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Patterns of western hemlock regeneration were studied in relation to forest

structural development and environment in the Oregon Coast Range. Density of western

hemlock seedlings was examined across the climatic gradient from cool, moist coastal

areas to the seasonally hot and dry Wilamette Valley Margin. Seedling densities were

most strongly related to stand-level variables including stand age, frequency and

abundance of overstory western hemlock trees, abundance of coarse woody debris,

decreasing shrub cover, and increasing overstory conifer cover. Significant regional

climate and topographic variables included mean annual temperature, precipitation and

elevation.

Dispersal distances between western hemlock seedlings and potential parents were

characterized by measuring distances between seedlings and potential parents. Cone

production in western hemlock trees by size class was estimated in four late successional

Coast Range stands. Dispersal distances were most commonly short - generally within 10

meters of the nearest potential parent tree. Cone production was related to diameter and

crown position, with larger codominant and dominant trees producing more cones than

smaller trees.



Dynamics and age structure of western hemlock in late successional forests was

described in terms of age and size distributions, rooting patterns, and growth rates of

western hemlock seedlings, saplings, and trees across the climatic gradient and related to

stand level factors in six late successional forests. Time between initial and subsequent

western hemlock regeneration pulses varied between 40-70 years. These patterns were

observed in all stands. Striking differences in substrate colonization patterns were

observed between seedlings and trees and at climatic extremes. Seedlings were

predominantly observed on decaying wood while trees were generally observed on forest

floor substrates. An exception to this pattern occurred in near-coastal sites where western

hemlock of all size classes were found almost entirely on decaying wood substrates.

Growth rates across size classes were also calculated and related to regional and stand-

level variables. Highest growth rates occurred in low elevation coastal sites, in stands

containing the highest levels of coarse woody debris, and the highest level of canopy gaps.

Seedling growth rates averaged 4 cmlyear for seedlings, and between .2- .6 cm/year

diameter growth for overstory saplings and trees.
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STRUCTURAL DEVELOPMENT OF LATE SUCCESSIONAL FORESTS
IN THE CENTRAL OREGON COAST RANGE:

ABUNDANCE, DISPERSAL, AND GROWTH
OF WESTERN HEMLOCK (Tsuga heterophylla) REGENERATION

CHAPTER 1: GENERAL INTRODUCTION

Forest succession is a complex process resulting from multiple interactions.

Climate, disturbance, biotic interactions, as well as physical site characteristics affect the

development of vegetation over time. In the Pacific Northwest, development of late

successional forests is of particular interest to managers seeking to increase the proportion

of this stage for biodiversity goals (FEMAT 1993, Spies and Franklin 1996, Spies 1997).

Late successional forest habitat and structure includes canopy diversity, multiple tree and

vegetation species in the overstory and understory, and the accumulation of snags and

downed wood on the forest floor (Franklin and Spies 1991, Spies and Franklin 1991).

Stages of forest succession may be grouped into four broad and idealized categories

(Oliver 1981, Borman and Likens 1979, Peet and Christenson 1980). These four stages

have been summarized by Oliver (1981) as: stand initiation, stem exclusion, understory

reinitiation, and old growth. Following a disturbance, a new forest is established with a

"scramble" for resources taking place between herbaceous species, shrubs, and tree

seedlings (Oliver 1981). A closed-canopy condition of the overstory is generally reached

during which all available growing space is occupied, limiting recruitment to a site

(Bonnan and Likens 1979, Peet and Christenson 1980). This stage has been termed the

stem exclusion stage by Oliver (1981), when density-dependent mortality is the most

important process, and regeneration slows down or stops. In the Pacific Northwest,



2

Douglas-fir is often the dominant species establishing after catastrophic disturbances,

particularly fire, but western hemlock can also establish as a pioneer species. The

understory reinitiation stage begins as small gaps open in the formerly closed canopy,

because of tree mortality related to insects, pathogens, or other disturbances such as

windthrow or fire (Oliver 1981). Within these gaps understory vegetation begins to

develop, and tree seedlings may become established. This gap-phase regeneration is

important to development of multi-storied forests (Spies and Franklin 1991, Stewart

1986a). If shade tolerant species have established in the understory, the occurrence of

small treefall gaps may increase the survival and growth of these seedlings. As shade

tolerant species grow into the canopy, further shading the forest floor, larger canopy gaps

may be necessary to enable shade tolerant species to invade the forest floor, survive and

grow into the canopy (Spies and Franklin 1991, Veblen 1992). The old-growth stage

begins as multiple layers develop in the canopy, and invasion of shade tolerant species

continues, following small disturbances (Oliver 1981, Bormann and Likens 1979, Franklin

et al. 1981). Lower and mid-elevation old-growth forests of western Oregon and

Washington typically contain a component of Douglas-fir. In these forests, shade tolerant

western hemlock and western redcedar are generally present in all levels of the canopy as

well as accumulations of large woody debris on the forest floor (Franklin and Spies 1991).

The transition from understory reinitiation in single layer canopies of mature forests to the

multi-layer canopy and diverse understory vegetation complex of old growth is poorly

understood. While there is adequate description of each general stage of development, the

dynamic process of regeneration, and rate and pattern of infilling to the canopy, are much
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less weil understood. The importance of regional climate conditions, and topography, as

well as local stand structural characteristics to patterns of regeneration as they relate to

old-growth structural development have not been examined, yet are central to predicting

successional rates and patterns across heterogeneous landscapes.

Within the landscape of the Oregon Coast Range, distribution of western hemlock

is patchy, with highest dominance in stands near the coast (Ohmann and Spies 1998). This

pattern of low hemlock dominance may be caused by the historic disturbance regime that

included large and intensive fires which removed much of the fire-sensitive hemlock from

the landscape, and eliminating seed sources to colonize future stands (Isaac and Meagher

1938, Teensma 1991). Spies and Franklin (1991) found significantly lower volumes of

western hemlock and western redcedar in old growth stands in the southern and eastern

Oregon Coast Range than in the Cascades. They hypothesized that this may be the result

of a more frequent fire regime in the eastern coast range as opposed to the Cascades. In

addition to the potential influence from fire, the climate of the Coast Range changes to

warmer and dryer temperatures moving away from the coast and farther south. Because

western hemlock is prevalent in cool and moist environments (Burns and Honkala 1990),

this climatic gradient may also affect the distribution of hemlock in the Coast Range. If

western hemlock becomes less frequent in areas of increasing temperature and decreasing

moisture, hemlock seed dispersal, establishment and growth may become more localized

within environmentally favorable forest patches across the landscape. Previous studies on

hemlock abundance and distribution in the Pacific Northwest have focused on forests

where both overstory hemlock and regeneration is generally abundant. Little information
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is available to characterize the rates and patterns of western hemlock invasion into

Douglas-fir dominated forests and the development of multi-storied forests across a

heterogeneous regional landscape.

TifE OREGON COAST RANGE

Disturbance

The major disturbances of the Oregon Coast Range consist of three basic types:

fire, wind, and timber harvesting. Catastrophic, stand replacement fire has swept through

large portions of the coast range (1930's to 1950's), with many sites experiencing repeated

burning (Morris 1934, Isaac and Meagher 1938, Munger 1944). Catastrophic fire (1850-

1930) in the Oregon Coast Range has been a major influence on the current age structure

of most forest stands, few stands are older than 120 years (Franklin and Dyrness 1973,

Juday 1976, Hemstrom and Logan 1986, Teensma 1991).

Wind disturbance is locally important in coastal forests. Severe windstorms occur

every winter, creating gaps in closed canopy forests and allowing increased light to the

forest floor, altering successional patterns (Hemstrom and Logan 1986). At infrequent

intervals, windstorms reach large spatial scales and impact the entire Pacific Northwest

region. The Columbus Day Storm of 1962 is an example of this type of event - an

estimated 11 billion board feet of timber was blown down in Oregon and Washington

(Hemstrom and Logan 1986).

Logging has occurred with increasing intensity in the Oregon Coast Range since
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settlement in the mid to late 1800's (Juday 1976, FEMAT 1993). The early large-scale

logging was known as railroad-logging and consisted of selectively removing the largest

trees from forests. This logging occurred at a time when the railroads owned large tracts

of land. Current landscape patterns in the Coast Range are developed from the large-scale

clearcutting and dispersed patch clearcut logging dating approximately from the mid-

1950's and continuing today. The clearcuts have generally been burned and planted to

Douglas-fir, creating a young, even-aged forest patchwork. Following disturbance from

logging, competition from shrubs is often intense (Cleary et al. 1988), and may limit

colonization by conifers. Red alder, a vigorous competitor with conifers, has also

established and now dominates many sites following harvesting (Newton et al. 1977).

The dominant pattern of the Oregon Coast Range landscape today results from

natural and human disturbance, and is a mixture of young Douglas-fir or red alder forests

and small, isolated remnants of mature and old-growth forests. The landownership

patterns in the Oregon Coast Range consist of two general types: 1.) large blocks of

private, federal, or state ownership, and 2.) smaller scale mixed ownership areas that

appear as checkerboards of ownership. Past management activities including clearcut

harvesting and planting have maintained a simplified forest pattern and structure, where

forests are harvested every 35-80 years, with little species or structural diversity ever

developing in any given stand. A shift in forest management practices in the Pacific

Northwest is occurring, particularly on federal lands, to lower-impact and selective timber

harvest methods to provide and maintain structural diversity for wildlife and

riparian/fisheries habitat (FEMAT 1993).
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Physical Environment

The geologic formations of the Oregon Coast Range are largely sedimentary

sandstones and mudstones with intermitant seafloor basalts and protruding coastal

headlands (Alt and Hyndman 1991). The terrain is gently folded but steeply eroded in the

more southern portions of the Oregon Coast Range (Franklin and Dyrness 1973). The

climate is cool and moist for much of the year with periods of summertime drought, with

an overall southward trend to warmer and dryer conditions (NOAA 1993, Hemstrom and

Logan 1986). Although the overall climate of the Oregon Coast Range is strongly

influenced by the Pacific Ocean, the summer moisture stress conditions increase moving

inland from the coast and southward (Hemstrom and Logan 1986). The immediate coastal

areas experience a cool and moist summer fog belt occupying a narrow band along the

coastline, continuing up the large river valleys extending the fog region locally (Franklin

and Dyrness 1973).

