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RESULTS OF PRIOR RESEARCH

Starfield and Chapin with Participant Rupp (OPP-9630913):  Effects of treeline movement in the Alaskan Arctic on global climate change (1996-1999).  The goals of this project were to estimate the patterns and rates of treeline movement in the Alaskan Arctic under various scenarios of future climate change; determine how past changes in climate and fire regime may have led to past forest migration; and determine the consequences of predicted changes in vegetation on the rate of global change, through their feedbacks to energy balance, carbon storage, and precipitation at a regional scale.  To achieve these goals the Alaskan Frame-Based Ecosystem Code (ALFRESCO) model was developed.  A comparison of non-spatial and spatially explicit model versions identified a large divergence in model results where interactions among neighboring cells were crucial (Rupp et al. 2000a).  Model simulations with the spatially explicit version of ALFRESCO suggest that specific transient events can influence long-term rates and patterns of vegetational change and disturbance leading to ‘legacies’ that cannot be explained by current climate (Rupp et al. 2000b).  Our simulations suggest that a warming climate in Alaska has the potential to cause a steady increase in the proportion of early successional deciduous forest, which would reduce the magnitude of the predicted decrease in regional albedo and the positive feedback to climate warming (Rupp et al. 2000c).  Model results also suggest an increase in early successional deciduous forest may feed back to the fire regime through changes in the frequency of fire and total area burned across the landscape (Rupp et al. 2000d).

Brubaker and Anderson (ATM-9423392): Late Quaternary Climatic and Vegetation History of the Alaskan North Slope: Part II, Analysis of Paleo Records (1995-1999):  The goal of this project was to describe past vegetation and climate of the North Slope, Alaska (0-20 ka
 and 0-150 ka periods) through pollen analysis of lake cores from the Arctic Foothills.  The pollen record from one site spans two glacial-interglacial cycles, and indicates that areas of present-day tundra were covered by boreal forest during the previous interglacial period.  Records from three other lakes span 10-25,000 yr.  In the western Arctic Foothills, the presence of pollen and spore taxa indicative of dry, rocky substrates and very low pollen accumulation rates suggest that the vegetation was a sparse, xeric tundra 24-14 ka.  Landscapes supported stands of Populus balsamifera during an early Holocene interval of increased summer temperatures (10-8 ka).  Fine-interval sampling of the last 2 ka at one site reveals an increase in Artemisia and decrease in Betula pollen percentages, suggesting changes in vegetation in response to episodes of neoglacial cooling.  Differences in pollen records between nearby sites are related to the influence of local landform and soil characteristics while differences between distant sites are likely due to mesoscale climatic patterns.  This grant provided complete support for one MS student and partial support for one PhD student.  Results have been reported in 2 peer-reviewed papers (Oswald et al. 1999, Edwards et al. in press), 1 book chapter (Oswald et al. in press), and several abstracts at national meetings.  Three additional papers are in preparation.

Hu (ATM-9619583:)  Climatic and Vegetational Oscillations during the Last Glacial-Interglacial Transition in Alaska (1997–2001).  The overall objective of this project is to understand abrupt vegetational and climatic oscillations during the last glacial-interglacial transition (LGIT) on the basis of lake-sediment records from Alaska.  Sediment cores from several lakes in both coastal and interior Alaska were analyzed at multi-decadal resolution for a suite of proxy indicators, including sediment characteristics, pollen, oxygen and carbon isotopes, trace-element composition, and ostracode assemblages.  Multiple AMS 14C dates on plant macrofossils provide secure chronological control.  Results (e.g., major decreases in authigenic-carbonate (18O) show that an abrupt climatic cooling occurred at 11 14C ka in Alaska, coinciding with the onset of the Younger Dryas (YD) cold event. These records support the hypothesis that the North-Pacific region was greatly affected by YD cooling.  The postglacial warming (i.e., end of YD) in Alaska lagged behind that in the North Atlantic by ca. 1000 years.  In addition, the warming seemed to occur more gradually in Alaska than in the North Atlantic.  Our high-resolution pollen data also indicate that tundra responded rapidly to the YD climatic cooling, consistent with results of modern greenhouse experiments.  We have also analyzed several sediment cores at decadal resolution for a number of geophysical proxies, which suggest prominent changes in land-surface processes during LGIT.  Furthermore, we have started to build a database of lake-water (18O and (D from ca. 80 sites throughout Alaska, which includes time series of lake-water isotopes from weekly sampling at three sites.  This data set will be particularly useful for interpreting down-core isotope data for the proposed project. This grant has supported three publications (Hu et al. 1998, Hu et al. 1999a, Hu et al. 2001), one manuscript in review (Hu et al.), and several conference abstracts.  In addition, three other journal manuscripts are in various stages of preparation.  This project has provided partial support for one post-doctoral, two graduate, and four undergraduate students.

1.  INTRODUCTION
A major goal of ARCSS (Arctic Systems Science) is to understand processes that drive arctic ecosystem responses to climatic change on decade-to-century time scales (ARCUS 1998).  Particular attention has been placed on examining shifts between forest and tundra environments, because such changes will alter energy and material fluxes to the atmosphere, with strong feedbacks to the arctic and global climate systems (Bonan et al. 1992, Rowntree 1992, Foley et al. 1994, Chapin & Starfield 1997, Lynch et al. 1999, Chapin et al. 2000).  Unfortunately, a major constraint to understanding the causes of landscape-level dynamics of boreal and other ecosystems is the short temporal span of modern studies—i.e., the uncertainties of knowing the consequences of processes measured over months to years to the behavior of ecosystems over decades to centuries.  ARCSS has recognized this problem and recommended that ecological modeling (LAII) and pollen data (PALE/PARCS) be used as additional tools to investigate how climate affects ecosystem composition and distribution (ARCUS 1998).  However, neither modeling nor paleo-vegetation investigations alone can accomplish this task.  Pollen records, while revealing vegetational history, provide little direct information about causal factors (e.g., Anderson & Brubaker 1994).  Modeling approaches are constrained because they are developed and tested with data from the current landscape (Nielson 1993).  Consequently, it is impossible to rigorously assess their ability to simulate non-modern conditions.  Fortunately, the coupling of modeling and paleo-records provides an opportunity to increase the understanding of vegetational change and to improve the ability to model system behavior under conditions different from present.  The ARCSS SIMS 
 program was designed to allow this type of crosscutting research as a means of integrating knowledge and data between disciplines to improve our knowledge of arctic-system dynamics. 

We propose to apply an integrated data-model approach to understand the mechanisms that caused a complex shift in Picea (spruce) treeline in central Alaska during the early-to-mid Holocene.  A major goal of the project is to improve a model currently used to predict transient ecosystem responses to climatic change in the Arctic.  The proposed work builds on prior LAII and PALE research, which has contributed to the development of: 1) techniques to produce temporally and spatially detailed records of past Picea distribution, fire regimes, and climate; and 2) a spatially explicit model (ALFRESCO) of transient vegetational responses within Picea-dominated boreal forest.  These improved analytical techniques will provide a dynamic view of ecosystem change that can be applied both conceptually and numerically to identify likely responses of northern forests to future climates.

