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Abstract: 
 

Changes in the species composition of forests are largely driven by disturbance. 
This study examined effects of shifting the dominant disturbance regime on the 
composition of an old-growth, hemlock-pine forest in central Vermont. The Battell 
Research Forest (BRF) was predominantly disturbed by fire prior to 1850, and the current 
levels of white pine (Pinus strobus) and red pine (Pinus resinosa) likely reflect this 
disturbance history. There have been no fires in the BRF since the mid-1800s and in the 
past century the BRF has been predominantly affected by wind and ice storms, which 
occurred in 1950 and 1998.  

I examined seedling and sapling regeneration in five gaps created by the 1998 ice 
storm in a portion of the BRF dominated by hemlock. I also examined the seed bank as a 
potential factor in determining regeneration patterns in these gaps. To project the 
composition of the entire BRF presuming ice-wind disturbance regime remains dominant, 
I used matrix model with data from the five 1998 gaps and data from a previous study 
that measured regeneration in the BRF after the 1950 wind storm. Based on sapling 
presence 11 growing seasons post-disturbance, it appears that hardwoods will likely 
capture the five gaps created in 1998. The seed bank does not appear to influence 
seedling density in these gaps, but may account for the greater number of hardwood 
seedlings because it was predominantly hardwood seeds (>75%). The projection of 
species composition in the entire BRF suggests that the hemlock-pine mixture forest type 
will decline. Pure hemlock and pure hardwoods forest types will likely increase, though it 
appears that the pattern of disturbance, particularly gap size, will determine exactly what 
regenerates. Thus shifting the disturbance regime appears to affect composition, and will 
cause the BRF to transition from hemlock-pine to pure hardwoods and pure hemlock. 
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Introduction: 

Species composition, abundance, and distribution are influenced by disturbance 

across a range of spatial and temporal scales (White and Pickett 1985, Sousa 1984). The 

hypothesis that plant communities change towards a “climax community” or state of 

equilibrium has been increasingly refuted (Sousa 1984). Most studies now recognize that 

early successional patches, usually created by disturbance events, are an essential 

component of the landscape.    

Disturbance history plays a major role in determining the current composition of 

forests (Howe and Baker 2003, Wells et al. 2001) and is often the cause of compositional 

change (Henry and Swan 1974). The dramatic alterations of the New England landscape, 

caused largely by anthropogenic disturbance over the past 300 years, clearly reflect the 

importance of disturbance. It is estimated that prior to European settlement 70-89% of the 

landscape was old-growth forest and 1-3% was young forest. By the mid 1800s, ~80% of 

the forest had been cleared by logging or for agricultural purposes (Lorimer and White 

2003). Over the past 150 years, however, much of the forest has returned; it is estimated 

that the proportion of forested landscape is either approaching or has already surpassed 

levels existing prior to European arrival (Keeton 2006). The second- and third-growth 

forests that have re-grown over the past century usually differ from old-growth forests in 

a variety of ways. Species composition and tree size differ significantly between 

presettlement and present forests (Siccama 1971, Abrams 1998, Mladenoff et al. 1993) 

due to altered soil conditions brought about by land clearing, limited seed rain due to 

patch isolation, and successional stage. Although the clearing of forests has perhaps been 

the most obvious disturbance in the Northeastern United States, human activity has also 
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affected the prevalence and impact of natural disturbance events, and thus has the 

potential to change composition or dynamics within old-growth fragments. 

 A disturbance is ecologically defined as a stressful event or short period of 

abnormal conditions that results in long-term changes to the ecosystem (Pickett and 

White 1985). Examples of natural disturbances include fire, disease outbreak, floods, 

windstorms, and earthquakes. A geographic area is generally subjected to a recurrent 

suite of disturbance events: along the southern coast of California, fires regionally burn 

every 10-70 years (Keeley and Fotheringham 2001); in southern Alabama severe 

hurricanes occur every ~381 years (Elsner et al. 2008); and in New England severe 

hurricanes occurred four times between 1635 and the present (Wessells 1997). These are 

example of disturbance regimes, which are characterized by the type of disturbance, its 

severity, the spatial distribution of its effects, and its return interval (White and Pickett 

1985). An area can be influenced by multiple disturbance regimes, which can in turn 

affect each other (Veblen et al. 1994).  

The impact of a disturbance event is determined by the physical force of the event, 

as well as the spatial pattern and response of the extant organisms in the system (Sousa 

1984). The severity of a lightning fire depends on the amount of dry brush, just as the 

ecological impact of a flood depends on the root strength of surrounding vegetation. This 

is also true of wind disturbance—storms can devastate certain patches of a forest, but 

leave adjacent ones virtually untouched (Canham and Loucks 1984). This can be partly 

explained by the fact that certain species are more susceptible to windthrow due to 

physiological characteristics (i.e., size, retention of leaves in the winter, tolerance of 

densely growing neighbors, damage by insects/fungi)(Canham et al. 2001). The impact of 
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a storm is also affected by slope and soil conditions of a site, as these factors influence 

tree flexibility, size, and root strength (Mou and Warrillow 2000).  

This study examined the effects of fire and wind/ice disturbance events, which in 

northern forests are rarely catastrophic (i.e., stand-leveling) (Canham and Loucks 1984, 

Frelich 2002). There is evidence that small-scale disturbance leads to increased habitat 

heterogeneity through the formation of gaps. Gaps are openings in the canopy created by 

the destruction of large branches, individual trees, or several adjacent trees and are 

typically relatively small (averaging between 200 and 800 m2 ) (Runkle 1982, Weiskittel 

and Hix 2003). Gaps differ from the surrounding intact forest because removal of mature 

trees leads to changes in light levels, soil pH, and nutrient levels in the understory (Sousa 

1984, Woods 1984, Catovsky and Bazzaz 2000). The spatial distribution of fallen trees 

also contributes to heterogeneous forest structure. Mounds and pits created by uprooted 

trees favor the germination of seedlings that are otherwise rare in undisturbed soil 

(Peterson and Pickett 1990, Catovsky and Bazzaz 2000). Snapped trees that remain 

standing and fallen logs provide shelter for a wide variety of animal species and can be 

important sites of germination (Veblen 1981). 

The distinct conditions found in gaps can lead to regeneration of species 

assemblages that do not occur in intact forest. In late successional plant communities, 

mature trees tend to perpetuate light and soil conditions in the understory that favor 

growth and germination of their offspring (Frelich et al. 1993). Abiotic conditions in gaps 

permit the persistence of species that germinate and grow best under conditions sparsely 

represented in undisturbed habitat. Species that thrive in high light, such as pin cherry 

(Prunus pennsylvanica) and paper birch (Betula papyrifera), are known as gap-phase 
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species, and persist in the forest by quickly colonizing and reproducing in openings 

created by disturbances (Graber 1980, Hibbs 1983, Woods 1984, Goldblum 1997). These 

opportunistic species often endure in the seed bank awaiting post-disturbance conditions 

to germinate. However, not all gaps favor early successional species. Gaps can be closed 

by lateral branch growth of mature trees surrounding the gap. Small gaps more closely 

resemble the intact forest with respect to light availability, temperature, and moisture and 

so are often colonized by species that tolerate conditions found in undisturbed forest 

(Webster and Lorimer 2005). Overall, gaps tend to increase species richness in forest 

ecosystems.  

The history of gap formation in a stand can also drive compositional change. 

There is evidence that edge habitats, including areas next to gaps, are more susceptible to 

windthrow than the intact forest interior (Sousa 1984). When gaps expand into one 

another in this way, the regenerative capability of shade-tolerant species in that area is 

further reduced and they are often outcompeted by gap-phase species (at least in the short 

term). Increased likelihood of disturbance along edges can cause compositional change in 

two ways. Gaps formed along an edge are more likely to be colonized by species not 

found in the intact forest. Greater amounts of edge and patch fragmentation are also 

associated with increased grazing pressure by deer that in turn can affect species 

composition (Frelich 2002). In very large stands, however, it appears that gaps may not 

necessarily result in compositional change in the long term. Fraver et al. (2009) found 

that at the 2000 ha scale, the persistence of shade-tolerant species resulted in patches of 

different successional stages, but found that composition of the entire forest did not 

change over 120-280 years.  Smaller patches of intact forest, with larger edge to interior 
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ratios, are more likely to be damaged by storms and therefore their composition may 

transition more quickly (Frelich 2002). Gap dynamics, and their impact, are thus 

tempered by the spatial dynamics of the patch. 

It is very likely that the creation of canopy gaps and subsequent regeneration has 

affected the composition of the Battell Research Forest (BRF), where this study took 

place. The BRF is an old-growth stand that is a mosaic of hemlock-pine forest 

interspersed with patches of hardwoods (maple, beech, and birch), pure hemlock stands, 

and mixed hemlock-hardwood stands. Prior to European settlement, the BRF was 

disturbed repeatedly by fires, which occurred on average every 20 years between 1500 

and 1850 (Mann et al. 1994). The suppression of fire associated with denser human 

settlement, in combination with the isolated nature of the BRF, eliminated fire as a 

disturbance after 1850. The BRF is currently encircled by second-growth hardwood 

forests; until recently it was surrounded (most likely) by pasture. The chances of fire 

spreading into the BRF from cleared lands outside its borders would have been very low 

until a few decades ago (Mann et al. 1994, Mann unpublished). In contrast, wind and ice 

storms, while not independent of land cover, are likely to have occurred regardless of 

changes to the landscape (Frelich 2002) and therefore could have affected the BRF 

continuously throughout the period. 

These different disturbance regimes (fire, wind/ice) can lead to regeneration of 

different species. Fire tends to favor regeneration by pine by creating understory 

conditions favorable to its germination (Rudolf 1990), and the presence of pine as a co-

dominant species in the BRF is likely a result of its prior disturbance history. Wind and 

ice storms, however, tend to favor regeneration by hemlocks and hardwoods, and so it is 
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possible that the removal of fire as a disturbance agent in the BRF could result in a shift 

in its species composition from pine to hemlock or hardwood species.   

Studies of regeneration in the BRF since the disturbance regime changed in the 

19th century have come to different conclusions about the likely consequences of that 

change. The Great Appalachian Windstorm of 1950 appeared, 40 years later, to have 

favored the regeneration of hardwoods (i.e., birch, maple, oak), and to a lesser degree 

hemlock, over pine (Mann unpublished). In January 1998 a severe ice storm passed 

through the Northeast, damaging an estimated 7 million hectares (Rhoads et al. 2002). It 

uprooted and snapped trees throughout the BRF, creating gaps in the canopy. Studies of 

regeneration in five of these gaps, however, have arrived at different conclusions than 

Mann (unpublished). The 1998 storm appeared to have equally favored regeneration of 

hardwood and hemlock seedlings (Jewell 2002, Hewitt 2005), at least for the first 7 years.  