Vegetation

Vegetation productivity is high in the Oregon Coast Range because of the mild

climate with abundant rainfall (Fujimori 1971, Waring and Franldin 1979). Four general

vegetation series (zones) based on potential vegetation types, have been described for the

forested portion of the coast range (Hemstrom and Logan 1986, Thiele et al. 1992), and

may be related to climate. The Sitka spruce (Picea sitchensis) zone occupies the coastal

fog region adjacent to the Pacific Ocean (Franklin and Dymess 1973, Hemstrom and

Logan 1986). The western hemlock (Tsuga heterophylla) zone occupies the majority of
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the coast range, while the Pacific silver fir (Abies amabalis)/Noble fir (Abies procera)

association occurs on the few higher elevation mountain top regions (Juday 1976, Franklin

and Dyrness 1973), with Douglas-fir an important canopy dominant throughout the coast

range (Juday 1976, Franklin and Dyrness 1973, Hemstrom and Logan 1986). The valley

margin zone has been described by Thiele et al. (1992) as the Coast Range Foothills

occurring below 325 m (1000 ft) in elevation, sloping down to the alluvial soils of the

Willamette Valley. This area occupies a mild rain shadow, receiving less than 150 cm (60

inches) of rainfall annually (Thiele et al. 1992). At the eastern extremes of the valley

margin, Oregon white oak (Quercus garryana) and madrone (Arbutus menziesii) replace

conifer species, especially on the hot and dry south facing slopes (Thiele et al. 1992).

Western Hemlock

Late successional forests of the Oregon Coast Range are characterized by the

presence and proliferation of westernhemlock (Tsuga heterophylla) in all strata of a forest

canopy (Spies 1991, Oliver and Larson 1990, Franklin et al. 1981). Western hemlock

is an abundant species in humid regions of the Pacific Northwest ranging from coastal

Alaska to northern California (Burns and Honkala 1990), but is found in relatively low

levels of canopy dominance throughout Oregon as compared to Washington, British

Columbia, and Southeast Alaska (Beswick 1976). Western hemlock, a shade tolerant

species, is regarded as the "climax" plant community dominant in the Oregon Coast

Range, abundant in old growth forests (Franklin and Dyrness 1973, Spies and Franklin

1991, Hemstrom and Logan 1986, Juday 1976). The factors limiting western hemlock
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regeneration have been hypothesized to be: light, temperature, moisture, nutrients,

substrate, seed source, predators and pathogens. (Ruth 1967, Gray 1995, Minore 1972,

Harmon and Franklin 1989, Christy and Mack 1984, Gashwiler 1971).

Hemlock seed is capable of germinating under a wide range of light intensities

(Ruth 1967), and on a variety of substrates- mineral and organic (Christy and Mack 1984,

Harmon and Franklin 1989, Minore 1972). However, hemlock seedlings in undisturbed

forests were primarily observed on decayed wood (Minore 1972, Christy and Mack 1984),

even when that substrate was a very small percent of the forest floor environment (Christy

and Mack 1984). In a survey of regeneration microsites, Minore (1972) found seedlings

in full shade (<10% full sunlight) only on decayed log microsites, while seedlings in

moderate shade (10-40% full sunlight) were more frequent on logs than on the forest floor

(Minore 1972). Logs and duff in full sunlight (clearcuts) were considered poor seedbeds

(Minore 1972) because they tend to dry out.

The dynamics of hemlock seedling establishment has been closely tied to the

abundance and distribution of logs as safe sites for seedling establishment (Harmon and

Franklin 1989, Christy and Mack 1984). Hemlock regeneration is often observed almost

exclusively on decayed logs in intact forests in the Pacific Northwest (Harmon and

Franklin 1989, Minore 1972, Ruth and Harris 1979). The resulting implication is that

lack of available substrate may limit hemlock seedling establishment, and have a damping

effect on rates of multi-story forest development. In the Olympic Peninsula and at

Cascade Head, log surfaces were thought to provide a safe site from competing vegetation

and mosses colonizing the forest floor (Hannon and Franklin 1989). With advancing log



9

decay, bark sloughing will provide open sites for colonization (Harmon 1989). Harmon

and Franklin (1989) conducted a series of experiments on seedling establishment on logs,

mineral soil, and the forest floor in the Hoh River Valley in coastal Washington, and at

Cascade Head, on the Oregon Coast - both sites with abundant moisture and overstory

hemlock present. Initial seedling survival was higher for hemlock seeds on logs as

opposed to soil substrates. Competition from vegetation, primarily forbs, and moss

negatively affected hemlock seedling numbers. Additionally, seedlings growing on

mineral soil suffered extremely high mortality over the course of the study. There is little

existing documentation of the long-term success of seedlings established on logs compared

to those on mineral soil. Decaying logs will be an unstable substrate over time, causing

developing trees to topple without roots adequately anchored in soil. Harmon and

Franklin (1989) observed high mortality of seedlings growing on logs, consequently forest

floor seedling recruitment (even if very low) may be the most important source of

recruitment to the overstory.

Predation on hemlock seed/seedlings appears to be high but its relative importance

varies. Harmon and Franklin (1989) initially noticed high predation on seeds, but this

proved insignificant compared to the effect of substrate in their experiment. Other studies

have indicated seed/seedling predation may be intense, especially following large-scale

disturbance (Gashwiler 1971).

Western hemlock seeds are small, winged, and are wind-dispersed (Burns and

Honkala 1990, Ruth and Harris 1979). Seed is produced most years, with mast production

occurring every 3-4 years (Burns and Honkala 1990). Western hemlock trees produce
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cones at approximately 25-30 years, with each cone estimated to produce 30-40 seeds, (at

an estimated 50% seed viability) (Burns and Honkala 1990). Where hemlock is abundant

in the overstory, seed availability does not appear limiting to hemlock regeneration (Ruth

and Harris 1979).

STUDY OBJECTIVES

The broad-scale objectives of this study are to understand successional patterns of

forest structural development across the climatic and topographic gradients of the Oregon

Coast Range, learn how spatial patterns of seeding recruitment are distributed relative to

potential parents, and quantify the rates and patterns of infilling to the canopy. Western

hemlock germination, establishment, and growth in the Oregon Coast Range is critical to

the development of late successional forest structure. The rate of hemlock invasion and

development in mid-successional stands is expected to be influenced by multiple factors

at varying scales across the landscape. The Oregon Coast Range provides an ideal study

area for investigating the limiting factors to western hemlock regeneration. The Oregon

Coast Range is well within the western hemlock range, yet occupies the southern extension

of that range. The Coast Range is bounded on the west by the Pacific Ocean with cool and

moist environments adjacent to this boundary. The eastern boundary is the seasonally hot

and dry Willamette Valley margin where hemlock does not generally occur. Specific

objectives of this research include:
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Characterize the relationship between western hemlock seedling abundance and

climatic and topographic factors, stand structure and composition, and decayed

wood substrates (Chapter 2).

Estimate dispersal of western hemlock in closed canopy forest using distances

between seedlings and potential parent trees (Chapter 3).

Estimate fecundity as a function of dbh and crown class using cone production

as a surrogate (Chapter 3).

Characterize the spatial pattern of regeneration in terms of seedling density and

patch size (Chapter 3).

Characterize western hemlock substrate recruitment patterns across the size

class distribution of seedlings, saplings, and trees (Chapter 4).

Examine the age and size class distributions of western hemlock within mature

and old forests (Chapter 4).

Characterize the growth rates of western hemlock seedlings, saplings, and trees

in relation to regional, climatic, and stand-level variables (Chapter 4).
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CHAPTER 2: MULTIPLE-SCLE PATTERNS OF WESTERN HEMLOCK
(Tsuga heterophylla) OCCURREI%CE AND REGENERATION IN DOUGLAS-FIR

(Pseudotsuga menziesii) DOMINATED FORESTS
OF THE OREGON COAST RANGE

INTRODUCTION

Patterns of forest succession are influenced by physical and biotic processes

operating across multiple scales of time and space. Species composition, life history,

competitive interactions, seed production and dispersal, frequency and magnitude of

disturbances, as well as available resources all influence forest dynamics (Glenn-Lewin

and van der Maarel 1992). As forest succession proceeds in the absence of large-scale

disturbance, regeneration of shade tolerant species increases in importance.

In the Pacific Northwest, the development of old-growth forests is dependent on

the establishment of shade tolerant western hemlock (Tsuga heterophylla) and western

redcedar (Thuja plicata) in all levels of the canopy (Franklin and Spies 1991). Although

the ecology of old-growth forests in the Pacific Northwest have been studied extensively

(Franklin et al. 1984, Franldin and Spies 1991, Spies and Franldin 1991, Spies 1991),

little is known of the transition stage from mature to old-growth forest (Oliver and Larson

1991). For example, the dynamics of western hemlock invasion in mature forests and

associated stand characteristics are largely unstudied. The transition to old growth is

characterized by the development of multi-layer (and age) canopy structure from a largely

uniform single layer canopy, development of an understory vegetation layer, as well as the

accumulation of coarse woody debris (Franklin and Spies 1991).
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Development of late-successional habitats in the Pacific Northwest is of great

concern because of its importance to sensitive and threatened wildlife species, its

contribution to biodiversity, and its production of large wood to streams for threatened

fisheries habitat (FEMAT 1993). A landscape and regional approach to forest

management is necessary to sustain habitat for wide-ranging species and processes. In

order to better understand and predict forest development across heterogeneous landscapes

with varied topography and climate, it is important to examine successional patterns across

larger spatial scales than is typically done.

Environmental gradients of temperature and moisture play an important role in

ecology and successional patterns in the Pacific Northwest (Waring and Franklin 1979,

Henderson et al. 1989, Ohmann and Spies 1998). Patterns of temperature and moisture

change across geographic ranges, depending on the distance from the ocean, height and

extent of mountain ranges, rain shadow effects, and at north and south extremes of the

region (Kimmins 1997). Aspect, slope, and elevation influence the physical factors at a

specific site, affecting solar radiation, drainage, and precipitation levels (Zobel et al. 1976,

Ohmann and Spies 1998). All of these physical factors combine with stand structure to

influence succession of forests. The interaction of biological factors with environmental

factors is a complex arena, but critical to consider when predicting successional change

across large areas. Processes affecting succession such as seedling germination and

establishment, are typically studied at a fine (stand) scale, often within an experimentally

controlled situation, and extrapolated later in a general way to other stands and landscapes.

Without a regional and landscape framework fine scale results cannot be reliably



14

extrapolated to larger areas. Increased understanding of the effects of physical and biotic

process on forest succession across large and heterogeneous environments is needed.