2. THE PROBLEM 
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A problem facing scientists trying to predict responses of northern landscapes to climatic change is the extent to which the distribution of the boreal forest is driven solely by climatic factors or by feedbacks among climate, vegetation, and fire (Loehle & LeBlanc 1996).  Palynological records from central Alaska reveal a perfect, natural experiment to explore this issue (Ager & Brubaker 1985, Anderson & Brubaker 1994, Ager 1975, Brubaker et al. 1983, Edwards et al. 1985, Anderson et al. 1988, 1990, Hu et al. 1993, Bigelow 1997).  During the early Holocene, P. glauca (white spruce) expanded rapidly into Alaska from northwest Canada, reaching its western limit in central Alaska ca. 9-8.5 ka (i.e., yr before present x 1000; all dates herein are in 14C yr) (Anderson and Brubaker 1994).  Within 500-1000 yr, P. glauca populations declined or disappeared across a ca. 105 km2 area and did not recolonize the region until ca. 2000 yr later.  At the broadest scale, the pollen data indicate an eastward retreat of treeline between 8.5-6 ka, followed by a new wave of westward migration at ca. 6 ka.  However, closer inspection of individual pollen records suggests greater complexity to this pattern (Fig. 1).  For example, the peak in P. glauca pollen is shortest (ca. 300 yr) and the decline is greatest (percentages near zero) at the westernmost limit of the initial advance (Ruppert Lake).  In contrast, the decline is absent or barely recognizable in the east (Seagull and Tiinkdhul Lakes).  Intervening sites show a longer duration of peak values (ca.1000 yrs) and a less severe decline in P. glauca pollen (to ca. 5%).  These data imply an east-west gradient in the magnitude of population change during the early-to-mid Holocene. 

The reasons for the fluctuation in Picea populations are unclear at present.  Although a decline and readvance of treeline has traditionally been interpreted as evidence for an oscillation in a limiting climatic factor (e.g., mean July temperature), there has been no detailed investigation of a climatic mechanism that might have been responsible for the treeline fluctuation in central Alaska.  Given the diversity of evidence that climate-vegetation-fire interactions can drive landscape dynamics of boreal and other forest types (e.g., Brubaker 1986, Cwynar 1987, Overpeck et al. 1990, Clark et al. 1996, Arseneault & Payette 1997, Larsen & MacDonald 1998, Rupp et al. 2000b,c), it is possible that such feedbacks caused this relatively short-term shift in treeline in Alaska.  Two alternative explanations could account for the observed Picea patterns (see Section 4.1.1).

The P. glauca fluctuation was a direct response to a climatic oscillation.  Temperatures decreased and/or moisture increased sharply, causing a regional reduction in P. glauca populations.  P. glauca expanded westward at ca. 6 ka, when temperatures/moisture again became favorable.  (Lozhkin et al. 1993, Alley et al.1997, von Grafenstein et al. 1998, Klitgaard-Kristensen et al. 1998, Hu et al. 1999)

The P. glauca fluctuation was a response to interactions of fire and vegetation with a gradual, unidirectional change in climatic conditions.  With the arrival of forests ca. 9-8.5 ka, fuel quantities greatly increased, resulting in large fires that eliminated seed sources for tree re-establishment.  A climatic cooling and/or moistening about this time further reduced seedling success, particularly where conditions were most severe near the range limit.  Continued declines in temperature and/or increases in effective moisture led to decreased fire frequencies, allowing sufficient time for forests to spread from regional and/or local seed sources.  As a result, P. glauca recovered in population size in eastern Alaska and resumed its spread toward western Alaska.  (Anderson & Brubaker 1994, Hu et al. 1998, Abbott et al. 2000, Barber & Finney 2000)

Our research is not constrained to explore only these alternatives; they are presented here because each has some support in the literature (see section 4.1.1.).  Improved techniques for reconstructing paleoenvironments will allow us to identify whether these or other climatic and/or fire regimes were associated with the P. glauca fluctuation.  The integration of this new knowledge with the ALFRESCO model will greatly improve our understanding of the ecological processes (e.g., dispersal, establishment) driving the advance and retreat of treeline.  The paired model/paleo-data approach we propose is the only means for rigorously examining these interactions under conditions that differ from modern.  Such knowledge of ecological behavior is vital for understanding climate-ecosystem interactions and feedbacks that are likely to play a role in boreal forest responses to future climatic change.  

3.  OBJECTIVES AND TASKS

The overall goal of the proposed research is to assess the causes and processes of the early-to-mid Holocene fluctuation in P. glauca in central Alaska, thereby providing a means to better understand factors controlling the past, present, and future distribution of boreal forest.  To achieve this goal: 1) the temporal and spatial scales of this fluctuation must be better defined; 2) paleo-evidence of vegetation, climate, and fire must be described in detail; and 3) the ecosystem model ALFRESCO must be applied to test understanding about processes associated with treeline changes.  The research tasks are divided into 3 broad categories:

1)  Define the temporal and spatial patterns of change:

a.  Establish high quality chronologies( AMS dating of P. glauca pollen and fine-interval sampling will provide paleo-data with nearly decadal resolution. 

b.  Map major changes( Proxy data will be interpolated and mapped to temporal (decade) and spatial (km) scales compatible with ALFRESCO. 

2)  Interpret paleo-records in terms of vegetational, fire, and climatic dynamics:

a. Describe vegetational distribution( Pollen, stomates, and plant macrofossils will define the regional vegetational history and establish P. glauca presence/absence at each site. 

b. Describe climatic change( Oxygen-isotope and trace-element data from sedimentary carbonates (ostracodes and abiotically precipitated carbonate) will indicate changes in climatic factors.  

c. Describe fire regimes( The charcoal content of contiguous sediment samples will be used to reconstruct past fire frequencies.

d. Assess climate-vegetation-fire interactions( The paleo-data will be qualitatively evaluated to assess the importance of ecosystem-climate interactions and feedbacks. This exercise will indicate experiments to be performed with ALFRESCO. 

3)  Use ALFRESCO to improve understanding: 

a.  Calibrate and validate the model( ALFRESCO will be modified for early Holocene conditions.  This calibration requires assignment of ecosystem types, fire cycles, and climatic states based on paleo-records and the assessment of several seed-dispersal routines.  Model validation will involve determining whether model runs realistically depict observed vegetational patterns for 9.5-8.5 ka. 
b.  Perform experiments to assess causes of boreal forest dynamics( ALFRESCO experiments will be done for 8.5-6 ka to: 1) see if ALFRESCO can recreate the distributional patterns in the paleo-records, as an indication of its strength for accurately simulating non-modern conditions; and 2) evaluate whether interactions among climate, vegetation, and disturbance can significantly alter vegetation responses to climate change on a regional scale.  

