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ABSTRACT


Chapter I of this thesis examines temporal and spatial relationships between catastrophic and endemic wind damage. A single catastrophic event is compared to endemic wind disturbance over a 1 year, 5 year, 10 year, and total time period. I draw conclusions based on total and uprooted CWD estimates resulting from both events. Volumes are mapped and spatial patterns are analyzed as a function of topography, soil, and stand characteristics.

 
A comparison of CWD volume resulting from endemic and catastrophic wind indicates that 4.4-9.5 years of endemic disturbance is equivalent to the damage sustained from the 1938 hurricane and qualitative differences exist between the disturbance events. Logistic regression predicts that spatial patterns of disturbance are dictated by the same factors for both types of events. 


The results signify that endemic wind disturbance may have a more important role in ecosystem function in the northeastern United States than previous thought. Of particular importance in this research is the recognition that there is potential to overestimate the impact of disturbances due to an inability to identify and isolate causes of mortality. 

Chapter II details a study that was conducted to date boles and other CWD found on the forest floor based on decay class. Chi squared tests of independence indicate that species class and diameter are significantly correlated with decay rate. Softwoods take approximately 1.7 times longer to decay than hardwoods. A table is provided as a resource that can guide estimates of CWD contributed to Bartlett Experimental Forest over time based on decay class. This guide is useful for short-term estimates, and its effectiveness decreases with time since no decomposition rate is incorporated into the model. 

INTRODUCTION


Stand dynamics interest ecologists because it defines the structure and composition of forests. Wind disturbance, in particular, can make sweeping changes to a landscape at different spatial and temporal scales and is an important component of temperate forests (Runkle 1985; Worrall et al. 2005); it plays a vital role in nutrient cycling (Harmon et al. 1986; Maser et al. 1988), provides plant and wildlife habitat benefits (Harmon et al. 1986; Maser et al. 1988), and can dictate the present and future composition and abundance of vegetation (Goodlet 1954; McClure and Lee 1993; Peterson and Pickett 1995).

Meteorology (Savill 1983; Miller 1985; Ruel 1995), topography (Foster and Reiners 1983; MacKenzie 1974; Foster 1988a), soil (Bromley 1939; Fraser and Gardiner 1967; Mergen 1954), stand characteristics (Rowlands 1941; Savill 1983; King 1986; Foster 1988b), tree condition, (Falinski 1978; Spaulding et al. 1932; Mayer 1989; Coutts 1986; Petty and Worrell 1981; Petty and Swain 1985), anthropogenic influences (Savill 1983; Foster et al. 1997; Foster et al. 1998; Fuller et al. 1998), and the complex interactions between these factors can have immediate and long term influences on the presence and amount of wind disturbance at different sites and scales.


Types of wind damage, or “methods of mortality” (Cogbill personal communication), occur through “stem breakage,” “stock (base of stem) breakage,” “root breakage,” and “tree throw” (Mayer 1989, 93). Often a windthrow-windsnap classification is used to reduce challenges differentiating between types of damage in the field (Mayer 1989). Mattheck et al. (1995) provide an accessible overview that details some of many considerations contributing to different types of wind damage. Further challenges arise when attempting to establish the cause or date of mortality, particularly as time elapses (Dynesius and Jonsson 1991).  

Trends in the frequency, intensity, and spatial distribution of wind damage are a reflection of the disturbance regimes that typify a region (Worrell et al. 2005) and the turbulence that accompanies such events (Moen 1974; Savill 1983; Gardiner 1995). Catastrophic winds are “very high speed winds that occur at infrequent intervals causing intense but often localized damage” (Mitchell 2000, 1). Endemic winds are moderate winds (45-67 mph) that occur annually (Miller 1985, 1986a, 1986b; Mitchell 2000) to every few years (Mitchell 2000). Chronic wind stress occurs when root and crown damage from tree sway degrades and eventually kills trees (Harrington 1986; Worrell et al. 2005). Fir waves are wind-induced mortality that occur in high elevation spruce-fir forests and share many of the characteristics exhibited by chronic wind stress (Sprugel 1976; Harrington 1986).

CHAPTER 1: A COMPARISON BETWEEN ENDEMIC AND CATASTROPHIC WIND

Introduction

Wind is an important disturbance regime in northern hardwoods (Woods 2004; Tyrrell and Crow 1994) and has been critical to the ecological makeup of New England forests (Foster 1988a). Wind results in catastrophic blowdown (Foster and Boose 1992), both small and large gaps (Bormann and Likens 1979; Foster and Reiners 1983; Reiners and Lang 1979; Harrington 1986; Worrell et al. 2005), fir waves (Sprugal 1976; Foster and Reiners 1983) and chronic wind stress (Harrington 1986; Worrell et al 2005). Since autogenic processes are not responsible for major changes in forest composition in New Hampshire (Henry and Swain 1974), natural disturbance plays an even greater role. 

There are multiple classifications and subclassifications defining wind events; Fürst (1893) uses three categories: winds (<45miles/hr, 66ft/sec), storms (45 miles/hr-79miles/hr, 66-116ft/sec), and hurricanes (>79 miles/hr, 116 ft/sec) (Hubert 1918) while the Beaufort scale uses 12.  Some types of wind events (tornado, hurricane, nor’easter, etc.) resist unified definitions. For example, hurricanes can use the Fujita scale (Fujita 1971), a hurricane/major hurricane dichotomy, or the Saffir/Simpson scale (Elsner and Kara 1999).


The hurricane of 1938 was one of the country’s most costly hurricanes financially and in terms of human lives (Elsner and Kara 1999). It was an event that caused an immediate and dramatic visual impact on the New England landscape (Minsinger 1988). As a result, the hurricane has garnered much attention and the impacts have been approached through a myriad of studies (Jensen 1941a; Smith 1946; Spurr 1956; Henry and Swain 1974; Foster 1988a, 1988b; Merrens and Peart 1992; Foster et al. 1997; Foster et al. 1998; Boose et al. 2001). Despite the research focus, there is some contention and uncertainty as to the precise role wind plays in northern hardwood forests in part because of the spatial patterns of damage.  A wind event of certain intensity can result in large gaps or single-tree mortality across a region (Runkle 1985; Foster et Boose 1992; Boose et al. 1994). Consequently, studies of the same event can produce different results depending on the damage at the study sites. 

In other northern hardwood regions west of New England, catastrophic events contribute to the landscape disturbance mosaic, but it is not the dominant characteristic of the land. Instead, “partial disturbance” has dominated the landscape (Frelich and Lorimer 1991, 228). 

Researchers have used a number of terms to define non-catastrophic wind disturbance (hereafter called endemic disturbance) – “attritional damage” (MacKenzie 1974, 110; Savill 1983, 475), “partial disturbance” (Frelich and Lorimer 1991, 228), “baseline mortality” (Woods 2004, 465) or “endemic wind” disturbance (Savill 1983, 475; Miller 1985, 3, 1986b, 66). Each term has a slightly different origin and definition, but the concept of small-scale annual wind damage is one that is revisited throughout windthrow literature across temperate forests. 

Endemic wind poses a significant risk to stands in the UK (Booth 1977, Miller 1985, 1986a, 1986b), Canada (Mitchell 2000; Ruel et al. 2000), throughout most of the northern United States (Hubert 1918; Veblen et al. 1991; Frelich and Lorimer 1991), Scandinavia (Savill 1983; Peltonen 1999), and New Zealand (Moore and Quine 2000). In response, there has been ongoing research in many of these areas intended to improve management practices and increase the understanding of wind disturbance processes. However, in the northeastern United States endemic wind disturbance has not been examined with the same scrutiny as catastrophic wind disturbance.

Hurricanes track through New England every 10-20 years with major hurricanes landing at 70-100 year intervals (Foster 1988a; Brooks 1939). Other studies describe hurricanes on the Fujita scale (Fujita 1971), documenting return intervals from 5-360< years depending on the intensity (F0-F2) and location of the storm (Boose et al. 2001) (Table 1.1). 

Endemic wind in New England consists mainly of nor’easters classified on the Dolan-Davis Scale and thunderstorm related events (downburst and hailstorms) that occur frequently (NHOEM 2000; Bormann and Likens 1979b; Smith 1946; Table 1.2).

Literature on hurricane disturbance history and individual events in New England is abundant (Elsner and Kara 1999; Minsinger 1988; Forest Service 1941; Boose et al. 2001; Donnelly et al. 2001). In contrast, there is sparse literature on endemic wind, despite a recognition that areas of New Hampshire are subject to “frequent” wind disturbance on a “modest scale” (Bormann and 

Table 1.1: Hurricane Return Intervals (Boose et al. 2001, Elsner and Kara 1999)

	Intensity
	Wind Speed
	Interval

	F-Scale
	Mph
	M s-1
	Years

	F0
	40-72
	18-33
	5-85

	F1
	73-112
	33-50
	10-200+

	F2
	113-157
	50-70
	85-380+


Table 1.2: Nor’easter Return Intervals (NHOEM 2000)

	Intensity
	Average Peak Wave Height
	Interval

	Dolan-Davis Scale
	Feet
	Time

	Weak
	4.6
	3 days

	Moderate
	6.2
	1 month

	Significant
	10.6
	9 months

	Severe
	16.4
	11 years

	Extreme
	23.0
	100 years


Likens 1979b, 664). It is less clear what, if any, significant role endemic wind plays in the northeast. Until endemic wind damage is quantified, its impact is unknown.

The aim of this research is to quantify and compare the amount (volume) of damage caused by endemic and catastrophic wind events in Bartlett Experimental Forest (BEF) and account for spatial differences as a function of soil type, topographic exposure (Hannah et al. 1995; Quine and White 1998; Dornier 2001; Ruel et al. 2002; Ruel personal communication), and stand characteristics. The 1938 hurricane affected the equivalent of 10 years of harvesting at the time (Jensen 1939). Other parts of the world, such as British Columbia, find that endemic wind disturbance contributes enough damage (4 % of the annual cut) to consider it in management decisions (Ruel 1995 see Mitchell 1993). Prior to this study, the damage from small-scale annual wind events in New England northern hardwood forests was unknown. Assuming 40ft3/acre/year constitutes a sustainable harvest in the region, wind can damage 35-46% of what could otherwise be cut (Table 1.3). By formulating a better understanding of wind disturbance impacts and spatial patterns in northern hardwoods, land managers can make more informed, conscious management decisions.

Table 1.3: Endemic disturbance as a percent of sustainable harvest
	Endemic Disturbance
	/
	Sustainable harvest
	X 100
	=
	Percent of sustainable harvest

	13.9 ft3/acre/year
	/
	40ft3/acre/year
	X 100
	=
	34.8

	18.4 ft3/acre/year
	/
	40ft3/acre/year
	X 100
	=
	46.0


Methods

Field Research was conducted in the 2,600 acre Bartlett Experimental Forest (BEF) located south of Bartlett, New Hampshire (44°03΄N, 71°17΄W) in the 

White Mountain National Forest (Figure 1.1). Elevations range from 680 to 2995 feet (Filip and Little 1971). Temperatures fluctuate annually from the -30s F° in winter to summer highs in the 90s F° (Filip and Little 1971). Annual precipitation is 50 inches and increases with elevation; snow accumulation accounts for one third of all moisture (Filip and Little 1971). 

The BEF is nestled within the humid temperate domain (McNab and Avers 1994), bordering the Laurentian Mixed Forest Province at the provincial scale (McNab and Avers 1994). It is representative of New England hardwood ecosystems and encompasses 65 native trees and shrubs (Filip and Little 1971). The primary forest type is sugar maple-beech-yellow birch (Acer saccharum-Fagus grandifolia-Betula alleghaniensis) (Filip and Little 1971). However, varied site conditions result in spruce-fir (Picea spp.-Abies spp.), mixed hardwood-softwood (hemlock, balsam fir, spruce)(Tsuga Canadensis, Abies balsamea), as well as white pine (Pinus strobus) and oak (Qurcus spp.)(Gamal-Eldin 1998).

Parent material is granite and gneiss derived glacial till (Gamal-Eldin 1998). Soils are spodosols (Gamal-Eldin 1998); they are predominantly well-drained sandy loams with some moderately and poorly drained soils (Filip and Little 1971)(Table 1.4). Four habitat types compose almost 70 percent of the

Figure 1.1: Bartlett Experimental Forest
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Table 1.4: Bartlett Soils and Soil Classification

	Shallow hardpan
	Soil Series #
	High Risk
	Soil Series #
	Low Risk
	Soil Series #

	Soil Class 1 (Shallow hardpan)
	
	Soil Class 2 (medium-poorly drained)
	
	Soil Class 3 (well drained)
	

	Peru fine sandy loam, all slopes, very stony
	79
	Monadnock fine sandy loam, all slopes, very stony
	143
	Tunbridge-Lyman complex, all slopes, very stony
	90

	Marlow fine sandy loam, all slopes, very stony
	77
	Bangor silt loam Variant (lacustrine substratum), all slopes very stony
	282
	Berkshire-Tunbridge Complex, all slopes, very stony
	281

	Peacham muck, all slopes, very stony
	549
	Berkshire fine sandy loam, all slopes, very stony
	73
	Tunbridge-Lyman-Rock Outcrop complex, all slopes
	61

	
	
	Tunbridge- Berkshire-Lyman Complex, all slopes
	670
	Lyme fine sandy loam, all slopes, very stony
	247

	
	
	Sunapee fine sandy loam Variant (silty substratum), all slopes, very stony
	283
	Saddleback-Glebe-Ricker complex, all slopes, very stony
	836

	
	
	Sunapee fine sandy loam, all slopes, (sandy substratum) very stony
	169
	
	


27 plots excluded from lack of information - Soil Series 647 (n=13)and unknown (n=14)

 forest; shallow bedrock or ledge, wet compact till, dry compact till, and fine till (Leak 1982). A detailed description of habitats and associated soil types are provided by Leak (1982).  


The Forest Service established 500 permanent fixed plots covering 5% of the forest in 1931-32 for silvicultural research (Jensen 1941b; Gamal-Eldin 1998). Plots were established 5 chains apart in rows spaced at 10 chains (Figure 1.2

 REF _Ref101237814 \h 
 \* MERGEFORMAT ). In the eastern portion of the forest, plots are oriented north-south and in the western portion of the forest, they are oriented east-west (Figure 1.2 REF _Ref101237814 \h 
 \* MERGEFORMAT ).

Data. All field data were entered by hand into Microsoft Excel. The Forest Service provided additional data in Excel format or as Arcview coverages. Microsoft Excel and R (R Development Core Team 2004; Deepayan Sarkar 2004) were used for standardization and analysis. A description of changes is included in Appendix 1. 

CWD Inventory 2004. Fieldwork quantifying endemic wind damage was conducted between June-August 2004. It consisted of using line intersect sampling (LIS) (Warren and Olsen 1964; Beers and Miller 1976; Husch et al. 2003; Tritton 1980) along transects that connected BEF permanent plots. We collected location, elevation, size, mortality, and species type data for all coarse woody debris (CWD). CWD was defined as woody detritus greater than 3 inches (Harmon and Sexton 1996). 

Figure 1.2 Bartlett Experimental Forest Transects
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Random plots were selected as starting points in the eastern and western portion of the forest. Every other transect was tallied, and adjacent transects were staggered to provide even spatial coverage (Figure 1.2

 REF _Ref101237814 \h 
).

The location of each piece of wood was recorded along the transect. Distance was calculated from the intersection of the log and transect to the tip and base of the stem then summed to find the total length of the log. If the stem was at a noticeable angle off the horizontal, calculations were made to correct for length. Large and small end diameters were measured. Multiple diameter measurements were taken to account for the irregularity that occurs during decay, and fall direction was determined by holding a compass above the log. The distance and direction to a stump was recorded if the stump was identified. Damage code, modified from the 1938 Forest Service inventory (Appendix 4) was also noted.

A Haglöf Vertex III was used for all distance, height, and angle measurements. Bearings were shot with a Suunto MC-2DL Navigator compass, and calipers were used to measure diameter at breast height (dbh). Compartment and plot locations were identified by map. Overstory or understory status of downed wood was established visually. Decay class was determined based on a system used by Cogbill (personal communication) and others (Pyle and Brown 1998, 1999) (See chapter 2) in the northeast but modified for this study. Method of mortality was loosely based on criteria used by Cogbill in his research (personal communication). Elevation, habitat, and soil data was based on information provided by the Forest Service or otherwise published (Leak 1982).

Analysis. Honer’s volume equation and associated species coefficients (Honer 1967) (Figure 1.3) were used to calculate the volume of each log that was tallied. Honer did not calculate coefficients for some northeastern species, so I substituted species with similar growth characteristics where necessary (Appendix 1). Honer’s equation was used to calculate volume rather than other common equations, such as Smalian's formula, because 1938 inventory data did not include small end diameter. It was important that any comparison between studies is as uniform as possible and Honer’s equation was a formula that could be applied to both 1939-40 and 2004 data. In addition, the estimates should not be compromised using Honer’s equation. Shailer et al. (1998) indicate that Honer’s equation is an effective method for determining tree volumes. 


To quantify the volume/acre each piece of wood represents, I multiplied the volume per log by the logs per acre (Figure 1.4, Table 1.5); this was calculated using an established formula for LIS sampling (Warren and Olsen 1964; Beers and Miller 1976) (Table 1.5, Figure 1.4). The results were summed by plot to arrive at the volume/acre of each plot. 5° were added to all fall directions that were in a cardinal compass direction (Appendix 1). Otherwise, some calculations would have resulted in an infinite number of logs/acre. In order to compare 2004 LIS sampling with the 1938 fixed plot sampling on a per plot basis, all downed wood tallied along the transect connecting plot markers was attributed to the closest plot (<165ft) (Figure 1.2, Figure 1.4). 

Figure 1.3: Honer’s Volume Equation 
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Figure 1.4: Sampling Methodology

Table 1.5 LIS equation (Tritton 1980)

	# of logs / acre
	# of logs / hectare (Tritton 1980)
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Bartlett Experimental Forest Inventory 2002-2003. During the summer of 2002 and 2003, a Forest Service field crew collected species, height, and DBH data across the BEF’s 444 permanent plots as part of a FIA reinventory. Sampling methods were determined by Paul Sendak and implemented by John Richardson (Sendak and Richardson, unpublished data). Diameter was measured with DBH tape. A subsample of height measurements was calculated with a Haglöf hypsometer; this comprised recording the height to the base of the live crown and top of the live crown for 5 trees per plot (Richardson personal communication).

Analysis. 2002-03 FIA data were used to estimate missing height data from the 1939-40 inventory and to calculate the current percent softwood basal area and quadratic mean diameter (QMD) by plot.

Modeling height based on dbh measurements is a widely used practice (Huang et al. 2000; Curtis et al. 1981; Wykoff et al. 1982; Arney 1985). 27 height-diameter equations (Huang et al. 2000) were compared and the best equation for each species was selected using data from the 2002-3 inventory. Since there were no transformations and the same dependent variable (diameter) was used between equations, the accuracy of each equation was measured using the MSE (Furnival 1961). In cases where there were limited height data for a species (n<40), a height-diameter equation of a similar species was selected (Table 1.6). The selected height-diameter equations by species were applied to the 1938 hurricane data to estimate heights, which were used later in volume calculations.

Table 1.6: Height Diameter Equations by Species  

	
	
	
	
	Coefficients
	
	
	
	

	Species
	N
	Equation#

Huang et. al. 2000
	Equation (height, m; diameter, cm)


	a
	b
	c
	d
	Based on other species

	BE
	597
	21
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Hurricane Damage Inventory 1939-1940. In 1939-40, a reinventory of the BEF was conducted with a special focus on 1938 hurricane damage (Forest Service 1941). Data were collected using standard equipment of the time at each of the permanent fixed plots described previously. Data were supplemented and damage codes revised in 1997. A representation of the variables collected during the inventory are provided on a sample data sheet (Appendix 3). 

Analysis. Trees of three inch diameter and greater and a survival code of less than or equal to 50% were selected to calculate volume estimates of 1938 hurricane damage. Heights were estimated based on diameter (described above), and volumes were calculated using Honer’s (1967) volume equations (see Methods analysis). Damage codes were revised to coincide with 2004 inventory methods (Appendix 4). Fixed plots were either .1 or .25 acres. To achieve volume/acre estimates, individual log volumes were summed and the total value was multiplied by 10 or 4 based on the fixed plot acreage. 

Volumes estimates derived from biomass were calculated based on an established volume-weight conversion factor for hardwoods (20.0t/1000ft3) and softwoods (15.5t/1000ft3) (Briggs 1994; Haynes 1990). Volumes for spruce and fir forest types were calculated using a softwood conversion factor while a northern hardwood forest type was calculated using an average (17.75t/1000ft3) of softwood and hardwood conversion factors.

