipitation.  Therefore, counts of Carex sp. pollen 

are essential to understanding the causal climatic conditions (temperature or moisture) that have 

influenced the movement of this boundary in the past and I include them in this study’s pollen 
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sums.  Aside from Carex sp., Juncus sp., Salix sp. and Typha sp., there was no effort to identify 

the pollen grains of other locally occurring aquatic species, such as ferns (Equisetum sp., 

monolete and trilete spore-types), moss (Brachythecium collinum, Aulacomnium sp. and 

Drepanocladus sp.) and algae (Botryococcus sp. and Pediastrum sp.), because these species are 

rarely indicative of environmental conditions and are generally unidentifiable beyond the family-

level; therefore, these plant types are unaccounted for in the pollen assemblages, pollen 

concentrations, and total pollen sums from Beef Pasture.  My omission of these taxa should not 

greatly affect the total pollen sums and concentration values from Beef Pasture; Petersen’s 

(1988:Figure 21) results indicate that they occur in extremely low frequencies at Beef Pasture 

between 0 and 160 cm below surface.        

                 Once I finished all of the pollen counts, I calculated pollen concentration values and 

influx rates of each taxon for all samples. Hall (1981) and Bryant and Hall (1993) note that 

concentration values below 2,500 grains/cc of sediment may not reflect past conditions well, and 

usually record a differentially preserved assemblage. As a result, counts with low concentration 

values should be viewed with caution.  The concentration values from Beef Pasture exceed this 

minimum considerably,however, which suggests that the samples are reliable indicators of past 

vegetation assemblages. 

Sediment Dating 

 To verify that core No. 3 contained intact sediment deposits from the past 1,500 years, a 

preliminary 14C sample from 28 to 29 cm below the surface was sent to the University of 

Arizona’s Accelerator Mass Spectrometry (AMS) Laboratory for dating prior to pollen sampling.  

Four 14C samples were subsequently processed by Beta Analytic using the traditional radiometric 

technique.  To augment these five dates, and to double check the results of various labs, I 
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personally processed an additional 11 14C samples with the assistance of Dr. George Burr from 

University of Arizona’s Department of Physics and Atmospheric Sciences.  We processed these 

samples at the University of Arizona’s AMS Laboratory in March of 2006 through a generous 

internship provided by Dr. Burr.   

All of the radiocarbon samples consisted of datable, bulk organic sediments dominated 

by woody sedge peat.  The method of extraction for the radiocarbon samples from the core was 

similar to that of the pollen samples.  I removed outer sediment in contact with the core tube, and 

I extracted the samples using a sterilized blade that I cleaned after each sample extraction.  I 

removed any fresh rootlets with the aid of sterilized tweezers, and I wrapped the samples in 

aluminum foil and dried them in a drying oven at 105º C prior to other processing. 

In the following chapter I present the results of the 14C and pollen samples and discuss 

how I developed the various pollen measures (percentages, influx rates, ratios) that serve as 

proxies for climatic changes.  In addition, I detail procedures used for developing a 

sedimentation rate, calculating pollen influx rates, and dividing the sediment core into 

biostratigraphic zones upon which statistical measures can be applied.    
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CHAPTER FIVE 

RESULTS 

In this chapter I present the results of the analyses discussed in Chapter 4, including 

sediment descriptions and the nature of pollen preservation I observed in the sample.  Here, I 

discuss in detail the calibration results from the 14C samples and the procedures I used for 

deriving a deposition rate and assigning age estimates to each sample.  I also present the results 

of the pollen analysis, detail each of the measures I used on the pollen data, and discuss how I 

segregated the pollen samples into zones for statistical analyses.   

Sediment Descriptions and Pollen Preservation 

The sediment descriptions for core No. 3 are provided in Table 3.  As with Petersen’s 

samples (1988:Table 2), the majority of the core is composed of sedge detritus intermixed with a 

minimal quantity of conifer needles and twigs.  The upper five centimeters of sediment is 

comprised of a silty clay gyttja, mostly likely the result of seasonal ponding due to the 

construction of a water-retaining wall in the 1940s.  The fact that the majority of the core body is 

sedge peat indicates that Carex sp. has been locally present throughout the depositional history 

represented in the core.  During pollen sampling and processing, I observed only minimal 

amounts of non-organic sediments, and these were comprised entirely of silts and clays, most 

likely aeolian in origin.  West-to-east trending winds cutting across the Great Sage Plain have 

probably transported these sediments, along with the pollen of several genera (e.g., Artemisia 

sp.), into the higher reaches of the La Plata Mountains, which were deposited due to pollen rain, 

natural fallout or were filtered from the air by trees.  Variations in the quantity of non-organic 

sediment deposition at Beef Pasture, however, may be related to differences in the type and 

density of overstory, which could aid in paleoenvironmental inferences, but it is equally  
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Table 3. Sediment Descriptions for Beef Pasture Core No. 3 

Depth (cm) Colora Description 
0 – 3.5 - compression from coring, no sediment 
3.5 – 6 dark gray (10YR 4/1) silty clay gyttja 
6 – 29.5 very dark brown (10YR 2/2) sedge peat; slightly fibrous 
29.5 – 37.5 dark reddish brown (5YR 2.5/2) sedge peat; more fibrous than above 
37.5 – 71 very dark grayish brown (10YR 3/2) sedge peat; fibrous 
71 - 117 very dark grayish brown (10YR 3/2) sedge peat; less fibrous than above 
117 – 125 dark reddish brown (5YR 3/3) sedge peat; more fibrous than above 
125 - 130 very dark brown (10YR 2/2) sedge peat; fibrous 
130 - 145 very dark brown (10YR 2/2) sedge peat; less fibrous than above 
aafter Munsell Soil Color Charts (MacBeth Division of Kollmorgen Instruments Corporation 

                    2000) 
 

 

plausible that changes in wind patterns or erosional processes at lower elevations also 

contributed to such variation.  Unmixing these processes would be a considerable endeavor and 

is beyond the scope of this analysis.  Assuming that these sediments are a minimal fraction of the 

overall sediment composition and their depositional history is irrelevant to understanding local 

pollen deposition and preservation at Beef Pasture, I did not conduct any granulometric analyses. 

While measures of sediment pH as well as organic and inorganic carbon are common in 

palynological analyses, I made no effort to acquire these data at Beef Pasture.  Soil pH is a 

critical factor in pollen preservation since pollen is generally poorly preserved in sediments with 

a pH above 6.0 (Bryant et al. 1994; Dimbleby 1957).  However, the pollen concentration values 

for this study (Appendix A) and previous analyses at Beef Pasture (Petersen 1988; Wright and 

Petersen 2005) along with the presence of fragile pollen types (e.g., Typha sp., Populus sp. and 

Pseudotsuga sp.) suggest that either pollen preservation at Beef Pasture is minimally affected by 

extreme pH values or that pH values are within a range that does not severely affect pollen 

preservation.  A weight-loss-on-ignition protocol is standard procedure for estimating the amount 

of organic and inorganic carbon in sediments (Dean 1974; Galle and Runnels 1960; Konrad et al. 
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1970:204); such an analysis is useful for inferring paleoenvironmental conditions that influence 

the deposition rate of organic matter and carbonaceous sediments or influence the rate of organic 

decomposition.  The sediments from Beef Pasture are fairly homogeneous texturally, being 

composed largely of sedge peat, and a weight-loss-on-ignition procedure did not seem warranted.  

Furthermore, the fact that the samples did not react with HCl during processing suggests that 

inorganic carbon was virtually nonexistent within the sediments.  

Periodic episodes of aeration of the sediments could also result in corrosion of pollen 

grains by fungal and bacterial digestion or degradation by chemical oxidization (Moore et al. 

1991:169-170), but the morphology of the identified grains suggests that such activity was 

minimal at Beef Pasture.  Given that Beef Pasture is an alpine fen characterized by year-round 

saturation of the sediments, aeration in the past, if it occurred, was probably infrequent.  It is 

possible that anaerobic bacteria could cause pollen corrosion under saturated conditions (Clymo 

1965), however, corrosion rates are very reduced in such circumstances.  In sum, soil chemistry 

and microbial attack do not appear to have adversely affected the pollen preservation at Beef 

Pasture, at least of the taxa pertinent to this analysis.  I assume, therefore, that the pollen 

assemblage is a fairly accurate record of the actual pollen deposited at Beef Pasture, and by 

extrapolation, provides a reliable proxy for past environmental conditions.  

14C Dates and Sedimentation Rates 

The results of the 16 radiocarbon assays used in this study are presented in Table 4.  I 

calibrated the uncorrected dates with CALIB® Rev. 5.0.1 (Figure 13; Table 4) (Stuiver and 

Reimer 1993; Stuiver et al. 2005).  As Figure 13 and Table 4 show, for some samples there is 

more than one possibility for the correct calibrated calendrical date-range, and each range is 

equally probable of being correct at both the 1-σ (68.3 percent) and 2-σ (95.5 percent)  
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Table 4. Radiocarbon Samples and Results 
 

Depth 
(cm) 

Laboratorya Techniqueb Lab No. Uncorrected 
Date (BP) at 1σ 

Calibrated Dates 
(A.D./B.C.) at 1σc, d 

Calibrated Dates 
(A.D./B.C.) at 2σc 

18 - 19 UA AMS AA69125 94 ± 37 

1893 ± 26 
1860 ± 00 
1846 ± 06 
1826 ± 13 
1711 ± 16 

1870 ± 68 
1758 ± 05 
1710 ± 29 

 

28 - 29 UA AMS AA66518 422 ± 35 1460 ± 25 
1605 ± 15 
1579 ± 02 
1470 ± 50 

33 - 34 UA AMS AA69126 426 ± 37 1459 ± 26 
1606 ± 15 
1579 ± 03 
1469 ± 52 

38 - 39 UA AMS AA69127 496 ± 36 1426 ± 14 
1423 ± 29 
1335 ± 08 

48 - 51 BETA TR 213862 780 ± 50 1252 ± 34 1226 ± 67 

58 - 59 UA AMS AA68129 846 ± 38 
1250 ± 02 
1237 ± 04 
1194 ± 34 

1209 ± 59 
1131 ± 08 
1067 ± 19 

68 - 69 UA AMS AA69130 914 ± 34 
1154 ± 08 
1131 ± 13 
1073 ± 30 

1202 ± 05 
1111 ± 80 

78 - 79 UA AMS AA69131 1079 ± 37 
1009 ± 05 
974 ± 25 
909 ± 10 

956 ± 63 

83 - 85 BETA TR 213863 1190 ± 90 
940 ± 22 
833 ± 66 
729 ± 15 

1009 ± 03 
831 ± 165 

88 - 89 UA AMS AA69132 1342 ± 37 757 ± 05 
669 ± 21 

754 ± 18 
683 ± 46 

98 - 99 UA AMS AA69133 1567 ± 37 522 ± 17 
464 ± 30 

493 ± 79 

108 - 
109 UA AMS AA69134 1743 ± 37 292 ± 49 

309 ± 96 
183 ± 04 

118 - 
121 

BETA TR 213864 1740 ± 80 311 ± 96 
523 ± 07 
501 ± 12 
261 ± 177 

128 - 
129 

UA AMS AA69135 1914 ± 40 91 ± 39 
34 ± 04 

109 ± 106 

138 - 
139 

UA AMS AA69136 1929 ± 39 
111 ± 14 
71 ± 22 
34 ± 07 

202 ± 07 
162 ± 07 
67 ± 74 
-23 ± 16 

141 - 
144.5 

BETA TR 213865 2150 ± 60 
-157 ± 57 
-223 ± 07 
-322 ± 31 

-208 ± 161 

aUA = University of Arizona AMS Laboratory, Tucson. BETA = Beta Analytic, Inc, Miami, FL. 
bTR = traditional radiometric with extended counting. AMS = radiometric via accelerator mass spectrometry. 
ccalibrated with CALIB® Rev. 5.0.1 (Stuiver and Reimer 1993; Stuiver et al. 2005) 
dbold indicates calibrated dates selected for this study based on a linear regression of samples with only one option   
at 1σ.  The midpoints of the dates in bold fell closest the point estimated by the regression equation. 
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Figure 13. Calibration plot of 14C dates used in this analysis, modified from output provided by  
CALIB® Rev. 5.0.1 (Stuiver et al. 2005). 
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significance levels.  To obtain the desired high-resolution of chronological control to place the 

narrowly-spaced pollen samples into archaeologically-appropriate temporal context (Butzer 

1982; Dincauze 2000), I used a two-step linear regression procedure to identify the most likely 

date-range from the samples with multiple date-ranges at the 1-σ level, with depth-below-surface 

(cm) as the independent variable and calibrated date as the dependent variable.  In the first pass I 

used only those samples with one calibrated date-range at the 1-σ level along with the date for 

the modern ground surface (n = 7) to predict the most likely calibrated date-ranges of the other 

samples (n = 16).  In essence, I elected to use the date-ranges that fell closest to the date 

predicted by the regression equation (in bold in Table 4) for use in assigning estimated dates to 

each sample and for calculating sedimentation rates.  Then I used the other regression techniques 

below with all 16 samples. 

I applied Maher’s (1972a:540-544) method for calculating the deposition rate at Beef 

Pasture with the 16 calibrated calendrical dates and 1 modern date.  This method involves 

regressing the midpoints of the calibrated date-ranges onto the samples’ depth-below-surface.  

Since deposition rates of a locality are likely to be inconsistent through time, strictly linear 

relationships between depth and age should not necessarily be expected.  With this in mind, I 

applied several linear and curvilinear regressions to the data to find the ‘best-fit’ equation, which 

I could then use as the equation for calculating the sedimentation rates.  I explored the utility of 

quadratic, cubic, quartic, and weighted-least-squares regressions of calibrated calendrical dates 

on depths.  The weighted-least-squares (WLS) regression accounted for the most variation in the 

samples, and I decided to use it for calculating the deposition rate at Beef Pasture (year A.D. = 

2000.18 – 14.32*cm-below-surface, r = .997, p < .0001) (Figure 14).  WLS regression is an 

effective method for dealing with situations when the data points for the independent variable  
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Figure 14. Weighted-least-squares regression of calibrated 14C dates on depth used to derive age  
estimates for each pollen sample and to calculate a deposition rate (year A.D. = 2000.18 –  
14.32*cm-below-surface, r = .997, p < .0001). 

 

 



 66 

are of varying quality, such as calibrated 14C dates with different standard deviations.  

Essentially, WLS regression adds weights to each data value for the independent variable that is 

inversely proportional to the variance of each data point; in other words, those values with low 

variances are more important in determining the location of the regression line (see Abdi 2003).   

Although I did not assume a linear relationship between depth and calibrated calendrical 

date, the WLS regression in fact provided the best fit, suggesting that sediment deposition at 

Beef Pasture over the past 2,100 years has been fairly uniform through time.  Although this 

method homogenizes the deposition rates of smaller scales that are likely to be highly variable 

(e.g., season-to-season, year-to-year), a multi-decadal deposition rate is compatible with the 

scales of the archaeological record, the pollen sample intervals used in this analysis and the low-

frequency climatic fluctuations that I wish to identify.  Therefore, I used the formula of the least-

squares regression to estimate the age of each pollen sample (Appendix A) and to calculate a 

deposition rate.  The sedimentation rates at Beef Pasture allow me to estimate the age of each 

pollen sample as well as to estimate pollen influx rate-per-year instead of per-volume for each 

sample. 

To calculate the deposition rate at Beef Pasture, I subtracted the estimated date of the 

bottom-most sample (47 B.C. at 144 cm-below-surface) from the estimated date of the surface 

(A.D. 2000) and divided it by the number of centimeters between these two points (144 cm).  

Given the linear deposition rates from Figure 14, this allows me to estimate the deposition rate at 

0.07 cm/year, or 7 cm/century, for the entire length of the core.  This rate is very similar to the 

average deposition rate of 0.078 cm/year that Petersen (1988:Table 6) calculated for the past 

2,485 years at Beef Pasture.  Petersen, however, identified three different deposition rates over 

the past 2,485 years, ranging from 0.06 cm/year to 0.10 cm/year, but his calculations were based 
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on only three 14C dates and were calculated by dividing the difference in the midpoints of the 

three calibrated 14C dates for each sample by the amount of sediment deposition between them.  

This method is different than that employed here, where I divided the differences in the 

estimated dates that I derived from the weighted-least-squares regression analysis by the amount 

of sediment deposition between them.  Although our methods differ slightly the results are quite 

compatible, and an inspection of Petersen’s (1988:Figure 25) deposition-rate curve for the past 

2,800 years suggests that he also developed a fairly linear, and thus relatively constant, 

deposition rate for Beef Pasture during the late Holocene.  Given that Petersen cored at another 

locality within Beef Pasture, minor differences between our calculations should be expected.  I 

believe that the constant deposition rate of 0.07 cm/year that I calculated is an accurate estimate 

of the multi-decadal deposition rate that occurred at Beef Pasture over the past 2,100 years, and I 

used this estimate to derive pollen influx rates for each sample.               

Total Pollen Counts and Pollen Concentrations 

Pollen counting resulted in the identification of 48 different pollen types (excluding the 

spores of algae, moss and ferns) and these include 12 arboreal, 26 non-arboreal, 3 aquatic and 7  

unknown types (Table 4); total counts for each pollen type of each sample are presented in 

Appendix A.  Pollen concentration values are critical for stratigraphic palynological inference 

because they provide a constant ratio of total pollen influx throughout the profile; they also 

facilitate the calculation of pollen influx rates of a particular taxon.  As an estimate of the total 

pollen influx for a given volume of sediment, differences in pollen concentrations between 

samples can be attributed to variable rates of sediment deposition, changes in pollen production 

or deposition, or processor error.  Given that processing methods were consistent across all 
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samples, the latter is unlikely for this study.  Following Davis (1969a, 1969b) and Kirkland 

(1967), pollen concentration values for each sample were derived from the formula: 

Pollen concentration of sample X = (N1G) ÷ (N2V) 

where N1 = number of Lycopodium sp. spores added to the sample (here, 62,710 spores) 

          N2 = number of Lycopodium sp. spores counted 

           G = number of pollen grains counted 

           V = volume of sediment in the sample (here, 3cc) 

Pollen Zonation 

Pollen data, including frequencies, influx rates and ratios, should be expected to vary 

considerably between samples, so pollen zones are often employed to overcome such noise and 

to discover relatively homogeneous, adjacent temporal segments of paleoenvironmental 

relevance (e.g., Mehringer et al. 1977:358-362; Petersen 1988:44).  Further, grouping pollen data 

into zones allows the identification of significant changes through statistical measures.  Although 

zonal distinctions in palynology are often referred to as ‘pollen zones’, they are in fact zones of 

sediment, or biostratigraphical zones (Hedberg 1972:222-227), that are distinguished from one 

another by the relative frequencies of different pollen types, pollen concentrations, charcoal, etc. 

(Birks and Gordon 1985).  As Birks and Gordon (1985:48) state, there is no commonly accepted 

method of pollen zonation; analysts employ both statistical and inferential techniques to 

distinguish them.  In this study, I identified pollen zones through quantitative measures to avert 

any preconceptions or assumptions about the sedimentology, past climatic, past vegetational or 

temporal aspects that relate to pollen deposition at Beef Pasture (Gordon 1981:5; Janssen 1980); 

thus, this approach is inductive.     

There are numerous clustering methods useful for grouping data into manageable 
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Table 5. Pollen Types Identified in Beef Pasture Sediments Excluding Algae, Moss and Ferns 
 

Pollen Type Scientific Name Common Family 
Name 

Common Name Habitat 
Class 

Abies Abies lasiocarpa pine subalpine fir arboreal 
Alnus Betulaceae Alnus icana birch alder arboreal 
Apiaceae Apiaceae parsley various non-arboreal 
Artemisia Artemisia sp. sunflower sage varieties non-arboreal 
Asteraceae, High-spine Asteraceae sunflower various non-arboreal 
Asteraceae, Low-spine Asteraceae Ragweed/goldenrod various non-arboreal 
Betula Betula fontinalis birch water birch arboreal 
Carex Carex sp. sedge various aquatic 
Celtis Celtis reticulata elm hackberry arboreal 
Cirsium Cirsium sp. sunflower thistle non-arboreal 
Cheno/Am Chenopodiaceae/Amaranthus goosefoot/pigweed various non-arboreal 
Ephedra torreyana Ephedra torreyana ephedra Mexican tea non-arboreal 
Ephedra viridis Ephedra viridis ephedra Mormon tea non-arboreal 
Fabaceae Fabaceae pea various non-arboreal 
Fragaria Fragaria sp. rose wild strawberry non-arboreal 
Geraniaceae Geranium sp. geranium wild geranium non-arboreal 
Juncus Juncus sp. rush various aquatic 
Juniperus Juniperus sp. juniper various arboreal 
Lamiaceae Lamiaceae  mint various non-arboreal 
Liguliflorae Liguliflorae sp. lettuce various non-arboreal 
Lythraceae Lythrum sp. loosestrife various non-arboreal 
Onagraceae Onagraceae evening primrose various non-arboreal 
Opuntia Opuntia sp. cactus prickly pear cactus non-arboreal 
Parthenocissus Parthenocissus sp. grape various non-arboreal 
Pinus edulis Pinus edulis pine pinyon pine arboreal 
Pinus ponderosa Pinus ponderosa pine ponderosa pine arboreal 
Picea engelmannii Picea engelmannii pine Engelmann spruce arboreal 
Poaceae Poaceae  grass various non-arboreal 
Polemoniaceae Polemoniaceae phlox various non-arboreal 
Polygala Polygala sp. milkwort various non-arboreal 
Populus Populus tremuloides willow quaking aspen arboreal 
Pseudotsuga Pseudotsuga menziesii pine Douglas-fir arboreal 
Quercus Quercus gambelii beech Gambel oak arboreal 
Ranunculaceae Ranunculaceae buttercup various non-arboreal 
Rosaceae Rosaceae rose various non-arboreal 
Rubus Rubus idaeus rose wild raspberry non-arboreal 
Salix Salix brachycarpa willow barren ground willow arboreal 
Sarcobatus Sarcobatus sp. goosefoot greasewood non-arboreal 
Thalictrum Thalictrum fendleri meadowrue Fendler’s meadowrue non-arboreal 
Typha Typha latifolia cattail common cattail aquatic 
Verbenaceae Verbenaceae  verbane various non-arboreal 
Unknown Types unknown unknown unknown unknown 
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units and for elucidating similarities and differences between such groups.  Here, I used a 

stratigraphically constrained incremental sum-of-squares (CONISS) cluster analysis, provided by 

Tilia® Version 2.0 software (Grimm 1987), on the proportion of each taxon in the pollen sum 

(percentage) of each sample.  Unlike a normal sum-of-squares analysis, CONISS employs a 

sequential constraint by which samples become linked through the incremental method (Ward’s 

method) only if they are stratigraphically adjacent.  This clustering method attempts to identify 

‘homogeneous’ clusters (Shennan 1997:240) by relying on the error sum-of-squares as a measure 

of distance.  Such clustering methods are common in paleoecological studies because they 

facilitate the identification of significant changes through time.  At Beef Pasture and Twin Lakes, 

Colorado, Petersen (1988:34-35, Figures 16 and 17) used OPTAGG 1, a modified version of 

Orloci’s (1976:194) cluster analysis program for plant communities that is also stratigraphically 

constrained.   

A limitation of stratigraphically constrained cluster analyses is that they do not provide a 

means to identify similarities between non-sequential environmental regimes.  For example, if 

the pollen profiles of two zones appear similar but are stratigraphically discontinuous, this 

clustering procedure does not identify how similar (or different) they are.  To overcome this 

limitation, however, data can be displayed in a manner conducive for identifying similarities and 

differences between zones.  Here, I display proxy data from the indicator taxa for each sample 

and zone in the form of line graphs, barcharts, and box plots (discussed later).  These facilitate 

the identification of similarities in each climatic variable and overall climatic regimes through 

time regardless of their sequential associations.    

To ensure that the cluster analysis differentiated the samples into pollen zones that are 

meaningful for paleoenvironmental inference, I ran the CONISS program on two different sets of 
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variables and compared the results to one another (Figure 15).  The first analysis consisted of the 

proportions of each identified pollen type (n = 48) while omitting the unidentifiable Pinaceae 

pollen bladders from the variables and from the total pollen sum.  Considering that the entire 

pollen spectra contains a significant amount of noise, or the potential effects of variables 

irrelevant to the current study or with little inferential potential, I conducted a second cluster 

analysis only on the indicator taxa pertinent to inferences of climatic change: spruce, pinyon 

pine, ponderosa pine, sedge and Cheno/Am.  As Figure 15 demonstrates, the results of the two 

analyses are nearly identical in the dendrogram they generate although, as expected, they differ 

in the values of their error sum-of-squares measures.   The fact that the cluster analyses grouped 

the samples in a similar manner suggests that the five indicator taxa (spruce, pinyon, ponderosa, 

sedge and Cheno/Am) are the variables that account for the majority of variability between the 

samples.   

Given the similarity between the two cluster analyses, I partitioned the 72 samples into 

11 pollen zones (Figure 15, Table 6) and a surface specimen.  I selected the 11-zone solution 

from the cluster analysis for two reasons.  First, this solution grants each zone an adequate 

number of pollen samples for statistical comparisons while also providing zones with fairly short 

temporal ranges.  Second, I compared the visual trends in the pollen measures of each indicator 

taxa (Appendix B) to various levels of grouping in the cluster analysis.  This comparison 

revealed that the major trends in each climatic variable are best identified by segregating the core 

into zones with combined error sum-of-squares less than 0.75.  Thus, I identified these zones 

through a combination of objective (error sum-of-squares) and subjective (visual trends) methods 

that I argue best reflect the paleoclimatic variables I wish to elucidate.          



 72 

 

Figure 15. Stratigraphically constrained cluster analysis results.  Dendrogram on left consists of  
all 48 taxa while the dendrogram on right consists of only the indicator taxa used in this study.  
Note that, with the exception of pollen sample #21 at 42.5 cm below surface, the samples were  
isolated to the same clusters in both analyses, suggesting that the indicator taxa account for the  
majority of the variation in the pollen assemblages.  
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Table 6. Pollen Zones of Beef Pasture Core No. 3 
 

Zone Depth Below Surface 
(cm) 

Estimated Date Range 
(cal. B.C./A.D.) 

Number of Samples Mean Pollen Concentration Value 

11 4 - 19 A.D. 1721 - 1940 8 62,266 
10 20 - 25 A.D. 1636 - 1720 3 53,360 
9 26 - 35 A.D. 1491 - 1635 5 59,805 
8 36 - 41 A.D. 1406 - 1490 3 33,753 
7 42 - 51 A.D. 1266 - 1405 5 36,450 
6 52 - 69 A.D. 1006 - 1265 9 29,212 
5 70 - 81 A.D. 836 - 1005 6 47,296 
4 82 - 99 A.D. 576 - 835 9 62,931 
3 100 - 119 A.D. 291 - 575 10 34,887 
2 120 - 137 A.D. 36 - 290 9 26,005 
1 138 - 145 100 B.C. - A.D. 35 4 34,352 

 

 

Pollen Percentages 

Figure 16 presents the pollen frequencies, or the percentage of the total pollen sum, for 

all arboreal taxa, including unidentifiable Pinaceae bladders, the 15 most frequent non-arboreal 

taxa and the two most frequent aquatic taxa.  Inspection of Figure 16 suggests that the pollen 

frequencies of spruce, pinyon, ponderosa, sedge and Cheno/Am, the primary paleoclimatic 

indicator species used in this study, are highly variable through the profile, and it is believed that 

this variation is related to climatic oscillations that influence the production and deposition of 

these pollen grains.  Along with the frequency variability, Figure 16 demonstrates that a 

considerable amount of frequency noise is created by the inclusion of rare taxa and species that 

are insensitive to climatic change.  Therefore, to ease inspection, the frequencies of each 

indicator taxon have been visually isolated in Appendix B.  Likewise, considering that extreme 

variation between samples is expected, and does occur in the Beef Pasture pollen assemblage, 

low-frequency climatic data can be better expressed by the frequency-mean of pollen zones.  

