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This thesis presents pertinent data on the lowdfeaqy paleoclimatic regime of the Mesa
Verde region in southwestern Colorado from B.C. ttOthe present era. Here, | define low-
frequency climatic changes as climatic changes pgegods greater than 20 years. | place
interpretive emphasis on the period A.D. 600 — 120®0era of continuous habitation by ancestral
Puebloan farmers in the central Mesa Verde regidrese data are intended for use in the
Village Project’s agricultural paleoproductivity ohel, which seeks to derive estimates of maize
production in the central Mesa Verde region duthrey700 years of continuous occupation.
Knowledge of low-frequency climatic processes isaal to understanding subsistence practices
because they not only establish a region’s carrgagacity, but they are also assumed to
represent the normative climatic conditions peregilby a population. A tentative comparison
of regional paleodemography to low-frequency cliengttanges suggests that demographic
processes are broadly correlated with low-frequeatiayatic conditions, likely due to associated
fluctuations in agricultural productivity.

This study consists of an intensive analysis oflé2ely-spaced stratigraphic pollen

samples from a subalpine fen in the La Plata Manstaouthwestern Colorado; 16 radiocarbon



samples provide temporal control. The resultsrafga on the most closely sampled and
radiometrically dated pollen core of lacustrineigezhts from the past 2,100 years in North
America. | use these data to reconstruct low-feegy changes in regional temperature, summer
precipitation and winter precipitation, all of whiare critical to agricultural production in Mesa
Verde region. This reconstruction uses five inticéaxa whose existence around the fen is
dictated largely by these climatic conditions: Hnggnn spruce, ponderosa pine, pinyon pine,
sedge and an inclusive category of plants belongiripe Chenopodaceae family and
Amaranthugyenus. | argue and demonstrate that changee prttiferation of these taxa
around the fen occurred in response to climatictfiations that dictate their distribution.
Therefore, | interpret changes in the proliferatidthese taxa as changes in associated climate
variables, and | extrapolate these climate chamjesa regional context that includes the

Village Project’s study area in the central Mesadéeregion.
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CHAPTER ONE
INTRODUCTION
Paleoenvironmental and paleoclimatic reconstrustame essential contextual
components (Butzer 1982) for understanding thehistnd complexity of cultural
configurations and changes amidst the dynamicfigdipal and social environments. As an
aspect of cultural change, demographic processie isouthwestern United States are often
analyzed in relation to environmental changes dubd relationships between subsistence
potential and the climatic parameters that strongflyence the productivity of particular
cultigens. Since various culture groups residethenGreater Southwest in the pre-Hispanic era,
differences in their cultural compositions and abknowledge highlight the potential for
different sociocultural responses to similar enmvimental or climatic changes. One thing these
people did share, however, was the ability to usbility as a survival strategy when facing
subsistence related stresses (e.g., Cordell amd1RI69; Hard and Merrill 1992; Reid et al.
1996; Schlanger 1988; Varien 1999; Zedefio 1994).
This research focuses primarily on defining lowgfiency fluctuations (> 20 years) (see

Dean et al. 1985) in the climatic regime of the M¥®rde region of the northern San Juan
region (Figures 1 and 2) from A.D. 600 - 1300naetiwhen regional inhabitants became
sedentary and increasingly reliant on a corn-basédistence strategy. While higher frequency
paleoclimatic changes in this region are well kn@amd have been the concern of much
research, low-frequency processes are poorly uttdetr@nd have not been studied to an extent
compatible with the well dated demographic anducaltchanges that occurred in the northern

Southwest. Both high- and low-frequency climahaieges play critical roles in subsistence-
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Figure 2. Diagram of southwestern Colorado shovagf Pasture in relation to geographical
features discussed in text. The shaded area pornids to the Village Project’s study area.

related activities, and information on both scaleslimatic change is necessary for studying

human-environment relationships. Dean et al. (128%539) have described the importance of

both low- and high-frequency environmental chargesuman demography:

Low-frequency environmental processes usually atepparent to humans;

conditions established by these processes probablgerceived as ‘stability.’

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

buffering mechanisms are adaptations to expectapglefrequency fluctuations.

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

in relation to a number of factors, the most impottof which is how close the



adaptive system is to carrying capacity. High-frexacy fluctuations are usually

of little consequence when the population is welblw carrying capacity;

however, as the population approaches the long ¢arnying capacity established

by low-frequency processes, high-frequency varigiddecomes more critical to

survival. When low-frequency environmental changehice carrying capacity

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

no longer be sustained by the extant subsistersteray
As they suggest, the effects of high-frequency mmmental variability on demography and
cultural change vary in relation to how close theimnment is to reaching the human carrying
capacity of the region. Carrying capacity is diethby population pressure, the subsistence
system of the population, and the environmentatdiof the region. These environmental limits
are established by low-frequency processes, artdffleguency processes become more critical
the closer the environment approaches carryingaiigpan sum, understanding the effects of
high-frequency environmental change on populatantstheir subsistence systems requires
knowledge of the carrying capacity, which is diethtargely by population size and the
environmental parameters that are set by low-frequerocesses.

In this chapter | provide a brief review of théekance of paleoclimatic data to
understanding the paleodemography of the Mesa feglen and make a case for the utility of
pollen-based paleoclimate reconstructions in arcla&al research. An overview of the
known climatic processes of the Greater Southweshis the reader to several of the forces
causing climate change in the region. A subseqdisatission on the required climatic
conditions for maize agriculture demonstrates gdrfor paleoclimatic data for understanding

agricultural paleoproductivity in the Mesa Verdgiom. In the final section | review the



existing literature on pollen-based paleoclimatonstructions in the northern Southwest and
show how this thesis contributes to our understandi paleoclimatic changes in relation to
archaeologically relevant periods.

Agricultural Paleoproductivity in the Mesa Verde Region

The Puebloan culture (Kidder 1927) was manifestdtie Mesa Verde region as a
complex array of sedentary communities, reliantnyaon dry-farming agriculture and centered,
in most periods, on the region’s most productivecadgfural lands (Varien 1999; Varien et al.
2000). Ultimately, Puebloan peoples left these momities in favor of other places peripheral
to the San Juan region, and this translocationrad#ionally been viewed as an adaptive
response to a prolonged drought during the latd#rdi the thirteenth century (e.g., Douglass
1929; Hewett 1908; Kidder 1924). More recent retedy Van West (1994, 1996), Varien
(1999) and Varien et al. (2000), however, suggésiisregional agricultural productivity would
not have been limited by precipitation to such sem@ that all established communities could
no longer be supported by means of agriculturasisténce.

Van West’s agricultural paleoproductivity researebywever, has not entirely closed this
debate. A more recent paleoproductivity modeMan West’s research area in southwestern
Colorado, developed by the “Village Ecodynamicsiject, reconstructs maize production
estimates that are considerably lower than Van Wesbugh this reconstruction, discussed in
more detail below, would not preclude continuinguation of this area by reduced populations
in the 1300s (Kohler et al. 2007). Others agreé while successful maize cultivation could
have occurred in several areas regardless of ggetbmoisture deficiencies, thus enabling
continual occupation of such areas throughout tbgadrought of the mid-twelfth century and

the Great Drought near the end of the thirteenttiurg, the effects of droughts across the region



would have contributed to a breakdown in social&tire, thus establishing possible incentives
to leave the area and gain residence in more gostable communities elsewhere (Benson et al.
2006; see also Axtell et al. 2002; Dean et al. 20@@son et al. 1996).

Further complicating the picture is the possibithgt the local onset of the cold period
known as the Little Ice Age (A.D. 1250 — 1850) ni@ye also reduced or eliminated maize
production in the northern Southwest during cerpanods of extreme cooling (Adams and
Petersen 1999; Petersen 1988, 1994, see also G988 Matthews and Briffa 2005; Porter
1986; Van West and Dean 2000). So the statusrmoat# change as the chief instigator for the
widespread depopulations in the northern Southisestce again hotly debated. My current
research, therefore, specifically aims to pinppatiods of increased and reduced duration in
annual growing seasons that may have affectedmalgagricultural productivity in conjunction
with changing precipitation patterns.

| now turn to a review of the history of environnaased archaeological research in the
Mesa Verde region. | discuss further how the g#ld&codynamics project expands our
knowledge of the paleoenvironmental conditionshim Mesa Verde region and how these new
data augment previous agricultural paleoprodugtivibdels.

Project Background

Detailed paleoenvironmental reconstructions ferNesa Verde region, overseen by Ken
Petersen, were a primary research component @dlwes Archaeological Program (DAP),
which engaged in archaeological research alon@theres River from 1978 to 1985. The DAP
was the facet of the Dolores Project that deah wie mitigation of cultural resources along the
Dolores River in Montezuma County, Colorado thatente be destroyed by the construction of

McPhee Dam and associated recreational facilifidsee Dolores Project was directed by the



U.S. Bureau of Reclamation; the University of Caldw was the primary contractor (David A.
Breternitz, Senior Principal Investigator) for tDAP, with Washington State University as a
major subcontractor.

Paleoenvironmental data were extremely relevatitddAP’s research design because
the DAP area sits at the extreme local northeasteundary of the Puebloan distribution and it
seemed quite plausible that this limit was climaticcontrolled (Petersen et al. 1986).
Paleoenvironmental data were used to examine miaimg @uestions posed in DAP’s original
research design (Kane et al. 1983), such as tlweenat aggregation, the source of population
growth, the causes for the nearly complete deptipulaf the project area around A.D. 900, and
to test some of the interrelationships betweenrenment and population posited in the DAP’s
cultural modeling efforts (Breternitz et al. 198&pe 1984). Some of the results from the DAP
are presented in Blinman et al. (1988), Breter{li®83, 1984), Breternitz et al. (1986), Gross
and Kane (1989), Kane and Gross (1986), Kane amiBan (1986, 1988), Kane et al. (1986),
Kohler et al. (1986), Lipe et al. (1988), Maddewl &deakly (1980), Petersen and Orcutt (1987)
and Petersen et al. (1985).

| initiated the current project to obtain pertih@aleoenvironmental data for use in “The
Village Ecodynamics” project, a computerized sinioladesigned to model the settlement
ecodynamics in the central Mesa Verde region (lei@)rduring ancestral Puebloan occupation
from A.D. 600 - 1300 (Johnson et al. 2005; Kohiled &€arr 1997; Kohler et al. 2000, 2007,
Varien et al. 2007). The Village Project continuasd elaborates on, earlier modeling efforts of
the DAP (especially Kohler et al. 1986, but see aipe 1984). The ultimate aims of the
Village Project are to reconstruct the environmecwaditions in southwestern Colorado from

A.D. 600 to 1300 by using multiple proxy recorasgiplore the ‘ecological niche’ (see Odling-



Smee et al. 2003) constructed by regional agricaiigis, and to better understand the co-
evolution of regional societal structures and esvinents over the 700 years of continuous
occupation (Kohler et al. 2007).

An integral component of this simulation is theeeglepment of a reliable resource-
availability model for maizeZea maypproduction that integrates aspects of soil hyuyg)
seasonal precipitation patterns, and annual terpereeasures, all of which influence the
productivity potential of dry-farming practices.IltBough variable degrees of reliance on maize
agriculture should be expected across communitidhauseholds in this region,
macrobotanical and stable carbon isotope analyggsost the commonly held notion that maize
was the most important subsistence resource oGdlwrado Plateau by at least A.D. 600, with
some possible exceptions in marginal areas (setn&a®004:60-67). For example, Decker and
Tieszen (1989) estimated that maize provided BDtpercent of the caloric intake of Mesa
Verdean populations during the thirteenth century.

The Village Project’s new resource availabilityaed like that of Van West (1994), uses
the Palmer Drought Severity Index (PDSI) for cadting maize productivity on particular soil
classes. Palmer (1965) developed the PDSI aataveemeasure of soil moisture for different
soil classes under known precipitation patterngnB{1983) was the first to realize the utility of
this index for archaeological research. In Van ¥8g4994) model, records of maize and bean
production in Montezuma County, Colorado from 1881960 are compared to
contemporaneous PDSI values of different soil elass this region to develop predictions of
maize productivity under various climatic condisan prehistory. The extrapolation into

prehistory is possible because PDSI measures ceatrbelicted through regional tree-ring



records. Van West's model, however, did not expli@address the role of temperature
variability in agricultural productivity.

To account for high-frequency changes in regio@aperatures, the Village Project
incorporates proxy data for cold and short sumrfrera regional tree-ring data. Two high-
elevation bristlecone pin®@inus aristatd sequences were selected for this project: oma fro
Almagre Mountain, situated approximately 350 knt-@mstheast of the project area, and
another from the San Francisco Peaks (Salzer 20d@ajed approximately 335 km southwest
of the project area. Temperature measures wecalatdd by extracting the first principal
component of both sequences; annual scores sedgroved to be highly correlated with
various local measures of temperature in and iea¥illage Project study area.

In the following section | argue that pollen praxian help overcome several limitations
of low-frequency paleoclimatic reconstructions ded from tree rings. | outline further how
pollen-based paleoclimatic reconstructions augrtiege derived from tree rings, primarily the
distinction between seasonal precipitation patterns

Limitations of Paleoclimatic Reconstructions Derive from Tree Rings

Prehistoric fluctuations in climatic regimes haweb successfully identified through
various biotic and abiotic proxies, including bot imited to tree-ring sequences, pollen
records, packrat middens, insect fossils, chenscabpe analyses and geomorphology. While
tree-ring climatic reconstructions have receivedshud the attention, due to the high temporal
resolution that they provide, there are severatéitions to low-frequency climate
reconstructions from such data (Cook et al. 199961 Dean 1988, 1996b; Fritts 1991). First,
tree-rings express the climatic conditions of @' s@nmediate environment, which may differ

significantly from surrounding areas and not rdfi@gional conditions. Second, tree-ring



chronologies are composites derived from multipdes, often from different localities, and the
life spans of such trees are less than the durafiomny of the low-frequency climatic
processes that we want to identify. Further, marye earlier chronologies are derived from
relatively short tree-ring series from archaeolabeontexts, many of which are relics of
modified architectural materials that do not haw@awn geographical origin.

In conjunction with these limitations, a potenpabblem arises when attempting to
extrapolate data on low-frequency changes in teatper and precipitation from tree-ring
sequences. While tree rings express high-frequemay-to-year fluctuations very accurately,
long-term trends on the order of several decadesooe (low-frequency) are poorly reflected
because of the tree’s ability to adapt to such tmmd. Thus, the widths of tree rings reflect not
only high-frequency climate change but also thenigm’s adjustment to climatic perturbations,
obfuscating and minimizing the magnitude and daratif the climatic change. Moreover, tree
rings may only demonstrate how individual treese tspecies or tree communities responded to
climate change in the past, whereas realistic aafaerturbations in the structure of vegetational
communities and their distributions across the $aage resultant from climatic change must
come from the actual remains of such organismsile/iths impossible to decode such
phenomena solely from a single proxy, pollen segegrfrom aquatic locations provide
continuous records of change in adjacent vegettmymmunities. In alpine settings such
records have the potential to express the sucees$gpecies, plant communities and forest
structures that result mainly from low-frequencyneltic changes.

To overcome the limitations to low-frequency climatconstructions from tree-ring
chronologies, | use here an alpine pollen recayohfBeef Pasture in the La Plata Mountains of

southwestern Colorado (Figure 2) to identify chandpeough time in the elevation of the

10



boundary between the subalpine and montane fooesiszhat reflect prolonged changes in the
amount of winter snowpack, which results from flations in the amount of winter
precipitation and/or annual temperature. Sincetmbthe tree-ring-based precipitation
reconstructions for the Southwest are calibrated ®ither annual or winter/early spring
precipitation more than with summer precipitatiénitfs 1976:139-140), they limit our ability to
differentiate seasonal precipitation patterns.aA%ffort to distinguish between seasonal
precipitation patterns, | use pinyon pif@r(usedulig pollen influx as a relative measure of low-
frequency changes in summer precipitation, andthér use measures of other taxa (Carex
sp., Chenopodiaceae, aaAtharanthussp.) to identify similar changes in winter pretapion.

Alpine pollen records provide an opportunity tocediate low-frequency climate changes
that are poorly expressed in the tree-ring recditese data provide an opportunity to
extrapolate relative durations of increased andceed annual temperatures that would have
altered the length of the growing season at lowaragions, and they provide further an
opportunity to differentiate between the winter @ugnmer precipitation regimes. | now turn to
a discussion on the likely causes for the paleatimfluctuations observed in pollen and tree-
ring proxies. A thorough comparison of these ®fthctuations identified in my paleoclimatic
reconstruction, however, is beyond the scope sfttiesis.

Overview of Climate Patterns in the Northern Southvest

The known climatic processes of the northern Soesitiwat both high- and low-
frequency scales, are the likely mechanisms ofatimthange that occurred in the past. The
relationships between high- and low-frequency deréhanges, however, are still poorly
understood due to a lack of low-frequency stugiesy temporal resolution in such studies and

the infancy of meteorological instrumentation, ees@, modeling and theory. Simply put, the

11



modern era of scientific climatology has not exddteng enough to place well-known high-
frequency changes in low-frequency contexts, aadceitrapolation of what is known about
modern climatological patterns and relationships the pre-industrial era is problematic
because we still do not fully understand the effedtgreenhouse gases and deforestation on
established climatic regimes (Mann et al. 1999nbegth and Hoar 1996, 1997; see also Cook et
al. 1995).

Regardless of the potential problems that arsm fextrapolating modern climatological
relationships and patterns into prehistory, we govk and continue to learn about modern
climatological patterns that likely existed in pisgbry. Petersen (1988:14-20) discusses the
climatic patterns and relationships for the Gre&muthwest, and these will be summarized and
updated here. Precipitation occurs in a bimod#kepain the Greater Southwest, in which snow
and rain are deposited during the winter and esgmiing months and rain falls during the
summer monsoons. This bimodal precipitation patiediscussed at length in Sellers (1960)
and Sellers and Hill (1974:4-19). Based on treg-records, Dean (1996a, 1996b) suggests that
this pattern has been the normative climatic regaoress the Greater Southwest from A.D. 966
to 1988. Ahlstrom et al. (1995), however, notd tha Mesa Verde region witnessed a period of
unpredictable and unstable precipitation betwedh A250 and 1450.

Dean (1988:123) suggests that annual variationimis driven largely by fluctuations in
winter/early spring precipitation because thestediinore from year to year than does the more
predictable summer rainfall. Summer monsoons Iynwaod August are caused by the Bermuda
high-pressure system (Allen 2004:22), which extdnais the Atlantic Ocean to the central
United States and carries moist air from the GliNlexico into the Greater Southwest. Along

with the Bermuda high-pressure system, moistune filee south and southwest is brought into
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the Four Corners area during August and Septeméaeuvges of moist air that originate from
tropical cyclones off the west coast of Mexico aémel Gulf of California.

Precipitation from November to March is dictatedy&ly by the polar jet stream, which
brings moist air from the west into the area angbdés precipitation. The jet stream is a current
of low atmospheric pressure that usually enterd\thith American continent via the Pacific
Northwest and tends to traverse southward alongakeern side of the Rocky Mountains, thus
avoiding the Greater Southwest and resulting iatredly dry and windy winters. This jet
stream usually follows the northern edge of a Ipgéssure system off the West Coast, however,
this high-pressure system is occasionally locatethér to the west. When it is, the jet stream
enters the North American continent further sounth then traverses eastward across the Greater
Southwest and deposits above-average winter praogi.

The relatively new concept of the El Nifio/La Nifaughern Oscillation also affects the
high-frequency precipitation patterns of the Gre&eauthwest. During El Nifio years anomalous
low-pressure systems coupled with above-averagsigéace temperatures (SSTs) in the Pacific
Ocean result in increased winter and spring preatipn in the Greater Southwest (Andrade and
Sellers 1988; Ropelewski and Halpert 1986). Drésigissociated with La Nifia cycles often
occur during the interim of these El Niflo event(lels and Dahm 1990). Quinn and Neal
(1992) suggest that significant EI Nifio episodesuo®d at an average of every 4 years (ranging
from 2 — 6 years) between A.D. 1524 and 1987. @amd Neal's research also demonstrates a
period of relatively infrequent wet El Niflo condiis between A.D. 1000 and 1500. A record of
southwestern floods developed by Ely et al. (1¥98)Jences a period of low flood-frequency
from A.D. 1200 to 1400, presumably due to drierdibons as a result of the suppressed

frequencies of El Nifio years suggested by QuinnNeal (1992), but the periods from A.D.
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1000 to 1200 and A.D. 1400 to the present witnebggter flood frequencies likely due to
southern shifts in the polar jet stream.

The Pacific Decadal Oscillation (PDO) and the AtilaMultidecadal Oscillation (AMO)
also influence the climatic regime of the Greateut8west. The PDO, an index of Pacific
Ocean SSTs, is similar to the El Nifio phenomenapatial extent (Mantua et al. 1997),
however, the PDO ranges from 50 to 70 years intduréMacDonald and Case 2005). The
Southwest tends to have higher-than-average ptaogy during warmer-than-normal Pacific
SSTs (positive PDO) and vice versa (Benson et08l62. and winter precipitation in New
Mexico is positively correlated with the PDO (Brownd Comrie 2002; Ni et al. 2002). The
AMO is an average measure of Atlantic Ocean SSTedmn 0 and 70° N (Kerr 2000), and it has
expressed a cyclicity of 65 to 80 years since A6 (Benson et al. 2006). Although research
on the PDO, the AMO and their interrelationshipmigs infancy, atmospheric modeling efforts
suggest that droughts in the western United Stateassociated with positive AMO and
negative PDO phases (Fry et al. 2003; Schubelit 2084).

In the next section | discuss the climatic requiets for maize agricultural and
demonstrate how data on precipitation and tempezaite critical for estimating agricultural
paleoproductivity in the Mesa Verde region.

Corn and Climate in the Mesa Verde Region

Considering that maize was the most importantistésxe resource for regional
populations between A.D. 600 and 1300, the clinfagi@meters for the successful production of
this crop in the Mesa Verde region need to be addk Regarding dry-land agricultural
practices, Adams and Petersen (1999:23) highlightrhportance of a biseasonal precipitation

pattern, where soil moisture from winter precipdgatis necessary for plant germination and
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summer precipitation is critical for maturationadk (1942:23) originally suggested that maize
agriculture on the Colorado Plateau required att l&8 inches of annual rainfall, Petersen
(1988:11) augmented that to a minimum of 14 indbeshe Mesa Verde region. Milo (1991),
however, argues that annual precipitation is a pueasure when considering growing-season
requirements, and precipitation measures shoutefihre be distinguished for each mode in the
biseasonal pattern. In this study | differentia¢ééween low-frequency fluctuations in winter and
summer precipitation based on appropriate biotiecators.

Petersen (1988) realized that variability in mgreductivity in the Mesa Verde area,
probably more so than in lower, more southern atisabictated by temperature as well as by
precipitation. Some earlier research (e.g., Batlial. 1977:59; Martin and Byers 1965:135;
Smiley 1961:703; Woodbury 1961:708-709) had algooliyesized that reduced temperatures
may have influenced the Mesa Verde regional de@tipul during the thirteenth century, and
more recent investigations (e.g., Salzer 2000bg lgaven increasing attention to the role of
temperature in agricultural productivity duringghurbulent period.

In general, modern maize agriculture rarely takasein areas with an average growing
season temperature less than 19° C (66.2° F) ($888), and normal plant growth occurs when
temperatures range between 10 and 40° C (50 afd=)1@#ivy 1990). A minimum of 110 to
130 frost-free days is generally required for masieties of Corn Belt dent hybrids of maize to
mature (Adams 1979:291; Adams and Petersen 1999tk 1942:20, 23; Salzer 2000b:297),
however, some southwestern maize cultivars aretadap a shorter season of 60 to 90 frost-free
days (Meunchrath and Salvador 1995). Frost-frgs dee generally calculated as the sum of
days during a growing season when temperaturestdalhbelow 0° C (32° F). However,

maize can tolerate temperatures as low as -3669E) during both germination and

15



maturation (Chang 1968:101), therefore, total ffo=t days as a measure of growing season
duration may be misleading for understanding mprpeluctivity (Milo 1991).

Regardless of the intricacies of maize productiath disagreements on the standard for
calculating grow season duration, all parties atfnaecold periods are detrimental to maize
productivity. Early-season cold spells can delagngnation and shoot development, while
prolonged episodes of cool temperatures inhibitalplant development, lengthening the
period for germination and growth. UnexpectedtBasn Kill plants by creating ice crystals that
dehydrate or damage the cellular structure of thaetp Ritchie et al. (1992) suggest, however,
that late frosts are more problematic than eaoles because during the first three weeks after
germination plant production is focused undergroand is therefore largely protected from the
formation of ice crystals. In fact, maize is meshsitive to cold periods while it is flowering,
which occurs near the middle of the growing seagban freezing temperatures are least likely
to occur (Adams and Petersen 1999:26).

While agricultural productivity in the Mesa Verdegion is thus susceptible to relatively
slight changes in precipitation and temperature ability to develop intraseason measures of
precipitation or temperature in the past from palggical data is extremely limited. Fall
(1997b) has used terrestrial lapse rates to retrgdantifiable climatic parameters in central
Colorado. Terrestrial lapse rates allow for estesaf a temperature at elevation ‘X’ when such
conditions are known at elevations both lower aigthdr than X’ (Axelrod 1965). This method
is often simplified for large geographic areas wita following equation: (Sf— T) * (1000
m/5.5° C), where Tis the mean annual temperature at sea leté$; the mean annual upland
temperature, and 1000 m/5.5° C (or 182 m/-1° @)asconstant rate of change in temperature

with change in elevation (Meyers 1992:71). Bang Bradley (1976) devised a summer
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terrestrial lapse rate of 100 m/-0.82° C for theddgo area and an annual terrestrial lapse rate of
100 m/-.59° C for the San Juan National Forest.