Contributing Factors Analysis. Distance-limited topex, soil series, quadratic mean diameter (QMD) and percent softwood basal area were analyzed independently and together with interactions using logistic regression (Tabachnick and Fidell 1996) to identify spatial patterns of disturbance. The presence of uprooted and total CWD as well as the volume of total and uprooted CWD above the median was analyzed for 1, 5, 10, and total endemic time periods as well as the 1938 hurricane. Logistic regression has been used to analyze similar spatial variation in other studies (Sinton et al. 2000). The lowest Akaike information theoretic criterion (AIC) score (Akaike 1973, 1974; Sakamoto et al. 1986) was used to select the best fit logistic regression model. All dating of CWD mortality is based on the methods and results described in Chapter 2. 

Soils. Soil classes associated with each plot were derived from Forest Service soil maps using Arcview 3.3. They were divided into three categories: high risk, low risk, and shallow hardpan soils (Table 1.4). The ranking was based on characteristics associated with each soil series such as drainage, depth to water table, depth to bedrock, depth to hardpan, and general forestry concerns associated with the different soil series’. 

Topographic Exposure. Topex (Pyatt 1977; Wilson 1984), which more recently has been refined and termed distance-limited-topex (Hannah et al. 1995; Ruel et al. 1997; Quine and White 1998; Dornier unpublished; Ruel et al. 2002; Ruel personal communication) is an index of site exposure to wind. Topex scores are calculated by summing positive and negative angle measurements to the horizon (or nearest topographic feature) in 4 or 8 compass directions. Scores close to 0 would indicate a relatively flat, unexposed area, while large positive and negative numbers would indicate more exposure resulting from a valley or hilltop (Figure 1.5).

To calculate topex scores, a script was run on a digital elevation model using GIS software in a manner similar to other studies (Quine and White 1998; Ruel et al. 2002; Ruel personal communication). Specifically, a GRID coverage was exported out of Arcview GIS 3.3 as an ASCII file and into Matlab. A Matlab script was run to calculate topex scores. The resulting file was imported back into Arcview where topex scores were extracted by plot. Topex scores were also calculated by aspect (N, NE, E, SE, S, SW, W, NW) to determine if exposure on certain aspects increased the impact of wind damage, an assumption utilized by others in New England wind disturbance studies (Boose et al. 1994; Boose et al. 2001). 

Stand characteristics. Percent softwood basal area and quadratic mean diameter (QMD) (Husch et al. 2003) were calculated by plot for the period prior to the hurricane and presently using the 1931-32 and 2002-3 inventory data respectively. 

Results

A summary of total and uprooted endemic and catastrophic wind damage (ft3/acre) is provided in Table 1.7, Table 1.8,Table 1.9, Figure 1.6, and Figure 1.7; this includes the range, median, and mean volumes of wind damage tallied during the 2004 and 1939-40 inventories, and the mean volume calculated on a per year basis (e.g. if 100ft3 is estimated over 10 years = 10ft3/year) for the endemic wind time periods analyzed. Table 1.12 shows the logistic regression 

Figure 1.5: Distance-limited-topex 

[image: image26.wmf]-3

-2

-1

0

1

2

3

0

50

100

150

200

250

Distance-limited-topex for 1 mile

Distance

Elevation

Limiting distance

Topex score

Limiting topographic feature



Table 1.7: Summary of endemic and catastrophic wind damage

	Time
	Range ft3
	Mean vol/acre ft3
	Median ft3
	Volume/acre/yr 

	1 year
	0.0-462.8 
	18.4
	7.6
	18.4

	5 years
	0.0-2329.7
	109.7
	55.2
	21.9

	10 years
	0.0-3406.8
	257.1
	150.7
	25.7

	Total 
	17.0-4254.9
	613.5
	423.9
	N/A

	1938
	0.0-2772.0
	174.4
	0
	174.4

	1 year
	0.0-428.2 
	13.9
	2.6
	13.9

	5 years
	0.0-2151.0
	79.8
	21.7
	16.0

	10 years
	0.0-3124.5
	174.0
	62.9
	17.4

	Total 
	7.2-3554.9
	352.2
	182.1
	N/A

	1938
	0.0-1488.5
	76.5
	0
	76.5
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Figure 1.6: Summary of Total Endemic Damage

Table 1.8: Summary of Total Endemic Damage

	Time
	Range ft3
	Mean vol/acre ft3
	Median ft3
	Volume/acre/yr

	1 year
	0.0-462.8
	18.4
	7.6
	18.4

	5 years
	0.0-2329.7
	109.7
	55.2
	21.9

	10 years
	0.0-3406.8
	257.1
	150.7
	25.7

	Total volume
	17.0-4254.9
	613.5
	423.9
	N/A
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Figure 1.7: Summary of Uprooted Endemic Damage 

Table 1.9: Summary of Uprooted Endemic Damage Per Plot

	Time
	Range ft3
	Mean vol/acre ft3
	Median ft3
	Volume/acre/yr

	1 year
	0.0-428.2
	13.9
	2.6
	13.9

	5 years
	0.0-2151.0
	79.8
	21.7
	16.0

	10 years
	0.0-3124.5
	174.0
	62.9
	17.4

	Total volume
	7.2-3554.9
	352.2
	182.1
	N/A
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Figure 1.8: Summary of Catastrophic Damage

Table 1.10: Summary of Catastrophic Damage

	Volume
	Range ft3
	Mean vol/acre ft3
	Median ft3
	Volume/acre/yr 

	TOTAL
	0.0-2772.0
	174.4
	0
	174.4

	UPROOTED
	0.0-1488.5
	76.5
	0
	76.5


Table 1.12: Summary Contributing Factors 

	PRESENT/ABSENT
	
	
	
	
	

	TOTAL VOLUME
	Variable
	Coefficient
	P value
	AIC
	Equation

	Endemic 
	
	
	
	
	

	1 year
	Topex.sw
	-0.119659
	0.00233*
	217.71
	V~Q+B+T.sw+S

	
	(Intercept)
	-1.078373
	0.35767
	
	

	
	Q
	-0.114800
	0.46949
	
	

	
	B
	0.004681
	0.59490
	
	

	
	Soils1
	-0.583339
	0.36318
	
	

	
	Soils2
	-0.103880
	0.87894
	
	

	5 years
	(Intercept)
	-2.123
	0.501
	49.826
	V~Q+B+T.s+S

	
	Q
	-0.1866
	0.677
	
	

	
	B
	-0.009943
	0.738
	
	

	
	Topex.s
	-0.1855
	0.156
	
	

	
	Soils1
	0.6697
	0.572
	
	

	
	Soils2
	-14.87
	0.995
	
	

	10 years
	(Intercept)
	1.51946
	0.770
	21.648
	V~T.se+Q+B+S

	
	Topex.se
	-0.25723
	0.417
	
	

	
	Q
	-0.69129
	0.385
	
	

	
	B
	-0.09811
	0.521
	
	

	
	Soils1
	-16.49829
	0.998
	
	

	
	Soils2
	-15.46589
	0.998
	
	

	Total volume (37 years)
	N/A
	N/A
	N/A
	N/A
	N/A

	1938
	
	
	
	
	

	
	Topex.ne
	-0.183193
	.00000*
	528.89
	V~T.ne+B*Q+S

	
	B
	0.033977
	0.0424*
	
	

	
	Q
	0.193811
	0.0174*
	
	

	
	Soils1
	-0.883223
	0.0278*
	
	

	
	Soilsu
	-1.170382
	0.0121*
	
	

	
	B:Q
	-0.009243
	0.0166*
	
	

	
	(Intercept)
	-0.236937
	0.5555
	
	

	UPROOTED VOLUME
	
	
	
	
	

	Endemic
	
	
	
	
	

	1 year
	Topex.w
	-0.045309
	0.0314 *
	430.51
	V~T.w+Q+B+S

	
	(Intercept)
	0.662904
	0.3909
	
	

	
	Q
	0.004905
	0.9614
	
	

	
	B
	-0.009212
	0.0955
	
	

	
	Soils1
	0.524764
	0.2073
	
	

	
	Soils2
	-0.240609
	0.4892
	
	

	5 years
	Soils1
	0.952563
	0.0193*
	447.4
	V~T.e+Q*B+S

	
	(Intercept)
	0.684237
	0.5415
	
	

	
	Topex.e
	0.032008
	0.1055
	
	

	
	Q
	-0.091876
	0.5306
	
	

	
	B
	-0.052734
	0.0761
	
	

	
	Soils2
	-0.228102
	0.5126
	
	

	
	Q:B
	0.005437
	0.1350
	
	

	10 years
	Soils1
	0.872701
	0.0281*
	448.76
	V~T.nw+Q+B+S

	
	(Intercept)
	-0.364407
	0.6288
	
	

	
	Topex.nw
	-0.038866
	0.0612
	
	

	
	Q
	0.048135
	0.6266
	
	

	
	B
	-0.009216
	0.0901
	
	

	
	Soils2
	-0.343289
	0.3413
	
	

	Total volume (37 years)
	Soils1
	0.811344
	0.0441*
	447.74
	V~Q*B+S*T.nw

	
	Topex.nw
	-0.080153
	0.00346*
	
	

	
	Soils2:topex.nw
	0.110219
	0.02322*
	
	

	
	(Intercept)
	0.958400
	0.39475
	
	

	
	QMD
	-0.145447
	0.32662
	
	

	
	B
	-0.052391
	0.08684
	
	

	
	Soils2
	0.291294
	0.50908
	
	

	
	Q:B
	0.005659
	0.12827
	
	

	
	Soils1:topex.nw
	0.086103
	0.44810
	
	

	1938
	
	
	
	
	

	
	Topex.ne
	-0135400
	0.00000*
	493.23
	V~T.ne+B*Q+S

	
	Soils1
	-1.220841
	0.0268*
	
	

	
	(Intercept)
	-0.205324
	0.6321
	
	

	
	B
	0.016920
	0.2838
	
	

	
	Q
	-0.029638
	0.7338
	
	

	
	Soils2
	-0.334202
	0.3411
	
	

	
	Soilsu
	-0.710703
	0.1461
	
	

	
	B:Q
	-0.005406
	0.1663
	
	

	↑ ↓ MEDIAN
	
	
	
	
	

	TOTAL VOLUME
	Variable
	Coefficient
	P value
	AIC
	Equation

	Endemic 
	
	
	
	
	

	1 year
	topex.w
	-0.062976
	0.0109*
	387.11
	V~T.w+B*S*Q

	
	Soils2
	11.103330
	0.0321*
	
	

	
	B:Soils2
	-0.288103
	0.0225*
	
	

	
	Soils2:Q
	-1.315105
	0.0478*
	
	

	
	B:Soils2:Q
	0.031009
	0.0395*
	
	

	
	(Intercept)
	-1.351625
	0.3002
	
	

	
	B
	0.047055
	0.2809
	
	

	
	Soils1
	-5.505308
	0.4978
	
	

	
	Q
	0.188196
	0.2660
	
	

	
	B:Soils1
	0.815831
	0.0740
	
	

	
	B:Q
	-0.006053
	0.2422
	
	

	
	Soils1:Q
	0.613573
	0.5696
	
	

	
	B:Soils1:Q
	-0.096341
	0.0810
	
	

	5 years
	topex.w
	-0.102414
	0.000119*
	415.75
	V~T.w+Q*B*S

	
	Soils2
	13.182868
	0.013482*
	
	

	
	Q:Soils2
	-1.526235
	0.025158*
	
	

	
	B:Soils2
	-0.377014
	0.005164*
	
	

	
	Q:B:soils2
	0.040620
	0.011063*
	
	

	
	(Intercept)
	-1.497673
	0.242342
	
	

	
	Q
	0.187736
	0.258779
	
	

	
	B
	0.063236
	0.133603
	
	

	
	Soils1
	-3.193760
	0.665589
	
	

	
	Q:B
	-0.007592
	0.136821
	
	

	
	Q:Soils1
	0.290986
	0.769001
	
	

	
	B:Soils1
	0.629460
	0.103606
	
	

	
	Q:B:Soils1
	-0.073663
	0.116941
	
	

	10 years
	Topex.sw
	-0.077158
	0.000024*
	410.23
	V~T.sw+Q*B*S

	
	B
	0.097628
	0.04719*
	
	

	
	Soils2
	11.455305
	0.03137*
	
	

	
	B:soils2
	-0.368695
	0.00701*
	
	

	
	Q:B:Soils2
	0.038956
	0.01638*
	
	

	
	(Intercept)
	-0.122888
	0.92711
	
	

	
	Q
	0.021537
	0.90219
	
	

	
	Soils1
	-7.782545
	0.29374
	
	

	
	Q:B
	-0.010621
	0.07450
	
	

	
	Q:Soils1
	0.929938
	0.34614
	
	

	
	Q:Soils2
	-1.245102
	0.06471
	
	

	
	B:Soils1
	0.672257
	0.08067
	
	

	
	Q:B:Soils1
	-0.081252
	0.08300
	
	

	Total volume
	Intercept
	1.888786
	0.01892*
	432.03
	V~T.w+B+S+Q

	
	Topex.w
	-0.078773
	0.00091*
	
	

	
	Soils2
	-0.799753
	0.03151*
	
	

	
	Q
	-0.206573
	0.04861*
	
	

	
	B
	-0.008573
	0.12414
	
	

	
	Soils1
	0.189403
	0.62186
	
	

	1938
	
	
	
	
	

	
	Intercept
	-2.822323
	0.00000*
	428.19
	V~T.ne+B+Q*S

	
	Topex.ne
	-0.160668
	0.00000*
	
	

	
	B
	-0.013973
	0.04473*
	
	

	
	Q
	0.430408
	0.00000*
	
	

	
	Soils2
	3.424193
	0.00279*
	
	

	
	Soilsu
	3.394860
	0.02990*
	
	

	
	Q:Soils2
	-0704922
	0.00609*
	
	

	
	Q:Soilsu
	-0.781931
	0.02290*
	
	

	
	Soils1
	1.738092
	0.29909
	
	

	
	Q:Soils1
	-0.451468
	0.20488
	
	

	UPROOTED VOLUME
	
	
	
	
	

	Endemic
	
	
	
	
	

	1 year
	Topex.w
	0.050602
	0.0179*
	428.87
	V~T.w+Q*B+S

	
	B
	0.064360
	0.0389*
	
	

	
	(Intercept)
	-2.370533
	0.0526
	
	

	
	Q
	0.2218010
	0.1708
	
	

	
	Soils1
	-0.519475
	0.2148
	
	

	
	Soils2
	0.165516
	0.6388
	
	

	
	Q:B
	-0.006928
	0.0728
	
	

	5 years
	Soils1
	-1.054754
	0.0106*
	447.24
	V~T.nw+B+S+Q

	
	(Intercept)
	0.469698
	0.5337
	
	

	
	Topex.nw
	0.035597
	0.0861
	
	

	
	B
	0.008927
	0.1004
	
	

	
	Soils2
	0.409880
	0.2548
	
	

	
	Q
	-0.072635
	0.4637
	
	

	10 years
	Soils1
	-9.375778
	0.0122*
	444.25
	V~T.nw+B+S*Q

	
	Soils1:Q
	1.106043
	0.0217*
	
	

	
	(Intercept)
	0.702094
	0.4125
	
	

	
	Topex.nw
	0.038761
	0.0665
	
	

	
	B
	0.008151
	0.1400
	
	

	
	Soils2
	1.828625
	0.3928
	
	

	
	Q
	-0.088321
	0.4336
	
	

	
	Soils2:Q
	-0.192928
	0.4776
	
	

	Total volume (37 years)
	Soils1
	-7.000132
	0.0293*
	448.47
	V~T.nw+B+S*Q

	
	Soils1:QMD
	0.818812
	0.0489*
	
	

	
	(Intercept)
	0.693788
	0.4178
	
	

	
	Topex.nw
	0.037772
	0.0724
	
	

	
	B
	0.007763
	0.1572
	
	

	
	Soils2
	1.828944
	0.3924
	
	

	
	Q
	-0.086407
	0.4431
	
	

	
	Soils2:Q
	-0.192806
	0.4775
	
	

	1938
	Intercept
	-3.965
	0.00000*
	267.47
	V~T.ne+B+Q*S

	
	Topex.ne
	-0.1531
	0.00000*
	
	

	
	Q
	0.4194
	0.000358*
	
	

	
	Q:Soilsu
	-1.115
	0.043862*
	
	

	
	B
	-0.0006447
	0.944924
	
	

	
	Soils1
	103.6
	0.984921
	
	

	
	Soils2
	-1.667
	0.361245
	
	

	
	Soilsu
	4.068
	0.057536
	
	

	
	Q:Soils1
	-47.64
	0.985437
	
	

	
	Q:Soils1
	0.3675
	0.320043
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equation used in each analysis and its associated AIC score. The table also presents coefficients (β) and p-values for factors and interactions used in each equation.

Temporal. The range, median, and mean volumes of endemic wind damage increased with time (Table 1.7). On an annual basis, the mean volume of endemic wind damage also increased with time, which shows that less CWD is contributed in the last year than 5 or 10 years ago.


The 1938 hurricane resulted in an average of 174.4 ft3/acre of total damage and 76.5 ft3/acre of uprooted damage in the BEF. Based on these estimates, 6.8-9.5 years of total endemic disturbance (Figure 1.9) or 4.4-5.5 years of uprooted endemic disturbance (Figure 1.10) is equivalent to the volume of damage incurred from the 1938 hurricane.

Species-specific height regressions and associated coefficients used for calculating the volume of wind damage in the 1938 hurricane are provided in Table 1.6. Out of 27 height-diameter equations (Huang et al. 2000) tested, six were selected across eight species (Table 1.6). 

Spatial. A total of 19 logistic regression models were selected to analyze factors that contribute to the presence and amount of wind damage under catastrophic and endemic conditions (Table 1.12). 9 logistic regression models examined what factors contribute to the presence or absence of wind damage at a site, while the other 10 addressed what factors contribute to higher amounts of wind damage (above the median) at sites where wind damage is present. The following paragraphs describe the results of these models.  
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Figure 1.9: Comparison between Total Endemic and Catastrophic Wind Damage 
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Figure 1.10 Comparison between Uprooted Endemic and Catastrophic Wind Damage

Three analyses were used to predict the presence of total endemic damage. Topographic exposure was the only significant term, and it was significant in only one model (β=-0.120, p<0.01) (Table 1.12). During the course of the 2004 inventory, CWD was tallied along every transect. As a result, logistic regression was not conducted on the total endemic wind time period. 


The presence of uprooted endemic damage was dictated solely by soil and exposure. Out of 4 analyses (1, 5 10 year and total), exposure was a significant term twice (β=-0.045, p<0.05; β=-0.080, p<0.05) soil three times (β=0.952, p<0.05; β=0.087, p<0.05; β=0.081, p<0.05), and the interaction between soil and exposure once (β=0.110, p<0.05) (Table 1.12). 


The presence of total hurricane damage was dictated by all the factors tested – exposure (β=-0.183, p<0.001), soils (β=-0.883, p<0.05; β=-1.170, p<0.05), QMD (β=0.194, p<0.05), and percent softwood basal area (β=0.034, p<0.05), as well as the interaction of percent softwood basal area and QMD (β=-0.009, p<0.05).  Factors influencing uprooted hurricane damage were limited to exposure (β=-0.135, p<0.001) and soils (β=-1.221, p<0.05) (Table 1.12).

In plots where wind damage was present, the amount of endemic damage was dictated predominately by exposure, soils, and interaction terms while in some cases QMD, and percent softwood basal area were significant (Table 1.12). In all 4 analyses of total above median endemic disturbance, exposure (β=-0.079, p<0.001; β=-0.077, p<0.001; β=-0.102, p<0.001; β=-0.063, p<0.05) and soil (shallow hardpan or poorly drained) were significant terms (β=-0.800, p<0.05; β=-11.455, p<0.05; β=13.183, p<0.05; β=11.103, p<0.05). QMD (β=-0.207, p<0.05) and percent softwood basal area (β=-0.098, p<0.05) were only significant in one analysis each. 8 interactions terms were significant in 3 analyses (Table 1.12). There appear to be correlations and relationships between the interaction terms and damage, but no clear trend.


The amount of uprooted endemic damage at plots where damage occurred was dictated largely by soils. Three out of four analyses indicated that soils (β=-1.055, p<0.05; β=-9.376, p<0.05; β=-7.000, p<0.05) were significant predictors of damage. In two of the three significant analyses, soil was also significant as an interaction term with QMD (β=1.106, p<0.05; β=0.819.120, p<0.05). Exposure (β=0.051, p<0.05), and percent softwood basal area (β=0.064, p<0.05) were also significant in a single analysis each. 


