

Draft 2


Project Description

Introduction

Regeneration is a biogeographical process by which populations of tree species are maintained across the landscape.  Each step of the regeneration process is influenced by the interaction of environmental factors such as light, temperature, moisture, nutrients, and disturbance regimes, as well as by biotic factors such as human land-use, herbivory, disease, competition, and mutualisms with other plants and animals (Barnes et al. 1998).   The importance of multiple environmental and biotic factors (inter)acting either across or within specific spatial and temporal scales is becoming increasingly recognized in the literature on vegetation dynamics (White 1979; Pickett and White 1985; Parker 1993; Spies and Turner 1999) This growing body of research shows that results obtained within specific time-space settings (i.e. contexts) should not necessarily be extrapolated across scales or from one place to another.  Therefore, it is imperative that research concerning the regeneration and dynamics of tree species seek to traverse spatial and temporal scales with multiple working hypotheses (Mladenoff and Stearns 1993).  For tree species such as Tsuga candensis L. (Carr.) (eastern hemlock), context is important when considering the status of its regeneration and dynamics (Mladenoff and Stearns 1993; Rooney and Waller 1998). 
To date, there has been no research which specifically examines the status of eastern hemlock regeneration in the southern Appalachian Mountains; in addition, relatively little work has detailed the stand dynamics of the species near its southern limit (notable exceptions include Lorimer 1980; Runkle 1981, 1982, 1998; Runkle and Yetter 1987).  Most research concerning eastern hemlock regeneration and dynamics has been conducted in the Great Lakes region and New England. Results from these studies point to a lack of eastern hemlock regeneration in some areas, which has traditionally been attributed to intense white-tailed deer (Odocoileus virginianus) browsing (e.g. Anderson and Loucks 1979; Frelich and Lorimer 1985; Alverson, Waller, and Solheim 1988).  While the negative effects of deer browsing on hemlock regeneration are still considered in the recent literature (Abrams and Orwig 1996; Rooney at al. 2000), many other factors are now concurrently being examined (e.g. land-use history, hemlock life-history characteristics, climate, and suitable substrates) as potential components of what could be a perceived and distinctly geographic problem. This proposed research will look at several lines of evidence across multiple spatial and temporal scales in the southern United States, which is a critical research need since most eastern hemlock studies have been conducted at one specific scale and in northern states (e.g. Wisconsin, Michigan, and Pennsylvania).      

The study of eastern hemlock regeneration and dynamics in southern Appalachian upland forests is intriguing for a number of reasons.  First, there has been very little research which examines the disturbance regimes operating within eastern hemlock forests, and no work has specifically looked at the regeneration of the species in the southern United States.  Second, eastern hemlock can be considered a keystone species.  The removal of such a species from southern Appalachian upland forests would have an enormous negative impact on many mammalian and avian species (Allen et al. 1987; Godman and Lancaster 1990; Rogers et al. 1990; Frelich and Lorimer 1991), including several increasingly threatened neotropical migrant birds.  This is especially true of eastern hemlock forests with old growth characteristics (Hooper 1978; Haney 1997; Mitchell 1999).  Even fishes such as the brook trout (Salvelinus fontinalis), would be negatively affected by the removal of eastern hemlock.  Streams running through eastern hemlock forests tend to be thermally and hydrologically more stable, and support greater invertebrate and fish populations than those of mixed hardwood forests (Snyder 2002).  Third, the impending invasion of southern eastern hemlock forests by the invasive and exotic hemlock woolly adelgid (Adelges tsugae Annand), a species that can cause tree death within four years (McClure 1991; Young, Shields, and Berlyn 1995), necessitates the acquisition of baseline data on these forest ecosystems for future monitoring and management.  Fourth, eastern hemlock may also be negatively impacted by global warming.  Research has shown that eastern hemlock is extremely sensitive to drought (i.e. its growth is negatively affected) (Cook and Jacoby 1977; Cook and Cole 1991; Parshall 1995).  Finally, several researchers have shown that highly contextual local or regional biotic and abiotic factors (e.g. white-tailed deer browsing, human land-use, disturbance regimes, and climate) can significantly affect eastern hemlock regeneration (Anderson and Loucks 1979; Mladenoff and Stearns 1993; Parshall 1995; Rooney and Waller 1998; Rooney et al. 2000; Ziegler 2002).  Therefore, a biogeographic approach is essential to our understanding of eastern hemlock regeneration and dynamics, and for maintaining the biological integrity of the region.                  
Our overall objective will be to examine the spatial and temporal variation in Tsuga canadensis L. (Carr.) (eastern hemlock) regeneration and dynamics in the upland forests of the southern Appalachian Mountains.  The research poses three main questions:  1) What are the spatial and temporal trends in regeneration and dynamics?; 2)  What environmental factors most influence regeneration?; and 3)  Are historical regeneration pulses related to favorable climatic episodes? 