The use of terrestrial lapse rates as a methoestimating paleotemperatures, however,
has been criticized by some paleoclimatologistsiferegarding many of the contextual
intricacies relevant to reconstructing a localityaeoclimate, such as the region’s geological
structure, topography and microenvironments (dlgyers 1992). Furthermore, the lower
boundary of the subalpine forest at Beef Pastugeadational and a blending of two forest types
occurs. This boundary is unlike the discrete ufgoemdary of the subalpine forest for which
terrestrial lapse rates are often calculated wisemgpollen data (e.g., Fall 1997b). Inthe
present case, though, reconstructed shifts inldwvagonal boundaries of vegetative zones are
useful for reconstructing climate parameters witraitempting to derive estimates of
paleotemperatures. | will use the palynologicahdeom Beef Pasture to identify ordinal
(wetter/drier and warmer/cooler) rather than indémeasures through time. Coupling these
palynological data and other studies of low-frequeciimate change with high-frequency
records that provide interval-level estimates afpgerature and precipitation (e.g., Dean and Van
West 2002; Salzer and Kipfmueller 2005) can providee robust measures of changing
paleoclimates (Swetnam et al. 1999). While suchffort is a critical element of the Village
Project, it is beyond the realm of the presentystud

| now turn to a review of existing pollen-based {requency paleoclimatic
reconstructions from the northern San Juan regatetnonstrate how the current project adds to

the existing database.
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Previous Paleoclimatic Research

Paleoenvironmental reconstructions in the Four @ararea have relied on a variety of
proxies and have been conducted in a range ofitorsathowever, many have relied on
discontinuous sequences as a result of climatingdageological processes or anthropogenic
disturbance. Since Bryant and Holloway (1983) dadl (1985a, 1985b) provide a
comprehensive review of many pollen studies unétertan the Greater Southwest, | will not
present these here. Likewise, a complete reviepasf efforts at paleoenvironmental
reconstruction from other proxy data in the Souttvie beyond my scope here, though | will
briefly review and synthesize palynological reshatMesa Verde and surrounding areas to set
the stage for the current study.

Palynological research in service of understangiast climates in the Mesa Verde
region has been largely limited to peat-bog segeefrom the La Plata Mountains. As part of
the Eastern New Mexico State University’s SalmoimBR#rchaeological Project at Bloomfield,
New Mexico, Petersen and Mehringer (1976) analgzsddiment core from Twin Lakes, La
Plata Mountains, Colorado to investigate the pesoty of summer temperature fluctuation in
the Four Corners area. Petersen (1975) continisgoehleoenvironmental investigations by
analyzing pollen cores from Beef Pasture, alstiénlia Plata Mountains. These early
investigations laid the ground work for the exteagiesearch conducted later by the
Environmental Archaeology Program of the DAP. Astpf the DAP, Petersen (1988) analyzed
additional samples from the Twin Lakes and Beetwagollen cores, and he also incorporated
data from a pollen core extracted from Sagehen Miasated within the DAP project area.

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

additional palynological research at Beef Pastimean effort to reconstruct the environment

18



around the Navajo Reservoir and Chuska Valley aséasrthwest New Mexico (south of our
project area), Schoenwetter (1966, 1967, 1970, ;1987oenwetter and Eddy 1964) compared
modern pollen ratios and pollen spectra of locairemments to those from numerous
archaeological and alluvial deposits. As parthef&archaeological research at Black Mesa,
Arizona (southwest of our project area) in the [E3&0s, Hevly (1988) conducted palynological
investigations in an attempt to identify low-freqeg environmental changes that were not
clearly expressed in tree-ring data.

Additional palynological studies relevant to west€olorado were conducted in the San
Juan Mountains (Andrews et al. 1975; Maher 196631 and elsewhere within the Rocky
Mountains of central Colorado (Fall 1985, 1988, 71891997b; Feiler et al. 1997; Maher 1972a,;
Markgraf and Scott 1981; Pennack 1963; Short 198%5]ing 1998). Although these areas are
not generally considered to be part of the Greapeithwest, their vegetational assemblages are
quite similar to those of the La Plata Mountaihskewise, the Mesa Verde region is located
between these areas and the northern Arizona amideno New Mexico localities where much
stratigraphic palynological research has been octedu Therefore, environmental
reconstructions from the La Plata Mountains shewiehtually be compared to similar studies
from both of these areas to put my results in gelageographical context. Since the aim of my
research is to isolate climatic change particidahé Mesa Verde region, | make no effort here
to correlate and compare my results to those ara#gions. Furthermore, broad regional
correlations will be imperfect due to vagariesandlized climatic patterns in the past.

Aside from the work of Petersen (1988), not onthefaforementioned analyses from
montane environments has focused primarily ondteeHolocene period, particularly the last

1,500 years. Instead, most of these efforts haea briented toward geological and ecological
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processes spanning long periods to identify braatems associated with climatic transitions
between the Pleistocene and Holocene epochs, whecbften associated with deglaciation from
Holocene warming as evidenced by successional nesgmf vegetation assemblages. With the
exceptions of Fall (1997b) and Petersen (19883¢tipalynological investigations have
concluded that temperature patterns for the p@802years in western Colorado have remained
relatively stable. Moreover, previous researcbluitiing that of Petersen (1988), may have
underemphasized minor climatic oscillations by gswlatively low-resolution sampling
strategies consisting of samples that are spaay &wcm or more, often with unequal intervals.
Temporal resolution, as a result, is often on é&esocbBhundreds of years (Butzer 1982; Dincauze
2000), whereas the local archaeological recorgastd tree rings and has an effective resolution
of years to decades.

Our knowledge of cultural change and settlementyas in the Mesa Verde region has
expanded significantly since Petersen’s (1988) rkaide paleoclimatic reconstruction,
primarily through the work of Crow Canyon Archaegittal Center. Due to these recent
advances, it has become imperative to refine Reteréow-frequency paleoclimatic
reconstruction to identify climatic changes of &yssiagnitudes and at smaller scales. The
identification of minor climatic oscillations isitical for inferring differences in subsistence
potential that are temporally similar in scalehe periods recognized in the archaeological
record. The Village Project, for example, recogrii4 periods from A.D. 600 - 1300, with an
average length of about 50 years (s = 25 yearshigk@t al. 2006:Table 1). As an attempt to
identify relatively slight oscillations, on a tinseale more compatible with that recognized in the

local archaeological record, | sampled the peat+lbogrd at Beef Pasture every other
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centimeter, which, as we will see, yields a tempiotarval between samples of about 30 years —
an average temporal precision higher than thatgrezed in the archaeological record.

Previous research has also been of low utilityréb@eological research because there is
a dearth of chronological control for deposits frtma late Holocene in these studies. As Hevly
(1988) points out, only a few of the numerous palygical studies from the Four Corners
region have yielded results that are dated eittedragologically (relatively) or radiometrically
(absolutely) to the last 2,000 years. Therefdreirtability to provide a dynamic environmental
context for the most-studied period in Southweshgtory is limited. While Petersen’s research
(1988) provides the best temporal resolution ferghst 2,000 years of any locally relevant
palynological studies, his chronological contral fiois period is based solely on tW€ dates
and one relative date inferred from palynologicatlence of historical activity. Petersen’s two
radiometric dates bracket the period relevant tostagly, and these dates with known depths-
below-surface provided an excellent opportunityetacore at Beef Pasture to a depth known to
include deposits dating from A.D. 600 - 1300 andetsample organic matter for additioha
dates within this period. This earlier work hasde# possible for me to report, and use for
chronological control, 16 radiocarbon dates fromphst 2,100 years as well as a modern
surface date.

In the remainder of this thesis | provide a dethdéscussion of the methods and analysis
| used to reconstruct the paleoclimatic patterrex olve past 2,100 years in the northern San Juan
region. In Chapter 2 | outline the geology of sedy area, its vegetation, and the possible
impacts historic activities may have had on thea& sedimentology and vegetation, which
could have affected the types of pollen depositetitheir preservation at Beef Pasture. | then

detail how the pollen of certain species, refetretlere as indicator taxa, serve as reliable
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proxies for paleoclimatic changes in Chapter 3Clapter 4 | lay out the methods | used for
collecting, processing, and analyzing the polleth euliocarbon samples that | use to reconstruct
changes in the region’s paleoclimate. | presemtéisults of these analyses in Chapter 5, where |
describe how I created a deposition rate for catoug pollen influx rates and assigning each
pollen sample and estimated calendrical datesd pitesent here the methods used for dividing
the pollen sequence into zones and discuss theugaguantitative measures employed to
identify significant paleoclimatic changes.

| interpret the results of my analysis in Chajiiewhere | present a two-part discussion.
The first part entails a comparison of the varipusxies across zones to identify statistically
significant changes in climatic variables. | tloempare these results to those of other
paleoclimatic reconstructions from the region, unnlshg those derived from both tree-ring and
pollen records. In the second part | compare tilageé Project’s paleodemographic
reconstruction to the paleoclimatic reconstrucpoesented here, which identifies many major
demographic fluctuations that corresponded withomggrturbations in the region’s climate. |
suggest that these demographic processes, therefayehave been in response to these low-
frequency climatic changes due to their effectamianal agricultural potential. This
comparison, however, is tentative because the teguency paleoclimatic reconstruction
presented here has yet to be incorporated int¥itlage Project’s paleoproductivity model.
Furthermore, while the temporal resolution of ghedeoclimatic reconstruction conforms well to
that of the archaeological record, significant mthone paleoclimatic fluctuations cannot be

verified statistically.
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CHAPTER TWO
STUDY AREA

In this chapter | discuss the relevant geograg@ojogical and environmental contexts
of the La Plata Mountains and the coring locatibtere, | place emphasis on the vegetation of
the La Plata Mountains, primarily the dominant sp&evithin the mountains that are likely
contributors to the pollen deposited at the colamgtion. A review of historical activity around
Beef Pasture brings to light the possibility oftdibance to the sediments and pollen used in this
study. These effects are shown later to be minandlrestricted to the uppermost deposits.

La Plata Mountains, Southwestern Colorado

The La Plata Mountains (Figures 2 and 3) are lacetehe San Juan National Forest at
the juncture of the Colorado Plateau and the San Mountains in southwest Colorado. This
mountain group extends into the eastern edge dftherado Plateau 30 km (20 mi) southwest
of the actual San Juan Mountain front. The La&PMbuntains are one of four structural domes
along the western margin of the San Juan Mounthatsformed as a result of plutonic intrusions
into overlying sedimentary bedrock. This sedimgnbedrock has subsequently eroded along
fault blocks and fracture zones, resultant frompaay along the western flanks of the San Juan
uplift, to expose these plutonic intrusions (Bltiral. 1996; see also Cross et al. 1899; Eckel et
al. 1949; Haynes et al. 1972; Holmes 1877:268-212e plutonic intrusions that originally
formed the mass of the La Plata Mountains occuregadieen 65 and 67 million years ago
(Cunningham et al. 1977). Subsequent geologitalsions consisted of igneous dikes, sills and
stocks, of which the formations now called Burrowitain, Helmet Peak, Hogback Ridge and
Sharkstooth Ridge are comprised. The Dolores Rixershed drains the north side of the La

Plata Mountains whereas the San Juan River watkdiaéns the south side. Both of these
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Figure 3. Google Earthmage of southwestern Colorado showing Beef Pasturelation to
modern settlements and topographic features disdusgext.

rivers and their tributaries, along with their fitains, supported relatively large communities
of agriculturalists with water and farmland durifgcestral Puebloan occupation of the region.
The 2,700 m (8,850 ft) elevational change betwtherSan Juan River and the highest
peaks in the La Plata Mountains results in verfed#t climate regimes at the base of and on
top of the mountains. These elevationally dictatiedate regimes strongly influence the type
and abundance of vegetation at any point alongthdient. Eckel et al. (1949:5), Cross et al.

(1899:2) and Steinhoff (1976) provide brief desioips of the vegetation in the La Plata
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Mountains. More extensive mapping and descriptaresavailable for the adjacent San Juan
Mountains and between Durango and Pagosa Sprinds;ado (Krebs et al. 1976; Maher
1961:16-20, 1963:148-149). Brown (1982) also piesia description of the biotic communities
in the region, including the distribution of veg&ta and fauna across landscapes. In a broader
sense, the vegetational assemblages of both tRdata and San Juan Mountains are typical of
the Southern Rocky Mountains (Alexander 1974; Décéect al. 1986; Peet 1978).

Petersen (1988:12-14) divides the La Plata Mountegetation into four zones (Figure
4) based on their arboreal compositions, and hisselassification here to facilitate comparisons
to studies by Petersen and others from the regid® alpine zone begins at the spruce-fir tree-
line (3,500 to 3,700 m [11,500 to 12,000 ft], degieg on aspect) and extends upward to the
mountains’ peaks (a maximum elevation of 4,030 8332 ft] at Hesperus Peak). Tree-line is
defined here as the elevational limit of erectdredler than 4 m (13 ft) (Little 1979). The alpin
zone is characterized by a lack of arboreal vegetalue to dense snowpack and shallow soll
deposits. However, the lower limit of the alpirane, approximately 100 to 150 m (325 to 500
ft) above the tree-line, contains trees thatkawenmholzGerman for ‘crooked wood’) in form;
such trees are environmentally dwarfed types tlawv@s regular trees in more hospitable
climates (Wardle 1974) in the subalpine foreste blological processes that result in
krummbholZorms are discussed in LaMarche and Mooney (1972@, Tranquillini (1979:102-
111) and Wardle (1965:127-128, 1968, 1974:378-388)e upper elevation whekeummholz
trees terminate is called the timber-line in costtta the spruce-fir tree-line as defined above.
The subalpine zone begins near 3,050 m (10,000 &evation and extends upward to the

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

spruce Picea engelmannij subalpine fir Abies lasiocarppand stands of quaking aspen
(Populus tremuloidgghat envelop numerous subalpine fens, such aSHzeture. The

montane zone begins roughly at an elevation of@®rB({8,200 ft) and extends upslope to the
base of the subalpine zone. This zone containgedrtonifer forest composed of the following
species (in order of abundance): DouglasHgsdgudotsuga menzigsiponderosa pinéP{nus
ponderosy quaking aspen, white fiApies concolay, limber pine Pinus flexilig, blue spruce
(Picea pungensand subalpine fir. The foothills zone beginsiatlevation of 1,900 m (6,200

ft) and extends upward to the base of the montane;zt is comprised largely of ponderosa pine
and Gambel oakQJuercus gambeli While ponderosa pine is located in the montaee as

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

The lower portion of the foothills zone, below 202& (7,200 ft), begins to blend with the lower

26



elevational plains zone, thus it commonly contg@imyon pine Pinus eduli}, Utah juniper
(Juniperus osteospermarocky Mountain juniperJuniperus scopulorujrand Gambel oak.

Although Petersen (1988:12-14) does not refer getation below the foothills zone as
comprising a zone of the La Plata Mountains (tledseations are not actually in the mountain
range), the vegetational assemblage from thesateles is considered here as the plains zone
for classificatory purposes. Newberry (1876:84adies the area extending from Mesa Verde
west to Comb Ridge as the “Sage Plain” due to biumdance of Great Basin sagebrush
(Artemisia tridentataalso known as big sagebrush) in this area. Huge Plain is actually a
dissected plateau with an area of 3,108 K200 mf) and ranges in elevation from 1,500 to
2,200 m (4,900 to 7,200 ft) (Gregory and Thorpe8t®3cited in Petersen 1988:14). Aside from
Great Basin sagebrush, the plains zone also spioston pine, Utah and Rocky Mountain
junipers and the occasional grove of Gambel oakstMf the extra-local pollen grains in the
pollen rain of the La Plata Mountains probably ovéged 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 (SSWi4, Section 11, Township 37 North, Range 12 West,
Rampart Hills Quadrangle, Colorado; 37° 28’ 20"thpd08° 9’ 30” east) is a relatively open,
75-hectare (8,072,933%tmeadow with a southwest-facing aspect on the slepe of the La
Plata Mountains (Figures 5 and 6). Positioned tigadrainage divide between the San Juan
and Dolores River watersheds, Beef Pasture is @&k (15 mi) northwest of Durango,
Colorado (Figure 3). The western portion of theRlata Mountains above 2,400 m (7,875 ft) is
composed largely of Mancos Shale (Cross et al. ;ll889nes et al. 1972), a soft and friable

clay-shale formation. The topographically depresssdre of Beef Pasture, which has created
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Figure 5. Aerial photograph of Beef Pasture, Lat&Mountains, southwestern Colorado in
1994 showing pollen core location (picture courtesthe U.S. Geological Survey). Darker-
colored trees near top of picture are Engelmanuacgpfsubalpine forest zone) while the lighter-
colored trees in bottom portion of picture are mroda pine (montane forest zone). Note the
relationship of Beef Pasture and the pollen cocation to the transition between the forest
zones. Note further that the pollen core locatsoperiodically inundated by standing water (as
in the picture), however, the standing water waatied approximately 35 m west of this location
when we cored in August 2005.

its perennially wet meadow, is the result of a fice that occurredirca 5,500 years B.P.
(Petersen and Mehringer 1976:277). Higher elemd#adslides in this region, such as the one
that created Beef Pasture, are often the resutiiooé resistant rock sliding over the Mancos
Shale (Atwood and Mather 1932:146-164). When tlaadds Shale is exposed, it is permeated

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

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

become marshes, fens and oval ponds. At Beeffeasie sediments that subsequently in-filled

28



Image © 2006 DigitalGlobe

Figure 6. Google Earthimage of Beef Pasture, La Plata Mountains, soustere Colorado
showing location of peat bog and provenance ofpedlore used in this study (Core No. 3).

this depression are comprised mostly of sedge pétéita 17-cm thick band of silty detritus
gyttja (Swedish for ‘a nutrient-rich sedimentary peatterbedded within the peat at
approximately 3.3 m below surface, which in tureidies accumulations of sand, silt and clay
formed immediately after the landslide (Peterse88iBable 2).

The elevation of Beef Pasture (3,060 m [10,040idt]just above the approximate
elevation of the present-day division between tli®akine and montane forest zones (Figures 4,

5 and 7). The peripheral overstory at Beef Passucarrently composed of Engelmann spruce,
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Figure 7. Area-elevation graph of the westerntfadrihe La Plata Mountains (adapted from
Petersen 1988:Figure 28; Petersen and Mehringds-BE@jtire 10). Note Beef Pasture’s
location near the boundary of two forest zones.

Douglas-fir, quaking aspen and aldair(us tenuifolid. Although willow Salixsp.) is generally
considered an arboreal genus, the species at Betfre Salix brachycarpais a short

deciduous shrub located near the edges of the eatow, hence the common name of ‘barren-
ground willow.” Aside from barren-ground willowpmmon understory plants located presently
around Beef Pasture are goosef@zhénopodium fremonjjiyarrow @chillea lanulos® Rocky
Mountain goldenrodSolidago multiradiat@ Coulter’s daisyErigeron coulter), aspen fleabane
(Erigeron speciosysbeaked sedge€arex utriculatg, small-winged sedgeCarex microptera
western marsh marigoldC@ltha leptosepalpand several species of grass (Poaceae) and mosses

(Brachytheciunsp.,Aulacomniunsp. andDrepanocladusp.).
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Although it is unlikely that direct anthropogenistdirbance occurred at Beef Pasture in
the prehistoric record, at least at a magnitudeviioalld significantly alter the local forest
composition and sedimentology, the area has wiktkessnsiderable sedimentological and
vegetational disturbance in the recent past fromingi logging, settlement, fire, grazing,
recreation and water acquisition. Petersen (18§ Eovides a brief review of these historic
events. Mining activity in the area began in 186t prospecting in the headwaters of the
Mancos River (Larsen and Cross 1956:3). Hundrédsirang claims were reported between
1873 and 1909 and over 200 were granted, althoagh of these is known to have included
Beef Pasture or the land immediately adjacent td'lite railroad system expanded west to
Durango in 1881, and the La Plata Mountains, apuhalfens like Beef Pasture in particular,
became important locales for summer grazing ofecatid sheep. By the 1890s, considerable
logging activity began in the Mancos area, and EC@per established a sawmill at Beef
Pasturecirca 1900. Cooper worked at Beef Pasture briefly, thieth moved his operation to
Spruce Mill Park, where he bobsledded timbers thnd8eef Pasture and on to Transfer Park
(now known as Transfer Campground) (Ellis 1976:187)

There is no documentation on what occurred aroweef Basture between 1900 and
1940, however, logging, grazing, mining and recoegprobably continued near or in the fen.
On October 8, 1940, Sherron Spencer was grantpdcas use permit to construct Spencer
Reservoir (Tim Kohler, personal communication 20€i6ng McCoy n.d.). Construction of the
reservoir began in the early 1940s and consisted20f4-m (9-ft) earthen dam that created a 5-
acre (217,800-f) pool of standing water; this reservoir serviceel Spencer Water System, a
privately owned irrigation company that suppliedevdo farmers down the West Mancos River.

The headworks of the reservoir were damaged in 1@Bich caused a breaching of the dam and
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a complete draining of Spencer Reservoir. The wasireconstructed in 1973 to a height of 4.2
m (13.8 ft) and relocated 6.1 m (20 ft) downstregBpencer’s permit was terminated in 1978
because the construction activity in 1973 was m@binformance with Colorado statutes.
Additional enlargements of the earthen dam werembgless undertaken in 1991 by Jim
Spencer, a nephew of Sherron Spencer, but theteftdmat remodeling is unknown. A recent
palynological project at Beef Pasture (Wright aedelPsen 2005) concluded that over 2 m of
sediment had been removed from where Petersen ahdrier (1976) had cored in 1973, just
prior to reconstruction of the dam. The fact tigg volume of sediment has been dislocated
suggests that mechanical operations, probably avithlldozer, occurred in 1973, 1991, or both
years. The original construction of the dam in18d0s suggests that mechanical disturbance
occurred at this time as well.

Inspection of the area during coring for this pecojerovides additional contextual data on
recent disturbance in the area. Remnants of desaargfires at Beef Pasture are located just
south of an east-to-west trending graded dirt {&oh Juan National Forest Road #350) that
traverses the northern edge of the meadow. ladserved sheep grazing in the area, and
several pieces of modern trash within Beef Pastuggest continued use of the area by campers,
hunters and other recreationalists. The curresat lef the reservoir seems much lower than
what has been documented in the past, where tleeaddbe standing water was located
approximately 10 m (32.8 ft) downslope of Petersea Mehringer’s (1976) coring location in
August of 2005. This lower water level is mostlikrelated to the shifting location of the
earthen dam that occurred in 1973 and differentésae season of coring activities because this

water level likely fluctuates both seasonally andually with different precipitation and
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evaporation rates. Figures 5 and 6 display diffeveter levels likely due to differences in the
years and seasons of photographic documentation.

Given that cattle use Beef Pasture for grazingtaratcess the water tank, it is possible
that they have disturbed the uppermost deposdsdnaround the fen. Consistent trampling of
the sediments and the uprooting of grasses andslkan disturb the depositional sequence of
pollen in Beef Pasture. Beef Pasture sedimentgeber, consist mainly of woody sedge peat,
and the fibrous nature of this sediment enablessupport the weight of cattle without their
hooves puncturing the ground surface to any laxgene If cattle have altered the pollen
deposition at Beef Pasture, | expect it to be ra@ed to the uppermost sediments.

In the next chapter | discuss ways in which podémarious species in the La Plata

Mountains can serve as proxies for paleoclimatangies.
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CHAPTER THREE
PROXIES FOR PAST CLIMATIC CHANGE

In this chapter | outline which plant speciesha ta Plata Mountains are sensitive to
climatic fluctuations and how changes in the depmsof their pollen serve as reliable proxies
for fluctuations in certain climatic variablessthrt with a review of how previous analysts have
used the pollen of arboreal species to identifftsim tree-lines, which imply changes in either
winter precipitation or temperature. | then dischew the pollen of understory plants can serve
as an independent proxy for winter precipitatiohjoli allows me to differentiate between
temperature and winter precipitation as the cdasaé of change in the arboreal structure of the
subalpine forest.

Studies that utilize alpine pollen assemblagesfer iprehistoric fluctuations in regional
temperatures typically rely on frequencies, inflaties and ratios of the tree species that
demarcate regional tree lines (e.g., Andrews €it%l5; Fall 1985, 1988, 1997b; Feller et al.
1997; Maher 1961, 1963, 1972a; Markgraf and Sc@fttl1 Pennack 1963; Petersen 1988;
Petersen and Mehringer 1976; Short 1985; Vierliag8). The basic assumption in such
analyses is that tree-lines move in tandem withetbeation of a particular summer isotherm
(Arno 1984: Daubenmire 1943a, 1943b, 1954; LaMad®é&3; Scuderi 1987), therefore,
changes in the elevation of the tree-line indicit@nges in the elevation of this isotherm. The
climatic oscillation causing such movement is tegtrapolated into a regional context. A
lowering of the elevation of the isotherm is inétito also affect temperatures at lower
elevations and within a given region. A lowerirfglee isotherm’s elevation results in reduced
temperatures within the region as a whole, anffacts not only the maximum summer

temperatures but also the annual temperature pattdihus, a lowering of the elevation would
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reduce summer temperatures as well as the tempesaitithe other seasons. The converse of
this relationship is also at play; increases indlesvation of the isotherm result in higher annual
temperatures within a region.

From a palynological perspective, | would expeet thee-line fluctuations would result
in changes in the pollen ratio of the tree-linecsg®to other taxa; increases in the tree-line
pollen would indicate succession of the tree-lipslope, and vice versa. Such palynological
investigations provide a unique analytical appraacanalyzing low-frequency temperature
change; they differ from many other palynologicadigses because tree-line movement studies
generally focus on the ecological preferencess#lact few taxa (a method often referred to as
the ‘indicator-species approach’ [see Birks 197i8k8and Birks 1980; Janssen 1967, 1970,
1981]), not on the entire vegetational assemblage.