All terms were significant in predicting the total amount of CWD at a site caused by the 1938 hurricane – exposure (β=-0.161, p<0.001), soils (β=3.424, p<0.01; β=3.395, p<0.05), QMD (β=0.430, p<0.001) and percent softwood basal area (β=-0.014, p<0.05). Soil and QMD interaction terms also showed significant relationships (β=-0.705, p<0.01; β=-0.782, p<0.05). The amount of uprooted damage was dictated by exposure (β=-0.153, p<0.001) and QMD (β=0.419, p<0.001). Soils was significant as an interaction term with QMD (β=-1.115, p<0.05) (Table 1.12).

Discussion

Wind disturbance studies are difficult to compare: events are stochastic (Frelich and Lorimer 1991); methodologies vary between studies (Everham and Brokaw 1996); there can be a lag in mortality after an event (Harmon et al. 1986; Lambert et al. 1980); and regional comparisons may not be applicable (Bormann and Likens 1979b). As a result, clear trends are not always apparent between studies (Everham and Brokaw 1996). Despite challenges interpreting the presence and amount of damage in such events, there is a need to continue examining this area of research. Long-term contributions on the topic will provide further insight into these occurrences. 


When interpreting the results of this study, I believe that short-term uprooted volumes show clearer trends than long-term total disturbance for 2 reasons: 1) as time increases, there is a higher probability that intermediate disturbance, besides wind, with short return intervals will contribute CWD. 2) With the exception of root fungus and ice storms, uprooted trees would result from wind events and are therefore the most valuable indicator of the relationships sought in this study. A wind disturbance study in Poland estimated approximately 90 percent of uprooted trees in the study were from wind, although 45% were already dead when they were uprooted (Falinski 1978). However, it is important to recognize total and long term disturbance volumes as well. They can function to counterbalance short-term disturbance trends or anomalies. 

Decay Class.
The results of this study rely heavily on analysis based on decay classes (See chapter 2), a highly variable (MacMillan 1981) but effective way of taking an inventory of coarse woody debris (Harmon et al. 1986; Pyle and Brown 1998) over the short term (<50 years) (Dynesius and Jonsson 1991). When coupled with information about decay rates, decay classes can provide a general date of mortality, and it is the only method of dating mortality in a CWD inventory that always produces a result (Dynesius and Jonsson 1991). For additional information on CWD inventories and dating mortality see Dynesius and Jonsson (1991).

Some sampling methodology considerations in this study are: 1) decay rates for all of the BEF are extrapolated based on a small representation of the forest (Figure 2.1; See chapter 2), which does not represent the full range of site conditions identified by Yin (1999) – tree species, precipitation, elevation and temperature – that contribute to decay; 2) trees can survive for a period of time after they are uprooted (Dynesius and Jonsson 1991); 3) there are no outputs to the system (See chapter 2) such as a constant decay coefficient (Olsen 1963) commonly used in other studies (Gosz et al. 1973); and 4) Variability can be problematic (Macmillan 1981; Maser and Trappe 1984). Many of these problems are mitigated somewhat since the study focuses on a short period of time and little significant volume is lost until decay class 4 (Maser and Trappe 1984; Pyle and Brown 1999).

Modes of Mortality. The results of this research rest on a common assumption in wind disturbance studies that a mode of mortality can establish wind as the primary factor that moves above ground biomass to the forest floor. Rooted in this assumption is the belief that wind not only transports biomass to the forest floor but is responsible for the mortality of that biological material.

Modes of mortality prove to be a difficult challenge for the windthrow researcher. Mortality that occurs has been explained as a mechanistic process in which the displacement of canopy weight (Baker 1915; Smith and Weitknecht 1915), exemplified by irregular crown formation on slopes (Lafon 2004), makes a stem function as a lever, snapping or uprooting trees (Hubert 1918) depending on bole and soil shear strength (Mattheck 1995). Because of this process, it is generally believed that trees in wet soils are more likely to be windthrown, while trees in rocky, “firm,” soil are more likely to be broken (Hubert 1918). Putz et al. (1983) describe the factors that contribute to the uprooting and snapping of trees. 

Mortality has also been explained as a function of biotic agents. Windsnap from trees with heart-rot is one example (Hubert 1918; Peterson and Pickett 1991). It is rare that trees in spruce-fir forests of New Hampshire will have low snap without rot (Rizzo 1986; Worrall and Harrington 1988). Any damage to a tree makes the tree more vulnerable to fungi that can cause root-rot, butt rot, or heart-rot (Hubert 1918; Manion1991) predisposing boles to windsnap. As a result, biotic factors can inflate assumed wind damage estimates. Spaulding et al. (1932) in Gale River Experimental Forest, NH found that 7% on average and up to 20% of Balsam fir stands are windthrown because of the influence of butt rots, specifically brown butt rot (Polyporus balsameus) and stringy butt rot (Poria subacadia). McGee et al. (1999 see McGee 1998) found that CWD estimates could be 25% lower with the absence of beech bark disease and others have reached similar conclusions (McGee et al. 1999 see Tritton 1980, Gore and Paterson 1986).  

There are indications that mortality attributed to wind and other disturbance regimes could be a byproduct of natural mortality (self thinning) or non-meteorological events. Bormann and Likens (1979b) when mapping pit and Mound topography at Hubbard Brook Forest acknowledged that pit and mounds are not always caused by windthrow; they sometimes result from endogenous causes. 

Tyrrell and Crow (1994) in a study of northern hardwoods in Wisconsin and Michigan estimated 9% mortality per decade. Of this mortality, 62% was standing dead, 25% snapped, and 13% was uprooted (Tyrrell and Crow 1994). Over time, the 62% standing dead would decay and eventually snap or uproot. If wind research was conducted on this study site and snapped and uprooted stems were attributed to wind disturbance, assumptions surrounding modes of mortality could dramatically inflate the predicted impacts or significance of wind related events and underestimate the impact of biological factors in the region. 

Savill (1983) reports that Landis and Evens (1974) found rot in 86 percent of windthrown quaking aspen (Populus tremuloides) and only 5 percent of the remaining growing stock was infected. The discrepancy would indicate that rot could substantially contribute to CWD attributed to windthrow. In a wind disturbance study in Poland, 45 percent of fallen trees were dead before they were uprooted (Falinski 1978), which leads me to believe that across temperate forests a substantial percentage of trees die and have a snag phase before eventually being subject to a meteorological event (hurricane, ice-storm, endemic wind). This is further supported by Worrall et al. (2005) who identify root disease, dwarf mistletoe, and spruce beetle damage as the most likely candidates for initial gap formation while wind events are more likely to expand gaps. Research points to a relationship between tree height and wind disturbance susceptibility (Savill 1983), but I rarely encounter studies that examine the role of rots in relation to tree height (age).

Mortality is also explained as a function of abiotic factors. Abiotic mortality increases with elevation in subalpine forests (Foster and Reiners 1983; Worrall and Harrington 1988). Some researchers have found that wind events result in a higher proportion of certain modes of mortality although there is little consensus. Mitchell (2000, 1) purports that catastrophic (hurricane) damage results in a “high percentage of windsnap,” while others indicate that windsnap has a smaller role, less than 5% by some accounts (Forest Service 1941). Foster (1988a) has found uprooting most common with catastrophic events.

Cold weather (Mayer 1989) or precipitation (Everham and Brokaw 1996 see Trousdell et al. 1965 and Moore 1988) as well as rooting differences between species (Hubert 1918, Mayer 1989) could factor into discrepancies between studies.


Examining mortality is even more complicated when considering changing site conditions (Solomon 1977b), species-species interactions (Solomon 1977b), stocking (Solomon 1977b) and additional stressors (Bormann and Likens 1979b, Secrest et al. 1941) such as drought that predispose trees to mortality.

Temporal. Endemic wind total volume estimates across managed and unmanaged stands range from 17.0-4254.9 ft3/acre and have a mean of 613.5 ft3/acre (Table 1.7). These results compare well to the published results of other northern hardwoods CWD studies, which have found volume estimates of 928.9-2372.4 ft3/acre (>65-166 m3/ha) in unmanaged stands (Carbonneau 1986 ; Goodburn and Lorimer 1998; MeGee et al. 1999; Tyrrell and Crow 1994) and 231.5-913.6 ft3/acre (16.2-63.93 m3/ha) (Jordan 2003) in managed stands. 

Total endemic volume estimates were also compared to CWD biomass studies across northeastern forest types (Table 1.12). These estimates fell within a slightly lower, but similar range (434.8-1410.8ft3; Table 1.12). Lambert et al.’s (1980) study averaged 1410.8ft3 (4.9 kg/m2), which is particularly relevant since they measured tree boles in New Hampshire similar to this study.

Endemic wind is responsible for contributing 13.9, 16.0 and 17.4 ft3/acre of uprooted damage on an annual basis based on 1 year, 5 year and 10 year estimates respectively (Table 1.7). The three estimates point to a relative increase in annual CWD inputs as time elapses. There is no data collected to indicate what is contributing the extra CWD over time, but there are a few possibilities. As a timeline is extended, there is an increased probability that moderate disturbance events with relatively short return intervals, such as ice storm damage or F1 hurricanes, can cause mortality. The data collected in this study could reflect the tail end of longer-term fluctuations in mortality. The increase could be in response to management in the BEF. Lastly, there could be a bias dating methods in the field.

Catastrophic wind estimates. This study estimated 174.4 ft3/acre of catastrophic blowdown in the BEF from the 1938 hurricane. The Forest Service calculated 126.4 ft3/acre using the same inventory data (Forest Service 1941).  Part of the discrepancy could be attributed to how volume was calculated in the 

Table 1.12: Northern Hardwood CWD Volume Estimates (ft3) based on Biomass Studies (t, mg)
	Forest Type
	Biomass
	Estimated Volume
	Source

	Spruce
	40t/ha-1
	912.0ft3
	(Lang and Reiners 1981)

	Fir
	20t/ha-1
	456.0 ft3
	(Lang and Reiners 1981)

	Northern hardwoods
	34t/ha-1
	779.1 ft3

	(Bormann and Likens1979)

	Northern hardwoods (humus)
	36000lbs/acre


	1014.1 ft3/acre
	McFee and Stone 1966

	Northern hardwoods
	34t/ha-1
	779.1ft3
	Tritton 1980

	Northern hardwoods
	49t/ha-1
	1117.2 ft3
	Tritton 1980

	Subalpine fir
	15 100kg/ha-1
	434.8 ft3
	Lang et. al. 1981

	Subalpine fir
	4.9kg/m2


	1410.8 ft3
	Lambert et al. 1980

	Spruce-fir
	4kg/m2
	1151.7 ft3
	Triska and Cromack 1980 see Sedell and Swanson unpublished


two studies. This studies’ estimates use best fit height-diameter equations (Huang et al. 2000) by species to calculate the total volume of each stem while the Forest Service used merchantable volume (1 sq foot B.A. = 23 ft3) in their estimates. The Forest Service would likely underestimate the gross volume of each log. However, the Forest Service also included stems less than 3 inches diameter in their tally, which would add extra volume in comparison to this study, unless 3-inch stem volume is negligible. 

Endemic v. Catastrophic Wind. The average total damage per plot for the 1938 hurricane was 174.4 ft3/acre compared to 18.4, 21.9, and 25.7 ft3/acre annually for 1, 5, 10 years respectively of total endemic damage (Table 1.7). The average uprooted damage per plot for the 1938 hurricane was 76.5 ft3/acre compared to 13.9, 16.0, and 17.4 ft3/acre annually for 1, 5, 10 years respectively of uprooted endemic damage (Table 1.7). The 1938 hurricane was equivalent to 6.8-9.5 years of total endemic disturbance (Table 1.8) or 4.4-5.5 years of uprooted endemic disturbance (Figure 1.10). These results are slightly below the findings of Woods (2004) in Michigan. Woods (2004) found that a storm in a hemlock – hardwood forest equaled approximately 10 years of “baseline” mortality (Woods 2004). 

Both Woods’ (2004) findings and those of this study indicate that endemic wind has a greater cumulative impact over a given return interval than a catastrophic event. However, this conclusion should be tempered when considering that the BEF did not receive the full force of the hurricane. Wind events are unique and conclusions based on a single event cannot be characterized for others of the same intensity (Woods 2004), and intermediate disturbance, such as the 1998 ice storm, could have contributed a disproportionate amount of damage to endemic estimates. It has been demonstrated in other studies that temporal patterns of wind disturbance are not uniform (Dynesius and Jonsson 1993) and interact with other disturbance regimes (Reams and Deusen 1993; Dale et al. 1986). 

The contribution of CWD from the ice storm may have been mitigated somewhat by the diameter of material that tends to be damaged in ice storms. Damage is negatively correlated with diameter (Ryall and Smith 2005). In a study by Seischab et al. (1993) the average diameter of downed wood resulting from a glaze storm in New York was less than the 3 inch CWD definition used in this study. 

 
Further study should be conducted examining the relationship between endemic and catastrophic wind as it relates to ecological significance and impact – predisposition to future wind disturbance, influence on vegetation composition, and relationship to nutrient cycling. 

The influence of the 1938 hurricane on vegetation is dramatic and there is agreement that its ecological impact has lasted well beyond the event itself (Merrens and Peart 1992; Foster 1988a). However, there is also strong evidence that catastrophic wind does not play as great a role as expected when compared to the impacts of endemic wind. Frelich and Lorimer (1991, 224) state that “the frequency of intense natural disturbance is inherently low in much of the northern hardwood region.” Foster and Reiners (1983) found that 39% of subalpine zone was in a gap stage, and wind was the primary cause of canopy gaps at study sites in Crawford Notch, New Hampshire. Wind disturbance, chronic wind stress and windsnap, were also identified by Worrall et al. (2005) in a gap dynamics study as the most common cause of mortality in Crawford Notch, New Hampshire. Over half the forest was in gap-phase disturbance (Worrall and Harrington 1988) yet no catastrophic damage was noted. Instead, small-scale wind disturbance was responsible for all wind damage (Worrall et al. 2005). The small, wind induced gaps and their expansion noted by Worrall et al. (2005), termed “windthrow creep” by MacKenzie (1974, 111), is also characteristic of endemic disturbance described by Miller (1985; 1986a; 1986b) and Ruel (1995). It is possible that in New England endemic wind has a greater impact than catastrophic wind, a conclusion supported by Miller (1985; 1986a, 1986b) in UK studies – acknowledging the challenges associated with identifying wind disturbance and endemic wind in particular as a primary cause of mortality (see methods of mortality). 

Spatial. Soil, exposure, QMD, and percent softwood basal area were all significant on their own or as interaction terms predicting the presence and amount of CWD at BEF permanent plots. The results support that the same general factors contribute to endemic (Gardiner and Quine 2000) and catastrophic (Foster et al 1998; Everham and Brokaw 1996) wind disturbance; these factors include meteorology, topographic exposure, site conditions (soils), and stand characteristics, although there are differences in how endemic and catastrophic wind interacts with each factor. 

Many studies have also shown that management can influence wind damage  (Ruel 1995; Foster et al 1998; Everham and Brokaw 1996), but it was not examined in this study.

Windspeed. Detailed Meteorological data for the BEF was not available. It was assumed that the 1939-40 inventory was an accurate reflection of catastrophic wind damage and the 2004 CWD inventory reflected endemic wind damage occurring since 1991 when the last major hurricane hit New England (NHOEM 2005). Two tropical storms passed by coastal New Hampshire in 1999 (National Hurricane Center 2000) and 1996 (National Hurricane Center 1998), but neither constituted a catastrophic event. 

The finding that endemic damage may contribute more downed wood than a single catastrophic event is significant for a few reasons as it relates to windspeed. The minimum windspeed may be as important a contributor to wind disturbance as mean or maximum windspeed. Depending on the interactions with other site conditions and factors described here and elsewhere, the most important factor is the minimum windspeed that constitutes a threshold response associated with wind disturbance (Romme et al. 1998). This threshold can vary from 67 miles/hr (108 km/hr–1) (Quine and Reynard 1990) to less than 45 miles/hour (72 km/hr–1) depending on site conditions (Smith et al. 1987). Furthermore, the definition of catastrophic and endemic events adopted in this thesis reflects a general, but not necessary accurate, belief that hurricanes have greater potential for damage than other weather patterns. Endemic wind events, such as nor’easters, can have windspeeds that exceed that of hurricanes, last for longer duration, and be accompanied by weather systems with comparable precipitation (NHOEM 2000). 

Savill (1983) noted that high mean windspeed does not necessarily equate with high volumes of damage, there are complex boundary level dynamics (Stacey et al. 1994) between the forest canopy and wind currents which result in turbulence and wind eddies that can be as important as windspeed itself. However, a broader range in windspeed provides the potential for greater fluctuations (gusts) in windspeed and resulting turbulence.

Further complications interpreting damage arise when considering that storms are not of uniform intensity spatially (Canham et al. 2001) and interactions with other factors can influence the impacts.

Topographical Exposure. Jensen (1941a) reports that exposure was a major factor in hurricane damage that occurred in the BEF, and it was one of the clearest predictors for the presence and amount of catastrophic and endemic wind damage in this study. When coupled with wind direction (aspect), topographic features function to shelter areas or leave them exposed. Using aspect and exposure has been a useful indicator of wind damage (MacKenzie 1974; O'Cinneide 1975), and an integral component in modeling (Foster and Boose 1992; Boose et al. 2001). When conducting analysis in this study, using distance-limited topex by aspect improved the fit of the model in every instance. 

Western or south-western exposure is correlated with the absence of CWD as well as low volumes where it does occur under endemic conditions. The west and southwest aspects are sheltered from eastern and northeastern winds. Assuming that eastern and northeastern aspects are most exposed, the results support that nor’easters, annual storms that come out of the northeast, might be responsible for contributing a disproportionate amount of wind damage to exposed aspects. The one exception to this trend is a significant relationship between higher volumes of uprooted CWD on western slopes over the past year; this could be explained by meteorological or biotic disturbance events that have not been accounted for, or a set of circumstances that constitutes regular landscape scale variability.  

For catastrophic events, it is the opposite. A northeastern exposure is correlated with an absence of CWD. Where CWD did occur, northeastern aspects also correlated with low volumes of CWD. According to Smith (1946), hurricane winds range predominately from the east to south-west. This was corroborated by Foster (1988a) et al. (1998), who found the damage was related to exposure from south and eastern hurricane winds (Foster 1988a). However, a hurricane’s storm track is an important variable in analyzing hurricane damage (Smith 1946). The further west a hurricane passes a site, the greater the percentage of southern winds (Boose et al. 2001).  The absence of hurricane damage on northeastern slopes of the BEF is likely a result of the storm track.

The importance of topography in this study is characteristic of many wind disturbance studies. Topography can channel winds and amplify windspeeds. Foster and Reiners (1983) found that topography could be as important as windspeed in gap formation. Fraser and Gardiner (1967) indicated exposure was one of the two most important factors involved in predicting wind damage (Fraser and Gardiner 1967), and Bormann and Likens (1979b) repeatedly mentioned the importance of exposure on wind disturbance in New England. Many other studies found exposure to be significant (Hubert 1918; Sinton et al. 2000; Kramer et al. 2001; Canham et al. 2001). 

Like most of the factors that contribute to windthrow, there is no consensus across all studies (Everham and Brokaw 1996). There are some indications that topographic exposure accounts for an intermediate (23%) probability of wind damage (Miller 1985; Ruel et al. 2002). In other cases such as Brewer and Merritt’s study (1978), exposure along edges did not increase susceptibility to windthrow at all. They temper this conclusion by indicating the possible importance of exposure from canopy emergents (Brewer and Merritt 1978).

Soils. Poorly drained soils and soils with a shallow hardpan showed a significant relationship to wind damage in this study. Shallow hardpan soils are positively correlated with the presence of CWD in endemic conditions and negatively correlated with large quantities of windthrow. The reason why CWD is present, but not in high volumes could be the lower productivity in areas with shallow hardpans. 

Shallow hardpan soils are negatively correlated with the presence of wind damage in catastrophic events although there is some indication that poorly drained soils are positively correlated with above median quantities of damage in catastrophic events. This is surprising. Shallow soils, especially as an interaction term with management tends to increase susceptibility to windthrow (Sinton et al. 2000). Jensen (1941a) identified drainage as an important contributor to damage in his analysis of the 1938 hurricane. Soil moisture is known to reduce the effectiveness of tree anchorage (Busby 1965; Foster 1988b; Peterson and Pickett 1991), and rain can accentuate damage (Moore 1977) as demonstrated in the 1938 hurricane (Jensen 1941a; Foster 1988b).