In the BRF itself, a shift in species composition of the canopy would likely result 

in changes to the abiotic conditions and habitat suitability for other organisms that 

occupy the understory. Coniferous trees, for example, are associated with decreased soil 

pH and block more light in spring when herbaceous species germinate. Deciduous trees, 

in contrast, are associated with thicker, less acidic leaf litter and typically have a more 

diverse herbaceous flora in the understory. Ellison et al. (2005) highlighted how altering 

the canopy composition of forest where hemlock is dominant or co-dominant (like the 

majority of the BRF) causes a suite of changes in both terrestrial and aquatic ecosystem 

processes. Shifts in the dominant forest cover, and resulting shift in understory vegetation, 

could lead to changes in the distribution and dispersal patterns of animals. 
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The BRF is an old-growth forest and can be used to understand the structure and 

function of these types of forests. Old-growth forests are affected by anthropogenic 

disturbance, but they are by definition representative of some facet of the presettlement 

forest. For this reason they are often studied to determine how forests regenerate from 

natural disturbance and respond to environmental stress. Understanding how mature 

forests respond to disturbance will be increasingly important as New England forests, 

which currently are largely < 150 years old, age. Techniques to manage second and third 

growth forests to more closely resemble old-growth conditions are also becoming 

increasingly important (Keeton 2006) because old-growth forests provide unique habitat 

for wildlife (Lapin 2005) and there is evidence that they are more efficient at carbon 

sequestration than previously believed (Luyssaert et al. 2008). Thus an understanding of 

how these types of forests respond to shifting disturbance regimes can inform 

management decisions.  

According to the 2007 Intergovernmental Panel on Climate Change (IPCC), 

severe weather events are likely to increase in intensity and frequency. This study 

examined how forests respond to severe storms and can therefore provide information 

about the effects of climate change on forest regeneration and resiliency. The IPCC report 

(2007) further predicts that climate change will likely cause regions to experience 

different weather patterns than they have in the past. Understanding how forests respond 

to a shift in the disturbance regime should provide a more complete understanding of the 

potential impacts of climate change on species distribution and the forest composition 

dynamics. 
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Given the relevance of this research, my study built on the work of previous 

studies (Mann unpublished, Jewell 2002, Hewitt 2005) and examined the effect of 

changing the disturbance regime on the forest composition of the BRF at two scales. At 

the scale of the five 1998 gaps, I quantified the density and species composition 10 years 

post-disturbance, and examined how they have changed over time. Using this information 

and data from the study of the 1950s gaps (Mann unpublished) I then projected the long-

term composition of the entire BRF. 

The following four questions guided the project design and subsequent analysis: 

1. Do gaps created in the 1998 ice storm significantly vary from each other 
in seedling/sapling density and species composition in 2008? 

 
2. Do gaps created in the 1998 ice storm significantly vary over time in 

seedling/sapling density and composition between study years (2001, 
2004, 2005, 2008)? 

 
3. Can the density and composition of the seed bank account for 

differences in seedling/sapling composition among the 1998 gaps? 
 
4. What forest type(s) (i.e. hardwoods, hemlock, hemlock-pine, etc.) will 

dominate the Battell Research Forest in the long term, assuming wind 
and ice storms remain the dominant disturbance? 
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Methods: 
 
Study Site: 

This study was carried out in the Battell Research Forest (BRF), located in central 

Vermont (44.029°N, 73.083° W). This 42 hectare parcel was donated to Middlebury 

College in 1911 with the intention that it not be cut, but be “preserved in a primitive 

state” for research purposes (Mann unpublished). Due to steep terrain and the limited 

value of its timber, the BRF was not cleared in the 19th century; it represents one of the 

small remnants of old-growth forest remaining in Vermont (Mann unpublished). The 

surrounding forested areas are exclusively second-growth, and are largely composed of 

hardwoods. An additional 12 hectares that are continuous with forested patches in the 

BRF, though not within its actual borders, were included in the study (Fig. 1). 

The BRF is characterized as a Northern Hardwoods-Hemlock-White Pine forest 

(Westveldt 1956) and its canopy is dominated by hemlock (Tsuga canadensis), white 

pine (Pinus strobus), red pine (Pinus resinosa), yellow birch (Betula lutea), beech (Fagus 

grandifola), red maple (Acer rubrum) and sugar maple (Acer saccharum). Red oak 

(Quercus rubra), black birch (Betula lenta), paper birch (Betula papyrifera), 

hophornbeam (Ostrya virginiana) and red spruce (Picea rubens) can be found to a lesser 

extent. Subcanopy species include striped maple (Acer pennsylvanicum) and mountain 

maple (Acer spicatum), with pin cherry (Prunus pensylvanica) found exclusively in gaps 

(Mann unpublished).  

Elevation of the site ranges between 185 and 365 m above sea level. Average 

temperature and precipitation (1961-1990) for Burlington, VT (44.46°N, 73.15°W) which 

is 65 km northeast, was 7°C and 875.5 mm annually (National Climatic Data Center).   
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Data Collection: 

1950 Disturbance: 

In 1989, Mann mapped the vegetation of the BRF using two 1:1900 scale vertical 

aerial photographs and surveying approximately every 20 m2 of the stand by foot. His 

study determined there were 21 different forest types in the BRF composed of various 

combinations of hemlock (Tsuga canadensis), red pine (Pinus resinosa),white pine  

(Pinus strobus), beech (Fagus grandifola), paper birch (Betula papyrifera), yellow birch 

(Betula lutea), black birch (Betula lenta), red oak (Quercus rubra), sugar maple (Acer 

saccharum), red maple (Acer rubrum), mountain maple (Acer spicatum), and 

hophornbeam (Ostrya virginiana) as the dominant or co-dominant canopy species. He 

found many gaps in the BRF and completely censused all the gaps found in the three 

largest vegetation types: pure hemlock, hemlock and pine, and hemlock and mixed 

hardwoods. These 72 gaps were identified as having originated in the 1950 windstorm by 

several lines of evidence: similar orientation of fallen logs, release dates of surrounding 

trees, narrow rings on damaged trees, and germination dates of pin cherry (which are 

known to germinate specifically in response to gap formation). They recorded and 

identified fallen hardwood trees by wood characteristics and fallen coniferous trees by 

bark characteristics, and thus determined the pre-disturbance composition of each gap. 

They noted what species had captured the gap as of 1989 (almost 40 years post-

disturbance) and determined what percentage of gaps in the three most common forest 

types transitioned to other forest types (Mann unpublished). I used Mann’s field data as 

the basis for some of the matrix modeling (see below). 
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1998 Disturbance: 

Permanent study sites were established by Jewell (2002) in five gaps created 

during the 1998 ice storm. These gaps range in size from ~200 m2 to 1000 m2 (as 

calculated from GPS coordinates), and were each formed by 7-12 snapped and uprooted 

trees which were predominantly hemlocks, although a few were hardwoods. These gaps 

were chosen based on their similar size and close proximity to one another. They are all 

located in the northern end of the BRF in an area dominated by hemlock (Fig. 1). Gap 3 

has likely enlarged since the establishment of the study gaps due to an additional fallen 

hemlock tree. It also appears that the gaps have begun to close laterally at least since 

2004, because GPS measurements of the perimeters were smaller in 2008 than they were 

four years prior (Table 1). To characterize the vegetation surrounding the gap, Jewell 

counted and identified all trees within 3 m of the perimeter of a gap. In 2008 I counted 

and identified living trees left standing in the middle of a gap. This information was 

recorded before trees lost their leaves in the fall and so I presumed a tree was dead if it 

had no foliage.   

 In 2001 Jewell established 8-12 1 m2 plots within each gap and permanently 

marked on the southeast corner with PVC piping. Saplings (height > 1.3 m) and seedlings 

(height <  1.3 m) were censused in each plot in 2001 (K. Jewell), 2004 (R. Hewitt), 2005 

(students of BIOL 0323) and 2008 (A.Weverka) in mid to late fall. Two plot markers 

were lost between 2001 and 2004, and another was lost between 2004 and 2008, possibly 

due to erosion. These plots were excluded from statistical analyses.   

Both Jewell (2002) and Hewitt (2005) categorized birch as either shade tolerant 

(i.e., yellow or black birch) or shade intolerant (i.e., grey or paper birch) due to difficulty 
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in distinguishing between seedlings of these two types. In this census I did not find paper 

birch or grey birch, and so the term “birch” in this paper only refers to yellow birch 

(Betula lutea) and black birch (Betula lenta) combined. Jewell and Hewitt also used a 

category known as “miscellaneous” to encompass white ash (Fraxinus americana), oak 

species (Quercus spp.), mountain maple (Acer spciatum), and maple seedlings too small 

to distinguish (Acer spp.). I recorded these separately, but because there were so few of 

these species it is unlikely to have made a statistical difference.  

The plots established by Jewell primarily contain seedlings, but it is possible that 

saplings may be the life stage more likely to actually capture a gap because they can 

outcompete seedlings for light. In order to determine the pattern of sapling regeneration, 

saplings were censused in 1 m wide transects the width of the gap. These transects began 

and ended at the edge of a gap and ran through the 1 m2 plots established by Jewell on the 

north-south axis. Each gap had between three and four transects in which all saplings (> 2 

m) were counted and identified to species. No distinction was made between advance 

regeneration saplings and saplings that likely germinated after disturbance because my 

intention was to identify what species would dominate the cohort of trees likely to first 

reach the canopy regardless of age.  

Seed Bank: 

To determine the species composition of the seed bank in each gap, nine 10 x 10 x 

5 cm soil cores were taken from each gap in October 2008 for a total of 45 samples. 

Different areas within a gap were sampled to examine the seed bank composition relative 

to distance from the intact forest. To avoid sampling bias in where the soil was collected, 

samples were associated with the PVC plot markers. In each gap, three samples were 
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taken 1 m east of the markers closest to the middle of the gap along the east-west axis. 

Three samples were taken within 1-2 m of the edge of the gap. This sampling point was 

determined by walking 1 m east of the marker closest to the edge, and then turning south 

and walking to the forest. Three samples were taken from the intact forest 5 m south of 

where the edge sample was taken (Fig. 2).  