Engelmann Spruce as Temperature Indicator

In the alpine settings discussed in this thesssgtemperature fluctuations are
observable in the duration of snowpack and itsceéfbe the reproductive success and annual
production of local plant taxa (Billings and Bli$859; Canaday and Fonda 1974; Emerick and
Webber 1982; Fareed and Caldwell 1975; Holway a@dd/1963; Steinhoff 1976). Movement
in elevation of the lower boundary of the sprugddrest is dependent on conditions of the
snowpack deposited from late fall to early spribgubenmire 1954:128-129; Dix and Richards
1976; LaMarche 1973:637; Lindsay 1971:Table 1; Maud Marr 1973; Pearson 1931:Figures
14 and 15; Wardle 1968:Figure 3). Duration of spagk at a particular elevation is the most
critical non-geological determinant of whether ot Engelmann spruce will grow at that
elevation. The root system of Engelmann sprucsislly less than 50 cm in depth (Pearson

1931:64), which contributes to its ability to grawthe shallow soils near the upper subalpine
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forest tree-line. Due to its shallow root systé&ngelmann spruce is more prone to adverse
affects from drought and heat than many other alppecies (Daubenmire 1943a:10-12; Pearson
1931; Wardle 1968:Figure 6), and the lower elevetidimit of this species is largely

determined by deficient soil moisture (Daubenmi®d3a:365-372; Pearson 1920:306).

Downslope movement of spruce trees is obviouslydégent on dispersion of seeds and
their ability to produce viable seedlings that eatablish themselves and survive. Spruce seeds
are set in autumn and lie dormant under snow thougthe winter. By late spring the snow has
usually melted and the upper portion of the sogibg to dry and warm quickly. Spruce seeds,
given their small size, do not contain very higbemwes of nutrition or moisture, and if the early
summer rains are either delayed or deficient therseeds will desiccate and not produce
seedlings. If the seeds do not germinate ungrdfie monsoonal season in late summer, Ronco
(1967:5) argues that seedlings will not have endingé to establish themselves adequately prior
to the cold weather of autumn and winter. Accagdm Alexander and Nobel (1971), spruce
seedlings can survive with a minimum of 25 mm (lahwell distributed monthly precipitation,
mostly during summer months when there is no snowerc If less precipitation falls during
these months, there is a heightened chance thatrgmg will prevent the penetration of the
seedling’s radicles, which would result in the omly death of the seedling (Day 1963, 1964,
Day and Duffy 1963:25).

While summer precipitation is essential to thalelsshment of seedlings on a yearly
basis, duration of snowpack is actually more ailtto the distribution of spruce along the lower
boundary of the subalpine forest. Dix and Richdd®¥6:311) observed that spruce
predominates where the duration of snowpack idoihgest, whether as a result of increased

winter precipitation, decreased temperatures, ogiggphic aspect. This is probably because
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summer precipitation in the subalpine forest isegalty higher than the required 25 mm (1 in)
each month that Alexander and Nobel (1971) sugddstdern precipitation records from
southwestern Colorado weather stations suggestdgmmnal elevations higher than 2,134 m
(7,134 ft) average 244 mm (9.6 in) of precipitatmiween May and September (Adams and
Petersen 1999:23; Bradley and Barry 1973), or A818(1.9 in) per summer month. Although
deficiencies in summer precipitation can be detntakto seedlings, the existing root systems of
fully grown trees can withstand such shortfallss aAresult, seedlings may not survive from year
to year, but fully grown trees can persist and deéseeds in following years that can develop
into fully established seedlings provided that swanprecipitation deficiencies are not recurrent.
| expect the lower subalpine forest border to sipilope due to reductions in summer
precipitation only if deficiencies were extreme gmdlonged over many years, and it would
therefore be a response to low-frequency climdtange.

Although spruce pollen (Figure 8), like that of gimnosperms, is anemophilous
(dispersed by wind), the distance of dispersaldg¢nde geographically restricted due to its high
fall-out rate (Dyakowska 1937), which is in turnedwo its large size. Maher (1961, 1963) is
often credited for recognizing the short distarfoespruce pollen dispersal; however, his
measure was more qualitative than quantitativesskn (1966:816) agrees that the dispersal of
spruce is “poor” because it does not travel veryafal is thus a poor indicator of regional
conditions. Jonassen’s research (1950) providedirdt actual quantification of spruce pollen
dispersal distance. He noted that spruce pollempcised 59 percent of the pollen sum at the
Norway spruceRicea abie¥forest border and only 7 percent of the pollem $tom a sample
200 m (600 ft) upslope of this border. Followingan this study, Wright's research (1952)

determined that 68 percent of Norway spruce is sligga within 30 m (100 ft) of its source and
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Figure 8. Binocular microscopic images of indiecgtollen-types discussed in text. (a)
Cheno/Am with a size range of 20 - 30u (from Hoffn2906), (b) spruce with a size range of 75
- 125 (from Hoffman 2006), (c) pinyon pine witlsiae range of 50 - 60 (from Jacobs 2006),
(d) sedge with a size range of 30 - 40 (from Haffin2006).

only 7 percent at 100 m (330 ft) from its sour&eng (1967) reported that the downslope
dispersal of Engelmann spruce in the Sandia Monsitai New Mexico was less than 120 m
(400 ft), and one should expect similar dispersdtiguns for this species in the La Plata
Mountains.

Considering that Engelmann spruce pollen tende tddposited so close to the source
tree, significant changes in its deposition at Besdture should relate to the proximity of the
source trees to the sampling location. In factar@a elevation graph around Beef Pasture

(Figure 7) demonstrates that a 100-m (328-ft) ypsimovement of the lower boundary of the
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subalpine forest would place Beef Pasture appraxip&0 m west of this boundary; such a
shift would undoubtedly result in considerably ledeposition of spruce pollen at Beef Pasture,
especially when one considers that wind would tendisperse this pollen eastward and away
from Beef Pasture. | suggest, therefore, that mreasnf spruce pollen frequency and influx will
help identify local movements of the lower subadpfarest boundary (comprised largely of
Engelmann spruce).

Since snowpack duration determines the elevatidhefower boundary of the subalpine
forest, and since this forest zone is comprisegelsrof Engelmann spruce, a reduction in this
duration would seemingly result in upslope movenwdrthis boundary, and vice versa.
Snowpack duration at any elevation, however, igroflad by two factors: the amount of winter
precipitation and the rate at which snowpack meltse rate at which snowpack melts is directly
related to annual temperature patterns; colder eéeampres reduce the melt rate and result in
longer durations of snowpack. Winter precipitatiates dictate the amount of snowpack at a
particular location, with increased winter pre@pn resulting in more snowpack, and thus a
longer duration of snowpack. Therefore, while frexcy, ratio and influx measures of the
pollen of particular tree species allow inferenceghe movement of the lower boundary of the
subalpine forest, uncoupling the climatic cause{¢he change in snowpack duration requires
the use of other taxa indicative solely of either &mount of winter precipitation or temperature.
As Fall (1997b:1307) notes, studies reliant onmloe’ement of tree-lines usually result only in
gualitative measures of “warmer and wetter” or 8ssland drier”; this study attempts to isolate
the winter precipitation regime from the regior&hperature patterns. A comparison of the
fluctuations in spruce pollen measures to thosahdependent proxy for winter precipitation,

discussed below, allows me to uncouple these timmatc variables.
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Sedge and Cheno/Am as Winter Precipitation Indicatcs

The ability to isolate periods of increased wimniegcipitation from those of decreased
temperature, as evidenced by the downslope moveohéme lower boundary of the subalpine
forest, may reside in the changing ratio of sedipréxsp.) to Cheno/Am pollen types as well as
significant changes in the influx rates of thesatdorough time. Here, Cheno/Am refers to a
palynological classification for a combination @frious plants belonging to either the
Chenopodiaceae family or thenaranthuggenus whose pollen grains are indistinguishabil wi
binocular microscopes. Inability to differentidbeese pollen-types in this study does not hinder
my analysis because local species in these taxa &wilar environments and climates.

Local varieties of sedge (beaked sedge and smad-sedge) are indicative of wet and
waterlogged sediments and are characteristic okyRbountain alpine fens (Herman 1970);
changes in their frequency should be related temtable fluctuations resulting from fluctuating
precipitation regimes. Due to morphological similes in the pollen of these two species of
sedge, and others common to regional alpine femsCiarex aquatili, | was unable to identify
sedge pollen to a particular species. Beaked s@ghyex utriculatg, small-wing sedgeQarex
micropterg and water sedg€arex aquatiliy, however, tend to be part of the same vegetation
community (Cooper 1986) and are thus indicativeiwilar environmental and climatic
conditions. Moreover, the habitat of beaked sddgds to be low in species diversity and this
species characteristically dominates the assemlitedeng periods provided environmental and
climatic factors remain favorable (Chade et al. 2 98ansen et al. 1990).

Much less is known about the dispersal of seddlep@~igure 8) than that of spruce.
Locally occurring sedge species are also anemaghbot appear to have relatively confined

dispersal patterns. Since these species are tbeett@n the forest’s understory, the dispersal of
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their pollen should be expected to be restricteditbin a few meters of the source (Handel
1976). As a component of the understory, seddemdispersal is likely to be restricted to the
trunk space component (Tauber 1965); pollen indbisponent does not travel very far because
it is filtered from the air by tree trunks, tallgetation and other obstacles to aerial transport.
Given these dispersal patterns, sedge pollen iBé&ed Pasture pollen profile should reflect
locally occurring sedge species in the immediateity of Beef Pasture.

Unlike spruce, the biological processes of sedgmmpation are poorly understood and
have therefore been the result of several recabgcal and range management studies (e.qg.,
Cooper and MacDonald 2000; Jones et al. 2004; ek al. 2000). While germination is
understudied, the environmental and hydrologicatggences of established beaked sedges
demonstrate how this taxon can be useful for infgrchanges in winter precipitation.
Controlled field experiments on the survival of@maouse-germinated seedlings suggest that
beaked sedge is more likely to survive in wet qi&soper and MacDonald 2000). Beaked
sedge prefers sites that flood in the spring amnly sammer, and can thrive in water standing up
to 16 inches deep (Pearle 1996). After lying darimtrough the winter months, beaked sedge
begins to regreen and grow in early spring (Bermeandi Brown 1977; DeBenedetti and Parsons
1984; Pierce and Johnson 1986) as winter snows rBeliked sedge flowers from June to
August, depending on location (Dittberner and OE@83), just after the snow melt of spring;
therefore, the deposition of this species’ polleowd follow winters where precipitation was
adequate to allow growth. Since beaked sedge foresnly 2 to 6 years (Bernard and Brown
1977; Pierce and Johnson 1986), this species’mpdigosition should fluctuate significantly

through time. These high-interval fluctuationswewer, should be temporally subsumed into
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periods represented by each pollen sample, hete 28 years, and thus reflect the low-
frequency patterns that | intend to elucidate.

To date, there have been few attempts to correfaiter precipitation with changing
frequencies of sedge pollen in subalpine foreSesveral researchers (Fall 1985, 1988, 1997a;
Vierling 1998) have viewed sedge frequencies asative of wetter or drier meadow
conditions, however they have not directly linkbdge changes with winter precipitation.
Vierling (1998) compared sedge pollen frequenaehose of Cheno/Am to differentiate
perennially wet meadows from seasonally dry meadosthiced sedge frequencies with
increased Cheno/Am frequencies indicate seasotllyneadows, and vice versa. Vierling
selected Cheno/Am frequency because it is charsiitenf disturbed environments, such as
seasonally flooded dry meadows. Aside from Vigrbn(1998) study, this thesis is the only
paleoenvironmental reconstruction from the reglmat ts reliant on sedge, and it differs from all
others by using sedge and Cheno/Am pollen (Figues&ndicators of qualitative changes in
winter precipitation.

Pinyon Pine as Summer Precipitation Indicator

The physiological structure of pinyon pine suggdisés its pollen deposition can serve as
proxy for low-frequency fluctuations in summer gpatation. Fritts et al. (1976:107-109)
demonstrate that pinyon trees have shallow rodesysand deep taproots, and that this
structure is adapted to seasonal variability ircipigation. During the spring and early summer,
the deep taproot allows the tree to access dekms@iture originating from winter
precipitation. Once this is depleted, usually bgyhdr June, the shallow roots are able to capture
moisture from summer thunderstorms that are inteoselo not permeate deeply into the

ground. Research on seedling physiology also sigdgleat pinyon is well adapted to spring
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droughts and summer thunderstorms. The pinyorigiagge seed provides this species with a
rapid rate of establishment, where radicle penetratuticle thickening and needle development
occur relatively quickly (Daubenmire 1943a:11; Eswer 1932; Wells 1979:318).

Petersen used pinyon pine pollen influx rates @®ay for changes in low-frequency
patterns of summer precipitation, arguing thatehgsanges are primarily influenced by dynamic
jet stream relationships (Petersen 1988:83-94)dénonstrate such a relationship, Petersen
(1988:Figures 45 and 46) compared historic pinyioe pree establishment with summer
precipitation records from the Mesa Verde regi®his comparison indeed demonstrates a
correspondence between historical pinyon pineidigion with summer precipitation patterns, a
conclusion also found in other studies (e.g., Batarnt 1984; Cole 1982; Markgraf and Scott
1981; Van Devender et al. 1984; Wells 1979). Rete(1988) further compared the historic
influx rate of pinyon pine pollen in the La Platahtains with the number of pinyon pine trees
known to have existed at lower elevations during pleriod. His results demonstrate a
correspondence between pinyon pine tree distribama the influx rate of pinyon pine pollen in
the La Plata Mountains, and thus a relationshigvéenh pinyon pine pollen influx and summer
precipitation patterns. This study thus assumatsdilanges in the influx rate of pinyon pine
pollen (Figure 8) represent changes in the numbpingon trees at lower elevations in the Mesa
Verde region (below 2,200 m [7,200 ft] in the fatthzone), and by extrapolation, these
changes in pinyon tree abundance are posited @simgprimarily from low-frequency
fluctuations in summer precipitation.

Based the climatic parameters and pollen dispeed#trns for the indicator taxa
discussed above, | argue here that fluctuatioesah indicator taxon’s pollen reflect changes in

the associated climatic variables. Table 1 prav@lsummary of the expected response of each
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Table 1. Expected Chandes Indicator Taxa Pollen in Response to ClimaticcEuation

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

Annual Temperature

Winter Precipitation Increase Higher Higher prer -
Decrease Lower Lower Higher -

Increase - - - Higher
Decrease - - - Lower

®measured as changes in the percentage of totahpmlim, pollen influx rates, and pollen ratios leemvindicator
taxa (see Chapter 5)

Pspruce fluctuates in response to both temperangeavinter precipitation; a comparison to changeseiige and
Cheno/Am pollen deposition allows for a differetiba between the two climatic variables

Summer Precipitation

indicator taxon under given climatic changes assuesl through the deposition of their pollen
at Beef Pasture. Therefore, | interpret signifidaurctuations in the measures of each indicator
taxon’s pollen as changes in the associated cliwatiable.

In this chapter | made a case for how the pollemfthe indicator taxa serve as proxies
for low-frequency fluctuations in the climatic vabies that affect a region’s agricultural
potential, as discussed in Chapter 1. In thevailg chapter | outline the methods used for

collecting and analyzing pollen and radiocarbongamfrom Beef Pasture.
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CHAPTER FOUR
METHODS

Here, | detail the methods involved in collectthg sediment core, the processing of both
pollen and““C samples, and the identification of pollen typ#ghile these methods may differ
slightly from those of other palynologists, theyfdow established standards. | selected the
pollen-processing techniques used here to ensat¢hi recovered pollen assemblage is an
accurate representation of the pollen deposité¢derpast 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. Jdbnes from the Department of
Anthropology at Washington State University, | exted three sediment cores from a peat bog
in Beef Pasture on August 8, 2005 in an effortiitam a sediment profile that contained intact
and undisturbed deposits that date from A.D. 6003@0 (Figures 5, 6, 9 and 10). Although the
placement of each coring location was judgmentalyvade efforts to avoid areas that exhibited
potential signs of mechanical disturbance. Mytgilimject (Wright and Petersen 2005) revealed
that the areas near Petersen’s coring locale hexd imechanically disturbed after 1973. To
avoid these disturbed sediments, we cored in treas between 20 and 40 m east and northeast
of Petersen’s (1988) coring locale (Figure 9). Mé&asured core lengths in the field and
recorded their locations with a hand-held GPS deyl@able 2). We also collected a modern
surface pollen sample at this time. Our samplihih@ modern surface followed the “pinch”
method (Adam and Mehringer 1975), and we randomiligcted over 30 pinch samples within
80 m of the sampling locale. A reliable represgoiteof the regional environment from a

surface sample requires a minimum of eight pindtees around the vicinity of the sampling
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A = Petersen (1988)

B = Wright and Petersen (2005)
C=Core #1

D = Core #2

E =Core #3

"= modern fire-ring

Earthen Dam

I
North 0 20m

Figure 9. Locations of Beef Pasture pollen cosesdiand discussed in text.

locale (Adam and Mehringer 1975). We then placeddlpinch samples in an air-tight bag and
thoroughly mixed them by kneading to prevent owgresentation of pollen types derived from
any one of the samples.

We extracted the sediment cores using an fh&6 vibra-corer manufactured by Briggs
& Stratton. We used a vibra-corer because it aléov the extraction of an entire core with only
one coring drive, whereas other coring devices ragyire multiple drives to extract similar

volumes of sediment. This eliminates potentiabms derived from multiple drives, such as
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Table 2. Coring Locations and Core Depths from Braedture

Core No. Northing Easting GPS Error Range Core tle(rg)
1 37° 28'30.9" 108° 9'18.8" +5m 0.61
2 37° 28'29.9" 108° 9'15.9” +5m 1.49
3 37° 28'28.6" 108° 9'16.8" +5m 1.45
2003 coré 37° 28'28.6" 108° 9 19.3 +5m 1.85

dore reported by Wright and Petersen (2005) thiaibébed truncated deposits

pollen core location

Figure 10. East-facing overview of Beef Pasturg ibaJune, 2003 with a man-made water-
retention feature in foreground and the provenarfdbke pollen core used in this study (Core
No. 3) (picture courtesy of Dr. Timothy Kohler).
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the need to overlap and correlate coring drivestb@dtompaction of sediment between drives.
Sediment compaction resulting from coring with laraicorer is minimal and is restricted to the
uppermost deposits. We used a three-inch diamakterinum pipe, with a wall thickness of
1/20th of an inch, as the core tube. Once we etdda capped, labeled and sealed the sediment
cores with duct tape, Dr. John Jones transporith tbh Washington State University in
Pullman, Washington where they remained in coldag® until | conductetfC and pollen
sampling.
Pollen Sampling and Processing

| did not sample Beef Pasture sedinserg No. 1 for eithet*C or pollen because
bedrock was encountered less than 1 m below grsurfdce, suggesting a slow accumulation of
sediments in that portion of the meadow. Beeflrastediment cores No. 2 and 3 contained
deposits greater than 1.4 m below surface, anbrited one"’C sample from each of their
midsections to the University of Arizona’s AccelenraMass Spectrometry Laboratory to verify
that these cores contain sediments dating to #t€Ja00 years. Once this was verified, |
proceeded by processing Beef Pasture sedimeniNmr@ for pollen samples at the Washington
State University’s Palynology and Paleoenvironmidmahoratory from August 22 to 28, 2005.
Sediment cores No. 1 and 2 remain in cold storaféashington State University for future
research. | used electric shears to create tvgiHense incisions into the aluminum core tube,
which exposed the sediments while minimizing distunce of the core-body. | subsequently
split the core lengthwise into two hemisphericallies; one side for pollen sampling and the
other for radiocarbon sampling (Figures 11 and 1Zpnducted sediment descriptions, when
wet, with the aid oMunsell Soil Color ChartgMacBeth Division of Kollmorgen Instruments

Corporation 2000). | extracted pollen samplesheaeasuring approximately 1 x 2 x 3-cm,
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using a sterilized blade, and | cleaned this b&fter each extraction in order to prevent cross-
contamination of the samples. Prior to sampleaekiyn, | removed the sediment that was in
contact with the core tube with a sterile bladerevent sample contamination from the
downward movement of the core tube during coring.

Starting at 4 cm, just below the compacted suréddbe core, | extracted 71 samples
every other centimeter (Figures 11 and 12). Ic$etbthis sampling strategy for three reasons.
First, such high-frequency pollen sampling perraiteore accurate assessment of low-frequency
paleoenvironmental change over short periods. dasdPetersen’s sedimentation rates (1988:
Figures 15 and 18, Table 6), approximately 10 te®0f sediment accumulated at Beef Pasture
every 100 years (0.049 — 0.100 cm/yr). Using thie as an estimate for the current project, |
expected each sample to reflect the pollen assgmlattBeef Pasture on the order of every 20 to
40 years. Second, sampling every other centinmeiteimizes the potential for misrepresentation
due to any post-depositional translocation of polidile maintaining a high temporal
resolution. The modern occurrencelgpha latifolia(cattail) at Beef Pasture, which has
resulted from twentieth century cattle grazing esussed in Chapter 2, demonstrates the
effectiveness of this approach. While cattail gralific pollen producer, the minimal
translocation of this pollen type is apparent i Beef Pasture pollen profile (Figure 16). This
suggests that the pollen assemblage of each sapleliable indicator of the vegetational
assemblage around the sampling locale at any poimhe, especially when one considers that
the sediments at Beef Pasture have probably expedemore post-depositional disturbance
during the twentieth century from recreation, loggimechanical excavation, and cattle grazing
than they did in earlier periods. Third, this sdimgpstrategy provides the highest resolution

stratigraphic palynological analysis from the FQarners region to date.
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Figure 11. Post-sampling photograph of Core NoC8re is 1.45 m in length. Radiocarbon sampla® wgtracted from the upper
hemisphere, and pollen samples were extracted thierfower hemisphere. Plastic wrapping indicadeations of radiocarbon
samples. Note that four of the radiocarbon samgdkEs contained sediments from the pollen-samgigmisphere.
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The methods used for the extraction of fossil poftem core No. 3 followed closely
those outlined by other palynologists (e.g., Faagd Iversen 1989). | first quantified the Beef
Pasture pollen samples to 3%m standardize the sediment volume for all sampkeich
allows for comparison of fossil pollen concentras@and the influx rates of particular species
between samples and zones, thus facilitating thetiiication of temporal fluctuations in the
local vegetational assemblage. | then placeddh®kes in sterile beakers with five
commercially prepared tablets of Europé&smopodiunmsp. spores (Stockmarr 1971, 1973;
Batch No. 124961), each containing 12,542 + 41@8espalistilled water and several drops of
hydrochloric acid (HCL). The addition of HCL allevior the removal of naturally occurring
carbonates in the sediment as well as the carbdoaiding agent in the tablets of tracer spores.
| choseLycopodiunsp. (club moss) spores as tracer spores becauysarthhighly unlikely to
be found in the actual fossil pollen assemblages fthis region. Tracer spores are added to
samples for two reasons. First, by adding a knowantjty of exotic spores to a known quantity
of sediment, fossil pollen concentration values mfidx rates can be calculated by using ratio-
estimate techniques (Beninghoff 1962). Secondherevent that no fossil pollen is observed in
the sediment sample, the presenckyabpodiumsp. tracer spores verifies that processor error
was not a factor in the pollen loss (Davis 1969a).

Following the addition of the tracer spores, distilwater and HCL, | disaggregated the
samples on a magnetic mixer for approximately 99uteis. Once disaggregated, | screened the
samples through 1p0mesh screen in order to remove the larger, nolempokrganic fraction
from the samples; | used L5@nhesh screen because it should allow the polledl &hown
locally occurring plant species, even the largengraf Pseudotsuga menziegidbouglas-fir) and

Abies lasiocarpdsubalpine fir), with size ranges of 110 - lil&nd 100 - 12 respectively
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(Kapp et al. 2000), to be incorporated in the sasiglollen assemblages. Next, | rinsed and
consolidated the samples through a series of apiagentrifuge. |then added a solution of 50-
percent hydrofluoric acid (HF), and the samplesai@ed in this solution for 24 hours to allow
for the complete removal of unwanted silicatesoraler to remove undesirable humic acids, |
then washed the residues in a solution of one-pepaassium hydroxide (KOH) and rinsed
them until the samples attained a neutral pH.

After the samples attained a neutral pH followihg &cid treatments, | dehydrated them
in glacial acetic acid (C¥€OOH). Once dehydrated, | subjected the samplas tcetolysis
treatment (Erdtman 1960) consisting of 9 partsiaeethydride (CHCO) to one part
concentrated sulfuric acid §B0O,). This step removes most unwanted organic mdderia
including cellulose, hemi-cellulose, lipids and f@ias, and converts these materials to water-
soluble humates. During this process, | placeds#mples in a hot water bath for 10 minutes to
aid in chemical digestion. Once completed, | mizde slides of several samples to inspect the
effectiveness of the acetolysis treatment. Theseslides revealed that a considerable amount
of unwanted organic matter remained in the sampteshe samples underwent an additional
acetolysis treatment for 10 minutes. | then idnde samples in distilled water until a neutral
pH was achieved. During acetolysis, it is possibiesome fragile pollen grains to break down
if the duration of treatment is too long; howewbe presence of pollen from two species whose
pollen often preserves poorly and breaks downedsiling chemical treatmenP@pulussp.
[aspen] andPseudotsuga menziefidouglas-fir]) suggests that the two 10-minutetalysis
treatments did not adversely affect any of thegmofjrains. Following the acetolysis treatments,
| next subjected the samples to a heavy densitgragpn using zinc chloride (ZnCl) with a

specific gravity of 2.00; here, | isolated the tighorganic fraction from the heavier residual
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minerals. | then dehydrated the organic residuethanol (ETOH) and transferred them to a
glycerine medium for curation in glass vials.
Pollen Identification and Counting

| prepared permanent slides usiggegine as a mounting medium, and | made pollen
identifications with the aid of a Nik6hcompound stereomicroscope set at 400X magnifieatio
from September, 2005 to January, 2006. My idexatiions were confirmed by using published
keys and the Palynology and Paleoenvironmental izdbry's extensive pollen reference
collection. Since large grains may be more fretjt@mard the center of the slide and small
grains more frequent along the edges, due to tlese relationship between the weight of the
cover slip and the migration of differentially sikgrains (Brooks and Thomas 1967), | counted
slides by means of vertical linear transects. Walen concentrations were high and allowed
for 500-grain counts prior to reaching the cenfehe slide, | counted additional grains until |
reached the center of the slide to control foredéhtial migration.