Species Background


Tsuga canadensis L. (Carr.) (eastern hemlock) is a long-lived and shade tolerant coniferous tree species of eastern North America.  The species ranges from Nova Scotia to eastern Minnesota and extends south along the Appalachian mountain system to northern Alabama and Georgia, with disjunct populations to the east and west of this range.  Within its natural range, eastern hemlock can be found up to approximately 914 m elevation in the north and between 610 m and 1500 m in the south.  In the southern Appalachian Mountains, eastern hemlock is typically found in mixed-hardwood or pure stands located within moist cool valleys and ravines, but also along rock outcrops and north facing ridges (Little 1998; Kemp 1998).
Logging practices (i.e. clearcutting) of the late 19th and early 20th century may have eliminated eastern hemlock seed banks in some areas of the South.  Eastern hemlock was logged for the tannin in its bark (used for tanning hides) and for making paper (Kemp 1998).  The destruction of eastern hemlock seed banks by past logging practices has been documented as a possible control on the contemporary regeneration of the species in northern areas (Mladenoff and Stearns 1993; Rooney and Waller 1998).  As a result of this logging and seed bank elimination, there may also have been changes in the nutrient cycling regime in these areas that were once dominated by conifer litter and now have a more purely deciduous litter.  The dynamics of nutrient mineralization have been shown to be different between patches of eastern hemlock and hardwoods (Mladenoff 1987; Frelich et al. 1993).  Catovsky and Bazzaz (2000, 2002), through lab experiments and empirically based field studies, have shown that unamended soils (and low light levels), which are conditions found in eastern hemlock stands, favor seedlings of that species to the near exclusion of others.   Therefore, the authors argue for the existence of a positive feedback in eastern hemlock stands.  
While eastern hemlock canopy trees produce large seed crops every two to three years (Hough 1960), successful germination and subsequent recruitment into larger size classes requires a consistent source of moisture (Rogers 1978; Mladenoff and Stearns 1993).  Exposed mineral soils that are moist, such as north facing road cuts (or trail cuts) and steep slopes, may provide suitable substrates (Mladenoff and Stearns 1993).  Proximity to water sources or the presence of substrates that retain moisture (e.g. decaying wood and moss beds) have also been deemed essential factors behind successful eastern hemlock regeneration (Rogers 1978; Rooney and Waller 1998).  Because eastern hemlock seedlings grow slowly for the first 10-15 years (Mladenoff and Stearns 1993) interruption of the moisture supply by unfavorable climatic episodes (i.e. prolonged drought), may result in mortality by desiccation of the species’ shallow roots (Coffman 1978).  Research on the growth-response of eastern hemlock shows a positive correlation with rainfall on well-drained sites, but a negative association with summer temperatures, a result that is consistent with the expected drought response of trees as temperature increases (Cook and Cole 1991; Tardiff, Brisson, and Bergeron 2001).  Parshall (1995) also found a correlation between drought and eastern hemlock release events, showing a growth lag of 2-3 years following drought in upper Michigan.  
Assuming its environmental requirements are met, eastern hemlock regenerates where gap-phase (small scale) processes are favored; that is, where large or severe disturbances are rare (Frelich 2002).  Gap-phase regeneration is typically initiated by tree death or wind disturbance, which removes one or more trees from the forest canopy, resulting in increased resources and growing space for those individuals growing in the gap.  Gap-scale processes have been deemed important for allowing certain species, especially shade-tolerant individuals, to persist in an area (Runkle and Yetter 1987).  In the southern Appalachian Mountains, eastern hemlock has shown the highest probability of increase (high ratio of sapling percentage to canopy percentage) in gaps (Runkle 1998), especially since the species typically establishes beneath a closed forest canopy and persists as advanced regeneration.  This idea is reinforced by findings from northern Michigan where eastern hemlock has been found to increase in dominance across size classes independently of major disturbances (Woods 2000a, 2000b).  Since eastern hemlock stands appear to depend on small disturbance patches (gaps) for regeneration, and often have a relatively constant disturbance rate over time, this may indicate that these forests fit the quasi-equilibrium concept (Shugart 1984; Frelich and Graumlich 1994; Ziegler 2002).   
Study area