Two soil samples per location from each gap (30 total) were washed using 2 mm, 

710 !m, and 355 !m mesh sieves. The seeds extracted from this washing were identified 

and counted. Birch seeds were only identified to the genus, but other taxa were identified 

to species using Seeds and fruits of plants of eastern Canada and northeastern United 

States (F.H. Montgomery 1977). Underdeveloped seeds (identifiable by extremely small 

size and incomplete structure) and obviously damaged seeds were not counted. The seeds 

from these samples were stratified on moist paper towels at 4°C for 9 weeks. The 

remaining fifteen samples, one sample per location from each gap, were not sieved, but 

were left to stratify in plastic collection bags, which remained moist, for the same amount 

of time and at the same temperature. The extracted seeds were germinated directly on 

moist paper towels in a greenhouse (temperature 18-29°C). The fifteen unsieved samples 

were spread on a mixture of potting soil and vermiculite. Both groups of samples were 

kept moist and observed for germinating seeds every ~3 days. By the end of four weeks 

there were no new seedlings, and by the end of six weeks it was assumed all viable seeds 

had germinated. Seedlings of herbaceous species were not counted or analyzed. 

Statistical Analysis: 

All data were analyzed in SPSS 16.0. The variation in seedling density and 

sapling density among gaps in 2008 was determined using analysis of variance 
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(ANOVA). To determine if there was significant variation in the species composition 

among gaps an ANOVA was run on the density of all species found in the BRF as 

seedlings and as saplings. In order to examine variation in composition and density of 

species between gaps and years, a repeated measures ANOVA was carried out using 

collection year  (i.e., 2001, 2004, 2005, 2008) as the within-subject variable, and gap as 

the between-subject factor. A Tukey’s post-hoc test was used in each of these analyses. 

To analyze the seed bank data, I separated the extracted seeds into two categories, 

hardwoods and conifers, because few species besides birch and hemlock were found in 

more than one gap and site of collection (i.e., middle, edge, intact forest). The effects of 

gap and the site of collection within a gap on the seed count were examined using a two-

way ANOVA. The effects of gap and the site of collection within a gap on germinated 

seeds (both in petri-dish-germinated and soil-germinated seeds) were also assessed using 

a two-way ANOVA. To determine if the rate of germination varied between hardwood 

and coniferous seeds (arcsine square root transformed) the proportion of germinating 

seeds in a petri dish was compared using a t-test. To determine if the method of 

germination (i.e., seeds extracted or spread to germinate directly in soil) affected the 

number of seedlings that emerged per 500 cm3 soil collected, a t-test was used to compare 

the number of seedlings that germinated using the different methods. To assess the 

strength of the relationship between the number of seeds and the number of resulting 

germinants from the same soil sample, a linear regression analysis was used.  

To examine the relationship between the composition and density of the seed 

bank and the species composition of the gap in 2008 I used linear regression, again 

separating hardwood and coniferous species into different categories. The average 
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number of seeds per 500 cm3 soil was regressed on the average number of seedlings / m2. 

A linear regression analysis was also used to explore the effect of mature trees on the 

composition of the seed bank. Trees in the forest surrounding a gap were surveyed in 

2001 and each species was recorded as a proportion of the total number of trees found 

(Jewell 2002). Gap 2 was not surveyed, however, and so this analysis was carried out 

using only four gaps. The proportion of hardwood or coniferous seeds collected in each 

sample in each gap (i.e., 6 / gap) was regressed on the proportion of hardwood or 

coniferous trees around the same gap (both arcsine square root transformed).  

Transition Modeling: 

 To project the dominant tree species composition of the BRF into the future, a 

deterministic model was adapted from the work of White et al. (1985). The model was 

based on six categories of associated species, or forest types, instead of individual species. 

These forest types were (1) pure hardwoods, (2) pure hemlock, (3) hemlock-pine, (4) 

hemlock-hardwoods, (5) understory, and (6) nothing. These were chosen because they 

reflect the vegetation mapped by Mann in 1989. The pure hardwoods type is dominated 

by birch, beech, maple, and oak. Pure hemlock is dominated by hemlock alone. Hemlock 

is co-dominant with either red pine or white pine in the hemlock-pine mixed forest type. 

Hemlock-hardwoods is co-dominant between hemlock and the hardwoods listed above. 

Understory is composed of shrubby maples or early successional trees (striped maple, 

mountain maple, and pin cherry) that are unlikely to reach the canopy. The nothing type 

means that the gap was filled in by the branches of surrounding mature trees and no new 

individuals regenerated in the space.  
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Transition probabilities from one forest type to another were determined by 

calculating what percentage of gaps in a given forest type transitioned to other forest 

types after being disturbed. For example, if ten gaps formed in 1950 in hemlock-

dominated vegetation and two of these were dominated by hardwoods 40 years post-

disturbance, the probability of gaps formed in the pure hemlock forest type transitioning 

to the pure hardwoods type would be 20%. These probabilities were calculated using data 

from multiple sources (Table 2) because the five gaps created by the 1998 ice storm are 

all in the pure hemlock forest type and provide no information about how other forest 

types regenerate after disturbance. Only data from Mann (unpublished) was used to 

determine transition probabilities from hemlock-hardwood mix and hemlock-pine mix 

vegetation. No information was gathered about the post-disturbance composition of gaps 

formed in hardwood vegetation in the BRF, so transition probabilities from this forest 

type were adapted from a study of secondary growth forest in Connecticut between 1927 

and 1967 (Waggoner and Stephens 1970). This study was chosen because it was long 

running, the study site was in New England and therefore more likely to experience the 

same environmental pressures, and the hardwood species present in that forest were the 

same as those in the BRF (predominantly maple and birch, and to a lesser degree oak). It 

suggested that hardwoods are very self-replacing (>75% of the time), but did not give 

detailed information about what hardwood stands transition to the other 25% of the time. 

To avoid having this lack of information bias the model, the remaining 25% of gaps from 

the pure hardwood forest type were evenly assigned to transition to the pure hemlock, 

hemlock-hardwoods mixture, and understory forest types (i.e., 8.3% of gaps formed in 

hardwoods went to each).  It was assumed that the understory and nothing forest types 
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would be most likely to transition predominantly to shade-tolerant hemlock, with a small 

chance of transitioning to a hemlock-hardwoods mixture (Hibbs et al. 1980). 

Transition probabilities from the pure hemlock forest type were calculated using 

four different measures (Table 3). The transition probabilities from pure hemlock forest 

in the 1950s disturbance were calculated using data from Mann (unpublished). The 

transition probabilities from the pure hemlock forest type in the 1998 ice storm were 

calculated using the 2008 seedling and sapling composition of the five permanent study 

gaps. Because current seedling composition might have little influence on the final 

composition of the overstory due to advance regeneration of saplings (Webster and 

Lorimer 2005), sapling composition was predicted 40 years into the future from current 

seedling composition using the mortality rate between 2004 and 2008. This 40-year 

sapling projection was used to calculate transition probabilities for the hemlock category 

as well.  

To examine whether gap size affected transition probabilities, the gaps studied by 

Mann (unpublished) were split into gaps < 250 m2 and gaps " 250 m2. Delineation at 250 

m2 was chosen to ensure that all vegetation categories had enough gaps above and below 

to result in meaningful transition probabilities. New transition probabilities were recorded 

for hemlock-hardwoods mix, hemlock-pine mix, and pure hemlock forest types at " 250 

m2 and < 250 m2 (Table 4).  

The area of each forest type was calculated by georeferencing and digitizing the 

vegetation map of the BRF created by Mann (unpublished) (Fig. 3). The percentage of 

area disturbed in the 1950 wind storm was calculated from individual gap sizes measured 

by Mann (unpublished). The percentage of area disturbed in the 1998 ice storm was 
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estimated by surveying the BRF, and measuring each (assumed to be 1998) gap other 

than the five study gaps. I then added this area to the area of the five permanent study 

gaps that was calculated in ArcGIS 9.3. 

I used these measurements to parameterize the disturbance regime in the models. 

Approximately 4% of the canopy was disturbed by the 1998 ice storm and 6.7% was 

disturbed by the 1950 wind storm.  Storms of this magnitude (i.e. 4-8% of canopy 

disturbed) have occurred at least twice between 1900 and 2000 (in 1950 and 1998), so it 

was assumed that this type of disturbance affects the forest every 50 years. The model 

was run under three scenarios: 4%, 6.7%, and 15% canopy affected. There was no 

appreciable difference in the models run at 6.7% disturbance and those run at 4%. Only 

results from the 6.7% disturbance are discussed later because it is likely that this estimate 

is more accurate, since Mann (unpublished) was more thorough in censusing the BRF for 

canopy gaps than I was. A rate of 15% disturbance was chosen to explore the effects of 

more severe disturbance (Foster and Boose 1992). Scenarios were run over 10 50-year 

disturbance cycles, or 500 years. All modeling was done out in Excel 2003. 
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Results: 

1998 Gap Composition: 

Differences among gaps in 2008: 

 In 2008, the average density of seedlings of all species significantly varied among 

gaps (F = 3.411, p = 0.017, df = 4). Gap 1 had significantly more seedlings than gaps 2 

and 5 (Fig. 4). The density of hemlock (F = 3.712, p = 0.012, df = 4) and red maple 

seedlings (F = 5.061, p = 0.002, df = 4) varied significantly among gaps. Gap 1 had 

significantly more red maple seedlings than all other gaps, and gap 3 had significantly 

more hemlock seedlings than gaps 2 and 5 (Figs. 5). There was no significant difference 

in density among gaps for striped maple, mountain maple, birch, white pine, pin cherry or 

oak seedlings.  

 The average sapling density did not differ among gaps (F = 1.168, p = 0.369, df = 

4) (Fig. 6). The gaps did vary in the abundance of mountain maple (F = 5.331, p = 0.009, 

df = 4), as gap 2 had five mountain maple saplings, and the species was absent from all 

other gaps. None of the other species (red maple, mountain maple, striped maple, birch, 

beech, ash, pin cherry, or hemlock) varied significantly in sapling density among gaps.   

Changes over time: 

 The average density of seedlings varied between years (F = 5.762, p = 0.003, df = 

3), but there was no significant gap x time interaction, suggesting that gaps did not vary 

from one another in the way they have changed over time (F = 1.599, p = 0.123, df = 4) 

(Fig. 7). The density of birch seedlings (F = 9.75 p < 0.001, df = 3) and red maple 

seedlings (F = 2.445, p = 0.015, df = 3) varied significantly among years. There was a 

significant gap x year interaction for birch, indicating that the manner in which birch 
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abundance changed over time varied significantly among gaps (F = 2.720, p = 0.007, df = 

4).  Gap 2 virtually remained unchanged (it only had one birch seedlings across all years), 

gap 4 had a major peak in 2004, and gaps 1 and 3 both had a moderate peak in 2004, and 

gap 5 appears to have declined since 2001. There was no significant gap x year 

interaction for red maple (F = 2.831, p = 0.058, df = 4) (Fig. 8). Density of sugar maple, 

mountain maple, striped maple, beech, oak, pin cherry, hemlock and white pine did not 

differ significantly among years.  