Many palynologists classifiyinussp. pollen into either haploxylon (e.§inus edulis

Pinus flexilig or diploxylon (e.g.Pinus ponderogatypes based on the presence or absence of
distal verrucae (Hansen and Cushing 1973; Jacds);18owever, the pine pollen
identifications in this study consisted of diffetating betweerPinus eduliandPinus
ponderosabased on overall pollen size and the ratio ofddadize to body size. Likewise, there
was no effort to differentiatBinus flexilisfrom the other local pine species. Considerirag th
Pinus flexilisis not abundant in the vegetation of the La Pldbaintains, and that it has an
elevational distribution similar to that Binus ponderosd believe that the inability to
differentiate its pollen from the other pine spsai®es not result in erroneous statistical

measures or faulty interpretations. A similar teion occurred with the identification Bfcea

54



engelmanniandPicea pungengblue sprucepollen. The latter also occurs in relatively low
frequencies in the La Plata Mountains. Therefbdg] not distinguish between these two
species even though they inhabit different vegealizones, and | believe that statistical
measures and interpretations are still reliableefdr to both species here aftefPaseasp. in
figures, tables and text.

As for the distinction betwedpinus edulisandPinus ponderosaKapp et al. (2000:45)
suggest that the pollen grains of the former aresic@rably smaller than those of the latter,
which | also observed in this study. Likewise ytihather suggest that the ability to differentiate
pine pollen using the presence of distal verruaaesuggested by Hansen and Cushing (1973)
and Jacobs (1985), is less reliable for fossilgrglivhich this study utilizes, than for modern
reference samples (Kapp et al. 2000:45). My priekny identification efforts in this study also
suggested that the ratio of bladder-size to bodg-&ir Pinus eduliss greater than that &inus
ponderosa However, | conducted no statistical measuregetermine the reliability of this
distinction. Regardless, | used the ratio of béaesize to body-size in conjunction with overall
grain-size to distinguisRinus edulifrom Pinus ponderosaollen in this study. Provided that
the pine pollen could be divided into two size s&5 | classified these grains into groups of
large pine and small pine, which | refer to heteradsPinus ponderosandPinus edulis
respectively in figures, tables and text.

Broken grains oPiceasp.,Abiessp. andPinussp. were frequent in the pollen
assemblages and | counted them along with the ptilem types. If the body of the grain was
present, then | counted it as a whole grain of tdmatin, but bladders without bodies did not
allow for reliable taxonomic identification. Thus;lassified bladders as either lard®cgasp.

or Abiessp.) or smallRinussp.) in order to account for their presence insuess reliant on
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total pollen sums (pollen concentrations and infigkmates). | divided the counts of each
bladder size by two, and | rounded fractions umroher to more accurately represent the number
of pollen grains that were broken; therefore, ialjie counts in these categories are reflective of
the presence of two bladders. Since they couldeadentified to a particular genus, | did not
include these bladders in any of the taxon-speatiiiglyses.

While minimum 200-grain counts are standard amoagtmpalynologists (Barkley 1934)
and are thought to be fairly reflective of pastetagion and paleoenvironmental conditions and
allow for reliable statistical analyses, | condackgrger grain counts here to account for rare and
exotic species as well as to increase sample frasatistical analyses (Bowman 1931,
Crabtree 1968; Maher 1972b). | counted each sata@eminimum of 500 grains, and when
Carexsp. (sedge) grain totals exceeded 300 grains (sartft and 12, see Appendix A), |
continued counts until at least 200 other grairesyprere reached. Since pollen types confined
to lowland aquatic and mire vegetation tend to ftmdific pollen producers and are locally
abundant, some researchers disregard their cotbribio the pollen assemblage by excluding
their counts from the total pollen sums (Birks @&uakdon 1985:5-6); this ensures a reliable
representation of other species indicative of neglizegetation. However, others (Cushing
1963; Birks 1973; Birks and Birks 1980) argue tiet choice of which pollen types to include
in pollen sums depends on the nature of the researestion.

While arboreal pollen types provide measures ofenment of the lower boundary of the
spruce-fir forest, | argue here that sedge, alpedundant aguatic taxon, is indicative of
regional moisture regimes, primarily winter pre@apion. Therefore, counts Qlarexsp. pollen
are essential to understanding the causal climatiditions (temperature or moisture) that have

influenced the movement of this boundary in the pad | include them in this study’s pollen
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sums. Aside fronCarexsp.,Juncussp.,Salixsp. andlyphasp., there was no effort to identify
the pollen grains of other locally occurring aqaapecies, such as ferrisgisetunsp.,

monolete and trilete spore-types), md3sathythecium collinupAulacomniunsp. and
Drepanocladusp.) and algaeBptryococcusp. andPediastrunsp.), because these species are
rarely indicative of environmental conditions amd generally unidentifiable beyond the family-
level; therefore, these plant types are unaccounted the pollen assemblages, pollen
concentrations, and total pollen sums from Beefl?as My omission of these taxa should not
greatly affect the total pollen sums and conceitnatalues from Beef Pasture; Petersen’s
(1988:Figure 21) results indicate that they ocougxtremely low frequencies at Beef Pasture
between 0 and 160 cm below surface.

Once | finished all of the polleounts, | calculated pollen concentration valuesb an
influx rates of each taxon for all samples. Ha8§1) and Bryant and Hall (1993) note that
concentration values below 2,500 grains/cc of sedirmay not reflect past conditions well, and
usually record a differentially preserved assembldg a result, counts with low concentration
values should be viewed with caution. The conegiotn values from Beef Pasture exceed this
minimum considerably,however, which suggests thatsamples are reliable indicators of past
vegetation assemblages.

Sediment Dating
To verify that core No. 3 contained intact seditraposits from the past 1,500 years, a
preliminary*‘C sample from 28 to 29 cm below the surface wastsethe University of
Arizona’s Accelerator Mass Spectrometry (AMS) Ladiory for dating prior to pollen sampling.
Four'*C samples were subsequently processed by Betatinasjng the traditional radiometric

technique. To augment these five dates, and tbld@heck the results of various labs, |
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personally processed an additiona*4@ samples with the assistance of Dr. George Bamfr
University of Arizona’s Department of Physics anoinAspheric Sciences. We processed these
samples at the University of Arizona’s AMS Laborgtom March of 2006 through a generous
internship provided by Dr. Burr.

All of the radiocarbon samples consisted of datdindk organic sediments dominated
by woody sedge peat. The method of extractionhferadiocarbon samples from the core was
similar to that of the pollen samples. | removeitko sediment in contact with the core tube, and
| extracted the samples using a sterilized bladelthleaned after each sample extraction. |
removed any fresh rootlets with the aid of steztizweezers, and | wrapped the samples in
aluminum foil and dried them in a drying oven ab2C prior to other processing.

In the following chapter | present the resultstef'¥'C and pollen samples and discuss
how | developed the various pollen measures (p&iges, influx rates, ratios) that serve as
proxies for climatic changes. In addition, | depmocedures used for developing a
sedimentation rate, calculating pollen influx ratsd dividing the sediment core into

biostratigraphic zones upon which statistical measaan be applied.
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CHAPTER FIVE
RESULTS

In this chapter | present the results of the amalyiscussed in Chapter 4, including
sediment descriptions and the nature of pollengovasion | observed in the sample. Here, |
discuss in detail the calibration results fromtt@ samples and the procedures | used for
deriving a deposition rate and assigning age egtsrta each sample. | also present the results
of the pollen analysis, detail each of the measuusgd on the pollen data, and discuss how |
segregated the pollen samples into zones fortatatisnalyses.

Sediment Descriptions and Pollen Preservation

The sediment descriptions for core No. 3 are pexvich Table 3. As with Petersen’s
samples (1988:Table 2), the majority of the coreoimposed of sedge detritus intermixed with a
minimal quantity of conifer needles and twigs. Tipper five centimeters of sediment is
comprised of a silty clagyttja, mostly likely the result of seasonal ponding tluéhe
construction of a water-retaining wall in the 1940%he fact that the majority of the core body is
sedge peat indicates tiaarexsp. has been locally present throughout the depoai history
represented in the core. During pollen samplind) @ocessing, | observed only minimal
amounts of non-organic sediments, and these wenprised entirely of silts and clays, most
likely aeolian in origin. West-to-east trendingws cutting across the Great Sage Plain have
probably transported these sediments, along wétptilen of several genera (e Artemisia
sp.), into the higher reaches of the La Plata Mainst which were deposited due to pollen rain,
natural fallout or were filtered from the air beds. Variations in the quantity of non-organic
sediment deposition at Beef Pasture, however, raaglated to differences in the type and

density of overstory, which could aid in paleoeowimental inferences, but it is equally
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Table 3. Sediment Descriptions for Beef Pasturee@ar. 3

Depth (cm) Coldt Description

0-3.5 - compression from coring, no sediment
3.5-6 dark gray (10YR 4/1) silty clayttja

6—29.5 very dark brown (10YR 2/2) sedge peaghdl fibrous

29.5-37.5 darkreddish brown (5YR 2.5/2) sedgd;prore fibrous than above

375-71 very dark grayish brown (10YR 3/2) sepeat; fibrous
71-117 very dark grayish brown (10YR 3/2) sedgatpless fibrous than above

117 -125  dark reddish brown (5YR 3/3) sedge peatg fibrous than above

125-130  very dark brown (10YR 2/2) sedge pehtpfis

130 - 145  very dark brown (10YR 2/2) sedge peas fidbrous than above

®afterMunsell Soil Color Chart§MacBeth Division of Kollmorgen Instruments Coration
2000)

plausible that changes in wind patterns or ero$pmesses at lower elevations also
contributed to such variation. Unmixing these psses would be a considerable endeavor and
is beyond the scope of this analysis. Assumingttiese sediments are a minimal fraction of the
overall sediment composition and their depositidnistiory is irrelevant to understanding local
pollen deposition and preservation at Beef Pastudigl, not conduct any granulometric analyses.
While measures of sediment pH as well as orgarddrarganic carbon are common in
palynological analyses, | made no effort to acqthese data at Beef Pasture. Soil pH is a
critical factor in pollen preservation since polisrgenerally poorly preserved in sediments with
a pH above 6.0 (Bryant et al. 1994; Dimbleby 195Fhwever, the pollen concentration values
for this study (Appendix A) and previous analyseBeef Pasture (Petersen 1988; Wright and
Petersen 2005) along with the presence of fragillep types (e.g.Typhasp.,Populussp. and
Pseudotsugap.) suggest that either pollen preservation af Basture is minimally affected by
extreme pH values or that pH values are withinngeahat does not severely affect pollen
preservation. A weight-loss-on-ignition protocektandard procedure for estimating the amount

of organic and inorganic carbon in sediments (DE&f; Galle and Runnels 1960; Konrad et al.
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1970:204); such an analysis is useful for inferpadeoenvironmental conditions that influence
the deposition rate of organic matter and carbamaseediments or influence the rate of organic
decomposition. The sediments from Beef Pasturéatg homogeneous texturally, being
composed largely of sedge peat, and a weight-losgiation procedure did not seem warranted.
Furthermore, the fact that the samples did nottnedls HCI during processing suggests that
inorganic carbon was virtually nonexistent withine tsediments.

Periodic episodes of aeration of the sedimentsdcalsb result in corrosion of pollen
grains by fungal and bacterial digestion or degiaddy chemical oxidization (Moore et al.
1991:169-170), but the morphology of the identifggdins suggests that such activity was
minimal at Beef Pasture. Given that Beef Pastusnialpine fen characterized by year-round
saturation of the sediments, aeration in the ffasipccurred, was probably infrequent. It is
possible that anaerobic bacteria could cause potlerosion under saturated conditions (Clymo
1965), however, corrosion rates are very reducediégh circumstances. In sum, soil chemistry
and microbial attack do not appear to have advweedédcted the pollen preservation at Beef
Pasture, at least of the taxa pertinent to thi¢yarsa | assume, therefore, that the pollen
assemblage is a fairly accurate record of the aptlken deposited at Beef Pasture, and by
extrapolation, provides a reliable proxy for pastimnmental conditions.

4C Dates and Sedimentation Rates

The results of the 16 radiocarbon assays usedsirstiindy are presented in Table 4. |
calibrated the uncorrected dates with CAPIRev. 5.0.1 (Figure 13; Table 4) (Stuiver and
Reimer 1993; Stuiver et al. 2005). As Figure 18 @able 4 show, for some samples there is
more than one possibility for the correct calibdatalendrical date-range, and each range is

equally probable of being correct at both the (68.3 percent) and @{95.5 percent)

61



Table 4. Radiocarbon Samples and Results

Depth  Laborator§ Techniqué Lab No. Uncorrected Calibrated Dates Calibrated Dates
(cm) Date (BP)at& (A.D./B.C.)atx“? (A.D./B.C.)at 2"
1893 + 26 1870 + 68
1860 + 00 1758 + 05
18 -19 UA AMS AAB9125 94 + 37 1846 + 06 1710 N 29
1826 + 13 -
1711 +16
1605 + 15
28 -29 UA AMS AA66518 422 +35 1460 + 25 1579 + 02
1470 + 50
1606 + 15
33-34 UA AMS AAB9126 426 + 37 1459 + 26 1579 + 03
1469 + 52
1423 + 29
38-39 UA AMS AAB9127 496 + 36 1426 + 14 1335 + 08
48 - 51 BETA TR 213862 780 £ 50 1252 + 34 1226 + 67
1250 + 02 1209 + 59
58 - 59 UA AMS AAB8129 846 + 38 1237 + 04 1131 + 08
1194 + 34 1067 + 19
1154 + 08
68 - 69 UA AMS AAB69130 914+ 34 1131 +13 1202 + 05
1111 +80
1073 +30
1009 + 05
78-79 UA AMS AAB9131 1079 + 37 974 £ 25 956 + 63
909 +10
940 £ 22
83-85 BETA TR 213863 1190 £ 90 833 + 66 égggflgg
729 £ 15 B
757 £05 754 £ 18
88 - 89 UA AMS AAB9132 1342 + 37 669 + 21 683 + 46
522 +17
98 - 99 UA AMS AAB69133 1567 + 37 464 + 30 493 +79
108 - 309 £ 96
109 UA AMS AA69134 1743 + 37 292 +49 183 + 04
118 - 523 £ 07
121 BETA TR 213864 1740 + 80 311 £ 96 501 £12
261 £177
128 - 91+39
129 UA AMS AAB69135 1914 + 40 34 + 04 109 + 106
+
138 - 111 =14 162 £ 07
UA AMS AAB69136 1929 £ 39 71+22 -
139 34+ 07 67 +74
B -23+16
141 - -157 + 57
144 5 BETA TR 213865 2150 £ 60 -223 +07 -208 + 161
' -322 + 31

8UA = University of Arizona AMS Laboratory, TucsoBETA = Beta Analytic, Inc, Miami, FL

TR = traditional radiometric with extended countiddMS = radiometric via accelerator mass spectroynet
‘calibrated with CALIE Rev. 5.0.1 (Stuiver and Reimer 1993; Stuiver e2@05)
bold indicates calibrated dates selected for thigysbased on a linear regression of samples withane option
at Is. The midpoints of the dates in bold fell clogbst point estimated by the regression equation.
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CALIB® Rev. 5.0.1 (Stuiver et al. 2005).
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significance levels. To obtain the desired higéstetion of chronological control to place the
narrowly-spaced pollen samples into archaeologtapropriate temporal context (Butzer
1982; Dincauze 2000), | used a two-step linearaggjon procedure to identify the most likely
date-range from the samples with multiple date-earaf the I level, with depth-below-surface
(cm) as the independent variable and calibrateel amthe dependent variable. In the first pass |
used only those samples with one calibrated daigerat the X level along with the date for
the modern ground surface (n = 7) to predict thstrikely calibrated date-ranges of the other
samples (n = 16). In essence, | elected to use@dteeranges that fell closest to the date
predicted by the regression equation (in bold ibl&&) for use in assigning estimated dates to
each sample and for calculating sedimentation.raféen | used the other regression techniques
below with all 16 samples.

| applied Maher’s (1972a:540-544) method for caltinf the deposition rate at Beef
Pasture with the 16 calibrated calendrical dateislamodern date. This method involves
regressing the midpoints of the calibrated datgearonto the samples’ depth-below-surface.
Since deposition rates of a locality are likel\oinconsistent through time, strictly linear
relationships between depth and age should nossaily be expected. With this in mind, |
applied several linear and curvilinear regresstortbe data to find the ‘best-fit’ equation, which
| could then use as the equation for calculatimgsédimentation rates. | explored the utility of
guadratic, cubic, quartic, and weighted-least-semiaegressions of calibrated calendrical dates
on depths. The weighted-least-squares (WLS) remgnresccounted for the most variation in the
samples, and | decided to use it for calculatimgdéposition rate at Beef Pasture (year A.D. =
2000.18 — 14.32*cm-below-surfaages .997,p < .0001) (Figure 14). WLS regression is an

effective method for dealing with situations whia tlata points for the independent variable
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are of varying quality, such as calibraté@ dates with different standard deviations.
Essentially, WLS regression adds weights to eatd ue for the independent variable that is
inversely proportional to the variance of each gatiait; in other words, those values with low
variances are more important in determining thatioa of the regression line (see Abdi 2003).

Although | did not assume a linear relationshipasetn depth and calibrated calendrical
date, the WLS regression in fact provided the biestuggesting that sediment deposition at
Beef Pasture over the past 2,100 years has begnumaiform through time. Although this
method homogenizes the deposition rates of snedkdes that are likely to be highly variable
(e.g., season-to-season, year-to-year), a muladkdaeposition rate is compatible with the
scales of the archaeological record, the pollerpéaintervals used in this analysis and the low-
frequency climatic fluctuations that | wish to idéyn Therefore, | used the formula of the least-
squares regression to estimate the age of eadmpmaimple (Appendix A) and to calculate a
deposition rate. The sedimentation rates at BastuPe allow me to estimate the age of each
pollen sample as well as to estimate pollen infebe-per-year instead of per-volume for each
sample.

To calculate the deposition rate at Beef Pastusebiracted the estimated date of the
bottom-most sample (47 B.C. at 144 cm-below-sujféroen the estimated date of the surface
(A.D. 2000) and divided it by the number of centiere between these two points (144 cm).
Given the linear deposition rates from Figure s allows me to estimate the deposition rate at
0.07 cm/year, or 7 cm/century, for the entire lérgftthe core. This rate is very similar to the
average deposition rate of 0.078 cm/year that 8atg1988:Table 6) calculated for the past
2,485 years at Beef Pasture. Petersen, howeesttifidd three different deposition rates over

the past 2,485 years, ranging from 0.06 cm/ye@rx6 cm/year, but his calculations were based
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on only thre€“C dates and were calculated by dividing the difiegein the midpoints of the
three calibrated’C dates for each sample by the amount of sedinepusition between them.
This method is different than that employed hereeng | divided the differences in the
estimated dates that | derived from the weightegtiksquares regression analysis by the amount
of sediment deposition between them. Althoughroethods differ slightly the results are quite
compatible, and an inspection of Petersen’s (19§8t€ 25) deposition-rate curve for the past
2,800 years suggests that he also developed g lfaghr, and thus relatively constant,
deposition rate for Beef Pasture during the latéoEkne. Given that Petersen cored at another
locality within Beef Pasture, minor differencesvweén our calculations should be expected. |
believe that the constant deposition rate of Or@/year that | calculated is an accurate estimate
of the multi-decadal deposition rate that occuaeBeef Pasture over the past 2,100 years, and |
used this estimate to derive pollen influx ratesgfach sample.
Total Pollen Counts and Pollen Concentrations

Pollen counting resulted in the identification &fdifferent pollen types (excluding the
spores of algae, moss and ferns) and these intRideboreal, 26 non-arboreal, 3 aquatic and 7
unknown types (Table 4); total counts for eachepotlype of each sample are presented in
Appendix A. Pollen concentration values are ailtior stratigraphic palynological inference
because they provide a constant ratio of totakpalflux throughout the profile; they also
facilitate the calculation of pollen influx rateSabparticular taxon. As an estimate of the total
pollen influx for a given volume of sediment, diéaces in pollen concentrations between
samples can be attributed to variable rates ofreeali deposition, changes in pollen production

or deposition, or processor error. Given that essthg methods were consistent across all
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samples, the latter is unlikely for this study.lléwing Davis (1969a, 1969b) and Kirkland
(1967), pollen concentration values for each samgles derived from the formula:
Pollen concentration of samp¥e= (N;G) + (N.V)
whereN; = number otycopodiunsp. spores added to the sample (here, 62,7103pore

N = number oLycopodiumsp. spores counted

G= number of pollen grains counted

V= volume of sediment in the sample (here, 3cc)

Pollen Zonation
Pollen data, including frequencies, influx rated eatios, should be expected to vary

considerably between samples, so pollen zonesftam®e @mployed to overcome such noise and
to discover relatively homogeneous, adjacent tealm@gments of paleoenvironmental
relevance (e.g., Mehringer et al. 1977:358-362¢Reh 1988:44). Further, grouping pollen data
into zones allows the identification of significaritanges through statistical measures. Although
zonal distinctions in palynology are often referteds ‘pollen zones’, they are in fact zones of
sediment, or biostratigraphical zones (Hedberg 2722227), that are distinguished from one
another by the relative frequencies of differentgmotypes, pollen concentrations, charcoal, etc.
(Birks and Gordon 1985). As Birks and Gordon (1885 state, there is no commonly accepted
method of pollen zonation; analysts employ bothstteal and inferential techniques to
distinguish them. In this study, | identified pllzones through quantitative measures to avert
any preconceptions or assumptions about the setbifogly, past climatic, past vegetational or
temporal aspects that relate to pollen depositiddeaf Pasture (Gordon 1981:5; Janssen 1980);
thus, this approach is inductive.

There are numerous clustering methods useful faugng data into manageable
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Table 5. Pollen Types Identified in Beef Pasturdients Excluding Algae, Moss and Ferns

Pollen Type Scientific Name Common Family Common Name Habitat

Name Class
Abies Abies lasiocarpa pine subalpine fir arboreal
Alnus Betulacead\lnus icana birch alder arboreal
Apiaceae Apiaceae parsley various non-arboreal
Artemisia Artemisiap. sunflower sage varieties non-arboreal
Asteraceae, High-spine Asteraceae sunflower various non-arboreal
Asteraceae, Low-spine  Asteraceae Ragweed/goldennaious non-arboreal
Betula Betula fontinalis birch water birch arboreal
Carex Carexsp. sedge various aquatic
Celtis Celtis reticulata elm hackberry arboreal
Cirsium Cirsiumsp. sunflower thistle non-arboreal
Cheno/Am Chenopodiacedaharanthus 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 Geraniumsp. geranium wild geranium non-arboreal
Juncus Juncusp. rush various aquatic
Juniperus Juniperusp. juniper various arboreal
Lamiaceae Lamiaceae mint various non-arboreal
Liguliflorae Liguliflorae sp. lettuce various non-arboreal
Lythraceae Lythrumsp. loosestrife various non-arboreal
Onagraceae Onagraceae evening primrose various arboneal
Opuntia Opuntiasp. cactus prickly pear cactus non-arboreal
Parthenocissus Parthenocissss 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 noneabor
Polygala Polygalasp. 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 rboreal
Rosaceae Rosaceae rose various non-arboreal
Rubus Rubus idaeus rose wild raspberry non-arboreal
Salix Salix brachycarpa willow barren ground willow arboreal
Sarcobatus Sarcobatisp. goosefoot greasewood non-arboreal
Thalictrum Thalictrunfendleri meadowrue Fendler's meadowrue non-arboreal
Typha Typha latifolia cattail common cattail aquatic
Verbenaceae Verbenaceae verbane various non-arbore
Unknown Types unknown unknown unknown unknown
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units and for elucidating similarities and diffecels between such groups. Here, | used a
stratigraphically constrained incremental sum-afesgs (CONISS) cluster analysis, provided by
Tilia® Version 2.0 software (Grimm 1987), on the proportdf each taxon in the pollen sum
(percentage) of each sample. Unlike a normal stistfeares analysis, CONISS employs a
sequential constraint by which samples become ditkeough the incremental method (Ward's
method) only if they are stratigraphically adjacemhis clustering method attempts to identify
‘homogeneous’ clusters (Shennan 1997:240) by rglgimthe error sum-of-squares as a measure
of distance. Such clustering methods are comm@aleoecological studies because they
facilitate the identification of significant charggghrough time. At Beef Pasture and Twin Lakes,
Colorado, Petersen (1988:34-35, Figures 16 andided OPTAGG 1, a modified version of
Orloci’'s (1976:194) cluster analysis program farplcommunities that is also stratigraphically
constrained.