Poorly drained soils are positively correlated with above median volumes of endemic disturbance in the short term, but is negatively correlated over the long term. It is uncertain why the correlations would switch. It might be explained in part by decomposition. Poorly drained sites of BEF tend to be wet areas with ample moisture, high bryophyte populations, and rapid decomposition, but there may be other factors at work.

There is a close relationship between root development and soil characteristics (Busby 1965; Fraser and Gardiner 1967). Mackenzie (1974) found 42% of windthrown Sitka spruce had developed “eccentric root systems” from soil conditions (impaction “plough scores” and drainages). This can occur chemically in acidic and poorly drained soils (Bromley 1939; Fraser and Gardiner 1967; Savill 1983; Phillips 1964; Sutton 1969 see Barker 1919; Heinicke 1932; Leyton and Rousseau 1958) and physically in relation to soil bulk densities (MacKenzie 1974). Crossley (1940) found that hardpan soils restrict root growth to the level above the hardpan layer as evidenced with a taproot species, bur oak (Quercus macrocarpa), in central Minnesota. Since root systems stabilize trees (Hubert 1918; Ennos 1993; Coutts 1986; Stokes et al. 1996), often there is a relationship between soils in an area and its predisposition to windthrow (Fraser and Gardiner 1967). For example, it is assumed that soils account for 23% of potential wind damage in the windthrow hazard classification (Miller 1985; Ruel et al. 2002).  

Species. Softwood stands are positively correlated with the presence of total CWD in the 1938 hurricane, and are also positively correlated with large amounts of CWD where disturbance is present. However, a monocot-dicot division is not significant for the presence of uprooted CWD, which is surprising since other researchers have found a relationship. A Forest Service report (Forest Service 1941) found that the 1938 hurricane “eliminated” 23% of the softwood areas and only 3% of the hardwood areas. Bromley (1939) also found species composition to be influential and in Petersham, Massachusetts (Foster 1988a) stands of older eastern white pine and eastern hemlock were more vulnerable to damage than hardwoods. Softwoods follow elevational trends in Bartlett, and many of the most susceptible plots were not inventoried in 1939-40 because they were destroyed. If the destroyed sites were inventoried, relationships between percent softwood basal area and the presence of uprooted CWD may have been different in this study. Jensen (1941a) reported that a tolerance-intolerant relationship was important in 1938 hurricane damage, an approach that was not tested in this study but could be examined in the future.

Other windthrow studies have found individual species or species types to be significant in a tolerant-intolerant (Canham et al. 2001) or hardwood-softwood classification. Crown, and leaf characteristics are typically different between hardwoods and softwoods (Savill 1983), and many studies find that softwoods are more susceptible to damage than hardwoods (Behre 1921; Bormann and Likens 1979b; Savill 1983 see Jawula 1975; Foster et al.1998 see Naka 1982). Tyrrell and Crow (1994) found that eastern hemlock was more prone to uprooting while yellow and paper birch were more resilient.  Research is not unanimous on this issue, however, as additional studies have found no significance between tolerance or species type and wind damage (Brokaw and Walker 1991).

Diameter. When considering quadratic mean diameter as a variable and relating it to other studies, I assumed that there was a strong correlation between quadratic mean diameter, height and age. 

Diameter contributed to the presence and volume of CWD under hurricane conditions. Literature supports the results derived from catastrophic conditions for the most part. Two studies (Bromley 1939; Forest Service 1941) are especially relevant that describe factors affecting damage at the BEF after the 1938 hurricane; both studies indicate that height (QMD as surrogate) was influential. Jensen (1941a) also concluded more damage was done to taller trees, and uneven age stands because of the additional force and leverage wind causes on tall, exposed emergents. Foster and Boose (1992) also found taller trees were more susceptible. Bromley (1939), on the other hand, found that young and old trees were resistant to windthrow while 20-60 year old trees showed the most susceptibility. Bormann and Likens (1979b) cite Jensen (1939) and support Bromley (1939); they claim old and even age stands were more resistant to hurricane damage, and previously weakened trees suffered the most mortality. It is difficult to determine whether it is age, height, diameter-height ratio, stand density or another factor that would make this age range more susceptible to damage form the hurricane.

Under endemic conditions, diameter contributes negatively to the amount of CWD in an area or has mixed impacts as an interaction term, which would indicate that stand density – smaller diameter closely spaced stems – create stability (Lomander and Helles 1987) under endemic conditions or that other factors are more important than diameter in influencing the amount of windthrow in an area.

Wind events can follow a threshold response (Romme et al. 1998). It is possible that the above-below median break used in the logistic regression falls short of the threshold and incorporates many smaller diameter stems that reduce the significance of diameter as a predictor.

Other studies have indicted that the diameter or the height of trees on a plot have significant relationships with wind disturbance susceptibility (Fraser and Gardiner 1967; Bormann and Likens 1979b). Brewer and Merritt (1978) found that beech in Michigan greater than 29 inches (76 cm) dbh were more susceptible to windthrow than trees of smaller diameters. Trees >= 18 inches (46cm) dbh were 1.5 times more susceptible to damage than pole trees 11.0-25.9 cm (King 1986).  Similar results to those were found by Frelich and Lorimer (1991) and reviewed by Savill (1983). 

Unaddressed Additional Factors. Models, such as ForestGales (Gardiner et al.1998, Quine 1998), have been successful integrating many variables to capture the complex dynamics influencing wind disturbance. However, simpler models such as EXPOS (exposure, forest type and height) (Foster and Boose 1992) and STORM (tree size) (Frelich and Lorimer 1991) have also been successful explaining wind events using fewer terms. Results from all the models’ tests indicate that the models are useful but could benefit from continued refinement. In examining wind disturbance in this study, four variables were examined topographic exposure, soils, species composition, and QMD. Two important additional terms that could have contributed insight into spatial and temporal patterns of damage are elevation and management. 

Elevation. Average windspeed increases with elevation (Gloyne 1963; Sabo 1980), which should increase potential for damage. In preliminary analysis for this study, elevation was used as a predictor variable, but did not improve the fit of the logistic model. While Worrall et al. (2005) found that gap size increased with elevation in the White Mountains, Foster and Reiners (1983) found that gap size did not correlate with elevation (windspeed) and attributed the finding to increased physiological resistance of trees in wind prone areas. The discussion above on windspeed provides additional detail on why increased elevation (windspeed) may not result in increased wind damage.

Management. Anthropogenic influences, management and historical land use, also change the susceptibility of stands to windthrow directly through silvicultural systems (Ruel 1995), cutblock exposure (Burton 2001; Mitchell 1995; Savill 1983), thinning (Baker 1915; Hubert 1918) and indirectly by influencing species composition over time (Motzkin et al. 1996). Management can result in more CWD in both catastrophic (Forest Service 1941) and endemic events (Mitchell 2000). Sinton et al. (2000) found that clearcuts promoted windthrow on certain aspects. Hurricane damage occurred on windward and leeward sides of clearcuts in the BEF (Jensen1941a).

Site factors. There are a multitude of unique site features and conditions that are unaccounted for in this study such as roads, rivers, and vegetative composition. Roads run through the BEF and can increase CWD from edge effects (MacKenzie 1974) or decrease it when transects cross the road. Matthes (1911) finds that spruce growing in proximity to lupine and alder are more windfirm because of increased root growth from nitrogen fixation of these species. In Riparian areas, rooting depth can influence the amount of windthrow that occurs. It is expected that these factors become less important as the scale and statistical power of the research increases.

Interactions. There were relatively clear relationships between single variables and the presence and amount of damage; however, many interaction terms were counterintuitive and at odds with anticipated results, which could be due in part to correlations or unidentified site factors.

The Forest Service (Forest Service 1941) reported that uneven age stands had more damage than even age stands, and uneven age stands tended to occur on exposed slopes with shallow soils (Forest Service 1941). It is possible that uneven age stands were composed of larger diameter trees since there was less management. This is one example of the correlations that occur and how it is difficult to tease out specific predictor variables from one another. Was the increased damage a result of diameter, soils, exposure, management, or interactions between these terms? In addition, conifers tend to be on more exposed sites than hardwoods (Foster and Boose 1992) and have a shallower rooting system (Crossley 1940). As the variables increase, the complexity associated with analyzing and interpreting the results also increases. Many plots were sampled with the assumption a higher n would illuminate patterns more clearly, but correlations associated with interaction terms, the numbers of variables examined, and the inherent variability of wind damage left clear interpretations of interactions terms wanting. 
Summary – contributing factors. In summary, for both endemic and catastrophic wind events, soils and exposure were the two most important predictors of wind disturbance presence and abundance although all terms were significant to some degree by themselves and as interaction terms. 

It was expected that the results of this study would show significance between volumes of wind disturbance and the aforementioned terms since anticipated results were supported in the literature (Savill 1983; Lohmander and Helles 1987; Ruel 1995; Everham and Brokaw 1996). While some general trends emerged, the presence and amount of wind damage throughout the BEF was not clearly discernable based on the predictors and their interactions. I believe the results reflect the complexity of the research area and can be explained as follows: 1) Extensive windthrow literature illuminates factors that contribute to windthrow, but generalizations at the ecoregion and subregional scale (McNabb and Avers 1994) do not transfer well between wind events and locations. For example, exposure and stand characteristics that were clear predictors of disturbance (Foster and Boose 1992) in relatively flat (Boose et al 2001) Petersham, Massachusetts, do not transfer directly to the complex terrain of the BEF and White Mountains of New Hampshire. 2) A strictly quantitative analysis of wind disturbance at the landscape level (McNabb and Avers 1994) does not capture the qualitative complex interactions that mute or obscure relationships at the land unit (site) level.  Trends should be apparent if a study was of sufficient power and scale 3) The assumption used in this study was that total and uprooted CWD volumes from both inventories are a byproduct of wind. This assumption ignores the distinct possibility that other disturbances agents could be primary causes of mortality or significantly contribute to mortality volume. Hubert (1918) and Worrell and Harrington (1988) found multiple disturbance agents contributed to mortality and gap formation respectively. 4) Unaddressed additional factors such as elevation or management could have significant impacts or interactions with the terms studied. 5) There is potential that relative windthrow volume as a function of site productivity could more effectively illuminate factors that contribute to wind disturbance. However, Lang et al. (1981) refute this point contending that there is often a correlation between productivity and decomposition at sites. 6) Lastly, these data represent unique wind events occurring at single points in time and space. It is uncertain how accurately the relationship between these events can be extrapolated to other endemic-catastrophic comparisons.

Qualitative differences in disturbance levels. The same factors contribute to endemic and catastrophic wind disturbance (Everham and Brokaw 1996) along a continuum of windspeeds that comprise wind events (Canham et al. 2001). It appears that both are subject to a threshold response (Romme et. al. 1998). Romme et al. (1998, 524) recognize a qualitative difference between large and small disturbance “if disturbance impact does increase abruptly at some point with increasing disturbance extent, intensity, or duration.” 

This research supports the idea that the relationship between endemic and catastrophic events is nonlinear. Woods (2004) found that “baseline mortality”, cannot be scaled up to represent irregular disturbance events (storms), and this research supports the same finding with different terminology that endemic events cannot be scaled up to represent catastrophic disturbances. Nonlinearity between endemic and catastrophic wind disturbance would indicate “a change in disturbance response” or a qualitative difference. 

Romme et al. (1998) acknowledge a number of challenges when comparing large and small disturbances including defining and determining terms, limits, scale, and disturbance criteria.  In this study, most of the challenges identified by Romme et al. (1998) were kept relatively constant when comparing wind events. Vegetative composition (Woods 2004) or characteristics (Foster and Boose 1992) were identified a variable that influences the spatial distribution of damage (Foster and Boose 1992) between events (Woods 2004) and was a variable that continued to change, had potential to influence the results, but were addressed as best they could through QMD and species type. 

Conclusion

The results of this study indicate that endemic wind is an important factor influencing the composition of forests in the northeast. Whether it is something that should be managed depends on the site and the objectives of the landowner.

Generalizations about the spatial distribution of wind disturbance across a broad geographic range act as valuable guidelines in studies of wind disturbance. However, they are insufficient to draw detailed conclusions about windthrow patterns across regions. Focused landscape level research can identify clearer trends unique to the study area, but a multitude of site specific abiotic conditions interacting with biotic factors present serious challenges when attempting to model wind disturbance with accuracy. 

Temporal relationships between catastrophic and endemic wind estimates of damage are clear in this study. 4.4-9.5 years of endemic disturbance is equivalent to the same volume as a single catastrophic event such as the 1938 hurricane. The conclusions should be tempered considering the comparison is based on a single catastrophic event and there are challenges associated with identifying types and dates of mortality.

This research takes modest steps in examining differences between catastrophic and endemic wind damage. There is need for additional continued attention and study in this area. It would be beneficial to have a comprehensive literature review of New England meteorology as it relates to New England forests. There is extensive literature on hurricanes, less on ice storms, and very little on endemic events that occur annually in the Northeastern United States. 

CHAPTER 2: AGING DECAYED WOOD

Introduction

Determining the time it takes for woody detritus to decay is an important step in understanding many ecosystem wide processes and has considerable impacts on both broad and localized management decisions. A more comprehensive knowledge of decay rates will enable researchers to refine and improve their understanding of nutrient dynamics within ecosystems (Bormann and Likens 1979a; Brown et al. 1996; Yin 1999) and the ecological benefits (Graham 1925; Savely Jr. 1939; Maser and Trappe 1984; Harmon et al. 1986; Samuelsson et al. 1994) that woody debris provides. 

Nutrients cycle through an ecosystem; they enter as above and belowground organic inputs (roots, branches, stems, litterfall) and output as transferred (leaching) or decomposed material (fragmentation, respiration by microbes) (Tritton 1980; Harmon et al. 1986; Maser and Trappe 1984; Maser et al. 1988). 

Factors contributing to decomposition are variable. There are fluctuations in the success of decomposer populations to establish themselves on available substrate for the first ten years after mortality occurs (Grier 1978). However, the initial variability does not significantly affect the inverse logarithmic decay-time relationship (Shortle personal communication) as demonstrated in a study of white fir boles in Sequoia National Park (Harmon et. al. 1987). 

Decay rates differ along gradients that characterize certain species (spruce-fir/other softwoods) and species’ classes (hardwood/softwood)(Yin 1999). Rate of decomposition also depends on the substrate, the chemical makeup of the detritus: nitrogen, minerals, carbon, and organic compounds (Lewis 1950; Maser and Trappe 1984; Graham and Kurth 1949; Hergert and Kurth 1952; Kurth 1948). Over time, the chemical makeup of the detritus is degraded, and decomposition is reduced as decomposers use the preferred nutrients (Maser and Trappe 1984).

The process becomes increasingly complex when abiotic factors interact with biological ones. Climate, precipitation (moisture), and temperature have a substantial impact on decay  (Fogel and Cromack 1977; Macmillan1981). Some studies (Grier 1978; Graham 1982; Harmon et al. 1987) have identified a negative relationship between decay rate and precipitation. If wood becomes waterlogged or there is a lack of moisture, decomposition is reduced. Warmer soil temperatures and moderate soil moisture is positively correlated with microbial activity and chemical decomposition (Maser and Trappe 1984; Donnelly et. al. 1990).

Decomposition studies often present results as a loss in mass or density over time using a decay constant (Olsen 1963; Yin 1999). Decomposition rates are a product of time, how long the organic matter is dead for, and state of decay by some metric (e.g. nutrient content, volume). The metric of the study and state of the material is a byproduct of the research interest and experimental design. Analyzing how long the organic matter has been there, dating the mortality, is a more difficult problem that researchers have struggled with (Henry and Swan 1974). 

Dynesius and Jonsson (1991) compared eight different methods that are used to date mortality of a windthrown tree: cross-dating, growth release, initial growth, tree regeneration on the fallen log, tree regeneration in the pit, fell scars, reaction wood, and stage of decay. Comparisons to old survey maps (Lorimer 1977) and permanent plot inventories (Grier 1978) have also been used to date mortality.

For Dynesius and Jonsson (1991), cross-dating was the most accurate method. Coupled with growth release, they are the only two methods that give a precise year when mortality occurred (Dynesius and Jonsson 1991). Other methods can determine a minimum mortality date, but do not have the same precision. Using multiple methods together increases accuracy (Dynesius and Jonsson 1991). The decay class system, although less accurate than the prior two methods, ensures an adequate data set (Dynesius and Jonsson 1991) and quick assessment (Dynesius and Jonsson 1991; Pyle and Brown 1998). 

One of the drawbacks of using a decay classification is the high degree of variability (Pyle and Brown 1999). A single log will often be composed of multiple decay classes (Pyle and Brown 1998; 1999), so classification does not capture the internal diversity within the log (Maser and Trappe 1984, Pyle and Brown 1999) that is important in some decay studies. Brewer and Merritt (1978) found advanced brown rot, white rot and sound wood all within the same log.

Across North America, decay class systems have been categorized into 3-stage (Brewer and Merritt 1978), 4-stage (Harmon et al. 1987; Muller 2003); 5-stage (Triska and Cromack 1980; Graham and Cromack 1982; Sollins 1982; Macmillan 1981; Maser et al. 1979, 1984; Muhle and LeBlanc 1975), 8-stage (McCollough 1948; Söderström 1988; Dynesius and Jonsson 1991), and 10-stage (Cogbill personal communication) systems.   

The objective of this research is to determine a time-decay class relationship that can be used to predict how old a piece of wood in a given decay class is. “Time since mortality” across a 7-stage decay class system is used to establish this relationship for both hardwood and softwood species. By quantifying a relationship between decay class and time since mortality, it enables a researcher to conduct a CWD inventory and attribute how much wood entered the ecosystem over a certain period of time (see chapter 1).

Methods


Density study research was conducted in Bartlett Experimental Forest (BEF) in August-September 2004 (see chapter 1 methods for a description of the BEF). In 1963 and 1964, 48 one-third acre (130.5’ square) plots were established within compartments 12, 13, and 14 of Bartlett Experimental Forest to study the silvics of uneven age second-growth stands under various conditions (size class and basal area) (Leak and Solomon 1975; Solomon 1977a; Solomon 1977b). Plots were oriented N-S (1-27, 42-56), N30°E (28-37), and N60°E (40-41) with 50-foot buffer strips between them (Solomon 1977a; Solomon 1977b; Figure 2.1). The origin of established plots were in the NW corner at (5,5) (Gove personal communication). All trees within a plot were identified and tagged, and their coordinates were recorded. Plots were inventoried every 2-9 years: 1967, 1969, 1972, 1974, 1980, 1985, 1989, 1991, 1995, and 2000.

Basal areas were initially 40, 60, 80, or 100 square feet per acre when the plots were established (Leak and Solomon 1975; Solomon 1977a). Elevations range from 830-1030 ft. The second-growth that is present was established in 1880-1900 and is predominantly beech-red maple-paper birch (Solomon 1977a). A second cohort was released in 1935-40 (Leak 2004). Soil associations consist of MEE (Marlow very stony fine sandy loam association), MFC (Marlow-Peru very stony fine sandy loam association), BVE (Berkshire very stony fine sandy loam association, steep) and BVC (Berkshire very stony fine sandy loam association, sloping) (Leak 1982). 

Field Methods. Fieldwork and data collection occurred from August-September 2004. The Forest Service provided coordinates of numbered live and dead trees in the density study plots. Dead boles were identified by following bearings to established tree locations. When possible, down trees were confirmed by identification tags. There were a number of instances when there was some uncertainty which log was associated with an identified stump. In these cases, our best judgment was used to identify the log in question based on 

[image: image35.png]/BH RW\E /f/l JE NS (] ﬁ’ S (U D\)/

/

S SURFACED
= GRAVELRO
14 COMPARTM

3
Ay,
W,

IHD STRUCTURE PLajs

xamr»/sm? {3 7 4 e
L
o our lout
3 55|58
: - [fFBo s s
SIS
- bl
y  [ouT |6Azé0
- . 47
(S|
(Fa<Bo (52<8o0,
Voo ol
| #0186
S5 S S0 5
120 ‘ 824 mﬁ‘”
‘ . GA<60 [OUT

B o A ST | 44

= W] 3
r s20.5 x5 SWelE BV [guT |84 €0 %gcﬂ?’
5 Srors E & 'R0

$2 |43 2

X : S |t
aoh | s oovsts gz’ (TF=TO [Grebo | b o
/2 e 53 |42 2 |
N | I Ser-of |90 3091 Jﬁl{tm





Figure 2.1:Density study site map

diameter, orientation, proximity to the stump, and decay expectations based on stump decay. A SUUNTO MC-2DL Navigator compass was used to determine bearings. A Haglöf Vertex III was used for all distance measurements, and diameters were measured with calipers. Decay classes were determined using the same methods described previously (See Chapter 1 “field methods”) (Table 2.1).