4.  ASSESSMENT OF DATA, METHODS, AND MODELS
4.1.  Modern and Paleo-Data

4.1.1.  Picea glauca history.  Despite the unequivocal pollen evidence for an advance and decline in P. glauca, several aspects of this fluctuation are not well understood: 

1) The presence or absence of forests in lake watersheds is poorly known, because P. glauca pollen can be dispersed several km from source populations.  Although the peak P. glauca percentages exceed values (10%) that indicate trees are present locally, the minimum values (2-5%) are harder to interpret, because they could indicate pollen input from small, local populations or from large, distant populations (Anderson & Brubaker 1986). 

2) The chronology of the P. glauca fluctuation is only crudely defined, because most pollen records were coarsely sampled and based on chronologies using conventional 14C dates from large bulk samples (ca. 5-10 cm core sections) (e.g., Anderson & Brubaker 1994).  

3) The role of climate and fire is not known because sediment indicators of these factors were not measured at most sites.
The two scenarios of treeline fluctuation posed in Section 2 are based on different climatic histories. 

The first scenario proposes that an abrupt regional climatic fluctuation caused shifts in boreal forest distribution.  Some arctic paleoenvironmental records indicate significant climatic changes during the period of interest.  For example, greater snow depths in northeast Siberia are indicated by an increase in pollen of Pinus pumila, a shrub species that must be covered by snow to survive cold winter temperatures (Lozhkin et al. 1993).  Increased snow depth in Alaska might have reduced P. glauca establishment.  However, the deep snow pack in Siberia has continued to the present.  If deeper snow also persisted in Alaska, this climatic shift would not account for the readvance of P. glauca at 6 ka.  A second documented climatic event is an abrupt cooling at 8.2 ka, first identified in the Greenland ice core (Alley et al. 1997) and more recently recognized in central North America (Hu et al. 1999b), central and northern Europe (von Grafenstein et al. 1998, Klitgaard-Kristensen et al. 1998).  However, this cold event was too short (ca. 400 yr) to have reduced P. glauca populations over the >1000 yr period indicated by the fossil record (Fig. 1).  

The second scenario proposes that a unidirectional climatic change interacted strongly with the extant vegetation and fire to alter regional P. glauca population sizes.  Supportive evidence for a unidirectional climatic change comes primarily from pollen (other than P. glauca, e.g. Anderson & Brubaker 1994), geochemical (Hu et al. 1998), and lake-level records (Abbott et al. 2000, Barber & Finney 2000), all of which suggest a sequence of change from warm/dry to cool/moist conditions during the early-to-mid Holocene in central Alaska.  Fires would have become more intense and/or large when P. glauca forests became established (ca. 9-8.5 ka) due to increased fuel loads.  A fire-regime shift is supported by charcoal analyses of coarsely sampled sediment records at two sites, which show a change in charcoal abundance (Hu et al. 1993) or charcoal size (Earle et al. 1996) at the time of P. glauca pollen increase.  Following fire, forest cover would have remained low because cooler/wetter conditions prevented seedling establishment.  Further cooling/moistening would have reduced fire frequency, allowing Picea to recover and spread westward ca. 6 ka.

We have also considered the possible role of paludification in the decline of P. glauca forests (Engstrom & Hansen 1985), but this explanation seems unlikely based on pollen and geochemical records in central Alaska (Hu et al. 1993).  In addition, the fact that P. glauca regained dominance after its decline argues against paludification as the primary driver of vegetational change in this region. 

4.1.2.  Climate-vegetation-fire interactions in sub-arctic systems.  Investigations of both past and present environments suggest that interactions between fire and vegetation can strongly modify the effects of gradual climatic change in sub-arctic systems. 

Paleo-records in northern Quebec, for example, indicate that interactions of climate, vegetation, and fire caused regional shifts in the P. mariana (black spruce) forest/tundra ecotone over the past ca. 1000 yr (Arseneault & Payette 1997).  Although climate became less favorable during this period, P. mariana remained on the landscape by vegetative reproduction until a major fire eliminated established forests.  Trees have not re-invaded since that fire, presumably due to lack of seed source and severity of the present climate.  Although our research focuses on P. glauca rather than P. mariana, this study illustrates that interactions with fire can cause an abrupt, landscape-level response of forests to gradual climatic change. 

Modeling results also indicate the potential for strong climate-vegetation-fire interactions.  Experiments with ALFRESCO under scenarios of warming temperatures in western Alaska simulate an increase of P. glauca forest, which significantly increased the flammability of the landscape.  This change, in turn, caused fires to become more frequent and larger, resulting in a landscape dominated by deciduous trees (Rupp et al. 2000b, c).  Such a shift from coniferous to deciduous forest would likely influence future feedbacks to the fire regime (Chapin et al. 2000).  Experiments reveal similar interactions on the Seward Peninsula, where an instantaneous 2° C decrease in growing-season temperature (and wetter conditions) led to the local disappearance of P. glauca forest (Rupp et al. 2000b).  In this case, fire frequency decreased.  However, when fires did occur, P. glauca recruitment failed (due to loss of seed source and a limiting climate) and the site switched to tundra.
4.2.  Advances in Methods

4.2.1.  Temporal resolution.  The application of AMS dating techniques can significantly improve the existing chronology of the Holocene Picea fluctuation in central Alaska.  Brown (1994) has shown that it is possible to isolate and date virtually pure samples of P. glauca pollen from lakes in this area, providing 14C dates that are accurate and precise within 14C-measurement uncertainties (ca.  50 years in his studies).  In contrast to the procedures used to date bulk-sediment samples, the isolation and direct dating of Picea pollen avoids the inclusion of carbon-containing materials that are not contemporaneous with the paleoenvironmental proxy being interpreted.  Hence, numerous potential sources of contaminating carbon (e.g., aquatic materials suffering from the hard-water effects, charcoal fragments affected by “inbuilt age” errors (e.g., McFagden 1982, Gavin 2000)) are eliminated as causes of dating inaccuracies.

4.2.2.  Presence of P. glauca.  Pollen percentages from the mud-water interface of lakes accurately record the modern distribution and the compositional variation of forest and tundra in Alaska (Anderson & Brubaker 1986, Anderson & Brubaker 1994).  However, pollen data alone do not clearly indicate whether Picea trees are present at a site, because pollen can be dispersed by wind into areas where trees are absent.  Fortunately, analyses of Picea leaf fragments (e.g., Hu et al. 1993) and stomates (lignified guard cells; Hansen 1995, Hansen et al. 1996) offer an alternative for verifying species presence.  Stomates enter lakes as structural parts of leaves, providing confirming evidence that trees are present in the lake watershed.  A recent study in Alaska (Carlson & Brubaker in prep) has shown that searching for stomates on pollen slides (equivalent to 1000-2000 grain pollen sums) can greatly increase the accuracy of identifying the presence or absence of Picea in a lake catchment.  Similarly, tree and shrub Betula (B. papyrifera and B. glandulosa/B. nana) can be distinguished through the identification of Betula seeds or bracts in sediments (e.g., Hu et al. 1993, Kaltenreider & Hu in prep.). 