Table 6 lists the mean pollen frequency of each indicator taxa for each zone, and the spreads for 

each zone are presented in Appendix C.    
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Figure 16. Pollen percentage diagram of most common pollen types from Beef Pasture Core No. 3 by depth. 
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Table 7. Mean Pollen Percentages of Indicator Taxa for Each Pollen Zone 
 

Zone 
Estimated Date Range 

(cal. B.C./A.D.) 
Spruce Ponderosa Pine Sedge Cheno/Am Pinyon Pine 

11 A.D. 1721 - 1940 15.5 20.6 17.4 6.8 4.2 
10 A.D. 1636 - 1720 7.7 19.2 31.0 6.6 3.2 
9 A.D. 1491 - 1635 4.7 15.4 51.5 3.0 2.2 
8 A.D. 1406 - 1490 7.1 31.7 14.3 5.8 9.2 
7 A.D. 1266 - 1405 14.6 25.2 14.1 7.3 9.6 
6 A.D. 1006 - 1265 9.3 23.9 19.4 6.9 4.4 
5 A.D. 836 - 1005 19.2 24.8 6.0 7.6 3.0 
4 A.D. 576 - 835 10.6 28.3 18.3 7.5 4.0 
3 A.D. 291 - 575 17.0 30.2 8.3 5.9 3.5 
2 A.D. 36 - 290 18.8 25.9 18.1 5.4 3.9 
1 100 B.C. - A.D. 35 25.5 28.4 8.2 6.9 4.2 

 

 

Ratios of Indicator Taxa 

Considering that the pollen frequencies of indicator taxa can fluctuate in response to 

changes in the proportion of pollen of non-indicator taxa, and are thus potentially misleading for 

climatic reconstructions, ratios between indicator taxa can demonstrate fluctuations that are 

poorly expressed in frequency diagrams.  In fact, Maher (1961, 1963, 1972a) popularized this 

approach by analyzing the ratio of Picea sp.-to-Pinus sp. pollen to interpret percentage diagrams 

from Colorado.  Provided that these ratios are reflections of the actual counts of pollen grains, 

chi-square tests of significance (see Mosimann 1965) could be applied between samples.  

Significant differences between zones, however, should be a more realistic measure of past low-

frequency climatic changes; thus student’s t-tests are applied to the spread of the ponderosa-to-

spruce pollen ratios in each zone to demonstrate statistically significant differences.                                      

In this study, I use the ratio of ponderosa-to-spruce pollen to infer changes in the density and 

proximity of spruce to the sampling locale.  This measure is believed to reflect the duration of 

snowpack at Beef Pasture, which is in turn determined by winter precipitation and annual 

temperatures.  While Petersen (1988) used the ratio of spruce-to-pine (both pinyon and 



 76 

ponderosa) at Beef Pasture to infer changes in the elevation of the lower subalpine forest 

boundary, this study omits pinyon pine from this ratio.  Petersen (1988) used the spruce-to-pine 

ratio to correlate ratios at Beef Pasture with those of Twin Lakes, Colorado.  However, the 

spruce-to-pine ratio is more apt for analyzing movement of the upper boundary of the subalpine 

forest (as at Twin Lakes) because the inclusion of pinyon allows for a more robust measure of 

extra-local pollen influx.  Since the lower subalpine forest boundary at Beef Pasture is marked by 

a distinction between spruce and ponderosa trees, and not the presence/absence of a spruce-

dominated forest overstory noted for the upper subalpine forest boundary, this study utilizes the 

pollen ratio of ponderosa-to-spruce to provide a more locally appropriate measure.   

 

 

  

Figure 17. Ponderosa pine-to-spruce pollen ratios for all samples plotted by the sample’s  
estimated calendrical date around the mean ratio (2.19) for the entire assemblage.  Increases in  
this ratio imply an increase in annual temperature, winter precipitation, or both. 
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Figure 17 presents the ponderosa-to-spruce pollen ratio for each sample and Appendix C 

displays the spread of this ratio for each zone.   

To unmix the climatic causes (winter precipitation or temperature) for the movement of 

the lower subalpine forest boundary, this study uses the ratio of sedge-to-Cheno/Am pollen for 

the reasons presented in Chapter 3.  Based on the climatic expectations for the successful 

establishment and propagation of these two taxa, I expect that increased frequencies of sedge 

pollen will correlate with decreased frequencies of Cheno/Am pollen, and vice versa.  Since this 

palynological relationship has yet to be tested beyond inferences based on frequency changes 

through time (e.g., Vierling 1998), Beef Pasture provides an opportunity to examine whether this 

relationship exists between the presence of either sedge or Cheno/Am species around the fen.  In 

fact, a regression of sedge pollen-frequencies onto the logarithm of Cheno/Am pollen-

frequencies for all samples from Beef Pasture (Figure 18) demonstrates that a relationship of this 

sort existed in the past (r = .572; p < .0005, y = - 0.3863 - 0.201*ln(x)), where the frequency of 

sedge pollen is significantly negatively correlated with the frequency of Cheno/Am pollen.  The  

correlation coefficient increases when the frequencies are averaged by zone to omit extreme 

sample-to-sample variation (r = .790; p < .004, y = - 0.8819 - 0.384*ln(x)).  Provided that a 

negative relationship between the presence of sedge and Cheno/Am pollen-types probably 

existed in the past, the sedge-to-Cheno/Am pollen ratio serves as a measure of changing winter 

precipitation in the past.  Therefore, a distinction between winter precipitation and temperature 

as the impetus for the movement of the lower elevational boundary of the subalpine forest is 

possible when this ratio is compared with the ponderosa-to-spruce ratio.  Figure 19 presents the 

sedge-to-Cheno/Am ratios for each sample, and Appendix C displays the spread of this ratio for 

each zone.  Table 8 lists the mean pollen ratios for each zone. 
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Figure 18. Logarithmic regression of sedge-percentage onto Cheno/Am-percentage for all 
samples from Beef Pasture Core No. 3 showing a significant negative correlation  
between the two variables (r = .572; p < .0005, sedge percentage = - 0.3863 - 
0.201*ln(Cheno/Am percentage)). 
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Figure 19. Sedge-to-Cheno/Am pollen ratios for all samples plotted by the sample’s estimated  
calendrical date around the mean ratio (3.75) for the entire assemblage.  Increases in this ratio  
imply increases in winter precipitation.  

 

 

 

 

 
Table 8. Mean Pollen Ratios between Indicator Taxa for Each Pollen Zone 

 
Zone Estimated Date Range 

(cal. B.C./A.D.) 
Ponderosa-to-Spruce Pollen Ratio Sedge-to-Cheno/Am Pollen Ratio 

11 A.D. 1721 - 1940 1.42 3.41 
10 A.D. 1636 - 1720 2.64 4.77 
9 A.D. 1491 - 1635 3.53 19.75 
8 A.D. 1406 - 1490 4.76 3.08 
7 A.D. 1266 - 1405 1.72 1.94 
6 A.D. 1006 - 1265 2.66 2.91 
5 A.D. 836 - 1005 1.32 0.78 
4 A.D. 576 - 835 2.72 2.65 
3 A.D. 291 - 575 1.83 1.46 
2 A.D. 36 - 290 1.40 3.76 
1 100 B.C. – A.D. 35 1.12 1.16 
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Pollen Influx Rates of Indicator Taxa 

Pollen influx rates of indicator species provide another measure of past changes in 

regional climates as expressed by the amount of a taxon’s pollen deposited within a square 

centimeter per-year (pollen/cm2/year).  Unlike the frequency and ratio measures, pollen influx 

rates allow for a comparison of the deposition of a taxon’s pollen through time unrelated to other 

taxa; thus, an increase in a taxon’s pollen influx rate indicates that a greater amount of that 

taxon’s pollen was deposited at that location per year, and vice versa.  With the exception of 

ponderosa pine, increases in the pollen influx rate of the indicator taxa used in this study imply 

that those species were more prevalent around the coring location at that time.  I presume that 

ponderosa pine influx rates will remain relatively constant when compared to the other indicator 

taxa because of the nature of ponderosa pine pollen dispersal.  The fall-out rate of ponderosa 

pine is approximately twice as slow as that of spruce (Anderson 1970; Erdtman 1969), and slight 

fluctuations in the lower subalpine forest boundary should not greatly affect the amount of 

ponderosa pine pollen deposited at Beef Pasture because it typically travels much further than 

spruce pollen as part of the canopy component of forest pollen dispersal (Moore et al. 1991:12-

13; Tauber 1965).  As long as this species remains prevalent within the mountain range 

regardless of its proximity to the coring location, the influx rate of its pollen should remain fairly 

consistent because the west-to-east trending winds in the region would continually carry 

ponderosa pine pollen upslope from the adjacent montane forest and its deposition should remain 

relatively uniform upslope of the montane forest.    

As discussed in Chapter 3 and following Petersen (1988), I use pinyon pine pollen influx 

as the only proxy for inferring prehistoric fluctuations in summer precipitation.  Pinyon pine 

pollen is considerably smaller and lighter than that of ponderosa pine, which entails that its fall-
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out rate is slower than that of ponderosa pine pollen, and it occurs so far down slope from Beef 

Pasture that it is likely carried as part of the pollen rain component (Tauber 1965).  Influx rates 

of pinyon pine pollen at Beef Pasture are therefore more or less unrelated to this species’ 

proximity to the coring location.  Instead, I assume that pinyon-pine pollen influx fluctuates in 

response to the number of pinyon trees and their vitality at lower elevations, which is dictated 

largely by the amount of summer precipitation in the region.   

Following Maher (1972a:538-540), the influx rate of a single taxon (X) for a sample is 

calculated with the following formula: 

pollen of taxon X/cm2/year = (NSR) ÷ V 

where N = number of Lycopodium sp. spores added to the sample 

           S = sedimentation rate of the sample (cm/year) 

           R = ratio of the counted pollen grains of taxon X to counted pollen grains of Lycopodium    

                  sp. in the sample  

           V = volume of sediment in the sample (3 cc)  

Figure 20 presents the pinyon pine pollen influx rates for each sample.  Appendix B 

provides barcharts of the pollen influx rates of the other four indicator taxa used in this study and 

Appendix C contains the spread of each indicator taxon’s influx rate when grouped by zone.  

Table 9 lists the mean pollen influx rate of each indicator taxa for each zone. 
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Figure 20. Pinyon pine pollen influx estimates plotted by each sample’s calibrated calendrical 
date around the mean (128 grains/cm2/year) for the entire assemblage.  Increases in this measure 
imply increases in summer precipitation. 
 
 
 
 
 
 

Table 9. Mean Pollen Influx Rates of Indicator Taxa for Each Pollen Zone 
 

Zone 
Estimated Date Range 

(cal. B.C./A.D.) 
Spruce Ponderosa Pine Sedge Cheno/Am Pinyon Pine 

11 A.D. 1721 - 1940 677 868 822 281 178 
10 A.D. 1636 - 1720 293 705 1,153 247 121 
9 A.D. 1491 - 1635 178 653 2,134 140 80 
8 A.D. 1406 - 1490 172 741 342 131 223 
7 A.D. 1266 - 1405 376 677 332 177 256 
6 A.D. 1006 - 1265 186 478 415 140 100 
5 A.D. 836 - 1005 643 834 199 251 99 
4 A.D. 576 - 835 464 1,242 865 319 177 
3 A.D. 291 - 575 421 741 201 144 84 
2 A.D. 36 - 290 325 448 314 99 68 
1 100 B.C. – A.D. 35 612 693 189 164 120 
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 In this chapter I presented the data obtained from the sedimentological, radiocarbon and 

palynological analyses.  Further, I provided a detailed description of how I used these data to 

obtain a deposition rate and to assign each sample an estimated calendrical date.  The zones that I 

defined in this chapter provide the basis for interpreting climatic changes through time that I 

support with statistical measures in the following chapter.   
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CHAPTER SIX 

DISCUSSION 

Here, I interpret the pollen data presented in Chapter 5 at two temporal scales.  The first 

considers climatic changes by zone, which I support with statistical measures of difference.  I 

then compare these climatic changes at the zonal scale to other studies of high and low-

frequency climatic changes.  This comparison reveals that the results of this paleoclimatic 

reconstruction are supported by other studies consisting of different proxies at different temporal 

scales.  Further, a comparison of the existing tree-ring based precipitation reconstruction to the 

seasonal proxies used here suggests that several of the well-known droughts may have been 

dominated by precipitation reductions during certain seasons.  These results are of utility to other 

paleoclimatologists attempting to differentiate seasonal precipitation patterns.    

The second part of this chapter compares both zonal and within-zone changes to the 

paleodemography of the central Mesa Verde region and discusses the interrelationships between 

population fluctuation and the probable changes in agricultural productivity induced by climatic 

change.  This comparison shows that the major changes in Mesa Verdean paleodemography 

correspond with significant climatic changes, primarily temperature, which likely affected the 

region’s agricultural potential.  Associated changes in agricultural productivity may have been a 

major impetus for these paleodemographic shifts.  This second part, however, is a tentative 

discussion because the Village Project has yet to incorporate these new pollen data into its 

paleoproductivity model.  Further, the within-zone climatic changes that I discuss here cannot be 

verified statistically due to the low sample size of pollen samples at this scale.   
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Pollen Zones and Inferred Prehistoric Climatic Changes 

The following discussion on zonal differences relies on measures of statistical 

significance, and I employed independent-sample student’s t-tests, which rely on measures of 

mean and standard deviation for a population, on pollen frequencies, ratios and influx rates for 

each zone.  Figures 17, 19, and 20 and Appendix B presents these data for each pollen sample in 

visual format.  Appendix C contains boxplots displaying the spreads of these data for each zone; 

I refer the reader to these boxplots to help visualize the statistical differences that I discuss below 

in visual format. 

Zone 1 (~100 B.C. - A.D. 35) 

 The analyzed pollen sequence from Beef Pasture initiates in Zone 1.  During this period 

spruce pollen averages 25.5 percent and ponderosa pine pollen averages 28.4 percent of the total 

pollen sum.  Further, the ratio of ponderosa pine-to-spruce pollen averages 1.12 during this 

period.  These measures indicate that during this period, Beef Pasture was enclosed within the 

subalpine forest, thus, the lower boundary of this forest was at a lower elevation than in many of 

the subsequent pollen zones.  The range (23.1 – 29.3 percent) and average (25.5 percent) of 

spruce pollen frequencies within this zone are well above the 20-percent average characteristic of 

the subalpine forests of western Colorado (Fall 1992, 1997b).  Because the proportion of sedge 

pollen in the pollen assemblage is relatively low (8.2 percent), and that the proportion of 

Cheno/Am pollen is relatively high (6.9 percent), the placement of the subalpine forest boundary 

below Beef Pasture during this period is most likely due to cooler summer and average yearly 

temperatures in the Mesa Verde region rather than to greater amounts of winter precipitation.  

Pinyon pine pollen frequencies average 4.2 percent and pollen influx rates average 120.11 

grains/cm2/year, which are relatively average for this species in the context of the entire core.  



 86 

Based on these influx rates, the Mesa Verde region experienced an average rate of summer 

precipitation on a multidecadal scale.    

Zone 2 (~ A.D. 36 - 290) 

 Spruce pollen averages 18.8 percent of the total pollen assemblage in Zone 2, which is 

significantly less than the spruce frequencies in Zone 1 (t = 4.16, df = 11, p = .006).  The spruce 

influx rate in this zone, averaging 324.56 grains/cm2/year, is also significantly less than that of 

Zone 1 (t = 3.43, df = 11, p = .006).  The ratio of ponderosa pine-to-spruce pollen averages 1.40, 

which is also significantly higher than this ratio in Zone 1 (t = -2.26, df = 11, p = .045).  

Ponderosa pine pollen averages 25.9 percent and its influx rate averages 448.34 grains/cm2/year 

in Zone 2, both of which are slightly less than that of Zone 1 but these changes are not 

statistically significant.   Sedge proportions average 18.1 percent in this zone, which is 

significantly higher than the sedge frequencies in the previous zone (t = -3.09, df = 11, p = .010).  

The proportion of Cheno/Am in the pollen assemblage averages 5.4 percent while the ratio of 

sedge-to-Cheno/Am pollen averages 3.76 in Zone 2.  The change in the ratio of sedge-to-

Cheno/Am pollen between Zones 1 and 2 is also significant (t = -2.89, df = 11, p = .015).  

Further, the Cheno/Am pollen influx rate, averaging 99.23 grains/cm2/year, is significantly less 

than that of the previous zone (t = 2.35, df = 11, p = .038).  While the influx rate and frequency 

of pinyon pine pollen decreases slightly between Zones 1 and 2, these differences are not 

statistically significant. 

When these measures are compared to Zone 1, it appears that the lower boundary of the 

subalpine forest began to recede upslope during this period.  Although the difference in the 

arboreal composition is small, the lower spruce and slightly higher ponderosa pollen frequencies 

and influx rates suggest that the number of spruce trees within the vicinity of Beef Pasture had 



 87 

declined while the prevalence of ponderosa pine increased.  The changes in sedge and 

Cheno/Am pollen frequencies and influx rates indicate that the amount of winter precipitation 

during this zone also increased over the previous period.  The higher frequency and influx rate of 

sedge pollen and the increased ratio of sedge-to-Cheno/Am pollen indicate that Beef Pasture 

witnessed a period of greater effective winter precipitation that allowed sedge to become a 

greater component of the forest’s understory at the expense of Cheno/Am-species that are 

indicative of periodic drying of the fen.  Thus, while winter precipitation seems to have 

increased, the lower boundary of the subalpine forest still receded.  This strongly suggests that 

this period became warmer, where spruce began to become succeeded by the advancement of 

ponderosa pine upslope.  Likewise, winter precipitation likely increased, thus, the upward 

movement of the lower boundary of the subalpine forest occurred regardless of increased 

amounts of winter precipitation.  Summer precipitation, based on measures of pinyon pine 

pollen, appears to have remained relatively constant on a multidecadal scale between Zones 1 

and 2. 

Zone 3 (~ A.D. 291 – 575) 

Zone 3 is distinguished from the previous zones by a continued increase in the 

proliferation of ponderosa pine trees and a decrease in the prevalence of sedge around to the Beef 

Pasture sampling locale.  The spruce pollen frequency in Zone 3 averages 16.9 percent and its 

influx rate averages 324.56 grains/cm2/year, both of which are slightly less than the previous 

zone.  In contrast, ponderosa pollen frequency averages 30.1 percent and is significantly higher 

than that of the previous zone (t = -2.59, df = 17, p = .019).  The average influx rate of 740.63 

grains/cm2/year for ponderosa pine pollen is also significantly greater than that of the previous 

zone (t = -2.65, df = 17, p = .017).  Furthermore, the ratio of ponderosa pine-to-spruce pollen, 
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averaging 1.83, increased significantly from Zone 2 to Zone 3 (t = 3.01, df = 17, p = .008).  

There is no statistical difference in the pinyon pollen frequency or influx rate between Zones 2 

and 3, which suggests that summer precipitation patterns continued to remain relatively constant 

on a multidecadal scale from Zone 1 through Zone 3.   

The frequency of sedge pollen in Zone 3 is significantly less than that of Zone 2 (t = 5.85, 

df = 17, p = .000), as frequencies here average only 8.3 percent of the total pollen sum.  

Moreover, it is fairly likely that sedge pollen influx, averaging 200.97 grains/cm2/year, decreased 

from Zone 2 to Zone 3 (t = 1.83, df = 17, p = .084).  As expected from the reduction in sedge 

pollen frequency and influx, Cheno/Am pollen frequencies increased slightly to an average of 

5.9 percent and its fairly likely that the Cheno/Am influx rate increased (t = -1.92, df = 17, p = 

.072), averaging 143.54 grains/cm2/year here.  The ratio of sedge to Cheno/Am pollen averages 

1.46, which is significantly lower than the ratio from Zone 2 (t = -3.98, df = 17, p = .001).  

Interestingly, the distinction between Zones 2 and 3 also occurs near a stratigraphic change in the 

sediments deposited at Beef Pasture (Table 3), since Zone 3 becomes darker, less red in color 

and less fibrous in texture than Zone 2.  These changes may be attributable to the reduction in 

sedge around Beef Pasture, as evidenced from the pollen; therefore, the sediments may be 

comprised of more arboreal detritus than are those in earlier zones.  The textural change probably 

also indicates that Beef Pasture witnessed periods of less winter precipitation, which allowed for 

greater periodicities of an oxidizing atmosphere that facilitated the increased decomposition of 

organic matter here than in earlier zones.  

 During Zone 3, the lower boundary of the subalpine forest continued to recede upslope, a 

phenomenon initiated during Zone 2.  The reduction in spruce pollen frequency and influx, the 

increase in ponderosa pollen frequency and influx, and the increase in the ponderosa pine-to-
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spruce pollen ratio support this inference.  However, whether or not this movement is linked to 

increasing temperatures or decreased winter moisture is unclear.  Winter precipitation amounts 

seem to have also decreased during this period, as evidenced by a reduction in sedge pollen 

frequency and influx, an increase in Cheno/Am pollen frequency and influx, and a reduction in 

the sedge-to-Cheno/Am ratio.  The sediment change near the beginning of this zone also 

suggests that winter precipitation decreased and resulted in a higher periodicity of sediment 

drying in the fen, which probably contributed to the increased decomposition of organic material 

at this time.  Considering that there was a significant decrease in sedge pollen frequencies during 

this zone, and that sedge comprises more than 10 percent of the pollen sum in only one sample 

from this zone, the reduction in spruce trees at this time is most likely the result of increased 

periods of soil drought caused by reduced winter precipitation.  It is possible, however, that both 

increased temperatures and reduced winter precipitation contributed to the lower frequency of 

spruce during this period, but the data only support an argument for increased winter 

precipitation.   

Zone 4 (~ A.D. 576 - 835)  

Zone 4 continues a trend of increasing numbers of ponderosa pine trees within the 

vicinity of Beef Pasture.  Although the average spruce pollen influx rate increases slightly to 

463.54 grains/cm2/year, spruce pollen frequencies average 10.6 percent, which is significantly 

lower than the average frequency observed in Zone 3 (t = 4.97, df = 17, p < .001).  Concurrent 

with a reduction in spruce frequencies, the average frequency of ponderosa pine pollen decreased 

slightly to 28.3 percent during this period.  Ponderosa pine pollen influx, however, increased 

significantly between Zones 3 and 4 to an average of 1,242.35 grains/cm2/year (t = -3.55, df = 

17, p = .002).  Considering that Zone 4 witnessed a significant increase in the ratio of ponderosa 
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pine-to-spruce pollen grains compared to Zone 3 (t = -4.08, df = 17, p = .001), as this ratio 

averages 2.72 here, the significant reduction in spruce pollen frequency coupled with significant 

decrease in ponderosa pine pollen influx suggests in fact that spruce became less prevalent 

around Beef Pasture while ponderosa either remained stable or increased in frequency.  Although 

statistically insignificant, Zone 4 also witnessed an increase in the average frequency of pinyon 

pine pollen to 4.0 percent of the total pollen sum.  Pinyon pollen influx, however, did increase 

significantly to an average of 177.10 grains/cm2/year (t = -2.52, df = 17, p = .022).  I interpret 

these changes in pinyon pine pollen percentage and influx as indicators of increased summer 

precipitation during this zone. 

The sedge pollen frequency averages 18.4 percent in Zone 4, a measure that is 

significantly higher that that of the previous zone (t = 4.26, df = 17, p = .001).  Sedge pollen 

influx rates also increased significantly to an average of 865.23 grains/cm2/year (t = -3.82, df = 

17, p = .001).  There is also a fairly significant increase in Cheno/Am pollen frequencies from 

Zone 3 to Zone 4 (t = -2.08, df = 17, p = .053), averaging here 7.5 percent of the total pollen sum.  

The influx rate of Cheno/Am pollen is also significantly higher in this zone, averaging 319.23 

grains/cm2/year, than in the previous zone (t = -5.60, df = 17, p < .001).  Zone 4 also has 

significantly higher ratios of sedge-to-Cheno/Am pollen, which average 2.65, when compared to 

Zone 3 (t = -3.00, df = 17, p = .008).  Although the frequencies and influx rates of Cheno/Am 

pollen are higher in this zone than that of Zone 3, these differences are driven by the upper two 

samples of this zone, which consist of Cheno/Am frequencies greater than 10 percent and sedge 

frequencies less than 12 percent.  The upper two samples in this zone, therefore, seem to indicate 

that a change toward reduced winter precipitation occurred during this time.         
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The measures of arboreal composition suggest that the trend of increased ponderosa and 

decreased spruce around Beef Pasture witnessed in the previous zones continued during this 

period.  These data evidence that the lower boundary of the subalpine forest continued to recede 

upslope, mostly likely in response to increasing summer and annual temperatures.  Concomitant 

with the increase in ponderosa around Beef Pasture, winter precipitation seems to have also 

increased over the previous zone; this suggests that this upward movement of the lower 

subalpine forest boundary was the result of increased temperatures and not reduced winter 

precipitation.  Winter precipitation, while seemingly greater in amount throughout this zone 

compared to Zone 3, seems to have decreased near the end of this period.  Based on pinyon pine 

frequencies and influx rates, this period seemingly witnessed an increase in summer precipitation 

on a multidecadal scale.     

Zone 5 (~ A.D. 836 - 1005) 

   Zone 5 witnessed an increase in the prevalence of spruce trees around Beef Pasture.  

Averaging 19.2 percent, the frequencies of spruce pollen are significantly higher than the 

frequencies in Zone 4 (t = 5.92, df = 13, p < .001).  Not only is the zonal average nearly twice as 

high as the previous zone, but the lower range of spruce frequency in Zone 5 is also greater than 

the highest spruce frequency in Zone 4.  Zone 5 also witnessed a fairly significant increase in the 

influx rates of spruce pollen (t = -1.99, df = 13, p = .068), which average 643.14 grains/cm2/year 

in Zone 5. Ponderosa pollen frequencies average 24.9 percent in Zone 5, which is less than the 

previous zone.  The influx rates of ponderosa pine pollen, which average 834.37 grains/cm2/year 

in Zone 5, also decreased significantly from Zone 4 to Zone 5 (t = 2.42, df = 13, p = .031).   

Moreover, the ratio of ponderosa pine-to-spruce pollen in Zone 5 averages 1.32 and is 

significantly higher than that of the previous zone (t = -5.46, df = 13, p < .0005).  Even though 
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the average pinyon pine pollen frequency dropped to 3.0 percent and the average pinyon pine 

pollen influx rate decreased to 99.35 grains/cm2/year in Zone 5, these changes are not 

statistically significant.    

Sedge pollen frequencies, which average 6.0 percent of the total pollen sum in Zone 5, 

are significantly lower than the previous zone (t = 2.37, df = 13, p = .001).   Sedge pollen influx 

rates are also significantly lower in this zone than in the previous one (t = 2.93, df = 13, p = 

.012), where they decreased here to an average of 198.99 grains/cm2/year.  Cheno/Am 

frequencies, averaging 7.7 percent in Zone 5, and influx rates, averaging 251.31 grains/cm2/year 

in Zone 5, are both slightly higher here than in the previous zone.  As expected from reduced 

sedge frequencies and influx rates along with increased Cheno/Am frequencies and influx rates, 

the average ratio of sedge-to-Cheno/Am pollen in this zone, averaging 0.78, is significantly 

lower than that of Zone 4 (t = -3.88, df = 13, p = .002).   

 The increase in spruce pollen and decrease in ponderosa pollen indicate that Zone 5 

witnessed a downward expansion of the subalpine forest.  Winter precipitation seems to have 

been extremely low during this period as well, which is a continuation of the trend witnessed at 

the end of Zone 4.  Since this zone is characterized by such low frequencies and influx rates of 

sedge, the downward movement of the lower boundary of the subalpine forest here is most likely 

due to decreased regional temperatures.  Considering that the frequency of spruce in this zone is 

similar to frequencies observed for modern subalpine forest in western Colorado (Fall 1992, 

1997b), Beef Pasture was probably enclosed within the subalpine forests at this time and the 

lower boundary of this forest was below the elevation of Beef Pasture (3,060 m).  The lack of 

winter precipitation during this period may also be evidenced by a stratigraphic distinction in the 

Beef Pasture sediments at 71 cm below surface (Table 3).  Sediments immediately below 71 cm, 
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which comprise the entirety of Zone 5, are less fibrous than sediments immediately above this 

depth.  This greater breakdown in organic texture may be attributable to greater periodicities of 

soil drying and oxidization, which could contribute to increased decomposition of the peaty 

materials, and suggests further that there was less winter precipitation during this period.  Since 

there is no statistically significant difference in the measures of pinyon pollen, there does not 

appear to have been a significant change in low-frequency regime of summer precipitation from 

Zone 4 to Zone 5.   