Analysis. Plot number, tree number, x-y coordinates, species, diameter and tree status (live/dead) from 11 inventories was provided by the Forest Service. Fieldwork supplied decay classes for all identified trees. Data management and statistical analysis was conducted using software described previously (See Chapter 1 “Analysis”).

Species Class. Hardwood and softwood decay class distributions were compared using a chi-squared test of independence. Hardwoods were analyzed separately based on the results of the chi-squared analysis and limited softwood data. Hardwood results were extrapolated to softwoods based on calculated and assumed relationships between hardwoods and softwoods (Cogbill personal communication).

Diameter Class. Diameters were divided into two classes – above and below the median. A chi-squared test of independence was used on the decay classes of each group to determine whether diameter had a significant impact on decay class distribution.  

Hardwoods. A matrix of the time since mortality and decay class count data was created (Table 2.2), transformed into percentages (Table 2.3), and 

Table 2.1: Decay Classification

	Decay Class
	Description

	1
	Fine twigs

	2
	Medium branches

	3
	Bark or hard sapwood

	4
	Punky outside

	5
	Punky thru

	6
	Sagging cannot hold weight

	7
	Lump, buried, or hidden in forest floor


Table 2.2: Hardwood Time since Mortality (range) by Decay count data

	Time
	Decay Class

	
	I
	II
	III
	IV
	V
	VI
	VII

	0-4
	12
	1
	5
	0
	0
	0
	0

	4-9
	1
	3
	33
	15
	4
	0
	3

	9-13
	1
	1
	3
	8
	4
	4
	0

	13-15
	0
	0
	4
	23
	6
	6
	5

	15-19
	0
	0
	7
	46
	24
	21
	17

	19-24
	0
	0
	2
	23
	15
	11
	56

	24-30
	0
	0
	0
	4
	3
	10
	53

	30-32
	0
	0
	0
	10
	7
	13
	57

	32-35
	0
	0
	0
	2
	0
	1
	11

	35-37
	0
	0
	0
	2
	0
	2
	26


Table 2.3: Hardwood Time since Mortality (range) by Decay percentages

	Time
	Decay Class

	
	I
	II
	III
	IV
	V
	VI
	VII

	0-4
	85.7
	20.0
	9.3
	0.0
	0.0
	0.0
	0.0

	4-9
	7.1
	60.0
	61.1
	11.3
	6.3
	0.0
	1.3

	9-13
	7.1
	20.0
	5.6
	6.0
	6.3
	5.9
	0.0

	13-15
	0.0
	0.0
	7.4
	17.3
	9.5
	8.8
	2.2

	15-19
	0.0
	0.0
	13.0
	34.6
	38.1
	30.9
	7.5

	19-24
	0.0
	0.0
	3.7
	17.3
	23.8
	16.2
	24.6

	24-30
	0.0
	0.0
	0.0
	3.0
	4.8
	14.7
	23.2

	30-32
	0.0
	0.0
	0.0
	7.5
	11.1
	19.1
	25.0

	32-35
	0.0
	0.0
	0.0
	1.5
	0.0
	1.5
	4.8

	35-37
	0.0
	0.0
	0.0
	1.5
	0.0
	2.9
	11.4


analyzed on a per year basis with percentages additive as the years increase (Table 2.4). 

Softwoods Estimation. Charlie Cogbill, while acknowledging variability, has found that red spruce boles will take approximately 25 years to reach decay class 4. This information was used as representative numbers for softwoods species and compared with the hardwood results in this study – hardwoods take 20.6 years to reach decay 5.4. A years since mortality:decay ratio was calculated between hardwoods and softwoods which resulted in softwoods taking 1.7 times longer to decay than hardwoods. Hardwood calculations (Table 2.2, Table 2.3, Table 2.4) were multiplied by 1.7 to arrive at softwood estimates (Table 2.5, Table 2.6, Table 2.7).

Results


A total of 575 downed logs were identified and attributed a decay class. Decay classes ranged from 1 to 7; the mean decay class was 5.4. Tree mortality occurred from 0-37 years ago. Mean date of mortality was 20.6 years ago. Diameters ranged from 4.5 to 19.8 inches while the mean diameter was 9.4 inches (Table 2.8).

Species Class. 565 hardwood and 10 softwood stems were tallied (Table 2.8). The average time since mortality for hardwoods ranged from 3.0 years in decay class 1 to 26.7 years for decay class 7 (Table 2.9). The average age for 

Table 2.4: Hardwood Time since Mortality (year) by Decay as cumulative percentage

	Time 
	Decay Class

	
	I
	II
	III
	IV
	V
	VI
	VII

	1
	21.4
	5.0
	2.3
	0.0
	0.0
	0.0
	0.0

	2
	42.9
	10.0
	4.6
	0.0
	0.0
	0.0
	0.0

	3
	64.3
	15.0
	6.9
	0.0
	0.0
	0.0
	0.0

	4
	85.7
	20.0
	9.3
	0.0
	0.0
	0.0
	0.0

	5
	87.1
	32.0
	21.5
	2.3
	1.3
	0.0
	0.3

	6
	88.6
	44.0
	33.7
	4.5
	2.5
	0.0
	0.5

	7
	90.0
	56.0
	45.9
	6.8
	3.8
	0.0
	0.8

	8
	91.4
	68.0
	58.1
	9.0
	5.1
	0.0
	1.1

	9
	92.9
	80.0
	70.4
	11.3
	6.3
	0.0
	1.3

	10
	94.6
	85.0
	71.8
	12.8
	7.9
	1.5
	1.3

	11
	96.4
	90.0
	73.1
	14.3
	9.5
	2.9
	1.3

	12
	98.2
	95.0
	74.5
	15.8
	11.1
	4.4
	1.3

	13
	100.0
	100.0
	75.9
	17.3
	12.7
	5.9
	1.3

	14
	100.0
	100.0
	79.6
	25.9
	17.5
	10.3
	2.4

	15
	100.0
	100.0
	83.3
	34.6
	22.2
	14.7
	3.5

	16
	100.0
	100.0
	86.6
	43.2
	31.7
	22.4
	5.4

	17
	100.0
	100.0
	89.8
	51.9
	41.3
	30.1
	7.2

	18
	100.0
	100.0
	93.1
	60.5
	50.8
	37.9
	9.1

	19
	100.0
	100.0
	96.3
	69.2
	60.3
	45.6
	11.0

	20
	100.0
	100.0
	97.0
	72.6
	65.1
	48.8
	15.9

	21
	100.0
	100.0
	97.8
	76.1
	69.8
	52.1
	20.8

	22
	100.0
	100.0
	98.5
	79.5
	74.6
	55.3
	25.7

	23
	100.0
	100.0
	99.3
	83.0
	79.4
	58.5
	30.6

	24
	100.0
	100.0
	100.0
	86.5
	84.1
	61.8
	35.5

	25
	100.0
	100.0
	100.0
	87.0
	84.9
	64.2
	39.4

	26
	100.0
	100.0
	100.0
	87.5
	85.7
	66.7
	43.3

	27
	100.0
	100.0
	100.0
	88.0
	86.5
	69.1
	47.1

	28
	100.0
	100.0
	100.0
	88.5
	87.3
	71.6
	51.0

	29
	100.0
	100.0
	100.0
	89.0
	88.1
	74.0
	54.9

	30
	100.0
	100.0
	100.0
	89.5
	88.9
	76.5
	58.8

	31
	100.0
	100.0
	100.0
	93.2
	94.4
	86.0
	71.3

	32
	100.0
	100.0
	100.0
	97.0
	100.0
	95.6
	83.8

	33
	100.0
	100.0
	100.0
	97.5
	100.0
	96.1
	85.4

	34
	100.0
	100.0
	100.0
	98.0
	100.0
	96.6
	87.0

	35
	100.0
	100.0
	100.0
	98.5
	100.0
	97.1
	88.6

	36
	100.0
	100.0
	100.0
	99.2
	100.0
	98.5
	94.3

	37
	100.0
	100.0
	100.0
	100.0
	100.0
	100.0
	100.0


Table 2.5 Estimated Softwood Time since Mortality (range) by Decay count data 

	Time
	Decay

	
	I
	II
	III
	IV
	V
	VI
	VII

	0-6.8
	12
	1
	5
	0
	0
	0
	0

	6.8-15.3
	1
	3
	33
	15
	4
	0
	3

	15.3-22.1
	1
	1
	3
	8
	4
	4
	0

	22.1-25.5
	0
	0
	4
	23
	6
	6
	5

	25.5-32.3
	0
	0
	7
	46
	24
	21
	17

	32.3-40.8
	0
	0
	2
	23
	15
	11
	56

	40.8-51
	0
	0
	0
	4
	3
	10
	53

	51-54.4
	0
	0
	0
	10
	7
	13
	57

	54.4-59.5
	0
	0
	0
	2
	0
	1
	11

	59.5-62.9
	0
	0
	0
	2
	0
	2
	26


Table 2.6: Estimated Softwood Time since Mortality (range) by Decay percentages

	Time
	Decay

	
	I
	II
	III
	IV
	V
	VI
	VII

	0-6.8
	85.7
	20.0
	9.3
	0.0
	0.0
	0.0
	0.0

	6.8-15.3
	7.1
	60.0
	61.1
	11.3
	6.3
	0.0
	1.3

	15.3-22.1
	7.1
	20.0
	5.6
	6.0
	6.3
	5.9
	0.0

	22.1-25.5
	0.0
	0.0
	7.4
	17.3
	9.5
	8.8
	2.2

	25.5-32.3
	0.0
	0.0
	13.0
	34.6
	38.1
	30.9
	7.5

	32.3-40.8
	0.0
	0.0
	3.7
	17.3
	23.8
	16.2
	24.6

	40.8-51
	0.0
	0.0
	0.0
	3.0
	4.8
	14.7
	23.2

	51-54.4
	0.0
	0.0
	0.0
	7.5
	11.1
	19.1
	25.0

	54.4-59.5
	0.0
	0.0
	0.0
	1.5
	0.0
	1.5
	4.8

	59.5-62.9
	0.0
	0.0
	0.0
	1.5
	0.0
	2.9
	11.4


Table 2.7 Estimated Softwood Time since Mortality (year) by Decay as cumulative percentage

	Time
	Decay Class

	
	I
	II
	III
	IV
	V
	VI
	VII

	1
	12.2
	2.9
	1.3
	0.0
	0.0
	0.0
	0.0

	2
	24.5
	5.7
	2.6
	0.0
	0.0
	0.0
	0.0

	3
	36.7
	8.6
	4.0
	0.0
	0.0
	0.0
	0.0

	4
	49.0
	11.4
	5.3
	0.0
	0.0
	0.0
	0.0

	5
	61.2
	14.3
	6.6
	0.0
	0.0
	0.0
	0.0

	6
	73.5
	17.1
	7.9
	0.0
	0.0
	0.0
	0.0

	7
	85.7
	20.0
	9.3
	0.0
	0.0
	0.0
	0.0

	8
	86.6
	27.5
	16.9
	1.4
	0.8
	0.0
	0.2

	9
	87.5
	35.0
	24.5
	2.8
	1.6
	0.0
	0.3

	10
	88.4
	42.5
	32.2
	4.2
	2.4
	0.0
	0.5

	11
	89.3
	50.0
	39.8
	5.6
	3.2
	0.0
	0.7

	12
	90.2
	57.5
	47.5
	7.0
	4.0
	0.0
	0.8

	13
	91.1
	65.0
	55.1
	8.5
	4.8
	0.0
	1.0

	14
	92.0
	72.5
	62.7
	9.9
	5.6
	0.0
	1.2

	15
	92.9
	80.0
	70.4
	11.3
	6.3
	0.0
	1.3

	16
	93.9
	82.9
	71.2
	12.1
	7.3
	0.8
	1.3

	17
	94.9
	85.7
	72.0
	13.0
	8.2
	1.7
	1.3

	18
	95.9
	88.6
	72.8
	13.9
	9.1
	2.5
	1.3

	19
	96.9
	91.4
	73.5
	14.7
	10.0
	3.4
	1.3

	20
	98.0
	94.3
	74.3
	15.6
	10.9
	4.2
	1.3

	21
	99.0
	97.1
	75.1
	16.4
	11.8
	5.0
	1.3

	22
	100.0
	100.0
	75.9
	17.3
	12.7
	5.9
	1.3

	23
	100.0
	100.0
	78.4
	23.1
	15.9
	8.8
	2.0

	24
	100.0
	100.0
	80.9
	28.8
	19.0
	11.8
	2.8

	25
	100.0
	100.0
	83.3
	34.6
	22.2
	14.7
	3.5

	26
	100.0
	100.0
	85.2
	39.5
	27.7
	19.1
	4.6

	27
	100.0
	100.0
	87.0
	44.5
	33.1
	23.5
	5.6

	28
	100.0
	100.0
	88.9
	49.4
	38.5
	27.9
	6.7

	29
	100.0
	100.0
	90.7
	54.4
	44.0
	32.4
	7.8

	30
	100.0
	100.0
	92.6
	59.3
	49.4
	36.8
	8.8

	31
	100.0
	100.0
	94.4
	64.2
	54.9
	41.2
	9.9

	32
	100.0
	100.0
	96.3
	69.2
	60.3
	45.6
	11.0

	33
	100.0
	100.0
	96.7
	71.1
	63.0
	47.4
	13.7

	34
	100.0
	100.0
	97.1
	73.0
	65.6
	49.2
	16.4

	35
	100.0
	100.0
	97.5
	74.9
	68.3
	51.0
	19.2

	36
	100.0
	100.0
	97.9
	76.9
	70.9
	52.8
	21.9

	37
	100.0
	100.0
	98.4
	78.8
	73.5
	54.6
	24.6

	38
	100.0
	100.0
	98.8
	80.7
	76.2
	56.4
	27.3

	39
	100.0
	100.0
	99.2
	82.6
	78.8
	58.2
	30.1

	40
	100.0
	100.0
	99.6
	84.5
	81.5
	60.0
	32.8

	41
	100.0
	100.0
	100.0
	86.5
	84.1
	61.8
	35.5

	42
	100.0
	100.0
	100.0
	86.8
	84.6
	63.2
	37.9

	43
	100.0
	100.0
	100.0
	87.1
	85.1
	64.7
	40.2

	44
	100.0
	100.0
	100.0
	87.4
	85.6
	66.2
	42.5

	45
	100.0
	100.0
	100.0
	87.7
	86.0
	67.6
	44.8

	46
	100.0
	100.0
	100.0
	88.0
	86.5
	69.1
	47.1

	47
	100.0
	100.0
	100.0
	88.3
	87.0
	70.6
	49.5

	48
	100.0
	100.0
	100.0
	88.6
	87.5
	72.1
	51.8

	49
	100.0
	100.0
	100.0
	88.9
	87.9
	73.5
	54.1

	50
	100.0
	100.0
	100.0
	89.2
	88.4
	75.0
	56.4

	51
	100.0
	100.0
	100.0
	89.5
	88.9
	76.5
	58.8

	52
	100.0
	100.0
	100.0
	92.0
	92.6
	82.8
	67.1

	53
	100.0
	100.0
	100.0
	94.5
	96.3
	89.2
	75.4

	54
	100.0
	100.0
	100.0
	97.0
	100.0
	95.6
	83.8

	55
	100.0
	100.0
	100.0
	97.2
	100.0
	95.8
	84.6

	56
	100.0
	100.0
	100.0
	97.5
	100.0
	96.1
	85.4

	57
	100.0
	100.0
	100.0
	97.7
	100.0
	96.3
	86.2

	58
	100.0
	100.0
	100.0
	98.0
	100.0
	96.6
	87.0

	59
	100.0
	100.0
	100.0
	98.2
	100.0
	96.8
	87.8

	60
	100.0
	100.0
	100.0
	98.5
	100.0
	97.1
	88.6

	61
	100.0
	100.0
	100.0
	99.0
	100.0
	98.0
	92.4

	62
	100.0
	100.0
	100.0
	99.5
	100.0
	99.0
	96.2

	63
	100.0
	100.0
	100.0
	100.0
	100.0
	100.0
	100.0


Table 2.8: Density Study Data overview

	Species

	Count
	Mean Diameter (in)
	Mean Mortality (yrs)
	Mean Decay

	Total 
	575
	9.4
	20.6
	5.4

	Hardwoods
	565
	9.3
	20.6
	5.4

	BE
	257
	9.7
	22.1
	5.6

	PB
	74
	10.0
	18.0
	4.6

	RM
	128
	8.9
	18.4
	5.2

	SM
	40
	7.1
	23.1
	6.2

	WA
	5
	11.1
	21.9
	4.6

	YB
	61
	8.7
	20.6
	5.2

	Softwoods
	10
	12.5
	20.2
	4.6

	EH
	8
	13.1
	20.6
	5.0

	RS
	2
	10.2
	18.8
	3.0


Table 2.9 Average age by decay class of hardwoods and softwoods 

	Decay Class
	Hardwoods
	Softwoods

	1
	3.0
	5.1

	2
	6.5
	11.1

	3
	8.8
	15.0

	4
	17.6
	30.0

	5
	18.8
	32.0

	6
	22.1
	37.6

	7
	26.7
	45.4


softwoods ranged from 5.1 years in decay class 1 through 45.4 years in decay class 7 (Table 2.9). A chi squared test of independence revealed a significant difference (X-squared = 12.6822, df = 6, p-value = 0.04837) between hardwood and softwood decay populations.

Cogbill's research (personal communication) has found that on average a red spruce that has decayed for 25 years is in decay class 4. This was compared to the average 20.6 year-old hardwood stems in decay class 5.4. The results indicate that hardwoods decompose 1.7 times faster than softwoods (Table 2.10). 
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Diameter. Decay class distribution of large diameter stems ranged from 5 (2%) in decay class 2 to 97  (34%) in decay class 4 (Table 2.11, Figure 2.3). The decay class distribution of small diameter stems ranged from 0 (0%) in decay class 2 to 172  (61%) in decay class 7 (Table 2.11, Figure 2.5). Diameter class had a significant effect on the decay class distribution (X-squared = 104.0962, df = 6, p-value < 2.2e-16).

Hardwoods. 565 stems comprised of 6 different hardwood species, beech (Fagus grandifolia), paper birch (Betula papyrifera), red maple (Acer rubrum), sugar maple (Acer saccharum), white ash (Fraxinus americana), and yellow birch (Betula allegheniensis). Diameters ranged from 4.5 to 19.8 inches with a mean diameter of 19.3 inches. Mortality occurred 0-37 years ago with a mean date of

Table 2.10: Softwood-hardwood ratio

	Species
	Years since mortality
	Decay Class

	Red spruce
	25
	4

	Hardwoods
	20.6
	5.4


Table 2.11 Distribution greater and less than mean diameter by Decay class 

	Diameter
	Decay class

	
	1
	2
	3
	4
	5
	6
	7

	Greater than median (8.8in.)
	11
	5
	30
	97
	42
	45
	58

	Less than median (8.8in.)
	3
	0
	24
	39
	22
	24
	172
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Figure 2.3: Diameter Distribution by Decay Class 

Table 2.13
 and Table 2.1 represent the number  of stems in a decay class for a date of mortality range. This count data is converted to a percentage of logs in each decay class for a date of mortality range (Table 2.3) and broken down to represent percentage in each decay class for a given year (Table 2.4; Figure 2.6). The table is additive (e.g. years 1, 2, 3, 4 each represent 21.4 percent of the 0-4 age range for decay class 1). 85.7% of decay class one has been contributed over the first 4 years – 21.4%year1 + 21.4%year2 + 21.4%year3 + 21.4%year4. 

Softwoods Estimation. 10 softwood logs were tallied consisting of 2 red spruce and 8 eastern hemlock. Diameters ranged from 4.6 to 18.8; mean diameter was 12.5. Time since mortality ranged from 4-37 years with a mean of 20.2 years. Softwood decay ranged from decay classes 1 to 7 with a mean decay class of 4.6 (Table 2.8). The different decay distributions of hardwoods and softwoods are presented in Figure 2.5 and Table 2.9.

Table 2.2, Table 2.3, Table 2.4 and Figure 2.6 show the hardwood count data, count data as a percentage of each decay class, and as an annual additive percentage of each decay class. For each table, the age or age class is adjusted by a factor of 1.7 to account for the longer decay process of softwoods Table 2.5, Table 2.6, Table 2.7, Figure 2.8.  