4.2.3.  Charcoal record.  The understanding of sediment charcoal records has improved greatly over the past decade (Clark & Royall 1995, 1996, Whitlock & Millspaugh 1995, Whitlock et al. 1997, Clark & Patterson 1997, Clark et al. 1997, Long et al. 1998).  Within-watershed fires can be identified in two ways:  the presence of large charred pieces of plant material and the existence of distinct charcoal peaks above background levels, which represents input from distant fires and/or the effects of charcoal delivery and deposition (Clark & Royall 1995, Clark & Patterson 1997, Long et al. 1998).  The temporal resolution of charcoal records varies depending on the sedimentation rate, sediment mixing depth, and sampling interval.  However, recent investigations using non-laminated sediments from lakes in the boreal forest have reported temporal resolution of 35 years (Larsen & MacDonald 1998). 

Most studies tally charcoal fragments above a certain size and express charcoal content as the number of pieces or total area of charcoal accumulation per year (CHAR) (e.g. Clark & Patterson 1997, Long et al. 1998).  The typical size for characterizing local fire regimes is 250 μ (Clark & Patterson 1997, Long et al. 1998), but two recent studies in boreal forests indicate that <150 μ fragments reliably record local fire events.  For example, size classes ranging from 50 to 250 μ show similar patterns in recently burned watersheds in boreal forests of southwestern Alaska (Earle et al. 1996), and <100 μ charcoal on pollen slides accurately record recent fire history in P. glauca forests of central Canada (Larsen & MacDonald 1998).  The choice of optimal size for charcoal analysis in sub-arctic ecosystems requires further consideration, because fires in physiognomically different vegetational types (e.g., tundra, forests) might produce different size distributions of charcoal.  A wide range of charcoal sizes should be examined whenever the pollen record indicates a shift between the contrasting life forms of tundra and forest.

4.2.4.  Geochemistry and Paleoclimate.  Geochemical studies of calcareous lake sediments can yield paleoclimatic records with similar temporal and spatial scales as pollen data (e.g., Chivas et al. 1985, 1986, 1993, Xia et al. 1997a).  The recent application of these techniques in Alaska (Hu et al. 1998, in review) has provided new insights about Holocene climatic change and the responses of both tundra and boreal ecosystems.
4.2.4.1.  Oxygen isotopes:  Two approaches are particularly useful for deriving quantitative paleoclimatic information from oxygen-isotope records of carbonates.  The first uses the oxygen-isotope composition of the calcareous shells of benthic ostracodes (Obo) to estimate meteoric-water O (Op) and mean annual atmospheric temperatures (MAAT) (Lister 1989, von Grafenstein 1992, 1994).  The O of calcareous materials in a lake is a positive function of the lake water O (OL) and a negative function of the water temperature.  In a thermally stratified lake with a relatively constant hypolimnetic-water temperature, the O of benthic ostracodes should be largely independent of fluctuations in surface-water temperatures and should reflect OL only.  OL closely approximates Op if the lake is hydrologically open with a short water-residence time.  Although changes in Op may be driven by shifting moisture sources, Op of the proposed study sites should primarily reflect the atmospheric temperature, because central Alaska was likely dominated by Pacific air masses throughout the early-to-mid Holocene.  The history of MAAT, therefore, can be estimated from the sediment record of Obo by applying the modern relationship between mean annual Op and MAAT (Dansgaad 1964, Rozanski et al. 1993) after accounting for the vital effect of ostracode isotope fractionation (von Grafenstein 1998, Xia et al. 1997b).  

The second approach combines Obo and the oxygen-isotope composition of inorganically precipitated carbonates (Oc) to estimate changes in summer surface-water temperatures (SSWT) (Kelts & Talbot 1990, Hu et al. in review).  This approach is particularly useful for closed-basin lakes with long (several yr) water-residence times, where the first approach cannot be applied.  Oc indicates summer-epilimnion conditions, because carbonate precipitation occurs in the uppermost water layers due to increased photosynthetic CO2 uptake and warmer water temperature during the growing season (Kelts & Hsu 1978).  Oc is thus determined by both lake-water O and epilimnion-water temperature.  Although Obo also indicates growing-season conditions for the ostracode taxa that calcify during the summer (Delorme 1969, 1991), it reflects lake water O and is largely independent of surface water temperature.  As a result of these differences in controlling factors, Oc and Obo values can be compared to isolate a temperature signal.  Specifically, the deviation of Oc from contemporaneous Obo is the result of oxygen-isotope fractionation induced by the temperature difference between surface and bottom waters after the vital effect of ostracode isotope fractionation is corrected.  Stratigraphic changes in this deviation should reflect changes in SSWT through time.  The magnitude of temperature changes can be estimated from the temperature dependence of oxygen-isotope fractionation between inorganic calcite and lake water (Epstein et al. 1951, Craig & Gordon 1965).  This approach has been successfully applied to reconstruct temperature changes during the last 2000 yr in the Alaska Range (Hu et al. in review).

4.2.4.2.  Trace elements:  Together with stable-isotope analysis of the same samples, the trace-element composition of ostracode shells offers a powerful means to tease out effective-moisture vs temperature signals (Chivas et al. 1993, Hu et al. 1998).  The trace-element chemistry of lake water is a sensitive monitor of climatic changes in arid and semi-arid regions.  In particular, when the water concentration of Ca is held constant by the inorganic precipitation of calcite, increased drought intensity should result in increased Mg/Ca and Sr/Ca ratios.  This relationship exists because Mg and Sr concentrations are undersaturated with respect to the mineral forms commonly precipitated within lakes and thus become elevated when drought-severity increases (Chivas et al. 1985, 1986, Engstrom & Nelson 1991).  These changes in water chemistry are recorded in the calcitic shells of ostracodes, as ostracodes incorporate trace elements into their shells in proportion to elemental concentrations in the host water.  The relationship between the ratios of Sr/Ca and Mg/Ca in ostracodes and those in water is determined by their partition coefficients (Kd).  The Kd of Sr/Ca is independent of water temperature and positively related to the Sr/Ca ratio of the host water, whereas the Kd of Mg/Ca is a positive function of both water temperature and the Mg/Ca ratio of the host water.  Thus Sr/Ca can be used to reconstruct drought intensity, whereas Mg/Ca can be used as an index of drought intensity plus temperature.  