Seed Bank Composition: 

Seed Count: 

 Seed counts ranged between 5 and 173 for a single 500 cm3 soil sample. The total 

number of seeds did not significantly vary among gaps (F = 2.78, p = 0.062, df = 4) and 

there was no significant difference in the number of coniferous seeds among gaps (F = 

1.82, p = 0.174, df = 4). However, the count of hardwood seeds varied significantly 

among gaps (F = 3.794, p = 0.024, df = 4) (Fig. 9). Gap 4 had significantly more 

hardwood seeds per 500cm3 than gaps 1, 2, and 5. The collection site (i.e. middle, edge, 

intact forest) had no effect on the number of total (F = 2.449, p = 0.19, df = 2) hardwood 

(F = 2.102, p = 0.155, df = 2) or coniferous seeds (F = 2.415, p = 0.121, df = 2) (Fig. 10).  

Germinated Seeds: 

The rate of germination in the petri dishes did not vary significantly between 

coniferous and hardwood seeds (t = 0.925, p = 0.359, n = 2) (Fig. 11). The proportion of 

germinating seeds was uniformly low—4.7% for coniferous seeds and 5.2% for 

hardwood seeds. The number of seedlings that emerged from the 500 cm3 soil samples 

varied significantly with the method of germination (t = 4.57, p < 0.001, n = 46). Samples 
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germinated directly in potting soil had significantly more total seedlings than samples 

extracted from the soil and germinated in petri dishes (Fig. 12). This difference appears to 

be largely driven by hardwood seedlings, which varied significantly between methods (t 

= 4.892, p <0.001, df = 45), but not by coniferous seedlings (t = -.391, p = 0.698, df = 45) 

(Fig. 13).   

The number of hardwood seeds that germinated in petri dishes significantly 

differed among gaps (F = 6.32, p = 0.003, df = 4) and by collection location (F = 6.695, p 

= 0.008, d =2).  Coniferous germinants did not significantly vary among gaps (F = 0.268, 

p = 0.894, df = 4) or by collection site (F = 1.944, p = 0.175, df = 2) (Fig. 14).  

There was a significant relationship between the number of hardwood seeds and 

the number of hardwood germinants in the same 500 cm3 soil sample (F = 8.768, p = 

0.006, R2 = 0.232, n = 31), but not between coniferous seeds and coniferous germinants 

(F = 0.1, p = 0.921, R2 = 0, n = 31) (Fig. 15).  

In the samples that were germinated directly onto soil, neither the gap nor the site 

of collection had any significant effect on the number of germinants (p = 0.569, F = 0.955; 

p = 0.73, F =0.371).  

Relationship between the seed count and extant vegetation:   

There was no significant relationship between the number of seeds in the seed 

bank and the number of seedlings in a gap for either hardwood seeds and seedlings (R2 = 

-0.21, F = 0.298, p = 0.623, n = 4) or coniferous seeds and seedlings (R2 = -0.18, F = .391, 

p = 0.576, n = 4) (Fig. 16). There was also no relationship between the proportion of 

mature trees that were hardwoods and the proportion of the seed bank that was hardwood 

species (R2 = 0.026, F = .616, p = 0.441, n = 24) (Fig. 17).   
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Modeling: 

The results of the modeling were fairly consistent regardless of the parameters 

used (Table 5). In all models pure hardwood and pure hemlock forest types increased 

over time, hemlock-hardwood mix and hemlock-pine mix forest types decreased, and 

understory and nothing forest types remained minor (< 1 hectare) components of the 

overall forest (Figs. 18-21). Increasing the percentage of the canopy disturbed from 6.7% 

to 15% caused more rapid increases in pure hardwoods, and pure hemlock forest types 

and a more rapid decline in hemlock-pine and hemlock-hardwood forest types (Figs. 18-

21). It appears that larger disturbances may slightly favor the pure hardwood forest type 

over many disturbance cycles. This is because the main sources of new pure hemlock 

stands, the hemlock-pine mix and hemlock-hardwoods mix forest types, decline more 

rapidly with increased disturbance. The hemlock-pine mix forest type does not regenerate 

in gaps in any forest types, and the hemlock-hardwoods mix forest type regenerates in # 

25% of gaps in all forest types. Thus when these forest types decline, there are fewer 

hectares available to transition to pure hemlock.  

Gap size did not affect the overall trends of increases in the pure hemlock and 

pure hardwood forest types and declines in the hemlock-pine and hemlock-hardwood 

forests. Gap size did, however, appear to affect the rate at which pure hemlock and pure 

hardwood forest types increased. Smaller gaps (< 250 m2) strongly favored hemlock, 

while larger gaps (>250 m2) favored hardwoods, though not to the degree smaller gaps 

favored hemlock (Figs. 22, 23).  
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Discussion: 
 
1998 Gaps: 
 

Although there were significant differences among gaps in the density and species 

composition of seedlings, the overall trend in the data suggests that there are more 

hardwood than coniferous seedlings. This supports Mann’s (unpublished) hypothesis that 

gaps created by wind disturbance appear to favor hardwood regeneration over coniferous 

regeneration in the BRF. Study of an old-growth hemlock-white pine-hardwoods forest in 

Massachusetts disturbed by a hurricane also demonstrated this pattern (Foster and Aber 

2004), although other studies suggest that hemlock is not outcompeted by hardwoods in 

the long-term (Woods 2000). Thus, although hemlock seedlings are currently 

outnumbered in the five gaps created by the 1998 ice storm, they may persist in the 

understory and eventually become dominant or co-dominant with the hardwood seedlings.  

Examination of the distribution of saplings also suggests that these five gaps will 

be captured by hardwoods. In all gaps, saplings were almost all hardwood species: of the 

83 saplings counted, 3 were hemlock, 40 were understory or early-sucessional hardwood 

species (mountain maple, striped maple, pin cherry) and 40 were canopy hardwood 

species. Hemlock seedlings and saplings do not respond to increased light to the same 

degree as more shade intolerant species (Catovsky and Bazzaz 2000), and so while they 

will likely persist, hardwoods have already begun to dominate the cohort of trees likely to 

first fill in the canopy.  

Despite the overall pattern of hardwood dominance, eleven growing seasons after 

the 1998 ice storm it appears that there is significant variation in the manner in which the 

five gaps are regenerating. In 2008, gap 1 had a significantly higher average seedling 
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density than all other gaps, a trend also noted in 2001 and 2004 (Jewell 2002, Hewitt 

2005). A high amount of light due to large gap size (the second largest, at ~700 m2), its 

better soil quality, and its gentle slope are all factors that that likely contribute to higher 

germination, higher seedling survival, or a combination of both. It is important to note, 

however, that seedling density in gap 1 is highly variable between 1-m2 study plots and 

the significantly higher average density is partially attributable to three plots on the 

eastern side of the gap dominated almost exclusively by red maple. In 2004 these three 

plots alone had a total of 80 seedlings; in 2008, the same plots had 31 seedlings. It is 

unlikely that these 1-m2 plots will be able to support more than one or two individuals in 

the long-term (Walters and Yawney 1990), and so it is possible that once these red 

maples thin out due to competition, gap 1 will more closely resemble the others.  

 In 2008, the three most common species overall in the gaps were red maple (Acer 

rubrum), hemlock (Tsuga canadensis), and birch (Betula spp.). The distribution of red 

maple and hemlock, but not birch, significantly varied among gaps. Gap 1 had more red 

maple than all others, and gap 3 had more hemlock than all others. Red maple can act as a 

late-sucessional or an early-sucessional species and is known to benefit from windthrow 

disturbance (Abrams 1998; Walters and Yawney 1990). The high density of red maple 

seedlings in gap 1 could also be a result of the seed rain from the mature standing red 

maple in the center of the gap. Hemlock is the most shade-tolerant species found in the 

BRF—it can persist in the understory awaiting release for up to 400 years (Godman and 

Lancaster 1990). Despite being the largest, gap 3 is also the shadiest (personal 

observation) due to the fact it is not on the slope of a hillside and it is completely 

surrounded by intact hemlock forest that has laterally grown into the gap. Another 
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potential reason for the high density of hemlock in gap 3 is that the seedlings present 

represent advanced generation. While this is speculative, the 13 hemlock seedlings 

marked in gap 3 by Hewitt in 2004 averaged 40 cm in height. Hemlock seedlings are very 

slow growing (~2.5 cm their first year) (Godman and Lancaster 1990) and so it seems 

likely that at least some of these were established prior to the 1998 disturbance. Canham 

(1989) found that hemlock seedlings and saplings can consistently grow beneath a 

hemlock-dominated canopy. It is possible that the high density of hemlock is 

consequence of the shady condition of the understory prior to the 1998 ice storm.   

  The sapling data suggest that all gaps will be captured initially by hardwoods, but 

the seedling data suggests that hemlock will be co-dominant with hardwoods in at least 

one, if not two or three, gaps. There is some controversy in the literature over whether 

advance regeneration or new seedlings have the greater impact on the ultimate 

composition of a gap. The projected species composition of a disturbed area can vary 

based on what life stage is used in the calculations. Hibbs (1983) found significant 

differences in the proportion of individuals distributed across different life stages for 

various species. In that example counting seedlings favored birch (Betula spp.), hemlock 

(Tsuga canadensis), and white pine (Pinus strobus) all of which had > 66% of stems 

found as new seedlings. Counting advance regeneration saplings, however, favored red 

maple (Acer rubrum), white ash (Fraxinus americana), and red oak (Quercus rubra), all 

of which had >66% of individuals found as advance regeneration saplings. In some cases 

it appears that newly germinated seedlings have a greater impact on the final composition 

of canopy trees that capture a gap. This is because wind disturbance can either directly 

damage saplings in the understory or cause falling trees to limit the extent of their growth 
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(Webster and Lorimer 2005). Other studies, however, suggest that there are usually 

enough healthy saplings left post-disturbance to form a cohort of individuals that captures 

the gap (Beckage et al. 2000). In four of the five gaps in the BRF, however, both 

seedlings and saplings are predominantly hardwood species. Thus regardless of whether 

seedlings or saplings have the greatest impact on the final composition of a gap, it 

appears that the five permanent gaps created by the 1998 ice storm are likely to have 

hardwoods as a significant, if not dominant, component.  

 The gaps do not appear to have greatly changed in species richness between years. 

The three most common species in 2008 were the three most common in 2001, 2004 and 

2005: red maple, hemlock, and birch (Table 6). The only species that appear to have 

disappeared from the gaps since 1999 are silver maple, beech, and sugar maple. Silver 

maple is considered moderately shade tolerant, but is very intolerant of competition when 

young (Gabriel 1990). It is also possible that beech and silver maple have “disappeared” 

because they were sampled in 1999 in plots that do not directly coincide with the plots 

established by Jewell in 2001. Sugar maple is one of the most shade-tolerant hardwood 

species, and so it is somewhat surprising that it has disappeared. A potential reason for its 

decline is simply chance—in 2004 there were only five individuals, three of which were 

in a single 1-m2 plot. Two new species have also been counted since 2001—red oak 

(Quercus rubra) and white ash (Fraxinus americana), although this is could be due to the 

fact that Jewell (2002) recorded these species as miscellaneous. Thus it appears that there 

has been no major loss in tree species richness between 1999 and 2008.  