Table 2.13: Age Range Count Data by Species Type 

	Age
	Species type

	
	Hardwood
	Softwood

	0-4
	18
	0

	4-9
	59
	1

	9-13
	21
	0

	13-15
	44
	0

	15-19
	115
	6

	19-24
	107
	0

	24-30
	70
	1

	30-32
	87
	1

	32-35
	14
	0

	35-37
	30
	1

	Total
	565
	10


Table 2.15: Distribution of hardwoods and softwoods by decay class  

	Species Type
	Decay Class

	
	1
	2
	3
	4
	5
	6
	7

	Hardwood (count)
	14
	5
	54
	133
	63
	68
	228

	Softwood

(count)
	2
	0
	1
	1
	2
	1
	3
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Figure 2.5 Decay Class Distribution of Hardwoods and Softwoods
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Figure 2.6: Hardwood volume accumulation over time by decay class

[image: image40.wmf]0

10

20

30

40

50

60

0

20

40

60

80

100

cumulative time

cumululative percent

Decay class 1

Decay class 2

Decay class 3

Decay class 4

Decay class 5

Decay class 6

Decay class 7


Figure 2.8: Softwood volume accumulation over time by decay class

Discussion

Species Class. This study yielded results similar to Tritton (1980), Macmillan (1981), and Yin (1999) and found a significant difference in hardwood and softwood decomposition rates. Since only 10 softwood stems were tallied, the hardwoods-softwood comparison in the BEF was extrapolated based on red spruce decay information from other areas of the Northeast provided by Charlie Cogbill (Cogbill personal communication). It would have been ideal to have more softwood data from Bartlett, but the results were consistent with other studies, and decay between softwood species does not seem to be a critical source of variability. Softwoods in Bartlett consisted of spruce, fir and hemlock. Yin (1999) found that spruce and fir had comparable decomposition characteristics. Brewer and Merritt (1978) established that western hemlock and Sitka spruce were shown to decay at statistically equal rates, but faster than Douglas-fir in Olympic National Park; however, Graham and Cromack (1982) found that hemlock boles decayed quicker than the spruce boles that they were compared to. A more complete softwood data set would have allowed a more in depth analysis of decomposition rates between softwoods. The 1.7 ratio is close to other observations made in the field; Cogbill (personal communication) in his research has found that as a “general” rule softwoods seem to decay about twice as fast as hardwoods.

Diameter Class. Other studies have found that small diameter stems, with a greater surface to volume ratio, decay quicker than larger diameter stems (Fogel and Cromack 1977; Lambert et al. 1980; MacMillan 1981). A chi-squared test of independence confirmed similar results in this study (X-squared = 104.0962, df = 6, p-value < 2.2e-16 p-value = 0) (Table 2.11, Figure 2.5) when wood below then median dbh (8.8 inches) was compared to wood greater than the median (8.8 inches). Some decay classes had low counts, which could influence the chi-squared results, but there is nothing in the literature that would suggest these results are incorrect. 

Decay Rates. Hardwood decay rates are fairly comparable to Macmillan’s (1981) study in an Indiana Beech-maple and Oak-hickory forest. His estimates for an average log in decay class 5 (equivalent to decay class 6 & 7 in this decay class system) is 19.6 years compared with 22.1 years in the BEF. MacMillan (1981) found that oak decay most rapidly in their first 8 years, reach half their density after about 22 years, and take 75 years to fully decay. 75 years is beyond the scope of this 37 year study, but his numbers can give insight into projected hardwood decomposition estimates in the northeast.

Lambert et al. (1980) found that balsam fir at high elevations in New Hampshire take approximately 40 years to reach advanced stages of decay (stages 5, 6, and 7). Few, if any, fragments are left after 60 years (McFee and Stone 1966; Lambert et al.1980). Advanced stages of decay for softwoods in this study average 32.0-45.4 years with almost all the volume in decay class 7 by 60 years (Table 2.7).

Tyrrell and Crow (1994) in northern Michigan and Wisconsin determined that it took hemlock boles over 200 years to fully decay. There are indications that boles buried in the humus layer can contribute a fair amount of biomass to a region. It is quite possible that below ground CWD lasts longer than the stated decomposition projections in this study. Otherwise, Tyrrell and Crow’s (1994) decomposition estimates were longer than those in this study.

Harmon et al. (1987) found that after 6-10 years the braches of white fir in Sequoia National Park fell off the bole. In this study, braches falling off the bole is approximately equivalent to decay class 2, which takes 11.1 years. Western Hemlock boles in coastal Oregon developed “conspicuously” deteriorated bark after 10 years (Grier 1978). Softwoods in this study would have conspicuously deteriorated bark (decay class 3) after 15.0 years (Table 2.8). The comparisons between Harmon et al. (1987), Grier (1978) and this study seems reasonable when considering the high annual precipitation in the pacific northwest. Decomposition should be faster than drier or colder environments (Grier 1978) such as the northeast.


Outliers, such as a decay class 1 bole that was 9-13 years old, seem improbable, but still occur. There are instances in other studies of similar incidents. Harmon et al. (1987) found no measurable decay on white fir after 24 years in Sequoia National Park, California.

Results. The results come with some caveats. Using decay classes can be useful when they fit the objectives of a particular study. Any conclusions drawn about date of mortality has limited precision. Conclusions drawn from this or other studies should consider the inherent variability associated with decay class systems as well as the methodological or subjective, analytical differences between studies (MacMillan 1981; Pyle and Brown 1999).

The density study has been tracking tree mortality for 37 years. This is enough time to tally the volume of wood entering a system and trends of how that volume moves through decay classes. There is not enough data to make realistic estimates of when the stems are fully reabsorbed into the ecosystem. Estimates of 2-4% or up to 5% of WD will decay in a forest annually (Harmon et al. 1986). As a result, when calculating the amount of detritus at a given site, there is an increasing likelihood to overestimate the inputs as the tally projects further back in time because decomposition is not being considered. 

Ideally, the date of mortality for each log would be narrowed to a precise year, but using age ranges is an alternative others have used (Grier 1978; MacMillan 1981).  Comparing regional results between decay class systems with different class definitions and numbers of classes poses another challenge, but general trends and the relative accuracy of this study can be established when comparing the results to other documented studies.

Conclusion


The results of this study indicate that diameter and species have an impact on decomposition rate, and softwoods decay approximately 1.7 times slower than hardwoods. In addition, this study provides a table to estimate ecosystem woody debris inputs over time. 

Prior research has taken a number of approaches to examine and model decay rates of boles. Some of these have yielded relationships between mortality and decay class. However, there are no examples in the northeast of studies that provide information on how stems (counts/volumes) move through decay classes – decay rate as a function of mortality and decay class. The results of this study enable a researcher to determine annual inputs of stems, volume, or biomass over a relatively short period based on a rapid assessment of decay classes tallied during a forest inventory.  
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APPENDIXES

Appendix 1: Data Manipulation

	Data Set
	Description

	2004 Inventory
	Stem and base combined to “total log length”

	2004 Inventory
	Logs at an angle were corrected with trigonometric calculation resulting in “adjusted log length” 

	2004 Inventory
	Decay classes of 8 & 9 changed to 7 [1177], [1265], [1266], [1488]

	2004 Inventory
	Diameter for [1196] missing. Replaced with average for striped maple (4.5 inches) 

	2004 inventory for volume
	Beech (most common hardwood) substituted for unknown hardwood and unknown.

	2004 inventory for volume
	Red spruce (most common softwood) substituted for unknown softwood volumes

	2004 Inventory
	Fall direction 0 ( 2.5, 90 ( 90.2, 180 ( 182.5, 270 ( 272.5

	2004 Inventory
	Damage code missing [1968] ( log, damage code = 8

	2004 Inventory
	#1342-1348 [transect going both ways meeting in middle] changed – all 30M-30N ( 30N-30M, all directions n(s, all distance to 360-[minus] distance. 

	2002 Inventory
	SB (sweet birch) ( used maple volume equation

	2002 Inventory
	For  “U” substituted average diameter

	2002 inventory
	No white ash coefficients for Honer equation maple coefficient used instead

	1938 Inventory
	Revised Damage Codes


Appendix 2: Mapped Distribution of CWD across the BEF (ft3)
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Appendix 3: Sample Data Sheets



Appendix 4: Revised Damage Codes

	Revised Damage Codes

	Description
	1939-40 Inventory
	2004 Inventory

	Tipped out self-supporting--not lodge—give angle of lean
	1
	1

	Tipped, but lodge in adjacent tree.
	2
	2

	Completely uprooted.
	3
	3

	Forks broken out, base sound at break.
	4s
	4

	Forks broken out, firm rotten at break.
	4r
	4

	Stem broken off , sound at base.
	5s
	5

	Stem broken off , sound at base.
	5r
	5

	Bent to produce permanent set
	6
	6

	Branches or twigs broken off.  Give % of the crown reduction and diameter of largest branch broken off.
	7
	7

	Log
	Na
	8

	Branch
	Na
	9


Appendix 5: Endemic and Catestrophic Wind Damge by plot

Endemic Damage

	Plot
	Total (All)
	Total (up)
	10 year (Total)
	10 yr (up)
	5 yr (All)
	5 yr (up)
	1 yr

(All)
	1 yr

(up)