The proposed research will be conducted within Great Smoky Mountains National Park (GSMNP).  GSMNP, straddling the mountains of eastern Tennessee and western North Carolina (Figure 1), was designated a National Park in 1934.  The park was also designated an International Biosphere Reserve (1976) and a World Heritage Site (1983).  At 2080 sq km, GSMNP is one of the largest protected areas in the eastern United States.  In addition to being world-renowned for its plant and animal diversity, GSMNP has also been touted as the most biologically diverse national park in the United States (Houk 1993).     

With as many as 135 native tree species occurring in GSMNP (Houk 1993; Kemp 1998), forest cover varies significantly with elevation.  At the highest elevations (above 1371 m) spruce-fir forest is dominant.  As elevation decreases, the spruce-fir forest blends into northern hardwoods and eastern hemlock.  On drier mid-to-low elevation slopes a pine-oak forest persists.  At the lowest elevations, cove hardwoods come to dominate on moist sites.  Despite the logging boom from approximately 1885-1939, many biologists assert that 90% of the old growth forest remaining in the eastern United States lies within GSMNP (Kemp 1998).
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Figure 1.  Proposed study area at Great Smoky Mountains National Park
Research Objectives

Objective 1.  The first objective is to characterize contemporary spatial patterns of eastern hemlock regeneration in the upland forests of the southeastern United States at the local and landscape scales. 
Research Questions

 Specific questions we will address include:  1) How do patterns of regeneration vary within and across sites? and 2) What environmental factors most influence regeneration at the landscape scale?

The distribution of eastern hemlock regeneration has been described as sparse or infrequent in northern areas (Rogers 1978; Kavanagh and Kellman 1986; Rooney et al. 2000; Orwig et al. 2001).  However, successful regeneration has been observed in some areas of the north (Brown, Castaneda, and Hindle 1982; Woods 2000a).  Kavanagh and Kellman (1986), who compared populations from the center and northern limits of eastern hemlock’s range, observed that eastern hemlock recruitment is occurring at the center of the species’ range, but that very little recruitment is occurring at the northern limit.  Thus, important geographic differences exist in eastern hemlock regeneration throughout the species range.

Analyses of local scale spatial pattern show that eastern hemlock regeneration is significantly clumped (Brown, Castaneda, and Hindle 1982; Rooney and Waller 1998) and that clumping is more pronounced in some areas than others (i.e. regeneration is heterogenous).  Rooney and Waller (1998) believe that because of this highly clumped regeneration pattern, the use of small quadrat sizes and local scale study designs may have led to some of the past reports of poor eastern hemlock regeneration.  One possible factor behind the spatial clumping of eastern hemlock regeneration may be its affinity for particular substrates such as rotten wood, the presence of which is associated with the highest densities of seedlings in closed canopy hemlock and hemlock-hardwood forests (Brown, Castaneda, and Hindle 1982; Rooney and Waller 1998).  However, the importance of different substrate types may be highly contextual (Rooney and Waller 1998).      