 Although composition has been relatively stable, the density of hardwood 

seedlings in gaps has significantly changed over time. Hardwood density peaked in 2004 
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(seven growing seasons post-disturbance) and is currently lower than it was in 2001 in 

every gap except gap 2. There is also significant variation in the way in which gaps have 

changed over time—it appears some gaps are still being colonized (plots in gaps 1 and 5 

had more seedlings in 2008 than 2005), whereas others have steadily declined.   

 The number of hemlock seedlings found in the BRF did not significantly vary 

among years. Hemlock densities were highest in 2001 and have declined slightly but not 

significantly since then. Thus hemlock seedlings appear to be more persistent than 

hardwood seedlings. The percent decline in hardwoods was higher than the percent 

decline in hemlocks for all gaps in which both types existed (gap 2 has no hemlock 

seedlings). As gaps become shadier, it is likely that this trend will continue. Canham 

(1989) found that hemlocks can continue to grow under a closed canopy and Hibbs (1983) 

found that ten years after a hurricane disturbance in New England, only hemlock was still 

successfully regenerating. Thus it seems possible, if not likely, that in these five gaps 

hemlock will remain an important component, and may eventually become co-dominant 

to hardwoods in the canopy.  

 Knowing what stage of regeneration a forest is in gives information about the 

successional trajectory of a patch as well how appropriate it is to make conjectures on 

what the mature stand will look like. There are four basic stages of regeneration after a 

disturbance in a forested stand: the initiation phase, the stem exclusion phase, the 

demographic transition phase, and the multi-aged phase. The initiation stage occurs after 

a major disturbance when the gap is colonized by new seedlings from the seed bank, root 

sprouts, or advanced regeneration. In this phase the number of seedlings increases and the 

rate of colonization plays the biggest role in determining density. In the stem exclusion 
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phase, colonizers begin to compete with one another, causing density-dependent 

mortality and reducing the total number of individuals. In the demographic transition 

phase, the canopy begins to admit more species than were present in the initial cohort 

established after the disturbance. In the final multi-aged stage, there are a variety of age 

and size classes, and the non-disturbance mortality of mature trees creates small openings 

in the canopy (Frelich 2002). There has been some disagreement over what stage of 

regeneration the gaps in the BRF have reached. Jewell (2002) believed that the gaps were 

entering the stem exclusion phase in 2001, whereas Hewitt (2005) believed they were still 

in the initiation stage in 2004. Because seedling density peaked in 2004, it seems likely 

that the gaps in the BRF are currently in the stem exclusion phase. This conclusion agrees 

with findings of previous studies of northern hardwood-hemlock forests that found that it 

takes ~10-15 years to reach the stem exclusion stage (Hibbs 1983, Frelich 2002). 

However, it should also be noted that seedling density has increased in some plots since 

2005. Thus, the real answer to what stage of forest regeneration the BRF has reached 

probably varies among gaps. With very few seedlings (0.75 / m2) and the highest density 

of saplings (0.35 / m2) that are currently thinning themselves (personal observation), gap 

2 definitely appears to be in the stem exclusion phase. In contrast, gap 1 has increased in 

seedling density between 2005 and 2008, and sapling density is lower (0.26/ m2), and so 

it is more difficult to definitively say that gap 1 it has fully transitioned from the initiation 

stage to the stem exclusion stage. The next survey should give a more definitive answer 

about the exact phase of regeneration the five gaps have reached.  

Seed Bank: 
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 Seeds and their dispersal play an important role in the process of regeneration by 

permitting species to persist through conditions unfavorable to a plant, allowing them to 

colonize new areas, and increasing genetic diversity (Lambers et al. 2005, Fenner and 

Thompson 2005, Zoebel et al. 1998). The storage of seeds in the soil for one or more 

growing seasons is particularly important because it provides plants a measure of 

assurance that if they fail to reproduce one year, their offspring still have the opportunity 

to germinate should good conditions present themselves. Seed banks are generally 

considered to be most advantageous in habitats with a lot of annual species that 

experience frequent catastrophic disturbance (i.e., pasture, wetlands, etc.) (Fenner and 

Thompson 2005). Recent research, however, suggests that the seed bank plays a 

significant role in seedling recruitment in temperate forests (Lambers et al. 2005) and that 

the seed banks of old-growth forests contain many shade-tolerant species (Leckie et al. 

2000). Previous student theses carried out in the BRF have identified the seed bank as 

one of the possible causes of variation of seedling density among gaps (Jewell 2002, 

Hewitt 2005).  

 Eight tree species were found in the seed bank of the BRF: red maple (Acer 

rubrum), striped maple (Acer pennsylvanica), mountain maple (Acer spicatum), birch 

(Betula spp.), beech (Fagus grandifola), pin cherry (Prunus pennsylvanica), hemlock 

(Tsuga canadensis), and white pine (Pinus strobus). Most of these species were rare (< 

2%), and of the total 1120 seeds collected, the majority were either birch (75.7%) or 

hemlock (19.8%). Birch and hemlock seeds are the smallest of the eight species, and so 

this result is not surprising because smaller seeds are usually produced in greater volume, 
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are less likely to be predated, and disperse farther, thereby deriving from a larger source 

area (Fenner and Thompson 2005).  

The seed bank appears to vary among gaps, but not within gaps. The density of 

hardwood seeds, but not coniferous seeds, significantly varied among gaps. Gap 4 had an 

average of 47 hardwood seeds / 500 cm3, which was significantly higher than gaps 1, 2, 

and 5. The presence of two standing birch trees in gap 4, both with a DBH > 20 cm, could 

explain this trend: of the hardwood seeds counted across all gaps, 94.9% were birch. 

There was no significant variation in the density of seeds in different regions of the gap 

(i.e. middle, edge, intact forest) for either hardwood or coniferous species. These results 

contradict the finding that seed density increases with proximity to the parent tree (Clark 

et al. 1999), the majority of which should presumably be in the intact forest. Although not 

statistically significant, it is worth noting that seed density did increase with proximity to 

the intact forest. A possible explanation for the apparent lack of spatial variation in 

density within a gap is the large standing trees in four of the five gaps (Table 7). Thus 

soil in the middle of a gap could be receiving seed rain from a source closer than the 

undisturbed forest. Another explanation is that gaps may simply be small enough that 

sufficient seeds disperse into the middle. 

Only five species germinated in the petri dishes: striped maple (Acer 

pennsylvanicum), red maple (Acer rubrum), birch (Betula spp.), hemlock (Tsuga 

canadensis), and white pine (Pinus strobus). The germination rate was very low, around 

5% for both hardwood and coniferous seeds, a figure much lower than what has been 

observed in the field, where germination success is typically 20%-50% for yellow birch 

and 25%-60% for hemlock (Erdmann 1990, Godman and Lancaster 1990, F. W. 
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Schumacher Co. 2009). A potential reason for this discrepancy was my inability to 

identify immature and partially eaten seeds, especially those that were very small, such as 

hemlock and birch. Hemlock seeds are also easily damaged by drying, with up to 80% 

mortality after only 8 hours without sufficient moisture (Godman and Lancaster1990). It 

is possible that some petri dishes did not remain sufficiently moist during the 

stratification process. Seeds were also only stratified for 9 weeks, which biases against 

hemlock, mountain maple, and beech seeds that typically require 60-120 of cold moist 

stratification (F. W. Schumacher Co. 2009).  

Soil samples spread directly onto potting trays differed only slightly in species 

composition from soil samples germinated in petri dishes. Only four tree species were 

found: striped maple (Acer pennsylvanicum), red maple (Acer rubrum), birch (Betula spp.) 

and hemlock (Tsuga canadensis). The germination method significantly affected the 

number of seedlings that emerged from each 500 cm3 soil sample. There were 

significantly more seedlings when samples were spread directly onto potting soil than 

when seeds were extracted and placed in petri dishes. This is likely a result of higher 

germination success, or the fact that seeds were simply lost or damaged in the sieving 

process. A study by Brown (1992) showed that physically extracting seeds from a soil 

sample gave a different estimate of the seed bank composition than spreading soil 

samples and tallying what emerges. He found that the sieving and counting seeds gave a 

better estimate of species richness, but overestimated the abundance of certain species. In 

the BRF it appears that using the seed extraction method (i.e., sieving and counting) 

would provide more information about the species present, but would likely 

underestimate seed viability.  
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The seed bank varied among gaps, but that variation does not appear to explain 

the variation in seedling density among gaps. There was no relationship between the 

number of seeds and the number of seedlings in a gap for either hardwood or coniferous 

species in 2008. Even in soil samples germinated in the green house, there was no 

relationship between the number of coniferous seeds in a soil sample and the number of 

seedlings that germinated in it. This finding agrees with the literature. Zoebel et al. (2007) 

found that the composition of the seed bank poorly corresponded to the regenerating 

vegetation in a mixed coniferous forest. Hyatt (1999) found that a large proportion of the 

seed bank did not germinate after disturbance and that germination success depends on 

both seed age and the degree of soil disturbance.  

Habitat suitability also likely plays a role in which seeds germinate and survive 

the first year as seedlings. All seeds have specific requirements for germination (F. W. 

Schumacher Co. 2009). For example, hemlock and birch seeds, which were most 

common in the BRF, germinate best on fallen logs, stumps, and mounds (Godman and 

Lancaster 1990), and rotten woody material, moss covered surfaces, and the cracks of 

boulders (Erdmann 1990) respectively. It may be that regardless of the amount of seeds 

produced, there are only so many suitable locations within a gap for germination and so 

seedling density is not solely dependent on seed density. It is likely that the amount of 

seedlings in a gap in the BRF reflects both microsite availability and seed density, not 

merely the latter. This finding is well established in the literature and it appears that light, 

nutrient, moisture, and animal predation are all factors that contribute to the quality of a 

microsite (Fenner and Thompson 2005).  
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The mature vegetation surrounding a gap had no significant effect on the 

composition of the seed bank. The intact forest surrounding gaps ranged from 55% to 

95% coniferous trees, whereas coniferous seeds only made up between 6.3% and 35.7% 

of total seeds in the five gaps. A potential reason for this finding is that mature trees grow 

in the center of four of the five gaps, and the seed bank receives input not only from trees 

in the intact forest, but from trees in the center of the gap. Hyatt and Casper (2002), 

however, found that germination and predation of seeds were more important in 

determining seed bank density than the original amount of seed input. A study by 

Lambers et al. (2005) also suggests that the seed bank also does not appear to necessarily 

capture an accurate picture of the composition of surrounding species or seed rain. They 

found several species, including hemlock, that were present as mature trees and seedlings, 

and whose seeds were found in seed traps, but were completely absent in the seed bank. 