	2J
	983.1
	103.1
	343.0
	4.3
	99.9
	0.0
	13.6
	0.0

	3H
	1436.8
	698.3
	560.4
	128.0
	277.5
	31.7
	54.7
	3.8

	3J
	3682.5
	92.4
	490.7
	45.9
	112.0
	14.4
	8.3
	2.5

	4F
	1107.0
	0.0
	755.9
	0.0
	225.7
	0.0
	24.1
	0.0

	4H
	405.2
	142.0
	108.8
	71.5
	29.9
	23.1
	4.7
	3.9

	4J
	1387.4
	236.1
	711.3
	9.9
	307.8
	0.0
	51.2
	0.0

	5D
	2247.9
	104.6
	325.9
	8.3
	84.9
	1.4
	8.0
	0.0

	5F
	1051.9
	610.1
	683.4
	438.1
	203.4
	131.2
	21.6
	14.0

	5H
	511.1
	195.7
	161.9
	76.4
	43.1
	22.9
	7.6
	4.6

	5J
	1279.0
	393.7
	360.3
	10.7
	232.6
	0.2
	46.2
	0.0

	6B
	409.5
	18.9
	150.1
	1.5
	70.0
	0.2
	12.2
	0.0

	6D
	167.3
	0.0
	31.4
	0.0
	7.7
	0.0
	0.6
	0.0

	6F
	686.3
	166.8
	265.2
	13.2
	75.0
	2.2
	7.4
	0.0

	6H
	1049.9
	244.0
	373.5
	194.6
	210.4
	130.1
	40.6
	25.9

	6J
	393.4
	0.0
	243.2
	0.0
	72.1
	0.0
	7.6
	0.0

	6N
	473.0
	53.3
	236.3
	4.4
	146.1
	0.9
	30.5
	0.1

	7B
	2309.0
	0.0
	1528.0
	0.0
	896.5
	0.0
	172.0
	0.0

	7D
	667.9
	489.4
	127.5
	67.5
	29.7
	13.5
	1.9
	0.4

	7F
	356.3
	0.0
	170.0
	0.0
	94.4
	0.0
	19.2
	0.0

	7H
	858.6
	212.1
	277.9
	34.6
	107.0
	8.4
	17.2
	0.6

	7J
	1278.3
	14.9
	596.3
	4.8
	172.9
	1.0
	18.3
	0.2

	7N
	606.5
	0.0
	270.3
	0.0
	72.1
	0.0
	10.7
	0.0

	7Z
	722.8
	39.6
	333.1
	1.7
	185.0
	0.0
	36.1
	0.0

	8B
	1084.5
	336.0
	553.7
	292.0
	307.5
	193.6
	56.7
	38.0

	8D
	849.7
	559.4
	197.8
	160.7
	48.5
	41.8
	3.5
	3.5

	8F
	843.7
	0.0
	294.3
	0.0
	82.0
	0.0
	7.9
	0.0

	8H
	938.7
	157.3
	646.6
	112.9
	196.1
	33.8
	21.6
	3.6

	8J
	472.6
	52.7
	263.5
	37.9
	78.6
	11.3
	10.2
	1.2

	8N
	1584.3
	124.4
	991.0
	15.9
	293.3
	2.9
	31.0
	0.0

	8V
	639.1
	369.6
	339.6
	238.4
	99.4
	71.2
	11.5
	8.5

	8Z
	792.6
	0.0
	279.6
	0.0
	90.3
	0.0
	18.3
	0.0

	9B
	4254.9
	3218.8
	3408.6
	2832.5
	2329.7
	1957.4
	462.8
	390.2

	9F
	657.4
	0.0
	400.9
	0.0
	136.5
	0.0
	18.1
	0.0

	9H
	282.2
	126.1
	65.1
	31.3
	16.8
	8.5
	1.7
	1.1

	9J
	1517.0
	34.1
	374.2
	4.4
	111.8
	0.8
	13.3
	0.0

	9L
	220.0
	0.0
	102.0
	0.0
	37.6
	0.0
	5.3
	0.0

	9N
	319.4
	0.0
	211.7
	0.0
	160.9
	0.0
	36.7
	0.0

	9P
	438.6
	0.0
	260.6
	0.0
	114.1
	0.0
	18.5
	0.0

	9T
	239.9
	56.3
	111.8
	45.6
	48.1
	16.2
	8.1
	2.3

	9V
	317.9
	32.7
	97.6
	24.6
	32.4
	7.9
	4.3
	1.0

	9Z
	503.6
	316.5
	407.0
	279.8
	274.7
	193.7
	54.7
	38.6

	10F
	158.6
	0.0
	75.2
	0.0
	22.3
	0.0
	2.4
	0.0

	10H
	2517.6
	164.1
	364.4
	117.8
	139.3
	35.3
	23.4
	3.8

	10J
	832.2
	0.0
	473.8
	0.0
	269.5
	0.0
	49.6
	0.0

	10L
	348.0
	0.0
	274.0
	0.0
	154.5
	0.0
	29.4
	0.0

	10N
	346.8
	0.0
	227.0
	0.0
	68.9
	0.0
	7.6
	0.0

	10P
	1013.8
	0.0
	727.9
	0.0
	218.0
	0.0
	23.3
	0.0

	10R
	629.9
	0.0
	453.0
	0.0
	311.8
	0.0
	62.0
	0.0

	10T
	355.2
	100.3
	66.6
	32.3
	19.7
	6.6
	3.9
	1.3

	10V
	642.6
	0.0
	73.5
	0.0
	14.4
	0.0
	0.7
	0.0

	10Z
	1868.4
	930.8
	755.1
	358.3
	419.2
	183.6
	83.6
	36.6

	10AB
	712.4
	212.1
	327.6
	146.1
	117.6
	44.1
	16.1
	5.0

	11F
	474.7
	0.0
	313.6
	0.0
	110.5
	0.0
	15.3
	0.0

	11H
	154.5
	0.0
	90.1
	0.0
	31.8
	0.0
	4.2
	0.0

	11J
	765.3
	175.7
	288.3
	108.0
	134.9
	68.0
	23.2
	13.3

	11L
	398.9
	203.5
	83.1
	2.6
	25.5
	0.6
	3.0
	0.0

	11N
	537.2
	71.7
	216.5
	29.1
	93.1
	22.3
	16.0
	5.2

	11P
	685.1
	0.0
	366.0
	0.0
	107.5
	0.0
	11.2
	0.0

	11R
	213.0
	0.0
	88.8
	0.0
	25.1
	0.0
	3.0
	0.0

	11T
	345.4
	0.0
	108.3
	0.0
	30.9
	0.0
	3.2
	0.0

	11V
	656.0
	0.0
	349.7
	0.0
	101.7
	0.0
	10.4
	0.0

	11X
	753.6
	73.8
	403.3
	53.0
	121.3
	15.9
	13.1
	1.7

	11Z
	271.6
	0.0
	172.0
	0.0
	117.8
	0.0
	23.5
	0.0

	11AB
	587.9
	11.4
	143.2
	10.1
	51.1
	7.0
	7.6
	1.4

	12F
	1474.2
	0.0
	746.6
	0.0
	279.3
	0.0
	41.5
	0.0

	12H
	392.3
	109.1
	250.8
	78.3
	75.0
	23.5
	8.1
	2.5

	12J
	763.9
	0.0
	612.8
	0.0
	346.9
	0.0
	70.9
	0.0

	12L
	390.5
	12.9
	255.9
	11.0
	79.0
	4.1
	9.1
	0.6

	12N
	578.5
	0.0
	117.5
	0.0
	48.2
	0.0
	7.7
	0.0

	12P
	353.4
	62.9
	193.7
	8.1
	56.9
	1.5
	5.9
	0.0

	12R
	240.8
	0.0
	96.0
	0.0
	28.3
	0.0
	3.0
	0.0

	12T
	1583.2
	144.5
	322.0
	119.3
	122.5
	75.8
	19.5
	16.4

	12V
	1103.0
	248.8
	204.4
	63.0
	65.7
	30.0
	9.0
	5.0

	12X
	1401.2
	1170.1
	1160.8
	1082.4
	912.0
	878.6
	213.8
	208.6

	12AB
	150.3
	13.7
	73.3
	11.7
	22.3
	4.4
	2.5
	0.7

	13F
	250.0
	0.0
	205.2
	0.0
	126.1
	0.0
	24.3
	0.0

	13H
	783.4
	117.0
	544.0
	84.0
	162.4
	25.2
	17.3
	2.7

	13J
	1734.1
	467.4
	1132.0
	335.6
	337.8
	100.5
	37.2
	10.7

	13L
	240.3
	0.0
	88.5
	0.0
	28.8
	0.0
	4.2
	0.0

	13N
	2449.0
	1328.5
	1387.9
	1036.2
	613.1
	516.3
	108.2
	99.1

	13P
	452.4
	0.0
	180.0
	0.0
	51.5
	0.0
	5.2
	0.0

	13R
	522.8
	391.7
	92.9
	50.1
	22.5
	9.0
	1.7
	0.0

	13V
	72.7
	25.1
	40.9
	18.0
	11.9
	5.4
	1.2
	0.6

	13X
	871.1
	0.0
	141.1
	0.0
	31.8
	0.0
	2.0
	0.0

	13Z
	304.1
	195.7
	20.5
	15.5
	3.2
	2.5
	0.0
	0.0

	13AB
	291.7
	0.0
	209.5
	0.0
	62.7
	0.0
	6.7
	0.0

	14E
	1585.2
	0.0
	410.2
	0.0
	118.0
	0.0
	12.3
	0.0

	14F
	389.9
	0.0
	245.3
	0.0
	90.2
	0.0
	12.4
	0.0

	14H
	239.8
	0.0
	77.6
	0.0
	21.6
	0.0
	2.1
	0.0

	14J
	906.1
	0.0
	563.9
	0.0
	166.6
	0.0
	17.5
	0.0

	14L
	295.2
	0.0
	22.4
	0.0
	3.7
	0.0
	0.0
	0.0

	14P
	1028.3
	0.0
	659.0
	0.0
	372.0
	0.0
	75.9
	0.0

	14V
	524.5
	203.5
	340.3
	146.1
	101.2
	43.8
	10.7
	4.7

	14X
	1197.9
	240.9
	850.7
	173.0
	254.5
	51.8
	27.2
	5.5

	14Z
	1805.3
	0.0
	242.6
	0.0
	45.7
	0.0
	0.6
	0.0

	15J
	604.5
	0.0
	427.2
	0.0
	127.7
	0.0
	13.6
	0.0

	15L
	131.4
	0.0
	78.4
	0.0
	25.6
	0.0
	3.3
	0.0

	15V
	168.3
	152.7
	100.9
	89.7
	61.5
	58.2
	11.7
	11.3

	15X
	76.3
	0.0
	54.8
	0.0
	16.4
	0.0
	1.8
	0.0

	16D
	522.4
	0.0
	290.5
	0.0
	86.0
	0.0
	9.3
	0.0

	16E
	332.5
	13.3
	131.6
	9.5
	44.6
	2.8
	6.2
	0.3

	16L
	1090.2
	148.8
	685.6
	106.9
	220.1
	32.0
	26.7
	3.4

	16P
	1892.4
	240.4
	787.1
	172.6
	506.5
	51.7
	110.7
	5.5

	16R
	120.4
	0.0
	15.4
	0.0
	2.8
	0.0
	0.0
	0.0

	16V
	426.0
	0.0
	192.7
	0.0
	54.8
	0.0
	5.4
	0.0

	16X
	761.5
	20.3
	598.9
	19.2
	385.4
	17.7
	84.0
	4.4

	17H
	77.5
	0.0
	34.3
	0.0
	10.8
	0.0
	1.3
	0.0

	17L
	407.1
	0.0
	292.3
	0.0
	87.5
	0.0
	9.4
	0.0

	17R
	263.8
	0.0
	66.2
	0.0
	17.3
	0.0
	1.5
	0.0

	17T
	554.0
	103.5
	212.4
	13.2
	70.5
	2.4
	9.6
	0.0

	17V
	349.2
	49.8
	65.1
	6.4
	24.3
	1.2
	3.8
	0.0

	17X
	711.2
	599.8
	530.2
	473.2
	247.1
	230.6
	40.8
	39.1

	18C
	195.6
	75.8
	95.8
	9.7
	27.5
	1.7
	2.8
	0.0

	18D
	281.0
	94.0
	165.2
	88.9
	118.6
	81.8
	27.0
	20.1

	18E
	548.9
	16.7
	421.5
	15.8
	176.5
	14.6
	29.4
	3.6

	18F
	254.0
	180.7
	68.2
	7.6
	22.1
	0.0
	3.3
	0.0

	18H
	1000.4
	0.0
	269.5
	0.0
	97.4
	0.0
	13.6
	0.0

	18J
	777.0
	28.5
	224.4
	20.4
	82.3
	6.1
	12.4
	0.7

	18L
	307.0
	88.6
	168.1
	11.3
	49.0
	2.0
	5.0
	0.0

	18N
	190.5
	0.0
	55.4
	0.0
	13.2
	0.0
	1.6
	0.0

	18P
	61.8
	0.0
	7.9
	0.0
	1.4
	0.0
	0.0
	0.0

	18R
	930.3
	0.0
	192.5
	0.0
	45.3
	0.0
	2.9
	0.0

	18T
	1722.9
	0.0
	440.9
	0.0
	278.3
	0.0
	60.8
	0.0

	18V
	319.4
	0.0
	75.2
	0.0
	18.7
	0.0
	1.4
	0.0

	18X
	542.6
	0.0
	96.5
	0.0
	26.2
	0.0
	2.6
	0.0

	19H
	252.0
	0.0
	4.8
	0.0
	0.5
	0.0
	0.0
	0.0

	19J
	876.9
	294.1
	288.8
	211.2
	77.9
	63.2
	7.0
	6.8

	19L
	761.1
	0.0
	324.7
	0.0
	94.9
	0.0
	13.2
	0.0

	19N
	306.2
	0.0
	14.3
	0.0
	2.0
	0.0
	0.0
	0.0

	19P
	248.6
	0.0
	38.4
	0.0
	8.9
	0.0
	0.6
	0.0

	19R
	149.9
	0.0
	63.1
	0.0
	18.3
	0.0
	1.9
	0.0

	19T
	59.6
	41.4
	42.8
	29.8
	12.8
	8.9
	1.4
	0.9

	19V
	970.9
	285.8
	341.1
	125.6
	90.9
	31.5
	10.3
	4.6

	19X
	2311.1
	0.0
	1501.9
	0.0
	733.6
	0.0
	129.6
	0.0

	20D
	128.6
	0.0
	52.4
	0.0
	15.0
	0.0
	1.6
	0.0

	20E
	375.9
	56.4
	174.8
	45.2
	48.0
	15.9
	6.9
	2.3

	20F
	774.3
	51.5
	374.5
	15.2
	116.5
	4.2
	13.3
	0.4

	20G
	44.3
	13.4
	24.6
	9.6
	7.3
	2.9
	0.8
	0.3

	20H
	471.2
	13.2
	193.8
	4.3
	71.5
	0.9
	10.2
	0.2

	20J
	623.9
	153.7
	274.1
	72.6
	87.8
	25.0
	13.4
	3.7

	20L
	196.5
	0.0
	114.5
	0.0
	33.8
	0.0
	3.6
	0.0

	20N
	424.0
	0.0
	241.4
	0.0
	71.9
	0.0
	7.7
	0.0

	20P
	46.9
	0.0
	12.2
	0.0
	3.5
	0.0
	0.4
	0.0

	20R
	18.6
	0.0
	13.4
	0.0
	4.0
	0.0
	0.4
	0.0

	20T
	330.7
	0.0
	154.6
	0.0
	130.9
	0.0
	31.7
	0.0

	20V
	44.8
	0.0
	5.7
	0.0
	1.0
	0.0
	0.0
	0.0

	20X
	97.7
	7.2
	26.8
	6.3
	10.1
	4.4
	1.4
	0.9

	21J
	630.3
	93.0
	91.5
	11.9
	18.1
	2.1
	0.5
	0.0

	21L
	284.9
	86.7
	97.5
	73.7
	33.8
	27.7
	5.0
	4.3

	21N
	199.3
	0.0
	23.7
	0.0
	4.2
	0.0
	0.0
	0.0

	21P
	1818.5
	1529.8
	1146.7
	1098.4
	340.2
	328.9
	35.9
	35.2

	21R
	240.1
	0.0
	76.4
	0.0
	21.0
	0.0
	2.1
	0.0

	21T
	1045.5
	128.7
	207.9
	16.5
	74.4
	3.0
	11.3
	0.0

	21V
	628.6
	0.0
	315.0
	0.0
	111.2
	0.0
	16.3
	0.0

	22C
	332.5
	0.0
	171.6
	0.0
	55.2
	0.0
	7.0
	0.0

	22D
	419.4
	24.7
	79.6
	12.5
	20.8
	3.8
	2.1
	0.6

	22E
	1003.2
	356.8
	315.4
	107.2
	80.7
	21.9
	11.5
	4.3

	22F
	1098.6
	178.7
	434.7
	128.3
	144.3
	38.4
	22.8
	4.1

	22G
	354.6
	99.4
	75.3
	12.7
	45.1
	2.3
	9.7
	0.0

	22H
	250.6
	35.3
	139.2
	2.8
	57.0
	0.5
	9.3
	0.0

	22L
	440.1
	139.9
	164.7
	100.5
	47.4
	30.1
	5.0
	3.2

	22N
	294.9
	0.0
	74.9
	0.0
	20.1
	0.0
	1.8
	0.0

	22P
	410.8
	0.0
	180.5
	0.0
	51.7
	0.0
	5.3
	0.0

	22R
	328.9
	0.0
	169.0
	0.0
	93.6
	0.0
	17.7
	0.0

	22T
	757.7
	77.9
	300.7
	31.1
	103.5
	18.2
	14.1
	3.4

	22V
	62.5
	0.0
	10.9
	0.0
	2.7
	0.0
	0.2
	0.0

	22X
	28.4
	28.4
	24.1
	24.1
	9.1
	9.1
	1.4
	1.4

	23E
	221.8
	0.0
	30.2
	0.0
	6.1
	0.0
	0.2
	0.0

	23N
	358.1
	65.5
	100.1
	5.2
	27.4
	0.8
	2.6
	0.0

	23P
	532.7
	139.5
	124.6
	11.0
	38.3
	1.8
	4.6
	0.0

	23R
	514.5
	147.1
	192.8
	59.0
	76.1
	38.7
	13.0
	8.9

	23T
	393.5
	0.0
	329.5
	0.0
	226.3
	0.0
	48.7
	0.0

	23V
	75.7
	0.0
	28.5
	0.0
	7.8
	0.0
	0.7
	0.0

	23X
	298.0
	0.0
	124.7
	0.0
	37.3
	0.0
	4.2
	0.0

	24E
	493.1
	24.7
	183.1
	10.5
	146.2
	3.5
	35.0
	0.7

	24F
	1367.9
	599.0
	151.2
	76.7
	26.6
	13.8
	0.0
	0.0

	24G
	148.9
	0.0
	8.4
	0.0
	1.2
	0.0
	0.0
	0.0

	24H
	122.5
	0.0
	21.0
	0.0
	4.9
	0.0
	0.3
	0.0

	24I
	237.3
	106.1
	22.8
	8.4
	4.0
	1.4
	0.0
	0.0

	24J
	271.3
	37.3
	26.5
	4.8
	4.6
	0.9
	0.0
	0.0

	24K
	63.3
	0.0
	24.6
	0.0
	13.3
	0.0
	2.7
	0.0

	24P
	294.4
	0.0
	162.4
	0.0
	48.6
	0.0
	5.2
	0.0

	24R
	1804.3
	807.6
	1092.6
	678.4
	594.8
	457.7
	112.5
	95.3

	24T
	500.3
	0.0
	214.4
	0.0
	60.8
	0.0
	6.0
	0.0

	24V
	104.5
	0.0
	14.8
	0.0
	3.9
	0.0
	0.4
	0.0

	24X
	160.4
	0.0
	35.6
	0.0
	10.2
	0.0
	1.1
	0.0

	25R
	254.3
	0.0
	159.1
	0.0
	76.2
	0.0
	14.1
	0.0

	25T
	279.6
	0.0
	73.3
	0.0
	18.6
	0.0
	1.5
	0.0

	25V
	257.7
	0.0
	90.2
	0.0
	24.5
	0.0
	2.2
	0.0

	26G
	194.0
	0.0
	9.1
	0.0
	0.7
	0.0
	0.0
	0.0

	26H
	466.7
	0.0
	211.4
	0.0
	61.2
	0.0
	6.3
	0.0

	26I
	72.0
	0.0
	9.2
	0.0
	1.7
	0.0
	0.0
	0.0

	26J
	415.2
	297.9
	121.6
	95.9
	26.1
	19.7
	4.4
	3.9

	26L
	375.5
	0.0
	236.0
	0.0
	82.4
	0.0
	11.8
	0.0

	26M
	2154.4
	1297.4
	1181.0
	978.7
	635.0
	584.9
	116.5
	112.7

	26N
	1176.9
	389.0
	645.0
	343.9
	330.6
	238.1
	57.8
	47.5

	26O
	774.6
	0.0
	231.2
	0.0
	63.8
	0.0
	6.1
	0.0

	26P
	839.5
	192.1
	246.4
	137.9
	66.9
	41.3
	6.3
	4.4

	26Q
	595.7
	0.0
	403.6
	0.0
	120.5
	0.0
	12.8
	0.0

	26R
	399.1
	0.0
	151.8
	0.0
	43.1
	0.0
	4.3
	0.0

	26T
	1373.8
	442.4
	728.9
	182.2
	233.2
	71.5
	32.1
	15.1

	28H
	96.4
	29.1
	62.1
	8.9
	30.8
	2.4
	5.8
	0.2

	28I
	441.2
	0.0
	203.2
	0.0
	60.5
	0.0
	6.6
	0.0

	28J
	1128.2
	0.0
	138.4
	0.0
	25.7
	0.0
	0.3
	0.0

	28K
	588.4
	0.0
	66.7
	0.0
	14.4
	0.0
	0.8
	0.0

	28L
	1151.5
	912.7
	178.3
	78.0
	43.6
	9.3
	6.3
	1.8

	28M
	317.7
	0.0
	51.7
	0.0
	10.9
	0.0
	0.4
	0.0

	28N
	905.7
	462.0
	302.0
	220.0
	100.8
	77.1
	13.3
	10.1

	28O
	629.4
	488.0
	83.9
	62.5
	16.0
	11.2
	0.3
	0.0

	28P
	337.8
	38.3
	107.0
	4.9
	27.6
	0.9
	2.8
	0.0

	28Q
	972.9
	0.0
	358.0
	0.0
	121.0
	0.0
	17.0
	0.0

	28R
	223.1
	0.0
	14.6
	0.0
	2.3
	0.0
	0.0
	0.0

	28S
	492.0
	0.0
	126.7
	0.0
	89.5
	0.0
	20.6
	0.0

	28U
	401.1
	55.0
	164.8
	39.5
	100.0
	11.8
	21.1
	1.3

	28V
	201.5
	133.4
	36.8
	2.0
	10.4
	0.0
	1.1
	0.0

	28W
	64.2
	0.0
	49.4
	0.0
	18.5
	0.0
	2.8
	0.0

	28X
	338.1
	0.0
	242.8
	0.0
	72.7
	0.0
	7.8
	0.0

	28Y
	258.0
	0.0
	232.9
	0.0
	192.6
	0.0
	45.9
	0.0

	28Z
	230.4
	0.0
	57.6
	0.0
	46.4
	0.0
	11.1
	0.0

	28AA
	60.5
	0.0
	2.3
	0.0
	0.3
	0.0
	0.0
	0.0

	28AB
	561.8
	229.0
	72.0
	61.1
	35.1
	32.8
	6.3
	5.9

	28AC
	60.6
	0.0
	3.8
	0.0
	0.7
	0.0
	0.0
	0.0

	28AD
	690.3
	0.0
	426.1
	0.0
	147.4
	0.0
	19.2
	0.0

	28AE
	1355.1
	0.0
	421.4
	0.0
	128.9
	0.0
	17.7
	0.0

	28AF
	705.4
	93.4
	406.0
	12.0
	263.7
	2.1
	52.1
	0.0

	30I
	773.2
	0.0
	555.2
	0.0
	166.2
	0.0
	17.8
	0.0

	30J
	456.8
	0.0
	53.7
	0.0
	11.1
	0.0
	0.5
	0.0

	30K
	1279.1
	0.0
	757.5
	0.0
	224.6
	0.0
	23.8
	0.0

	30L
	1376.8
	1198.7
	721.5
	682.1
	212.1
	199.6
	22.2
	20.6

	30M
	35.3
	0.0
	33.4
	0.0
	30.7
	0.0
	7.6
	0.0

	30N
	583.3
	237.1
	69.9
	45.0
	12.8
	8.7
	1.5
	1.0

	30O
	457.1
	0.0
	101.9
	0.0
	66.9
	0.0
	14.9
	0.0

	30P
	501.0
	223.9
	238.3
	194.1
	105.6
	93.5
	19.0
	17.7

	30Q
	142.6
	0.0
	5.6
	0.0
	0.7
	0.0
	0.0
	0.0

	30R
	1267.8
	199.4
	438.4
	0.0
	254.2
	0.0
	50.5
	0.0

	30S
	283.1
	41.9
	80.9
	30.1
	23.9
	9.0
	2.5
	1.0

	30T
	93.8
	58.7
	88.7
	55.6
	81.7
	51.2
	20.1
	12.6

	30U
	88.4
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	30V
	103.0
	0.0
	60.2
	0.0
	17.6
	0.0
	1.8
	0.0