4.3.   Ecological Modeling  

4.3.1.  Recent trends in modeling.  In the past decade there has been renewed interest in modeling vegetational response to climatic change (Overpeck et al. 1990, Bonan et al. 1992, 1995, Foley et al. 1994).  Typically, large-scale biogeochemistry models have assumed that vegetational type remains constant (VEMAP members 1995, McGuire et al. 2000) or, as with older biogeographic models, that vegetation remains in equilibrium with climate (Prentice et al. 1992, Cramer & Leemans 1993, Lenihan & Neilson 1995).  Equilibrium models indicate the direction and magnitude of change, but reveal little about the rate and pattern of change (Neilson 1993).  An important challenge of global-change research is to simulate short-term (i.e., decades to centuries) transitions in climate, disturbance regime, and recruitment that drive long-term (i.e., centuries to millennia) vegetational distributions.  The spatial processes of disturbance and recruitment are primary drivers of short-term dynamics.  Several models of transient vegetational shifts have been developed (Neilson et al. 1992, Noble 1993, Smith & Shugart 1993, Nikolov 1995).  However, none simulate the interaction between disturbance and vegetational dynamics at a landscape-level with realistic scenarios of climatic change.  Starfield & Chapin (1996) developed a non-spatial model that calculates the transients of vegetational shifts from upland tundra to boreal forest in response to altered climate, seed availability, and disturbance frequency.  Rupp et al. (2000a, b, c, d) developed a spatially explicit model (ALFRESCO) that simulates the response of sub-arctic and boreal vegetation to variations in climate and disturbance regime.  As a representation of our current understanding of mechanisms driving complex landscape behavior, ALFRESCO is particularly well suited for investigating the mechanisms driving species migration.  The model has been successfully used to simulate the response of current treeline in northwest Alaska to a warming climate (Rupp et al. 2000b) and to investigate the influences of topography and disturbance on the pattern and rate of treeline movement (Rupp et al. 2000c).  ALFRESCO has been applied to both current and future vegetational responses, and although no historical back-casting has been performed, it can similarly be used to model responses of past vegetation.  

4.3.2.  ALFRESCO model overview.  ALFRESCO, described in detail by Rupp et al. (2000a, b; http://www.lter.alaska.edu/pubs/ALFRESCO.html), simulates the response of vegetation to transient climatic change in Alaska.  The model assumptions reflect the hypothesis that fire regime and climate are the primary drivers of landscape-level changes in the distribution of vegetation in the circumpolar arctic/boreal zone (Payette 1983, Van Cleve et al. 1991, Bliss and Matveyeva 1992, Holling 1992, Starfield & Chapin 1996).  The model operates at a 10-yr time step, the average frequency of severe fire years in the North American boreal forest (Flannigan & Harrington 1988), and calculates vegetational change in a landscape composed of 2 x 2 km pixels (Starfield & Chapin 1996).  This model simulates four major sub-arctic ecosystem types (upland tundra, P. glauca forest, deciduous forest, and grassland-steppe), which represents a generalized classification of modern and past arctic and boreal zones of Alaska, and ignores the substantial variation in species composition within these and other intermediate vegetation types (Solomon 1992, Starfield and Chapin 1996, Rupp et al. 2000a).  Rules are used to simulate responses of ecosystem types and disturbance regimes to a changing climate.  Each ecosystem type constitutes an independent submodel that calculates and monitors factors and processes that could cause a switch to another ecosystem type.  This approach emphasizes processes driving vegetational change, not variables controlling productivity or species composition within an ecosystem type. 

ALFRESCO generates climatic patterns stochastically, based upon observed growing season conditions in Alaska (Hammond & Yarie 1996).  Climate is input as a series of alternative maps of growing-season temperature and precipitation.  The spatial pattern of climate is consistent with topography, latitude, and observed synoptic climatology (e.g., colder in mountains and to the north).  Temperature and precipitation are converted into temperature and precipitation classes (1, 2, 3 or 4) that have defined effects on the vegetation (Starfield & Chapin 1996, Rupp et al. 2000a).  The maps preserve these basic geographic patterns of climate, but uniformly differ in the magnitude of temperature and precipitation (Rupp et al. 2000b, c).  An ‘effective drought’ index (Trigg 1971, Clark 1988) provides a measure of drought severity and is utilized in determining vegetation growth and flammability (Rupp et al. 2000a, b).  

Disturbance events are determined by climate, ecosystem type, and time since last disturbance.  A cellular automaton approach simulates fire spread.  In this approach, an ignited grid cell may spread to any of its eight neighboring cells (Rupp et al. 2000a, b).  Fire ignition within a cell is determined with a random number generator as a function of the flammability of the cell.  The flammability of the receptor cell and the effects of topographic barriers determine the probability of a fire spreading from one cell to another.  In all ecosystem types, fire probability (the probability of a fire that kills the majority of trees in a cell) is assumed to be proportional to the drought index (Trigg 1971, Clark 1988).  

Seed dispersal is modeled in different ways. The model assumes that scattered deciduous trees are present in P. glauca forests (and vice-versa) so seed is available when conditions are right for these trees to out-compete other species.  An increase in Picea-canopy cover in tundra occurs in two ways: seed inputs from trees already present on the site are modeled as a simple in-filling process, while dispersal from outside the site is simulated in a manner similar to fire spread.  We assume that seed dispersed has a distance threshold of 4 km.  Mountains and large water bodies physically inhibit the spread of seed.  The number of neighboring seed sources determines the amount of seed available (from outside) to a given pixel, which along with climate and in-filling determines increases in the canopy cover (Rupp et al. 2000a, b).

4.4. Compatibility of Paleo-data and ALFRESCO

The paleo-data and model are remarkably well suited for an integrated exploration of the early-to-mid Holocene boreal forest fluctuation.  The spatial scale of vegetation sensed by pollen data from small lakes is similar to the 2 x 2 km spatial scale of ALFRESCO (e.g., Sugita (1993) estimates that 80% of the Picea pollen in 19 ha lakes comes from < 2 km).  The time scale of pollen, geochemical, and charcoal data is compatible with decadal time steps of ALFRESCO.  The paleo-record can supply all of the information needed for modeling: 1) the 3 ecosystem types during the period of interest (P. glauca forest, upland tundra, deciduous forest) can be identified from pollen, stomates, and macrofossils, 2) natural fire cycles can be inferred from the sediment charcoal record, and 3) simple climatic categories can be interpreted from the geochemical data.  Furthermore, the hypothesized processes driving the past ecosystem changes are captured in the current structure of ALFRESCO.

5.  Research Design

5.1.  Fieldwork

Fieldwork will be done during the summer in years 1-3.