A limitation of stratigraphically constrained claestanalyses is that they do not provide a
means to identify similarities between non-seqaénvironmental regimes. For example, if
the pollen profiles of two zones appear similar &g stratigraphically discontinuous, this
clustering procedure does not identify how sim{@rdifferent) they are. To overcome this
limitation, however, data can be displayed in a mearconducive for identifying similarities and
differences between zones. Here, | display prata dfom the indicator taxa for each sample
and zone in the form of line graphs, barcharts,k@mdplots (discussed later). These facilitate
the identification of similarities in each climatiariable and overall climatic regimes through
time regardless of their sequential associations.

To ensure that the cluster analysis differentiéibedsamples into pollen zones that are

meaningful for paleoenvironmental inference, | tlam CONISS program on two different sets of
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variables and compared the results to one andmgure 15). The first analysis consisted of the
proportions of each identified pollen type (n = 48)ile omitting the unidentifiable Pinaceae
pollen bladders from the variables and from thaltpollen sum. Considering that the entire
pollen spectra contains a significant amount o$@por the potential effects of variables
irrelevant to the current study or with little inéatial potential, | conducted a second cluster
analysis only on the indicator taxa pertinent fernances of climatic change: spruce, pinyon
pine, ponderosa pine, sedge and Cheno/Am. As &ibidemonstrates, the results of the two
analyses are nearly identical in the dendrogramdgle@erate although, as expected, they differ
in the values of their error sum-of-squares measur€he fact that the cluster analyses grouped
the samples in a similar manner suggests thaiw@enidicator taxa (spruce, pinyon, ponderosa,
sedge and Cheno/Am) are the variables that acdoutite majority of variability between the
samples.

Given the similarity between the two cluster anadyd partitioned the 72 samples into
11 pollen zones (Figure 15, Table 6) and a surd@eeimen. | selected the 11-zone solution
from the cluster analysis for two reasons. Firgg solution grants each zone an adequate
number of pollen samples for statistical compassenhile also providing zones with fairly short
temporal ranges. Second, | compared the visuads$ren the pollen measures of each indicator
taxa (Appendix B) to various levels of groupinghe cluster analysis. This comparison
revealed that the major trends in each climatitabée are best identified by segregating the core
into zones with combined error sum-of-squarestieas 0.75. Thus, | identified these zones
through a combination of objective (error sum-ofiags) and subjective (visual trends) methods

that | argue best reflect the paleoclimatic vaeahllwish to elucidate.
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Figure 15. Stratigraphically constrained clustealgsis results. Dendrogram on left consists of
all 48 taxa while the dendrogram on right congistsnly the indicator taxa used in this study.
Note that, with the exception of pollen sample #222.5 cm below surface, the samples were
isolated to the same clusters in both analysegjestigg 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 SurfaceEstimated Date RangeNumber of Samples Mean Pollen Concentration Value

(cm) (cal. B.C./A.D.)
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 gnegmtage of the total pollen sum, for
all arboreal taxa, including unidentifiable Pinaeddadders, the 15 most frequent non-arboreal
taxa and the two most frequent aquatic taxa. kigpeof Figure 16 suggests that the pollen
frequencies of spruce, pinyon, ponderosa, sedg€hado/Am, the primary paleoclimatic
indicator species used in this study, are highlyalde through the profile, and it is believed that
this variation is related to climatic oscillatiotigt influence the production and deposition of
these pollen grains. Along with the frequency &hility, Figure 16 demonstrates that a
considerable amount of frequency noise is creayatidinclusion of rare taxa and species that
are insensitive to climatic change. Thereforeedse inspection, the frequencies of each
indicator taxon have been visually isolated in Apgie B. Likewise, considering that extreme
variation between samples is expected, and does otthe Beef Pasture pollen assemblage,
low-frequency climatic data can be better expre$seithe frequency-mean of pollen zones.
Table 6 lists the mean pollen frequency of eaclcatdr taxa for each zone, and the spreads for

each zone are presented in Appendix C.
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Table 7. Mean Pollen Percentages of Indicator Tax&ach Pollen Zone

Zone Estimated Date RangeSpruce Ponderosa Pine Sedge Cheno/Am Pinyon Pine

(cal. B.C./A.D.)
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 15.4 515 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 indicééaa can fluctuate in response to
changes in the proportion of pollen of non-indicdtixa, and are thus potentially misleading for
climatic reconstructions, ratios between indicatoa can demonstrate fluctuations that are
poorly expressed in frequency diagrams. In faah&t (1961, 1963, 1972a) popularized this
approach by analyzing the ratioRiteasp.-toPinussp. pollen to interpret percentage diagrams
from Colorado. Provided that these ratios arec#ithns of the actual counts of pollen grains,
chi-square tests of significance (see Mosimann 1866ld be applied between samples.
Significant differences between zones, howeverulshibbe a more realistic measure of past low-
frequency climatic changes; thus studetitissts are applied to the spread of the pondemsa-t
spruce pollen ratios in each zone to demonstratistatally significant differences.
In this study, | use the ratio of ponderosa-to-spnpollen to infer changes in the density and
proximity of spruce to the sampling locale. Thieasure is believed to reflect the duration of
snowpack at Beef Pasture, which is in turn deteethioy winter precipitation and annual

temperatures. While Petersen (1988) used theahsipruce-to-pine (both pinyon and
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ponderosa) at Beef Pasture to infer changes ialéwation of the lower subalpine forest
boundary, this study omits pinyon pine from thisaa Petersen (1988) used the spruce-to-pine
ratio to correlate ratios at Beef Pasture with ¢hosTwin Lakes, Colorado. However, the
spruce-to-pine ratio is more apt for analyzing nmgat of the upper boundary of the subalpine
forest (as at Twin Lakes) because the inclusiopimfon allows for a more robust measure of
extra-local pollen influx. Since the lower subakpiforest boundary at Beef Pasture is marked by
a distinction between spruce and ponderosa trads@t the presence/absence of a spruce-
dominated forest overstory noted for the upper Igia forest boundary, this study utilizes the

pollen ratio of ponderosa-to-spruce to provide aenocally appropriate measure.
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Figure 17. Ponderosa pine-to-spruce pollen ratoalf samples plotted by the sample’s
estimated calendrical date around the mean ratl®)2or the entire assemblage. Increases in
this ratio imply an increase in annual temperatwiater precipitation, or both.
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Figure 17 presents the ponderosa-to-spruce pdtenfor each sample and Appendix C
displays the spread of this ratio for each zone.

To unmix the climatic causes (winter precipitatmrtemperature) for the movement of
the lower subalpine forest boundary, this studyuke ratio of sedge-to-Cheno/Am pollen for
the reasons presented in Chapter 3. Based otirtegtic expectations for the successful
establishment and propagation of these two taggpéct that increased frequencies of sedge
pollen will correlate with decreased frequencie€béno/Am pollen, and vice versa. Since this
palynological relationship has yet to be testedhdyinferences based on frequency changes
through time (e.g., Vierling 1998), Beef Pasturevaes an opportunity to examine whether this
relationship exists between the presence of etbdge or Cheno/Am species around the fen. In
fact, a regression of sedge pollen-frequencies tn@dogarithm of Cheno/Am pollen-
frequencies for all samples from Beef Pasture ({@d8) demonstrates that a relationship of this
sort existed in the past£ .572;p <.0005, y = - 0.3863 - 0.201*In(x)), where theduency of
sedge pollen is significantly negatively correlatéth the frequency of Cheno/Am pollen. The
correlation coefficient increases when the freqiesnare averaged by zone to omit extreme
sample-to-sample variation£ .790;p < .004, y = - 0.8819 - 0.384*In(x)). Provided tlaa
negative relationship between the presence of sadg€heno/Am pollen-types probably
existed in the past, the sedge-to-Cheno/Am pol¢in serves as a measure of changing winter
precipitation in the past. Therefore, a distineti®tween winter precipitation and temperature
as the impetus for the movement of the lower elemat boundary of the subalpine forest is
possible when this ratio is compared with the pooske-to-spruce ratio. Figure 19 presents the
sedge-to-Cheno/Am ratios for each sample, and Agipéd displays the spread of this ratio for

each zone. Table 8 lists the mean pollen ratioedch zone.
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Figure 18. Logarithmic regression of sedge-pergmntato Cheno/Am-percentage for all
samples from Beef Pasture Core No. 3 showing afignt negative correlation

between the two variables= .572;p < .0005, sedge percentage = - 0.3863 -
0.201*In(Cheno/Am percentage)).
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Figure 19. Sedge-to-Cheno/Am pollen ratios fosathples plotted by the sample’s estimated
calendrical date around the mean ratio (3.75)Herentire assemblage. Increases in this ratio
imply increases in winter precipitation.

Table 8. Mean Pollen Ratios between Indicator fak&ach Pollen Zone

Zone Estimated Date Rangd’onderosa-to-Spruce Pollen Ratio Sedge-to-Chené/élten Ratio

(cal. B.C./A.D.)
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 providetuer measure of past changes in
regional climates as expressed by the amounta}ants pollen deposited within a square
centimeter per-year (pollen/éfyear). Unlike the frequency and ratio measure8ep influx
rates allow for a comparison of the deposition tdxan’s pollen through time unrelated to other
taxa; thus, an increase in a taxon’s pollen inflabe indicates that a greater amount of that
taxon’s pollen was deposited at that location @&ryand vice versa. With the exception of
ponderosa pine, increases in the pollen influx otée indicator taxa used in this study imply
that those species were more prevalent aroundotiregdocation at that time. | presume that
ponderosa pine influx rates will remain relativebnstant when compared to the other indicator
taxa because of the nature of ponderosa pine poikpersal. The fall-out rate of ponderosa
pine is approximately twice as slow as that of spr(Anderson 1970; Erdtman 1969), and slight
fluctuations in the lower subalpine forest boundstiguld not greatly affect the amount of
ponderosa pine pollen deposited at Beef Pastuiaubedt typically travels much further than
spruce pollen as part of the canopy componentrest@ollen dispersal (Moore et al. 1991:12-
13; Tauber 1965). As long as this species ren@egalent within the mountain range
regardless of its proximity to the coring locatitim influx rate of its pollen should remain fairly
consistent because the west-to-east trending vimnithe region would continually carry
ponderosa pine pollen upslope from the adjacentanerforest and its deposition should remain
relatively uniform upslope of the montane forest.

As discussed in Chapter 3 and following Peters88&), |1 use pinyon pine pollen influx
as the only proxy for inferring prehistoric fluctigns in summer precipitation. Pinyon pine

pollen is considerably smaller and lighter thart tifgponderosa pine, which entails that its fall-
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out rate is slower than that of ponderosa pineepoknd it occurs so far down slope from Beef
Pasture that it is likely carried as part of thdlggorain component (Tauber 1965). Influx rates
of pinyon pine pollen at Beef Pasture are therefiooee or less unrelated to this species’
proximity to the coring location. Instead, | assuthat pinyon-pine pollen influx fluctuates in
response to the number of pinyon trees and thiallityi at lower elevations, which is dictated
largely by the amount of summer precipitation ie thgion.

Following Maher (1972a:538-540), the influx rateaagdingle taxonX) for a sample is
calculated with the following formula:

pollen of taxonX/cnf/year = NSR + V

whereN = number oLycopodiunsp. spores added to the sample

S= sedimentation rate of the sample (cm/year)

R = ratio of the counted pollen grains of taxon Xctunted pollen grains afycopodium

sp. in the sample

V = volume of sediment in the sample (3 cc)

Figure 20 presents the pinyon pine pollen influesaor each sample. Appendix B
provides barcharts of the pollen influx rates & dther four indicator taxa used in this study and
Appendix C contains the spread of each indicataris influx rate when grouped by zone.

Table 9 lists the mean pollen influx rate of eawtigator taxa for each zone.
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Figure 20. Pinyon pine pollen influx estimates f@dtby each sample’s calibrated calendrical
date around the mean (128 grain<lyear) for the entire assemblage. Increases smikiasure
imply increases in summer precipitation.

Table 9. Mean Pollen Influx Rates of Indicator TéormEach Pollen Zone

Estimated Date Range

Zone (cal. B.CJA.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 | presented the data obtained ftemsedimentological, radiocarbon and
palynological analyses. Further, | provided a itldadescription of how | used these data to
obtain a deposition rate and to assign each saanpéstimated calendrical date. The zones that |
defined in this chapter provide the basis for jpteting climatic changes through time that |

support with statistical measures in the followahgpter.
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CHAPTER SIX
DISCUSSION

Here, | interpret the pollen data presented in @hap at two temporal scales. The first
considers climatic changes by zone, which | suppdht statistical measures of difference. |
then compare these climatic changes at the zoakd sz other studies of high and low-
frequency climatic changes. This comparison revdalt the results of this paleoclimatic
reconstruction are supported by other studies stingiof different proxies at different temporal
scales. Further, a comparison of the existingtireebased precipitation reconstruction to the
seasonal proxies used here suggests that seveéhal wkll-known droughts may have been
dominated by precipitation reductions during cerseasons. These results are of utility to other
paleoclimatologists attempting to differentiatesseeal precipitation patterns.

The second part of this chapter compares both zmthivithin-zone changes to the
paleodemography of the central Mesa Verde regidndéstusses the interrelationships between
population fluctuation and the probable changesimcultural productivity induced by climatic
change. This comparison shows that the major @smmgMesa Verdean paleodemography
correspond with significant climatic changes, prilggemperature, which likely affected the
region’s agricultural potential. Associated changeagricultural productivity may have been a
major impetus for these paleodemographic shiftsis $econd part, however, is a tentative
discussion because the Village Project has yetdorporate these new pollen data into its
paleoproductivity model. Further, the within-zasienatic changes that | discuss here cannot be

verified statistically due to the low sample siZgollen samples at this scale.
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Pollen Zones and Inferred Prehistoric Climatic Chamges

The following discussion on zonal differences reli® measures of statistical
significance, and | employed independent-sampléestist-tests, which rely on measures of
mean and standard deviation for a population, diepdrequencies, ratios and influx rates for
each zone. Figures 17, 19, and 20 and AppendreBepts these data for each pollen sample in
visual format. Appendix C contains boxplots disjrig the spreads of these data for each zone;
| refer the reader to these boxplots to help vigeahe statistical differences that | discuss Wwelo
in visual format.

Zone 1 (~100 B.C. - A.D. 35)

The analyzed pollen sequence from Beef Pastutiates in Zone 1. During this period
spruce pollen averages 25.5 percent and ponderusagllen averages 28.4 percent of the total
pollen sum. Further, the ratio of ponderosa poegruce pollen averages 1.12 during this
period. These measures indicate that during #ni®@, Beef Pasture was enclosed within the
subalpine forest, thus, the lower boundary of thisst was at a lower elevation than in many of
the subsequent pollen zones. The range (23.13429cent) and average (25.5 percent) of
spruce pollen frequencies within this zone are aletive the 20-percent average characteristic of
the subalpine forests of western Colorado (Falk19997b). Because the proportion of sedge
pollen in the pollen assemblage is relatively I&:2(percent), and that the proportion of
Cheno/Am pollen is relatively high (6.9 percentg placement of the subalpine forest boundary
below Beef Pasture during this period is most Jikdile to cooler summer and average yearly
temperatures in the Mesa Verde region rather th@ndater amounts of winter precipitation.
Pinyon pine pollen frequencies average 4.2 peredtpollen influx rates average 120.11

grains/cni/year, which are relatively average for this spediethe context of the entire core.
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Based on these influx rates, the Mesa Verde regiperienced an average rate of summer
precipitation on a multidecadal scale.
Zone 2 (~ A.D. 36 - 290)

Spruce pollen averages 18.8 percent of the tolldmpassemblage in Zone 2, which is
significantly less than the spruce frequenciesaneZl { = 4.16,df = 11,p = .006). The spruce
influx rate in this zone, averaging 324.56 graimé/gear, is also significantly less than that of
Zone 1 {=3.43,df= 11,p =.006). The ratio of ponderosa pine-to-sprudeepaverages 1.40,
which is also significantly higher than this ratioZone 1 { = -2.26,df = 11,p = .045).
Ponderosa pine pollen averages 25.9 percent aimflits rate averages 448.34 grainsftyear
in Zone 2, both of which are slightly less thant thiaZone 1 but these changes are not
statistically significant. Sedge proportions aggr 18.1 percent in this zone, which is
significantly higher than the sedge frequencigh@previous zond € -3.09,df = 11,p = .010).
The proportion of Cheno/Am in the pollen assemblagerages 5.4 percent while the ratio of
sedge-to-Cheno/Am pollen averages 3.76 in Zon€&l& change in the ratio of sedge-to-
Cheno/Am pollen between Zones 1 and 2 is alsofsigni ¢ = -2.89,df = 11,p = .015).
Further, the Cheno/Am pollen influx rate, averagd®g23 grains/cfyear, is significantly less
than that of the previous zone<2.35,df = 11,p = .038). While the influx rate and frequency
of pinyon pine pollen decreases slightly betweenegol and 2, these differences are not
statistically significant.

When these measures are compared to Zone 1, ieibat the lower boundary of the
subalpine forest began to recede upslope durisgodriod. Although the difference in the
arboreal composition is small, the lower spruce digdhtly higher ponderosa pollen frequencies

and influx rates suggest that the number of spimgss within the vicinity of Beef Pasture had
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declined while the prevalence of ponderosa pineeamed. The changes in sedge and
Cheno/Am pollen frequencies and influx rates intidhat the amount of winter precipitation
during this zone also increased over the previeu®@. The higher frequency and influx rate of
sedge pollen and the increased ratio of sedge-em@Am pollen indicate that Beef Pasture
witnessed a period of greater effective winter jmigation that allowed sedge to become a
greater component of the forest’s understory aeteense of Cheno/Am-species that are
indicative of periodic drying of the fen. Thus, lehwinter precipitation seems to have
increased, the lower boundary of the subalpinesiostll receded. This strongly suggests that
this period became warmer, where spruce beganctuntee succeeded by the advancement of
ponderosa pine upslope. Likewise, winter predipitalikely increased, thus, the upward
movement of the lower boundary of the subalpinedboccurred regardless of increased
amounts of winter precipitation. Summer precipoiat based on measures of pinyon pine
pollen, appears to have remained relatively constam multidecadal scale between Zones 1
and 2.

Zone 3 (~ A.D. 291 — 575)

Zone 3 is distinguished from the previous zones bgntinued increase in the

proliferation of ponderosa pine trees and a deergathe prevalence of sedge around to the Beef

Pasture sampling locale. The spruce pollen frecpu@nZone 3 averages 16.9 percent and its
influx rate averages 324.56 grainsféyear, both of which are slightly less than thevjmes
zone. In contrast, ponderosa pollen frequencyames 30.1 percent and is significantly higher
than that of the previous zone<(-2.59,df = 17,p = .019). The average influx rate of 740.63
grains/crilyear for ponderosa pine pollen is also signifibagteater than that of the previous

zone (=-2.65,df = 17,p=.017). Furthermore, the ratio of ponderosa-pispruce pollen,
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averaging 1.83, increased significantly from Zorte Zone 3= 3.01,df = 17,p = .008).
There is no statistical difference in the pinyottiggofrequency or influx rate between Zones 2
and 3, which suggests that summer precipitatiotepa continued to remain relatively constant
on a multidecadal scale from Zone 1 through Zone 3.

The frequency of sedge pollen in Zone 3 is sigairftty less than that of Zone £ 5.85,
df = 17,p =.000), as frequencies here average only 8.2peaf the total pollen sum.
Moreover, it is fairly likely that sedge pollen mk, averaging 200.97 grains/étyear, decreased
from Zone 2 to Zone 3 £ 1.83,df = 17,p = .084). As expected from the reduction in sedge
pollen frequency and influx, Cheno/Am pollen freqcies increased slightly to an average of
5.9 percent and its fairly likely that the Cheno/Arflux rate increased € -1.92,df = 17,p =
.072), averaging 143.54 grains/éyear here. The ratio of sedge to Cheno/Am padlesrages
1.46, which is significantly lower than the ratrorh Zone 2= -3.98,df = 17,p = .001).
Interestingly, the distinction between Zones 2 aradso occurs near a stratigraphic change in the
sediments deposited at Beef Pasture (Table 3) Zione 3 becomes darker, less red in color
and less fibrous in texture than Zone 2. Thesegdmmay be attributable to the reduction in
sedge around Beef Pasture, as evidenced from tlempilherefore, the sediments may be
comprised of more arboreal detritus than are thosarlier zones. The textural change probably
also indicates that Beef Pasture witnessed peablss winter precipitation, which allowed for
greater periodicities of an oxidizing atmospheua facilitated the increased decomposition of
organic matter here than in earlier zones.

During Zone 3, the lower boundary of the subalgorest continued to recede upslope, a
phenomenon initiated during Zone 2. The redudnospruce pollen frequency and influx, the

increase in ponderosa pollen frequency and intunxl the increase in the ponderosa pine-to-
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spruce pollen ratio support this inference. Howgwdether or not this movement is linked to
increasing temperatures or decreased winter meigwnclear. Winter precipitation amounts
seem to have also decreased during this pericekidsnced by a reduction in sedge pollen
frequency and influx, an increase in Cheno/Am poftequency and influx, and a reduction in
the sedge-to-Cheno/Am ratio. The sediment chargethe beginning of this zone also
suggests that winter precipitation decreased asultesl in a higher periodicity of sediment
drying in the fen, which probably contributed te tihcreased decomposition of organic material
at this time. Considering that there was a sigaift decrease in sedge pollen frequencies during
this zone, and that sedge comprises more thanrt@mieof the pollen sum in only one sample
from this zone, the reduction in spruce treesiatttine is most likely the result of increased
periods of soil drought caused by reduced wintecipitation. It is possible, however, that both
increased temperatures and reduced winter preaagmteontributed to the lower frequency of
spruce during this period, but the data only supaorargument for increased winter
precipitation.
Zone 4 (~ A.D. 576 - 835)

Zone 4 continues a trend of increasing number®aotiprosa pine trees within the
vicinity of Beef Pasture. Although the averageusgrpollen influx rate increases slightly to
463.54 grains/cflyear, spruce pollen frequencies average 10.6 pensich is significantly
lower than the average frequency observed in Zofe 3.97,df = 17,p < .001). Concurrent
with a reduction in spruce frequencies, the avefagpiency of ponderosa pine pollen decreased
slightly to 28.3 percent during this period. Pawda pine pollen influx, however, increased
significantly between Zones 3 and 4 to an averdde242.35 grains/cffyear ¢ = -3.55,df =

17,p =.002). Considering that Zone 4 witnessed aifsagimt increase in the ratio of ponderosa
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pine-to-spruce pollen grains compared to Zone=3-4.08,df = 17,p = .001), as this ratio
averages 2.72 here, the significant reduction ra@pollen frequency coupled with significant
decrease in ponderosa pine pollen influx suggeditsct that spruce became less prevalent
around Beef Pasture while ponderosa either remaitadade or increased in frequency. Although
statistically insignificant, Zone 4 also witnessadincrease in the average frequency of pinyon
pine pollen to 4.0 percent of the total pollen sumyon pollen influx, however, did increase
significantly to an average of 177.10 grainsiymar ¢ = -2.52,df = 17,p = .022). | interpret
these changes in pinyon pine pollen percentagending as indicators of increased summer
precipitation during this zone.

The sedge pollen frequency averages 18.4 perceria 4, a measure that is
significantly higher that that of the previous zd¢he 4.26,df = 17,p = .001). Sedge pollen
influx rates also increased significantly to anrage of 865.23 grains/cfyear ¢ = -3.82,df =
17,p=.001). There is also a fairly significant irase in Cheno/Am pollen frequencies from
Zone 3 to Zone 4 E -2.08,df = 17,p = .053), averaging here 7.5 percent of the tatfiép sum.
The influx rate of Cheno/Am pollen is also sigreiintly higher in this zone, averaging 319.23
grains/cmilyear, than in the previous zorte=(-5.60,df = 17,p < .001). Zone 4 also has
significantly higher ratios of sedge-to-Cheno/Anli@wm, which average 2.65, when compared to
Zone 3 {=-3.00,df = 17,p =.008). Although the frequencies and influx sabé Cheno/Am
pollen are higher in this zone than that of Zonth8se differences are driven by the upper two
samples of this zone, which consist of Cheno/Amuencies greater than 10 percent and sedge
frequencies less than 12 percent. The upper tmples in this zone, therefore, seem to indicate

that a change toward reduced winter precipitatiocuaed during this time.
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The measures of arboreal composition suggesthbatéend of increased ponderosa and
decreased spruce around Beef Pasture witnessled previous zones continued during this
period. These data evidence that the lower boyrafahe subalpine forest continued to recede
upslope, mostly likely in response to increasingisier and annual temperatures. Concomitant
with the increase in ponderosa around Beef Pastimégr precipitation seems to have also
increased over the previous zone; this suggestshiisaupward movement of the lower
subalpine forest boundary was the result of in@édasmperatures and not reduced winter
precipitation. Winter precipitation, while seemiyngreater in amount throughout this zone
compared to Zone 3, seems to have decreased eeamdhof this period. Based on pinyon pine
frequencies and influx rates, this period seemingtpessed an increase in summer precipitation
on a multidecadal scale.