The Oregon Coast Range provides a successionally young and environmentally

complex landscape in which to study the effects of climate, topography, and stand

structure on a process such as tree seedling regeneration beneath forest canopies. The

forested landscape of the Coast Range is dominated by young and early mature forests, a

result of historic large-scale and catastrophic fire and logging. Few forests are older than

120 years and many stands are dominated by Douglas-fir (Franklin and Dyrness 1973,

Hemstrom and Logan 1986). High levels of timber harvest during this century have

created a patchwork landscape of young, Douglas-fir and red alder dominated plantations.

More recently, wildfire resulting from timber harvest activities, often with reburns, have

also added to the young forest patch mosaic. Little empirical information exists to predict

how this regional landscape will mature over time and across the climatic gradient, from

a predominately young/mature forested landscape into one containing multi-structured and

multi-aged forests.

Western hemlock is found throughout the Oregon Coast Range extending from the

wet and cool coastal sites to the dry Willainette Valley Margin which is the edge of the

current distribution of western hemlock (Figure 2.1). Patterns of successional

development at the extremes of the climatic range may be different as processes and

factors interact differently (Gosz 1993, Nielson 1993). For example, a change in

disturbance regime from infrequent high intensity fire to frequent low intensity fires, as

might occur at the valley margin, may affect the individual forest by altering the initial



Figure 2.1. Distribution of western hemlock (adapted from Burns and Honkala 1990).
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stand conditions following the disturbance. Hemlock is thin-barked and does not survive

repeated burns, whereas the thick bark of Douglas-fir (Pseudotsuga rnensiezii) frequently

persists under a frequent fire return interval. Western hemlock seed source may therefore

be eliminated more easily from a site under these conditions. Moving to the warmer and

drier extremes of the Coast Range, local topographic or stand-level factors may become

more important to western hemlock regeneration patterns than at the cooler and wetter

extremes. For example, north aspects and moist decayed log niicrosites may provide a

somewhat "buffered" environment for seedlings against the potential climatic effects of

increased temperature and decreased moisture. Alternately, log microsites may dry out

more quickly in these dry environments and be less suitable microsites. The focus of this

study centers on how coarse (in this instance regional climate) and fme scale (stand level)

factors affect patterns of western hemlock regeneration (and late successional forest

development) across the large regional, topographic, and climatic gradients in the Oregon

Coast Range. The Oregon Coast Range, and the western hemlock distribution from the

ocean to the Willamette Valley margin provide the climatic, geographic, and topographic

gradients for observation of successional patterns across a landscape.

The major objective of this study was to characterize the relationship between the

abundance of western hemlock seedlings and climatic and topographic factors, stand

structure and composition, and decayed wood substrates. Because summer drought

conditions increase moving south and east across the Oregon Coast Range (Table 2.1), I

have hypothesized that hemlock regeneration densities will be lower overall in the Valley

Margin area of the study area than in the North Coast and Central Coast/Interior sites.
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Table 2.1. Mean July and August precipitation and temperature for the North Coast,
Central Interior, and Valley Margin areas of the Oregon Coast Range.
Precipitation is based on a 50-year average (1930-80), temperature is averaged
for the year 1989-1993 (from the Climatological data for Oregon, NOAA,
National Environmental Satellite Data and Information Service, National
Climatic Data Center, Asheville, NC). All information is from actual weather
station data.

Weather July August
station precip precip

(mm) (mm)

Mean
July/Aug
precip
(mm)

Total
Yearly
precip
(mm)

Mean Mean Mean
July August July/Aug
High temp High temp High temp
(°F) (°F) (°F)

North Coast
Otis 43 49 46 2471 70 72 71

Cloverdale 38 42 40 2135 68 71 70

Central Coast
Newport 25 32 28 1830 65 66 66
Tidewater 21 32 26 2322 76 77 76
Alsea Falls 19 33 26 2337

Valley Margin
Corvallis 5 14 10 1084 80 82 81

Rock Creek 11 20 16 1680
Crow 4 10 7 1107
Drain 6 19 12 1205 82 83 82
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Given this pattern of increasing summer drought, I hypothesized that stronger topographic

effects on regeneration are likely moving from the moist, cool north coastal sites towards

the dry valley margin extremes of the area, with cool, north slopes being important sites

for regeneration. At the stand level I hypothesized multiple factors will affect western

hemlock regeneration, including light, seed source, competition from understory

vegetation, and seedbed (Figure 2.2).

METHODS

Study Area

The study was conducted in the central Coast Range of Oregon during the summer

months of 1993-94. The northern boundary of the study area lies just south of Tillaniook

extending south roughly to Florence and across the Coast Range to Drain and Lorane at

the southeast extreme. The Pacific Ocean formed the western boundary of the study area,

and the Willamette Valley formed the eastern boundary. The study area was divided into

three subregions - North Coast, Central Coast-Interior, and Valley Margin (Figure 2.3)

based on summer drought characteristics (Table 2.1). The North Coast area has high

mean monthly summer precipitation and cooler average temperatures compared to the

other areas. The North Coast subregion receives greater than 40 mm precipitation during

the summer. The mesic Central Coast-Interior subregion has mean summer precipitation

between 14-24 mm. Valley Margin sites were located at the southeast extreme of the

region in the vicinity of Lorane and Drain, bordering the Willamette Valley. The Valley



a.)

d.)

b.)

Overstory stand density Hemlock overstory basal area Shrub cover

e.)

c.)

f.)

Volume of decayed logs Percent overstoly gaps Northwest Southeast

Figure 2.2 Hypothesized relationships between the relative density of western hemlock
seedlings and multiple stand-level factors of: a.) overstory stand density, b.) overstory
western hemlock, c.) shrub cover, d.) decayed logs (seedbed) e.) canopy gaps and f.)
regional position in the study area.
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Data Source:
PRISM Services/OSU
(Chris Daly)

Figure 2.3 Map of study area with subregions delineated along summer precipitation
levels. North Coast sites averaged >40 mm precipitation during July and August,
while Central Interior and Valley Margin sites averaged 24-34 mm and <24 mm
respectively. Data was based on the P1USM model (Daly et al. 1994).
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Margin is seasonally hot and dry compared to the other sub-regions, with <14mm of

summer precipitation.

The study area contains the Western Hemlock and Sitka Spruce vegetation zones

(Franklin and Dyrness 1973, Hemstrom and Logan 1986). Douglas-fir dominated the

overstories of most stands, with few exceptions near the coast where western hemlock was

a dominant/codominant species along with some Sitka spruce.

Local geology of the study area is characterized by sedimentary sandstones and

mudstones interspersed with basalt intrusions (Franklin and Dyrness 1973, Alt and

Hyndman 1991), the mountain terrain is generally steep. Average slope of the study sites

ranged from 3-81 %, and elevations of the study sites were between 113-791 meters.

Regional climate is temperate and wet to mesic throughout most of the year, with

summer drought periods occurring during July and August (Franklin and Dyrness 1973).

Within the study area, mean annual precipitation varies from 1100-2700 mm, while mean

annual temperatures range from roughly 48-52 °F (Daly et al. 1994). Local climate along

the coast is quite moderate, experiencing few shifts in the seasonal temperature/moisture

regime because of a localized fog belt extending the length of the coast. Summer

temperatures increase with distance away from the coastal fog belt, until reaching the

extreme hot and dry conditions of the eastern edge of the Coast Range at the Willamette

Valley boundary.
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Site Selection

Federal lands in the study area belonging to both the U.S. Forest Service and

Bureau of Land Management were surveyed. Within each subregion, candidate stands

were identified from 1:60,000 color infrared aerial photos, identifying closed canopy

conifer stands generally >60 years by color and pattern. Sampling focused on mature

stands (80-200 years old), with young stands (<80 years) as well as old stands (>200

years) also being sampied. Sampling was not stratified by age because of the dominance

and relative uniformity of young and mature age classes in the Coast Range. Old stands

were those that bad individual trees >200 years present (Franklin and Spies 1991). These

old stands were often dominated by a mature cohort of Douglas-fir trees, sometimes with

a minor mixture of western hemlock or western redcedar, and contained varying amounts

of coarse woody debris ranging from very few to many snags and downed logs.

Field Methods

The condition of candidate stands was verified in the field and stands were selected

for sampling based on accessibility and representation of diverse aspect and slope

conditions. Stands were then systematically sampled using circular plots and belt and line

transects. Within each stand an initial random start point was established as the center of

the first of four 500-rn2 circular plots (Figure 2.4). The azimuth for the initial one

hundred meter long transect was randomly determined, the azimuth of the second and third

transects was determined according to spatial limitations of stand configuration, and was

set between 901350 from the previous transect.



12m 12.6m radius

1.78 m radius

Figure 2.4 Sampling design for overstory trees (500m2 circular plot), coarse wood
(continuous line transect), regeneration belt (4x300 m), overstory hemlock transect
(24x300 m transect), vegetation sampling plots (10 m2 circular plots - 1.78 m radius).
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Overstory trees and snags greater than 10 cm d.b.h. were tallied in 10 cm diameter

increment classes by species in the 500-rn2 plots. Hemlock overstory trees (>10 cm

diameter) were tallied along a 24-m belt centered on the transect. Western hemlock

seedlings (20-60 cm tall) were also tallied along the line transect in 10-rn2 circular plots

spaced at 25-rn intervals (Figure 2.4). Hemlock seedlings 60.1-140 cm tall and saplings

0-9.9 cm d.b.h. were tallied in a 4-rn belt centered on the transect. At each log

encountered along the transect, seedlings 20-60 cm tall were tallied within 2 meters of

each side of the tape, or a total of 4 meters. If the log was less than 4 meters long, the

actual length was recorded. Coarse woody debris was tallied by the line-intercept method

(DeVries 1974). Diameter and decay class were recorded for each piece of coarse wood

that intercepted the transect line. Decay Class I-V was identified according to the scheme

of Maser et al. (1979), with Class I representing the least decayed class of log and Class

V the most decayed. Logs of Class Ill-V were pooled in the analysis and are referred

hereafter as "well-decayed wood". Minimum diameter for downed wood was 10 cm.

Understory vegetation and canopy cover were sampled in 10-rn2 plots located at 25-rn

intervals along the transect (Figure 2.4). At alternating subplots, the percent ground cover

was estimated for each vegetation class (forbs, ferns, shrubs) in 1 % increments up to 5%,

and then in 10% increments up to 95%, and again in 1% increments up to 100%. At

every subplot center four moosehorn (Mueller-Dombois and Ellenburg 1974) readings of

overstory conifer and deciduous canopy cover as well as open sky were taken and

averaged for the plot.

A total of 104 stands were surveyed in the North Coast, Central Interior and Valley
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Margin locations (Figure 2.5). Each stand location was digitized onto a GIS data layer.