Zone 6 (~ A.D. 1006 - 1265) 

 Zone 6 witnessed a reversion to a decreased prevalence of spruce trees around Beef 

Pasture.  Spruce pollen frequencies average 9.3 percent, and they are significantly less than those 

in Zone 5 (t = 7.10, df = 13, p < .001).  Sedge pollen influx rates also decreased significantly to 

an average of 185.86 grains/cm2/year in Zone 6 (t = 6.11, df = 13, p < .001).  Although the 

average frequency of ponderosa pine pollen in Zone 6 drops slightly to 23.9 percent of the total 

pollen sum, this change is not significant.  The ponderosa pine pollen influx rates, however, 

averaging 478.40 grains/cm2/year here, are significantly lower than in the previous zone (t = 

3.64, df = 13, p = .003).  The ratios of ponderosa pine-to-spruce pollen average 2.66 and they are 

significantly higher than the ratios in Zone 5 (t = -5.92, df = 13, p < .0005).  While the average 

pinyon pine pollen influx increased slightly to 99.67 grains/cm2/year and the average pinyon 

pollen frequency increased to 4.0 percent in Zone 6, these increases are not statistically 

significant.   

As the pinyon pollen data suggest, there was no apparent change in the summer 

precipitation regime on a multidecadal scale during this period.  Although ponderosa pine pollen 

influx decreased significantly from Zone 5 to Zone 6, the reductions in spruce frequency and 
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influx along with a lower zonal average of the ponderosa pine-to-spruce pollen ratio suggest that 

there were fewer spruce trees around Beef Pasture than in the previous zone.  The reduction in 

ponderosa pine influx rate may evidence that the overstory, consisting largely of ponderosa pine, 

was thinner at this time than in the previous zone.  The decreases in spruce pollen frequency and 

influx along with the increase in the ponderosa pine-to-spruce ratio suggest that the lower 

boundary of the subalpine forest began to recede upslope once more during Zone 6, and it was 

most likely located at a higher elevation than that of Beef Pasture (3,060 m).        

Sedge pollen frequencies in Zone 6, averaging 19.5 percent of the total pollen sum, are 

significantly higher than those of Zone 5 (t = -4.40, df = 13, p < .001).  The increase in the pollen 

influx rates of sedge, which average 415.21 grains/cm2/year in Zone 6, is also fairly significant (t 

= -2.12, df = 13, p = .054).  Furthermore, the lowest range of sedge frequency in this zone is 

greater than the highest sedge frequency in Zone 5.  Cheno/Am pollen frequencies, which 

average 6.9 percent here, are also slightly less than those observed in Zone 5.  The Cheno/Am 

pollen influx rates, averaging 140.26 grains/cm2/year here, are significantly lower than those of 

Zone 5 (t = 3.98, df = 13, p = .002).  Likewise, the ratios of sedge-to-Cheno/Am pollen in this 

zone average 2.91, which is nearly four time higher than that of Zone 5, and this difference is 

highly significant (t = -3.88, df = 13, p = .002). 

 As sedge and Cheno/Am pollen frequencies and influx rates suggest, along with the 

increase in the sedge to Cheno/Am pollen ratios, winter precipitation increased on a multidecadal 

scale during this zone.  Similar to Zones 2 and 4, the upslope movement of the lower boundary 

of the subalpine forest during this time appears to be independent of the effects of winter 

precipitation.  Therefore, the upward movement of the subalpine forest’s lower boundary is 
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mostly likely attributable to increased regional temperatures and not soil drought during this 

period.   

Zone 7 (~ A.D. 1266 - 1405) 

   Spruce pollen frequencies, averaging 14.6 percent in Zone 7, are significantly higher 

than in Zone 6 (t = -4.71, df = 12, p = .001).  Spruce pollen influx rates in Zone 7 average 375.85 

grains/cm2/year, and this increase over the previous zone is significant (t = -3.13, df = 12, p = 

.001).  Ponderosa pine pollen frequencies and influx rates increase slightly from Zone 6 to 7, 

averaging here 25.2 percent and 677.37 grains/cm2/year respectively, however these differences 

are not statistically significant.  The ponderosa pine-to-spruce pollen ratios in Zone 7 average 

1.72 and are also significantly lower than those of Zone 6 (t = -3.74, df = 12, p = .003).  Pinyon 

pine pollen frequencies, averaging 9.6 percent of the total pollen sum, are significantly higher 

here than in the previous zone (t = -3.50, df = 12, p = .004).  Further, the pinyon pine pollen 

influx rates of Zone 7 are significantly higher that those of Zone 6 (t = -2.45, df = 12, p = .031), 

as here they average 255.65 grains/cm2/year.   

Sedge pollen frequencies in Zone 7 average 14.1 percent, which is lower than the 

previous zone but not significantly so.  Sedge pollen influx rates also decrease from Zone 6 to 7, 

as here they average 332.50 grains/cm2/year.  This difference, however, is also not statistically 

significant.  The average Cheno/Am pollen frequency in Zone 7 increased slightly to 7.3 percent 

while the average Cheno/Am pollen influx rate increased to 177.38 grains/cm2/year, but while 

these are slightly higher than the previous zone the differences are not significant.  Further, the 

sedge-to-Cheno/Am pollen ratios, averaging 1.94 in Zone 7, decreased slightly from the previous 

zone, but this change is also not statistically significant. 
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The reductions in the measures of sedge pollen deposition combined with the increases in 

Cheno/Am pollen deposition suggest that winter precipitation possibly decreased in Zone 7, 

however, these changes are slight and not statistically significant.  This suggests to me that the 

coring location may have experienced lower winter precipitation amounts, on a multidecadal 

scale, during the temporal span represented in Zone 7, but this change is not supported by 

statistical measures.  Since the prevalence of spruce around Beef Pasture apparently increased in 

this zone, and sedge may have decreased, the downward movement of the lower boundary of the 

subalpine forest at this time was likely driven by reduced summer and yearly temperatures and 

not an increase in winter precipitation.  These reduced temperatures may have been a localized 

result of the Little Ice Age.  The effects of the Little Ice Age in the Greater Southwest, however, 

do not conform to those witnessed in Europe (see Dean 1994), and as discussed in more depth 

below, it is becoming an increasingly problematic concept in western North America.       

The increase in pinyon pine prevalence at lower elevations in the Mesa Verde region, as 

inferred from the pinyon pine pollen measures, suggests that this period witnessed more summer 

precipitation.  This zonal average is obfuscating the effects of the 20-year Great Drought at the 

end of the thirteenth century.  While tree-ring records document this drought rather well, it is 

poorly expressed in the pollen record.  Both the pinyon pine pollen frequencies and influx rates, 

however, are low during the mid-twelfth century, suggesting that the estimated dates for this time 

may be slightly incorrect.  Figure 14 shows, however, that the residuals derived from regression 

equation used to assign samples with estimated dates are minimal from approximately A.D. 1000 

and 1425.  This suggests that the estimated dates for this portion of the pollen profile are very 

reliable. 
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Benson et al. (2006) suggest that although the Great Drought was rather long in duration, 

the magnitude of the reduction in summer precipitation amounts was not as great as many of the 

other droughts in the southwest, such as the mid-twelfth century drought.  The pollen record, 

however, suggests that this period may have witnessed a reduction in winter precipitation.  Since 

distinguishing between winter and summer precipitation from tree-ring records is problematic, 

we are unsure as to which of these seasons witnessed reductions in precipitation during the Great 

Drought.  The pollen record suggests that it was a combination of slight reductions in the 

precipitation of both seasons, at least on a multidecadal scale, however, it appears to have been 

dominated by winter-dominated droughts.  This is likely why the Great Drought is poorly 

represented in the summer precipitation reconstruction presented here.    

Zone 8 (~ A.D. 1406 – 1490) 

In Zone 8 spruce pollen frequencies average 7.1 percent and are significantly lower than 

in the previous zone (t = 5.12, df = 6, p = .002).   Spruce pollen influx rates are also lower, 

averaging here 171.85 grains/cm2/year, and this reduction is fairly significant (t = 1.97, df = 6, p 

= .097).    Likewise, ponderosa pollen frequencies average 31.7 percent in Zone 8, noticeably 

higher than those observed in Zone 7.  The ponderosa pine pollen influx rates in Zone 8 average 

741.34 grains/cm2/year and are slightly lower than the previous zone.   Although most of the 

differences in measures of spruce and ponderosa pine pollen between Zones 7 and 8 are not 

statistically significant, due likely to the small sample size in Zone 8, the ratios of ponderosa 

pine-to-spruce pollen, averaging 4.76 here, are significantly higher than in Zone 7 (t = -3.30, df = 

6, p = .016).  The magnitude of this change, displayed visually in Figure 17, may not express 

accurately the actual change in the overstory around Beef Pasture.  Pinyon pine pollen 
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frequencies, averaging 9.2 percent, and influx rates, averaging 223.37 grains/cm2/year, are 

relatively similar to the previous zone. 

Sedge pollen frequencies, averaging 14.3 percent, and influx rates, averaging 341.64 

grains/cm2/year, are nearly identical to the previous zone.  Cheno/Am pollen frequencies, 

averaging 9.2 percent, and influx rates, averaging 130.95 grains/cm2/year, are also very similar to 

those of Zone 7.  While the ratio of sedge-to-Cheno/Am pollen averages 3.08 in Zone 8, the 

increase over the previous zone is not significant.  The lack of any significant changes in the 

sedge and Cheno/Am pollen data between Zones 7 and 8 is likely the result of a small sample 

size for Zone 8.  As Figure 19 shows, Zone 8 appears to have begun a trend toward increased 

winter precipitation around Beef Pasture with a slight perturbation at the end of this zone.     

While it is unclear as to whether or not winter precipitation amounts increased during 

Zone 8, the increased prevalence of ponderosa pine around Beef Pasture is likely due to an 

increase in regional temperatures because otherwise it would have been the result of decreased 

winter precipitation, which the pollen record does not support.  Although it is unclear as to 

whether or not winter precipitation amounts did or did not increase during this zone, the data do 

not demonstrate any likelihood of reduced winter precipitation.  The pinyon pollen data suggest 

that the increased amounts of summer precipitation that began at the beginning of the fourteenth 

century continued to persist throughout this zone with relatively little change on a multidecadal 

scale.  Figure 20, however, shows a reduction in pinyon pollen influx at the temporal boundary 

between Zones 7 and 8 (~A.D. 1400), which may suggest a period of reduced summer 

precipitation at this time.    
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Zone 9 (~ A.D. 1491 - 1635) 

Zone 9 witnessed a fairly significant reduction in the frequency of spruce pollen from the 

previous zone (t = 2.24, df = 6, p = .066), and these average 4.7 percent in this zone.  Spruce 

pollen influx rates, averaging 178.45 grains/cm2/year in Zone 9, are relatively unchanged over 

the previous zone.  Ponderosa pine pollen frequencies average 15.4 percent in Zone 9, which is 

significantly less than the previous zone (t = 4.23, df = 6, p = .005).  Ponderosa pine pollen influx 

rates are also lower here, where they average 653.02 grains/cm2/year, than in Zone 8.  With an 

average of 3.53 for Zone 9, the ratios of ponderosa pine-to-spruce are also lower than the 

previous zone, however, the difference is not significant.  Pinyon pine pollen frequencies, 

averaging 2.2 percent here, are significantly less than the previous zone (t = 7.13, df = 6, p = 

.000).  Likewise, the pinyon pollen influx rates are significantly lower here, where they average 

79.85 grains/cm2/year, than in Zone 8 (t = -3.08, df = 6, p = .022).      

The fact that both spruce and ponderosa pollen frequencies declined from Zone 8 to 9 is 

likely due to a large increase in the deposition of sedge pollen at Beef Pasture, which has 

suppressed the other pollen frequencies.  In fact, there is no statistically significant difference 

between the pollen concentration values for spruce and ponderosa between Zones 8 and 9 (t = -

0.354, df = 6, p = .735), suggesting that the amount of their pollen deposited at Beef Pasture did 

not change between these two zones and that the increase in sedge is responsible for the low 

frequencies of spruce and ponderosa pollen in Zone 9. With an average of 51.6 percent, the 

frequencies of sedge in Zone 9 are nearly four times higher than sedge frequencies in the 

previous zone, and this difference is significant (t = -9.04, df = 6, p < .0005).  Sedge pollen influx 

rates, averaging 2,134.16 grains/cm2/year, are also significantly higher here than in Zone 8 (t = -

3.08, df = 6, p = .022).  As expected from the increased sedge frequencies, there is a fairly 
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significant reduction in the frequencies of Cheno/Am pollen, which average 3.0 percent here, 

from Zone 8 to 9 (t = 2.06, df = 6, p = .085).  Although the Cheno/Am pollen influx rates are 

slightly higher here, averaging 140.33 grains/cm2/year, than in the previous zone, the difference 

is not significant.  The ratios of sedge-to-Cheno/Am pollen, averaging 19.75 in Zone 9, are 

significantly higher than the previous zone (t = 3.37, df = 6, p = .015).    

 While the large increases in sedge pollen frequencies and influx rates suggest that this 

period witnessed a very large incredible increase in winter precipitation over the previous zone, 

the magnitude of the climate change may not be as drastic as the pollen record indicates.  

Increased winter precipitation is further supported by the texture of the sediments in this zone, 

which are very fibrous and indicative of perennially wet conditions that inhibit vegetational 

decomposition.  Although spruce and ponderosa frequencies are lower in this zone than in Zone 

8, a lack of significant statistical differences suggests that the overstory around Beef Pasture did 

not change considerably between Zones 8 and 9.  Figure 17, however, suggests that Zone 9 was 

highly variable with regard to temperature, as the ratio of ponderosa pine-to-spruce pollen 

oscillates considerably.  Therefore, Zone 9 differs from Zone 8 in the periodicities of low-

frequency temperature changes, as here they appear to occur more frequently with perhaps 

greater magnitudes of change.  Based on the pinyon pollen data, it also appears that the Mesa 

Verde region experienced a reduction in the amount of summer precipitation on a multidecadal 

scale here when compared to the previous zone.   

Zone 10 (~ A.D. 1636 - 1720) 

 In this zone, spruce pollen frequencies average 7.7 percent, which is a fairly significant 

increase from the previous zone (t = -2.31, df = 6, p = .060).  Although spruce pollen influx rates 

increased over the previous zone, averaging 292.95 grains/cm2/year in Zone 10, this increase is 
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not significant.  Likewise, increases in ponderosa pollen frequencies, averaging 19.2 percent 

here, and influx rates, averaging 705.05 grains/cm2/year here, over the previous zone are not 

statistically significant.  While the ratios of ponderosa pine-to-spruce pollen decreased in Zone 

10, where they average 2.64, this change is not statistically significant, likely due to the low 

sample size.   The average pinyon pine pollen frequency of 3.2 percent and average influx rate of 

120.70 grains/cm2/year for Zone 10 are both slightly higher than the previous zone, however, the 

differences are not statistically significant.   

Sedge pollen frequencies dropped significantly from Zone 9 to 10 (t = 5.09, df = 6, p = 

.002), as they average 30.9 percent here.  Sedge pollen influx rates, averaging 1,153.39 

grains/cm2/year in Zone 10, are considerably lower than the previous zone.  Cheno/Am pollen 

frequencies average 6.6 percent in Zone 10, which is twice as high and significantly different 

than those of Zone 9 (t = -4.40, df = 6, p = .005).  Cheno/Am pollen influx rates, averaging 

246.69 grains/cm2/year here, are also considerably higher than those of the previous zone.  

Similarly, the ratios of sedge-to-Cheno/Am pollen in Zone 10 average 4.77, and they are 

significantly less than those of Zone 9 (t = 3.07, df = 6, p = .022).  Likewise, the sediments of 

Zone 10 (Table 3) consist of organic material that is more thoroughly decomposed than those of 

the previous zone, which suggests that the ground was exposed to a higher periodicity of drying 

and oxidization that facilitated organic breakdown.   

 Zone 10 is distinguished from the previous zone by a possible downward movement of 

the lower boundary of the subalpine forest, presumably due to reduced regional temperatures.  

The lack of statistically significant changes in the arboreal pollen measures, however, is likely 

due to a small sample size and extreme variability in measures.  Similar to Zone 9, this period of 

possibly reduced temperatures was likely interrupted by periodic episodes of low-frequency 
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warming phases as the variability in the Zone 10 portion of Figure 17 suggests.  Even though 

sedge pollen frequencies, influx rates, and the ratio of sedge-to-Cheno/Am pollen decrease from 

Zone 9 to Zone 10, which evidence a reduction in winter precipitation, Zone 10 is still 

characterized by a relative high presence of sedge pollen in the sediments.  Thus, the downward 

movement of the subalpine forest may be related to both a decrease in regional temperatures and 

relatively high amounts of winter precipitation during this period.   

Since the low-frequency reduction in winter precipitation appears to have occurred at a 

fairly constant rate (Figure 19), it is possible that spruce trees advanced upslope on several 

occasions during Zone 10 (Figure 17) due to various low-frequency reductions in temperature.  

Using tree-ring records from northern Arizona, Salzer and Kupfmueller (2005) identified two 

high-frequency phases of extreme warmth and two high-frequency phases of extreme cold that 

would have occurred during the temporal span of Zone 10.  Figure 17 shows similar low-

frequency phenomena in the ponderosa pine-to-spruce pollen ratio that may be due to the 

climatic perturbations witnessed in the tree-ring record.  The pinyon pine pollen data suggest that 

there was no significant change in the low-frequency regime of summer precipitation between 

Zones 9 and 10.          

Zone 11 (~ A.D. 1721 - 1940) 

 I expect that the majority of post-depositional disturbance occurred in Zone 11 given its 

historical age and the history of human activity and land disturbance at Beef Pasture noted in 

Chapter 2.  Therefore, there is a possibility that the vegetational changes evidenced by the pollen 

data are unrelated to climatic change, however, such a possibility should be confined to the later 

portion of this zone (post-A.D. 1880).  In this zone, spruce pollen frequencies average 15.5 

percent and these values are significantly higher than those observed in Zone 10 (t = 2.98, df = 9, 



 103 

p = .015).  Spruce pollen influx rates, averaging 676.98 grains/cm2/year here, are also 

significantly higher than those in Zone 10 (t = -2.63, df = 9, p = .028).  Ponderosa pine pollen 

frequencies average 20.6 percent and influx rates average 867.55 grains/cm2/year, neither of 

which is significantly higher than the previous zone.  As expected from increases in spruce 

pollen measures with relatively stable ponderosa pine pollen measures, there is a significant 

decrease in the ratio of ponderosa pine-to-spruce pollen between Zones 10 and 11 (t = -2.99, df = 

9, p = .015), where the average ratio for Zone 11 is 1.42.  Pinyon pine pollen frequencies average 

4.2 percent and influx rates average 177.98 grains/cm2/year in Zone 11, both of which are 

slightly higher than the previous zone but these differences are not significant.     

Sedge pollen frequencies experienced a fairly significant decrease from Zone 10 to 11 (t 

= -1.96, df = 9, p = .082), as here they average 17.4 percent.  Sedge pollen influx rates are also 

lower in Zone 11, where they average 821.62 grains/cm2/year.  Cheno/Am pollen frequencies 

average 6.8 percent, which is nearly identical to the average Cheno/Am pollen frequency 

observed in Zone 10.  Cheno/Am pollen influx rates, too, are very similar to those observed in 

Zone 10, as here they average 821.00 grains/cm2/year.  The ratios of sedge-to-Cheno/Am pollen 

average 3.41, and are lower than the previous zone, but this change is not statistically significant. 

Zone 11 witnessed the continued downward movement of the lower boundary of the 

subalpine forest that began in Zone 10.  While sedge frequencies and the ratio of sedge to 

Cheno/Am pollen declined from Zone 9 to Zone 10, these changes are probably related to 

historical land modification and grazing within the vicinity of Beef Pasture in the later portion of 

this zone.   Using historical records, Petersen (1988) has made a sound case for increased winter 

precipitation amounts as the causal mechanism for the downward expansion of the subalpine 

forest since the 1890s.   
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Even though sedge frequencies are low in Zone 10 and the downward expansion of the 

subalpine forest during this period is likely linked to increased winter precipitation, which 

counters the supposition that increased sedge propagation is tied to higher amounts of winter 

precipitation, the use of this proxy prior to historical modification around Beef Pasture is sound.  

If grazing and land modification resulted in the consistent removal of sedge around Beef Pasture, 

the dichotomy between increased winter precipitation argued by Petersen (1988) and low sedge 

values since the 1890s is not surprising.  However, this dichotomy demonstrates how misleading 

inferences could develop from a lack of knowledge about the history of the sampling locale.  

Likewise, linking the downward movement of the subalpine forest solely to increased winter 

precipitation, as witnessed in the recent past, may be unfounded.  Given that logging has 

occurred in the La Plata Mountains quite frequently in the past 125 years, one is left to wonder 

what effect this has had on the composition of the subalpine and montane forests and their pollen 

assemblages.  It may be that the downward movement of the subalpine forest in historic times is 

also related to forest succession and management practices associated with clearcutting.  

The wide ranges in Cheno/Am and sedge pollen frequencies in Zone 11 suggest that the 

sediments of Beef Pasture witnessed extremely divergent moisture conditions at this time, 

ranging from very wet to very dry.  The sediments of this zone seem to be more fully 

decomposed that prior deposits (Table 3), which further supports the notion of frequent wetting 

and drying around the sampling locale during this period.  The upper six centimeters of sediment 

in this zone consist of a gleyed gytjja, which indicates that the immediate environment was one 

of frequent submersion under standing water.  The deposition of this sediment is probably the 

result of seasonal ponding due to the construction of a water-retention feature in 1940.  This is 

further evidenced by the presence of cattail in the uppermost sediments.   
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Cattail favors habitats characterized by high levels of phosphate, such as areas heavily 

utilized by cattle.  Since the water retention feature at Beef Pasture serves as a water-tank for 

cattle, the presence of cattail at Beef Pasture is likely due to their presence, which is an indirect 

consequence of the presence of standing water.  Petersen and Mehringer (1976) did not identify 

cattail pollen in the sediments they extracted from Beef Pasture in 1973, which suggests that the 

presence of cattail began after the modification of the water retention feature during the latter 

months of 1973.   

The presence of cattail only in the uppermost deposits, and the fact that very little of this 

pollen seems to have moved into deeper sediments suggest that the possible effects of cattle on 

the Beef Pasture pollen sequence, as discussed in Chapter 2, are minimal.  If cattle had severely 

disturbed Beef Pasture’s sediments through trampling and grazing, then I expect that cattail, the 

only plant with a modern occurrence attributable to the presence of cattle, would be found at 

depths pre-dating the construction of the water tank.  The minimal translocation of cattail pollen 

in the Beef Pasture pollen record (Figure 16) suggests that this did not occur to any great extent.  

Further, the little evidence for such disturbance is contained to the uppermost deposits known to 

have been disturbed through historical activities.  The fibrous nature of woody sedge peat has 

most likely prevented the majority of disturbance that would be created by cattle trampling 

because, unlike mud, this type of sediment can support considerable weight without disturbing 

the sediment’s structure.  This leads me to conclude that the effects of cattle on Beef Pasture’s 

pollen record are minimal.             

Modern Era (~A.D. 1941 -  2005) 

The surface sample collected from the periphery of the Beef Pasture sampling locale 

consists of extremely low frequencies of spruce (2.1 percent) and ponderosa pine (12.2 percent) 
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pollen and noticeably high frequencies of grass (14.7 percent) and Liguliflorae sp. (3.4 percent) 

when compared to other samples.  While the surface sample was intended to provide a modern 

reference from which extrapolations into the past could be made, the results suggest that it does 

not serve as an appropriate proxy for paleoenvironmental conditions at Beef Pasture.  Likewise, I 

did not include this sample in Zone 11 because its pollen frequencies are quite different than 

those of any other sample.  Since we collected this sample in August, which is right after the 

time that many of the local species pollinate, it is possible that the high frequency of grass pollen 

is due to the limited time that these pollen grains have been subjected to weathering.   

The anomalous frequencies in this sample may also be related to the fact that we pinch-

sampled in various places, and no pinch sample was taken directly from the coring location.  The 

vegetation around many of the areas that we pinch-sampled, such as the edge of the fen, the 

earthen dam, and next to the road, is unlike that of the coring location and these locations likely 

contain pollen of species (e.g., grass) that do not occur directly atop of the coring location.  In 

fact, this sample contains the only raspberry (Rubus sp.) pollen (0.2 percent) I identified in the 

entire pollen profile from Beef Pasture, and this is likely due to the variable locations of pinch 

samples, some of which were elevated out of the fen’s moist sediments.  The pinch samples, 

therefore, appear to be more representative of the local vegetation outside of the fen’s moist 

sediments than the vegetation in the fen.   

Paleoclimate Summary and Comparison to Other Studies 

The composite analysis of changing pollen frequencies, ratios and influx rates of the 

indicator taxa through time has enabled me to reconstruct the climatically dictated vegetational 

assemblage around Beef Pasture for the past 2,100 years.  Since the successful, long-term (> 20 

years) propagation of the indicator taxa used in this study depends largely on the low-frequency 
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climatic variables that I wish to elucidate, changes in the prevalence of these taxa around Beef 

Pasture represent low-frequency fluctuations in the paleoclimatic regime of the region.  The use 

of several statistical measures on the data from the pollen assemblage, and the compatibility of 

the results, provides a more robust basis for paleoenvironmental inferences than what would 

have been possible from a single measure or fewer indicator taxa.  Likewise, the 16 radiocarbon 

samples allow me to place the results in a well-controlled temporal context, the best yet 

constructed for pollen data from the past 2,100 years in North America.  Although the magnitude 

of the paleoclimatic changes evident in the pollen record cannot be accurately measured with 

such proxies, I have identified ordinal differences in winter precipitation, summer precipitation 

and regional temperature through time that likely affected agricultural paleoproductivity at lower 

elevations within the Mesa Verde Region.   

Using pollen data from central Colorado, Fall (1997b) has argued that the modern climate 

of this area was established by A.D. 1, however, she did observe slight fluctuations in regional 

temperatures over the past 2 millennia based on fluctuations in the upper boundary of the 

subalpine forest.  Direct correlations between her analysis and the one presented here, however, 

should not be expected due to vagaries in local environments and geography (Meyer 1992).  My 

analysis of the pollen assemblage of Beef Pasture core No. 3 identifies four low-frequency 

reductions in regional temperatures and four low-frequency increases in regional temperatures 

over the past 2,100 years (Table 10).  Along with these temperature fluctuations, my results also 

identify five low-frequency reductions and four low-frequency increases in winter precipitation 

(Table 11).  The observed fluctuations in summer precipitation (Figure 20) do not conform well 

to the zone-based analysis, however, significant changes did occur at the zonal level.  To better 

pinpoint when these changes actually began to occur, I collapsed these data into periods (Table 
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12) based on changes observed in Figure 20 that are verified by statistically significant 

differences between the zones.  Therefore, the periods listed in Table 12 deviate from those 

defined by the 11 zones because this grouping better reflects the observed trends.  As Table 12 

shows, I identify two low-frequency reductions in summer precipitation and three low-frequency 

increases in summer precipitation.   

The previous discussion of zonal differences relied largely on statistical measures of 

difference.  These zonal changes, however, obfuscate variability within the zones that is more in-

tune with the temporal resolution of the archaeological record and possibly more relevant to 

estimates of agricultural paleoproductivity.  The following discussion considers within-zone 

changes in the measures of the indicator taxa, but statistical procedures are inappropriate due to 

low sample sizes.  Comparisons to the higher resolution tree-ring records and Petersen’s (1988) 

pollen-based paleoclimatic reconstruction from the area, however, do provide support for several 

within-zone changes inferred from the pollen data.     