5.1.1.  Study area and site selection.  The study area (Fig. 1) encompasses the southern foothills of the Brooks Range, where rolling uplands are crosscut by numerous rivers.  The current vegetation is a mosaic of coniferous and mixed deciduous-coniferous forests.  P. glauca, often with B. papyrifera (paper birch) and P. tremuloides (trembling aspen), occurs on well-drained moraines and hillslopes.  P. mariana muskegs cover poorly drained lowlands.  Upland Betula glandulosa/B. nana (resin birch/dwarf birch) tundra occurs at scattered locations in the western study area.  We have identified 12 evenly-spaced candidate lakes (ca. 50 km apart) that form an east-west transect from 144( to 156( W.  Most of these lakes are small (<15 ha), closed basins in calcareous bedrock, located on terminal moraines or near valley walls. 

The southern Brooks Range is an ideal location for this research.  The P. glauca oscillation is pronounced in the middle of the region (Anderson & Brubaker 1994).  Regional differences in site conditions should not have influenced past vegetation dynamics nor limited species spread in this area, because the local topography is modest and generally similar across the region.  The existence of numerous small lakes along the range front ensures that we can obtain a transect of pollen records that captures the spatial variation in past vegetation dynamics of the area (see Sugita 1993, 1994).  The use of small lakes also increases the probability of finding stomates and plant macrofossils in the sediment record (Carlson & Brubaker in prep.).  The carbonate parent material surrounding the lakes is favorable to the preservation of ostracodes and the precipitation of inorganic carbonates used for geochemical analyses (Kelts & Hsu 1978).  Lastly, ALFRESCO can be applied directly to this area, as it has been developed and tested in Picea-dominated forests similar to those documented in the paleo-record of the region (Rupp et al. 2000a).

5.1.2.  Field sampling.  At the center of each lake, we will take replicate long cores using a 8-cm diameter, Livingstone square-rod sampler (Wright et al. 1984), and a short core that preserves the mud-water interface and allows 210Pb dating of surface sediments.  Short cores will be sectioned at 0.5 cm in the field.  We will also describe present vegetation, evidence of recent fires, basic limnological and hydrological characteristics, and collect water and carbonate materials from lakes and watersheds for isotopic analysis.

5.2.  Laboratory Analyses 

Laboratory analyses will characterize the sediment record of environmental change, which will be integrated with model development and experimentation.  AMS dating and analyses of pollen, stomates, macrofossils and geochemistry will begin in after the fieldwork in year 1and be completed early in year 4.

5.2.1.  Subampling and core description.  Cores will be described in the laboratory and measured for magnetic susceptibility (MS, roughly correlated with the inorganic content of lake sediments), as well as organic (OC) and inorganic carbon (IC).  Because the P. glauca pollen rise typically follows an abrupt increase in sediment organic content (e.g., Brubaker et al. 1983), we will use MS and OC to target core intervals for sampling.  Skeleton pollen diagrams (100 grain counts) will be made to identify the exact core intervals spanning the P. glauca oscillation.  These intervals will be sampled in 0.25-cm thick sections using a fine-interval, core-sampling instrument.  Sedimentation rates of cores from the study area (Ruppert, Sithylemenkat, and Screaming Yellowlegs Lakes, Fig. 1) indicate that 0.25 cm should represent ca. 10 yr of sediment accumulation.  Each 0.25-cm section will be subsampled for charcoal analysis.  Subsamples for pollen and geochemical analyses will be removed at variable intervals, as needed (contiguous samples at transitions and at greater intervals for less dynamic periods).

5.2.2.  14C and 210Pb dating.  AMS 14C dates will be obtained on chemically concentrated pollen extracts, following methods developed by Brown (1994).  Current AMS capabilities allow 14C measurement uncertainties of <(40 years.  Pollen extracts will be dated at ca. 300 yr (7-8 cm) sediment intervals and ages assigned to intervening 0.25-cm samples by linear interpolation.  Although sedimentation rates of cores within the study area suggest that 0.25-cm samples correspond to ca. 10 yr of sediment accumulation, sediment mixing widens the temporal window represented by each sample.  Assuming a mixing rate of 20-30 yr, we estimate that 0.25-cm thick samples are dominated by materials input over ca. 15-20 yr (the temporal resolution for interpreting proxy data for individual samples).  Thus our proposed sampling and dating strategy, coupled with the small uncertainties in the 14C measurements, will allow us to study P. glauca dynamics on ecological time scales.  Sample ages will be expressed on the calibrated time scale (Stuiver and Reimer 1993) for maximum compatibility with ALFRESCO time steps.  Confidence intervals, which take into account the effects of sediment mixing and uncertainties associated with interpolation and 14C dates, will be calculated for sample ages following methods outlined by Bennett (1992).

210Pb dating of surface-sediment cores will be conducted by Dr. Daniel Engstrom, who has done similar analyses on a number of Alaskan cores for our previous projects.  The 210Pb activity will provide detailed chronologies for geochemical trends in these cores as well as information on the extent to which sediment mixing may affect the temporal resolution of the various proxy records. 

5.2.3.  Pollen, stomates, and macrofossils.  The mud-water interface and the subsamples of 0.25-cm core sections will be prepared for pollen analysis following PALE protocols (PALE 1994) for arctic and sub-arctic sediments.  Intervals for pollen analysis will vary, depending on rates of change in the pollen assemblages (contiguous samples during periods of rapid change).  P. glauca percentages will be estimated using a maximum likelihood procedure (Brubaker et al. 1987), which permits the identification of statistically significant differences among samples.  P. glauca stomates will be tallied along with pollen grains, but extended searches (equivalent to a pollen sum of ca. 2000 grains) will be made for stomates when none are found during routine pollen counts.  Stomates will be expressed as presence or absence.  After subsampling for other analyses, samples will be sieved for species identification of macrofossils.  P. glauca, B. papyrifera, and B. glandulosa/B. nana can be identified based on leaves, seeds, or bracts. 

5.2.4.  Charcoal.  Charcoal will be examined from each 0.25-cm sample to maximize our ability to detect individual fire events and to calculate a fine-temporal record of fire frequency.  We will measure all charcoal pieces >50 (, using an image analysis system (Image-Pro Plus 4.1) linked to dissecting scope with an objective that minimizes edge-distortion across a wide range of particle sizes.  A wide size-range will be examined because changes between tundra and forest may result in shifts in dominant charcoal sizes.  We will conduct a pilot study to verify that image analysis and visual identification of charcoal give the same results. 