My analysis also only estimated the seed source using the vegetation immediately 

surrounding a gap. Both hemlock and birch seeds are wind-dispersed, are found in 

significant numbers more than 25 m from the parent tree, and can travel more than 100 m 

(Clark et al. 1998). The five permanent study gaps, however, are all <50 m at their widest 

and so it is likely that trees beyond those immediately surrounding a gap contribute to 

seed rain. 

This study only looked at the seed bank at one point in time, and is therefore 

likely to be somewhat biased. Maples, hemlock, and birch are all known to reproduce 

bumper seed crops in certain years and to produce little seed rain in others (Walters and 

Yawney 1990, Godman and Lancaster 1990, Erdmann 1990). It is therefore possible that 

the composition of the seed bank in 2008 is not representative of most other years. The 
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timing of the sampling also could affect what species are found. Red maple seeds 

disperse between April and July the same year they form, and usually germinate that 

same summer (Walters and Yawney 1990). The soil samples in this experiment were 

taken in October, and therefore likely have fewer red maple seeds than they would have if 

they were taken in July or August. By taking soil samples immediately after most 

species’ seeds fall, this study also likely underestimated seed predation. Seed 

consumption by small mammals can significantly reduce the proportion of seeds that 

survive to germinate or enter the seed bank (Schnurr 2004; Fenner and Thompson 2005).  

This study suggests that trees surrounding a gap do not influence its seed bank 

and that the seed bank does not influence the density of new seedlings in a gap. It seems 

unlikely that there is no relationship between the existing mature trees and the seed bank 

because the majority of seeds disperse close to their source (Clark et al. 1999). What this 

finding probably reflects is prolific seed production by birch (between 2.5 and 12 million 

per ha.) (Erdmann 1990) and the effects of mortality and germination in regulating the 

seed bank. The lack of a relationship between seeds and seedlings could be explained by 

the limitation of appropriate microsite conditions. Despite the inability to predict seedling 

density from seed density, it appears that seeds do affect the species composition to a 

certain degree: >75% of the seeds in the seed bank are hardwoods, and so they are likely 

a major reason that hardwoods are capturing these five gaps, at least initially. 

Although there are many more coniferous than deciduous trees in this section of 

the BRF, the five permanent gaps established after the 1998 ice storm appear to have 

more hardwood seeds, more hardwood seedlings (with the exception of gap 3), and more 

hardwood saplings. Based on the study of these gaps, it appears that if the BRF continues 
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to be disturbed by wind and ice storms like the one that struck in 1998, this portion of the 

stand will transition to hardwoods. This conclusion, however, does not take into account 

the finding that the hemlock seedlings appear to be more persistent that hardwood 

seedlings. If hardwood mortality continues to outpace hemlock mortality, the next survey 

of the BRF may conclude that hemlock will be a significant component of these five gaps 

in the long term. Webster and Lorimer (2005) found that for gaps 100-400 m2, the 

average relative density of hemlock increased 23% 15-30 years post disturbance whereas 

the relative density of hardwoods (sugar maple, red maple, and yellow birch) declined 

17% over that same time period. In the BRF, many of the saplings are also species 

unlikely to dominate the canopy (striped maple, mountain maple, pin cherry), and so it 

seems likely that hemlocks, which are more shade tolerant (Canham 1989), could outlast 

hardwoods in the long term.  

Modeling: 

 Regardless of the parameters used, all models projected an increase in the pure 

hemlock and pure hardwood forest types and a decrease in the mixed hemlock-hardwood 

and mixed hemlock-pine forest types. Increasing the proportion of the canopy that is 

affected by a disturbance event did not affect these overall trends, but merely accelerated 

them.  

Gaps in hardwoods tend to be captured by hardwoods because they grow more 

quickly and generally produce more seeds. Even very shade-tolerant hardwoods show 

increased growth with only 1%-2% increases in sunlight—in contrast, hemlocks do not 

respond to the same degree as hardwoods to periodic openings (Canham 1989). Hibbs 

(1982) also observed that black birch, yellow birch, and red maple all grew more quickly 
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than hemlock in gaps in a hemlock-hardwood forest in Massachusetts. The greater seed 

production and dispersal distance of most hardwood species also gives them a 

competitive advantage (Walters and Yawney 1990, Godman and Lancaster 1990, 

Erdmann 1990), which was demonstrated by the seed bank data in the BRF.  

Pure hemlock forest does not self-replace to the same degree as pure hardwood 

forest based on the transition probabilities calculated from gaps in the BRF. Rather it 

appears to succeed in gaps where it is co-dominant with pine or hardwoods. In the BRF, 

gaps in pure hemlock patches only reverted to hemlock 20%-42% of the time, while 58% 

of gaps in hemlock-hardwood mixed patches were colonized by pure hemlock, and 63% 

of gaps in hemlock-pine mixed patches were either colonized by pure hemlock or a forest 

type that then predominantly transitioned to hemlock (i.e., “understory” or “nothing”). 

Hemlocks are very persistent in the understory and in the BRF many large hemlocks 

appear to have undergone multiple release events (Godman and Lancaster 1990, Hewitt 

2005). Thus it appears that in stands with hemlock as a co-dominant species, advance 

regeneration hemlock is able to outcompete new hardwood and pine seedlings. This 

agrees with early research by the US Forest Service that found it was much easier to 

convert mixed hemlock-hardwood forests to pure hemlock stands than to regenerate new 

hemlock in hemlock-dominated stands. This was largely because the latter had limited 

advanced regeneration due the lack of microsite conditions and exposed mineral soil   

(Kelty 2000). Another plausible explanation for the trend towards greater hemlock 

success in hemlock-pine forests is that average gap size in the hemlock-pine forest was 

significantly smaller (Fig. 24). These small gaps could be closed by lateral growth of the 

hemlock trees that remained standing after a disturbance before any other species had a 
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chance to capture the gap and would also be more favorable for very shade-tolerant 

advance regeneration (Mann unpublished).  

None of the gaps in the BRF transitioned to the hemlock-pine forest type after the 

1950 disturbance. The most plausible explanation for the lack of regeneration of the 

hemlock-pine forest type is the loss of fire. Red pine seeds will not germinate without the 

conditions established by fire (Rudolf 1990) and white pine seeds benefit from the 

clearing of leaf litter associated with burning (Wendel and Smith 1990). A previous study 

of an old-growth hemlock-pine forest affected by the 1938 hurricane in Massachusetts 

reflected this projected trend. Prior to 1938 the forest was ~50% hemlock, ~40% white 

pine, and ~10% hardwoods. By 1960, it no longer had a significant amount of white pine 

and its composition changed to ~60% hemlock and ~40% hardwoods (Foster and Aber 

2004).  

The hemlock-hardwood mixed forest type is projected to decline, although only 

moderately compared to the hemlock-pine mixture. This decline could potentially be due 

to the dominant hardwood canopy species in this forest type being stunted by disease or 

the hemlock-hardwood forest type simply requiring more than 40 years to form. The 

dominant hardwood in the hemlock-hardwood forest type was beech. Beech bark disease 

has been in central Vermont since 1950 (Houston et al. 2004) and has likely been in the 

BRF for some time (based on personal observation of the degree of damage to mature 

trees and presence of stump sprouts that also have been affected). This disease can 

increase total beech density because it often stimulates root sprouting, but it also stunts 

growth and can limit its presence as a canopy species. It is possible that this retardation in 

beech growth permitted hemlocks to reach the canopy first, and therefore a mixed 
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hemlock-hardwood forest type never fully developed. Another potential explanation is 

that the hemlock-hardwood mixed forest type simply takes more than 40 years to form. 

Hibbs (1983) found that gaps in a northern hemlock-hardwood forest were dominated by 

hardwoods 40 years post-disturbance, but that hemlocks were the only species still 

regenerating 10 years post-disturbance. Although there are significantly more, or a strong 

trend towards more hardwood seedlings in three of the five 1998 gaps in the BRF, 

hemlock seedlings appear to be more persistent. It is therefore possible that many of the 

gaps classified as pure hardwoods in 1989 by Mann could eventually transition to a 

hemlock-hardwood mix.  

Light, temperature, moisture, and microsite availability in a gap all vary with gap 

size (Lorimer and Webster 2005, Hibbs 1982). Smaller gaps are more likely to be shaded 

by lateral growth from remaining trees and experience less variability in environmental 

conditions. It is known that both gap and disturbance size can influence what species 

successfully regenerate. Oliver and Stephens (1977) found that larger disturbances 

resulted in red oak dominance, whereas smaller disturbances permitted birch, red maple, 

and hemlock to dominate the canopy. Webster and Lorimer (2005) found that 31-55 years 

after a disturbance event, hemlock dominated 100% of gaps < 100 m2, whereas yellow 

birch and red maple made up 57% and 29% respectively of gaps 400-1000 m2. Projecting 

the forest composition of the BRF using transition probabilities from different sized gaps 

agreed with these findings. Small gaps (< 250 m2) favored the pure hemlock forest type, 

whereas medium/large gaps (> 250 m2) favored the pure hardwood forest type.  

These findings suggest that species regeneration, and hence forest composition, 

will be strongly affected not only by the severity of disturbance, but by the size and 
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pattern of gap distribution. In the BRF, the 1950 windstorm appears to have created 60 

gaps relatively evenly split between large and small—33 were less than 250 m2 and 27 

were greater than 250 m2. Small gaps, however, made up only 27.7% of the disturbed 

area, whereas large gaps made up 72.3% of the total disturbed area. Mou and Warrillow 

(2000) observed similar trends in a mixed hardwood forest in Virginia affected by an ice 

storm: ¾ of gaps were < 200 m2, but the total area of small gaps was relatively 

unimportant. They suggested that small gaps have little impact on the process of forest 

development and predict that disturbance severity has a major affect on local distribution 

patterns and vegetation dynamics. Although my study does affirm their second 

conclusion, it also suggests that small gaps can be important in maintaining the 

dominance of more shade tolerant species and could thus have a relatively important 

impact on overall forest development. 