Precipitation, temperature, elevation, and latitude data were collected for each stand from

GIS data layers in the Coastal Landscape and Modeling Study (CLAMS) databases. The

precipitation data layers were generated from the Precipitation-elevation Regressions on

Independent Slopes Model (PRISM) (Daly et al. 1994) and temperature layers were

generated from the model of Dodson and Marks (1997) (Ohmann and Spies 1998). Most

stands occurred on predominantly north- (n=44) or south-facing slopes (n=46), while a

much smaller proportion occurred on east- (n=5) and west-facing slopes (n=9).

Statistical Analysis

Western hemlock stem densities were analyzed by size class in relation to regional

climate, topographic, and stand-level factors. The seedling size class (20-140 cm tall)

represented an invading seedling population. The sapling size class (>140 cm tall and

<10 cm dbh) represented trees that had invaded during the recent history of the stand, but

some individuals may be quite old- up to 50+ years, and were not likely to be reproducing

or accounting for new recruits. The tree size class was comprised of hemlock trees >10

cm dbh and represented potential parent trees.

These data sets were analyzed using Poisson multiple regression techniques. Three

separate regression equations were developed for each size class. The response variable

was density of hemlock stems in a given size class. Independent regional climate variables

included latitude, mean annual and summer precipitation (log transformed) (Ohmann and

Spies 1998), and mean annual and summer temperature. Topographic variables included



Figure 2.5. Locations of sampled stands in the central Oregon Coast Range.
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elevation, aspect, slope, and potential solar radiation. Aspect was transformed using the

equation from Beers et al. (1966): Aspect=cosine (45-Degrees) + 1. Solar radiation was

calculated using the SOLARPDX program (Smith 1993) that accounts for the effects of

latitude, elevation, aspect, and slope on the amount of potential solar radiation reaching

a site. Stand-level variables included overstory density (trees per hectare) and basal area

(m2/ha), overstory hemlock (j)arent) density, frequency and basal area, well-decayed

coarse woody debris volume and density, canopy openness, overstory conifer cover,

overstory deciduous cover, shrub cover, and stand age.

Stepwise model selection involved several steps. First, univariate Poisson

regressions of stem densities on all variables were generated (McCullagh and Nelder

1983). The Akaike Information Criterion (AIC) value was determined for each regression

equation by the following formula: AIC = Model Deviance Value + 2(p)*(Model

Variance)2, where p=df of model, and the model variance =the scale parameter.

Individual variables were ranked by significance of the independent variables in the

regression equation and the associated AIC value. The single-variable model with the

lowest AIC value (best fit) was then expanded by including the variable with the next

lowest AIC value, and the resulting model was examined to test for significance

(associated p-values) of both variables. This process continued until all variables had been

added to or eliminated from the model based on their significance level (p-value <0.05).

The data were divided further into young, mature, and old forest databases.

Stepwise Poisson regression equations were developed for seedlings, saplings, and trees

in each age designation by the same procedures described above.



RESULTS

Western Hemlock Abundance

Mean western hemlock stem densities over all stands were 108 seedlings/ha, 135

saplings/ha, and 37 trees/ha, although 50% of stands were lacking any western hemlock

and additional 28% of stands had very low seedling densities of <100 seedlings/ha (Table

2.2). Frequency of occurrence of all size classes generally increased with stand age, with

young stands having the highest proportion of stands lacking hemlock or having very low

densities in all size classes (Table 2.2). This same relative pattern was observed in each

subregion (Table 2.3). Frequency of mature stands with western hemlock regeneration

varied across the climatic gradient. Seventy-one percent of mature North Coast stands

contained western hemlock seedlings compared to 46% of Central Interior stands, and

17% of Valley Margin stands. Frequency of sapling occurrence in mature stands was

highest in the North Coast, and similar between the Central Interior and Valley Margin

sites. In young and mature stands, the North Coast and Central Interior stands contained

a much wider range of seedling densities than did the Valley Margin stands (Figure 2.6),

while older stands show similar seedling distributions (Figure 2.7). More young stands

were sampled in the Central Interior than in the North Coast and Valley Margin (Figure

2.8).

28
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Table 2.2. Percent frequency of young, mature, and older stands containing western hemlock

by density and size class. Young stands <80 years. Mature stands 80-200 years, and Old stands

containing trees > 200 years.

Young Mature Old Total

Size Class Density n=31 n=50 n=23 n=104

(#/ha)

Seedlings 0 68 54 26 50

20-140 1-25 13 24 13 17

cm taIl 26-100 13 6 22 14

101-200 3 4 0 2

201-500 3 12 22 12

501-1000 0 0 0 0

>1000 0 0 17 5

Saplings 0 58 36 22 38

0-9.9 cm 1-25 13 34 4 17

dbh 26-100 22 16 39 26

101-200 6 4 0 3

201-500 0 6 9 5

501-1000 0 0 17 6

>1000 0 4 26 10.

Trees 0 55 28 9 31

>10 cm 1-25 29 44 39 37

dbh 26-100 3 26 35 21

101-200 13 16 17 15
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Table 2.3. Percent frequency of sampled stands containing western hemlock by area, age, and
size class and density class. Y=young stands < 80 years, M = mature stands 80-200 years, and
0 =old stands containing trees >200 years.

North Coast Central Interior Valley Margin
M 0 Y M 0 Y M 0

Size Class Density n=7 n=3 n=29 n=37 n=13 n=2 n=6 n=7
(#/ha)

Seedlings 0 29 33 66 54 15 100 83 43
20-140 1-25 43 0 14 24 23 0 0 0
cm tall 26-100 0 33 14 8 15 0 0 29

101-200 0 0 3 3 0 0 17 0
201-500 29 33 3 11 31 0 0 0
501-1000 0 0 0 0 0 0 0 0
>1000 0 0 0 0 15 0 0 28

Saplings 0 14 33 55 40 8 100 33 43
0-9.9 cm 1-25 57 0 14 32 8 - 0 17 0
dbh 26-100 14 33 24 14 46 0 33 29

101-200 0 0 7 5 0 0 0 0
201-500 0 33 0 5 8 0 17 0
501-1000 0 0 0 0 23 0 0 14

>1000 14 0 0 3 8 0 0 14

Trees 0 0 0 52 16 8 100 17 14

>10 cm 1-25 14 33 31 54 46 0 17 29
dbh 26-100 72 33 3 14 31 0 50 43

101-200 14 33 14 16 15 0 17 14



3000

2500

12000
2 1500-
E

. 1000-
CI-
s, 500-
(5
(5

(5
E3000

2500 -

2000-
x
.1500

Figure 2.6 Distribution of western hemlock seedling and sapling densities in relation to
area, identified to ageclass for all stands. Ageclass represents the lower limit of each 20-
year class. Age 20 represents 20-3 9 year-old stands, etc.

31

Central Interior
(5

3000
(0
0)C 2500 -

b

(5
Co 2000
C.)0 1500 .

S
E S

S C,

C
1000

I
S

S
I- 500 .

S,1 S *Si. S

S 0 :si.I. S

I

North Coast
CS
.0
Co 3000
0)
C

2500-

2000-

2 1500-
E
C,
.0 1000-
C

500-

0-
S

S

.
S S

.
8

b P

Valley Margin
(5

CS

5,
C,
C

3000

2500-

3000

2500
.

.
(5
5, 2000- 2000
0)
.
C.) 1500 .15000 .
E 10005,
.0
CI- 500 I

.

0
.. . S S . 5$

'Z b

Ageclass (years) Ageclass (years)



North Central Valley
Coast Interior Margin
n=3 n=13 n=7

Figure 2.7. Distribution of western hemlock seedling and
sapling densities in old stands in relation to area for all stands.
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Figure 2.8 Frequency of stand age classes sampled by area. Young stands were <80
years, mature stands were 80-200 years, and older stands contained trees >200 years
old.



Western Hemlock Seedling Density in Relation to Individual Factors

Regional Climate and Topographic Factors

The abundance of hemlock seedlings and saplings was highly variable within the

study area (Table 2.3) and generally weakly related to individual climatic and topographic

factors. However, some trends were notable. There was a general trend of increasing

variability and higher seedling density above 44.2° latitude, near Triangle Lake (Figure

2.9). Highest seedling and sapling densities occurred above 300 meters elevation (Figure

2.10). Sites with cooler mean summer temperatures, below 60°F, typically had higher

seedling and sapling densities (Figure 2.11). Seedling densities were negatively correlated

(r -0.0.195, p <0.048) with annual temperature (Figure 2.12) while sapling densities did

not exhibit an obvious pattern in relation to annual temperature. Higher seedling densities

were found in areas of high annual precipitation (Figure 2.13). In contrast to the pattern

observed with annual precipitation, the highest seedling densities occurred in areas of

lower mean summer precipitation, while there were still moderate seedling densities in

areas of higher summer precipitation (Figure 2.14). These stands with the highest seedling

densities were all located in the Valley Margin with very low summer rainfall, but were

all above 300 meters elevation, indicating a possible local temperature effect. Highest

seedling densities also occurred on south-facing slopes (Figure 2.15), contrary to

expectations. The south aspect stands with the highest seedling densities were all old-

growth stands in the Central Interior and Valley Margin.
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Stand Level Factors

Stand age - Stand age was significantly correlated with western hemlock seedling

density (r=0.362, p<O.0002), sapling density (r=0.338, p<O.0004), and hemlock tree

densities (r=0.248, p <0.010) (Table 2.4). Seedling and sapling densities were uniformly

low until stands were 140 years or older (Figure 2.16).

Overstory density - Seedling and sapling densities varied in relation to overstory

characteristics, and the form of the relationship differed by overstory measure. Seedling

and sapling densities increased with increasing basal area beginning at around 60 m2/ha

(Figure 2.17). The relationship between seedling and sapling density and overstory

density is characterized by a peak at 200-3 50 trees per hectare, and very low values below

and above this range (Figure 2.18).

Overstory western hemlock - Seedling and sapling densities were positively related

to overstory western hemlock. Seedling densities were significantly correlated with

sapling density (r=0.599, p<O.0001), overstory hemlock tree density (r=0.314,

p <0.0012), and frequency of overstory hemlock within the stand (r = 0.354, p < 0.0002).

Saplings were significantly correlated with overstory hemlock trees (r =0.430, p <0.0001)

and frequency of overstory hemlock (r = 0.401, p < 0.0001).