In addition to substrate type, other environmental factors will be explored to help explain the pattern of eastern hemlock regeneration.  Research from the Great Lakes region shows that eastern hemlock regeneration at a local scale responds favorably to increases in light availability and to pure conifer litter, as opposed to mixed or pure deciduous litter; but much of the variation in seedling establishment remains unexplained (Rooney et al. 2000).  The authors suggest that soil variables such as moisture and texture should be explored in future research.  At the regional scale, white-tailed deer browsing and ecological subsection seem to significantly influence eastern hemlock regeneration (Rooney et al. 2000)    In GSMNP, field observations suggest that eastern hemlock regeneration is significant in mixed hardwood stands (mixed litter), but sparse in older hemlock stands.  Also, deer browsing does not seem to be a problem, since there is no evidence of browse pressure or deer fecal matter in observed stands.  Using an analytical framework modeled after Rooney and Waller 1998 and Rooney et al. 2000, we will examine the local scale spatial patterns of eastern hemlock regeneration and the possible environmental factors underlying these patterns in southern Appalachian upland forests.  

Methods

A total of 50 to 75 regeneration plots will be established within eastern hemlock stands in Great Smoky Mountains National Park (GSMNP).  These stands, representing old growth and second growth (≥ 100 years old) eastern hemlock forests, will be selected from known eastern hemlock areas as identified by GSMNP.  Plots will be selected based on elevation, aspect, old growth versus second growth, and species composition (pure eastern hemlock or mixed stand), in order to obtain a sample representative of the range of conditions found in the area.  The plots will be located parallel to slope contours and at least 10 m from stand transitions to minimize environmental heterogeneity.

Each plot, measuring 14x21 m and comprised of a 2x3 arrangement of 7x7 m quadrats, will be used to examine spatial patterns of regeneration within and across sites.  Data collected within these plots will also be used to examine landscape controls on eastern hemlock regeneration.    By adopting a research design that is similar to previous researchers (i.e. Rooney and Waller 1998; Rooney et al. 2000), we will be able to make direct comparisons to findings from eastern hemlock forests in the Great Lakes region, where most studies of eastern hemlock regeneration and dynamics have occurred.  

Environmental data to be collected within each plot include: location (by GPS at plot center), topographic parameters (aspect, elevation, slope steepness, and slope position at plot center), percent light availability (hemispherical photograph from plot center), a soil sample for physical and chemical analysis (at plot center), litter depth (mm) and type (pure eastern hemlock, mixed, or pure deciduous litter within each quadrat), and regeneration substrate (forest floor, decaying wood, or raised mound within each quadrat).
Topographic parameters to be recorded are aspect (degrees azimuth), elevation (meters), slope steepness (percent), and slope position (TRMI units) (Parker 1982). Hemispherical photographs taken from the center of each quadrat will be analyzed using CANOPY image analysis software at the Institute of Ecology, University of Georgia.  This analysis will allow us to relate percent light availability to regeneration abundance.  Soil samples will be processed at the Laboratory for Environmental Analysis, University of Georgia.  Soil analyses will examine texture, pH, and percentages of C, N, P, and K. 
Eastern hemlock seedlings and saplings will be inventoried and categorized based on four size classes:  4-9 cm; 10-29 cm; 30-99 cm; and 100-300 cm (after Rooney et al. 2000).  The basal area and density of all tree species will also be inventoried.  Percent cover of non-tree species (e.g. rhododendron) will be measured using the line-intercept method along the long axis of each plot, providing 63 m of line per plot.    

Variance-to-mean ratios will be used to determine if eastern hemlock stems within each of the four regeneration size classes (4-9 cm, 10-29 cm, 30-99 cm, and 100-300 cm) show a uniform, random, or clumped spatial pattern within sites.  The variance-to-mean ratio was chosen as an index of dispersion because it is relatively robust and simple to calculate (Krebs 1999; McGrew, Jr. and Monroe 2000).  To test for a difference in spatial patterns across sites we will use the non-parametric Kruskal-Wallis test.      