 It is unclear whether the size and distribution of gaps created by the 1950 

disturbance is representative of typical wind storms in central Vermont. Understanding 

and predicting the distribution of the effects of wind/ice disturbance is difficult because 

storms rarely occur in the same place to the same degree more than once. Although the 

effects of wind storms have been well-studied, there is virtually no information about the 

relationship between the type and severity of a disturbance event and the pattern of its 

destruction.  A study by Xi et al. (2008) is one of the few that has attempted to compare 

the effects of different types of storms at different spatial scales in one region. They 

found that tree age, size, and species composition were the best predictors of gap size, not 

the severity of the storm itself. In the pure hemlock portion of the BRF, gaps created by 

the 1950 wind storm and the 1998 ice storm do not significantly differ in size between the 
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two events, suggesting that they both may be representative of a typical disturbance. To 

truly compare the 1950 and 1998 disturbances, however, a more thorough mapping of the 

BRF that identifies all the 1998 gaps and their species composition is necessary. It would 

also be important to examine the role of smaller scale treefalls, which typically involve 

only one to two trees, but create relatively small gaps (< 200 m2) with great frequency. 

Payette et al. (1990) found that in a northern hardwoods forest these small canopy gaps 

occurred every ~ 3.2 years and helped explain the uneven age and species distribution. To 

more accurately project the future of the BRF it would be important both to establish 

what constitutes a typical severe wind/ice disturbance in central Vermont, as well as 

understand what role small and intermediate disturbance events play in directing forest 

composition.  

 The model used in this analysis made several assumptions about the distribution 

of disturbance that could affect its accuracy. It is well known that species composition 

and age affect the susceptibility of a forest to windthrow. Foster and Boose (1992) found 

that stands of pure white pine were more susceptible to windthrow than the mixed 

coniferous or hemlock-hardwood forest types, and the pure hardwood forest type was the 

least affected. Canham et al. (2001) found that forest age (i.e., second-growth vs. old-

growth), tree size, and species all affected the rate of damage, and that two hardwood 

species, red maple and yellow birch, appeared to be most resistant to moderate and severe 

disturbance. My model assumed that disturbance was evenly distributed across the entire 

BRF regardless of the forest type. This may not be true because although the BRF is 20% 

pure hardwood forest, no gaps were found in this forest type after the 1998 storm (A. 

Lloyd, personal communication). The average size of the 1950s gaps also varied by forest 
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type—gaps in the hemlock-pine mixture were significantly smaller than gaps in the pure 

hemlock forest type (Fig. 24).  

The model also does not account for the spatial pattern of existing gaps or the 

distribution of appropriate habitat. It is known that areas surrounding a gap and along the 

edge of a patch are more likely to be disturbed (Kubo et al. 1996). This model did not 

attempt to quantify which forest types had more existing gaps or were disproportionately 

found along edges. The BRF also has an extremely steep rocky outcropping in its center 

that is unlikely to be colonized by species that do not tolerate thin, rocky soil (Thompson 

and Sorensen 2005), and this could affect the accuracy of the model (i.e., the model may 

project that a forest type will occupy more hectares than are physically suitable for it in 

the BRF).  

This model also assumes that wind storms are the only form of disturbance that 

significantly alters the BRF. It is likely, however, that herbivory and disease will 

differentially affect the hemlock forest type. There is evidence that browsing by deer has 

significantly altered the forest composition of northern hemlock-hardwood stands in the 

Great Lake region (Frelich 2002) and New England (Foster and Aber 2004). Deer 

particularly target hemlock as an overwinter food source in the BRF (Mann unpublished). 

The hemlock wooly adelgid (Adelges tsugae) is another potential threat to the hemlock 

trees in the BRF. This insect, which was introduced to the east coast near Richmond, 

Virginia in 1951, weakens or directly kills a hemlock tree by feeding on its phloem. The 

hemlock wooly adelgid has spread to a significant portion of its host’s range, and despite 

a state quarantine on hemlock products from infested areas, as of 2008 it was found 150 

km southeast of the BRF in Windham County, Vermont (US Forest Service 2009). There 
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is evidence that invasion by hemlock woolly adelgid tends to increase the prominence of 

hardwoods, particularly black birch (Orwig et al. 2002). Thus it appears that the projected 

increases in the pure hemlock forest type under a wind/ice disturbance regime may not 

actually come to pass due to deer presence and potential invasion by the hemlock woolly 

adelgid.  

Despite the assumptions inherent in the model, two major findings emerge: the 

changes in forest type dominance and the importance of gap size in determining forest 

regeneration. It is clear that the hemlock-pine forest type, 40% of the BRF in 1989, will 

decline. In 2008 only one white pine seedling was found in all 45 1-m2 study plots, and 

no gaps created by the 1950 wind storm were captured by pines. Pure hardwood and pure 

hemlock forest types are likely to increase, which agrees with the results of a similar 

study done on a northern hemlock-hardwood forest in Michigan. Frelich et al. (1993) 

found that the negative reciprocal association between hemlock and a shade-tolerant 

hardwood, sugar maple, could lead to the spatial separation of the forest types into 

monodominant stands. This suggests that with the continued suppression of fire, the BRF 

is likely to shift away from its current composition, although not necessarily at the 

expense of hemlock. The pattern of wind disturbance and resulting size of gaps appears 

to be very important in determining what species will ultimately dominate the 

regenerating forest. Given the likelihood of increased severity and frequency of storms 

(IPCC 2007), it is possible that climate change will affect forest regeneration by altering 

disturbance regimes (Woods 2000). To confidently predict the effects of climate change 

on wind disturbance patterns, however, more research must be conducted to find out if 

there is a demonstrable relationship between storm severity and resulting gap size.  
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The shift in the dominant disturbance regime in the BRF appears to affect its 

species composition. The forest was, and still is, predominantly a hemlock-pine mixture, 

which reflects its previous history of being disturbed by fire. Severe wind and ice storms 

over the past century, however, appear to have favored the regeneration of hardwoods 

and hemlocks at the expense of pines. This change of disturbance regimes is probably at 

least in part a consequence of human activities. Active suppression and the clearing of 

surrounding land have made fire unlikely, so although BRF is an old-growth forest, it has 

been indirectly affected by human action. Anthropogenic alteration of disturbance 

regimes affects regeneration processes, species dynamics, and forest composition. 
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Conclusions: 

 The five permanent study gaps created by the 1998 ice storm appear to conform to 

the prediction of Mann (unpublished) that suppression of fire in the BRF will favor the 

regeneration of hardwoods over pines, and possibly, but not necessarily, over hemlock. In 

2008 hardwoods were a major component of the total seedlings in all gaps and saplings 

were almost exclusively hardwoods. The conclusion that hardwoods will likely dominate 

the canopy only fully emerged from looking at the sapling data: when looking at seedling 

data four growing seasons post-disturbance, Jewell (2002) found that half the gaps were 

dominated by hardwood species and half were dominated by coniferous species; seven 

growing seasons post disturbance Hewitt (2005) found that this pattern had not changed 

significantly. Despite the dominance of hardwoods in the 2008 survey, it is possible 

hemlock will capture more gaps than is currently suggested by the data. Hemlock 

seedlings appear to be more persistent over time than hardwoods: their density did not 

significantly decline between 2004 and 2008. Half of the hardwood saplings are also 

species unlikely to reach the canopy (i.e., striped maple, mountain maple), and so it is 

possible that the more shade-tolerant hemlock will outcompete hardwood seedlings in 

gaps dominated by understory hardwood saplings.  

 There are several potential reasons why gaps significantly vary in seedling density 

and in species composition. Microsite availability, gap characteristics (i.e., size, slope, 

orientation), light availability, and soil characteristics (i.e. C: N ration, % organic matter, 

% C, %N) all have been demonstrated to affect species density and distribution in the 

BRF (Gilbert 2000, Jewell 2002, Hewitt 2005). The 2008 study ruled out the seed bank 

alone, although not necessarily in conjunction with environmental factors, as a major 
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driver of the difference in seedling density among gaps. It may, however, explain the 

dominance of hardwood seedlings in these gaps because the seed bank was 

predominantly composed of the seeds of hardwood species. The seed bank also appears 

to have no relationship with the existing mature vegetation surrounding a gap. This is 

partly explained by the fact that hardwoods generally produce more seeds, but also hints 

at the complexity of seed dispersal.  

 The results of the modeling also support the hypothesis of Mann (unpublished) 

that the decline of pine trees will be most dramatic, that hemlock may maintain itself or 

even increase, and that hardwoods will increase. The precision of this model, however, 

could be improved in several ways. A more in-depth analysis of the distribution of 1950s 

wind storm damage would result in a better understanding of how wind storms are likely 

to affect the BRF as its forest composition changes. It also is unclear how similar the 

1998 ice storm and the 1950 wind storm were in terms of the severity of the storm, the 

distribution and size of resulting canopy gaps, and what species regenerated. A more 

complete survey of the BRF for 1998 gaps would answer this question. The 1950 gaps 

were censused in 1989, but it is unknown if they have changed since then and it would be 

interesting to know to what degree hemlocks are capable of invading gaps dominated by 

hardwoods 40 years post-disturbance.  

 Future studies of the BRF can be informed by the following conclusions that have 

emerged from four previous theses: 

1. The density of total seedlings, and hemlock and red maple seedlings 

significantly varied among gaps in 1999, 2001, 2004, and 2008. 
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2. Hardwood seedling density appears to have peaked in 2004, although there 

was also a significant decline in seedling density 1999-2001. Hemlock 

seedling density has not significantly changed among years. 

3. Density of seeds in the 2008 seed bank had no significant relationship with the 

density of seedlings in gaps in 2008 or the mature vegetation around the 

perimeter of a gap. 

4. Using transition probabilities from Mann (unpublished) and the 1998 gaps, it 

appears that pure hardwoods and pure hemlock forest types will increase in 

area, whereas the hemlock-pine forest type will significantly decrease.  
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Tables: 
 
Table 1. Gap area (m2) in 2004 and 2008.  
 

Gap 2004 2008 
1 722 684 
2 456 413 
3 1160 379* 
4 198 194 
5 613 474 

 
* Extent of the boundaries of gap 3 not fully realized when measured in 2008, and so this 
estimation is much smaller than what it ought to be.
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Table 2. Sources of data used to calculate gap transition probabilities from each forest 
type. 
 

Forest Type  Data Source of Transition Probabilities 

Hardwoods  Waggoner and Stevens 1970 

Hardwood-Hemlock Mix  Mann, unpublished 

Hemlock-Pine Mix  Mann, unpublished 

Hemlock 

 Mann, unpublished; 
 2008 seedling composition of five 1998 gaps ;  
 2008 sapling composition of five 1998 gaps;   
 40-year projected survival of seedlings in five 1998 gaps 

Understory  Hibbs et al. 1980 

Nothing  Assumed 
 



Table 3. Transition probabilities from the forest type in which a gap was made to the forest type that succeeded it post-disturbance. 
Hemlock transition probabilities used were (A) Mann’s study of 1950s gaps; (B) 2008 sapling composition of 1998 gaps;  (C) 2008 
seedling composition of 1998 gaps; (D) 40-year projected survival of seedlings in 1998 gaps. “d” = the proportion of the canopy 
disturbed.  
 