Zone 5 (~ A.D. 836 - 1005)

Zone 5 witnessed an increase in the prevalehsprace trees around Beef Pasture.
Averaging 19.2 percent, the frequencies of spratiemp are significantly higher than the
frequencies in Zone 4 € 5.92,df = 13,p <.001). Not only is the zonal average nearlcénas
high as the previous zone, but the lower ranggnufce frequency in Zone 5 is also greater than
the highest spruce frequency in Zone 4. Zone & wigessed a fairly significant increase in the
influx rates of spruce pollen € -1.99,df = 13,p = .068), which average 643.14 grainsitmar
in Zone 5. Ponderosa pollen frequencies averageggtcent in Zone 5, which is less than the
previous zone. The influx rates of ponderosa piieen, which average 834.37 grainsftyear
in Zone 5, also decreased significantly from Zone Zone 51 = 2.42,df = 13,p = .031).
Moreover, the ratio of ponderosa pine-to-sprucéepah Zone 5 averages 1.32 and is

significantly higher than that of the previous zd¢ne -5.46,df = 13,p < .0005). Even though
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the average pinyon pine pollen frequency droppel@@ercent and the average pinyon pine
pollen influx rate decreased to 99.35 graind/gear in Zone 5, these changes are not
statistically significant.

Sedge pollen frequencies, which average 6.0 peateht total pollen sum in Zone 5,
are significantly lower than the previous zohe @.37,df = 13,p =.001). Sedge pollen influx
rates are also significantly lower in this zonentirathe previous ond € 2.93,df = 13,p =
.012), where they decreased here to an averag#d¥d grains/cflyear. Cheno/Am
frequencies, averaging 7.7 percent in Zone 5, afairates, averaging 251.31 grainsftyear
in Zone 5, are both slightly higher here than m phhevious zone. As expected from reduced
sedge frequencies and influx rates along with imeed Cheno/Am frequencies and influx rates,
the average ratio of sedge-to-Cheno/Am pollenismzbne, averaging 0.78, is significantly
lower than that of Zone 4 € -3.88,df = 13,p =.002).

The increase in spruce pollen and decrease ingoosd pollen indicate that Zone 5
witnessed a downward expansion of the subalpirestorWinter precipitation seems to have
been extremely low during this period as well, vilhig a continuation of the trend witnessed at
the end of Zone 4. Since this zone is characitizesuch low frequencies and influx rates of
sedge, the downward movement of the lower bounoftiye subalpine forest here is most likely
due to decreased regional temperatures. Congiptrah the frequency of spruce in this zone is
similar to frequencies observed for modern subalfamest in western Colorado (Fall 1992,
1997b), Beef Pasture was probably enclosed witierstibalpine forests at this time and the
lower boundary of this forest was below the elembf Beef Pasture (3,060 m). The lack of
winter precipitation during this period may alsodwdenced by a stratigraphic distinction in the

Beef Pasture sediments at 71 cm below surface ¢ T3)bl Sediments immediately below 71 cm,
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which comprise the entirety of Zone 5, are lesofils than sediments immediately above this
depth. This greater breakdown in organic textuag fve attributable to greater periodicities of
soil drying and oxidization, which could contributeincreased decomposition of the peaty
materials, and suggests further that there wasalggsr precipitation during this period. Since
there is no statistically significant differencetiie measures of pinyon pollen, there does not
appear to have been a significant change in loguieacy regime of summer precipitation from
Zone 4 to Zone 5.

Zone 6 (~ A.D. 1006 - 1265)

Zone 6 witnessed a reversion to a decreased pre&bf spruce trees around Beef
Pasture. Spruce pollen frequencies average 9cgmterand they are significantly less than those
in Zone 5{=7.10,df = 13,p <.001). Sedge pollen influx rates also decreaggdficantly to
an average of 185.86 grainsftyear in Zone 6t(= 6.11,df = 13,p < .001). Although the
average frequency of ponderosa pine pollen in Zodeps slightly to 23.9 percent of the total
pollen sum, this change is not significant. Thagerosa pine pollen influx rates, however,
averaging 478.40 grains/étyear here, are significantly lower than in thevizas zonet(=
3.64,df = 13,p =.003). The ratios of ponderosa pine-to-spruadkep average 2.66 and they are
significantly higher than the ratios in Zonet5(-5.92,df = 13,p < .0005). While the average
pinyon pine pollen influx increased slightly to 88.grains/crflyear and the average pinyon
pollen frequency increased to 4.0 percent in Zgribdse increases are not statistically
significant.

As the pinyon pollen data suggest, there was narapp change in the summer
precipitation regime on a multidecadal scale dutimg period. Although ponderosa pine pollen

influx decreased significantly from Zone 5 to Zdhehe reductions in spruce frequency and
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influx along with a lower zonal average of the pera$sa pine-to-spruce pollen ratio suggest that
there were fewer spruce trees around Beef Pastanaih the previous zone. The reduction in
ponderosa pine influx rate may evidence that tlestery, consisting largely of ponderosa pine,
was thinner at this time than in the previous zohke decreases in spruce pollen frequency and
influx along with the increase in the ponderosagimspruce ratio suggest that the lower
boundary of the subalpine forest began to reced®p@ once more during Zone 6, and it was
most likely located at a higher elevation than tifeBeef Pasture (3,060 m).

Sedge pollen frequencies in Zone 6, averaging Aéréent of the total pollen sum, are
significantly higher than those of Zonet5=(-4.40,df = 13,p <.001). The increase in the pollen
influx rates of sedge, which average 415.21 grairféyear in Zone 6, is also fairly significarit (
=-2.12,df = 13,p = .054). Furthermore, the lowest range of sedgguincy in this zone is
greater than the highest sedge frequency in Zoreéheno/Am pollen frequencies, which
average 6.9 percent here, are also slightly lessttiose observed in Zone 5. The Cheno/Am
pollen influx rates, averaging 140.26 grainsiymar here, are significantly lower than those of
Zone 5 {=3.98,df = 13,p = .002). Likewise, the ratios of sedge-to-Chemo/gollen in this
zone average 2.91, which is nearly four time highan that of Zone 5, and this difference is
highly significant { = -3.88,df = 13,p = .002).

As sedge and Cheno/Am pollen frequencies andxméites suggest, along with the
increase in the sedge to Cheno/Am pollen ratiostewiprecipitation increased on a multidecadal
scale during this zone. Similar to Zones 2 anithd upslope movement of the lower boundary
of the subalpine forest during this time appeatsetindependent of the effects of winter

precipitation. Therefore, the upward movemenhefdubalpine forest’'s lower boundary is
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mostly likely attributable to increased regionahpeeratures and not soil drought during this
period.
Zone 7 (~ A.D. 1266 - 1405)

Spruce pollen frequencies, averaging 14.6 peinefone 7, are significantly higher
than in Zone 6t(=-4.71,df = 12,p =.001). Spruce pollen influx rates in Zone 7rage 375.85
grains/cni/year, and this increase over the previous zosggjigficant ¢ = -3.13,df = 12,p =
.001). Ponderosa pine pollen frequencies andxméites increase slightly from Zone 6 to 7,
averaging here 25.2 percent and 677.37 grairiéfear respectively, however these differences
are not statistically significant. The ponderosgego-spruce pollen ratios in Zone 7 average
1.72 and are also significantly lower than thosgaie 6 { = -3.74,df = 12,p = .003). Pinyon
pine pollen frequencies, averaging 9.6 percenh@tdtal pollen sum, are significantly higher
here than in the previous zorte=(-3.50,df = 12,p = .004). Further, the pinyon pine pollen
influx rates of Zone 7 are significantly highertkiaose of Zone &t & -2.45,df = 12,p = .031),
as here they average 255.65 grainé/year.

Sedge pollen frequencies in Zone 7 average 14ceperwhich is lower than the
previous zone but not significantly so. Sedgegmihflux rates also decrease from Zone 6 to 7,
as here they average 332.50 graind/gear. This difference, however, is also not stiatlly
significant. The average Cheno/Am pollen frequeincjone 7 increased slightly to 7.3 percent
while the average Cheno/Am pollen influx rate imsed to 177.38 grains/étyear, but while
these are slightly higher than the previous zoedlifierences are not significant. Further, the
sedge-to-Cheno/Am pollen ratios, averaging 1.94oine 7, decreased slightly from the previous

zone, but this change is also not statisticallyigicant.
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The reductions in the measures of sedge pollengitepocombined with the increases in
Cheno/Am pollen deposition suggest that winter ipretion possibly decreased in Zone 7,
however, these changes are slight and not staligtgignificant. This suggests to me that the
coring location may have experienced lower wintecpitation amounts, on a multidecadal
scale, during the temporal span represented in Zphat this change is not supported by
statistical measures. Since the prevalence otemround Beef Pasture apparently increased in
this zone, and sedge may have decreased, the dosvnmeaement of the lower boundary of the
subalpine forest at this time was likely drivenrbguced summer and yearly temperatures and
not an increase in winter precipitation. Thesaiced temperatures may have been a localized
result of the Little Ice Age. The effects of thittle Ice Age in the Greater Southwest, however,
do not conform to those witnessed in Europe (se9©94), and as discussed in more depth
below, it is becoming an increasingly problemataaept in western North America.

The increase in pinyon pine prevalence at loweratiens in the Mesa Verde region, as
inferred from the pinyon pine pollen measures, sstgthat this period withessed more summer
precipitation. This zonal average is obfuscatimg effects of the 20-year Great Drought at the
end of the thirteenth century. While tree-ringarels document this drought rather well, it is
poorly expressed in the pollen record. Both timygn pine pollen frequencies and influx rates,
however, are low during the mid-twelfth centuryggasting that the estimated dates for this time
may be slightly incorrect. Figure 14 shows, howetleat the residuals derived from regression
equation used to assign samples with estimated dateminimal from approximately A.D. 1000
and 1425. This suggests that the estimated datéisis portion of the pollen profile are very

reliable.
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Benson et al. (2006) suggest that although thet@wught was rather long in duration,
the magnitude of the reduction in summer precipiteAmounts was not as great as many of the
other droughts in the southwest, such as the madfttwcentury drought. The pollen record,
however, suggests that this period may have wigteageduction in winter precipitation. Since
distinguishing between winter and summer precipitatrom tree-ring records is problematic,
we are unsure as to which of these seasons withesdactions in precipitation during the Great
Drought. The pollen record suggests that it wasrabination of slight reductions in the
precipitation of both seasons, at least on a medadal scale, however, it appears to have been
dominated by winter-dominated droughts. Thiskell§f why the Great Drought is poorly
represented in the summer precipitation reconstmigresented here.

Zone 8 (~ A.D. 1406 — 1490)

In Zone 8 spruce pollen frequencies average 7 depeand are significantly lower than
in the previous zond € 5.12,df = 6,p = .002). Spruce pollen influx rates are alsodgw
averaging here 171.85 grainsftyear, and this reduction is fairly significant<(1.97,df = 6,p
=.097). Likewise, ponderosa pollen frequeneisrage 31.7 percent in Zone 8, noticeably
higher than those observed in Zone 7. The pondgiine pollen influx rates in Zone 8 average
741.34 grains/cAfyear and are slightly lower than the previous zomdthough most of the
differences in measures of spruce and ponderosgpiten between Zones 7 and 8 are not
statistically significant, due likely to the smadimple size in Zone 8, the ratios of ponderosa
pine-to-spruce pollen, averaging 4.76 here, an@ifsaigntly higher than in Zone T € -3.30,df =
6, p=.016). The magnitude of this change, displaysdally in Figure 17, may not express

accurately the actual change in the overstory at@eef Pasture. Pinyon pine pollen
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frequencies, averaging 9.2 percent, and influxstadeeraging 223.37 grains/@gear, are
relatively similar to the previous zone.

Sedge pollen frequencies, averaging 14.3 percedtirdlux rates, averaging 341.64
grains/cni/year, are nearly identical to the previous zo8&eno/Am pollen frequencies,
averaging 9.2 percent, and influx rates, averagB®95 grains/cAfyear, are also very similar to
those of Zone 7. While the ratio of sedge-to-Clt&nopollen averages 3.08 in Zone 8, the
increase over the previous zone is not significarite lack of any significant changes in the
sedge and Cheno/Am pollen data between Zones 8 anlikely the result of a small sample
size for Zone 8. As Figure 19 shows, Zone 8 agpahave begun a trend toward increased
winter precipitation around Beef Pasture with glgliperturbation at the end of this zone.

While it is unclear as to whether or not winterggpéation amounts increased during
Zone 8, the increased prevalence of ponderosaapmend Beef Pasture is likely due to an
increase in regional temperatures because othenwigrild have been the result of decreased
winter precipitation, which the pollen record does$ support. Although it is unclear as to
whether or not winter precipitation amounts didd@ not increase during this zone, the data do
not demonstrate any likelihood of reduced wintecypitation. The pinyon pollen data suggest
that the increased amounts of summer precipitahiahbegan at the beginning of the fourteenth
century continued to persist throughout this zoita velatively little change on a multidecadal
scale. Figure 20, however, shows a reductionniggan pollen influx at the temporal boundary
between Zones 7 and 8 (~A.D. 1400), which may ssigg@eriod of reduced summer

precipitation at this time.
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Zone 9 (~ A.D. 1491 - 1635)

Zone 9 witnessed a fairly significant reductiorthe frequency of spruce pollen from the
previous zonet(= 2.24,df = 6,p = .066), and these average 4.7 percent in this.z&pruce
pollen influx rates, averaging 178.45 grainsiymar in Zone 9, are relatively unchanged over
the previous zone. Ponderosa pine pollen freqesraierage 15.4 percent in Zone 9, which is
significantly less than the previous zohe @.23,df = 6,p = .005). Ponderosa pine pollen influx
rates are also lower here, where they average Bsgains/crfiyear, than in Zone 8. With an
average of 3.53 for Zone 9, the ratios of pondepmsa-to-spruce are also lower than the
previous zone, however, the difference is not ficamt. Pinyon pine pollen frequencies,
averaging 2.2 percent here, are significantly {baa the previous zoné%£ 7.13,df = 6,p =
.000). Likewise, the pinyon pollen influx rate® aignificantly lower here, where they average
79.85 grains/cAtyear, than in Zone 8 € -3.08,df = 6,p = .022).

The fact that both spruce and ponderosa polleuéecjes declined from Zone 8to 9 is
likely due to a large increase in the depositiosexfge pollen at Beef Pasture, which has
suppressed the other pollen frequencies. Intlaete is no statistically significant difference
between the pollen concentration values for spamceponderosa between Zones 8 and=9-(
0.354,df = 6,p = .735), suggesting that the amount of their podleposited at Beef Pasture did
not change between these two zones and that tteasein sedge is responsible for the low
frequencies of spruce and ponderosa pollen in Zoiéith an average of 51.6 percent, the
frequencies of sedge in Zone 9 are nearly fourdimgher than sedge frequencies in the
previous zone, and this difference is significdant {9.04,df = 6,p < .0005). Sedge pollen influx
rates, averaging 2,134.16 grainsityear, are also significantly higher here thanam&8 ¢ = -

3.08,df = 6,p =.022). As expected from the increased sedggiénecies, there is a fairly
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significant reduction in the frequencies of Cheno/pollen, which average 3.0 percent here,
from Zone 8 to 9t(= 2.06,df = 6, p = .085). Although the Cheno/Am pollen influx ratare
slightly higher here, averaging 140.33 grainslgear, than in the previous zone, the difference
is not significant. The ratios of sedge-to-Chemo/pollen, averaging 19.75 in Zone 9, are
significantly higher than the previous zone (3.37,df = 6,p = .015).

While the large increases in sedge pollen fregesrand influx rates suggest that this
period witnessed a very large incredible increasginter precipitation over the previous zone,
the magnitude of the climate change may not beastid as the pollen record indicates.
Increased winter precipitation is further suppoitgdhe texture of the sediments in this zone,
which are very fibrous and indicative of perenmyiallet conditions that inhibit vegetational
decomposition. Although spruce and ponderosa &eges are lower in this zone than in Zone
8, a lack of significant statistical differenceggasts that the overstory around Beef Pasture did
not change considerably between Zones 8 and Qurd-iy7, however, suggests that Zone 9 was
highly variable with regard to temperature, asrdte of ponderosa pine-to-spruce pollen
oscillates considerably. Therefore, Zone 9 diffessn Zone 8 in the periodicities of low-
frequency temperature changes, as here they afgpeacur more frequently with perhaps
greater magnitudes of change. Based on the pipgben data, it also appears that the Mesa
Verde region experienced a reduction in the amotisummer precipitation on a multidecadal
scale here when compared to the previous zone.

Zone 10 (~ A.D. 1636 - 1720)

In this zone, spruce pollen frequencies averag@@&rcent, which is a fairly significant

increase from the previous zone=(-2.31,df = 6,p = .060). Although spruce pollen influx rates

increased over the previous zone, averaging 29&i6s/cni/year in Zone 10, this increase is
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not significant. Likewise, increases in ponderpsken frequencies, averaging 19.2 percent
here, and influx rates, averaging 705.05 grainSgrar here, over the previous zone are not
statistically significant. While the ratios of pierosa pine-to-spruce pollen decreased in Zone
10, where they average 2.64, this change is nostgtally significant, likely due to the low
sample size. The average pinyon pine pollen &agy of 3.2 percent and average influx rate of
120.70 grains/chfyear for Zone 10 are both slightly higher thanphevious zone, however, the
differences are not statistically significant.

Sedge pollen frequencies dropped significantly fitone 9 to 10t(= 5.09,df = 6,p =
.002), as they average 30.9 percent here. Sedlge pdflux rates, averaging 1,153.39
grains/cni/year in Zone 10, are considerably lower than tie¥ipus zone. Cheno/Am pollen
frequencies average 6.6 percent in Zone 10, wkitWice as high and significantly different
than those of Zone 9 € -4.40,df = 6,p = .005). Cheno/Am pollen influx rates, averaging
246.69 grains/cffyear here, are also considerably higher than thbtee previous zone.
Similarly, the ratios of sedge-to-Cheno/Am pollarzone 10 average 4.77, and they are
significantly less than those of Zonet%(3.07,df = 6,p = .022). Likewise, the sediments of
Zone 10 (Table 3) consist of organic material thahore thoroughly decomposed than those of
the previous zone, which suggests that the growaslexposed to a higher periodicity of drying
and oxidization that facilitated organic breakdown.

Zone 10 is distinguished from the previous zona lppssible downward movement of
the lower boundary of the subalpine forest, presalyndue to reduced regional temperatures.
The lack of statistically significant changes ie tirboreal pollen measures, however, is likely
due to a small sample size and extreme varialilityeasures. Similar to Zone 9, this period of

possibly reduced temperatures was likely interrdifoye periodic episodes of low-frequency
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warming phases as the variability in the Zone 1fio of Figure 17 suggests. Even though
sedge pollen frequencies, influx rates, and the cdtsedge-to-Cheno/Am pollen decrease from
Zone 9 to Zone 10, which evidence a reduction mteviprecipitation, Zone 10 is still
characterized by a relative high presence of spdtien in the sediments. Thus, the downward
movement of the subalpine forest may be relatdmbtb a decrease in regional temperatures and
relatively high amounts of winter precipitation thg this period.

Since the low-frequency reduction in winter pretaifjon appears to have occurred at a
fairly constant rate (Figure 19), it is possiblattepruce trees advanced upslope on several
occasions during Zone 10 (Figure 17) due to variowsfrequency reductions in temperature.
Using tree-ring records from northern Arizona, $and Kupfmueller (2005) identified two
high-frequency phases of extreme warmth and twb-frigquency phases of extreme cold that
would have occurred during the temporal span ofeZbih Figure 17 shows similar low-
frequency phenomena in the ponderosa pine-to-sgroiéen ratio that may be due to the
climatic perturbations witnessed in the tree-riegard. The pinyon pine pollen data suggest that
there was no significant change in the low-freqyeargime of summer precipitation between
Zones 9 and 10.

Zone 11 (~ A.D. 1721 - 1940)

| expect that the majority of post-depositionatdibance occurred in Zone 11 given its
historical age and the history of human activitg éand disturbance at Beef Pasture noted in
Chapter 2. Therefore, there is a possibility thatvegetational changes evidenced by the pollen
data are unrelated to climatic change, howeveh aymossibility should be confined to the later
portion of this zone (post-A.D. 1880). In this eospruce pollen frequencies average 15.5

percent and these values are significantly higien those observed in Zone 16:(2.98,df = 9,
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p =.015). Spruce pollen influx rates, averaging.68 grains/criyear here, are also

significantly higher than those in Zone 1G=(-2.63,df = 9,p = .028). Ponderosa pine pollen
frequencies average 20.6 percent and influx ratesage 867.55 grains/éfyear, neither of

which is significantly higher than the previous 2oms expected from increases in spruce
pollen measures with relatively stable ponderoea pollen measures, there is a significant
decrease in the ratio of ponderosa pine-to-spratterpbetween Zones 10 and 1E(-2.99,df =

9, p = .015), where the average ratio for Zone 1142.1 Pinyon pine pollen frequencies average
4.2 percent and influx rates average 177.98 ginisfear in Zone 11, both of which are

slightly higher than the previous zone but the$eidinces are not significant.

Sedge pollen frequencies experienced a fairly Baamt decrease from Zone 10 to 11 (
=-1.96,df = 9,p =.082), as here they average 17.4 percent. Smaigs influx rates are also
lower in Zone 11, where they average 821.62 graiftyear. Cheno/Am pollen frequencies
average 6.8 percent, which is nearly identicahtodaverage Cheno/Am pollen frequency
observed in Zone 10. Cheno/Am pollen influx rates, are very similar to those observed in
Zone 10, as here they average 821.00 grairisfear. The ratios of sedge-to-Cheno/Am pollen
average 3.41, and are lower than the previous zmtehis change is not statistically significant.

Zone 11 witnessed the continued downward movemnfghiedower boundary of the
subalpine forest that began in Zone 10. While sddEfjuencies and the ratio of sedge to
Cheno/Am pollen declined from Zone 9 to Zone 1@sehchanges are probably related to
historical land modification and grazing within thieinity of Beef Pasture in the later portion of
this zone. Using historical records, PeterseB8)l%as made a sound case for increased winter
precipitation amounts as the causal mechanisnh®downward expansion of the subalpine

forest since the 1890s.
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Even though sedge frequencies are low in Zone d@lfdownward expansion of the
subalpine forest during this period is likely link® increased winter precipitation, which
counters the supposition that increased sedge gatipa is tied to higher amounts of winter
precipitation, the use of this proxy prior to higtal modification around Beef Pasture is sound.
If grazing and land modification resulted in thesistent removal of sedge around Beef Pasture,
the dichotomy between increased winter precipitatigued by Petersen (1988) and low sedge
values since the 1890s is not surprising. Howetes dichotomy demonstrates how misleading
inferences could develop from a lack of knowledgeuwt the history of the sampling locale.
Likewise, linking the downward movement of the dpbee forest solely to increased winter
precipitation, as witnessed in the recent past, Ibeaynfounded. Given that logging has
occurred in the La Plata Mountains quite frequemtithe past 125 years, one is left to wonder
what effect this has had on the composition ofstifgalpine and montane forests and their pollen
assemblages. It may be that the downward moveaiehe subalpine forest in historic times is
also related to forest succession and managemactiqas associated with clearcutting.

The wide ranges in Cheno/Am and sedge pollen fregjas in Zone 11 suggest that the
sediments of Beef Pasture witnessed extremely girgmmoisture conditions at this time,
ranging from very wet to very dry. The sedimerttheés zone seem to be more fully
decomposed that prior deposits (Table 3), whicth&rrsupports the notion of frequent wetting
and drying around the sampling locale during tleisqu. The upper six centimeters of sediment
in this zone consist of a gleyegttjja, which indicates that the immediate environmens wae
of frequent submersion under standing water. Eposdition of this sediment is probably the
result of seasonal ponding due to the constructiawater-retention feature in 1940. This is

further evidenced by the presence of cattail inujpygermost sediments.
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Cattail favors habitats characterized by high Iewd#lphosphate, such as areas heavily
utilized by cattle. Since the water retention teatat Beef Pasture serves as a water-tank for
cattle, the presence of cattail at Beef Pastuikaly due to their presence, which is an indirect
consequence of the presence of standing wateerdeatand Mehringer (1976) did not identify
cattail pollen in the sediments they extracted fideef Pasture in 1973, which suggests that the
presence of cattail began after the modificatiothefwater retention feature during the latter
months of 1973.

The presence of cattail only in the uppermost déqpaand the fact that very little of this
pollen seems to have moved into deeper sedimegtgestithat the possible effects of cattle on
the Beef Pasture pollen sequence, as discussduhpi€? 2, are minimal. If cattle had severely
disturbed Beef Pasture’s sediments through tramaind grazing, then | expect that cattail, the
only plant with a modern occurrence attributabléh® presence of cattle, would be found at
depths pre-dating the construction of the watek.tarhe minimal translocation of cattail pollen
in the Beef Pasture pollen record (Figure 16) sagggat this did not occur to any great extent.
Further, the little evidence for such disturbarsgceantained to the uppermost deposits known to
have been disturbed through historical activiti@se fibrous nature of woody sedge peat has
most likely prevented the majority of disturbankbattwould be created by cattle trampling
because, unlike mud, this type of sediment can@tmpnsiderable weight without disturbing
the sediment’s structure. This leads me to comcthdt the effects of cattle on Beef Pasture’s
pollen record are minimal.

Modern Era (~A.D. 1941 - 2005)
The surface sample collected from the periphetheBeef Pasture sampling locale

consists of extremely low frequencies of sprucé ff&rcent) and ponderosa pine (12.2 percent)
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pollen and noticeably high frequencies of grassqpércent) andiguliflorae sp. (3.4 percent)
when compared to other samples. While the sudao®le was intended to provide a modern
reference from which extrapolations into the pastid be made, the results suggest that it does
not serve as an appropriate proxy for paleoenvienmtal conditions at Beef Pasture. Likewise, |
did not include this sample in Zone 11 becauspaten frequencies are quite different than
those of any other sample. Since we collectedstnisple in August, which is right after the

time that many of the local species pollinates possible that the high frequency of grass pollen
is due to the limited time that these pollen grdiase been subjected to weathering.