Temperature 

Petersen’s (1988) study of the pollen assemblage at Beef Pasture and Twin Lakes is the 

only other palynological investigation from the region that has critically evaluated the climatic 

conditions of the past 2,000 years.  Petersen inferred from his data that the region experienced a 

period of cool temperatures from 900 B.C. to A.D. 500.  My results are compatible with those of 

Petersen, where here the beginning of the paleoclimatic sequence initiates with a period of 

extremely low temperatures from 100 B.C. to A.D. 35 (Figure 17; Table 10).  Although I observe 

an increase in regional temperatures between A.D. 36 and 575, these temperatures were also 

extremely low in comparison to other periods.  My data suggest further that a considerable 

increase in regional temperatures occurred after A.D. 575, a phenomenon that initiated around 
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Table 10. Low-frequency Changes in Regional Temperaturesa 
 

Estimated Date-Range Zone(s) Relative Change 
100 B.C. – A.D. 35 1 low 

A.D. 36 – 575 2-3 increase 
A.D. 576 – 835 4 increase 
A.D. 836 - 1005 5 decrease 

A.D. 1006 – 1265 6 increase 
A.D. 1266 – 1405 7 decrease 
A.D. 1406 – 1490 8 increaseb 

A.D. 1491 – 1635 9 variableb 

A.D. 1636 – 1720 10 decreaseb 

A.D. 1721 - 1940 11 decrease 
arelative changes listed in the table are fluctuations from the previous period, not a comparison to modern 
conditions.  
blow-frequency oscillations between cooler and warmer periods are recurrent and highly variable during this period 

 

 

 

 

 

Table 11. Low-frequency Changes in Winter Precipitationa 
 

Estimated Date-Range Zone(s) Relative Change 
100 B.C. – A.D. 35 1 low 

A.D. 36 – 290 2 increase 
A.D. 291 – 575 3 decrease 
A.D. 576 - 785 4 increase 

A.D. 785 – 1005 5 decrease 
A.D. 1006 – 1265 6 increase 
A.D. 1266 – 1490 7-8 decrease 
A.D. 1491 – 1635 9 increase 
A.D. 1636 – 1720 10 decrease 
A.D. 1721 - 1940 11 decrease 

arelative changes listed in the table are fluctuations from the previous period, not a comparison to modern 
conditions.  
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Table 12. Low-frequency Changes in Summer Precipitationa 
 

Estimated Date-Range Zone(s) Relative Change 
100 B.C. – A.D. 700 1-4 moderate 

A.D. 701 – 780 4 increase 
A.D. 781 – 1180 4-6 decrease 
A.D. 1181 - 1490 6-8 increaseb 

A.D. 1491 – 1750 9-11 decreaseb 

A.D. 1751 – 1940 11 increase 
arelative changes listed in the table are fluctuations from the previous period, not a comparison to modern 
conditions.  
blow-frequency oscillations between periods of wetter and drier summers are recurrent and highly variable during 
this period 

 

 

A.D. 36 and continued until approximately A.D. 835 (Figure 17; Table 10).  This inference is 

also supported by both the pollen record at Twin Lakes, Colorado and the Almagre Mountain 

tree-ring record (Petersen 1988:Figure 51). 

After A.D. 835, the Mesa Verde region experienced a reduction in regional temperatures 

that apparently reached a nadir from A.D. 900 to 950 with cool conditions lasting until about 

A.D. 1005 (Figure 17; Table 10).  Although Petersen’s measure for regional temperatures, the 

conifer-to-non-arboreal pollen ratio at Twin Lakes, does not demonstrate this temperature low, it 

is expressed rather well in the Almagre Mountain tree-ring record (Petersen 1988:Figure 51).  

This fluctuation is not represented in the Twin Lakes record because there was only one pollen 

sample analyzed from this period.  In fact, the Twin Lakes pollen record is so coarse that 

Petersen (1988:100) was reluctant to use it as a proxy for temperature change at this time, instead 

relying on the Almagre Mountain tree-ring record to infer temperature changes from A.D. 550 to 

1970.   

The pollen record at Beef Pasture documents a warmer period from A.D. 1006 to 1265 

(Table 10), which was interrupted by a short period of cooling centered around A.D. 1090 and a 

consistent decline in temperatures beginning around A.D. 1200 (Figure 17).  Once again, while 
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the Twin Lakes pollen record is too coarse to infer paleoclimatic changes, the Almagre Mountain 

tree-ring record does indicate a warming period around A.D. 1000, a cooling period centered on 

A.D. 1100 and a return to higher temperatures until A.D. 1200 (Petersen 1988:Figure 51).   

After A.D. 1200, regional temperatures remained relatively low until just after A.D. 

1400, at which time a period of warming began and continued until the mid-1600s (Figure 17; 

Table 10).  These results are supported by the decrease in the conifer-to-non-arboreal pollen ratio 

from Twin Lakes and the Almagre Mountain tree-ring record (Petersen 1988:Figure 51).  The 

extreme oscillations in the later portion of this period seen in Figure 17, however, suggest that 

between A.D. 1450 and 1700 regional temperatures varied considerably on a low-frequency 

scale.  Although this degree of variability is unlike any other portion of the Beef Pasture pollen 

record, it is also evident in the Almagre tree-ring record (Petersen 1988:Figure 51), where the 

durations and magnitudes of the fluctuations are highly variable.   

The cooling period that began in the mid-1600s continued until about A.D. 1825, when a 

return to higher temperatures occurred (Figure 17; Table 10).  Although Figure 17 suggests that a 

period of cooling occurred around the early 1900s, these samples of recent age may not 

accurately reflect the overstory around Beef Pasture at this time because we do not know what 

effect logging had on the forest structure and its pollen assemblage.  Petersen (1988:101) 

suggests that regional temperatures began to increase in the 1850s.  The Almagre Mountain tree-

ring record documents a period of warming from A.D. 1700 to 1800, followed by a temperature 

low centered on the mid-1800s which is followed by a return to high temperatures.  While the 

Beef Pasture pollen record expresses this temperature low rather well, it does not identify the 

period of warming right before it.  Possible explanations for this disjunction between the two 

proxies are that these high-frequency temperature changes developed independently of the low-
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frequency pattern or that the warming trend around Almagre Mountain (350 km ENE) did not 

occur in the Mesa Verde region.  It may also be that the Almagre Mountain tree-ring record has 

over-estimated the magnitude of local temperature increase at this time. 

The Medieval Warm Period (A.D. 1000 – 1250) (Dean 1994; Lamb 1977) is evidenced 

here in Figure 17 and Table 10, where temperatures remained relatively high throughout the 

eleventh, twelfth, and early thirteenth centuries.  However, several short periods of cooling 

occurred within this period, as is evidenced here as well as in other temperature reconstructions 

from the Colorado Plateau (e.g., Salzer and Kipfmueller 2005).  The Little Ice Age (A.D. 1250 – 

1850), which occurred worldwide but at slightly different times (Bradley 2000:1353; Grove 

1988) and with different effects (Dean 1994; Van West and Dean 2000:27-28), is evidenced in 

the Beef Pasture pollen record (Figure 17).  Similar to the Medieval Warm Period, however, the 

Little Ice Age was not a period of consistently low temperatures, but was characterized by highly 

variable temperatures (see also Matthews and Briffa 2005).  Based on the pollen evidence 

presented here, the Mesa Verde region also experienced extreme variability in regional 

temperatures during the Little Ice Age, which is also supported by other studies from the 

Colorado Plateau (e.g., Salzer and Kipfmueller 2005).  From a comparison of 112 paleoclimatic 

records from across the globe, Mann et al. (1998) could only identify two worldwide cold 

periods since A.D. 1400: one centered in the 1400s and the other in the 1800s.  These lows are 

observed here in Figure 17.  My results combined with those of others (Salzer and Kipfmueller 

2005; Van West and Dean 2000) suggest that the traditional concept of the Little Ice Age is a 

problematic construct when applied to the Southwest.    

 

 



 113 

Winter Precipitation 

I infer an initial period of low winter precipitation from 100 B.C. to A.D. 35 in the Beef 

Pasture pollen record, which was followed by an increase in winter precipitation at A.D. 36 

(Figure 19; Table 11).  This increase persisted until approximately A.D. 290, and there may have 

been a short period of reduced winter precipitation around A.D. 150 (Figure 19).  After A.D. 

290, the Mesa Verde region experienced a reduction in winter precipitation until about A.D. 575.  

Petersen (1988:99-100) also documented an increase in winter precipitation after 200 B.C that 

persisted until A.D. 575.  Inspection of Petersen’s (1988:Figure 51) results also support my 

inferences of a short period of reduced winter precipitation around A.D. 150 and a general 

reduction in winter precipitation beginning around A.D. 300 that culminated in an extreme low 

centered on A.D. 550. 

 A subsequent increase in low-frequency winter precipitation persisted until the mid-700s 

(Figure 19; Table 11), however, this increase did not match the winter precipitation high of the 

mid-200s.  This period of low winter precipitation continued until about A.D. 1005, at which 

time the region experienced a return to higher winter precipitation rates.  Although this increase 

peaked around A.D. 1200, short periods of reduced winter precipitation may have occurred 

around A.D. 1100.  While winter precipitation rates began to decline after A.D. 1200, they 

remained relatively high until the mid-1200s, at which time they plummeted and remained low 

until about A.D. 1490.  Winter precipitation amounts increased once more after A.D. 1490 and 

remained relatively high until the mid-1600s, however, Figure 19 likely misconstrues the 

magnitude of this increase.  After A.D. 1635, the Mesa Verde region experienced a decline in 

winter precipitation, and this trend continued until the early twentieth century.  However, this 
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period of low winter precipitation may have been interrupted by short periods of increase in the 

late 1700s and late 1800s.   

 My inferences about the winter precipitation of the Mesa Verde region are strongly 

supported by other research.  Petersen documented an increase in winter precipitation between 

A.D. 575 and the mid-700s, followed by a decline until about A.D. 1005 based on his ratios of 

spruce-to-pine pollen at Beef Pasture (Petersen 1988:Figure 55).  The hydrological curve from 

Black Mesa, northeast Arizona (Euler et al. 1979:Figure 4) and the arboreal pollen indices from 

Navajo Reservoir, southwest Colorado and the Chuska Valley, northwest New Mexico 

(Schoenwetter 1970:Figure 1) document winter precipitation lows around A.D. 600 and from 

A.D. 700 to 1000.  These three studies also document an increase in winter precipitation from 

A.D. 1000 to A.D. 1200, with a winter precipitation low centered on the mid-1100s and a decline 

in winter precipitation after A.D. 1200.  Using tree-ring records, Dean and Van West (2002:87) 

identified prolonged droughts in annual or summer precipitation centered on A.D. 1000, the late 

1000s, the mid-1100s, late 1200s, and the mid-1400s that likely correspond with dips in the 

winter precipitation curve presented here (Figure 19).  They identified further periods of high 

annual precipitation in the mid-1000s, the early 1100s, the late 1100s and the early 1300s (Dean 

and Van West 2002:87) that correspond with slight peaks in the winter precipitation curve 

presented here (Figure 19).      

Petersen’s (1988:Figure 51) pollen ratios also support my inference for a period of low 

winter precipitation until the mid-1400s, at which time winter precipitation increased and 

remained high until about A.D. 1600.  His ratios also document a period of low winter 

precipitation from A.D. 1600 to the mid-1800s with short periods of winter precipitation increase 
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centered on the late-1700s and late-1800s, which led him to interpret the Little Ice Age as being 

relatively dry (Petersen 1994).    

Summer Precipitation 

Since the zone-based analysis obscures several changes in the pinyon pine pollen influx 

rates, I refer to Figure 20 when describing summer precipitation fluctuations here and in Table 

12.  Based on influx rates, I interpret the period prior to A.D. 700 as having a relatively low but 

moderate amount of summer precipitation. Summer precipitation amounts increased 

considerably from A.D. 701 – 780, and this was followed by a period of relatively low summer 

precipitation until A.D. 1180.  This period of low summer precipitation, however, was 

interrupted by extreme lows in the mid-900s and the entire eleventh-century and a short increase 

in the early 1100s.  The effects of the well-known drought in the mid-1100s are represented by a 

period of slightly reduced pinyon pine pollen influx between A.D. 1120 and 1180 (Figure 20).  

From A.D. 1180 to A.D. 1490, the pinyon pine pollen influx rates tend to increase, however, this 

increase was perturbed by short periods of reduced summer precipitation centered on the mid-to-

late thirteenth century and the late fourteenth century.  This thirteenth-century reduction 

corresponds to the Great Drought (Douglass 1929).  As the pinyon pollen influx rates suggest, 

however, this drought was not as severe as that of the mid-twelfth century, which is also 

suggested by tree-ring records (Benson et al. 2006).   

 After A.D. 1490, the Mesa Verde region experienced a reduction in summer precipitation 

until about A.D. 1750, at which time summer precipitation increased and continued to be 

relatively high until the twentieth century.  The pinyon pine pollen influx rates, however, suggest 

that these two low-frequency fluctuations were interrupted by numerous and variable higher 



 116 

frequency fluctuations, with highs occurring in the late 1500s, the late 1600s, the mid 1700s, the 

early 1800s and the early 1900s and lows occurring in the early 1600s and the late 1700s.    

In agreement with my results, Petersen (1988:Figure 51) observed a relatively low pinyon 

pine pollen influx rate until approximately A.D. 700.  His data also document an increase in 

summer precipitation from A.D. 700 to A.D. 1100, with lows occurring in the mid-900s and the 

1000s and a high in the early 1100s.  Petersen’s results, however, do not document the extensive 

variability in summer precipitation patterns from A.D. 1181 to 1850 observed in my results 

(Figure 20).  As a result, he interpreted this period as one of consistently low summer 

precipitation.  While this is the long-term trend, my results suggest a high level of variation 

during this period.  In fact, Ahlstrom et al. (1995) suggest that summer precipitation was 

extremely variable and unpredictable from A.D. 1250 to 1450 in the northern Southwest.  The 

Great Drought of the late thirteenth century was likely initiated by a period of weakening in the 

summer monsoons (Petersen 1988:94), which may be associated with extremely negative values 

for the Pacific Decadal Oscillation (PDO) (Benson et al. 2006), and this weakened pattern of 

summer monsoons may have persisted until the mid-fifteenth century.   

Using various tree-ring records from the northern Southwest, Benson et al. (2006:Figure 

4) identify droughts centered around A.D. 1090, A.D. 1150 and A.D. 1280 that likely 

reverberated across the entire Four Corners region.  These tree-ring-based climatic 

reconstructions support my inferences of summer droughts in the A.D. 1000s, the mid-1100s and 

the late 1200s.  Using a Douglas-fir tree-ring record from the Mesa Verde region, Dean and Van 

West (2002:87) also identified three prolonged droughts in the 1000s, and one in the late 1300s 

that may correspond with the low-frequency pinyon pine pollen signals for droughts at these 

times.  Their results also pinpointed prolonged droughts in the late 900s, the mid-1300s and the 
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mid-1400s that are expressed well in the Beef Pasture record (Figure 20).  Since their drought 

reconstructions are based on annual precipitation measures, these may have been the result of 

combined reductions in winter and summer precipitation.  The droughts of the late-1200s and the 

mid-1400s correspond with my inferences of reduced winter precipitation at these times, and 

since these droughts are poorly expressed in the summer precipitation record here, they may 

have been driven largely by winter droughts.  Dean and Van West (2002:87) also identified 

prolonged wet periods occurring in the early 1100s, the late 1100s and early 1300s; these wet 

periods are evidenced here by peaks in the pinyon pine pollen influx rates at these times (Figure 

20).  Although they also identified a prolonged wet period in the mid-to-late 1000s that is not 

witnessed in the pinyon pollen data, this wet period does correspond with a peak in winter 

precipitation at this time, suggesting that this wet period may have been driven largely by 

increased winter precipitation.  

Since my results correspond well to other low- and high-frequency paleoclimatic 

reconstructions from the northern Southwest, I believe that they accurately reflect the 

paleoclimate of the Mesa Verde region over the past 2,100 years. I argue further that Figures 17, 

19 and 20 serve as appropriate visual reconstructions of low-frequency oscillations in annual 

temperature, winter precipitation and summer precipitation respectively.  The magnitudes of the 

various climatic fluctuations, however, may not be accurately expressed in these figures.     

Climatic Influences on Agricultural Paleoproductivity in the Mesa Verde Region 

 Since adequate amounts of winter and summer precipitation are necessary for successful 

agricultural productivity in the Greater Southwest, and since lengthy growing seasons are critical 

to maize farming in the Mesa Verde region, fluctuations in these variables likely affected the 

ability of prehistoric (and historic) farmers in this region to successfully dry farm.  However, as 



 118 

paleoproductivity modeling based on tree rings seems to suggest (Axtell et al. 2002; Dean et al. 

2000; Kohler et al. 2007; Van West 1994), certain areas of the northern Southwest would have 

always been agriculturally productive regardless of the reconstructed climatic changes.   

While the low-frequency temperature reconstruction here will likely augment the results 

of future paleoproductivity models, climate change cannot explain cultural change per se 

because we need to consider pertinent social variables, such as the mode of production of 

prehistoric peoples in relation to climate change (e.g., Bettinger 1999:69-70).   Further, 

environmental change can affect social relations and ideological aspects of prehistoric peoples 

that are linked to resource availability and predictability.  Changes in the existing social relations 

or ideology can make other communities and regions more attractive residential locales, and 

these sociocultural push and pull factors may encourage people to either enter or leave their 

existing communities (Benson et al. 2006; see also Dean et al. 2000; Larson et al. 1996).  In fact, 

Ahlstrom et al. (1995) and Lipe (1995:163) argue that the depopulation of the Mesa Verde region 

in the thirteenth century likely had an ideological component, which they suggest may have been 

related to the weakening of the summer monsoons at this time.       

Regardless of how cultural and demographic changes are mediated, alterations in the 

subsistence potential of a region can make places more or less desirable areas for dry farming.  

Dean et al. (1985) suggest that demographic processes observable in the archaeological record, 

such as population increases, migrations, depopulations, and demic diffusions, respond more 

closely to low-frequency than to high-frequency environmental changes.  Rapid demographic 

changes occur in response to high-frequency environmental change only when regional carrying 

capacities are severely reduced due to population growth and/or low-frequency environmental 

change.  Using this model as a basis for the demographic transitions in the Mesa Verde region, 
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Schlanger (1988) hypothesizes that long periods of favorable and stable climate would encourage 

population maintenance or increase while an instable and unfavorable climate would stimulate 

out-migration if conditions at the intended destinations appeared to be more favorable.      

While Dean et al.’s (1985) proposition is only a model, and deviations from it have been 

witnessed in the archaeological record of the northern Southwest (e.g., Orcutt 1991), it does 

suggest that the interrelationships between high- and low-frequency environmental processes on 

subsistence potential are rather complex, and that understanding both processes in tandem 

provides a more comprehensive picture of how environmental change affected the 

paleoproductivity of the Mesa Verde region.  Given that paleodemographic estimates for the 

central Mesa Verde region are temporally well defined, coupling what is already known of the 

high-frequency processes with the new low-frequency data presented in this thesis should help 

elucidate the nature of the ecological niche constructed by local agriculturalists.  This composite 

picture will help us to better understand the co-evolution of regional societal structures and 

environments, which are two of the ultimate aims of the Village Project (Kohler et al. 2007).   

The following discussion highlights significant demographic changes in the Mesa Verde 

region in relation to the low-frequency climate changes presented in this thesis that likely 

affected agricultural paleoproductivity.  Inferences drawn from these comparisons, however, 

should be considered tentative because the low-frequency paleoclimate data analyzed in this 

study have yet to be incorporated into the Village Project’s paleoproductivity model.  Likewise, 

considering that many more variables are considered in the Village Project’s paleoproductivity 

model, direct correlations between low-frequency climatic fluctuations and changes in 

agricultural yield estimates should not be expected.  Figure 21 isolates and summarizes the 

reconstructed climate variables from B.C. 100 to A.D. 1400, the period when agricultural 
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practices appeared in the northern Southwest and when a farming way of life became the 

normative subsistence strategy prior to regional depopulation.       

As many researchers contend (Diehl 1997; Hard 1990; Matson 1991, 2002; Wills 1988, 

1996), the introduction of domesticates into southwestern diets probably served as some sort of 

dietary “insurance policy” (Lipe 1999:130), where hunter/gatherer groups used maize to buffer 

against wild resource scarcity. The earliest dates for agriculture in the northern San Juan region 

and at higher elevations across the central portion of the Colorado Plateau cluster around 300 

B.C. (Geib and Spurr 2000; Lister 1997; Smiley 1994; Stiger and Larson 1992; see also Geib and 

Spurr 2002), however, this predates the paleoclimatic reconstruction here.  Although maize was 

present in the northern San Juan region, reliance on domesticates was relatively limited until the 

late Basketmaker II period (A.D. 200 – A.D. 500; Kidder 1927), when successful upland dry 

farming began to occur (Matson 1991; Lipe 1999; see also Smiley 1994) and when a farming 

way of life came to the central Mesa Verde region.   

Whether the sudden increase in dietary reliance on maize occurring in the late 

Basketmaker II period in the northern southwest is the result of cultural transmission of 

agricultural practices to indigenous groups (Irwin Williams 1973), demic diffusion of southern 

agricultural groups into the region (Matson 1991, 2002), introduction of a different genetic strain 

of maize, or a combination of these three processes remains contested (Wright 2006).  The 

paleoclimatic reconstruction presented here documents a warming trend that began in the A.D. 

200s (Figure 21) and corresponds temporally to this increased reliance on maize.  This warming 

trend likely increased the growing season in the northern San Juan region, which would have 

increased agricultural success and crop predictability at this time.  This warming episode may 

have encouraged a larger investment in agricultural production as well as an influx of farmers  



 121 

   

                  
               
 
                 Temperature 

 
 
 
 
 

     Winter Precipitation 
 
 
 
 

   Summer Precipitation 
 
                                

                                                                              Calibrated Calendrical Date (A.D.) 

Figure 21. Low-frequency paleoclimate reconstruction from 100 B.C. - A.D. 1400.  The 
temperature curve is derived from the ponderosa pine-to-spruce pollen ratio (Figure 17); the 
winter precipitation curve is derived from the sedge-to-Cheno/Am pollen ratio (Figure 19); the 
summer precipitation curve is derived from pinyon pine pollen influx rates (Figure 20).  The 
shaded area represents the 700 year period of occupation in the central Mesa Verde region.   
 

 

into the northern Southwest.  Reductions in winter precipitation after A.D. 290 (Figure 21; Table 

12) and a cold period around A.D. 400 (Figure 21), however, may have curtailed the spread of 

agricultural production to the north and into higher elevations like the central Mesa Verde 

region.  This factor may be related to reluctance of regional agriculturalists to become dependent 

upon agricultural subsistence until the seventh century.  In fact, the central Mesa Verde region, 

an area near the latitudinal and elevational limit of the Puebloan cultural distribution, was not 

utilized by agriculturalists until around A.D. 600.   

  After A.D. 600, populations in the northern San Juan region became more sedentary and 

reliant on agriculture, as evidenced by an increased investment in residential architecture and  
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Figure 22. Comparison of low-frequency paleoclimatic conditions to the number of momentary 
households in the central Mesa Verde region.  These momentary household estimates are from 
the midpoints of the 14 periods observed in the Village Project’s paleodemographic 
reconstruction (Kohler et al. 2006:Table 1).  
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more maize in the diets.  Likewise, this is the approximate period when farmers began to inhabit 

the central Mesa Verde region.  Figure 22 compares the Village Project’s population estimates 

for the central Mesa Verde region (Kohler et al. 2006:Table 1) in relation to the low-frequency 

paleoclimatic conditions reconstructed here.  As it shows, the influx of farmers around A.D. 600 

coincides with a notable increase in temperature and a high level of winter precipitation (Figure 

22; Tables 10 and 11).  These climatic conditions would have favored agricultural productivity, 

perhaps more so then than at any other time during regional occupation.  Around A.D. 780, 

however, winter precipitation, summer precipitation and regional temperatures appear to have 

decreased substantially (Figures 22; Tables 10 - 12).  Farmers developed new technologies for 

water management, such as water storage features and runoff irrigation (Schlanger 1988:789), at 

this time, which may have been an attempt to buffer against these precipitation shortfalls. 

There is also a noticeable increase in population in the central Mesa Verde region after 

A.D. 780 (Figure 22).  If the central Mesa Verde region does contain the most productive 

agricultural land in the northern San Juan region, as Varien (1999; Varien et al. 2000) has 

argued, this population increase may be the result of dispersed farmers across the northern San 

Juan region moving into the central Mesa Verde region to access reliable farmland.  This period 

of aggregation and population increase in the Dolores area of the central Mesa Verde region 

likely affected the environmental and social conditions of the region.  Perhaps this increase in 

population and the reduction in precipitation around A.D. 780 (Figure 22) affected the amount of 

available farmland to the point where people began to explore alternative farming strategies, 

such as the water control features identified by Schlanger (1988), to maintain adequate levels of 

agricultural yields.  In fact, the first appearance of field houses in the central Mesa Verde region 

occurs in the mid-800s (Kohler 1992a), which Kohler (1992a:626-630) suggests reflects a 
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change in local land tenure systems that may have involved increases in social inequality (see 

also Kane 1989; Schachner 2001:183).  Likewise, population increases in the Dolores River area 

in conjunction with poor climatic conditions may have contributed to changes in the social 

relations among people, as Schachner (2001) has suggested based on transformations in ritual 

architecture and practices at this time.   

The 200-year duration (A.D. 780 – 980) of low temperatures and precipitation (Figure 

22), which are critical climatic variables for reliable maize productivity, may have stressed 

regional agricultural systems to the point that the vast majority of residents vacated the Dolores 

River area (Varien 1999; Wilshusen 1995, 1999a) and areas of southeast Utah (Matson et al. 

1988; Wilshusen and Ortman 1999) through the ninth and early tenth centuries.  While a small 

number of farmers remained in the central Mesa Verde region (Figure 22), many farmers 

probably moved southward into northwestern New Mexico (Wilshusen and Ortman 1999; see 

also Wilshusen and Wilson 1995, Wilshusen 1999b) with no intent to return (Schlanger and 

Wilshusen 1993:97).   

People apparently resettled some of the previously depopulated areas of the northern San 

Juan region in the late 900s (Duff and Wilshusen 2000; Varien 1999), and many of these settlers 

were possibly previously displaced farmers and their kin returning to their ancestral homelands.  

As Figure 22 demonstrates, the climate of the northern San Juan region during the late 900s 

became increasingly favorable for maize agriculture through increased growing seasons and 

higher amounts of winter precipitation.  The central Mesa Verde region also experienced a return 

to increasing population levels at this time.  This suggests that increased population levels across 

the northern San Juan region cannot be explained by remnant farmers in the Dolores River area 

dispersing across the landscape, but that the northern San Juan region was experiencing an 
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overall influx of farmers, likely originating from the south, during this period of favorable 

climate.       

Increasing population levels across the northern San Juan region persisted throughout the 

eleventh century, including a repopulation of the Cedar Mesa area (Matson et al. 1988) and 

continued population growth in the central Mesa Verde region (Figure 22) and probably in other 

areas of the northern San Juan region (Varien 1999; Wilshusen 2002:Figure 5.4).  These 

population increases correspond with continued increases in winter precipitation and 

temperature, which likely increased agricultural productivity throughout the region; however, 

summer precipitation remained relatively low during this period (Figure 22; Table 12) as did the 

overall population level of the northern San Juan region (Duff and Wilshusen 2000).  Duff and 

Wilshusen (2000) and Varien (1999) observe a slight population reduction in the northern San 

Juan region centered on A.D. 1070, however, this demographic shift does not appear to have 

occurred in the central Mesa Verde region (Figure 22).  If this population reduction was 

somehow related to climatic change, it may have been in response to reductions in winter 

precipitation and temperature at the end of the eleventh century (Figure 22).  If so, some of these 

displaced farmers may have aggregated into established communities in the central Mesa Verde 

region once again (Varien 1999), as evidenced by continuous population growth in this region.   

Another population reduction across the northern San Juan region occurred around A.D. 

1150 (Duff and Wilshusen 2000; Varien 1999), however, this too was not experienced in the 

central Mesa Verde region where populations continued to increase throughout the twelfth 

century (Figure 22).  Unlike the population reduction around A.D. 1070, this population 

reduction corresponds with a well known summer precipitation low in the mid-1100s (Figure 

22); this drought is often invoked as a causal force for the collapse of the Chacoan system further 



 126 

south (e.g., Benson et al. 2006).  Other climatic variables in the central Mesa Verde region, 

however, seem relatively favorable for agricultural productivity at this time.  Since population 

levels in the central Mesa Verde region continued to increase in spite of more regional 

population reductions, it is quite possible that these farmers were once again moving into the 

central Mesa Verde region, and elsewhere, in search of more favorable agricultural land.    