Ordinary least squares (OLS) regression with diagnostics for spatial effects will be used to analyze landscape scale controls on eastern hemlock regeneration.  Variable transformations will be applied where it is necessary to meet the assumptions of OLS regression.  The dependent variable for separate OLS models will be the abundance of eastern hemlock stems within each of the four size-class categories:  4-9 cm; 10-29 cm; 30-99 cm; and 100-300 cm.  Candidate independent variables will include location, region (1 = west, 0 = east of U.S. 441) aspect, elevation, slope steepness and position (1 = ridge top, 0 = upper slope; 1 = middle/lower slope, 0 = valley bottom), average percent light availability, percent carbon, percent nitrogen, percent phosphorus, percent potassium, average litter depth, percent occurrence of each litter type, percent occurrence of regeneration substrate, basal area of eastern hemlock and other species, and percent cover of non-tree species.  U.S. 441 was chosen as an independent variable because of its biogeograhical importance.  This highway bisects GSMNP, separating a region with large areas of old growth forest (eastern side of the park) from a region with relatively little old growth forest (western side of the park).  Thus, the regional dummy variable will indirectly represent differences in historical landuse.  Using a best subsets regression approach, only independent variables significant at p<0.05 will be retained in the final explanatory models. 
Objective 2.  The second objective is to relate historical eastern hemlock regeneration with stand disturbance history and climatic variability in the upland forests of the southeastern United States.

Research Questions


Specific questions we will address include:  1) How frequent and severe are canopy disturbances in eastern hemlock forests of the southeast?; 2) Does a relationship exist between stand disturbance history and regeneration pulses?; 3) Are there spatial and temporal variations in eastern hemlock dynamics?; and 4) Does a relationship exist between favorable climatic episodes and regeneration pulses? 

Growth patterns of individual stems will be examined in order to characterize the frequency and severity of canopy disturbances as they relate to disturbance regime and historical regeneration in eastern hemlock forests (Lorimer and Frelich 1989; Parshall 1995; Ziegler 2002).  Age-structures and stem maps will supplement these data and help illuminate important spatial and temporal features of the disturbance regime(s) (Lorimer 1984) and historical regeneration in eastern hemlock forests of GSMNP.  These data will also show if there is indeed variation in disturbance regime(s) and regeneration over space or time.    

While successful regeneration may be the result of disturbance (Lorimer 1980; Runkle 1981, 1982, 1998; Runkle and Yetter 1987), it can also be the result of favorable climatic episodes.  Age-structure data will be used to assess the relationship between historical regeneration pulses, if present, and climatic variables such as temperature and precipitation.  Other researchers have found a link between tree regeneration and climate (Zackrisson et al. 1995; Hessl and Baker 1997).       

Methods

A subset of 8 to10 of the areas sampled for contemporary eastern hemlock regeneration will be selected for detailed stand disturbance history reconstruction.  Stands will be selected with regard for criteria determined in objective 1 in order to provide good representation of the range of conditions found in the study area.  Circular disturbance plots will originate from the center of the regeneration plots and their size will vary according to stand density to ensure that at least 30 canopy trees (dominant and codominant trees) are within each plot.   For this research, dominant and codominant trees represent those that form the irregular surface of the forest canopy, including those in gaps.  All other trees will be categorized as suppressed or overtopped (Ziegler 2002).   

Within each disturbance plot all tree species ≥10 cm in diameter at breast height (dbh = 1.4 m) will be identified, classified (dominant, codominant, suppressed or overtopped) and mapped.  Trees of dominant and codominant canopy status will be cored at 30 cm above the ground.  Increment cores will be used to construct age-structures and a disturbance chronology for each stand.  This will allow us to reconstruct historical mortality and recruitment as it relates to the disturbance regime in each stand.   Stem maps will facilitate the visualization of forest structure and help supplement the interpretation of eastern hemlock disturbance regimes.