The anomalous frequencies in this sample may aselated to the fact that we pinch-
sampled in various places, and no pinch sampletaken directly from the coring location. The
vegetation around many of the areas that we piadohpted, such as the edge of the fen, the
earthen dam, and next to the road, is unlike théteocoring location and these locations likely
contain pollen of species (e.g., grass) that daoootir directly atop of the coring location. In
fact, this sample contains the only raspbeRyl{ussp.) pollen (0.2 percent) | identified in the
entire pollen profile from Beef Pasture, and thiikely due to the variable locations of pinch
samples, some of which were elevated out of this faoist sediments. The pinch samples,
therefore, appear to be more representative dbtia vegetation outside of the fen’s moist
sediments than the vegetation in the fen.

Paleoclimate Summary and Comparison to Other Stude

The composite analysis of changing pollen frequenaiatios and influx rates of the
indicator taxa through time has enabled me to tcoct the climatically dictated vegetational
assemblage around Beef Pasture for the past 2eH08.y Since the successful, long-term (> 20

years) propagation of the indicator taxa usedimstudy depends largely on the low-frequency

106



climatic variables that | wish to elucidate, changethe prevalence of these taxa around Beef
Pasture represent low-frequency fluctuations inpdeoclimatic regime of the region. The use
of several statistical measures on the data frenptlen assemblage, and the compatibility of
the results, provides a more robust basis for paleiconmental inferences than what would
have been possible from a single measure or fewi@ator taxa. Likewise, the 16 radiocarbon
samples allow me to place the results in a welk@dled temporal context, the best yet
constructed for pollen data from the past 2,100s/eaNorth America. Although the magnitude
of the paleoclimatic changes evident in the polksord cannot be accurately measured with
such proxies, | have identified ordinal differen@esvinter precipitation, summer precipitation
and regional temperature through time that likéfgaed agricultural paleoproductivity at lower
elevations within the Mesa Verde Region.

Using pollen data from central Colorado, Fall (199Fas argued that the modern climate
of this area was established by A.D. 1, howeves,dtl observe slight fluctuations in regional
temperatures over the past 2 millennia based @tutiions in the upper boundary of the
subalpine forest. Direct correlations betweendmalysis and the one presented here, however,
should not be expected due to vagaries in local@emwents and geography (Meyer 1992). My
analysis of the pollen assemblage of Beef Pastue o. 3 identifies four low-frequency
reductions in regional temperatures and four loggdiency increases in regional temperatures
over the past 2,100 years (Table 10). Along whgse temperature fluctuations, my results also
identify five low-frequency reductions and four ldwequency increases in winter precipitation
(Table 11). The observed fluctuations in summecipitation (Figure 20) do not conform well
to the zone-based analysis, however, significaahgés did occur at the zonal level. To better

pinpoint when these changes actually began to ptcotlapsed these data into periods (Table
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12) based on changes observed in Figure 20 thakafed by statistically significant
differences between the zones. Therefore, thegelisted in Table 12 deviate from those
defined by the 11 zones because this groupingriretilects the observed trends. As Table 12
shows, | identify two low-frequency reductions imsmer precipitation and three low-frequency
increases in summer precipitation.

The previous discussion of zonal differences rdiedely on statistical measures of
difference. These zonal changes, however, obfas@atability within the zones that is more in-
tune with the temporal resolution of the archaeigllgecord and possibly more relevant to
estimates of agricultural paleoproductivity. Tbhédwing discussion considers within-zone
changes in the measures of the indicator taxasthtistical procedures are inappropriate due to
low sample sizes. Comparisons to the higher résaltree-ring records and Petersen’s (1988)
pollen-based paleoclimatic reconstruction fromdhea, however, do provide support for several
within-zone changes inferred from the pollen data.

Temperature

Petersen’s (1988) study of the pollen assemblageaft Pasture and Twin Lakes is the
only other palynological investigation from the icagthat has critically evaluated the climatic
conditions of the past 2,000 years. Petersenreddrom his data that the region experienced a
period of cool temperatures from 900 B.C. to A.DO5 My results are compatible with those of
Petersen, where here the beginning of the paleatitreequence initiates with a period of
extremely low temperatures from 100 B.C. to A.D.(Blgure 17; Table 10). Although | observe
an increase in regional temperatures between A[an8 575, these temperatures were also
extremely low in comparison to other periods. Myadsuggest further that a considerable

increase in regional temperatures occurred aftr B75, a phenomenon that initiated around
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Table 10. Low-frequency Changes in Regional Tentpesd

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 incredse
A.D. 1491 — 1635 9 variadle
A.D. 1636 — 1720 10 decredse
A.D. 1721 - 1940 11 decrease

%elative changes listed in the table are fluctugtiftom the previous period, not a comparison tdeno
conditions.

Plow-frequency oscillations between cooler and warpeeiods are recurrent and highly variable duthig period

Table 11. Low-frequency Changes in Winter Precijoité

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

%elative changes listed in the table are fluctugtiftom the previous period, not a comparison tdeno
conditions.
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Table 12. Low-frequency Changes in Summer Pretipita

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 incredse
A.D.1491-1750 9-11 decreas®e
A.D. 1751 — 1940 11 increase

elative changes listed in the table are fluctutiftom the previous period, not a comparison tdeno
conditions.

*low-frequency oscillations between periods of wedied drier summers are recurrent and highly végidbring
this period

A.D. 36 and continued until approximately A.D. 8%3gure 17; Table 10). This inference is
also supported by both the pollen record at Twikdsa Colorado and the Almagre Mountain
tree-ring record (Petersen 1988:Figure 51).

After A.D. 835, the Mesa Verde region experiencedduction in regional temperatures
that apparently reached a nadir from A.D. 900 0 ®8h cool conditions lasting until about
A.D. 1005 (Figure 17; Table 10). Although Petetseneasure for regional temperatures, the
conifer-to-non-arboreal pollen ratio at Twin Lakdegs not demonstrate this temperature low, it
is expressed rather well in the Almagre Mountagering record (Petersen 1988:Figure 51).
This fluctuation is not represented in the Twin €akecord because there was only one pollen
sample analyzed from this period. In fact, theaakes pollen record is so coarse that
Petersen (1988:100) was reluctant to use it asxyor temperature change at this time, instead
relying on the Almagre Mountain tree-ring recordrtfer temperature changes from A.D. 550 to
1970.

The pollen record at Beef Pasture documents a wayere@d from A.D. 1006 to 1265
(Table 10), which was interrupted by a short peabdooling centered around A.D. 1090 and a

consistent decline in temperatures beginning ardubd 1200 (Figure 17). Once again, while
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the Twin Lakes pollen record is too coarse to ip@eoclimatic changes, the Almagre Mountain
tree-ring record does indicate a warming periodiadoA.D. 1000, a cooling period centered on
A.D. 1100 and a return to higher temperatures é@nbl. 1200 (Petersen 1988:Figure 51).

After A.D. 1200, regional temperatures remainedtretly low until just after A.D.
1400, at which time a period of warming began amatinued until the mid-1600s (Figure 17;
Table 10). These results are supported by theedserin the conifer-to-non-arboreal pollen ratio
from Twin Lakes and the Almagre Mountain tree-megord (Petersen 1988:Figure 51). The
extreme oscillations in the later portion of th&xipd seen in Figure 17, however, suggest that
between A.D. 1450 and 1700 regional temperatunasdraonsiderably on a low-frequency
scale. Although this degree of variability is keliany other portion of the Beef Pasture pollen
record, it is also evident in the Almagre tree-niegord (Petersen 1988:Figure 51), where the
durations and magnitudes of the fluctuations agélizivariable.

The cooling period that began in the mid-1600s iooied until about A.D. 1825, when a
return to higher temperatures occurred (FigureThble 10). Although Figure 17 suggests that a
period of cooling occurred around the early 19@0sse samples of recent age may not
accurately reflect the overstory around Beef Pasttithis time because we do not know what
effect logging had on the forest structure angatten assemblage. Petersen (1988:101)
suggests that regional temperatures began to setindhe 1850s. The Almagre Mountain tree-
ring record documents a period of warming from ALD0O to 1800, followed by a temperature
low centered on the mid-1800s which is followedaleturn to high temperatures. While the
Beef Pasture pollen record expresses this temperkatw rather well, it does not identify the
period of warming right before it. Possible ex@aons for this disjunction between the two

proxies are that these high-frequency temperatumages developed independently of the low-
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frequency pattern or that the warming trend arodindagre Mountain (350 km ENE) did not
occur in the Mesa Verde region. It may also be tie Almagre Mountain tree-ring record has
over-estimated the magnitude of local temperatuwreease at this time.

The Medieval Warm Period (A.D. 1000 — 1250) (Def@f84 Lamb 1977) is evidenced
here in Figure 17 and Table 10, where temperatereained relatively high throughout the
eleventh, twelfth, and early thirteenth centuriegwever, several short periods of cooling
occurred within this period, as is evidenced herevall as in other temperature reconstructions
from the Colorado Plateau (e.g., Salzer and Kipifeu2005). The Little Ice Age (A.D. 1250 —
1850), which occurred worldwide but at slightlyfdrent times (Bradley 2000:1353; Grove
1988) and with different effects (Dean 1994; Vansi\end Dean 2000:27-28), is evidenced in
the Beef Pasture pollen record (Figure 17). Simidahe Medieval Warm Period, however, the
Little Ice Age was not a period of consistently leemperatures, but was characterized by highly
variable temperatures (see also Matthews and Btiitidb). Based on the pollen evidence
presented here, the Mesa Verde region also exjpedezxtreme variability in regional
temperatures during the Little Ice Age, which soasupported by other studies from the
Colorado Plateau (e.g., Salzer and Kipfmueller 20080m a comparison of 112 paleoclimatic
records from across the globe, Mann et al. (1988)dconly identify two worldwide cold
periods since A.D. 1400: one centered in the 140@sthe other in the 1800s. These lows are
observed here in Figure 17. My results combineti Whose of others (Salzer and Kipfmueller
2005; Van West and Dean 2000) suggest that theitmaal concept of the Little Ice Age is a

problematic construct when applied to the Southwest
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Winter Precipitation

| infer an initial period of low winter precipitat from 100 B.C. to A.D. 35 in the Beef
Pasture pollen record, which was followed by amaase in winter precipitation at A.D. 36
(Figure 19; Table 11). This increase persisted approximately A.D. 290, and there may have
been a short period of reduced winter precipitaticound A.D. 150 (Figure 19). After A.D.
290, the Mesa Verde region experienced a reductiannter precipitation until about A.D. 575.
Petersen (1988:99-100) also documented an incneadater precipitation after 200 B.C that
persisted until A.D. 575. Inspection of Peterséh338:Figure 51) results also support my
inferences of a short period of reduced winter ipretion around A.D. 150 and a general
reduction in winter precipitation beginning aroukd. 300 that culminated in an extreme low
centered on A.D. 550.

A subsequent increase in low-frequency winter ipretion persisted until the mid-700s
(Figure 19; Table 11), however, this increase @idmatch the winter precipitation high of the
mid-200s. This period of low winter precipitatioantinued until about A.D. 1005, at which
time the region experienced a return to higher eviptecipitation rates. Although this increase
peaked around A.D. 1200, short periods of redudatewprecipitation may have occurred
around A.D. 1100. While winter precipitation ratesgan to decline after A.D. 1200, they
remained relatively high until the mid-1200s, atathtime they plummeted and remained low
until about A.D. 1490. Winter precipitation amaosimicreased once more after A.D. 1490 and
remained relatively high until the mid-1600s, hoeerigure 19 likely misconstrues the
magnitude of this increase. After A.D. 1635, thedd Verde region experienced a decline in

winter precipitation, and this trend continued Lifte early twentieth century. However, this
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period of low winter precipitation may have beetermupted by short periods of increase in the
late 1700s and late 1800s.

My inferences about the winter precipitation of tlesa Verde region are strongly
supported by other research. Petersen documentiedraase in winter precipitation between
A.D. 575 and the mid-700s, followed by a declinél@bout A.D. 1005 based on his ratios of
spruce-to-pine pollen at Beef Pasture (Petersefi:Ef#fire 55). The hydrological curve from
Black Mesa, northeast Arizona (Euler et al. 19%uFe 4) and the arboreal pollen indices from
Navajo Reservoir, southwest Colorado and the Chusliay, northwest New Mexico
(Schoenwetter 1970:Figure 1) document winter pietipn lows around A.D. 600 and from
A.D. 700 to 1000. These three studies also doctuaeincrease in winter precipitation from
A.D. 1000 to A.D. 1200, with a winter precipitatilow centered on the mid-1100s and a decline
in winter precipitation after A.D. 1200. Using¢reing records, Dean and Van West (2002:87)
identified prolonged droughts in annual or sumnrecipitation centered on A.D. 1000, the late
1000s, the mid-1100s, late 1200s, and the mid-14@4dikely correspond with dips in the
winter precipitation curve presented here (Figl@e Irhey identified further periods of high
annual precipitation in the mid-1000s, the earl9Qsd, the late 1100s and the early 1300s (Dean
and Van West 2002:87) that correspond with sligdatkqs in the winter precipitation curve
presented here (Figure 19).

Petersen’s (1988:Figure 51) pollen ratios also suppy inference for a period of low
winter precipitation until the mid-1400s, at whintme winter precipitation increased and
remained high until about A.D. 1600. His ratioscatlocument a period of low winter

precipitation from A.D. 1600 to the mid-1800s wdiort periods of winter precipitation increase
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centered on the late-1700s and late-1800s, whethita to interpret the Little Ice Age as being
relatively dry (Petersen 1994).
Summer Precipitation

Since the zone-based analysis obscures severgjehanthe pinyon pine pollen influx
rates, | refer to Figure 20 when describing sumpnecipitation fluctuations here and in Table
12. Based on influx rates, | interpret the pepoidr to A.D. 700 as having a relatively low but
moderate amount of summer precipitation. Summagigitation amounts increased
considerably from A.D. 701 — 780, and this wasolekd by a period of relatively low summer
precipitation until A.D. 1180. This period of losummer precipitation, however, was
interrupted by extreme lows in the mid-900s andethigre eleventh-century and a short increase
in the early 1100s. The effects of the well-knadvaught in the mid-1100s are represented by a
period of slightly reduced pinyon pine pollen inflnetween A.D. 1120 and 1180 (Figure 20).
From A.D. 1180 to A.D. 1490, the pinyon pine polleflux rates tend to increase, however, this
increase was perturbed by short periods of redsaatimer precipitation centered on the mid-to-
late thirteenth century and the late fourteenthiagn This thirteenth-century reduction
corresponds to the Great Drought (Douglass 1928)the pinyon pollen influx rates suggest,
however, this drought was not as severe as thaeahid-twelfth century, which is also
suggested by tree-ring records (Benson et al. 2006)

After A.D. 1490, the Mesa Verde region experienaedduction in summer precipitation
until about A.D. 1750, at which time summer preeipon increased and continued to be
relatively high until the twentieth century. Thiayon pine pollen influx rates, however, suggest

that these two low-frequency fluctuations werenntpted by numerous and variable higher
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frequency fluctuations, with highs occurring in tage 1500s, the late 1600s, the mid 1700s, the
early 1800s and the early 1900s and lows occumniiige early 1600s and the late 1700s.

In agreement with my results, Petersen (1988:Fi§ajebserved a relatively low pinyon
pine pollen influx rate until approximately A.D.J0His data also document an increase in
summer precipitation from A.D. 700 to A.D. 1100tlwiows occurring in the mid-900s and the
1000s and a high in the early 1100s. Petersesidtse however, do not document the extensive
variability in summer precipitation patterns fromDA 1181 to 1850 observed in my results
(Figure 20). As a result, he interpreted thisquéas one of consistently low summer
precipitation. While this is the long-term tremay results suggest a high level of variation
during this period. In fact, Ahlstrom et al. (19%biggest that summer precipitation was
extremely variable and unpredictable from A.D. 1850450 in the northern Southwest. The
Great Drought of the late thirteenth century wkslyi initiated by a period of weakening in the
summer monsoons (Petersen 1988:94), which maysoeiased with extremely negative values
for the Pacific Decadal Oscillation (PDO) (Bensomle2006), and this weakened pattern of
summer monsoons may have persisted until the tekfth century.

Using various tree-ring records from the northeont8west, Benson et al. (2006:Figure
4) identify droughts centered around A.D. 1090, AlD50 and A.D. 1280 that likely
reverberated across the entire Four Corners redibtise tree-ring-based climatic
reconstructions support my inferences of summeugints in the A.D. 1000s, the mid-1100s and
the late 1200s. Using a Douglas-fir tree-ring rddoom the Mesa Verde region, Dean and Van
West (2002:87) also identified three prolonged dtds in the 1000s, and one in the late 1300s
that may correspond with the low-frequency pinyaregollen signals for droughts at these

times. Their results also pinpointed prolongedudtds in the late 900s, the mid-1300s and the
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mid-1400s that are expressed well in the Beef Pasacord (Figure 20). Since their drought
reconstructions are based on annual precipitatiessnres, these may have been the result of
combined reductions in winter and summer precipitat The droughts of the late-1200s and the
mid-1400s correspond with my inferences of reduegder precipitation at these times, and
since these droughts are poorly expressed in thensu precipitation record here, they may
have been driven largely by winter droughts. Daash Van West (2002:87) also identified
prolonged wet periods occurring in the early 11@0s,late 1100s and early 1300s; these wet
periods are evidenced here by peaks in the pinymgwollen influx rates at these times (Figure
20). Although they also identified a prolonged wetiod in the mid-to-late 1000s that is not
witnessed in the pinyon pollen data, this wet mkdoes correspond with a peak in winter
precipitation at this time, suggesting that thit period may have been driven largely by
increased winter precipitation.

Since my results correspond well to other low- higdh-frequency paleoclimatic
reconstructions from the northern Southwest, Idvelithat they accurately reflect the
paleoclimate of the Mesa Verde region over the pA€0 years. | argue further that Figures 17,
19 and 20 serve as appropriate visual reconstngté low-frequency oscillations in annual
temperature, winter precipitation and summer pretipn respectively. The magnitudes of the
various climatic fluctuations, however, may notdoeurately expressed in these figures.

Climatic Influences on Agricultural Paleoproductivity in the Mesa Verde Region

Since adequate amounts of winter and summer ptatii are necessary for successful
agricultural productivity in the Greater Southwestd since lengthy growing seasons are critical
to maize farming in the Mesa Verde region, fluctua in these variables likely affected the

ability of prehistoric (and historic) farmers inghlegion to successfully dry farm. However, as
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paleoproductivity modeling based on tree rings sensuggest (Axtell et al. 2002; Dean et al.
2000; Kohler et al. 2007; Van West 1994), certagaa of the northern Southwest would have
always been agriculturally productive regardlesthefreconstructed climatic changes.

While the low-frequency temperature reconstructiere will likely augment the results
of future paleoproductivity models, climate chawganot explain cultural changer se
because we need to consider pertinent social vasaguch as the mode of production of
prehistoric peoples in relation to climate changg.( Bettinger 1999:69-70). Further,
environmental change can affect social relatiomsideological aspects of prehistoric peoples
that are linked to resource availability and preghdity. Changes in the existing social relations
or ideology can make other communities and regioose attractive residential locales, and
these sociocultural push and pull factors may eragmipeople to either enter or leave their
existing communities (Benson et al. 2006; see Bisan et al. 2000; Larson et al. 1996). In fact,
Ahlstrom et al. (1995) and Lipe (1995:163) argua the depopulation of the Mesa Verde region
in the thirteenth century likely had an ideologicamponent, which they suggest may have been
related to the weakening of the summer monsootissatime.

Regardless of how cultural and demographic chaagemediated, alterations in the
subsistence potential of a region can make places or less desirable areas for dry farming.
Dean et al. (1985) suggest that demographic presesdsservable in the archaeological record,
such as population increases, migrations, depapntatand demic diffusions, respond more
closely to low-frequency than to high-frequencyiemvmental changes. Rapid demographic
changes occur in response to high-frequency enviemtal change only when regional carrying
capacities are severely reduced due to populatawty and/or low-frequency environmental

change. Using this model as a basis for the despdge transitions in the Mesa Verde region,
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Schlanger (1988) hypothesizes that long periodawarable and stable climate would encourage
population maintenance or increase while an instabtl unfavorable climate would stimulate
out-migration if conditions at the intended dediimas appeared to be more favorable.

While Dean et al.’s (1985) proposition is only adab and deviations from it have been
witnessed in the archaeological record of the mortisouthwest (e.g., Orcutt 1991), it does
suggest that the interrelationships between higt-lew-frequency environmental processes on
subsistence potential are rather complex, andutidetrstanding both processes in tandem
provides a more comprehensive picture of how enwrental change affected the
paleoproductivity of the Mesa Verde region. Giveat paleodemographic estimates for the
central Mesa Verde region are temporally well dsdincoupling what is already known of the
high-frequency processes with the new low-frequetata presented in this thesis should help
elucidate the nature of the ecological niche caestd by local agriculturalists. This composite
picture will help us to better understand the cokatvon of regional societal structures and
environments, which are two of the ultimate aimshefVillage Project (Kohler et al. 2007).

The following discussion highlights significant degnaphic changes in the Mesa Verde
region in relation to the low-frequency climate ebas presented in this thesis that likely
affected agricultural paleoproductivity. Infereaarawn from these comparisons, however,
should be considered tentative because the lowdmery paleoclimate data analyzed in this
study have yet to be incorporated into the Vill&geject’s paleoproductivity model. Likewise,
considering that many more variables are considerdue Village Project’s paleoproductivity
model, direct correlations between low-frequenaeyatic fluctuations and changes in
agricultural yield estimates should not be expectéidure 21 isolates and summarizes the

reconstructed climate variables from B.C. 100 tB.AL400, the period when agricultural
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practices appeared in the northern Southwest aeth &Harming way of life became the
normative subsistence strategy prior to regionpbgelation.

As many researchers contend (Diehl 1997; Hard 18R@son 1991, 2002; Wills 1988,
1996), the introduction of domesticates into so@stern diets probably served as some sort of
dietary “insurance policy” (Lipe 1999:130), whenenhter/gatherer groups used maize to buffer
against wild resource scarcity. The earliest dteagriculture in the northern San Juan region
and at higher elevations across the central podighe Colorado Plateau cluster around 300
B.C. (Geib and Spurr 2000; Lister 1997; Smiley 1,9%ger and Larson 1992; see also Geib and
Spurr 2002), however, this predates the paleocitmnatonstruction here. Although maize was
present in the northern San Juan region, relianagomesticates was relatively limited until the
late Basketmaker Il period (A.D. 200 — A.D. 500dder 1927), when successful upland dry
farming began to occur (Matson 1991; Lipe 1999;ase Smiley 1994) and when a farming
way of life came to the central Mesa Verde region.

Whether the sudden increase in dietary relianceai@e occurring in the late
Basketmaker Il period in the northern southwestiasresult of cultural transmission of
agricultural practices to indigenous groups (IrWilliams 1973), demic diffusion of southern
agricultural groups into the region (Matson 199002), introduction of a different genetic strain
of maize, or a combination of these three processeains contested (Wright 2006). The
paleoclimatic reconstruction presented here doctsremwarming trend that began in the A.D.
200s (Figure 21) and corresponds temporally toiticieased reliance on maize. This warming
trend likely increased the growing season in thehson San Juan region, which would have
increased agricultural success and crop predidiahbtl this time. This warming episode may

have encouraged a larger investment in agriculpnaduction as well as an influx of farmers
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Figure 21. Low-frequency paleoclimate reconstrucfrom 100 B.C. - A.D. 1400. The
temperature curve is derived from the ponderosa-fmrspruce pollen ratio (Figure 17); the
winter precipitation curve is derived from the sedg-Cheno/Am pollen ratio (Figure 19); the
summer precipitation curve is derived from pinyomepgpollen influx rates (Figure 20). The
shaded area represents the 700 year period of at@apn the central Mesa Verde region.

into the northern Southwest. Reductions in wiptecipitation after A.D. 290 (Figure 21; Table
12) and a cold period around A.D. 400 (Figure Bb)vever, may have curtailed the spread of
agricultural production to the north and into higb&vations like the central Mesa Verde
region. This factor may be related to reluctarfoegional agriculturalists to become dependent
upon agricultural subsistence until the seventhuwrgn In fact, the central Mesa Verde region,
an area near the latitudinal and elevational lohithe Puebloan cultural distribution, was not
utilized by agriculturalists until around A.D. 600.

After A.D. 600, populations in the northern Saard region became more sedentary and

reliant on agriculture, as evidenced by an incre@&seestment in residential architecture and
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Figure 22. Comparison of low-frequency paleoclimabnditions to the number of momentary

households in the central Mesa Verde region. Thes@entary household estimates are from

the midpoints of the 14 periods observed in théagé Project’s paleodemographic
reconstruction (Kohler et al. 2006:Table 1).
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more maize in the diets. Likewise, this is theragpnate period when farmers began to inhabit
the central Mesa Verde region. Figure 22 compire¥illage Project’s population estimates
for the central Mesa Verde region (Kohler et aD@0able 1) in relation to the low-frequency
paleoclimatic conditions reconstructed here. Ahdws, the influx of farmers around A.D. 600
coincides with a notable increase in temperatudeaahigh level of winter precipitation (Figure
22; Tables 10 and 11). These climatic conditionsilal have favored agricultural productivity,
perhaps more so then than at any other time duegignal occupation. Around A.D. 780,
however, winter precipitation, summer precipitatéomd regional temperatures appear to have
decreased substantially (Figures 22; Tables 1(.- E&rmers developed new technologies for
water management, such as water storage featwtasiamff irrigation (Schlanger 1988:789), at
this time, which may have been an attempt to b#fginst these precipitation shortfalls.