Unlike the Pueblo I period (A.D. 700 – 950), population fluctuations in the northern San 

Juan region from A.D. 1000 to the mid-1100s do not correspond well with low-frequency 

climatic changes.  Primarily, the low temperatures and winter precipitation during the late 

eleventh to mid-twelfth centuries (Figure 22) do not seem to have affected the paleodemography 

of the northern San Juan region or the more localized central Mesa Verde region to any 

significant extent.  Further, although the broad regional population reductions around A.D. 1070 

and 1150, as discussed previously, do correspond with slight changes in regional paleoclimates, 

these climatic changes do not appear to have been as severe as those during the ninth and tenth 

centuries.  Their effects on regional agricultural paleoproductivity, therefore, seem relatively 

minor.   

Applying microeconomic theory and utility functions, Kohler and Van West (1996) 

predict that periods of high agricultural productivity would stimulate the pooling of resources 

and sharing among farmers the central Mesa Verde region, resulting in cooperation and 

population aggregation.  Conversely, they predict that periods of low agricultural productivity 

would stimulate farmers to share less or even defect from their communities and disperse across 

the landscape.  If their predictions accurately model normative behavior, then why were farmers 

aggregating into community centers in central Mesa Verde region (Varien 1999), thus increasing 

regional population levels (Figure 22), during the relatively poor climate during the late tenth 
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and eleventh centuries instead of taking up residence in dispersed settlements around these 

community centers?         

One explanation is that there may have been social incentives for people to aggregate into 

community centers during the eleventh and twelfth centuries.  This is the time period when the 

Chaco regional system was at its apex, and the communities in the central Mesa Verde region 

were likely participants in this system as evidenced by the presence of Great House architecture 

and a settlement pattern consisting of ‘small bumps’ around ‘big bumps’ (Lekson 1991).   

Although the relationships between Mesa Verde communities and those at Chaco Canyon, New 

Mexico are poorly understood (e.g., Cameron 2005), the social value of participating in such a 

system may have out-weighed the economic value gained by defection and dispersion.  Lightfoot 

(1984) suggests that places of perceived political, ideological, or social importance, perhaps 

evidenced in the central Mesa Verde region by Great Houses, Great Kivas, or persistent 

communities (Varien 1999), may have been attractive enough locations to encourage 

immigration in the pre-Hispanic southwest.  Likewise, Lipe (2002) suggests that leaders situated 

in Mesa Verde community centers may have been attempting to recruit members, possibly for 

personal benefit.  Interestingly, Kohler et al. (2006) note that this period of Chaco fluorescence 

in the Mesa Verde region coincides with a period when the normative relationship between 

population and warfare is inverted, a phenomenon that they suggest was also related to the 

influence of the Chacoan system.  Implying a period of relatively peaceful social relations and 

cultural fluorescence, Lekson (1999) refers to the northern Southwest as ‘Pax Chaco’ during 

Chacoan times (A.D. 900 – 1150).    

Since the low-frequency climatic regime from the eleventh to mid-twelfth centuries was 

relatively constant when compared to other periods (Figure 22), it is also possible that the 
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paleodemographic patterns of the northern San Juan region were responding more closely to 

high-frequency climatic changes during this period.  Regional carrying capacities may have been 

relatively low at this time due to population pressure (Dean et al. 1985) or to human induced 

environmental changes, such as deforestation or resource depletion (Kohler 1992a, 1992b; 

Kohler and Matthews 1988).  Population levels, however, were not as high as they were in 

subsequent periods, suggesting that if the carrying capacity was extremely low, it was likely not 

a result of population pressure at this time.   

After A.D. 1170, population levels across the northern San Juan region began to increase 

once more (Dean et al. 1994; Wilshusen 2002:Figure 5.4), and households became closely 

aggregated within communities and communities became increasingly aggregated across the 

landscape (Adler 1990; Varien 1999).  While this regionally broad population increase was also 

occurring in the central Mesa Verde region (Kohler et al. 2006:Table 1), this area experienced its 

most rapid population increase in the early thirteenth century (Figure 22).  Increases in 

population and settlement aggregation throughout portions of the northern San Juan region, but 

perhaps not the entire region (see Duff and Wilshusen 2000), continued until the mid-thirteenth 

century, at which time people had begun a rather rapid out-migration of the region until it was 

fully depopulated by A.D. 1300 (Dean et al. 1994; Duff and Wilshusen 2000; Kohler et al. 2006; 

Lipe 1995, 2002; Varien 1999; Wilshusen 2002). This regional depopulation has traditionally 

been associated with the Great Drought (e.g., Douglass 1929; Hewett 1908; Kidder 1924), 

however, Van West’s (1994) paleoproductivity model for the central Mesa Verde region 

suggests that productivity would have been high enough to support some continued habitation of 

the region.  As discussed in Chapter 1, however, Van West did not fully address the potential 

effects of shortened growing seasons on agricultural productivity.  Moreover, Van West’s 
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paleoproductivity model assumed yields similar to those from maize planted locally in the 1930s 

and 40s, which may be inappropriate given the differences in technology and the genetic strains 

of corn being cultivated.  I expect that once these new low-frequency data are incorporated into 

the Village Project’s paleoproductivity model, estimates of maize yields/household/year will be 

considerably lower than those derived from Van West’s model.       

The low-frequency paleoclimatic reconstruction presented here suggests that by the mid-

1200s the Mesa Verde region was experiencing shorter growing seasons due to cooler 

temperatures and a reduction in winter precipitation (Figure 22; Tables 10 and 11).  While the 

Great Drought is poorly expressed in the pollen record, it did in fact occur, and this phenomenon 

in combination with winter precipitation deficiencies likely exacerbated the temperature-induced 

subsistence stress experienced by regional farmer at the end of the thirteenth century.  

Researchers have often attempted to identify a single climatic cause for the Mesa Verde 

depopulation at this time, however, the picture presented here suggests that a combination of low 

temperatures with both winter and summer droughts during the later half of the thirteenth century 

would have been detrimental to crop productivity throughout the majority of the northern San 

Juan region, including the central Mesa Verde region.  From the data presented here, it appears 

that the thirteenth century in the central Mesa Verde region may have been one of the worst 

times for prehistoric agriculturalists in the central Mesa Verde region throughout their 700-year 

span of occupation.   
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CHAPTER SEVEN 

CONCLUSIONS 

In this thesis I have outlined the methods and analyses employed to derive a 

paleoclimatic reconstruction for the central Mesa Verde region that will be used in the Village 

Project’s (Johnson et al. 2005; Kohler and Carr 1997; Kohler et al. 2000, 2007; Varien et al. 

2007) paleoproductivity model.  This model calculates maize estimates for the central Mesa 

Verde region from A.D. 600 to 1300 in relation to a number of factors, including but not limited 

to high- and low-frequency climatic processes, momentary population estimates, the mode of 

production, and the nature of resource distribution.  As a multidisciplinary study, the results of 

this thesis are pertinent to both paleoecologists/paleoclimatologists focused on subalpine 

environments and archaeologists working in the northern Southwest.      

The intricate pollen analysis of Beef Pasture Core No. 3 has several implications.  From a 

palynological perspective, this analysis consists of the most closely sampled and radiometrically 

dated pollen core of lacustrine sediments from the past 2,100 years in North America.  As a 

result, the data presented here are of great utility to other paleoecologists and paleoclimatologists 

working in the Northern Hemisphere for two reasons.  First, by closely sampling the pollen core 

at every other centimeter, I have been able to reconstruct the paleoclimatic regime of the central 

Mesa Verde region at a temporal scale that is more relevant to the archaeological record than 

previous studies.  While the long-term climatic trends would have been expressed in a more 

coarsely sampled pollen core, it is the nature and periodicity of climatic fluctuations that I 

intended to elucidate.   This sampling strategy resulted in a paleoclimatic reconstruction that 

identifies many of the minor climatic oscillations that would have had significant affects on 

regional agricultural practices but would not be expressed in more coarsely sampled pollen cores.  
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 Second, by applying a regression equation to a suitable number of radiocarbon samples (n 

= 16), I have been able to associate climatic fluctuations with temporal periods more compatible 

with those of tree-ring records.  Such comparisons provide for better assessments of both low- 

and high-frequency climatic changes in a region.  Likewise, to evaluate the reliability and the 

accurateness of observed paleoclimatic changes and their magnitudes, each proxy can serve as a 

‘calibration’ for the other if such high temporal resolution is available.  Although I do not 

perform such a calibration in this thesis, these new low-frequency data will be calibrated to high-

frequency tree-ring records in the Village Project’s paleoproductivity model.         

This analysis is also the first attempt to differentiate the climatic causes for the movement 

of the lower subalpine forest boundary using pollen data from a single coring location.  Further, 

it is the first analysis that utilizes the ratio of sedge-to-Cheno/Am pollen as a proxy for 

fluctuations in winter precipitation.  Through a comparison of my results to other studies using 

different proxies for low- and high-frequency climatic changes in the northern Southwest, I have 

been able to verify the climatic inferences that I draw from these novel methods.  Given their 

success and the cross-verification of my results, these new methods provide other palynological 

paleoclimatologists with additional tools for elucidating past environments and climates, 

especially climatic processes that are poorly expressed in other proxies (e.g., low-frequency 

processes) and for periods that pre-date tree-ring records.  Further, tree-ring paleoclimatic 

reconstructions should benefit from comparison to subalpine pollen records, such as the one 

presented here, because these provide proxies for the differentiation between seasonal 

precipitation patterns.   

 From an archaeological perspective, this analysis has helped to identify the climatic 

regime of the Mesa Verde region over the past 2,100 years.  Considering that the Mesa Verde 
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region is at the elevational limit and near the northern-most latitude for which prehistoric 

agriculture could have been successful, the low-frequency fluctuations in temperature, winter 

precipitation and summer moisture identified here are critical for understanding the 

interrelationships between social structures, subsistence and environments over 700 years of 

continuous occupation.  Although low-frequency climate changes cannot explain changes in 

demographic processes, the associated fluctuations in subsistence potential likely reverberated in 

the social realm, where social relations and ideology influence human action.  Since these new 

paleoclimate data have yet to be incorporated into the Village Project’s paleoproductivity model, 

inferences drawn solely from these data should be considered tentative.  Broad correspondence 

between demography and climate, however, does suggest that changes in agricultural potential 

and productivity in the central Mesa Verde region were possible impetuses for population 

movement.   The demographic trajectory for the past 2,100 years in the Mesa Verde region 

corresponds closely to the low-frequency fluctuations in critical climatic variables, with the 

exception of the A.D. 1000 to 1150 period.  Provided that population fluctuations and 

demographic patterns within this period do not correlate well with predictions based on 

microeconomic theory, other sociocultural phenomena may have influenced human action on 

such a large scale more so than subsistence stress.   

A farming way of life became the normative pattern for people inhabiting the northern 

San Juan region around A.D. 600, which corresponds with what appears here to have been a 

period of high agricultural productivity.  A major depopulation of the northern San Juan region, 

including the highly productive agricultural lands of the central Mesa Verde region, occurred in 

the A.D. 800s and early 900s during a sharp decline in favorable climatic conditions.  These 

vacating farmers likely found residence south of the Mesa Verde region in areas such as the 
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Chuska Valley, Totah, and Chaco Canyon regions of northwestern New Mexico, whose lower 

elevations would have entailed longer growing seasons.   

Population in the central Mesa Verde region began to grow once more in the eleventh 

century and continued until the complete depopulation of the region near the end of the thirteenth 

century.  This period of habitation corresponds to an era of relatively favorable, yet variable, 

climate conditions that would have supported extensive agricultural practices.  Further, the 

ultimate depopulation did occur during a time of reduced growing seasons and low winter 

precipitation rates.  This suggests that temperature, which was omitted in Van West’s (1994) 

paleoproductivity model, was a crucial climatic variable with which ancient Mesa Verdeans 

dealt.  While the demographic processes witnessed during the 700 years of continuous 

occupation were possibly in response to changes in agricultural productivity in the Mesa Verde 

region, a full understanding of the nature of demographic change, however, requires an 

understanding and assessment of the social structures that mediated human decisions and actions 

in the prehistoric Mesa Verde landscape.      

  
 

 

 

 

 

 

 

 

 



 134 

REFERENCES CITED 
 

Abdi, Hervé 
2003 Least-squares. In The SAGE Encyclopedia of Social Science Research Methods, edited by 

Michael S. Lewis-Beck, Alan E. Bryman, and Liao Futing, pp. 792-795. Sage 
Publications, Thousand Oaks, CA. 

 
Adam, D. P., and Peter J. Mehringer, Jr. 
1975 Modern Pollen Surface Samples: An Analysis of Subsamples. Journal of Research of the 

US Geological Survey 3:733-736. 
  
Adams, E. Charles 
  1979  Cold Air Drainage and the Length of Growing Season in the Hopi Mesas. The Kiva  
             44(4):285-296. 
 
Adams, Karen A., and Ken L. Petersen 
1999 Environment. In Colorado Prehistory: A Context for the Southern Colorado River Basin, 

edited by William D. Lipe, Mark D. Varien, and Richard H. Wilshusen, pp. 14-50. 
Colorado Council of Professional Archaeologists, Denver. 

 
Adler, Michael A. 
1990 Communities of Soil and Stone: An Archaeological Investigation of Population 

Aggregation among the Mesa Verde Region Anasazi, A.D. 900-1300. Unpublished Ph.D. 
dissertation, Department of Anthropology, University of Michigan, Ann Arbor. 

 
Ahlstrom, Richard V.N., Carla R. Van West, and Jeffrey S. Dean 
1995  Environmental and Chronological Factors in the Mesa Verde-Northern Rio Grande 

Migration. Journal of Anthropological Archaeology 14:125-142. 
 
Allen, Craig D. 
2004  Ecological Patterns and Environmental Change in the Bandelier Landscape. In 

Archaeology of Bandelier National Monument: Village Formation on the Pajarito 
Plateau, New Mexico, edited by Timothy A. Kohler, pp. 19-68. University of New 
Mexico Press, Albuquerque. 

 
Alexander, Robert R. 
1974 Silviculture of Central and Southern Rocky Mountain Forests: A Summary of the Status 

of Our Knowledge by Timber Types. Forest Service Research Paper No. RM-120. U.S. 
Department of Agriculture, Fort Collins, CO. 

 
Alexander, Robert R., and Daniel L. Noble 
1971 Effects of Watering Treatments on Germination, Survival, and Growth of Engelmann 

Spruce: A Greenhouse Study. Forest Service Research Note RM-182. U.S. Department of 
Interior, Fort Collins, CO. 

 
 



 135 

Andersen, S. T.  
1970  The Relative Pollen Productivity and Pollen Representation of North European Trees,  

            and Correction Factors for Tree Pollen Spectra. Danmarks Geologiske. Undersølgelse.,    
            Række 2, No. 96:1-99.  
 
Andrade, Edward R., and William D. Sellers 
1988 El Niño and Its Effects on Precipitation in Arizona and Western New Mexico. Journal of   

            Climatology 8:403-410. 
 
Andrews, J. T., Peter E. Carrara, F. B. King, and R. Stuckenrath 
1975 Holocene Environmental Changes in the Alpine Zone, Northern San Juan Mountains, 

Colorado: Evidence from Bog Stratigraphy and Palynology. Quaternary Research 5:171-
197. 

 
Arno, Stephen F. 
1984 Timberline: Mountain and Arctic Forest Frontiers. The Mountaineers, Seattle, WA. 

 
Atwood, Wallace W., and Kirtley F. Mather 
1932 Physiography and Quaternary Geology of the San Juan Mountains, Colorado. 

Professional Paper No. 166. U.S. Geological Survey, U.S. Government Printing Office, 
Washington, D.C. 

 
Axelrod, Daniel I. 
1965 A Method for Determining the Altitudes of Tertiary Floras. Paleobotanist 14:144-171. 

 
Axtell, Robert L., Joshua M. Epstein, Jeffrey S. Dean, George J. Gumerman, Alan C. Swedlund, 
Jason Harburger, Shubba Chakravarty, Ross Hammond, Jon Parker, and Miles Parker 
2002 Population Growth and Collapse in a Multiagent Model of the Kayenta Anasazi in Long 

House Valley. Proceedings of the National Academy of Sciences 99:7275-7279. 
 
Barkley, Fred A. 
  1934  The Statistical Theory of Pollen Analysis. Ecology 15(4):283-289. 
 
Barry, Roger G., and Raymond S. Bradley 
1976 Historical Climatology. In Ecological Impacts of Snowpack Augmentation in the San 

Juan Mountains, Colorado: Final Report of the San Juan Ecology Project, edited by H. 
W. Steinhoff and J. D. Ives, pp. 43-67. Colorado State University Publications, Fort 
Collins. 

 
Benninghoff, William S. 
1962 Calculation of Pollen and Spore Density in Sediments by Addition of Exotic Pollen in 

Known Quantities. Pollen et Spores 4:332-333. 
 
 
 
 



 136 

Benson, Larry, Kenneth Petersen, and John Stein 
  2006  Anasazi (Pre-Columbian Native-American) Migrations during the Middle-12th and Late- 
            13th Centuries – Were They Drought Induced? Climate Change (online publication,  
            March 25, 2006). ISSN: 1573-1480. 
   
Berlin, G.L., J.R. Ambler, Richard H. Hevly, and G.G. Shaber 
  1977  Identification of a Sinagua Agricultural Field by Aerial Thermography, Soil Chemistry,  
            Pollen/Plant Analysis, and Archaeology. American Antiquity 42:588-600. 
 
Bernard, S.R., and K.F. Brown 
  1977  Distribution of Mammals, Reptiles, and Amphibians by BLM Physiographic Regions and  
            A.W. Kuchler’s Associations for the Eleven Western States. U.S. Department of Interior,  
            Bureau of Land Management Technical Note 301, Denver, CO. 
 
Betancourt, Julio L. 
1984 Late Quaternary Plant Zonation and Climate in Southeastern Utah. Great Basin 

Naturalist 44:1-35. 
 
Bettinger, Robert L. 
1999 What Happened in the Medithermal. In Models for the Millennium: Great Basin 

Anthropology Today, edited by Charlotte Beck, pp. 62-74. University of Utah Press, Salt 
Lake City. 

 
Billings, W. Dwight, and Lawrence C. Bliss 
1959 An Alpine Snowbank Environment and Its Effect on Vegetation, Plant Development and 

Productivity. Ecology 40:388-397. 
 
Birks, Harry John Betteley 
1973 Past and Present Vegetation of the Isle of Skye: A Palaeoecology Study. Cambridge 

University Press, London. 
 
Birks, Harry John Betteley, and Hilary H. Birks 
1980 Quaternary Palaeoecology. Edward Arnold, London. 

 
Birks, Harry John Betteley, and Adam D. Gordon 
1985 Numerical Methods in Quaternary Pollen Analysis. Academic Press, Orlando, FL. 

 
Blair, Robert, Tom Ann Casey, William H. Romme, and Richard N. Ellis 
1996 The Western San Juan Mountains: Their Geology, Ecology and Human History. 

University Press of Colorado, Boulder. 
 
Blinman, Eric, Carl J. Phagan, and Richard H. Wilshusen 
1988 Dolores Archaeological Program: Supporting Studies: Additive and Reductive 

Technologies. U.S. Department of Interior, Bureau of Reclamation, Engineering and 
Research Center, Denver, CO. 

 



 137 

Bowman, Paul W. 
1931 Study of a Peat Bog Near the Matamek River, Quebec, Canada, by the Method of Pollen 

Analysis. Ecology 12:694-708. 
 
Bradley, Raymond S. 
2000 1000 Years of Climate Change. Science 288(5470):1353-1355. 

 
Bradley, Raymond S., and Roger G. Barry 
  1973  Secular Climatic Fluctuations in Southwestern Colorado. Monthly Weather Review  
            101(3):264-270. 
 
Breternitz, David A. 
1983 Dolores Archaeological Program Synthetic Report, 1978-1981. U.S. Department of 

Interior, Bureau of Reclamation, Engineering and Research Center, Denver, CO. 
 
1984 Dolores Archaeological Program: Field Investigations and Analysis – 1978. U.S. Bureau 

of Reclamation, Engineering and Research Center, Denver, CO. 
  
Breternitz, David A., Catherine K. Robinson, and G. Timothy Gross (editors) 
1986 Dolores Archaeological Program: Final Synthetic Report. U.S. Department of Interior, 

Bureau of Reclamation, Engineering and Research Center, Denver, CO. 
 
Brooks, D., and K. W. Thomas 
1967 The Distribution of Pollen Grains on Microscope Slides. Part I. The Non-randomness of 

the Distribution. Pollen et Spores 9:621-629. 
 
Brown, D. E. (editor) 
1982 Biotic Communities of the American Southwest- United States and Mexico. Desert Plants 

Vol. 4. University of Arizona Press, Tucson. 
 
Brown, David P., and Andrew C. Comrie  
2002 Sub-regional Seasonal Precipitation Linkages to SOI and PDO in the Southwest United 

States. Atmospheric Science Letters 3:94-102. 
  
Bryant, Vaughn M., and Stephen A. Hall 
  1993  Archaeological Palynology in the USA: A Critique. American Antiquity 58:277-286. 
 
Bryant, Vaughn M., Jr., and Richard G. Holloway 
1983 The Role of Palynology in Archaeology. In Advances in Archaeological Method and 

Theory, vol. 6, edited by Michael B. Schiffer, pp. 191-224. Academic Press, New York. 
  
Bryant, Vaughn M., Jr., Richard G. Holloway, John G. Jones, and David L. Carlson 
1994 Pollen Preservation in Alkaline Soils of the American Southwest. In Sedimentation of 

Organic Particles, edited by Alfred Traverse, pp. 47-58. Cambridge University Press, 
Cambridge, MA. 

 



 138 

Burns, Barney T. 
  1983  Simulated Anasazi Storage Behavior Using Crop Yields Reconstructed from Tree-Rings:  
            A.D. 652-1968. 2 vols. Ph.D. dissertation, Department of Anthropology, University of  
            Arizona. University Microfilms, Ann Arbor, MI. 
 
Butzer, Karl W. 
  1982  Archaeology as Human Ecology. Cambridge University Press, New York. 
 
Cameron, Catherine M. 
  2005  Exploring Archaeological Cultures in the Northern Southwest: What Were Chaco and  
            Mesa Verde? The Kiva 70(3):257-273. 
 
Canaday, B. B., and R. W. Fonda 
1974 The Influence of Subalpine Snowbanks on Vegetation Pattern, Production and 

Phenology. Bulletin of the Torrey Botanical Club 101:340-350. 
 
Chade, Steve W., Robert D. Pfister, and Paul L. Hansen 
1989 Management Implications for Riparian Dominance Types of Montana. In Practical 

Approaches to Riparian Resource Management: An Educational Workshop; 1989 May 8-
11, edited by R.E. Gresswell, B.A. Barton, and J.L. Kershner, pp. 83-85. U.S. 
Department of Interior, Bureau of Land Management, Billings, MT. 

 
Chang, Jen-Hu 
1968 Climate and Agriculture: An Ecological Survey. Aldine Publishing Company, Chicago. 

 
Clymo, Richard S. 
1965 Experiments on the Breakdown of Sphagnum in Two Bogs. Journal of Ecology 53:747-

758. 
 
Cole, Kenneth 
  1982  Late Quaternary Zonation of Vegetation in the Eastern Grand Canyon. Science  
            217(4565):1142-1145. 
  
Cook, Edward R., Keith R. Griffa, David M. Meko, Donald S. Graybill, and Gary Funkhouser 
1995 The “Segment Length Curse” in Long Tree-Ring Chronology Development for 

Paleoclimatic Studies. The Holocene 5(2):229-237. 
 
Cook, Edward R., David M. Meko, David W. Stahle, and Malcolm K. Cleaveland 
1996 Tree-ring Reconstructions of Past Drought across the Coterminous United States: Tests 

of a Regression Method and Calibration/Verification Results. In Tree Rings, Environment 
and Humanity: Proceedings of the International Conference, Tucson, Arizona, May 17-
21, 1994, edited by Jeffrey S. Dean, David M. Meko, and Thomas W. Swetnam, pp. 155-
170. Radiocarbon 1996, Department of Geosciences, University of Arizona, Tucson. 

 
 
 



 139 

Cooper, David J. 
  1986  Ecological Studies of Wetland Vegetation. Holy Cross Wilderness Defense Fund   
            Technical Report No. 2, Hope College, Holland, MI. 
 
Cooper, David J., and Lee H. MacDonald 
2000 Restoring the Vegetation of Mined Peatlands in the Southern Rocky Mountains of 

Colorado, U.S.A. Restoration Ecology 8(2):103-111. 
 
Cordell, Linda and Fred Plog 
1979 Escaping the Confines of Normative Thought: A Reevaluation of Puebloan Prehistory.  
          American Antiquity 44:405-429.  

 
Crabtree, K. 
1968 Pollen Analysis. Science Progress 56(221):83-101. 

 
Cross, Whitman, A.C. Spencer, and C.W. Purington 
1899 La Plata Folio: Colorado. Geological Atlas of the United States, Folio No. 60. U.S. 

Geological Survey. U.S. Government Printing Office, Washington D.C. 
 
Cunningham, Charles G., Charles W. Naeser, and Richard F. Marvin 
1977 New Ages for Intrusive Rocks in the Colorado Mineral Belt. U.S. Geological Survey, 

Open File Report 77-573. Copies available from the U.S. Geological Survey, Reston, 
VA.   

 
Cushing, Edward J. 
1963 Late-Wisconsin Pollen Stratigraphy in East-central Minnesota. Unpublished Ph.D. 

dissertation, University of Minnesota, Minneapolis. 
 
Daubenmire, Rexford F. 
1943a Soil Temperature Versus Drought as a Factor Determining Lower Altitudinal Limits of  
           Trees in the Rocky Mountains. Botanical Gazette 105:1-13. 
 
1943b Vegetational Zonation in the Rocky Mountains. The Botanical Review 9:325-393. 
 
1954 Alpine Timberlines in the Americas and Their Interpretation. Butler University Botanical 

Studies 11:119-136. 
 
Davis, Margaret B. 
  1969a Climatic Changes in Southern Connecticut Recorded by Pollen Deposition at Rogers  
             Lake. Ecology 50:409-422. 
 
1969b Palynology and Environmental History During the Quaternary Period. American  
           Scientist 57:317-332. 

 
 
 



 140 

Day, Robert J. 
1963 Spruce Seedling Mortality Caused by Adverse Summer Micro-climate in the Rocky 

Mountains. Publication No. 1003. Department of Forestry, Forest Research Branch, 
Canada. 

 
1964 The Microenvironments Occupied by Spruce and Fir Regeneration in the Rocky 

Mountains. Publication No. 1037. Department of Forestry, Forest Research Branch, 
Canada. 

 
Day, Robert J., and Patrick J. B. Duffy 
1963 Regeneration after Logging in the Crowsnest. Publication No. 1007. Department of 

Forestry, Forest Research Branch, Canada. 
 
Dean, Jeffrey S. 
  1988  Dendrochronology and Paleoenvironmental Reconstruction on the Colorado Plateaus. In  
            The Anasazi in a Changing Environment, edited by George J. Gumerman, pp. 119-167.  
            Cambridge University Press, Cambridge. 
 
1994 The Medieval Warm Period on the Southern Colorado Plateau. In The Medieval Warm 

Period, edited by M. K. Hughes and H. F. Diaze, pp. 225-241. Kluwer Academic 
Publishers, Dordrecht, The Netherlands. 

 
1996a Demography, Environment, and Subsistence Stress. In Evolving Complexity and  
           Environmental Risk in the Prehistoric Southwest, edited by Joseph A. Tainter and  
           Bonnie R. Tainter, pp. 25-56. Santa Fe Institute Studies in the Sciences of Complexity.  
           Addison Wesley, Reading, MA. 