Stands lacking overstory hemlock trees also lacked hemlock seedlings Stands with

the highest seedling densities generally had overstory hemlock trees well-distributed
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Table 2.4. Pearson correlation (r) and (significance) values between western hemlock density by size class and independent variables.

Hemlock
Size Class

Annual
Temp (°F)

Basal Area
(m2/ha)

CWD Density CWD Volume
(#1300m) (m3/ha)

Shrub
Cov(%)

Conifer
Cov(%)

Deciduous
Cov(%)

Stand Age
(yrs)

Seedlings
20-140
cm tall

Saplings
0-9.9 cm
dbh

Trees
>10cm
dbh

-0.195
(0.048)

0.211
(0.031)

0.250
(0.011)

0.220
(0.025)

0.343
(0.0002)

0.029
(0.003)

0.333
(0.0005)

-0.449
(0.0001)

0.254
(0.009)

0.239
(0.015)

0.367
(0.0001)

-0.222
(0.023)

-0.247
(0.012)

-0.351
(0.0003)

0.362
(0.0002)

0.338
(0.0004)

0.248
(0.011)
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throughout the stand, as evidenced by high numbers of segments on the belt transect

containing hemlock trees (Figure 2.19). Low seedling and sapling densities were

associated with hemlock tree densities <40 trees per hectare, the highest mean seedling

densities were observed where overstory hemlocks had densities of 50-100 trees per

hectare, while the sapling range extended to higher levels of hemlock overstory (Figure

2.20). There were exceptions to this pattern with a few stands having very high seedling

and sapling values at low values of overstory hemlock density. These stands were

generally mature and old stands on north-facing slopes, above 300 meters elevation,

containing varying levels of coarse wood. Seedling and sapling densities showed a similar

relationship with hemlock overstory basal, with higher densities observed above

approximately 5m2/ha basal area overstory hemlock (Figure 2.21).

Coarse woody debris - Highest densities of seedlings and saplings occurred in

stands with well-decayed coarse wood volumes 200 m3/ha (Figure 2.22). Density of

decayed wood (number of pieces/300m of transect) (Figure 2.23) was positively correlated

with seedling density (r=0.249, p<O.Ol), sapling density (r=0.220, p<O.O2), and was

most strongly associated with overstory hemlock trees (r=0.354, p <0.002) (Table 2.3).

Shrub cover - There were no significant correlations between shrub cover and

seedling or sapling densities, although highest seedling densities were observed at

intermediate shrub cover values. Seedling densities were very low when total shrub cover

exceeded 30%, compared with lower shrub cover values (Figure 2.24). Shrub cover was
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negatively correlated with overstory hemlock density (r = -0.449, p < 0.0001) (Table 2.3).

Low shrub cover was observed in stands with high conifer cover, with high shrub cover

frequently observed in stands with open canopies.

Two important shrub species in the Oregon Coast Range are salmonberry (Rubus

spectabilis) and vine maple (Acer circinatum). Salmonberry occurred in about 25% of

stands. High hemlock seedling densities occurred only when salmonberry cover was less

than 10% (Figure 2.25). The relationship of vine maple to hemlock seedling density was

not as strong as that of salmonberry, but still indicated that when vine maple cover

exceeded 30% the density of hemlock seedlings was low (Figure 2.26). Neither of these

relationships was statistically significant, because of high variability in the data.

Canopy cover - Seedling density showed an inverse relationship with presence of

canopy openings (gaps) (Figure 2.27). Stands with 30% canopy gaps or less had the

highest seedling and sapling densities while stands with greater than 30% gaps had the

lowest. Seedling densities also decreased with increasing overstory deciduous cover

(Figure 2.28). Deciduous overstory cover showed a consistent negative correlation with

all size classes of hemlock. (Table 2.3). In contrast, seedling densities increased with

increasing conifer cover, with the highest values occurring at the extreme coverage values

(Figure 2.29). Overstory conifer cover was positively correlated with stem density of all

size classes of hemlock (Table 2.3).
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Western Hemlock Seedling Density in Relation to Multivariate Factors

The results of the Poisson multiple regression confirmed the importance of local

stand-level variables on hemlock regeneration. Stand age was a significant variable in the

equations constructed for each size class of hemlock - seedlings, saplings and trees (Table

2.5).

Seedlings (20-140 cm tall) were most strongly positively associated with stand age

(p <0.0001), with decayed wood densities (p <0.0001), elevation (p <0.0026), and

hemlock basal area (p <0.0149) (Table 2.5). Seedlings were negatively associated with

overstory deciduous tree and tall shrub cover - primarily red alder and vine maple

(p <0.0263).

Density of hemlock saplings (0-10 cm d.b.h.) was most strongly associated with

overstory hemlock frequency (p <0.0001), increasing stand age (p <0.0026) and aspect

(p <0.0031) (Table 2.5). Aspect was transformed into values between 0-2, with 0

representing southwest and 2 representing northeast. Negative relationships existed

between sapling density and increasing slope (p <0.0073) and increasing overstory

deciduous cover (p<O.Ol72).

Overstory hemlock trees (> 10 cm dbh) showed a different pattern of relationships

from that of the regeneration component (Table 2.5), and probably reflected the effect of

the western hemlock overstory on the local stand environment rather than the effects of

stand and environment on western hemlock. Overstory hemlock density was negatively

associated with understory shrub cover (p <0.0001). Positive relationships were observed



Table 2.5. Poisson regression equations with coefficients, (standard errors), and
[significance value].

Hemlock seedling density =

.1.034 + 0.0204 Stand Age ± 0.0352 Decayed Wood Density
(0.708) (0.003) (0.007)

[0.0001] [0.0001]

+ 0.0044 Elevation - 0.0262 Mean Deciduous Overstory Cover
(0.0008) (0.0088)
[0.0026] [0.0026]

+ 0.0282 Hemlock Basal Area
(0.0106)
[0.0149]

Hemlock sapling density =

2.7634 + 0.1535 Frequency Overstory Hemlock
(0.058) (0.030)

[0.0001]

+ 0.010 Stand Age - 0.0214 Mean Slope
(0.003) (0.007)
[0.0026] [0.0073]

+ 0.5804 Aspect - 0.0185 Mean Overstory Deciduous Cover
(0.203) (0.008)
[0.0031 [0.0172]

Hemlock overstory density =

2.8268 - 0.0521 Mean Shrub Cover
(0.5236) (0.0118)

[0.000 1]

+ 0.0198 Mean Overstory Conifer Cover
(0.0061)
[0.000 8]

+ 0.0036 Stand Age
(0.0017)
[0.03]
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between overstory hemlock trees and overstory conifer cover (p < 0.0008) and stand age

(p<0.03) (Table 2.5).

Separate regressions for each age class (young, mature, old) with stand age

removed as an independent variable, confirm the important relationship between western

hemlock regeneration, overstory western hemlock, and coarse woody debris (Table 2.6).

In young stands, seedlings showed a positive relationship with frequency of overstory

hemlock trees, coarse woody debris, and a negative relationship with annual temperature.

Saplings showed a positive response to frequency of overstory hemlock trees and

elevation.

In mature stands, seedlings were positively related to frequency of overstory

hemlock trees, coarse wood density, annual precipitation, and elevation (Table 2.6).

Saplings were also positively related to frequency of overstory hemlock trees and coarse

wood density, and had a negative association with slope. In older stands seedlings

showed significant positive relationships with conifer cover, elevation and coarse wood

density (Table 2.6). Saplings were only positively related to increasing conifer cover.



Table 2.6. Poisson regression equations with coefficients and (significance value) for
stand age.

YOUNG STANDS (<80 years)

Hemlock seedling density = 14.716 - 0.419 Annual Temperature + 0.004 Coarse Wood Volume
(0.0001) (0.0001)

+ 0.0114 Overstory Hemlock Density
(0.0007)

Hemlock sapling density = 1.402 + 0.146 Overstory Hemlock Density + 0.003 Elevation
(0.0096) (0.05)

MATURE STANDS (80-200 years)

Hemlock seedling density = -60.009 + 0.335 Overstory Hemlock Frequency + 0.033 Coarse Wood Density
(0.0001) (0.0001)

+ 7.554 Annual Precipitation + 0.00 19 Elevation
(0.0049) (0.0068)

Hemlock sapling density = 0.272 + 0.352 Overstory Hemlock Frequency + 0.060 Coarse Wood Density
(0.0001) - (0.0001)

- 0.024 Mean Slope
(0.001)

OLDER STANDS (>200 years)

Hemlock seedling density = -1.094 + 0.051 Mean Conifer Cover + 0.0049 Elevation
(0.0023) (0.0068)

+ 0.030 Coarse Wood Density
(0.0321)

Hemlock sapling density = 2.079 + 0.05 Mean Conifer Cover
(0.049)
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DISCUSSION

The purpose of this research was to examine the relationship between western

hemlock regeneration and environmental and stand level factors that affect regeneration

success across the climatic gradient of the Oregon Coast Range. The results of this study

must be interpreted with the understanding that this was a correlational study, and direct

cause and effect cannot be inferred. Similarly, the results only apply to the range of

conditions found in the study area of the central Oregon Coast Range, and while these

results may be useful in generating hypotheses for future research, the results cannot be

extrapolated outside the study area.

Results of this study highlight the relatively strong relationships of stand-level

characteristics compared with regional climatic and topographic variables to levels of

western hemlock regeneration in Oregon Coast Range forests. Most important among

these factors were stand age, western hemlock overstory, coarse woody debris, and

elevation, and to a lesser extent temperature and moisture patterns. Of the original

hypotheses concerning the relationship between western hemlock seedling density and

various stand-level characteristics, many ran counter to expectations (Figure 2.30). In

particular, only the relationship between western hemlock seedlings and shrubs, and coarse

woody debris respectively followed the expected patterns.
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Stand Age

Stand age - the accumulation of time - was the most significant variable related to

western hemlock regeneration. Measurements of stand structure and composition were

used as surrogates for stand age. Assuming that age effects are expressed largely through

changes in forest structure (Oliver and Larson 1990, Franklin and Spies 1991, Spies and

Franklin 1991), it was very surprising that stand structural characteristics did not replace

age in the models. There are obviously other dimensions of stand age that were not

captured by the stand variables of tree density and composition, accumulation ofcoarse

wood, canopy openness, and understory vegetation. The combined effect ofpresence of

seed source and the occurrence of dispersal and establishment events over long time

periods make up one of those dimensions. A similar relationship was observed by Spies

et al. (1990) who found that gap age in coniferous forests in the Oregon Cascades was

more important than gap size for predicting regeneration. The implication that time is a

critical component of succession, and specifically related to patterns of western hemlock

regeneration is very important. The focus of much forest management is to effectively

"speed up" succession, to achieve management goals. The results of this study indicate

that manipulating stand structure alone may not be sufficient to create multi-layer canopies

in Coast Range forests.