	30W
	703.5
	387.6
	113.4
	5.8
	29.3
	0.0
	2.7
	0.0

	30X
	1458.6
	0.0
	938.8
	0.0
	277.9
	0.0
	30.3
	0.0

	30Y
	851.0
	86.9
	363.9
	82.2
	283.7
	75.7
	66.7
	18.6

	30Z
	326.4
	43.9
	191.7
	5.6
	169.8
	1.0
	41.3
	0.0

	30AA
	330.1
	30.7
	97.8
	26.1
	46.2
	9.8
	8.7
	1.5

	30AB
	210.5
	0.0
	20.1
	0.0
	3.4
	0.0
	0.0
	0.0

	30AC
	234.2
	0.0
	78.4
	0.0
	17.8
	0.0
	3.3
	0.0

	30AD
	227.0
	0.0
	47.7
	0.0
	12.4
	0.0
	1.5
	0.0

	30AE
	412.2
	412.2
	17.3
	17.3
	0.0
	0.0
	0.0
	0.0

	30AF
	511.3
	37.6
	262.5
	30.2
	126.3
	10.6
	21.5
	1.5

	30AG
	1001.9
	0.0
	172.3
	0.0
	94.8
	0.0
	20.5
	0.0

	30AH
	17.0
	0.0
	5.5
	0.0
	1.1
	0.0
	0.2
	0.0

	30AI
	99.2
	99.2
	84.2
	84.2
	57.2
	57.2
	11.4
	11.4

	32G
	186.3
	82.3
	161.2
	69.9
	89.5
	38.9
	18.3
	7.9

	32H
	190.3
	51.9
	115.9
	44.1
	49.3
	16.6
	8.5
	2.6

	32J
	1769.6
	958.1
	672.8
	492.5
	279.4
	235.3
	43.7
	39.5

	32K
	2937.1
	2297.9
	1706.4
	1649.9
	519.0
	494.0
	57.7
	52.8

	32L
	1987.0
	1061.1
	884.1
	135.8
	626.2
	24.4
	136.3
	0.0

	32M
	199.6
	0.0
	2.6
	0.0
	0.6
	0.0
	0.0
	0.0

	32O
	245.8
	47.8
	65.2
	2.0
	19.8
	0.0
	4.0
	0.0

	32P
	1034.3
	184.4
	492.5
	163.0
	284.5
	112.8
	60.2
	22.5

	32Q
	222.7
	0.0
	149.0
	0.0
	102.5
	0.0
	22.9
	0.0

	32R
	243.4
	0.0
	102.7
	0.0
	61.0
	0.0
	12.8
	0.0

	32S
	989.3
	470.0
	677.2
	389.3
	381.8
	225.0
	70.9
	41.7

	32T
	165.2
	26.2
	47.0
	22.3
	14.8
	8.4
	1.9
	1.3

	32U
	500.0
	395.4
	352.8
	336.1
	132.0
	126.5
	20.9
	19.8

	32V
	661.6
	584.4
	76.7
	75.0
	16.9
	16.9
	1.8
	1.8

	32W
	306.5
	161.6
	79.4
	6.8
	25.4
	0.0
	3.6
	0.0

	32X
	770.3
	321.5
	191.5
	38.7
	78.5
	7.2
	13.5
	0.3

	32Y
	376.4
	67.5
	40.6
	5.3
	7.1
	0.9
	0.0
	0.0

	32AA
	676.2
	590.4
	149.2
	102.7
	41.1
	27.4
	4.4
	2.9

	32AB
	441.2
	70.0
	65.8
	60.2
	43.7
	43.7
	9.9
	9.9

	32AC
	896.4
	85.1
	142.7
	10.9
	66.5
	2.0
	11.6
	0.0

	32AD
	659.6
	0.0
	229.4
	0.0
	127.0
	0.0
	23.2
	0.0

	32AG
	2982.4
	112.2
	2335.7
	71.9
	1546.8
	41.3
	309.0
	9.0

	32AH
	792.9
	17.0
	375.6
	15.1
	206.4
	10.4
	38.2
	2.1

	34D
	58.2
	0.0
	21.9
	0.0
	6.2
	0.0
	0.6
	0.0

	34E
	1860.5
	1528.7
	1134.0
	1097.6
	335.1
	328.7
	35.2
	35.2

	34F
	153.5
	0.0
	24.0
	0.0
	4.5
	0.0
	0.3
	0.0

	34G
	248.2
	156.5
	101.3
	91.6
	28.6
	26.9
	2.8
	2.8

	34J
	852.6
	0.0
	232.5
	0.0
	103.5
	0.0
	18.8
	0.0

	34K
	690.1
	191.7
	341.8
	4.6
	101.3
	0.0
	11.2
	0.0

	34L
	282.3
	0.0
	48.5
	0.0
	14.3
	0.0
	1.7
	0.0

	34M
	161.8
	0.0
	3.5
	0.0
	0.3
	0.0
	0.0
	0.0

	34P
	691.5
	333.1
	78.3
	9.8
	13.8
	0.0
	2.7
	0.0

	34Q
	390.1
	99.5
	141.3
	94.1
	103.0
	86.6
	24.3
	21.3

	34R
	258.7
	232.4
	52.2
	29.7
	13.8
	5.4
	1.3
	0.0

	34S
	46.1
	0.0
	0.7
	0.0
	0.0
	0.0
	0.0
	0.0

	34T
	1295.6
	497.7
	303.4
	218.8
	82.7
	63.2
	8.5
	6.5

	34U
	641.5
	0.0
	315.7
	0.0
	114.9
	0.0
	17.5
	0.0

	34V
	447.0
	69.8
	128.9
	25.7
	36.9
	9.3
	5.0
	1.5

	34W
	159.4
	0.0
	63.8
	0.0
	25.7
	0.0
	4.2
	0.0

	34X
	101.8
	0.0
	34.1
	0.0
	24.2
	0.0
	5.5
	0.0

	34Y
	335.8
	0.0
	187.0
	0.0
	54.6
	0.0
	5.6
	0.0

	34AB
	302.7
	34.7
	118.3
	4.4
	39.1
	0.8
	7.8
	0.0

	34AC
	62.4
	0.0
	9.9
	0.0
	2.4
	0.0
	0.2
	0.0

	34AD
	1969.8
	565.2
	882.1
	146.4
	249.1
	29.7
	34.9
	5.8

	34AE
	262.0
	0.0
	131.6
	0.0
	79.1
	0.0
	15.0
	0.0

	36M
	595.9
	246.9
	37.1
	23.4
	9.5
	9.5
	1.9
	1.9

	36N
	1078.8
	192.6
	329.6
	62.0
	101.3
	12.7
	20.5
	2.5

	36O
	146.7
	106.4
	15.7
	10.6
	2.8
	1.9
	0.1
	0.1

	36P
	259.5
	0.0
	116.8
	0.0
	60.3
	0.0
	10.9
	0.0

	36Q
	730.5
	109.2
	134.6
	14.0
	34.4
	2.5
	3.4
	0.0

	36R
	1838.8
	617.6
	472.0
	57.2
	178.4
	9.8
	27.7
	0.0

	36S
	227.3
	0.0
	48.7
	0.0
	32.2
	0.0
	7.2
	0.0

	36T
	722.5
	0.0
	60.9
	0.0
	25.4
	0.0
	5.6
	0.0

	36U
	330.5
	0.0
	136.7
	0.0
	118.2
	0.0
	28.6
	0.0

	36V
	345.8
	0.0
	148.6
	0.0
	50.9
	0.0
	7.2
	0.0

	36W
	37.3
	0.0
	31.2
	0.0
	20.8
	0.0
	4.6
	0.0

	36X
	142.4
	0.0
	6.0
	0.0
	0.0
	0.0
	0.0
	0.0

	36Z
	241.3
	91.5
	145.8
	65.7
	67.2
	19.7
	12.1
	2.1

	37V
	383.4
	280.4
	283.5
	204.4
	141.6
	69.1
	26.8
	9.0

	37Z
	608.4
	304.5
	316.2
	216.7
	107.9
	80.0
	15.4
	12.6

	38J
	502.7
	0.0
	298.1
	0.0
	108.5
	0.0
	16.4
	0.0

	38K
	102.3
	0.0
	9.3
	0.0
	1.6
	0.0
	0.0
	0.0

	38L
	423.7
	137.3
	106.9
	70.6
	31.8
	25.0
	4.7
	3.7

	38M
	691.9
	186.6
	184.5
	23.9
	78.5
	4.3
	13.8
	0.0

	38N
	613.9
	13.3
	157.8
	1.7
	43.5
	0.3
	4.5
	0.0

	38O
	129.9
	0.0
	22.5
	0.0
	5.4
	0.0
	0.4
	0.0

	38P
	167.0
	99.7
	16.5
	7.9
	2.8
	1.3
	0.0
	0.0

	38Q
	465.7
	0.0
	107.7
	0.0
	55.3
	0.0
	10.9
	0.0

	38R
	689.8
	63.0
	169.9
	8.1
	126.8
	1.5
	29.7
	0.0

	38S
	954.1
	0.0
	600.7
	0.0
	187.7
	0.0
	22.2
	0.0

	38T
	273.8
	0.0
	25.9
	0.0
	4.1
	0.0
	0.0
	0.0

	38U
	148.8
	0.0
	64.2
	0.0
	20.6
	0.0
	2.6
	0.0

	38V
	532.8
	0.0
	110.6
	0.0
	33.4
	0.0
	4.6
	0.0

	39V
	861.5
	0.0
	117.1
	0.0
	27.3
	0.0
	3.0
	0.0

	40C
	79.2
	32.3
	48.5
	14.8
	15.4
	5.3
	1.9
	0.8

	40D
	211.2
	0.0
	26.3
	0.0
	4.7
	0.0
	0.0
	0.0

	40E
	437.0
	34.5
	89.6
	6.3
	22.1
	1.2
	2.0
	0.1

	40F
	1317.9
	0.0
	59.1
	0.0
	1.0
	0.0
	0.0
	0.0

	40G
	431.8
	85.9
	229.8
	61.7
	77.8
	18.5
	10.6
	2.0

	40H
	1157.2
	22.8
	454.6
	16.4
	269.7
	4.9
	56.9
	0.5

	40P
	583.4
	79.2
	158.6
	70.0
	88.9
	48.5
	17.0
	9.7

	40R
	43.0
	0.0
	0.6
	0.0
	0.0
	0.0
	0.0
	0.0

	40S
	270.0
	109.3
	90.2
	14.0
	24.8
	2.5
	2.3
	0.0

	40T
	299.9
	0.0
	10.2
	0.0
	1.2
	0.0
	0.0
	0.0

	40V
	413.1
	86.8
	284.3
	76.7
	232.6
	53.1
	53.7
	10.6

	41D
	677.5
	34.9
	167.7
	33.0
	105.2
	30.4
	23.0
	7.5

	41H
	527.5
	0.0
	63.3
	0.0
	11.3
	0.0
	0.0
	0.0

	42D
	423.6
	269.4
	120.1
	34.5
	31.8
	6.2
	2.7
	0.0

	42F
	215.6
	0.0
	138.2
	0.0
	108.4
	0.0
	25.4
	0.0

	42H
	562.6
	450.6
	142.0
	73.7
	47.1
	22.9
	6.1
	2.6

	42N
	294.9
	13.7
	50.5
	4.4
	28.3
	0.9
	6.1
	0.2

	43D
	1828.1
	1291.8
	295.2
	149.5
	63.4
	25.5
	3.3
	0.0

	43F
	86.6
	29.5
	53.2
	21.2
	15.8
	6.3
	1.7
	0.7

	43H
	2210.3
	0.0
	1573.8
	0.0
	470.9
	0.0
	50.3
	0.0

	43J
	20.3
	0.0
	14.6
	0.0
	4.4
	0.0
	0.5
	0.0

	43L
	300.5
	0.0
	147.1
	0.0
	47.7
	0.0
	6.6
	0.0

	43N
	312.7
	84.0
	80.8
	60.3
	21.5
	18.1
	1.9
	1.9

	44D
	745.8
	0.0
	600.1
	0.0
	411.5
	0.0
	83.1
	0.0

	44F
	80.0
	0.0
	33.3
	0.0
	9.4
	0.0
	0.9
	0.0

	44H
	657.7
	0.0
	54.9
	0.0
	9.2
	0.0
	0.0
	0.0

	44J
	236.0
	0.0
	61.7
	0.0
	31.5
	0.0
	6.2
	0.0

	44L
	239.8
	0.0
	95.3
	0.0
	32.9
	0.0
	4.8
	0.0

	45D
	275.1
	44.7
	167.4
	39.5
	65.0
	27.4
	9.4
	5.5

	45F
	412.9
	0.0
	52.8
	0.0
	9.5
	0.0
	0.0
	0.0

	45H
	356.3
	0.0
	213.7
	0.0
	71.0
	0.0
	9.1
	0.0

	45J
	265.7
	0.0
	97.3
	0.0
	27.6
	0.0
	2.7
	0.0

	46D
	112.5
	0.0
	81.2
	0.0
	45.2
	0.0
	9.1
	0.0

	46F
	1065.8
	53.2
	957.7
	6.8
	871.1
	1.2
	213.4
	0.0

	46H
	48.3
	11.9
	3.5
	1.5
	0.6
	0.3
	0.0
	0.0

	47D
	1453.2
	0.0
	680.7
	0.0
	194.6
	0.0
	19.3
	0.0

	47F
	169.7
	0.0
	76.4
	0.0
	26.1
	0.0
	3.7
	0.0

	48D
	687.1
	0.0
	309.6
	0.0
	88.5
	0.0
	8.8
	0.0


Hurricane Damage

	Plot Number
	Total Volume Per Acre
	Volume Windthrow

Per acre

	1J
	2071.9
	1421.7

	2J
	0
	0

	3F
	0
	0

	3H
	750.4
	12.5

	3J
	0
	0

	4D
	254.8
	0

	4F
	225.8
	218.7

	4H
	687.5
	41.1

	4J
	113.7
	0

	4L
	932.8
	552.5

	5D
	278.4
	0

	5F
	0
	0

	5H
	164.6
	0

	5J
	57.2
	0

	5L
	643.3
	432

	6B
	0
	0

	6D
	0
	0

	6F
	448.2
	352.8

	6H
	1110.7
	551.9

	6J
	624.2
	303

	6L
	60
	0

	6N
	1031.1
	566

	6P
	80.6
	46

	6R
	0
	0

	7B
	0
	0

	7D
	0
	0

	7F
	0
	0

	7H
	293.9
	0

	7J
	520.4
	344.7

	7L
	462
	0

	7N
	1277.3
	812.5

	7R
	0
	0

	7V
	235.8
	107

	7Z
	0
	0

	7AD
	291.8
	11.7

	8B
	0
	0

	8D
	0
	0

	8F
	0
	0

	8H
	312.7
	160.2

	8J
	34
	0

	8N
	726.9
	393

	8P
	193.1
	3.2

	8R
	137.6
	0

	8V
	229.3
	129.1

	8Z
	260
	25.3

	8AB
	0
	0

	8AD
	1544.2
	997.5

	9B
	0
	0

	9D
	0
	0

	9F
	0
	0

	9H
	50.4
	0

	9J
	919.7
	494.2

	9L
	0
	0

	9N
	125
	90.1

	9P
	341.1
	261.9

	9R
	235.5
	45.1

	9T
	0
	0

	9V
	245.2
	117.9

	9X
	455.4
	75.9

	9Z
	140.7
	33.4

	9AB
	0
	0

	9AD
	76.2
	0

	10D
	0
	0

	10F
	3.4
	0

	10H
	98.1
	46.3

	10J
	231.4
	29.5

	10L
	0
	0

	10N
	62.3
	58.9

	10P
	219.2
	3.2

	10R
	513.5
	510.3

	10T
	232.4
	0

	10V
	75.7
	0

	10X
	208.8
	0

	10Z
	0
	0

	10AB
	0
	0

	10AD
	1855.2
	1044.1

	11D
	0
	0

	11F
	0
	0

	11H
	0
	0

	11J
	132.5
	0

	11L
	0
	0

	11N
	646.3
	530.8

	11P
	535
	90.4

	11R
	617.8
	218.5

	11T
	1040
	445

	11V
	0
	0

	11X
	73.2
	0

	11Z
	14.6
	2.1

	11AB
	0
	0

	12F
	317.2
	0

	12H
	38.6
	0

	12J
	361.1
	0

	12L
	0
	0

	12N
	230.1
	230.1

	12P
	2025.2
	1488.5

	12R
	411.7
	0

	12T
	697
	548.2

	12V
	0
	0

	12X
	0
	0

	12Z
	0
	0

	12AB
	1205.3
	792.7

	13F
	0
	0

	13H
	0
	0

	13J
	376.7
	89.3

	13L
	0
	0

	13N
	665.4
	66.3

	13P
	136.1
	0

	13R
	1165.7
	1012.3

	13T
	187.8
	126.3

	13V
	491.7
	397

	13X
	327.8
	0

	13Z
	298.5
	0

	13AB
	193.3
	0

	14D
	0
	0

	14E
	0
	0

	14F
	162.1
	142.5

	14H
	300.4
	0

	14J
	1857.8
	576.8

	14L
	0
	0

	14P
	818
	562.3

	14R
	0
	0

	14V
	0
	0

	14X
	349.4
	349.4

	14Z
	26.7
	0

	15J
	0
	0

	15L
	120.7
	0

	15T
	334.8
	0

	15V
	107.8
	100.7

	15X
	0
	0

	15Z
	19.6
	0

	16D
	549.2
	0

	16E
	256.3
	0

	16F
	79
	60.8

	16J
	1062.4
	355.5

	16L
	1238.6
	1069.9

	16P
	0
	0

	16R
	232.4
	166.1

	16V
	120.7
	120.7

	16X
	0
	0

	17H
	510.8
	0

	17L
	2772
	1220.6

	17P
	79.2
	75.9

	17R
	465.3
	0

	17T
	169.2
	48.5

	17V
	38.6
	0

	17X
	0
	0

	18C
	0
	0

	18D
	73.9
	47.6

	18E
	231.7
	227.4

	18F
	0
	0

	18H
	383.1
	191.5

	18J
	186.3
	0

	18L
	1811.9
	570.8

	18N
	134.9
	0

	18R
	132.4
	0

	18T
	0
	0

	18V
	0
	0

	18X
	0
	0

	19H
	355.6
	343

	19J
	721
	703.4

	19L
	330.2
	0

	19N
	75.7
	0

	19P
	685.2
	219

	19R
	48.5
	48.5

	19T
	0
	0

	19V
	0
	0

	19X
	0
	0

	20C
	154.1
	0

	20D
	208.2
	0

	20E
	751.1
	278.4

	20F
	0
	0

	20G
	227.3
	227.3

	20H
	110.4
	108.4

	20J
	75.9
	0

	20L
	599.1
	95.2

	20N
	181.5
	137

	20P
	251.1
	247.7

	20R
	342.3
	75.7

	20V
	0
	0

	20X
	310
	0

	21J
	835
	532.5

	21L
	376.4
	255.7

	21N
	330.6
	128.6

	21P
	0
	0

	21R
	0
	0

	21T
	202.7
	202.7

	21V
	36.1
	36.1

	22C
	0
	0

	22D
	502.2
	459.4

	22E
	0
	0

	22F
	0
	0

	22G
	379.1
	379.1

	22H
	0
	0

	22I
	0
	0

	22L
	0
	0

	22N
	612.1
	310.8

	22P
	81.2
	0

	22R
	28.1
	0

	22T
	0
	0

	22V
	0
	0

	22X
	0
	0

	23E
	0
	0

	23N
	0
	0

	23P
	0
	0

	23R
	0
	0

	23T
	409.2
	218.2

	23V
	55.9
	37.4

	23X
	1039.9
	753.4

	24D
	0
	0

	24E
	82.6
	0

	24F
	427.3
	100.7

	24G
	310.8
	0

	24H
	367.7
	0

	24I
	0
	0

	24J
	0
	0

	24K
	383.8
	247.7

	24L
	263.8
	243.5

	24N
	932.1
	407.8

	24P
	0
	0

	24R
	0
	0

	24T
	178.5
	125.3

	24V
	0
	0

	24X
	0
	0

	25R
	157.3
	64.3

	25T
	0
	0

	25V
	308.9
	99.8

	25X
	18.5
	18.5

	26F
	0
	0

	26G
	0
	0

	26H
	19.7
	19.7

	26I
	732.7
	0

	26J
	0
	0

	26K
	3.2
	0

	26L
	162.3
	0

	26M
	36.1
	0

	26N
	0
	0

	26O
	0
	0

	26P
	0
	0

	26Q
	0
	0

	26R
	115.2
	0

	26T
	0
	0

	26V
	135.3
	64.3

	28H
	0
	0

	28I
	0
	0

	28K
	0
	0

	28L
	0
	0

	28M
	0
	0

	28N
	0
	0

	28O
	29.8
	0

	28P
	0
	0

	28Q
	75.7
	0

	28R
	0
	0

	28S
	253.8
	28.1

	28T
	0
	0

	28U
	0
	0

	28V
	49.8
	0

	28W
	11.8
	11.8

	28X
	0
	0

	28Y
	64.3
	0

	28Z
	0
	0

	28AA
	0
	0

	28AB
	191.8
	36.9

	28AC
	63.9
	36.9

	28AD
	330.6
	101.8

	28AE
	0
	0

	28AF
	0
	0

	30D
	0
	0

	30G
	0
	0

	30H
	0
	0

	30I
	413.8
	0

	30J
	0
	0

	30K
	3.2
	0

	30L
	0
	0

	30M
	0
	0

	30N
	0
	0

	30O
	0
	0

	30P
	212.6
	0

	30Q
	0
	0

	30R
	0
	0

	30S
	0
	0

	30T
	0
	0

	30U
	0
	0

	30V
	910.3
	223.1

	30W
	275.4
	66.3

	30X
	0
	0

	30Y
	159
	0

	30Z
	0
	0

	30AA
	0
	0

	30AB
	256.1
	124.7

	30AC
	264.2
	48.7

	30AD
	210.5
	64.4

	30AE
	97.3
	18.5

	30AF
	91.6
	11.8

	30AG
	0
	0

	30AH
	0
	0

	30AI
	0
	0

	32D
	0
	0

	32G
	0
	0

	32H
	0
	0

	32I
	0
	0

	32J
	81.5
	0

	32K
	0
	0

	32L
	0
	0

	32M
	75.7
	0

	32N
	64.2
	60.8

	32O
	0
	0

	32P
	0
	0

	32Q
	13.3
	13.3

	32R
	0
	0

	32S
	0
	0

	32T
	0
	0

	32V
	0
	0

	32W
	0
	0

	32X
	98.4
	61.5

	32Y
	0
	0

	32Z
	0
	0

	32AA
	26.3
	0

	32AB
	300.1
	225.7

	32AC
	139.2
	139.2

	32AD
	108
	0

	32AF
	0
	0

	32AG
	254.5
	48.5

	32AH
	161.8
	123.8

	34D
	129
	96.5

	34D
	0
	0

	34E
	0
	0

	34F
	0
	0

	34G
	0
	0

	34H
	0
	0

	34J
	0
	0

	34K
	0
	0

	34L
	0
	0

	34M
	0
	0

	34N
	72.3
	0

	34O
	0
	0

	34P
	421.5
	421.5

	34Q
	0
	0

	34R
	0
	0

	34S
	0
	0

	34T
	0
	0

	34U
	0
	0

	34V
	18.5
	0

	34W
	0
	0

	34X
	0
	0

	34Y
	0
	0

	34Z
	34
	34

	34AA
	0
	0

	34AB
	38.8
	0

	34AC
	0
	0

	34AD
	0
	0

	34AE
	0
	0

	36G
	298.4
	107

	36I
	47.6
	0

	36J
	0
	0

	36K
	0
	0

	36L
	0
	0

	36M
	0
	0

	36N
	489.5
	259.7

	36O
	228.8
	200.7

	36P
	0
	0

	36Q
	309.7
	102

	36R
	0
	0

	36S
	0
	0

	36T
	0
	0

	36U
	0
	0

	36V
	0
	0

	36W
	0
	0

	36X
	26.3
	0

	36Z
	141.3
	64.3

	36AB
	49.8
	49.8

	37V
	0
	0

	37X
	0
	0

	37Z
	299
	215

	37AB
	0
	0

	38C
	817.3
	0

	38G
	964.9
	479.7

	38H
	0
	0

	38I
	189.3
	78.7

	38J
	0
	0

	38K
	0
	0

	38L
	26.3
	26.3

	38M
	0
	0

	38N
	216.7
	0

	38O
	408.1
	26.9

	38P
	0
	0

	38Q
	0
	0

	38R
	0
	0

	38S
	0
	0

	38T
	0
	0

	38U
	0
	0

	38V
	0
	0

	38X
	474.9
	0

	39V
	0
	0

	39X
	75.8
	0

	40C
	0
	0

	40D
	79.4
	0

	40E
	0
	0

	40F
	0
	0

	40G
	0
	0

	40H
	0
	0

	40I
	0
	0

	40O
	0
	0

	40P
	0
	0

	40Q
	0
	0

	40R
	0
	0

	40S
	0
	0

	40T
	0
	0

	40V
	0
	0

	41D
	0
	0

	41F
	0
	0

	41H
	247.7
	247.7

	41T
	0
	0

	42D
	0
	0

	42F
	0
	0

	42H
	0
	0

	42J
	62.6
	0

	42K
	212.3
	212.3

	42L
	0
	0

	42N
	0
	0

	42Q
	0
	0

	42R
	0
	0

	42T
	0
	0

	43D
	0
	0

	43F
	0
	0

	43H
	0
	0

	43J
	0
	0

	43L
	0
	0

	43N
	0
	0

	43P
	61.9
	0

	44D
	0
	0

	44F
	0
	0

	44H
	90.1
	0

	44J
	0
	0

	44L
	82.6
	0

	45D
	0
	0

	45F
	0
	0

	45H
	99.2
	63.7

	45J
	0
	0

	46D
	0
	0

	46F
	928.6
	334

	46H
	227.4
	0

	47D
	82.6
	0

	47F
	0
	0

	48D
	279.2
	82.6

	Avg
	174.4
	76.5


Western plots





Si





165 ft





Plot A





Plot B





Eastern plots





Pi’





Si





Pi














PAGE  
113

_1179213627.unknown

_1182513934.bin

_1182513961.bin

_1182513984.bin

_1182514001.bin

_1182513972.bin

_1182513948.bin

_1182513849.bin

_1182513878.bin

_1179213827.unknown

_1175719426.unknown

_1176635069.unknown

_1177480005.doc
[image: image1.png]






_1177735647.unknown

_1176634933.unknown

_1175719422.unknown

_1174984482.unknown

_1174984509.unknown

_1174984773.unknown

_1174984318.unknown

_1174514480.unknown

_1174514662.unknown