 
  1996b Keynote Lecture: Dendrochronology and the Study of Human Behavior. In Tree Rings,  
             Environment and Humanity: Proceedings of the International Conference, Tucson,  
             Arizona, May 17-21, 1994, edited by Jeffrey S. Dean, David M. Meko, and Thomas W.  
             Swetnam, pp. 461-470. Radiocarbon 1996, Department of Geosciences, University of  
             Arizona, Tucson. 
 
Dean, Jeffrey S., and Carla R. Van West 
  2002  Environment-Behavior Relationships in Southwestern Colorado. In Seeking the Center  
            Place: Archaeology and Ancient Communities in the Mesa Verde Region, edited by Mark              
            D. Varien and Richard H. Wilshusen, pp. 81-99. The University of Utah Press, Salt Lake  
            City. 
 
Dean, Jeffrey, William Doelle, and Janet Orcutt 
1994 Adaptive Stress, Environment, and Demography. In Themes in Southwest Prehistory,  
          edited by George G. Gumerman, pp. 53-86. School of American Research Press, Santa  

            Fe, New Mexico. 
 
 



 141 

Dean, Jeffrey S., Robert E. Euler, George J. Gumerman, Fred Plog, Richard H. Hevly, and Thor 
N. V. Karlstrom 
1985 Human Behavior, Demography, and Paleoenvironment on the Colorado Plateaus.    

            American Antiquity 50:537-554. 
 
Dean, Jeffrey S., George J. Gumerman, Joshua M. Epstein, Robert L. Axtell, Alan C. Swedlund, 
Miles T. Parker, and S. McCarroll  
  2000  Understanding Anasazi Culture Change through Agent-Based Modeling. In Dynamics in  
            Human and Primate Societies: Agent-based Modeling of Social and Spatial Processes,  
            edited by Timothy A. Kohler and George J. Gumerman, pp. 179-205. Oxford University  
            Press, New York. 
 
Dean, Walter E., Jr. 
1974 Determination of Carbonate and Organic Matter in Calcareous Sediments and 

Sedimentary Rock by Loss on Ignition: Comparison with Other Methods. Journal of 
Sedimentary Petrology 44:242-248. 

 
DeBenedetti, Steven H., and David J. Parsons 
  1984  Postfire Succession in a Sierran Subalpine Meadow. The American Midland Naturalist  
            111(1):118-125. 
 
Decker, Kenneth W., and Larry L. Tieszen 
  1989  Isotopic Reconstructions of Mesa Verde Diet from Basketmaker III to Pueblo III. The  
            Kiva 55(1):33-47. 
 
DeVelice, Robert L., John A. Ludwig, William H. Moir, and Frank Ronco, Jr. 
1986 A Classification of Forest Habitat Types of Northern New Mexico and Southern 

Colorado. Forest Service General Technical Report No. RM-131. U.S. Department of 
Agriculture, Fort Collins, CO. 

 
Diehl, Michael W. 
1997 Rational Behavior, the Adoption of Agriculture, and the Organization of Subsistence 

During the Late Archaic Period in the Greater Tucson Basin. In Rediscovering Darwin: 
Evolutionary Theory and Archaeological Explanation, edited by C. Michael Barton and 
Geoffrey A. Clark, pp. 251-265. Archaeological Papers of the American Anthropological 
Association, No. 7. 

 
Dimbleby, Geoffrey W. 
1957 Pollen Analysis of Terrestrial Soils. New Phytologist 56:12-28. 

 
Dincauze, Dena F. 
2000 Environmental Archaeology: Principles and Practice. Cambridge University Press, New 

York. 
 
 
 



 142 

Dittberner, Phillip L., and Michael R. Olsen 
  1983  The Plant Information Network (PIN) Data Base: Colorado, Montana, North Dakota,  
            Utah, and Wyoming. U.S. Department of Interior, Fish and Wildlife Service, Washington  
            D.C. 
 
Dix, R. L., and J. L. Richards 
  1976  Possible Changes in Spectra Structure of the Subalpine Forest Induced by Increased  
            Snowpack. In Ecological Impacts of Snowpack Augmentation in the San Juan Mountains,  
            Colorado: San Juan Ecology Project, Final Report, edited by H. W. Steinhoff and J. D.   
             Ives, pp. 311-322. Colorado State University Publications, Fort Collins. 
 
Douglass, Andrew E. 
1929 The Secret of the Southwest Solved by Talkative Tree Rings. National Geographic 

56:737-770. 
 
Duff, Andrew and Richard Wilshusen 
2000 Prehistoric Population Dynamics in the San Juan Region, A.D. 950-1300. The Kiva 

66(1):167-190. 
 
Dyakowska, Jadwiga 
  1937  Research on the Rapidity of the Falling Down of Pollen of Some Forest Trees. Bulletin de  
            l'Academie Polonaise des Sciences-Series des Sciences Biologiques 7:11-16. 
 
Eckel, Edwin B., J. S. Williams, F. W. Gilbraith, G. M. Schwartz, D. J. Varnes, and E. N. 
Goddard 
1949 Geology and Ore Deposits of the La Plata District: Colorado. Professional Paper No. 

219. U.S. Geological Survey. U.S. Government Printing Office, Washington D.C. 
 
Ellis, Fern D. 
1976 Come Back to My Valley. Cortez Printers, Cortez, CO. 

 
Ely, Lisa L., Yehouda Enzel, Victor R. Baker, and Daniel R. Cayan 
1993 A 5000-Year Record of Extreme Floods and Climate Change in the Southwestern United 

States. Science 262(5132):410-412. 
 
Emerick, J.C., and P.J. Webber 
1982 The Effects of Augmented Winter Snow Cover on the Canopy Structure of Alpine  
          Vegetation. In Ecological Studies in the Colorado Alpine, edited by James C. Halfpenny,    
          pp. 63-72. Institute of Arctic and Alpine Research Occasional Paper No. 37, Boulder,  
          CO. 

 
Emerson, Fred W. 
1932 The Tension Zone between the Grama Grass and Pinyon-Juniper Associations in 

Northeastern New Mexico. Ecology 13:347-358. 
 
 



 143 

Erdtman, Gunnar G. 
1960  The Acetolysis Method. In Svensk Botanisk Tidskrift 54:561-564. 
 
1969 Handbook of Palynology. Munksgaard, Copenhagen. 

 
Euler, Robert C., George J. Gumerman, Thor N. V. Karlstrom, Jeffrey S. Dean, and Richard H. 
Hevly 
  1979  The Colorado Plateaus: Cultural Dynamics and Paleoenvironment. Science  
            205(4411):1089-1101. 
 
Faegri, Knut, and Johs Iversen 
1989 Textbook of Pollen Analysis, 4th Edition. Hafner Press, New York. 

 
Fall, Patricia L. 
  1985  Holocene Dynamics of the Subalpine Forest in Central Colorado. American Association  
            of Stratigraphic Palynologists Contribution Series 16:31-46. American Association of  
            Stratigraphic Palynologists Foundation, Dallas, TX. 
   
  1988  Vegetation Dynamics in the Southern Rocky Mountains: Late Pleistocene and Holocene  
            Timberline Fluctuations. Unpublished Ph.D. dissertation. Department of Geosciences,  
            University of Arizona, Tucson. 
 
1992 Pollen Accumulation in a Montane Region of Colorado, USA: A Comparison of Moss 

Polsters, Atmospheric Traps, and Natural Basins. Review of Palaeobotany and 
Palynology 72:169-197. 

  
  1997a Fire History and Composition of the Subalpine Forest of Western Colorado during the  
             Holocene. Journal of Biogeography 24(3):309-325. 
   
  1997b Timberline Fluctuations and Late Quaternary Paleoclimates in the Southern Rocky  
             Mountains, Colorado. Geological Society of America Bulletin 29(1):53-62. 
 
Fareed, M., and M. M. Caldwell 
1975 Phenological Patterns of Two Alpine Tundra Plant Populations on Niwot Ridge, 

Colorado. Northwest Science 49:17-23. 
 
Feiler, Eric J., R. Scott Anderson, and Peter A. Koehler 
  1997  Late Quaternary Paleoenvironments of the White River Plateau, Colorado, USA. Arctic  
            and Alpine Research 29(1):53-62. 
 
Fritts, Harold C. 
  1976  Tree Rings and Climate. Academic Press, London. 
 
  1991  Reconstructing Large-scale Climatic Patterns from Tree-ring Data: A Diagnostic  
            Analysis. University of Arizona Press, Tucson. 
 



 144 

Fritts, Harold C., D. G. Smith, and M. A. Stokes 
  1965  The Biological Model for Paleoclimatic Interpretation of Mesa Verde Tree-Ring Series.  
            In Contributions of the Wetherill Mesa Archaeological Project, assembled by Douglas  
            Osborne, pp. 101-121. Society for American Archaeology Memoirs No. 19. Salt Lake  
            City, UT. 
 
Galle, O. K., and R. T. Runnels 
1960 Determination of CO2 in Carbonate Rocks by Controlled Loss on Ignition. Journal of 

Sedimentary Petrology 30:613-618. 
 
Geib, Phil and Kimberly Spurr 
2000 The Basketmaker II-III Transition on the Rainbow Plateau. In Foundations of Anasazi 

Culture: The Basketmaker-Pueblo Transition, edited by Paul F. Reed, pp. 175-200. 
University of Utah Press, Salt Lake City. 

 
2002  Forager to Farmer Transition on the Rainbow Plateau. In Traditions, Transitions, and  
          Technologies: Themes in Southwestern Archaeology, edited by Sarah Schlanger, pp.  
          224-244. University Press of Colorado, Boulder. 

 
Gordon, Adam D. 
1981 Classification: Methods for the Exploratory Analysis of Multivariate Data. Chapman and 

Hall, London. 
 
Gregory, Herbert E., and Malcolm R. Thorpe 
1938 The San Juan Country: A Geographic and Geologic Reconnaissance of Southeastern 

Utah. Professional Paper No. 188. U.S. Geological Survey. U.S. Government Printing 
Office, Washington D.C. 

 
Grimm, Eric 
1987 CONISS: A FORTRAN 77 Program for Stratigraphically Constrained Cluster Analysis 

by the Method of Incremental Cluster Analysis. Computers and Geosciences 13(1):13-35. 
 
Gross, G. Timothy, and Allen E. Kane (editors) 
1989 Dolores Archaeological Program: Aceramic and Late Occupations at Dolores. U.S. 

Department of Interior, Bureau of Reclamation, Engineering and Research Center, 
Denver CO. 

 
Grove, Jean M.  
1988 The Little Ice Age. Cambridge University Press, Cambridge. 

 
Hack, John T.  
1942 The Changing Physical Environment of the Hopi Indians. Report of the Awatovi 

Expedition Peabody Museum, Harvard University, No. 1. Papers of the Peabody Museum 
of American Archaeology and Ethnology 35(1), Harvard University Press, Cambridge, 
MA. 

  



 145 

Hall, Stephen A. 
  1981   Deteriorated Pollen Grains and the Interpretation of Quaternary Pollen Diagrams. Review  
             of Palaeobotany and Palynology 32:193-206. 
 
  1985a Quaternary Pollen Analysis and Vegetational History of the Southwest. In Pollen  
             Records of Late-quaternary North American Sediments, edited by Vaughn M. Bryant Jr.  
             and Richard G. Holloway, pp. 95-123. American Association of Stratigraphic  
             Palynologists Foundation, Dallas, TX. 
   
  1985b A Bibliography of Quaternary Palynology in Arizona, Colorado, New Mexico, and Utah.  
             In Pollen Records of Late-Quaternary North American Sediments, edited by Vaughn M.    
             Bryant, Jr. and Richard G. Holloway, pp. 95-123. American Association of Stratigraphic  
             Palynologists Foundation, Dallas, TX. 
 
Handel, Steven N. 
  1976  Restricted Pollen Flow of Two Woodland Herbs Determined by Neutron-Activation  
            Analysis. Nature 260:422-423. 
 
Hansen, Barbara S., and Edward J. Cushing 
1973 Identification of Pine Pollen of Late Quaternary Age from the Chuska Mountains, New 

Mexico. Geological Society of America Bulletin 84:1181-1200. 
 
Hansen, Paul, Keith Boggs, Robert Pfister, and John Joy 
1990 Classification and Management of Riparian and Wetland Sites in Central and Eastern 

Montana. University of Montana, School of Forestry, Montana Forest and Conservation 
Experiment Station, Montana Riparian Association, Missoula, MT.  

 
Hard, Robert J. 
1990 Agricultural Dependence in the Mountain Mogollon. In Perspectives on Southwest 

Prehistory, edited by Paul E. Minnis and Charles L. Redman, pp. 135-172. Westview 
Press, Boulder, CO. 

 
Hard, Robert J. and W. Merrill 
  1992  Mobile Agriculturalists and the Emergence of Sedentism: Perspectives from Northern  
            Mexico. American Anthropologist 94:601-620. 
 
Haynes, Donald D., J. D. Vogel, and D. G. Wyant (editors) 
1972 Geology, Structure, and Uranium Deposits of the Cortez Quadrangle, Colorado and 

Utah 1:250,000. Miscellaneous Investigations Series Map I-629. U.S. Geological Survey, 
Reston, VA. 

 
Hedberg, H. D. 
1971  Summary of an International Guide to Stratigraphic Classification, Terminology, and    

            Usage. Boreas 1:213-239. 
 
 



 146 

Herman, Frederick J. 
  1970  Manual of the Carices of the Rocky Mountains and Colorado Basin. Agricultural  
            Handbook No. 374. U.S. Department of Agriculture, U.S. Government Printing Office,   
            Washington D.C. 
 
Hevly, Richard H. 
  1988  Prehistoric Vegetation and Paleoclimates on the Colorado Plateaus. In The Anasazi in a  
            Changing Environment, edited by George J. Gumerman, pp 93-118. Cambridge  
            University Press, New York. 
 
Hewett, E. L. 
1908 Les Communautés Anciennes daus le Désert Américain. Librairie Kundig, Geneva. 

  
Hoffman, Brian 
  2006  Image Archive of the Center for Pollen Studies at the College of Saint Benedict/Saint  
            John University. Electronic document, http://www.csbsju.edu/pollen/images, accessed  
            July 10, 2006. 
 
Holmes, William H. 
1877 Geological Report on the San Juan District. In Ninth Annual Report of the United States 

Geological Geographical Survey of the Territories Embracing Colorado, and Parts of 
Adjacent Territories: Being a Report of Progress of the Exploration for the Year 1875, 
edited by Ferdinand V. Hayden, pp. 241-294. U.S. government Printing Office, 
Washington D.C. 

 
Holway, J. Gary, and Richard T. Ward 
1963 Snow and Meltwater Effects in an Area of Colorado Alpine. American Midland 

Naturalist 69:189-197. 
 
Irwin-Williams, Cynthia 
1973 The  Oshara Tradition: Origins of the Anasazi Culture. Eastern New Mexico University 

Contributions in Anthropology 5(1). Portales, NM. 
 
Jacobs, Bonnie F. 
1985 Identification of Pine Pollen from the Southwestern United States. In Late Quaternary 

Vegetation and Climates of the American Southwest, edited by Bonnie F. Jacobs, Patricia 
L. Fall, and Owen K. Davis, pp. 155-168. American Association of Stratigraphic 
Palynologists Contribution Series No. 16. American Association of Stratigraphic 
Palynologists Foundation, Dallas, TX. 

 
  2006  Palynology Laboratory of the Department of Geological Sciences at Southern Methodist  
            University. Electronic document, http://www.smu.edu/geology/palynolab.htm, accessed  
            July 10, 2006.  
 
 
 



 147 

Janssen, C. Roel 
  1966  Recent Pollen Spectra from the Deciduous and Coniferous-Deciduous Forests of   
            Northeastern Minnesota: A Study in Pollen Dispersal. Ecology 47(5):804-825. 
   
  1967  A Post-glacial Pollen Diagram from a Small Typha Swamp in Northwestern Minnesota,  
            Interpreted from Pollen Indicators and Surface Samples. Ecological Monographs 37:145- 
            147. 
  
 1970  Problems in the Recognition of Plant Communities in Pollen Diagrams. Vegetatio  
            20:187-198. 
   
  1980  Some Remarks on Facts and Interpretation in Quaternary Palyno-stratigraphy. Bulletin de  
            l’Association de Francaise pour l’Etude du Quaternaire 4:171-176. 
 
  1981  On the Reconstruction of Past Vegetation by Pollen Analysis: A Review. Proceedings of  
            the IVth International Palynological Conference, Lucknow (1976-1977) 3:163-172. 
 
Johnson, C. David, Timothy A. Kohler, and Jason A. Cowan 
  2005  Modeling Historical Ecology, Thinking about Contemporary Systems. American  
            Anthropologist 107:96-108. 
 
Jonassen, H. 
1950 Recent Pollen Sedimentation and Jutland Heath Diagrams. Dansk Botanisk Arkiv 13:1-

168. 
 
Jones, Kimberly L., Bruce A. Roundy, Nancy L. Shaw, and Jeffrey R. Taylor 
2004 Environmental Effects on Germination of Carex utriculata and Carex nebrascensis 

Relative to Riparian Restoration. Wetlands 24:467-479. 
 
Kane, Allen E. 
1989 Did the Sheep Look Up? Sociopolitical Complexity in Ninth Century Dolores Society. In 

The Sociopolitical Structure of Prehistoric Southwestern Societies, edited by Steadman 
Upham, Kent G. Lightfoot, and Roberta A. Jewett, pp. 307-361. Westview Press, 
Boulder, CO. 

 
Kane, Allen E., and G. Timothy Gross (editors) 
  1986  Dolores Archaeological Program: Early Anasazi Sites in the Sagehen Flats Area. U.S.  
            Department of Interior, Bureau of Reclamation, Engineering and Research Center,  
            Denver, CO. 
 
Kane, Allen E., and Catherine K. Robinson (editors) 
1986  Dolores Archaeological Program: Anasazi Communities at Dolores: Middle Canyon  
          Area, 2 Vols. U.S. Department of Interior, Bureau of Reclamation, Engineering and  
          Research Center, Denver, CO. 

   
 



 148 

Kane, Allen E., and Catherine K. Robinson (editors) 
  1988  Dolores Archaeological Program: Anasazi Communities at Dolores, McPhee Village, 2   
            Vols. U.S. Department of Interior, Bureau of Reclamation, Engineering and Research  
            Center, Denver, CO. 
  
Kane, Allen E., William D. Lipe, Ruthann Knudson, Timothy A. Kohler, S.E. James, Patrick 
Hogan, and Lynne Sebastian 
1983 The Dolores Archaeological Program Research Design. In Dolores Archaeological 

Program: Field Investigations and Analysis – 1978, edited by David A. Breternitz pp. 
39-60. U.S. Bureau of Reclamation, Engineering and Research Center, Denver, CO. 

 
Kane, Allen E., William D. Lipe, Timothy A. Kohler, and Catherine K. Robinson (editors) 
  1986  Dolores Archaeological Program: Research Designs and Initial Survey Results. U.S.  
            Department of Interior, Bureau of Reclamation, Engineering and Research Center,  
            Denver, CO. 
 
Kantner, John 
  2004  Ancient Puebloan Southwest. Cambridge University Press, Cambridge. 
 
Kapp, Ronald, Owen Davis, and James King 
  2000  Pollen and Spores, 2nd Edition. The American Association of Stratigraphic Palynologists  
            Foundation, Dallas, TX. 
 
Kerr, Richard A. 
  2000  A North Atlantic Climate Pacemaker for the Centuries. Science 288(5473):1984-1986. 
 
Kidder, Alfred V. 
1924 An Introduction to the Study of Southwestern Archaeology. Phillips Academy, Andover, 

MA. 
 
1927 Southwestern Archaeological Conference. Science 66(1716):489-491. 

 
King, James E. 
  1967  Modern Pollen Rain and Fossil Pollen in Soils in the Sandia Mountains, New Mexico.  
            Papers of the Michigan Academy of Science, Arts, and Letters 52:31-41.  
 
Kirkland, D.W. 
  1967  Method of Calculating Absolute Spore and Pollen Frequency. Oklahoma Ecology Notes  
            27:98-100. 
 
Kohler, Timothy A. 
  1992a Field Houses, Villages, and the Tragedy of the Commons in the Early Northern Anasazi  
             Southwest. American Antiquity 57:617-734. 
 
   
 



 149 

  1992b Prehistoric Human Impact on the Environment in the Upland North American  
             Southwest. Population and Environment: A Journal of Interdisciplinary Studies 13:255- 
             268. 
 
Kohler, Timothy A., and Eric Carr 
  1997  Swarm-based Modeling of Prehistoric Settlement Systems in Southwestern North  
            America. In Proceedings of Colloquium II, UISPP, XIIIth Congress, Forli, Italy, Sept.  
            1996, edited by I. Johnson and M. North, (CD-ROM). Sydney University Archaeological  
            Methods Series 5. Sydney University, Sydney, Australia. 
 
Kohler, Timothy A., and Meredith Matthews 
1988 Long-term Anasazi Land Use and Forest Reduction: A Case Study from Southwestern 

Colorado. American Antiquity 53:537-564. 
 
Kohler, Timothy A., and Carla R. Van West  
  1996  The Calculus of Self-Interest in the Development of Cooperation: Sociopolitical  
          Development and Risk among the Northern Anasazi. In Evolving Complexity and  
          Environmental Risk in the Prehistoric Southwest, edited by Joseph A. Tainter and  
          Bonnie R. Tainter, pp. 169-196. Santa Fe Institute Studies in the Sciences of  
          Complexity. Addison Wesley, Reading, MA. 

 
Kohler, Timothy A., Sarah Cole, and Stanca M. Ciupe 
  2006  Population and Warfare: A Test of the Turchin Model in Puebloan Societies. Complexity  
            11. In press. 
  
Kohler, Timothy A., George J. Gumerman, and Robert G. Reynolds 
  2005  Simulating Ancient Societies. Scientific American 293:77-84. 
 
Kohler, Timothy A., C. David Johnson, Mark Varien, Scott Ortman, Robert Reynolds, Ziad 
Kobti, Jason Cowan, Kenneth Kolm, Schaun Smith, and Lorene Yap 
2007 Settlement Ecodynamics in the Prehispanic Central Mesa Verde Region. In The Model-

Based Archaeology of Socionatural Systems, edited by Timothy A. Kohler and Sander 
van der Leeuw. School of American Research Press, Santa Fe, NM. In Press. 

 
Kohler, Timothy A., Jim Kresl, Carla R. Van West, Eric Carr, and Richard Wilshusen 
  2000  Be There Then: A Modeling Approach to Settlement Determinants and Spatial Efficiency  
            among Late Ancestral Pueblo Populations of the Mesa Verde Region, U.S. Southwest. In  
            Dynamics in Human and Primate Societies: Agent-Based Modeling of Social and Spatial  
            Processes, edited by Timothy A. Kohler and George J. Gumerman, pp. 145-178. Santa Fe  
            Institute and Oxford University Press, New York, NY. 
 
Kohler, Timothy A., William D. Lipe, and Allen E. Kane (editors) 
  1986  Dolores Archaeological Program: Anasazi Communities at Dolores: Early Small  
            Settlements in the Dolores River Canyon and Sagehen Flats Area. U.S. Department of  
            Interior, Bureau of Reclamation, Engineering and Research Center, Denver, CO. 
  



 150 

Konrad, J. G., G. Chesters, and D. R. Keeney 
  1970  Determination of Organic and Carbonate-carbon in Freshwater Lake Sediments by a   
            Microcombustion Procedure. Journal of Thermal Analysis 2:199-208. 
 
Krebs, P. V., David P. Groeneveld, and J.P. Spencer 
1976 Ecological Overview: Part I. Vegetation Inventory. In Ecological Impacts of Snowpack 

Augmentation in the San Juan Mountains, Colorado: Final Report of the San Juan 
Ecology Project, edited by H. W. Steinhoff and J. D. Ives, pp. 81-86. Colorado State 
University Publications, Fort Collins. 

 
LaMarche, Valmore C., Jr. 
1973 Holocene Climatic Variations Inferred from Treeline Fluctuations in the White 

Mountains, California. Quaternary Research 2:632-660. 
 
LaMarche, Valmore C., Jr., and Hal A. Mooney 
  1972  Recent Climatic Change and Development of the Bristlecone Pine (P. longaeva Bailey) 

Krummholz Zone, Mt. Washington, Nevada. Arctic and Alpine Research 4:61-72. 
 
Lamb, Hubert H. 
1977 Climate: Past, Present, and Future. Methuen, London.  

 
Larsen, Esper S., Jr., and Whitman Cross 
1956 Geology and Petrology of the San Juan Region, Southwestern Colorado. Professional 

Paper No. 258. U.S. Geological Survey. U.S. Government Printing Office, Washington 
D.C. 

 
Larson, Daniel O., Hector Neff, Donald A. Graybill, Joel Michaelsen, and E. Ambrose 
  1996  Risk, Climatic Variability, and the Study of Southwestern Prehistory: An Evolutionary  
            Perspective. American Antiquity 61:1-30. 
 
Lekson, Steve H. 
  1991  Settlement Patterns and the Chaco Region. In Chaco and Hohokam: Prehistoric Regional  
            Systems in the American Southwest, edited by Patricia Crown and W. James Judge, pp.  
            31-55. School of American Research Press, Santa Fe, NM. 
 
  1999  The Chaco Meridian: Centers of Political Power in the Ancient Southwest. AltaMira   
            Press, Walnut Creek, CA. 
 
Lightfoot, Kent 
1984 Prehistoric Political Dynamics: A Case Study from the American Southwest. Northern 

Illinois University Press, DeKalb. 
 
Lindsay, J.H. 
1971 Annual Cycle of Leaf Water Potential in Picea engelmannii and Abies lasiocarpa at 

Timberline in Wyoming. Arctic and Alpine Research 2:131-138. 
 



 151 

Lipe, William D. 
  1984  An Approach to Modeling Dolores Area Cultural Change, A.D. 650-950. In Dolores  
            Archaeological Program: Synthetic Report 1978 – 1981, edited by D.A. Breternitz,   
            pp. 249-260. U.S. Bureau of Reclamation, Engineering and Research Center, Denver,  
            CO. 
 
 1995  The Depopulation of the Northern San Juan: Conditions in the Turbulent 1200s. Journal  
            of Anthropological Archaeology 14:143-169. 
 
1999  Basketmaker II (1000 B.C. - A.D. 500). In Colorado Prehistory: A Context for the  
          Southern Colorado River Basin, edited by William D. Lipe, Mark D. Varien, and Richard        
          H. Wilshusen, pp. 132-165.  Colorado Council of Professional Archaeologists, Denver. 
 
2002 Social Power in the Central Mesa Verde Region, A.D. 1150-1290. In Seeking the Center 

Place: Archaeology and Ancient Communities in the Mesa Verde Region, edited by Mark 
D. Varien and Richard H. Wilshusen, pp. 203-232. The University of Utah Press, Salt 
Lake City. 

 
Lipe, William D., James N. Morris, and Timothy A. Kohler (editors) 
1987 Dolores Archaeological Program: Anasazi Communities at Dolores, Grass Mesa Village, 

2 Vols. U.S. Department of Interior, U.S. Bureau of Reclamation, Engineering and 
Research Center, Denver. 

 
Lipe, William D., Mark D. Varien, and Richard H. Wilshusen (editors) 
1999 Colorado Prehistory: A Context for the Southern Colorado River Basin. Colorado 

Council of Professional Archaeologists, Denver. 
 
Lister, Florence C.  
1997 Prehistory in Peril: The Worst and Best of Durango Archaeology. University Press of 

Colorado, Niwot. 
 
Little, Elbert L., Jr. 
1979 Checklist of United States Trees (Native and Naturalized). Agricultural Handbook No. 

541, U.S. Department of Agriculture, Washington D.C. 
 
MacBeth Division of Kollmorgen Instruments Corporation 
  2000  Munsell Soil Color Charts, Revised Washable Edition. Baltimore, MD. 
 
MacDonald, Glen M., and Roslyn A. Case 
2005 Variations in the Pacific Decadal Oscillation over the Past Millennium. Geophysical 

Research Letters 32, L08703, 4pp. 
 
Madden, L., and W. Weakly 
1980 The Dolores Project in Historic Perspective. Contract Abstracts and CRM Archaeology  

            1:14-16. 
 



 152 

Maher, Louis J., Jr. 
1961 Pollen Analysis and Postglacial Vegetation History in the Animas Valley Region, 

Southern San Juan Mountains, Colorado. Ph.D. dissertation, University of Minnesota, 
Minneapolis. University Microfilms, Ann Arbor, MI. 