Presence of Overstory Western Hemlock

The importance of seed source to regeneration is obvious (Ridley 1930, Van der

Pijl 1982, Silvertown 1987, Harper 1977, Primack and Miao 1992), but not always
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identified as a limitation to western hemlock regeneration. Many studies addressing

dispersal of western hemlock have been conducted in areas where western hemlock is

abundant in both stands and in the landscape (Harris 1967, Harris 1969, Ruth and Berntsen

1955, Ruth and Harris 1979). Because western hemlock is a light-seeded, wind-dispersed

species, the seed is able to travel over open expanses quite long distances (Isaac 1930,

Harris 1967, Harris 1969). Dispersal patterns within forests, however, are a function of

canopy height and diversity as well as individual parent tree characteristics (Harper 1977),

with generally a much reduced seed shadow, or dispersal distance compared to more open

environments (Harper 1977).

The results of this study support our hypothesis of a significant relationship

between local seed source and regeneration, and is examined in greater detail in Chapter

3. In recent studies in the Pacific Northwest, western hemlock seed source has been

implicated as an important factor affecting regeneration abundance (Gray and Spies 1996,

Huffman and Tappeiner in review, Poage 1995).

Coarse Woody Debris Seedbed

Well-decayed coarse wood was significantly related to western hemlock seedling

densities across all ages of forests. Coarse woody debris has been widely linked with

western hemlock regeneration (Christy and Mack 1984, Harmon and Franklin 1989,

Minore 1972, Gray and Spies 1997, Huffman and Tappeiner in review). As a seedbed,

decayed wood has been hypothesized to provide freedom from competition from vegetation

and mosses (Harmon and Franklin 1989), retain moisture (Gray 1995), and actively shed
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leaves and litter that may prevent germination of seeds or might smother germinants and

small seedlings (Harmon and Franklin 1989, Huffman and Tappeiner in review).

In this study, western hemlock seedling densities were significantly related to

decayed wood volume and density. However, the correlational nature of this study must

once again be emphasized. Mineral soil and forest floor substrates also support the growth

of western hemlock seedlings, but these substrate abundances were not estimated.

Additionally, small seedlings <60 cm were sampled specifically on logs, as well as at the

vegetation plots. There may have been bias introduced in the relationship between

seedlings and logs, and some seedlings occurring on forest floor substrates might not have

been tallied. In defense of this sampling technique, however, results of the age and size

class sampling in Chapter 4 revealed that a large proportion of seedlings <140 cm tall

were observed on decayed logs compared to forest floor substrates.

Canopy Gaps

The relationship between western hemlock seedlings and canopy gaps was

surprising. In the general models of forest succession (Oliver and Larson 1990),

successful regeneration in the understory is linked to increasing light levels at the forest

floor as a result of overstory break up and increasing canopy gaps. Studies in the Pacific

Northwest have generally supported this hypothesis (Stewart 1986a, Gray and Spies 1996,

Alaback and Tappeiner 1991). Results from this study however, contradict that hypothesis

as seedling densities were negatively related to canopy openness. In a study of natural

regeneration in canopy gaps in the Oregon Coast Range Holah et al. (1993) found no
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difference in regeneration levels between closed canopy forest and adjacent canopy gaps.

This lack of relationship between western hemlock seedlings and increased light

environment in the Oregon Coast Range has been attributed to increased competition with

shrubs that may be responding to an increased light environment (Holah et al. 1993,

Huffman and Tappeiner in review). Results from the current study support this hypothesis

of increasing shrub competition with increasing canopy openness as evidenced by the

negative relationships between seedlings, deciduous overstory, and understory shrubs.

In addition to direct competition for resources, litterfall from deciduous trees and shrubs

has been implicated in western hemlock seedling death (Harmon and Franklin 1989,

Huffman and Tappeiner in review).

Regional Climate and Topographic Factors

Regional patterns were evident in the frequency of stands containing western

hemlock regeneration. Stands in the North Coast contained regeneration more frequently

than stands in the Central Interior, and stands in the Valley Margin had the lowest

frequncy of regeneration in stands. Given this pattern, it was surprising that western

hemlock seedling densities did not show a stronger relationship to regional climate and

topographic factors when compared with stand-level variables. Annual temperature and

precipitation were the only regional climate variables related to western hemlock

regeneration densities. Solar insolation, summer temperature, and summer precipitation

variables were not significant in either the individual correlations or in the multivariate

analysis. Ohmann and Spies (1998) also found solar insolation values to be non-significant
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in predicting woody plant diversity for the Oregon Coast Range compared to other regions

in Oregon. Summer temperature and precipitation patterns are important to the success

of seedling germination and establishment (Harper 1977), and will likely have an effect

on where regeneration is found. However, the measures used in this study were obviously

not of a fine enough scale to detect that effect. Temperature and moisture patterns vary

across the spatial scales from region, to stand, and finally to the microsite scale. Gray and

Spies (1997) characterized forest floor heterogeneity of various-sized forest canopy gaps

in relation to conifer germination and seedlng growth. Moisture and temperature varied

according to position in the gap, amount and intensity of solar radiation reaching the forest

floor, shade produced by logs on the forest floor, and there was higher moisture overall

in gaps compared to under a forest canopy. It may take measurements of the local

microsite resources to adequately predict specific regeneration patterns and response to the

local environment. The North Coast and Central Interior sites are well within the

geographic range for western hemlock, while the Valley Margin sites appear to be at the

edge of the range based on the low frequency of stands containing regeneration. Given

this fmding, it was surprising that summer temperature and precipitation patterns were not

related to seedlng densities in the analysis. Aspect and elevation as well as within-stand

conditions may compensate for regional effects, especially at the Valley Margin.

Elevation showed a consistent relationship with western hemlock seedling densities

across all stands with the exception of young stands. In young stands, a negative

relationship between seedlings and annual temperature seemed to replace elevation.

Ohmann and Spies (1998) found elevation to be a highly significant variable related to
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species diversity in Oregon, but hypothesized that there was a confounding effect between

elevation and stand age, as few low elevation stands have not been subject to timber

harvest. In this study there was no direct correlation between elevation and age,

suggesting that elevation might represent other important factors. Increases in elevation

are generally recognized to have an accompanying decrease in temperature with an

increase in precipitation (Pearson correlation values between elevation and annual

temperature and precipitation were r= -0.30, p <0.0023 and r = 0.17, p <0.09 respectively

- unpublished data). Increasing elevation could potentially enhance local conditions for

western hemlock regeneration, especially in areas of higher temperatures and decreased

precipitation, as occurs at the Valley Margin and areas in the southern extreme of the

western hemlock range. It is perplexing why elevation remains significant in vegetation

models and the more precise climatic variables are not significant.

Major questions remain about the interaction of climatic and stand level variables

and their relationship with western hemlock regeneration density. The use of a

multivariate model to explore these relationships supported many field observations, but

did not get at the level of complexity observed in the field. For instance, the sampling

design was inadequate to test for specific differences in important interactions. Examples

of these unanswered questions includes how important is decayed wood as a rooting

substrate at the Valley Margin compared to the North Coast? Is any relationship between

wood and seedlings more than a question of availability? At the Valley Margin in

particular, does the relationship between seedlings and coarse wood change with aspect?

A separate study design is necessary to test these hypotheses, and even with an adequate
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design, the results may be compounded by individual stand conditions of seed source, light

and moisture conditions, seedbed abundance and decay class. In this study the highest

seedling densities occurred in areas of lowest summer precipitation. These were sites that

were at the Valley Margin, were old-growth, and occurred at moderate or high elevations.

Sample sizes were too low and conditions too variable to make broad generalizations, but

this amelioration of the local hot, and dry conditions by stand level factors (old-growth

conditions) appears to be important. How much stand condition modifies extreme climatic

conditions remains an interesting question beyond the scope of this research.

Fire

Quantification of the fire regime was not an explicit part of the study design, but

was hypothesized to have an influence on regeneration patterns by the frequency and

intensity of disturbance to the overstory and understory environments. Forests at the

North Coast and Central Interior appeared to have regenerated following catastrophic fires

(Morris 1934). Very few old-growth stands were located in these areas, and a high

proportion of stands were in young and early mature stages. By contrast, mature and old-

growth stands were much more prevalent in the landscape of the Valley Margin, mixed

with young, apparently fire-regenerated stands. The fire regime of the Valley Margin was

hypothesized to be more frequent and less destructive to the overstory canopy, potentially

retaining western hemlock as a continued seed source. Impara (1998) described the fire

regimes for these areas, and confirmed these overall patterns. Coastal and interior areas

were intensively and extensively burned during the mid-1800's, corresponding wth
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settlement. The Valley Margin showed evidence of more frequent small to low severity

fires historically.

The effect of fire on the forest floor is important to the regeneration environment.

Fires consume organic matter and plants on the forest floor creating growing space for

new seedlings. Fire frequency and extent is likely to play an important role in

regeneration dynamics by influencing composition of the overstory and creating periodic

growing space at the forest floor.

Effects of Forest Management

No obvious effects of forest management on western hemlock regeneration levels

were observed during the course of this study. The vast majority of stands examined in

this study were regenerated following wildlfire and contained little evidence of thinning

or other harvest activity. The few sites that did have evidence of previous thinning

generally contained a few remnant stumps, with small skid roads sometimes obvious.

Historic thinning activity was often directed at removal of individual standing dead trees,

killed by root-rot (Phellinus weiriz) or Douglas-fir bark beetle attack. No difference in

western hemlock seedling densities was observed in sites with or without evidence of

thinning

High levels of western hemlock regeneration were observed in thinned stands

compared to unthinned control stands in a study of forest structure development in western

Oregon (Bailey 1997). Thinning of young and mature stands is a proposed management

technique to hasten structural development in young Pacific Northwest conifer forests
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(Tappeiner Ct al. 1997). Thinning of a young canopy allows inceased light to the forest

floor promoting devleopment of the understory (Oliver and Larson 1990). Thinning

activity also adds physical disturbance to the forest floor, and may temporarily reduce

vegetation competition for western hemlock seedlings. Various aspects of thinning

activities may influence the enviroment for seedling germination, but seed source remains

an important component of natural regeneration of western hemlock in thinned stands.

Forest Succession

By using the regeneration of western hemlock as an indicator of forest succession

and development some generalized observations can be made. A majority of forests in the

central Oregon Coast Range are successionally young and lacking western hemlock.