There is also a noticeable increase in populatidhe central Mesa Verde region after
A.D. 780 (Figure 22). If the central Mesa Verdgiom does contain the most productive
agricultural land in the northern San Juan regasnyarien (1999; Varien et al. 2000) has
argued, this population increase may be the re$ulispersed farmers across the northern San
Juan region moving into the central Mesa Verdeoretp access reliable farmland. This period
of aggregation and population increase in the Bsl@rea of the central Mesa Verde region
likely affected the environmental and social conag of the region. Perhaps this increase in
population and the reduction in precipitation aénD. 780 (Figure 22) affected the amount of
available farmland to the point where people beigagxplore alternative farming strategies,
such as the water control features identified byl&wer (1988), to maintain adequate levels of
agricultural yields. In fact, the first appearanddield houses in the central Mesa Verde region

occurs in the mid-800s (Kohler 1992a), which Kol{E992a:626-630) suggests reflects a
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change in local land tenure systems that may haxgvied increases in social inequality (see
also Kane 1989; Schachner 2001:183). Likewiseufabijn increases in the Dolores River area
in conjunction with poor climatic conditions mayJeacontributed to changes in the social
relations among people, as Schachner (2001) hgestegl based on transformations in ritual
architecture and practices at this time.

The 200-year duration (A.D. 780 — 980) of low tengperes and precipitation (Figure
22), which are critical climatic variables for edlle maize productivity, may have stressed
regional agricultural systems to the point thatwast majority of residents vacated the Dolores
River area (Varien 1999; Wilshusen 1995, 1999a)aards of southeast Utah (Matson et al.
1988; Wilshusen and Ortman 1999) through the ramith early tenth centuries. While a small
number of farmers remained in the central Mesa & eedion (Figure 22), many farmers
probably moved southward into northwestern New MexXWilshusen and Ortman 1999; see
also Wilshusen and Wilson 1995, Wilshusen 1999k) wo intent to return (Schlanger and
Wilshusen 1993:97).

People apparently resettled some of the previadeppulated areas of the northern San
Juan region in the late 900s (Duff and Wilshuse®2Warien 1999), and many of these settlers
were possibly previously displaced farmers and tkieireturning to their ancestral homelands.
As Figure 22 demonstrates, the climate of the rontisan Juan region during the late 900s
became increasingly favorable for maize agricultbreugh increased growing seasons and
higher amounts of winter precipitation. The celntfasa Verde region also experienced a return
to increasing population levels at this time. Tduggests that increased population levels across
the northern San Juan region cannot be explaingdrogant farmers in the Dolores River area

dispersing across the landscape, but that theeror®an Juan region was experiencing an
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overall influx of farmers, likely originating frortihe south, during this period of favorable
climate.

Increasing population levels across the northemJsan region persisted throughout the
eleventh century, including a repopulation of thezl@ Mesa area (Matson et al. 1988) and
continued population growth in the central Mesadéeregion (Figure 22) and probably in other
areas of the northern San Juan region (Varien 1888husen 2002:Figure 5.4). These
population increases correspond with continuedeim®es in winter precipitation and
temperature, which likely increased agriculturalguctivity throughout the region; however,
summer precipitation remained relatively low durthg period (Figure 22; Table 12) as did the
overall population level of the northern San Juzgian (Duff and Wilshusen 2000). Duff and
Wilshusen (2000) and Varien (1999) observe a sjgipulation reduction in the northern San
Juan region centered on A.D. 1070, however, thisadgaphic shift does not appear to have
occurred in the central Mesa Verde region (Fig@e 2f this population reduction was
somehow related to climatic change, it may haven ieeesponse to reductions in winter
precipitation and temperature at the end of theeglh century (Figure 22). If so, some of these
displaced farmers may have aggregated into edtablisommunities in the central Mesa Verde
region once again (Varien 1999), as evidenced byirmaous population growth in this region.

Another population reduction across the northem J&n region occurred around A.D.
1150 (Duff and Wilshusen 2000; Varien 1999), howetlas too was not experienced in the
central Mesa Verde region where populations coetinio increase throughout the twelfth
century (Figure 22). Unlike the population redantaround A.D. 1070, this population
reduction corresponds with a well known summer ipretion low in the mid-1100s (Figure

22); this drought is often invoked as a causalddor the collapse of the Chacoan system further
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south (e.g., Benson et al. 2006). Other climatiables in the central Mesa Verde region,
however, seem relatively favorable for agricultypadductivity at this time. Since population
levels in the central Mesa Verde region continuetht¢rease in spite of more regional
population reductions, it is quite possible thatsi farmers were once again moving into the
central Mesa Verde region, and elsewhere, in sezroiore favorable agricultural land.

Unlike the Pueblo | period (A.D. 700 — 950), popigla fluctuations in the northern San
Juan region from A.D. 1000 to the mid-1100s doaastespond well with low-frequency
climatic changes. Primarily, the low temperatuaed winter precipitation during the late
eleventh to mid-twelfth centuries (Figure 22) d@ s®@em to have affected the paleodemography
of the northern San Juan region or the more loedlzentral Mesa Verde region to any
significant extent. Further, although the broaglaeal population reductions around A.D. 1070
and 1150, as discussed previously, do correspattdshight changes in regional paleoclimates,
these climatic changes do not appear to have Imsavare as those during the ninth and tenth
centuries. Their effects on regional agricultyaleoproductivity, therefore, seem relatively
minor.

Applying microeconomic theory and utility functigrisohler and Van West (1996)
predict that periods of high agricultural produityiwvould stimulate the pooling of resources
and sharing among farmers the central Mesa Veglerreresulting in cooperation and
population aggregation. Conversely, they prediat periods of low agricultural productivity
would stimulate farmers to share less or even tiéfem their communities and disperse across
the landscape. If their predictions accurately ehadrmative behavior, then why were farmers
aggregating into community centers in central Mésede region (Varien 1999), thus increasing

regional population levels (Figure 22), during tbiatively poor climate during the late tenth
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and eleventh centuries instead of taking up resel@mdispersed settlements around these
community centers?

One explanation is that there may have been sociahtives for people to aggregate into
community centers during the eleventh and tweléhtaries. This is the time period when the
Chaco regional system was at its apex, and the comties in the central Mesa Verde region
were likely participants in this system as evidehbg the presence of Great House architecture
and a settlement pattern consisting of ‘small burapsund ‘big bumps’ (Lekson 1991).
Although the relationships between Mesa Verde conii@s and those at Chaco Canyon, New
Mexico are poorly understood (e.g., Cameron 200&) social value of participating in such a
system may have out-weighed the economic valueedaiy defection and dispersion. Lightfoot
(1984) suggests that places of perceived politidablogical, or social importance, perhaps
evidenced in the central Mesa Verde region by GHeatses, Great Kivas, or persistent
communities (Varien 1999), may have been attra@i@ugh locations to encourage
immigration in the pre-Hispanic southwest. Likesyikipe (2002) suggests that leaders situated
in Mesa Verde community centers may have been pttegito recruit members, possibly for
personal benefit. Interestingly, Kohler et al. @@pnote that this period of Chaco fluorescence
in the Mesa Verde region coincides with a perio@wthe normative relationship between
population and warfare is inverted, a phenomenahttiey suggest was also related to the
influence of the Chacoan system. Implying a peadbcklatively peaceful social relations and
cultural fluorescence, Lekson (1999) refers torthithern Southwest as ‘Pax Chaco’ during
Chacoan times (A.D. 900 — 1150).

Since the low-frequency climatic regime from theveinth to mid-twelfth centuries was

relatively constant when compared to other per{gttgure 22), it is also possible that the
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paleodemographic patterns of the northern San&gon were responding more closely to
high-frequency climatic changes during this periétkgional carrying capacities may have been
relatively low at this time due to population pnegs(Dean et al. 1985) or to human induced
environmental changes, such as deforestation oures depletion (Kohler 1992a, 1992b;

Kohler and Matthews 1988). Population levels, hasvewere not as high as they were in
subsequent periods, suggesting that if the carmgap@city was extremely low, it was likely not

a result of population pressure at this time.

After A.D. 1170, population levels across the nerthSan Juan region began to increase
once more (Dean et al. 1994; Wilshusen 2002:Fi§utge and households became closely
aggregated within communities and communities beciaereasingly aggregated across the
landscape (Adler 1990; Varien 1999). While thigioeally broad population increase was also
occurring in the central Mesa Verde region (Koldkal. 2006:Table 1), this area experienced its
most rapid population increase in the early thmtbecentury (Figure 22). Increases in
population and settlement aggregation throughortigrs of the northern San Juan region, but
perhaps not the entire region (see Duff and WilshuZ)00), continued until the mid-thirteenth
century, at which time people had begun a rath@d raut-migration of the region until it was
fully depopulated by A.D. 1300 (Dean et al. 1994fftand Wilshusen 2000; Kohler et al. 2006;
Lipe 1995, 2002; Varien 1999; Wilshusen 2002). Thiional depopulation has traditionally
been associated with the Great Drought (e.g., 2®3¢l929; Hewett 1908; Kidder 1924),
however, Van West’s (1994) paleoproductivity mofdelthe central Mesa Verde region
suggests that productivity would have been higlughdo support some continued habitation of
the region. As discussed in Chapter 1, howeven, Wast did not fully address the potential

effects of shortened growing seasons on agriculproaductivity. Moreover, Van West’s
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paleoproductivity model assumed yields similaritose from maize planted locally in the 1930s
and 40s, which may be inappropriate given the iffees in technology and the genetic strains
of corn being cultivated. | expect that once these low-frequency data are incorporated into
the Village Project’s paleoproductivity model, esates of maize yields/household/year will be
considerably lower than those derived from Van Vgasbdel.

The low-frequency paleoclimatic reconstruction présd here suggests that by the mid-
1200s the Mesa Verde region was experiencing shgmbeving seasons due to cooler
temperatures and a reduction in winter precipitaffeigure 22; Tables 10 and 11). While the
Great Drought is poorly expressed in the pollerecit did in fact occur, and this phenomenon
in combination with winter precipitation deficieesi likely exacerbated the temperature-induced
subsistence stress experienced by regional farihibke &nd of the thirteenth century.
Researchers have often attempted to identify destlgnatic cause for the Mesa Verde
depopulation at this time, however, the picturespnted here suggests that a combination of low
temperatures with both winter and summer drouglitisg the later half of the thirteenth century
would have been detrimental to crop productivitytighout the majority of the northern San
Juan region, including the central Mesa Verde megiérom the data presented here, it appears
that the thirteenth century in the central Mesadéaregion may have been one of the worst
times for prehistoric agriculturalists in the cahtvesa Verde region throughout their 700-year

span of occupation.
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CHAPTER SEVEN
CONCLUSIONS

In this thesis | have outlined the methods andyaesal employed to derive a
paleoclimatic reconstruction for the central Mesadé region that will be used in the Village
Project’s (Johnson et al. 2005; Kohler and Carr718®hler et al. 2000, 2007; Varien et al.
2007) paleoproductivity model. This model calcetamaize estimates for the central Mesa
Verde region from A.D. 600 to 1300 in relation tawmber of factors, including but not limited
to high- and low-frequency climatic processes, matag/ population estimates, the mode of
production, and the nature of resource distributiés a multidisciplinary study, the results of
this thesis are pertinent to both paleoecologiatefxlimatologists focused on subalpine
environments and archaeologists working in thehssrt Southwest.

The intricate pollen analysis of Beef Pasture Qdwe3 has several implications. From a
palynological perspective, this analysis consi$the most closely sampled and radiometrically
dated pollen core of lacustrine sediments fronpides 2,100 years in North America. As a
result, the data presented here are of greatyutiliother paleoecologists and paleoclimatologists
working in the Northern Hemisphere for two reasoRsst, by closely sampling the pollen core
at every other centimeter, | have been able tonstoact the paleoclimatic regime of the central
Mesa Verde region at a temporal scale that is meleant to the archaeological record than
previous studies. While the long-term climatiotie would have been expressed in a more
coarsely sampled pollen core, it is the naturearedicity of climatic fluctuations that |
intended to elucidate. This sampling strategulted in a paleoclimatic reconstruction that
identifies many of the minor climatic oscillatiotiet would have had significant affects on

regional agricultural practices but would not beressed in more coarsely sampled pollen cores.
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Second, by applying a regression equation totaldainumber of radiocarbon samples (n
= 16), | have been able to associate climatic dlabns with temporal periods more compatible
with those of tree-ring records. Such comparigmoside for better assessments of both low-
and high-frequency climatic changes in a regioikeWwise, to evaluate the reliability and the
accurateness of observed paleoclimatic changethaitdnagnitudes, each proxy can serve as a
‘calibration’ for the other if such high temporalsolution is available. Although | do not
perform such a calibration in this thesis, these loev-frequency data will be calibrated to high-
frequency tree-ring records in the Village Projegaleoproductivity model.

This analysis is also the first attempt to diffdiatie the climatic causes for the movement
of the lower subalpine forest boundary using potlata from a single coring location. Further,
it is the first analysis that utilizes the ratiosgfdge-to-Cheno/Am pollen as a proxy for
fluctuations in winter precipitation. Through angparison of my results to other studies using
different proxies for low- and high-frequency cliigachanges in the northern Southwest, | have
been able to verify the climatic inferences thdtdw from these novel methods. Given their
success and the cross-verification of my resutessé¢ new methods provide other palynological
paleoclimatologists with additional tools for eldating past environments and climates,
especially climatic processes that are poorly esgeé in other proxies (e.g., low-frequency
processes) and for periods that pre-date treereiogrds. Further, tree-ring paleoclimatic
reconstructions should benefit from comparisorutoagpine pollen records, such as the one
presented here, because these provide proxiesdatifferentiation between seasonal
precipitation patterns.

From an archaeological perspective, this analyssshelped to identify the climatic

regime of the Mesa Verde region over the past 2y#@0s. Considering that the Mesa Verde
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region is at the elevational limit and near thetinem-most latitude for which prehistoric
agriculture could have been successful, the lowtfeacy fluctuations in temperature, winter
precipitation and summer moisture identified heeeaiitical for understanding the
interrelationships between social structures, stdsce and environments over 700 years of
continuous occupation. Although low-frequency @tschanges cannexplainchanges in
demographic processes, the associated fluctuationgosistence potential likely reverberated in
the social realm, where social relations and idgpliafluence human action. Since these new
paleoclimate data have yet to be incorporatedtimdvillage Project’s paleoproductivity model,
inferences drawn solely from these data shouldobsidered tentative. Broad correspondence
between demography and climate, however, does sutige changes in agricultural potential
and productivity in the central Mesa Verde regiarevpossible impetuses for population
movement. The demographic trajectory for the BaEd0 years in the Mesa Verde region
corresponds closely to the low-frequency fluctuagion critical climatic variables, with the
exception of the A.D. 1000 to 1150 period. Prodideat population fluctuations and
demographic patterns within this period do notelate well with predictions based on
microeconomic theory, other sociocultural phenomeag have influenced human action on
such a large scale more so than subsistence stress.

A farming way of life became the normative pattfEmnpeople inhabiting the northern
San Juan region around A.D. 600, which correspuriidiswhat appears here to have been a
period of high agricultural productivity. A majdepopulation of the northern San Juan region,
including the highly productive agricultural landfthe central Mesa Verde region, occurred in
the A.D. 800s and early 900s during a sharp dedlifi@vorable climatic conditions. These

vacating farmers likely found residence south effttesa Verde region in areas such as the
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Chuska Valley, Totah, and Chaco Canyon region®dhivestern New Mexico, whose lower
elevations would have entailed longer growing seaso

Population in the central Mesa Verde region begagréw once more in the eleventh
century and continued until the complete depoputadif the region near the end of the thirteenth
century. This period of habitation correspondancera of relatively favorable, yet variable,
climate conditions that would have supported extenagricultural practices. Further, the
ultimate depopulation did occur during a time afueed growing seasons and low winter
precipitation rates. This suggests that tempegatshich was omitted in Van West's (1994)
paleoproductivity model, was a crucial climaticiabte with which ancient Mesa Verdeans
dealt. While the demographic processes witnessadgithe 700 years of continuous
occupation were possibly in response to changagricultural productivity in the Mesa Verde
region, a full understanding of the nature of derapbic change, however, requires an
understanding and assessment of the social stesdtioat mediated human decisions and actions

in the prehistoric Mesa Verde landscape.
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APPENDIX A: POLLEN ® COUNTS AND ESTIMATED DATES FOR EACH SAMPLE

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 16-17-198 20-21 22-23 24-25
Estimated date (A.Db.) 2000 1929 1900 1871 1843 1814 1785 1757 1728 1706711 1642
Biostratigraphic Zone - 11 11 11 11 11 11 11 11 10 10 10
Lycopodium(tracery 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 2827 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, lafge 6 32 11 22 24 38 39 25 25 16 24 8
Pinaceae bladder, snfall 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
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 59826 5

dee Table 5 for descriptions of each pollen tygted

Pdate for the mid-point of the sample estimated ftbeweighted least-squares regression of deptfodates (see Figure 14)
‘zones defined by stratigraphically constrainedteluanalysis (see Figure 15)

dtracer spores are excluded from pollen sums

feach Pinaceae bladder in the tally actually reptssevo bladders, which combined account for orlkeparain

*pollen anther present (suggests that its assatjdtat was located very close to the samplinglé&)ca
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APPENDIX A: POLLEN ® COUNTS AND ESTIMATED DATES FOR EACH SAMPLE

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 88-310-41 42-43 44-45 46-47
Estimated date (A.Db.) 1614 1585 1556 1528 1499 1470 1442 1413 1385 135827 1
Biostratigraphic Zone 9 9 9 9 9 8 8 8 7 7 7
Lycopodium(tracery 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 2516
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, lafge 7 10 9 9 12 7 6 7 13 16 18
Pinaceae bladder, snfall 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

dee Table 5 for descriptions of each pollen tygted

Pdate for the mid-point of the sample estimated ftbeweighted least-squares regression of deptfodates (see Figure 14)
“zones defined by stratigraphically constrainedteluanalysis (see Figure 15)

dtracer spores are excluded from pollen sums

feach Pinaceae bladder in the tally actually reptsgevo bladders, which combined account for orlleparain

*pollen anther present (suggests that its assatjatant was located very close to the samplinglé&)ca
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APPENDIX A: POLLEN ® COUNTS AND ESTIMATED DATES FOR EACH SAMPLE

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 B0-2-63 64-65 66-67 68-69
Estimated date (A.Db.) 1299 1270 1241 1213 1184 1156 1127 1098 1070 1040121
Biostratigraphic Zone 7 7 6 6 6 6 6 6 6 6 6
Lycopodium(tracer 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, lafge 19 17 19 20 14 6 9 8 8 12 8
Pinaceae bladder, snfall 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

dee Table 5 for descriptions of each pollen tygted

Pdate for the mid-point of the sample estimated ftbenweighted least-squares regression of deptfodates (see Figure 14)
“zones defined by stratigraphically constrainedteluanalysis (see Figure 15)

dtracer spores are excluded from pollen sums

feach Pinaceae bladder in the tally actually reptsgevo bladders, which combined account for orlleparain

*pollen anther present (suggests that its assatjdtant was located very close to the samplinglé&)ca
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APPENDIX A: POLLEN ® COUNTS AND ESTIMATED DATES FOR EACH SAMPLE

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 82-84-85 86-87 88-89 90-91
Estimated date (A.0?) 984 955 926 898 869 841 812 783 755 726 697
Biostratigraphic Zone 5 5 5 5 5 5 4 4 4 4 4
Lycopodium(tracerf 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 a7 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 a7 73
Pinaceae bladder, lafge 20 24 24 31 18 10 20 15 17 14 26
Pinaceae bladder, snfall 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

dee Table 5 for descriptions of each pollen tygted

Pdate for the mid-point of the sample estimated ftbenweighted least-squares regression of deptfodates (see Figure 14)
“zones defined by stratigraphically constrainedteluanalysis (see Figure 15)

dtracer spores are excluded from pollen sums

feach Pinaceae bladder in the tally actually reptssevo bladders, which combined account for orlkeparain

*pollen anther present (suggests that its assatjdtant was located very close to the samplinglé&)ca
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APPENDIX A: POLLEN ® COUNTS AND ESTIMATED DATES FOR EACH SAMPLE

Sample # 45 46 47 48 49 50 51 52 53 54
Depth (cm) 92-93 94-95 96-97 98-99 100-101 102-1a®4-105 106-107 108-109 110-111
Estimated date (A.D)) 669 640 612 583 554 526 497 468 440 411
Biostratigraphic Zone 4 4 4 4 3 3 3 3 3 3
Lycopodium(tracer 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, lafge 12 18 18 19 21 10 12 16 20 15
Pinaceae bladder, snfall 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
OPolygala 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

dee Table 5 for descriptions of each pollen tygted
Pdate for the mid-point of the sample estimated ftbenweighted least-squares regression of deptfodates (see Figure 14)
“zones defined by stratigraphically constrainedteluanalysis (see Figure 15)
dtracer spores are excluded from pollen sums
feach Pinaceae bladder in the tally actually reptsgevo bladders, which combined account for orlleparain
*pollen anther present (suggests that its assatjdtant was located very close to the samplinglé&)ca

166



APPENDIX A: POLLEN ® COUNTS AND ESTIMATED DATES FOR EACH SAMPLE

Sample # 55 56 57 58 59 60 61 62 63
Depth (cm) 112-113 114-115 116-117 118-119 120-12P22-123 124-125 126-127 128-129
Estimated Date (A.DP) 382 354 325 297 268 239 211 182 168
Biostratigraphic Zone 3 3 3 3 2 2 2 2 2
Lycopodium(tracery 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, lafge 24 19 10 19 11 8 14 18 25
Pinaceae bladder, snfall 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

dee Table 5 for descriptions of each pollen tygted

Pdate for the mid-point of the sample estimated ftbenweighted least-squares regression of deptfodates (see Figure 14)
“zones defined by stratigraphically constrainedteluanalysis (see Figure 15)

dtracer spores are excluded from pollen sums

feach Pinaceae bladder in the tally actually reptssevo bladders, which combined account for orlkeparain
*pollen anther present (suggests that its assatjdtnt was located very close to the samplinglé&)ca
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APPENDIX A: POLLEN ® COUNTS AND ESTIMATED DATES FOR EACH SAMPLE

Sample # 64 65 66 67 68 69 70 71
Depth (cm) 130-131 132-133 134-135 136-137 138-1390-141 142-143 144-145
Estimated date (A.0F) 125 96 68 39 10 -18 -47 -76
Biostratigraphic Zone 2 2 2 2 1 1 1 1
Lycopodium(tracery 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, lafge 54 27 18 27 30 53 25 24
Pinaceae bladder, snfall 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

dee Table 5 for descriptions of each pollen tygted

Pdate for the mid-point of the sample estimated ftbenweighted least-squares regression of deptfodates (see Figure 14)
“zones defined by stratigraphically constrainedteluanalysis (see Figure 15)

dtracer spores are excluded from pollen sums

feach Pinaceae bladder in the tally actually reptsgevo bladders, which combined account for orlleparain

*pollen anther present (suggests that its assatjdtant was located very close to the samplinglé&)ca
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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 plbjtélde estimated calendrical date.
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APPENDIX B: BARCHARTS OF THE POLLEN PERCENTAGES AND INFLUX
RATES FOR EACH INDICATOR TAXON

Percentages of sedge pollen in each sample ploytdue 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 sampliéeeal by the estimated calendrical date.
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Spruce pollen influx estimates plotted by each daimpalibrated 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 plotteddishesample’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 eacmgie’s calibrated calendrical date.
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APPENDIX C: BOXPLOTS OF THE POLLEN PERCENTAGES, RAT 10S AND
INFLUX RATES FOR EACH INDICATOR TAXON GROUPED BY ZO NE

Boxplots of spruce pollen frequencies grouped nezo
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APPENDIX C: BOXPLOTS OF THE POLLEN PERCENTAGES, RAT I0S AND
INFLUX RATES FOR EACH INDICATOR TAXON GROUPED BY ZO NE

Boxplots of sedge-to-Cheno/Am pollen ratios groupgadone.
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APPENDIX C: BOXPLOTS OF THE POLLEN PERCENTAGES, RAT I0S AND
INFLUX RATES FOR EACH INDICATOR TAXON GROUPED BY ZO NE

Boxplots of sedge pollen frequencies grouped byzon
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Boxplots of pinyon pine pollen frequencies groupgdone.

#

-
‘?@ﬁ@j o=

o
I
1

o
]
|

Pinyon Pine Pollen Frequency (36 of Total Pollen Sum)

ooo T T T
mtacmu AD35)  03(AD 291 575) 05 (AD, 636 1005) D?[A.D1266 1405) uglAD1491 1635) ucaol?zl 1940)
02 (AL, 56 -250) 0 (AD, 576 -B35) 06[AD 1006-12651  OBIAD.1406-1490)  10(AD. 1636-1720)
Zone

Boxplots of spruce pollen influx rates grouped bye.

+ﬁ!;‘;jﬁ

1 ] I ] T T T T T T T
01(6.C100-AD.35) 03(AD. 291 -575) 05 (AD.836 - 1005) 07 (AD. 1266 - 1405) 02(AD. 1491 - 1635) 11 (AD. 1721 -1940)
02(A.0.36-290) 04(AD.576-835) 06 (A.D. 1006 -1265) O8(A D 1406-1490) 10(AD. 1636-1720)

Zone

1000.00 —

F50.00 =

500.00 —

250.00 —

Spruce Pellen Influx Rate (pellenisquare-cm/fyear)

177



APPENDIX C: BOXPLOTS OF THE POLLEN PERCENTAGES, RAT I0S AND
INFLUX RATES FOR EACH INDICATOR TAXON GROUPED BY ZO NE

Boxplots of ponderosa pine pollen influx rates gred by zone.
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Boxplots of Cheno/Am pollen influx rates groupedzones.
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