   
  1963  Pollen Analyses of Surface Materials from the Southern San Juan Mountains, Colorado.    
            Geological Society of America Bulletin 74:1485-1504. 
 
1972a Absolute Pollen Diagram of Redrock Lake, Boulder County, Colorado. Quaternary  
           Research 2:531-553. 
 
1972b Nomograms for Computing 0.95 Confidence Limits of Pollen Data. Review of  
           Palaeobotany and Palynology 13:85-93. 

 
Mann, Michael E., Raymond S. Bradley, and Malcolm K. Hughes 
1999 Global-scale Temperature Patterns and Climate Forcing over the Past Six Centuries. 

Nature 392:779-787. 
 
2000 Northern Hemisphere Temperatures during the Past Millennium: Inferences, 

Uncertainties, and Limitations. Geophysical Research Letters 26(6):759-762. 
  
Mantua, Nathan J., Steven R. Hare, Yuan Zhang, John M. Wallace, and Robert C. Francis  
1997 A Pacific Interdecadal Climate Oscillation with Impacts on Salmon Production. Bulletin 

of the American Meteorological Society 78:1069-1079. 
 
Markgraf, Vera, and Linda Scott 
  1981  Lower Timberline in Central Colorado during the Past 15,000 Years. Geology 9:231-235. 
 
Marr, J. W., and R. E. Marr 
  1973  Environment and Phenology in the Forest-Tundra Ecotone, Front Range, Colorado      
            (summary). Arctic and Alpine Research 5(3, pt. 2):A65-A66. 
 
Martin, Paul S., and W. Byers 
  1965  Pollen and Archaeology at Wetherill Mesa. In Contributions of the Wetherill Mesa  
            Archaeological Project, assembled by Douglas Osborne, pp. 122-135. Society of  
            American Archaeology Memoirs No. 19. Salt Lake City, UT. 
 
Matson, R. G. 
1991 The Origins of Southwestern Agriculture. University of Arizona Press, Tucson. 

 
2002 The Spread of Maize Agriculture into the U.S. Southwest. In Examining the  
          Farming/Language Dispersal Hypothesis, edited by Peter Bellwood and Colin Renfrew,  
          341-356. McDonald Institute for Archaeological Research, University of Cambridge  
          Press, Cambridge. 

 
 



 153 

Matson, R.G., William D. Lipe, and William R. Haase IV 
  1988  Adaptational Continuities and Occupational Discontinuities: The Cedar Mesa Anasazi.  
            Journal of Field Archaeology 15:245-264. 
 
Matthews, John A., and Keith R. Briffa 
2006 The ‘Little Ice Age’: Re-evaluation of an Evolving Concept. Geografiska Annaler 

87(1):17-36. 
 
McCoy, Patrick (lands and minerals specialist) 
  n.d.    Miscellaneous unpublished notes and reports on historical land modifications at  
            Spencer Reservoir, Beef Pasture, Montezuma County, La Plata Mountains, Colorado.    
            Manuscripts on file, Mancos/Dolores Field Office, Bureau of Land Management/U.S.  
            Forest Service, Dolores, CO. 
 
Mehringer, Peter J., Jr., Stephen F. Arno, and Ken L. Petersen 
1978 Postglacial History of Lost Trail Pass Bog, Bitterroot Mountains, Montana. Arctic and 

Alpine Research 9:345-368. 
 
Meunchrath, Deborah A., and Ricardo J. Salvador 
  1995  Maize Productivity and Agroecology: Effects of Environment and Agricultural Practices 

on the Biology of Maize. In Soil, Water, Biology, and Belief in Prehistoric and 
Traditional Southwestern Agriculture, edited by H. Wolcott Toll, pp. 303-333. New 
Mexico Archaeological Council Special Publications No. 2. Albuquerque, NM. 

  
Meyer, Herbert W. 
  1992  Lapse Rates and Other Variables Applied to Estimating Paleoaltitudes from Fossil Floras. 

Palaeogeography, Palaeoclimatology, Palaeoecology 99:71-99. 
 
Milo, Richard G. 
1991 Corn Production on Chapin Mesa: Growing Season Variability, Field Rotation, and 

Settlement Shifts. In Proceedings of the Anasazi Symposium 1991, edited by Art 
Hutchinson and Jack E. Smith, pp. 35-50. Mesa Verde Museum Association, Inc., Mesa 
Verde National Park, CO. 

 
Molles, Manuel C., Jr., and Clifford N. Dahm 
  1990  A Perspective on El Niño and La Niña: Global Implications for Stream Ecology. Journal  
            of the North American Benthological Society 9(1):68-76. 
  
Moore, Peter D., J. A. Webb, and M. E. Collinson 
  1991  Pollen Analysis, 2nd Edition. Blackwell Scientific, Oxford. 
  
Mosimann, James E. 
  1965  Statistical Methods for the Pollen Analyst. In Handbook of Paleontological Techniques,  
            edited by Bernhard Kummel and David M. Raup, pp. 636-673. Freeman, San Fransisco,  
            CA. 
 



 154 

Newberry, John Strong 
1876 Geological Report. In Report of the Exploring Expedition from Santa Fe, New Mexico, to 

the Junction of the Grand and Green Rivers of the Great Colorado of the West, in 1859, 
under the Command of Capt. J.N. Macomb, Corps of Topographical Engineers (now 
Colonel of Engineers); with Geological Report by Prof. J. S. Newberry, Geologist of the 
Expedition, edited by John N. Macomb, pp. 9-118. Engineer Department, U.S. Army. 
Government Printing Office, Washington D.C. 

 
Ni, Fenbiao, Tereza Cavazos, Macolm K. Hughes, Andrew C. Comrie, and Gary Funkhouser 
  2002  Cool-season Precipitation in the Southwestern USA since AD 1000: Comparison of 

Linear and Nonlinear Techniques for Reconstruction. International Journal of 
Climatology 22:1645-1662. 

 
Odling-Smee, F. John, Kevin N. Laland, and Marcus W. Feldman 
  2003  Niche Construction: The Neglected Process in Evolution. Princeton University Press,    
            Princeton. 
  
Orcutt, Janet 
  1991  Environmental Variability and Settlement Changes on the Pajarito Plateau, New Mexico.  
            American Antiquity 56:315-332. 
  
Orloci, Laszlo 
  1967  An Agglomerative Method for Classification of Plant Communities. The Journal of   
            Ecology 55:193-206. 
 
Palmer, Wayne C. 
  1965  Meteorological Drought. Research Paper No. 45. U. S. Department of Commerce, U. S.    

      Weather Bureau, Washington, D.C. 
 
Pearle, M. 
1996 Best Management Practices for Wetlands within Colorado State Parks. Colorado 

National Areas Program, Colorado State Parks, Colorado Department of Natural 
Resources, Denver, CO. 

 
Pearson, Gustaf A. 
1920 Factors Controlling the Distribution of Forest Types, Part II. Ecology 1:289-308. 

 
1931 Forest Types in the Southwest as Determined by Climate and Soil. Technical Bulletin No. 

247. U.S. Department of Agriculture. U.S. Government Printing Office, Washington, 
D.C. 

 
Peet, Robert K.  
  1978  Latitudinal Variation in Southern Rocky Mountain Forests. Journal of Biogeography  
            5:275-289. 
 
 



 155 

Pennak, Robert W. 
  1963  Ecological and Radiocarbon Correlations in some Colorado Mountain Lake and Bog  
            Deposits. Ecology 44:1-15. 
 
Petersen, Ken L. 
  1975  Exploratory Palynology of a Subalpine Meadow, La Plata Mountains, Southwestern  
            Colorado. Unpublished M.A. thesis, Department of Anthropology, Washington State  
            University, Pullman. 
  
  1988  Climate and the Dolores River Anasazi: A Paleoenvironmental Reconstruction from a    
            10,000-Year Pollen Record, La Plata Mountains, Southwestern Colorado. University of    
            Utah Anthropological Papers No. 113. University of Utah Press, Salt Lake City. 
 
  1994  A Warm and Wet Little Climatic Optimum and a Cold and Dry Little Ice Age in the  
            Southern Rocky Mountains, U.S.A. Climate Change 26(2-3):243-269. 
  
Petersen, Ken L., and Peter J. Mehringer, Jr. 
1976 Postglacial Timberline Fluctuations, La Plata Mountains, Southwestern Colorado. Arctic 

and Alpine Research 8:275-288. 
 
Petersen, Ken L., and Janet D. Orcutt (editors) 
  1987  Dolores Archaeological Program: Supporting Studies: Settlement and Environment. U.S. 

Department of Interior, Bureau of Reclamation, Engineering and Research Center, 
Denver, CO. 

  
Petersen, Ken L., Vicki L. Clay, Meredith H. Matthews, and Sarah W. Neusius (editors) 
1984 Dolores Archaeological Program: Studies in Environmental Archaeology. U.S. 

Department of Interior, Bureau of Reclamation, Engineering and Research Center, 
Denver, CO. 

 
Petersen, Ken L., Vicki L. Clay, Meredith H. Matthews, and Sarah W. Neusius 
  1986  Environmental Archaeology Group Midlevel Research Design. In Dolores 

Archaeological Program: Research Designs and Initial Survey Results, edited by Allen 
E. Kane, William D. Lipe, Timothy A. Kohler, and Catherine K. Robinson, pp. 95-123. 
U.S. Department of Interior, Bureau of Reclamation, Engineering and Research Center, 
Denver, CO. 

 
Pierce, John, and Janet Johnson 
  1986  Wetland Community Type Classification for West-central Montana. U.S. Department of  
            Agriculture, Ecosystem Management Program, Missoula, MT. 
 
Porter, Stephen C.  
  1986  Pattern and Forcing of Northern Hemisphere Glacier Variations during the Last  
            Millennium. Quaternary Research 26:27-48. 
  
 



 156 

Quinn, William H., and V. T. Neal 
  1992  The Historical Record of El Niño Events. In Climate Since 1500, edited by Raymond S.  
            Bradley and Philip D. Jones, pp. 623-648. Routledge, London. 
 
Reid, Jefferson, John Welch, Barbara Montgomery, and Maria Zedeño 
  1996  A Demographic Overview of the Late Pueblo III Period in the Mountains of East-Central  
            Arizona. In The Prehistoric Pueblo World, A.D. 1150-1350, edited by Michael A. Adler,    
            pp. 73-85. University of Arizona Press, Tucson. 
 
Ritchie, Steven W., John J. Hanway, and Garren O. Benson 
  1992  How a Corn Plant Develops. Cooperative Extension Service Special Report No. 48. Iowa  
            State University, Ames. 
 
Ronco, Frank 
  1967  Lessons from Artificial Regeneration Studies in Cutover Beetle-Killed Spruce Stands in  
            Western Colorado. Forest Service Research Note RM-90. U.S. Department of  
            Agriculture, Fort Collins, CO. 
 
Ropelewski, Chester F., and Michael S. Halpert 
  1986  North American Precipitation and Temperature Patterns Associated with the El  
            Niño/Southern Oscillation (ENSO). Monthly Weather Review 114:2352-2362. 
 
Salzer, Matthew W. 
  2000a Dendroclimatology in the San Fransisco Peaks Region of Northern Arizona, USA. Ph.D.  
             dissertation, Department of Geosciences, University of Arizona. University Microfilms,  
             Ann Arbor, MI. 
 
  2000b Temperature Variability and the Northern Anasazi. The Kiva 65(4):295-318. 
 
Salzer, Matthew W., and Kurt F. Kipfmueller 
  2005  Reconstructed Temperature and Precipitation on a Millennial Timescale from Tree-rings  
            in the Southern Colorado Plateau, U.S.A.  Climate Change (70):465-487.  
 
Schachner, Gregson 
2001 Ritual Control and Transformation in Middle-range Societies: An Example from the 

American Southwest. Journal of Anthropological Archaeology 20:168-194. 
 
Schlanger, Sarah H. 
  1988  Patterns in the Population Movement and Long-Term Population Growth in  
            Southwestern Colorado. American Antiquity 53:773-793. 
 
Schlanger, Sarah H. and Richard H. Wilshusen 
  1993  Local Abandonments and Regional Conditions in the North American Southwest. In The  
            Abandonment of Settlements and Regions: Ethnoarchaeological and Archaeological  
            Approaches, edited by Catherine M. Cameron and Steve A. Tomka, pp. 85-98.  
            Cambridge University Press, Cambridge. 



 157 

 Schoenwetter, James 
1966 A Re-evaluation of the Navajo Reservoir Pollen Chronology. El Palacio 73:19-26. 
 
1967  Pollen Survey of the Shiprock Area. In An Archaeological Survey of the Chuska Valley  
          and Chaco Plateau, New Mexico Part I: Natural Science Studies, edited by A. H. Harris,  
          J. Schoenwetter, and A. H. Warren, pp. 72-103. Museum of New Mexico Research  
          Records No. 4. Museum of New Mexico, Santa Fe. 
 
1970  Archaeological Pollen Studies of the Colorado Plateau. American Antiquity 35:35-48. 
 
1987  A Palynological Approach to a Chronometry Problem on the Colorado Plateau. Journal  

            of Ethnobiology 7:123-35. 
 
Schoenwetter, James, and Frank W. Eddy 
  1964  Alluvial and Palynological Reconstruction, Navajo Reservoir District. Museum of New  
            Mexico Papers in Anthropology No. 13. Museum of New Mexico, Santa Fe. 
 
Schubert, Siegfried D., Max J. Suarez, Philip J. Pegion, Randal D. Koster, and Julio T. 
Bacmeister  
  2004  On the Cause of the 1930s Dust Bowl. Science 303(5665):1855-1859. 
 
Scuderi, Louis A. 
1985 Late Holocene Upper Timberline Variation in the Southern Sierra Nevada. Nature 

325:242-244. 
 
Sellers, William D. 
1960 The Climate of Arizona. In Arizona Climate, edited by C. R. Greene and W. D. Sellers, 

pp. 5-64. University of Arizona Press, Tucson. 
 
Sellers, William D., and R. H. Hill 
  1974  Arizona Climate, 1931-1972. University of Arizona Press, Tucson. 
 
Shaw, R. H. 
  1988  Climate Requirement. In “Corn and Corn Improvement”, edited by George F. Sprague  
            and John W. Dudley. Agronomy Monograph 18:609-638. 
 
Shennan, Stephen 
1997 Quantifying Archaeology,2nd Edition. University of Iowa Press, Iowa City. 

    
Short, Susan K. 
  1985  Palynology of Holocene Sediments, Colorado Front Range: Vegetation and Treeline  
            Changes in the Subalpine Forest. American Association of Stratigraphic Palynologists  
            Contribution Series 16:7-30. American Association of Stratigraphic Palynologists  
            Foundation, Dallas, TX. 
 
 



 158 

Short, Susan K., and H. Nichols 
1977 Holocene Pollen Diagrams from Subarctic Labrador-Ungava: Vegetational History and 

Climatic Change. Arctic and Alpine Research 9:265-290. 
 
Smiley, Francis E. 
1994 The Agricultural Transition in the Northern Southwest: Patterns in the Current 

Chronometric Data. The Kiva 60(2):165-189. 
 
Smiley, T. L. 
  1961  Evidence of Climatic Fluctuations in Southwestern Prehistory. In Solar Variations,  
            Climatic Change, and Related Geophysical Problems, edited by R.W. Fairbridge, pp.  
            697-704. Annals of the New York Academy of Sciences No. 95(Art. 1). New York. 
  
Steinhoff, H. W. 
1976 Introduction to the Forest Ecosystem Projects. In Ecological Impacts of Snowpack 

Augmentation in the San Juan Mountains, Colorado: Final Report of the San Juan 
Ecology Project, edited by H. W. Steinhoff and J. D. Ives, pp. 297-310. Colorado State 
University Publications, Fort Collins. 

 
Stiger, Mark, and Mark Larson 
1992 A Radiocarbon Date from the Cottonwood Cave Corn Cache and Problems Interpreting  

            the Origins of Farming in Western Colorado. Southwestern Lore 58(2):26-36. 
 
Stockmarr, Jens 
1971 Tablets with Spores Used in Absolute Pollen Analysis. Pollen et Spores 13:615-621. 

 
  1973  Determination of Spore Concentration with an Electronic Particle Counter. Danmarks  
            Geologiske. Undersøgelse., Ǻrbog 1972:87-89. 
 
Stuiver, Minze, and Paula J. Reimer 
  1993  Extended 14C Database and Revised CALIB Radiocarbon Calibration Program.  
            Radiocarbon 35:215-230. 
 
Stuiver, Minze, Paula J. Reimer, and Ron W. Reimer 
  2005  CALIB Radiocarbon Calibration. Electronic document,  
            http://radiocarbon.pa.qub.ac.uk/calib/, accessed May 13, 2006. 
 
Swetnam, Thomas W., Craig D. Allen, and Julio L. Betancourt 
  1999  Applied Historical Ecology: Using the Past to Manage the Future. Ecological 

Applications 9:1189-1206. 
 
Tauber, H. 
  1965  Differential Pollen Dispersion and the Interpretation of Pollen Diagrams.  Danmarks 

Geologiske. Undersølgelse., Række 2, No. 89:1-69. 
 
 



 159 

Tivy, Joy 
  1990  Agricultural Ecology. Longman Scientific and Technical, John Wiley, New York. 
 
Tranquillini, Walter 
  1979  Physiological Ecology of the Alpine Timberline: Tree Existence at High Altitudes with 

Special Reference to the European Alps. Springer-Verlag, Berlin. 
 
Trenberth, Kevin E., and Timothy J. Hoar  
  1996  El Niño-Southern Oscillation Event: Longest on Record. Geophysical Research Letters 

23:57-60. 
 
  1997  El Niño and Climate Change. Geophysical Research Letters 24:3057-3060. 
 
Van Devender, Thomas R., Julio L. Betancourt, and M. Wimberly 
  1984  Biogeographic Implications of a Packrat Midden Sequence from the Sacramento 

Mountains, South-central New Mexico. Quaternary Research 22:344-360. 
 
Van West, Carla R. 
  1994  Modeling Prehistoric Agricultural Productivity in Southwestern Colorado: A GIS 

Approach. Reports of Investigations 67. Department of Anthropology, Washington State 
University, Pullman, and Crow Canyon Archaeological Center, Cortez, CO. 

 
1996 Agricultural Potential and Carrying Capacity in Southwestern Colorado, A.D. 901 to  

            1300. In The Prehistoric Pueblo World, A.D. 1150 – 1350, edited by Michael A. Adler,  
            pp. 214-227. The University of Arizona Press, Tucson. 
 
Varien, Mark D. 
  1999  Sedentism and Mobility in a Social Landscape: Mesa Verde & Beyond. The University of  
            Arizona Press, Tucson. 
 
Varien, Mark D., Carla Van West, and G. Stuart Patterson 
  2000  Competition, Cooperation, and Conflict: Agricultural Production and Community  
            Catchments in the Central Mesa Verde Region. The Kiva 66(1):45-64. 
 
Varien, Mark D., Scott G. Ortman, Timothy A. Kohler, Donna A. Glowacki, and C. David 
Johnson 
2007 Historical Ecology in the Mesa Verde Region: Results from the Village Project. 

American Anthropologist. In Press. 
 
Vellend, Mark, Martin J. Lechowicz, and Marcia J. Waterway 
2000  Environmental Distribution of Four Carex (Cyperaceae) in an Old-growth Forest.    
          American Journal of Botany 87:1507-1516. 

 
Vierling, Lee A. 
1998 Palynological Evidence for Late and Postglacial Environmental Change in Central 

Colorado. Quaternary Research 49:222-232. 



 160 

Wardle, P. 
  1965  A Comparison of Alpine Timberlines in New Zealand and North America. New Zealand  
            Journal of Botany 3:113-135. 
   
  1968  Engelmann Spruce (Picea Engelmannii Engel.) at Its Upper Limits on the Front Range,  
            Colorado. Ecology 49:483-495. 
   
  1974  Alpine Timberlines. In Arctic and Alpine Environments, edited by Jack D. Ives and  
            Roger D. Barry, pp. 371-402. Methuen, London. 
 
Wells, Philip V. 
  1979  An Equable Glaciopluvial in the West: Pleniglacial Evidence of Increased Precipitation  
            on the Gradient from the Great Basin to the Sonoran and Chihuahuan Deserts.   
            Quaternary Research 12:311-325. 
 
Wills, Wirt H. 
1988 Early Prehistoric Agriculture in the American Southwest. School of American Research 

Press, Santa Fe, NM. 
 
1996  Archaic Foraging and the Beginning of Food Production in the American Southwest. In  
          Last Hunters-First Farmers: New Perspectives on the Prehistoric Transition to  

            Agriculture, edited by T. Douglas Price and Anne Birgitte Gebauer, pp. 215-242. School             
            of American Research Press, Santa Fe. 
 
Wilshusen, Richard H. (compiler) 
  1995  The Cedar Hill Special Treatment Project: Late Pueblo I, Early Navajo, and Historic  
            Occupations in Northwestern New Mexico. Research Papers No. 1. La Plata   
            Archaeological Consultants, Dolores, CO. 
 
  1999b The Frances Mesa Special Treatment Project: New Interpretations of the Ancestral  
             Pueblo and Navajo Occupations in the Navajo Reservoir Area. Research Papers No. 3.    
             La Plata Archaeological Consultants, Dolores, CO. 
 
  Wilshusen, Richard H. 
  1999a Pueblo I (A.D. 750-900). In Colorado Prehistory: A Context for Southern Colorado   
             Drainage Basin, edited by William D. Lipe, Mark D. Varien, and Richard H. Wilshusen,  
             pp. 196-241. Colorado Council of Professional Archaeologists, Denver. 
 
  2002  Estimating Population in the Central Mesa Verde Region. In Seeking the Center Place:  
            Archaeology and Ancient Communities in the Mesa Verde Region, edited by Mark D.  
            Varien and Richard H. Wilshusen, pp. 101-120. The University of Utah Press, Salt Lake  
            City. 
 
Wilshusen, Richard H., and Scott G. Ortman 
  1999  Rethinking the Pueblo I Period in the San Juan Drainage: Aggregation, Migration, and  
            Cultural Diversity. The Kiva 64(3):369-399. 



 161 

Wilshusen, Richard H., and C. Dean Wilson  
1995 Reformatting the Social Landscape in the Late Pueblo I – Early Pueblo II Period: The 

Cedar Hill Data in Regional Context. In The Cedar Hill Special Treatment Project: Late 
Pueblo I, Early Navajo, and Historic Occupations in Northwestern New Mexico, 
compiled by Richard H. Wilshusen, pp. 43-80. Research Papers No. 1. La Plata 
Archaeological Consultants, Dolores, CO. 

   
Woodbury, R. W. 
1961 Climatic Changes and Prehistoric Agriculture in the Southwestern United States. In Solar 

Variations, Climatic Change, and Related Geophysical Problems, edited by R.W. 
Fairbridge, pp. 705-709. Annals of the New York Academy of Sciences No. 95(Art. 1). 
New York. 

 
Wright, Aaron M. 
2006 Corn and Climate: A Paleoecological Approach to the Forager-farmer Transition in the 

Northern San Juan Basin. Paper presented at the 71st Annual Meeting of the Society for 
American Archaeology, San Juan, Puerto Rico. 

   
Wright, Aaron M., and Ken L. Petersen 
2005 Preliminary Report on WSU Coring Project in Beef Pasture, La Plata Mountains,  

            Southwestern Colorado, Summer 2003, edited by T.A. Kohler.  Submitted to the    
            U.S.D.A. Forest Service. Copies available from Mancos/Dolores Field Office, Bureau of  
            Land Management/U.S. Forest Service, Dolores, CO or from the authors. 
 
Wright, J. W. 
1952 Pollen Dispersion of Some Forest Trees. Northeastern Forest Experiment Station Paper 

No. 46. U.S. Department of Agriculture, Forest Service, Upper Darby, Pennsylvania. 
 
Zedeño, Maria 
  1994  Sourcing Prehistoric Ceramics at Chodistaas Pueblo, Arizona: The Circulation of People  
            and Pots in the Grasshopper Region. Anthropological Papers of the University of         
            Arizona No. 58. Tucson. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 162 

APPENDIX A: POLLEN a COUNTS AND ESTIMATED DATES FOR EACH SAMPLE 
 

 

asee Table 5 for descriptions of each pollen type listed 
bdate for the mid-point of the sample estimated from the weighted least-squares regression of depth on 14C dates (see Figure 14) 
czones defined by stratigraphically constrained cluster analysis (see Figure 15) 
dtracer spores are excluded from pollen sums 
eeach Pinaceae bladder in the tally actually represents two bladders, which combined account for one pollen grain 
*pollen anther present (suggests that its associated plant was located very close to the sampling locale) 
 
 