Important stand-level factors related to western hemlock regeneration included stand age

or time since disturbance, overstory hemlock parent density and frequency, well-decayed

coarse wood and elevation. Because many young and mature stands were composed of

nearly pure Douglas-fir with little overstory western hemlock, and very little coarse wood,

hemlock regeneration in undisturbed stands will increase slowly in the near future.

Because western hemlock is such a key component of forest structure in Pacffic Northwest

forests, the forests of the Oregon Coast Range appear to be a very long way from naturally

developing multi-structured characteristics across the broad regional framework.



CHAPTER 3. SPATIAL PATTERNS OF WESTERN HEMLOCK (Tsuga
heterophylla) SEEDLINGS AND PARENTS IN LATE SUCCESSIONAL

DOUGLAS-FIR (Pseudotsuga menziesii) FORESTS IN THE
OREGON COAST RANGE

INTRODUCTION

Seed dispersal is a critical process of forest development, influencing both the spatial

and temporal aspects of succession (Harper 1977, Johnson et al. 1981, Denslow 1985, Pickett

et al. 1987, Grime and Hillier 1992), yet it is one of the more difficult processes to monitor

and predict Seed production by forest trees is influenced by many factors including age and

growth to maturity, local resource environment, climatic factors, and the frequency of mast

production (Janzen 1971, Harper 1977, Silvertown 1987). Presence ofa seed source and

distance to that source are important factors (van der Piji 1982, Harper 1977, Wilison 1992).

Seed dispersal shadow plays. a major role in successional pathway development (sensu

Connell and Slatyer 1977, Pickett et al. 1987).

In the absence of large-scale disturbance in established forests, shade tolerant species

will regenerate and grow into the canopy. In Pacific Northwest forests, shade tolerant

western hemlock (Tsuga heterophylla) is an important component of structural diversity

(Franklin and Spies 1991, Spies and Franldin 1991). The processes by which young and

mature forests develop into multi-structure and mixed species old-growth assemblages

is poorly understood (Oliver and Larson 1990). For example, it is not clear why some

forests develop multi-storied canopies and others do not, or do so very slowly. Forest

modeling efforts provide tools for exploring forest development, but have often ignored the

subtle, yet crucial dynamics of dispersal and regeneration, either leaving out regeneration all
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together, predicting random regeneration or entry into the canopy at certain size classes

(Pacala et al. 1996, Clarke and Ji 1995, Pacala and Hurtt 1993, Shugart 1984). Fecundity

and dispersal of western hemlock are logically of primary importance in the ecological

sequencing of this transition and development.

In the Douglas-fir (Pseudotsuga menziesii) region of coastal Oregon, many young

and mature forests are dominated by early seral Douglas-fir or red alder (Alnus rubra).

If development to late successional conditions depends on regeneration of western

hemlock and other shade tolerant tree species within these stands, lack of hemlock seed

source and dispersal distance limitations of seedfall will affect the rate and pattern of forest

development (Harper 1977, Johnson et al. 1981).

When a seed source is present, seed production may also be influenced by age,

size, and crown position of parents within the canopy. Western hemlock is reported to

produce cones as early as 10 years of age, but cone production is more likely at 30 years

and later (Burns and Honkala 1990). The seed produced by western hemlock is small and

winged with mast years occurring every 3-4 years, and some seed produced most years

(Ruth and Harris 1979, Burns and Honkala 1990). Seed production per cone has been

estimated at 30-40 seeds/cone (Burns and Honkala 1990). Where hemlock is a dominant

forest species, seed is dispersed over large clearcut areas from adjoining forests (Isaac

1943, Harris 1969, Ruth and Harris 1979), with extreme examples of long-distance seed

dispersal observed up to and beyond a kilometer (Isaac 1930). When hemlock is abundant

within the landscape, and within individual stands, seed source limitations have not been

observed (Ruth and Berntsen 1955). Old-growth Douglas-fir systems have been observed
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to produce more hemlock seed than mature forests in general, ranging between 5 million

seeds/ha produced in an old growth coastal forest (Isaac 1943), to an average of 28 million

seeds/ha in two Cascades old-growth forests (Gray unpublished data). Mature western

hemlock forests have been shown to have produced large volumes of seed- nearly 20

million seeds/ha (Burns and Honkala 1990), while mature Douglas-fir dominated stands

have produced much fewer seeds - between 20,000 and 45,000 seeds/ha (Isaac 1943, Gray

unpublished data). While seed production within these different forest types has been

documented, seed contribution by western hemlock trees of different diameter and crown

class is undocumented, yet will be another key to predicting the successional importance

of small and large parent trees within the forest.

Seed dispersal patterns of shade tolerant species within the forest will also affect

the rate and spatial pattern of succession. Dispersal distances of western hemlock

seeds/seedlings within forests have not yet been studied. Absence of western hemlock

parent trees has been cited as a possible reason for lack of hemlock seed rain and

regeneration in stands in Oregon and Washington (Poage 1995, Huffiuian and Tappeiner

in review, Gray unpublished data). In a survey of coastal Oregon forests, 50% of all

stands were lacking any western hemlock regeneration, and another 31% of stands had

very low levels of regeneration (<100 seedlings/ha) (Chapter 2). Western hemlock

overstory was absent in approximately 35% of the stands (Chapter 2), while approximately

40% of stands contained very low levels of western hemlock, leading to speculation that

dispersal may be a limiting factor in the regeneration process. Short mean dispersal

distances of approximately 5 meters between parents and seedlings were predicted for
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eastern hemlock (Tsuga canadensis), suggesting a tight coupling between spatial pattern

of parents and seedlings (Ribbens et al. 1994). While dispersal distancemay limit seedling

distribution around parents, inhibition of regeneration by parents or conspeciflcs may also

affect the spatial distribution of seedlings in the undisturbed forest (van der PijI 1982,

Janzen 1971, Kellomaki et al. 1987).

Fecundity and dispersal are difficult to measure directly, and the use of process

surrogates can be an efficient way to add to the existing knowledge base. We have chosen

to use cone production to estimate fecundity of overstory trees, and distance between

germinants/small seedlings and potential parents to estimate dispersal distance. In this

study, we hypothesized that cone production would be related to size and canopy class of

adult trees, that western hemlock seedling dispersal distances relative to parents within

closed canopy forests in the Oregon Coast Range would be short, and that patch sizes

would be small and discontinuous. Knowledge of western hemlock cone production,

dispersal distances, and regeneration patch characteristics will allow future prediction of

seedling establishment in closed canopy forests of the Oregon Coast Range. Spatial

arrangement of seedling patches within a forest reflects the potential for vertical as well

as horizontal structural development. This information is important to predicting the

pattern and rate of seedling invasion in maturing forest stands and the rate and pattern of

transition from mature to old-growth forest conditions.

Specific study objectives are: 1) estimate dispersal of western hemlock in closed

canopy forest using distances between seedlings and potential parent trees as a surrogate

2) estimate fecundity as a function of diameter and crown class using cone production as
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a surrogate and 3) characterize the spatial pattern of regeneration in terms of seedling

density and patch size.

METHODS

Study Area

This study was conducted in the summer of 1994 in nine late successional forests

in the central Oregon Coast Range ranging in age from 100-200+ years. Study sites with

abundant hemlock regeneration were qualitatively identified within the scope of a larger

study (Chapter 2). Regeneration levels ranged between approximately 50-3,000

seedlings/ha. All stands were mature to early old-growth age classes regenerated

following historic fires, with individual scattered large trees up to 300 years old. Five

coastal sites were sampled - three in the north near Cascade Head (T6S,R1OW) and two

in the south coast near Cape Perpetua (T15S ,R1 1W). Two interior coast range sites were

sampled near Rock Creek (T12S,R7W) and Alsea Falls (T14S,R7W), and two sites were

sampled along the Willamette Valley margin area near Lorane (T2OS,R5W) (Appendix 1).

All of the study sites were within the broad Western Hemlock Zone classification of

Franklin and Dyrness (1973), and all stands sampled were in the Western Hemlock Series

plant associations (Hemstrom and Logan 1986). Douglas-fir dominated the overstories of

these stands, with two exceptions in the coastal sites where western hemlock was a

dominant/codominant species.
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Local geology of the study area is characterized by sedimentary sandstones and

mudstones interspersed with basalt intrusions (Franklin and Dyrness 1973, Alt and

Hyndman 1991), the monntain terrain is generally steep. Average slope of the study sites

ranged from 14-62%, elevations of the study sites were between 125-665 meters.

Regional climate is temperate and wet to mesic throughout most of the year, with summer

drought periods occurring during July and August. Within the study area, mean annual

precipitation varies from 1100-2700 mm, while mean annual temperatures range from 48-

52 °F (Daly et al. 1994). Local climate at coastal sites is quite moderate, experiencing few

shifts in the seasonal temperature/moisture regime because of a localized fog belt

extending the length of the coast. Summer temperatures increase with distance away from

the coastal fog belt, until reaching the extreme hot and dry conditions of the eastern edge

of the Coast Range at the Wilamette Valley boundary.

Field Methods

Cone Production

Of the nine original stands, four were randomly selected for estimating cone

production by diameter class of trees during August, 1994. In each of the four stands, ten

sample points 30 meters apart were established. At each 30 m interval, the nearest

western hemlock tree from each available 10 cm size class was sampled within a 50 X 30

m belt centered on the transect point. Tree diameter and crown class were recorded for

each sample tree. Cones were counted on the ground along two perpendicular transects
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1 meter wide, extending from the bole of the tree to the edge of the crown. Only cones

from the previous two years were counted, as current year cones would still be ripening

on the tree. The 1-2 year cones were visually distinguishable from older cones by color

and amount of decay. Individual western hemlock trees were rejected for sampling if they

were judged to be overlapping crowns with another western hemlock, making it difficult

to determine which tree produced the cones on the ground.

Seedling-Parent Dispersal Distance and Seedling Spatial Patterns

Distances between seedlings and potential parents greater than 10 cm dbh were

established using a modified transect technique of Ribbens et al. (1994). Spatial pattern

of seedling patches was interpreted from the results of the transect technique. In each of

the nine forest stands, one 300-meter transect was established, for a total of 2700 m of

surveyed transect. Along each transect, successive 1m2 quadrats were examined for

presence of hemlock germinants and small seedlings less than 20 cm tall. When a quadrat

contained at least one seedling, distance from the quadrat center to all potential parent

trees within 20 meters was measured and diameter of each overstory tree was recorded.