5.2.5.  Geochemistry.  The oxygen-isotope composition of lake water will be determined from 5 mL samples equilibrated overnight with instrument-grade CO2 at 25 oC (Epstein & Mayeda 1953).  The hydrogen-isotope composition of lake water will be assessed from 2-5 µL samples reduced with 120 mg Zn in Pyrex reaction vessels at 450 ± 10 oC for one hour (Kendall & Coplen 1985, Xia et al. 1997a,c).  Sediment samples will be prepared for isotopic analyses of bulk carbonate and ostracodes with procedures developed by Xia et al. (1996, 1997).  Bulk carbonate samples will be reacted for one hour at 25 oC with 104% H3PO4 made from ultra-pure P2O5 and triply distilled H2O.  The isotopic composition of the evolved CO2 and (for water samples) H2 will be analyzed with a Finnigan MAT delta E triple-collector mass spectrometer (McCrea 1950).  Ostracode samples will be reacted with ultra-pure H3PO4 in an automated extraction devise (Kiel II) connected to a Finnigan MAT 252 IRMS.  Because carbonate mineralogy is a non-climatic or indirect climatic factor affecting 18O of sediments, X-ray diffraction analysis will be conducted to provide information on carbonate composition needed for paleoclimatic interpretations of 18O data.  The acid residue from the CO2 extraction of ostracodes for isotopic analyses will be used to measure trace-element composition with ICP-MS.
5.3.  Interpretation of the Paleo-record 

The sediment proxy data will be interpreted explicitly as climate, ecosystem, and fire states that can be used directly by ALFRESCO in calibration/validation and experimentation (Fig. 2).  Data interpretation will be done throughout the grant period, but most intensely in years 2-3.
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5.3.1.  Ecosystem history.  ALFRESCO ecosystem types will be assigned to sediment samples based on pollen, stomate and macrofossil data.  Ecosystem assignments using pollen data will follow rules developed as part of PAIN and CAPE (NSF-supported projects to describe circumarctic vegetation history, Edwards et al. in press; http://www.ngdc.noaa.gov/paleo/parcs/atlas/beringia/polldata.htm).  Stomate and macrofossil data will be used to confirm the local presence of P. glauca and Betula species.  Ecosystem assignments will be used to initialize model runs (9.5 ka and 8.5 ka) and to assess the realism of simulation results (9.5-8.5 ka and 8.5-6 ka) (Fig. 2).

5.3.2.  Fire history.  Of the parameters used to characterize fire regimes (frequency, intensity, severity and extent) only fire frequency will be estimated from the sediment charcoal record, following the general guidelines of Long et al. (1998).  Fire frequency information will be used in two ways (see below): 1) to calibrate the fire cycle subroutine in the calibration/validation period (9.5-8.5 ka), and 2) to assess the realism of simulated ALFRESCO fire history output for the experimentation period (8.5-6 ka) (Fig. 2).

5.3.3.  Climatic history.  The climatic interpretation of geochemical data will be aided by knowledge of:  1) the hydrologic and limnologic characteristics at each lake, described on the basis of field reconnaissance, topographic maps, and satellite images; 2) (18O and trace-element content of lake water and carbonates (both abiotically-precipitated carbonate and ostracodes) in surface sediments; and 3) calibration of geochemical records from 210Pb-dated cores, based on comparisons of geochemical trends at each site with instrumental weather data from the nearest weather station.  We will use the quantitative proxy-temperature data ((18O) to assign four temperature classes (Rupp 2000a, b) for ALFRESCO.  The coupling of Sr/Ca, Mg/Ca, and (18O data will help differentiate the signals of moisture vs temperature so that relative moisture classes can be assigned.  Since the temperature and precipitation classes of ALFRESCO have defined effects on vegetation and disturbance, a complete climatic record (i.e., explicit growing-season temperature and precipitation values) is not required.  Similarly, because ALFRESCO uses climate to drive ecosystem changes, only climatic trends (i.e., departures from the norm) are important.  
5.4.  Modeling and Integration with Paleo-records 

We will use ALFRESCO to test whether our understanding of the causes of the 8.5-6 ka. P. glauca fluctuation is both internally consistent and consistent with the paleo-data.  First, model development and validation will be done for the 9.5-8.5 ka period.  Second, the improved model will be used in a series of experiments that examine the role of causal factors for the 8.5-6 ka period.  Specifically, we will evaluate the relative effects of different factors (from migration rates to fire frequency to system feedbacks) by comparing paleo-records of ecosystem change with results of model experiments and by performing sensitivity tests.  Dr. Anthony Starfield, who developed the original non-spatial version of ALFRESCO (Starfield and Chapin 1996), is a consultant on the research in this study and will work with us to develop, validate and test the model (see attached letter).  Model development will begin in year 1, initially with tasks that do not depend on the application of paleo-data.  Model validation will be done mainly in years 2-3.  Model experiments will begin in year 3 and be completed in year 4.

5.4.1.  Model input.  ALFRESCO requires two types of input derived from the paleodata (Fig. 2).  The first consists of maps defining the initial distribution of ecosystems (tundra, P. glauca forest, and deciduous forest) across the study area at 9.5 ka and 8.5 ka.  These will be generated in a GIS, based upon point data from the paleorecords and our best estimate as to the spatial arrangement and extent of each ecosystem type in the study landscape.  The 9.5 ka ecosystem distribution will be used for initial model calibration and validation (see below).  The 8.5 ka distribution (which should be similar to the endpoint ecosystem distribution simulated during calibration and validation runs) will be the initial conditions for tests of causal factors.  The second input is a temporal record of paleoclimatic classifications derived from the geochemical analysis, beginning 9.5 ka.  We will use an interpolation procedure to express the geochemical reconstruction of climate in decadal time steps for ALFRESCO.  For each decade, growing-season temperature and precipitation classes will be mapped, using the same methods as for ecosystem distributions.  Thus the reconstructed climate will explicitly define the climate scenarios used in model simulations  (i.e., climate input will be “hardwired” rather than stochastically simulated).

5.4.2.  Model calibration and validation (9.5-8.5 ka).  Model calibration involves the development of logical and consistent rules and assumptions.  During calibration we will use the 9.5-8.5 ka paleo-record to parameterize the model, so that our assumptions and rules reflect the empirical data.  True validation of ALFRESCO is impossible due to the stochastic nature of the model (i.e., fire ignition and spread) and the strong influence of site history on stand and landscape-level dynamics.  However, we can show that the simulation results are reasonable and within the range of reconstructed observations.  Once validated in this sense, we will have confidence to test our understanding of the causal mechanism(s) responsible for the fluctuation in P. glauca.  

We will address two model-development tasks.  The first issue is to develop flammability algorithms for each ecosystem type, using fire-frequency information from the sediment record to inform the fire routine. The current model was calibrated to provide realistic values of the number of fires and area burned under currently observed vegetation and climatic conditions (Rupp et al. 2000b, c, d).  Changes are currently being made to the fire routine to better incorporate fire-history information and to provide more realistic simulations of the interactions among climate, vegetation, and fire (Rupp et al. in prep.).  We will use the charcoal analysis to develop a coarse resolution map of fire history for the study region for the period 9.5-8.5 ka.  Specifically, fire-frequency data will be used to calculate fire cycles (Van Wagner 1978, Johnson 1979, Yarie 1981) and to develop flammability algorithms for each ecosystem type (Rupp et al. in prep.).