Sample # surface 1 2 3 4 5 6 7 8 9 10 11 
Depth (cm) 0 4-5 6-7 8-9 10-11 12-13 14-15 16-17 18-19 20-21 22-23 24-25 
Estimated date (A.D.)b 2000 1929 1900 1871 1843 1814 1785 1757 1728 1700 1671 1642 
Biostratigraphic Zonec - 11 11 11 11 11 11 11 11 10 10 10 
Lycopodium (tracer)d 58 170 129 150 330 200 249 193 189 208 211 256 
Abies 1 5 2 5 7 7 3 6 8 4 3 3 
Alnus 2 3 0 3 2 1 1 1 1 1 0 2 
Apiaceae 0 1 1 0 0 1 1 5 4 0 0 1 
Artemesia 21 33 36 49 44 67 37 55 60 75 56 56 
Asteraceae, High-spine 3 1 0 5 2 3 1 5 4 4 2 1 
Asteraceae, Low-spine 35 25 15 32 32 42 26 37 22 28 27 23 
Betula 0 0 0 0 0 0 1 0 0 0 0 0 
Carex 118 57 218 143 94 23 113 62 64 197 159 170 
Celtis 0 0 0 0 0 0 0 0 0 0 0 0 
Cirsium 0 1 0 0 0 0 0 0 0 0 0 0 
Cheno/Am 37 23 23 21 50 52 30 44 61 36 43 33 
Ephedra torreyana 0 2 1 0 2 0 2 1 0 0 0 0 
Ephedra viridis 1 2 2 2 3 1 4 5 2 1 3 3 
Fabaceae 0 0 0 0 0 0 0 0 0 0 0 0 
Fragaria 0 0 0 0 0 1 0 0 0 0 0 0 
Geraniaceae 0 1 0 0 0 0 0 0 0 0 0 0 
Juncus 0 0 0 0 0 0 0 0 0 0 0 0 
Juniperus 4 1 7 6 3 0 3 4 6 5 4 5 
Lamiaceae 0 0 0 0 0 1 0 0 0 0 0 0 
Liguliflorae 18 3 1 0 1 0 1 0 0 0 0 0 
Lythraceae 0 0 0 0 0 0 0 0 0 0 0 0 
Onagraceae 0 0 0 0 0 0 0 0 0 0 0 0 
Opuntia 0 1 0 0 0 0 0 0 0 0 0 0 
Parthenocissus 0 0 0 0 0 0 0 0 0 0 0 0 
Picea engelmannii 11 126 63 71 59 117 104 77 79 37 62 33 
Pinaceae bladder, largee 6 32 11 22 24 38 39 25 25 16 24 8 
Pinaceae bladder, smalle 14 11 7 4 15 29 15 14 19 11 50 10 
Pinus edulis 34 18 20 17 34 43 14 27 16 14 24 17 
Pinus ponderosa 64 101 80 108 139 104 125 139 122 97 111 116 
Poaceae 77 9 8 13 20 9 7 10 17 23 12 25 
Polemoniaceae 0 0 0 0 0 0 0 1 0 0 0 0 
Polygala 0 0 0 0 0 0 0 0 0 0 0 0 
Populus 1 0 0 0 1 0 0 0 0 0 0 0 
Pseudotsuga 0 0 0 0 0 0 1 0 0 0 0 0 
Quercus 24 31 34 42 16 16 15 12 11 9 5 8 
Ranunculaceae 1 1 0 2 2 0 1 1 1 0 0 1 
Rosaceae 3 1 1 3 1 4 0 3 3 1 2 4 
Rubus 1 0 0 0 0 0 0 0 0 0 0 0 
Salix 6 5 0 2 11 7 11 8 13 9 8 5 
Sarcobatus 3 10 3 3 3 0 2 3 1 3 2 2 
Thalictrum 2 1 1 1 2 3 2 1 1 4 1 0 
Unknown types 1 0 0 0 1 1 0 0 4 1 0 0 
Typha 35 75 5 2 2 0 0 0 0 0 0 0 
Verbenaceae 0 1 0 0 0 0 0 0 0 0 0 0 
Total 523 581 539 556 571 569 559 546 544 576 598 526 
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Sample # 12 13 14 15 16 17 18 19 20 21 22 
Depth (cm) 26-27 28-29 30-31 32-33 34-35 36-37 38-39 40-41 42-43 44-45 46-47 
Estimated date (A.D.)b 1614 1585 1556 1528 1499 1470 1442 1413 1385 1356 1327 
Biostratigraphic Zonec 9 9 9 9 9 8 8 8 7 7 7 
Lycopodium (tracer)d 306 202 285 132 348 344 275 439 607 508 243 
Abies 0 1 3 3 4 2 4 4 4 6 6 
Alnus 1 1 1 2 0 0 2 2 2 1 0 
Apiaceae 0 1 0 2 0 1 0 2 1 1 1 
Artemesia 49 36 54 55 35 50 75 72 69 39 34 
Asteraceae, High-spine 2 9 5 4 2 5 5 4 2 6 3 
Asteraceae, Low-spine 10 10 15 18 15 17 31 17 29 25 16 
Betula 0 0 0 0 1 0 0 0 0 0 1 
Carex 322 427 297 296 293* 97 80 56 81 123 63 
Celtis 0 0 0 0 0 0 0 0 0 0 0 
Cirsium 0 0 0 0 0 0 0 1 0 0 0 
Cheno/Am 14 14 19 34 14 18 30 47 36 62 36 
Ephedra torreyana 0 0 0 0 0 0 0 0 1 1 0 
Ephedra viridis 3 0 4 2 0 0 2 1 3 7 2 
Fabaceae 0 0 0 0 0 1 0 0 0 0 0 
Fragaria 0 0 1 0 1 0 0 1 1 2 0 
Geraniaceae 0 0 0 0 0 0 0 0 0 0 0 
Juncus 0 0 0 0 0 0 0 0 0 0 0 
Juniperus 1 10 5 10 3 4 13 0 2 5 1 
Lamiaceae 0 0 0 0 0 0 0 0 0 0 0 
Liguliflorae 0 0 0 0 0 0 0 0 0 0 0 
Lythraceae 0 0 0 0 0 0 0 0 0 0 0 
Onagraceae 0 0 0 0 0 0 1 0 0 0 0 
Opuntia 0 0 0 0 0 0 0 0 0 0 0 
Parthenocissus 0 0 0 0 0 0 0 0 0 0 0 
Picea engelmannii 26 24 42 22 32 27 49 42 95 64 81 
Pinaceae bladder, largee 7 10 9 9 12 7 6 7 13 16 18 
Pinaceae bladder, smalle 21 14 8 18 6 13 23 38 15 16 18 
Pinus edulis 7 12 22 7 21 43 64 44 36 53 77 
Pinus ponderosa 45 107 98 109 134 195 165 155 143 94 122 
Poaceae 33 30 21 34 13 11 13 18 9 17 10 
Polemoniaceae 0 0 0 0 0 0 0 0 0 0 0 
Polygala 0 0 0 0 1 0 0 0 0 0 0 
Populus 1 0 0 1 0 0 0 1 1 0 1 
Pseudotsuga 0 0 0 0 0 0 1 0 0 0 0 
Quercus 3 11 6 9 10 8 3 12 6 4 7 
Ranunculaceae 3 0 0 1 0 0 1 0 0 0 0 
Rosaceae 1 0 0 3 1 3 2 5 6 0 1 
Rubus 0 0 0 0 0 0 0 0 0 0 0 
Salix 2 6 0 4 3 1 6 8 11 16 5 
Sarcobatus 1 1 2 3 4 1 4 3 3 1 0 
Thalictrum 6 3 5 4 4 4 4 6 3 7 5 
Unknown types 1 2 1 2 4 0 0 0 0 1 1 
Typha 0 0 0 0 0 0 0 0 0 0 0 
Verbenaceae 0 0 0 0 0 0 0 0 0 0 0 
Total 559 729 618 652 613 508 584 546 572 567 509 

asee Table 5 for descriptions of each pollen type listed 
bdate for the mid-point of the sample estimated from the weighted least-squares regression of depth on 14C dates (see Figure 14) 
czones defined by stratigraphically constrained cluster analysis (see Figure 15) 
dtracer spores are excluded from pollen sums 
eeach Pinaceae bladder in the tally actually represents two bladders, which combined account for one pollen grain 
*pollen anther present (suggests that its associated plant was located very close to the sampling locale) 
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Sample # 23 24 25 26 27 28 29 30 31 32 33 
Depth (cm) 48-49 50-51 52-53 54-55 56-57 58-59 60-61 62-63 64-65 66-67 68-69 
Estimated date (A.D.)b 1299 1270 1241 1213 1184 1156 1127 1098 1070 1041 1012 
Biostratigraphic Zonec 7 7 6 6 6 6 6 6 6 6 6 
Lycopodium (tracer)d 268 229 348 340 225 365 554 514 624 386 484 
Abies 2 4 3 3 2 0 2 3 4 3 2 
Alnus 0 1 1 1 3 0 1 2 2 1 1 
Apiaceae 0 0 1 1 3 1 2 0 2 3 3 
Artemesia 44 34 49 58 78 48 62 62 56 68 68 
Asteraceae, High-spine 2 3 2 2 3 2 4 7 8 10 4 
Asteraceae, Low-spine 23 20 30 29 21* 36 51 36* 34 38 40 
Betula 0 0 0 0 0 0 0 0 1 0 0 
Carex 70 55 97 151 116 182 116 91 69 78 57 
Celtis 0 0 0 0 0 0 0 0 0 0 0 
Cirsium 0 0 0 0 0 0 0 0 0 0 0 
Cheno/Am 32 36 46 45 35 31 35 40 39 30 37 
Ephedra torreyana 2 0 0 1 3 0 0 1 0 1 1 
Ephedra viridis 3 2 6 1 1 3 1 0 3 1 3 
Fabaceae 0 0 0 1 0 1 0 0 0 0 0 
Fragaria 1 1 0 0 1 0 1 1 0 1 0 
Geraniaceae 0 0 0 0 0 0 0 0 0 0 0 
Juncus 0 0 0 0 0 0 0 0 0 0 0 
Juniperus 3 1 1 0 4 5 4 9 3 3 4 
Lamiaceae 0 0 0 0 1 0 0 0 0 0 0 
Liguliflorae 0 0 0 0 0 0 0 0 0 1 0 
Lythraceae 0 0 0 0 0 0 0 0 0 0 0 
Onagraceae 0 0 0 0 1 0 0 0 0 0 0 
Opuntia 0 0 0 0 0 0 0 0 0 0 0 
Parthenocissus 0 0 0 0 0 0 1 0 0 0 0 
Picea engelmannii 75 89 76 48 36 40 51 55 48 56 45 
Pinaceae bladder, largee 19 17 19 20 14 6 9 8 8 12 8 
Pinaceae bladder, smalle 33 38 23 11 15 11 9 14 10 7 9 
Pinus edulis 48 49 31 20 52 14 16 33 23 15 13 
Pinus ponderosa 146 194 141 122 112 127 124 115 153 137 138 
Poaceae 16 5 14 17 23 14 27 21 17 22 36 
Polemoniaceae 0 0 0 0 0 0 0 0 0 0 0 
Polygala 0 0 0 0 0 0 0 0 0 0 0 
Populus 1 0 0 0 0 0 0 1 0 0 0 
Pseudotsuga 0 0 1 0 0 0 0 0 0 0 0 
Quercus 13 13 9 13 10 12 23 21 24 17 22 
Ranunculaceae 0 0 0 1 0 0 0 0 0 0 0 
Rosaceae 3 4 0 4 2 1 2 4 1 5 5 
Rubus 0 0 0 0 0 0 0 0 0 0 0 
Salix 9 1 9* 3 0 5 5 14 17 15 17 
Sarcobatus 2 0 3 2 1 1 2 4 2 1 1 
Thalictrum 4 6 7 3 10 4 0 8 7 5 4 
Unknown types 2 0 1 0 1 1 1 1 7 0 2 
Typha 0 0 0 0 0 0 0 0 0 0 0 
Verbenaceae 0 0 0 0 0 0 0 0 0 0 0 
Total 553 573 570 557 548 545 549 551 538 530 520 

asee Table 5 for descriptions of each pollen type listed 
bdate for the mid-point of the sample estimated from the weighted least-squares regression of depth on 14C dates (see Figure 14) 
czones defined by stratigraphically constrained cluster analysis (see Figure 15) 
dtracer spores are excluded from pollen sums 
eeach Pinaceae bladder in the tally actually represents two bladders, which combined account for one pollen grain 
*pollen anther present (suggests that its associated plant was located very close to the sampling locale) 
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Sample # 34 35 36 37 38 39 40 41 42 43 44 
Depth (cm) 70-71 72-73 74-75 76-77 78-79 80-81 82-83 84-85 86-87 88-89 90-91 
Estimated date (A.D.)b 984 955 926 898 869 841 812 783 755 726 697 
Biostratigraphic Zonec 5 5 5 5 5 5 4 4 4 4 4 
Lycopodium (tracer)d 226 332 193 283 270 273 242 319 165 138 206 
Abies 7 15 27 7 15 3 0 4 2 1 4 
Alnus 0 2 0 1 0 0 1 1 2 0 0 
Apiaceae 2 1 1 0 1 1 0 0 0 0 0 
Artemesia 53 61 44 101 76 61 101 80 46 43 49 
Asteraceae, High-spine 8 4 2 2 6 6 4 1 3 3 4 
Asteraceae, Low-spine 27 33 18 17 22* 28 22 26 23* 13 16 
Betula 0 1 0 0 0 0 0 0 0 0 0 
Carex 16 46 47 20 43 38 55 74 104 198 64 
Celtis 0 0 0 0 0 0 0 0 0 0 0 
Cirsium 0 0 0 0 0 0 0 0 0 0 0 
Cheno/Am 30 48 46 54 41 47 63 62 35 43 24 
Ephedra torreyana 1 0 1 1 0 1 1 0 0 1 0 
Ephedra viridis 3 6 0 3 5 2 2 3 4 0 1 
Fabaceae 0 0 0 0 0 0 0 0 0 0 0 
Fragaria 1 0 0 0 1 0 0 0 0 1 0 
Geraniaceae 0 0 0 0 0 0 0 0 0 0 0 
Juncus 0 0 0 0 0 0 0 0 0 0 0 
Juniperus 5 4 0 4 2 4 2 3 5 6 2 
Lamiaceae 0 0 0 0 0 0 0 0 0 0 0 
Liguliflorae 0 0 0 0 0 1 0 0 0 0 0 
Lythraceae 0 0 0 0 0 0 0 0 0 0 0 
Onagraceae 0 0 0 0 0 0 0 0 0 0 0 
Opuntia 0 0 0 0 0 0 0 0 0 0 0 
Parthenocissus 0 0 0 0 0 0 0 0 0 0 0 
Picea engelmannii 91 118 139 133 98 89 59 68 47 47 73 
Pinaceae bladder, largee 20 24 24 31 18 10 20 15 17 14 26 
Pinaceae bladder, smalle 12 15 7 21 21 22 29 21 26 13 26 
Pinus edulis 17 9 14 21 20 23 24 15 38 31 44 
Pinus ponderosa 123 113 167 154 157 149 117 162 178 131 214 
Poaceae 23 19 6 11 17 10 10 10 25 18 2 
Polemoniaceae 0 0 0 0 0 0 0 0 0 0 0 
Polygala 0 0 0 0 0 0 0 0 0 0 0 
Populus 2 0 0 0 0 0 0 0 1 0 0 
Pseudotsuga 0 0 0 0 0 0 0 0 0 0 0 
Quercus 10 13 17 19 26 18 17 17 4 15 6 
Ranunculaceae 2 0 0 0 0 0 0 0 0 0 0 
Rosaceae 1 4 6 3 4 3 5 3 1 2 1 
Rubus 0 0 0 0 0 0 0 0 0 0 0 
Salix 69 25 10 5 30 39 13 6 5 11 2 
Sarcobatus 2 2 0 2 0 4 2 2 1 0 1 
Thalictrum 2 2 1 1 7 5 4 6 1 3 0 
Unknown types 6 0 0 1 4 8 2 1 0 1 0 
Typha 0 0 0 0 0 0 0 0 0 0 0 
Verbenaceae 0 0 0 0 0 0 0 0 0 0 0 
Total 533 563 577 612 614 572 553 580 568 595 559 

asee Table 5 for descriptions of each pollen type listed 
bdate for the mid-point of the sample estimated from the weighted least-squares regression of depth on 14C dates (see Figure 14) 
czones defined by stratigraphically constrained cluster analysis (see Figure 15) 
dtracer spores are excluded from pollen sums 
eeach Pinaceae bladder in the tally actually represents two bladders, which combined account for one pollen grain 
*pollen anther present (suggests that its associated plant was located very close to the sampling locale) 
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Sample # 45 46 47 48 49 50 51 52 53 54 
Depth (cm) 92-93 94-95 96-97 98-99 100-101 102-103 104-105 106-107 108-109 110-111 
Estimated date (A.D.)b 669 640 612 583 554 526 497 468 440 411 
Biostratigraphic Zonec 4 4 4 4 3 3 3 3 3 3 
Lycopodium (tracer)d 224 230 168 155 371 284 260 398 220 268 
Abies 0 0 0 4 3 4 5 6 2 2 
Alnus 3 0 1 0 1 1 1 0 2 0 
Apiaceae 0 0 2 2 1 0 0 3 0 1 
Artemesia 109 62 44* 68 55 70 72 63 59 62 
Asteraceae, High-spine 5 3 2 4 2 1 5 1 4 0 
Asteraceae, Low-spine 35 33 13 19 27* 25 37* 19 25 20 
Betula 1 0 0 0 0 1 0 0 0 0 
Carex 108 125 123 113 40 62 50 26 35 38 
Celtis 0 0 0 0 0 0 1 0 0 0 
Cirsium 0 0 0 0 0 0 0 0 0 0 
Cheno/Am 41 43 48 33 32 28 40 41 25 33 
Ephedra torreyana 0 0 0 0 1 1 0 0 0 0 
Ephedra viridis 1 3 9* 1 2 1 2 2 3 1 
Fabaceae 0 0 0 0 0 0 0 0 0 0 
Fragaria 0 0 1 0 0 1 0 0 0 0 
Geraniaceae 0 0 0 0 0 0 0 0 0 0 
Juncus 0 0 0 0 0 0 0 0 0 0 
Juniperus 7 3 3 4 5 5 3 3 3 6 
Lamiaceae 0 0 0 0 0 0 0 0 0 0 
Liguliflorae 0 0 0 0 0 0 1 1 0 0 
Lythraceae 0 0 0 0 0 0 0 0 1 0 
Onagraceae 0 0 0 0 0 0 0 0 0 0 
Opuntia 0 0 0 0 0 0 0 0 0 0 
Parthenocissus 0 0 0 0 0 0 0 0 0 0 
Picea engelmannii 52 60 80 69 97 93 78 110 104 131 
Pinaceae bladder, largee 12 18 18 19 21 10 12 16 20 15 
Pinaceae bladder, smalle 18 17 24 12 19 12 12 11 23 13 
Pinus edulis 15 15 12 11 15 17 22 22 17 21 
Pinus ponderosa 171 168 197 142 200 174 170 183 185 143 
Poaceae 32 17 14 15 18 17 19 31 32 33 
Polemoniaceae 0 0 0 0 0 0 0 0 0 0 
0Polygala 0 0 0 0 0 0 0 0 0 0 
Populus 0 0 0 0 1 0 0 0 0 0 
Pseudotsuga 1 0 0 1 0 0 0 0 0 0 
Quercus 9 8 11 14 9 7 9 12 7 14 
Ranunculaceae 0 0 0 0 0 0 0 0 0 0 
Rosaceae 0 1 2 1 4 2 2 1 0 1 
Rubus 0 0 0 0 0 0 0 0 0 0 
Salix 4 9 4 2 4 5 3 4 2 4 
Sarcobatus 2 3 2 3 0 5 2 3 0 3 
Thalictrum 2 6 2 2 1 5 1 3 2 4 
Unknown types 4 0 0 0 0 3 0 2 1 0 
Typha 0 0 0 0 0 0 0 0 0 0 
Verbenaceae 0 0 0 0 0 0 0 0 0 0 
Total 632 594 612 539 558 550 547 563 552 545 

asee Table 5 for descriptions of each pollen type listed 
bdate for the mid-point of the sample estimated from the weighted least-squares regression of depth on 14C dates (see Figure 14) 
czones defined by stratigraphically constrained cluster analysis (see Figure 15) 
dtracer spores are excluded from pollen sums 
eeach Pinaceae bladder in the tally actually represents two bladders, which combined account for one pollen grain 
*pollen anther present (suggests that its associated plant was located very close to the sampling locale) 
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APPENDIX A: POLLEN a COUNTS AND ESTIMATED DATES FOR EACH SAMPLE 
 

 
 

 
asee Table 5 for descriptions of each pollen type listed 
bdate for the mid-point of the sample estimated from the weighted least-squares regression of depth on 14C dates (see Figure 14) 
czones defined by stratigraphically constrained cluster analysis (see Figure 15) 
dtracer spores are excluded from pollen sums 
eeach Pinaceae bladder in the tally actually represents two bladders, which combined account for one pollen grain 
*pollen anther present (suggests that its associated plant was located very close to the sampling locale) 

Sample # 55 56 57 58 59 60 61 62 63 
Depth (cm) 112-113 114-115 116-117 118-119 120-121 122-123 124-125 126-127 128-129 
Estimated Date (A.D.)b 382 354 325 297 268 239 211 182 168 
Biostratigraphic Zonec 3 3 3 3 2 2 2 2 2 
Lycopodium (tracer)d 354 399 387 730 804 1047 666 435 522 
Abies 1 3 5 5 6 3 6 2 8 
Alnus 0 1 1 1 0 0 2 3 2 
Apiaceae 0 0 0 0 0 0 0 0 0 
Artemesia 85 79 61 51 44 38 49 54 60 
Asteraceae, High-spine 1 4 2 5 2 1 5 1 3 
Asteraceae, Low-spine 35 24 22 21 14 7 15 16 18 
Betula 0 1 0 0 0 0 0 0 0 
Carex 75 48 32 54 111 104 70 101 74 
Celtis 0 0 0 0 0 0 0 0 0 
Cirsium 0 0 0 0 0 0 0 0 0 
Cheno/Am 36 34 32 24 17 21 26 27 45 
Ephedra torreyana 0 1 0 1 1 1 0 2 0 
Ephedra viridis 3 3 3 1 4 2 2 1 2 
Fabaceae 0 0 0 0 0 0 0 0 0 
Fragaria 0 0 0 0 0 0 0 0 0 
Geraniaceae 0 0 0 0 0 0 0 0 0 
Juncus 0 0 0 0 1 0 0 0 0 
Juniperus 3 11 1 5 6 2 4 3 3 
Lamiaceae 0 0 0 0 0 0 0 0 0 
Liguliflorae 0 2 0 1 0 1 0 0 0 
Lythraceae 0 0 0 0 0 0 0 0 0 
Onagraceae 0 0 1 0 0 0 0 0 0 
Opuntia 0 0 0 0 0 0 0 0 0 
Parthenocissus 0 0 0 0 0 0 0 0 0 
Picea engelmannii 80 86 72 89 87 130 103 87 105 
Pinaceae bladder, largee 24 19 10 19 11 8 14 18 25 
Pinaceae bladder, smalle 16 9 15 18 13 6 7 9 12 
Pinus edulis 15 24 18 23 26 20 21 28 17 
Pinus ponderosa 140 140 176 161 149 147 178 134 130 
Poaceae 36 54 48 45 26 27 32 28 24 
Polemoniaceae 0 0 0 0 0 0 0 0 0 
Polygala 0 0 0 0 0 0 0 0 0 
Populus 0 0 0 0 0 0 0 0 1 
Pseudotsuga 1 1 0 0 0 0 0 1 0 
Quercus 19 11* 14 14 14 7 6 6 8 
Ranunculaceae 0 0 0 0 0 0 0 0 0 
Rosaceae 3 1 3 2 2 1 1 0 2 
Rubus 0 0 0 0 0 0 0 0 0 
Salix 1 5 4 5 1 3 3* 3 0 
Sarcobatus 3 3 2 4 2 0 0 4 1 
Thalictrum 1 4 4 8 2 3 2 6 3 
Unknown types 1 1 1 1 2 0 3 1 0 
Typha 0 0 0 0 0 0 0 0 0 
Verbenaceae 0 0 0 0 0 0 0 0 0 
Total 579 569 527 558 541 532 549 535 543 
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Sample # 64 65 66 67 68 69 70 71 
Depth (cm) 130-131 132-133 134-135 136-137 138-139 140-141 142-143 144-145 
Estimated date (A.D.)b 125 96 68 39 10 -18 -47 -76 
Biostratigraphic Zonec 2 2 2 2 1 1 1 1 
Lycopodium (tracer)d 458 238 337 373 431 306 327 345 
Abies 11 7 3 4 8 9 7 5 
Alnus 1 0 1 2 0 0 0 1 
Apiaceae 0 0 0 1 0 0 0 1 
Artemesia 48 52 45 45 51 29 43 36 
Asteraceae, High-spine 2 2 1 1 2 0 3 0 
Asteraceae, Low-spine 20 20 28 27 22 18 19 25 
Betula 0 0 0 0 0 0 1 0 
Carex 43 116 142 144 76 35 29 47* 
Celtis 0 0 0 0 0 0 0 0 
Cirsium 0 0 0 0 0 0 0 0 
Cheno/Am 41 28 36 28 48 32 41 37 
Ephedra torreyana 1 1 0 1 0 0 0 1 
Ephedra viridis 2 2 1 2 2 2 5 2 
Fabaceae 0 0 0 0 0 0 0 0 
Fragaria 0 0 0 0 0 0 0 0 
Geraniaceae 0 0 0 0 0 0 0 0 
Juncus 0 0 0 0 0 0 0 0 
Juniperus 4 2 4 5 4 2 1 4 
Lamiaceae 0 0 0 0 0 0 0 0 
Liguliflorae 0 0 0 0 0 0 0 0 
Lythraceae 0 1 0 0 0 0 0 0 
Onagraceae 1 0 0 0 0 0 0 0 
Opuntia 0 0 0 0 0 0 0 0 
Parthenocissus 0 0 0 0 0 0 0 0 
Picea engelmannii 127 96 103 103 133 146 166 136 
Pinaceae bladder, largee 54 27 18 27 30 53 25 24 
Pinaceae bladder, smalle 15 12 9 12 13 14 6 11 
Pinus edulis 31 19 15 20 23 28 24 21 
Pinus ponderosa 147 145 125 143 135 190 166 156 
Poaceae 28 8 14 15 18 13 15 25 
Polemoniaceae 0 0 0 0 0 0 0 0 
Polygala 0 0 0 0 0 0 0 0 
Populus 0 0 0 0 0 0 0 0 
Pseudotsuga 0 0 0 0 0 0 0 0 
Quercus 11* 10 5 14 5 8 12 13 
Ranunculaceae 0 0 0 0 1 0 0 0 
Rosaceae 0 2 2 1 0 1 1 1 
Rubus 0 0 0 0 0 0 0 0 
Salix 2 1 2 0 1 0 0 2 
Sarcobatus 1 3 0 2 0 2 1 1 
Thalictrum 1 7 3 2 1 2 0 3 
Unknown types 1 3 0 0 2 0 0 0 
Typha 0 0 0 0 0 0 0 0 
Verbenaceae 0 0 0 0 0 0 0 0 
Total 592 564 557 599 575 584 566 552 

asee Table 5 for descriptions of each pollen type listed 
bdate for the mid-point of the sample estimated from the weighted least-squares regression of depth on 14C dates (see Figure 14) 
czones defined by stratigraphically constrained cluster analysis (see Figure 15) 
dtracer spores are excluded from pollen sums 
eeach Pinaceae bladder in the tally actually represents two bladders, which combined account for one pollen grain 
*pollen anther present (suggests that its associated plant was located very close to the sampling locale) 
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APPENDIX B: BARCHARTS OF THE POLLEN PERCENTAGES AND  INFLUX 
RATES FOR EACH INDICATOR TAXON  

 
Percentages of spruce pollen in each sample plotted by the estimated calendrical date. 

 
 
 

 
Percentages of ponderosa pine pollen in each sample plotted by the estimated calendrical date. 

 



 170 

APPENDIX B: BARCHARTS OF THE POLLEN PERCENTAGES AND  INFLUX 
RATES FOR EACH INDICATOR TAXON  

 
Percentages of sedge pollen in each sample plotted by the estimated calendrical date. 

 

 

Percentages of Cheno/Am pollen in each sample plotted by the estimated calendrical date. 
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APPENDIX B: BARCHARTS OF THE POLLEN PERCENTAGES AND  INFLUX 
RATES FOR EACH INDICATOR TAXON  

 
Percentages of pinyon pine pollen in each sample plotted by the estimated calendrical date. 

.  
 
 

Spruce pollen influx estimates plotted by each sample’s calibrated calendrical date. 
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APPENDIX B: BARCHARTS OF THE POLLEN PERCENTAGES AND  INFLUX 
RATES FOR EACH INDICATOR TAXON  

 
 

Ponderosa pine pollen influx estimates plotted by each sample’s calibrated calendrical date. 
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Sedge pollen influx estimates plotted by each sample’s calibrated calendrical date. 
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APPENDIX B: BARCHARTS OF THE POLLEN PERCENTAGES AND  INFLUX 
RATES FOR EACH INDICATOR TAXON  

 
 
 
 

Cheno/Am pollen influx estimates plotted by each sample’s calibrated calendrical date. 
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APPENDIX C: BOXPLOTS OF THE POLLEN PERCENTAGES, RAT IOS AND 
INFLUX RATES FOR EACH INDICATOR TAXON GROUPED BY ZO NE  

 

Boxplots of spruce pollen frequencies grouped by zone. 

 
 

 

 
 
 

Boxplots of ponderosa pine-to-spruce pollen ratios grouped by zone. 
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APPENDIX C: BOXPLOTS OF THE POLLEN PERCENTAGES, RAT IOS AND 
INFLUX RATES FOR EACH INDICATOR TAXON GROUPED BY ZO NE  

 
 

Boxplots of sedge-to-Cheno/Am pollen ratios grouped by zone. 

 
 
 

Boxplots of ponderosa pollen frequencies grouped by zone. 

 



 176 

APPENDIX C: BOXPLOTS OF THE POLLEN PERCENTAGES, RAT IOS AND 
INFLUX RATES FOR EACH INDICATOR TAXON GROUPED BY ZO NE  

 
 

Boxplots of sedge pollen frequencies grouped by zone. 

 

 

 
Boxplots of Cheno/Am pollen frequencies grouped by zone. 
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APPENDIX C: BOXPLOTS OF THE POLLEN PERCENTAGES, RAT IOS AND 
INFLUX RATES FOR EACH INDICATOR TAXON GROUPED BY ZO NE  

 

Boxplots of pinyon pine pollen frequencies grouped by zone. 

 

 
 
 
 

Boxplots of spruce pollen influx rates grouped by zone. 
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APPENDIX C: BOXPLOTS OF THE POLLEN PERCENTAGES, RAT IOS AND 
INFLUX RATES FOR EACH INDICATOR TAXON GROUPED BY ZO NE  

 
 

Boxplots of ponderosa pine pollen influx rates grouped by zone. 

 
 
 
 
 

Boxplots of sedge pollen influx rates grouped by zone. 
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APPENDIX C: BOXPLOTS OF THE POLLEN PERCENTAGES, RAT IOS AND 
INFLUX RATES FOR EACH INDICATOR TAXON GROUPED BY ZO NE  

 
 

Boxplots of Cheno/Am pollen influx rates grouped by zones. 

 
 
 
 
 
 

Boxplots of pinyon pine pollen influx rates grouped by zone. 

 