 
       Forest type at time of disturbance   
            
        Pure Hemlock     

   
Pure 

Hardwood 

Hemlock-
Hardwood 

Mixed 
Hemlock-Pine 

Mixed A B C D Understory Nothing

  
Pure 

Hardwood (1-d)+ d(0.75) d(0.17) d(0.267) d(0.35) d(0.6) d(0.6) d(0.6) 0 0 

  

Hemlock-
Hardwood 

Mixed d(0.083) (1-d) + d(0.25) d(0.1) d(0.18) d(0.2) d(0.2) d(0) 0.1 0.1 
Forest type 
after 
regeneration  

Hemlock-Pine 
Mixed d(0) d(0) (1-d) + d(0) d(0) d(0) d(0) d(0) 0 0 

  Pure Hemlock d(0.083) d(0.58) d(0.267) (1-d) + d(0.42)(1-d) + d(0)(1-d) + d(0.2)(1-d) + d(0.4) 0.9 0.9 

  Understory d(0.083) d(0) d(0.133) d(0) d(0.2) d(0) d(0) 0 0 

  Nothing d(0) d(0) d(0.233) d(0.06) d(0) d(0) d(0) 0 0 
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Table 4. Transition probabilities from the forest type in which a gap was made to the 
forest type that succeeded it post-disturbance distinguishing between (A) gaps < 250 m2 

and (B) gaps > 250 m2 in hemlock-hardwood, hemlock-pine, and hemlock forest types. 
“d” = the proportion of the canopy disturbed.  
 
A) Small gaps (> 250 m2) 
    F

H

orest type at time of disturbance  
      

   
Hemlock-

Hardwood Mixed emlock-Pine  Pure Hemlock 
  

  Pure Hardwood d(0) d(0.15) d(0.167) 

  
Hemlock-

Hardwood Mixed (1-d) + d(0.25) d(0) d(0.167) 
Forest type after 
regeneration  

Hemlock-Pine 
Mixed d(0) (1-d) + d(0) d(0) 

  Hemlock d(0.75) 0.4 (1-d) + d(0.5) 

  Understory d(0) d d(0.1) (0) 

  Nothing d(0) d(0.35) d(0.167) 
 
B) Large gaps (> 250 m2) 
    Forest type at time of disturbance  
      

   
Hemlock-

Hardwood Mixed Hemlock-Pine  Pure Hemlock 
  

  Pure Hardwood d(0.25) d(0.44) d(0.4) 

  
Hemlock-

Hardwood Mixed (1-d) + d(0.25) d(0.33) d(0.2) 
Forest type after 
regeneration  

Hemlock-Pine 
Mixed d(0) (1-d) + d(0) d(0) 

  Hemlock d(0.5) d(0) (1-d) + d(0.4) 

  Understory d(0) d(0.22) d(0) 

  Nothing d(0) d(0) d(0) 
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Table 5. Percent change in areal extent of each forest type over 500 years by source of 
hemlock transition probabilities, area disturbed, and delineation of gap size.  
 

Source of Hemlock 
Transition 
Probabilities 

Percent 
Area 
Disturbed 

Gap 
Delineation Hardwood

Hardwood-
Hemlock 

Hemlock-
Pine Hemlock

Mann 6.7 None 46.24 -15.32 -50.02 61.12 
98 Saplings 6.7 None 62.76 -14.03 -50.02 40.62 
98 Seedlings 6.7 None 63.32 -14.89 -50.02 42.90 
98 Seedlings-30year 6.7 None 64.80 -26.30 -50.02 54.74 
         
Mann 15 None 88.54 -25.47 -80.31 85.32 
98 Saplings 15 None 120.87 -24.10 -80.31 45.40 
98 Seedlings 15 None 123.18 -25.48 -80.31 49.03 
98 Seedlings-30year 15 None 128.98 -47.52 -80.31 68.84 
         
Mann 6.7 <250 12.43 -20.34 -50.02 98.72 
Mann 15 <250 25.72 -29.17 -80.31 147.38 
Mann 6.7 >250 67.09 -2.19 -50.02 25.15 
Mann 15 >250 117.49 -12.74 -80.31 40.89 
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Table 6. Tree species present in the 1999, 2001, 2004, and 2008 surveys in the Battell 
Research Forest. An X indicates presence and X indicates it was one of the three most 
common species that year overall.  
 

  
Gilb
ert Jewell Hewitt Weverka 

Year Sampled   1999 2001 2004 2008 
Eastern hemlock  Tsuga canadensis X X X X 
White pine  Pinus strobus x x x x 

Beech  Fagus grandifola x      

Birch  Betula spp. X X X X 
Red maple  Acer rubrum X X X X 
Sugar maple  Acer saccharum x x x x 

Striped maple  Acer pennsylvanicum x x x x 

Mountain maple  Acer spicatum   x x x 

Silver maple  Acer saccharinum x       

Pin cherry  Prunus pennsylvanica x x x x 

White ash  Fraxinus americana     x x 

Northern red oak  Quercus rubra    x x 
 
 
Table 6. Standing, living trees by species in each of the five 1998 gaps.  
 

Gap 
Striped Maple     

A. pennsylvanica 
Red Maple 
A. rubrum 

Birch      
Betula spp. 

Beech      
  F. grandifola 

Hemlock      
T. canadensis 

1 0 1 0 2 2 
2 2 0 1 0 2 
3 0 0 0 0 3 
4 0 0 2 0 0 
5 0 0 0 0 0 
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 Figures: 
 
 

 

 
Fig.1. Map of the Battell Research Forest projected in UTM 18N. The shapefiles of the 
1998 study gaps were mapped using a Trimble unit in Fall 2008. The orthographic photo 
was taken in winter and coniferous areas appear darker than areas with deciduous trees.  

 65



 
 
 
 

 
 

E Gap 

Intact Forest 

Intact Forest 

 
Fig. 2. Sampling design of seed bank soil cores. Squares represent 1-m2 plots established 
by Jewell in 2001. Red circles represent the position of soil samples taken from the 
middle of the gap. Blue circles represent the position of soil samples taken from the edge 
of the gap. Green circles represent the position of soil samples taken from the intact forest.  
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Fig. 3. Map of the forest types of the Battell Research Forest in 1989. Adapted from 
Mann, unpublished.  
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Fig. 4. Average total seedling density in fall 2008. Values are mean +1 SE. Means with 
different letters differ significantly (p < 0.05). 
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A) A. rubrum 

0

1

2

3

4

5

6

7

1 2 3 4 5

Gap

A
ve

ra
ge

 A
. r

ub
ru

m
 s

ee
dl

in
gs

/ m
2

 

n = 45 

 
B) T. canadensis 
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Fig. 5. Average (A) A. rubrum and (B) T. canadensis seedling density in fall 2008. 
Values are mean +1 SE. Means with different letters differ significantly (p < 0.05). 
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Fig. 6. Average total sapling density in fall 2008. Values are mean + 1 SE. 
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Fig. 7. Average total seedling density (log10 scale) by gap and by year. Values are mean 
+1 SE.  
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A) Betula spp. 
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B) A. rubrum 
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Figure 8. Average A) Betula (spp.) and B) A. rubrum seedling density (log10 scale) by 
gap and by year. Values are mean +1 SE.  
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A) Total seed density 
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B) Hardwood and Coniferous seed density. 
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Figure 9. Average (A) total seed density and (B) hardwood and coniferous seed density 
by gap. Values are mean +1 SE. Means with different letters differ significantly for 
hardwood seeds (p < 0.05).  
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A) Total seed density. 
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B) Hardwood and Coniferous seed density. 
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Figure 10. Average (A) total seed density and (B) hardwood and coniferous seed density 
by collection site. Values are mean +1 SE.  
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Figure 11. Average proportion of seeds germinated in petri dishes. Values are mean +1 
SE. 
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Figure 12. Average number of seedlings of all species that emerged from a 500 cm3 soil 
sample. Values are mean + 1 SE.  
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A) Hardwood seedlings 
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B) Coniferous seedlings 
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Figure 13. Average number of (A) hardwood seedlings and (B) coniferous seedlings by 
germination method. Values are mean + 1 SE.  
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A) Petri-dish germinants by gap 
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B) Petri-dish germinants by site 
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Figure 14.  Average petri dish germinants/500cm3 by (A) gap and (B) collection site. 
Values are mean +1 SE. Means with different letters differ significantly for hardwood 
germinants for gap and collection site (p < 0.05).  
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(B) Conifers 
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Figure 15. The relationship between the number of seeds counted and the number of 
germinants that emerged for (A) hardwood and (B) coniferous species. 
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B) Conifers 
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Figure 16. Relationship between average seed density and average seedling density in a 
gap in 2008 for (A) hardwood and (B) coniferous species. Values are mean ± 1SE.  
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A) Hardwoods 
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B) Conifers  
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Figure 17. Relationship between the proportion of mature trees surrounding a gap and the 
proportion of the seeds in each soil sample of that gap for (A) hardwood and (B) 
coniferous species.  
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15% canopy disturbance 
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Figure 18. Projected forest composition (in hectares) 10 disturbances into the future using 
hemlock gap transition probabilities from Mann’s study of the 1950s gaps assuming (A) 
6.7%  and (B)15% of the canopy is affected. 
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Figure 19. Projected forest composition (in hectares) 10 disturbances into the future using 
hemlock gap transition probabilities from 2008 sapling composition of the 1998 gaps and 
assuming (A) 6.7%  and (B)15% of the canopy is affected. 
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Figure 20. Projected forest composition (in hectares) 10 disturbances into the future using 
hemlock gap transition probabilities from 2008 seedling composition of the 1998 gaps 
and assuming (A) 6.7%  and (B)15% of the canopy is affected. 
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Figure 21. Projected forest composition (in hectares) 10 disturbances into the future using 
hemlock gap transition probabilities from 2008 seedling composition of the 1998 gaps 
projected 40 years into the future and assuming (A) 6.7%  and (B)15% of the canopy is 
affected.
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Figure 22. Projected forest composition (in hectares) 10 disturbances into the future in 
small gaps (< 250 m2) assuming (A) 6.7% and (B) 15% of the canopy is affected.
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Figure 23. Projected forest composition (in hectares) 10 disturbances into the future in 
large gaps (" 250 m2) assuming (A) 6.7% and (B) 15% of the canopy is affected. 
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Figure 24. Average gap size (in m2) by forest type. Values are mean + 1 SE. Means with 
different letters vary significantly (F = 4.336, p = 0.018, df = 2).  
 
 
 
 
 

 88


	title002
	TABLE OF CONTENTS
	Abstract_Lists
	Ultimate Draft