One increment core will be extracted from approximately 30 canopy trees at 30 cm coring height.  Obtaining increment cores from at least 30 trees will reduce the chance of missing an age cohort to 5% or less in complex stands (Frelich 2002).  In the laboratory, increment cores will be air-dried, mounted, sanded with progressively finer-grit sand paper (Stokes and Smiley 1968; Phipps 1985), and measured with a computer-based image analysis system (OPTIMASTM).
Using the criteria of Lorimer and Frelich (1989), radial-growth patterns will be graphed and examined for periods of rapid early growth, suppression, and release in order to assign canopy accession dates to sampled trees.  First, we will assume shade intolerant trees were in a canopy gap from the start; therefore, total tree age will approximate the time of the disturbance, and the canopy accession date will be that of the pith at 30 cm coring height.  Second, all cores will be examined for releases from suppression.  The canopy accession dates for releases from suppression will be assigned as the year in which the growth release began.  Finally, any remaining cores that did not qualify for rapid early growth or release (and assigned a canopy accession date) will be examined using criteria for complex or ambiguous growth patterns (Lorimer and Frelich 1989).  To separate growth releases due to canopy accession from releases due to canopy expansion, we will assume a tree was already in the canopy if the dbh of the tree is greater than a threshold value.  This threshold is determined from the size-structure of the stands.   The criteria used at each step in the disturbance chronology construction help to distinguish disturbance events from short-term climatic variability (Lorimer and Frelich 1989; Parshall 1995; Ziegler 2002).
Once canopy accession dates have been determined, a disturbance chronology will be prepared for each stand showing the percentage of sample trees that have entered the canopy (i.e. canopy accession) during a given decade (Lorimer and Frelich 1989).  Decadal increments are typically used in disturbance chronologies to avoid problems with missing rings and differential responses to gaps (Lorimer and Frelich 1989; Parshall 1995; Frelich 2002).  The disturbance chronologies will allow us to characterize disturbance frequency and severity for each stand.  Specifically, we will be able to calculate the rate of canopy turnover (conversion to gaps) disturbance intensity (related to severity), and mean residence times of canopy trees (inverse of the disturbance intensity).  Any spatial or temporal variation in disturbance regime(s) parameters, if present, will also be recorded in the disturbance chronologies.  The Kruskal-Wallis test will be used to test for spatial and temporal variation in disturbance regime(s) parameters between stands.  
Age-structure data will also be plotted to determine whether regeneration has been episodic or constant throughout the study area.  Any temporal trends in regeneration will be related to seasonal climatic variables over the instrumental record by logistic regression.  Candidate climatic variables will include mean temperature and precipitation for fall (October-December), winter (January-March), spring (April-June), and summer (July-September).  Logistic regression will be used to predict the probability of seedling establishment (1 = at least one tree established, 0 = no trees established) during a given year from temperature and precipitation variables (after Hessl and Baker 1997).  This should identify climatic conditions associated with successful eastern hemlock regeneration across a mosaic of stand histories and environmental gradients in the study area.  
Significance of Proposed Research

The proposed research examining eastern hemlock regeneration and dynamics offers an opportunity to explore population and community processes across spatial and temporal scales, while providing us with a record of the historical range of variability in these forest ecosystems.  Moreover, this research will extend our knowledge of eastern hemlock regeneration and dynamics at the southern end of the species range, a critical research need since most eastern hemlock studies have been conducted in the Great Lakes region and New England.  With impending climate changes and invasion of eastern hemlock stands in the southern United States by the hemlock woolly adelgid (Adelges tsugae Annand), it is important that we obtain baseline data on these forests in order to monitor future changes in these eastern hemlock systems.      


Specifically, results of this research will elucidate the spatial patterns of eastern hemlock regeneration within and across sites while also illuminating environmental factors and climatic conditions critical to the establishment and growth of the species.  Results obtained from stand history reconstructions will provide us with information on the nature of disturbance regimes and historical regeneration in southern eastern hemlock forests.  These data will provide land managers with information necessary to promote areas with successful regeneration while improving conditions in areas where regeneration is failing.  The historical record of regeneration will also prove useful to predict future eastern hemlock population responses to changes in climate.  
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