The second model-development issue involves the simulation of the migration/recruitment process.  The long-standing disagreement between the rates of tree migrations observed in the paleo-record and those predicted from life history considerations has resulted in new insights into dispersal theory (Clark et al. 1998).  Current research identifies the need to represent both local and long-distance dispersal dynamics in models of landscape-level vegetation change (Clark et al. 1999a, b).  We propose to address this question by developing and testing several dispersal routines representing the current state of dispersal theory (i.e., Clark’s long-tail vs. maximum-threshold approach).  For example, we will conduct simulations using the long-tail dispersal theory (Clark) and compare the results to a maximum-threshold approach (ALFRESCO’s current approach).  From those results we can then develop alternative approaches for representing the dispersal process.  

Model validation will demonstrate that ALFRESCO is reasonably able to simulate the ecosystem patterns and migration trends indicated by the paleo-data from 9.5 to 8.5 ka.  Although, true validation will be impossible (see above), we will assess the ability of the model to: 1) realistically simulate an endpoint vegetation distribution similar to the reconstructed distribution at 8.5 ka, and 2) simulate reasonable migration rates for P. glauca.  A direct assessment of the simulated and reconstructed fire histories will not be conducted because the reconstructed fire history will be used to parameterize the model.  However, we will conduct a cursory model assessment for this period, focusing on the realism of the simulated spatial variability of fire across the study area and the sensitivity of fire to differences in regional climate and vegetational distribution.  
5.4.3.  Model experiments  (8.5-6 ka).  We will use the newly calibrated and validated version of ALFRESCO to test alternative explanations for the patterns and trends observed in Picea distribution on the landscape during the 8.5-6 ka period.  Our first task will be to simulate vegetational trends, given the initial (8.5 ka) ecosystem distribution and the climate scenario reconstructed from the geochemical analysis.  If we have properly calibrated and successfully validated the model, the simulation results should reflect the spatial and temporal changes in ecosystem distribution and fire frequency identified independently by the paleo-record.  In this assessment, the ecosystem assignments of pollen samples will be interpolated to decadal or multi-decadal intervals for comparison with the decadal time steps of model simulations.  In addition, because the sediment fire-frequency data will not be used internally by ALFRESCO during this period, these data can be used for comparison with the simulated fire history, providing an independent check on the model’s ability to realistically simulate past fire regimes.

Our second task will be to explore whether there is more than one plausible fit to the paleo-record, and, if so, to examine each as an alternative scenario.  This task will allow us to assess what processes and interactions were potentially responsible for the early-to-mid Holocene treeline changes and to evaluate the sensitivity of each identified mechanism.  For example, we may find that altering fire frequency (within the range of reconstructed observations) and/or using different dispersal methods (i.e., kernal vs long-tail) produce results similar to the historic observations.  Specifically, we will determine the relative importance of seed availability, migration rate, climatic constraints (on establishment), and fire spread in determining the spatial and temporal dynamics across the landscape.  As an example, a sensitivity test for the rate of species migration would systematically alter the migration rate (kilometers per decade), while keeping all other parameters constant.  

In summary, the integration of paleo-data and ALFRESCO will allow us to explore how climate, vegetation, and disturbance regime may have interacted in the past.  The paleo-data are a critical reality check on the validity of ALFRESCO, because they are the only data with a long enough temporal perspective to accurately evaluate changes in vegetation in response to climate.  Insights gained and improvements to the model will increase our ability to realistically simulate the future.  Real-world questions that can be better addressed using the improved model include:  How strongly does climatic warming affect a forest patch within tundra (i.e., a refugium) relative to a forest patch within forest?  Will large treeless patches, such as might be created by large fires, respond differently than small patches to climatic change?  Does the arrangement of patches matter to treeline advance (e.g., a uniform forest margin vs. scattered islands of trees or expansion along river corridors)?  And ultimately, under what circumstances can climate-vegetation-disturbance interactions result in nonlinear responses of sub-arctic landscapes to climatic change?

6.  SIGNIFICANCE OF EXPECTED RESULTS

The guiding motivation of the proposed research is to improve understanding of the coupled nature of the land and atmospheric systems in the Arctic.  It builds on years of research previously funded under ARCSS and is an ideal project for SIMS, the cross-disciplinary and integrating program within ARCSS. The expected results will meet ARCSS, LAII, and PARCS objectives in the following ways. 

The results will meet two objectives of ARCSS:  Objective 1)  by identifying processes that act on decade-to-century time scales to drive the distribution of sub-arctic, terrestrial ecosystems, and   Objective 3)  by applying a unique approach to model development and assessment that is not possible by measurements on current landscapes, thereby providing a critical test of a tool for predicting ecosystem responses to future changes.  

The detailed temporal and spatial records resulting from this research will specifically satisfy two PARCS Imperatives: Imperative 1)  by describing and understanding arctic environmental variability at temporal and spatial scales relevant to future change, and Imperative 5)  by evaluating the realism of a state-of-the-art numerical model used to predict ecological change on a regional basis.

Similarly, the research results will provide a temporal perspective to spatial investigations of the LAII ATLAS program by revealing the transient nature of several transitions between forest and tundra ecosystems.  We foresee clear links to other LAII activities.  For example, the improved ALFRESCO can be coupled with paleo-ARCSyM, which is also being tested with Alaskan paleo-records, to improve the understanding of ecosystem-atmosphere feedbacks on regional climate.

The improved knowledge of boreal forest-tundra dynamics in Alaska is an important step in understanding processes and mechanisms controlling circumarctic ecosystem responses to climate change.  The research will also provide an example of insights that can be derived from explicitly linking paleo-data and modern ecological modeling.  This approach can act as a template to be used in other northern areas or adapted for more temperate regions.
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Fig. 2.  Conceptual integration of paleo-data and ALFRESCO.  The input data sets will be derived and extrapolated from the climate and ecosystem interpretations of the proxy data.  The modeling component has two parts:  (a) calibration and validation for 9.5-8.5 ka, and (b) experimentation to test ecological understanding for 8.5-6 ka by comparing simulated and reconstructed ecosystem dynamics.  Light arrows indicates data used for model parameterization; dark arrows indicate independent data used to assess simulations
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Fig. 1. Map showing an example of east-west trends in Picea fluctuations in pollen records from central Alaska. The location of the study area is shown in the inset map.  The gray, vertical line in each pollen profile indicates 5-10%, the values that correspond roughly to location of treeline in the area today.
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� The proposed research directly addresses two of ARCSS 5-yr objectives: Objective 1) “Develop a comprehensive understanding of environmental variability in the Arctic through documentation of past changes and assessment of possible mechanisms responsible for the observed variations:” and Objective 3) “Incorporate our knowledge into predictive models of … environmental change in the Arctic.”  Our research design incorporates the ARCSS strategy of integrating observation, process, modeling, and assessment.  The work fits the goal of SIMS by: 1) integrating information from different disciplines at and across particular temporal and spatial scales; and 2) improving the ability to model mesocale system behavior. 