A minimum of 100 meters per transect was sampled for parent trees on any transect.

Measurements were taken only for quadrats containing seedlings.



Analysis

Cone Production

Cone production was estimated as a function of tree diameter and crown dimension.

For each tree sampled, diameter was recorded and cones per m2 were multiplied by crown

area of the individual tree to estimate total cone production per tree. A mean value of

cones produced by trees of each 10 cm diameter class was then calculated. Non-linear

regression techniques were used to describe the relationship between increasing diameter

and total number of cones produced per tree (SAS Institute 1997).

Seedling-Parent Dispersal Distance

Dispersal distance was estimated by sampling the distance between germinants/small

seedlings and all potential parents greater than 10 cm diameter. The abundance of hemlock

seedlings per m2 was the dependent variable. Independent variables of interest included: the

mean distance to all potential parents, distance to nearest parent, mean diameter of all

parents, basal area of all potential parents, and density of parents. Additionally, potential

parent trees were separated into three size classes: small - 10-40 cm dbh, medium - 40.1-90

cm dbh, and large - >90 cm dbh.

Regeneration Patch Size

The minimum regeneration patch size was 1-m2, and total patch size consisted of

the number of consecutive 1-rn2 quadrats containing western hemlock seedlings. Each

82



83

transect was analyzed for frequency of consecutive 1-rn2 seedling patches. Patch size was

calculated at two levels - the first allowed for no unoccupied quadrats between occupied

seedling quadrats. The second analysis allowed a 1-rn2 quadrat to be empty between two

seedling quadrats, with the reasoning that a single individual in a patch could grow to fill

a 2 meter space with its bole and crown, limiting colonization of that space by other

individuals. Distances greater than 2 meters were judged to be beyond an individual

colonization space. Distribution of seedling patches in a stand is reflective of potential

horizontal colonization patterns. If seedlings are clustered in a few isolated patches, then

structural development of the forest may also be clustered. Conversely, if regeneration

is evenly scattered throughout a stand then structural development would more likely also

be scattered through the stand.

RESULTS

Cone Production

Mean cone production increased proportional to diameter class (Figure 3.1). There

was very low cone production in the smallest tree diameters, with highest cone production

in trees >50 cm dbh. This relationship between cone production and tree diameter was

described with the Weibull non-linear equation (Figure 3.2):

Cones = 1100 [l-exp(-0.Ol6dbh)579]

The sigmoidal regression curve revealed a very flat cone production trend between 10-30 cm
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dbh, an increase was seen between 4 0-70 cm dbh, with a leveling off in production thereafter.

In addition to diameter, canopy class of the tree was related to cone production

(Figure 3.3). Canopy dominance - the position of the tree relative to others in the canopy -

generally reflects the light environment of the tree. Estimated cone production was highest

in those trees receiving the most light, the codominant and dominant trees. Very few cones

were observed in trees receiving lower levels of light, suppressed and intermediate trees.

Patch Sizes of Regeneration

Distribution of seedlings within stands was quite patchy (Figure 3.4a-I). Seedling

patch sizes were variable, ranging from small isolated, low density patches in a stand to

clusters of high density patches interspersed with rather evenly-spaced low to moderate

density single patches.

Results of the patch size analysis revealed that hemlock regeneration was occurring

most frequently in isolated 1 m2 patches. Patch sizes of 2-4 meters in length occurred at

approximately one-quarter to one-half the frequency of single 1 m2 patches (Figure 3.5a).

Frequency of continuous regeneration patch size greater than 4 meters declined rapidly with

only an occasional patch exceeding 8 meters. When patch sizes were calculated allowing for

one unoccupied quadrat between two occupied quadrats, the frequency diagram changed

slightly, but not significantly (Figure 3.5b).

Total number of regeneration patches (composed of continuous 1 -m2 quadrats) per

transect was variable and ranged from 17 to 38 patches (Table 3.1). Stand 42 and 80 were

excluded in further analysis because of the low number of patches in the stands. For the
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Figure 3.4 Seedling transects showing number of seedlings per 1-m2 quadrat for two
mature stands, Stand 42 is a coastal site and Stand 80 is located at the Valley Margin.
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Figure 3.4 (cont'd) Seedling transects showing number of seedlings per 1-m2 quadrat
for one mature and one old stand, Stand 50 is a coastal mature stand and Stand 84 is an
old stand at the Valley Margin.
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Figure 3.5 Regeneration patch frequency along the combined transect lengths. Nine
transects totalling 2700 m were surveyed. Patch size was calculated as (a) continuously
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remaining seven stands, mean patch size per stand ranged from 1.35 to 2.10 meters. Mean

seedling densities per patch varied from a low of 4.5 seedlings to a high of 13.5 seedlings

per patch. The clumpy nature of the patches was apparent in the percent of seedlings

contained in the two highest density patches per stand (Table 3.1). Stands were considered

to have a highly clumped pattern of seedlings if the two highest density patches contained

>50% of the total seedling density for the stand. These characteristics ofdumpiness were

then related to stand-level characteristics. The stand with the most clumped distribution of

seedlings - with the highest proportion of seedlings (81%) in two patches - also had the

lowest proportion of canopy gaps (16%), the highest shrub cover (24%), the lowest hemlock

overstory frequency (50%), and the lowest coarse wood volumes of the sampled stands

(Table 3.1). Stands with more widely dispersed seedling patches (27-36% of seedlings in

the two highest density patches) had higher levels ofcanopy gaps (2 1-28%), high hemlock

overstory frequency (92-100%), a wide range of coarse wood volumes (137-604 mMia), and

contained the lowest shrub cover values of the sampled stands (4-13%).

Seedling Dispersal Distance

Seedling numbers varied with distance to the nearest potential parent (Figure 3.6).

Seedling densities were low within 2-4 meters of parent trees and increased to highest

densities between 6 and 10 meters away. Seedling numbers were very low at distances

greater than 10 meters from the nearest potential parent.

Larger trees (>40 cm dbh) appeared to be the most likely potential parents in these

forests, based on the cone production results. I separated the dispersal distance data



Table 3.1. Regeneration patch and stand characteristics of sampled stands.

Stand Total
Seedlings

Number
Patches

Mean
Seedlings
Per Patch

Mean(se)
Patch
Size (m)

% Seedlings
in 2 Patches

%Open %Shrub Basal
Area
(m2/ha)

Tsuga
Basal
Area

CWD Tsuga
Vol Freq
(m3lha) (%)

Elevation Age

42 8 4 2 1.25(0.87) 62 19 9 61 10 108 83 339 120
50 195 29 13.5 1.91(0.86) 35 28 4 63 17 137 100 262 120
76 256 19 13.5 1.79(0.97) 81 16 24 104 6 88 50 550 >200
80 2 2 1 1.00(0.00) 100 17 16 66 4 115 83 301 120
84 254 22 9.8 1.86(0.90) 53 8 19 64 20 251 100 338 >200
93 270 29 9.3 1.55(0.89) 63 23 14 72 6 316 100 123 100
94 77 17 4.5 1.35(0.86) 36 21 13 97 46 177 92 355 >200
96 350 38 9.2 2.10(0.89) 27 26 4 93 14 604 100 304 >200
103 195 19 10.3 1.74(0.98) 61 13 14 134 12 261 92 665 >200
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according to the diameter of the nearest potential parent, and examined distances between

seedlings and nearest parents of small (<40 cm dbh), medium (40-90 cm dbh), and large (>90

cm dbh) potential parents (Figure 3.7). When small trees were the nearest potential parents,

the lowest seedling densities occurred within 0-6 meters from the base of the trees, possibly

the result of a more heavily shaded environment beneath the small trees. A peak in seedling

densities was observed at 6-10 meters from the tree, well beyond the influence of the

individual tree canopy. When medium diameter trees were the nearest potential parent, there

was more variability in seedling densities up to 10 meters. However, the same characteristic

decline in seedling abundance past 10 meters was evident for both small and medium trees.

When the nearest potential parent was large diameter, seedling densities peaked at 4-6

meters from the base of the tree, but no other patterns were evident.

DISCUSSION

Cone and Seed Production

The importance of seed source of shade tolerant species to structural development

in forests should not be underestimated. Although old-growth Douglas-fir forests have

been observed to produce significantly more western hemlock seeds per hectare than

mature Douglas-fir forests (Gray unpublished data), there have been no studies

documenting the increase in western hemlock seed production with increasing size or

canopy class of parent trees. In this study, we have observed a dramatic increase in cone

production with increasing diameter of parents, supporting our hypothesis that larger trees



98

are important seed producers within a stand. Similar patterns of increasing seed

production with increasing age (inferred size class) of tree has been reported for Douglas-

fir trees (Isaac 1943).

The onset of reproduction in western hemlock trees has been suggested to be

between 15-30 years (Schopmeyer 1974, Burns and Honkala 1990) but our results suggest

a much longer time frame for the beginning of reliable seed production in closed canopy

forests of the central Oregon Coast Range. The results from this study indicate that

predictable seed production in these forests begins in western hemlock trees approximately

40 cm dbh or larger, though some seed is also produced by smaller trees. The mean age

of 40-50 cm diameter hemlock trees was 104 years (Chapter 4 this volume), while the

range of ages of this size class was quite large, between 53 to 143 years.

Cone production in mature trees over time is highly variable. The data from this

study were collected in the summer of 1994, representing cone crops of 1992 and 1993.

A good cone crop was reported for 1992, while 1993 was a poor year in the Oregon

Coast Range (Cone Crop Report, 1992, 1993). In years of good cone production, the

magnitude of production, particularly in the larger trees would be expected to increase.

The smallest trees 10 and 20 cm dbh would still be expected to show little increase in

production because of the general suppressed condition they are in.

Inferred Dispersal Patterns

The results of this study support the original hypotheses, that observed dispersal

distances between seedlings and potential parents would be short. Seedlings were
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dispersed far more commonly within 10 meters of the nearest potential parent tree than

beyond that distance.

In addition to effective dispersal distance between seedlings and parents, a potential

"zone of inhibition" was also observed between smaller diameter trees (<40 cm dbh) and

seedlings. This zone occurred within 0-6 meters from the nearest small parent tree. The

results of the cone production survey lead me to believe that these smaller trees are less

likely to be contributing large numbers of seed to the yearly seed crop, though they may

produce some cones and seeds. This zone probably represents the intense competition for

resources - light and moisture in particular - that a seedling will experience directly under

the canopy of a small western hemlock tree. A small tree in a forest is more likely to cast

a deeper shadow on the forest floor directly beneath it ("low shade") compared to the

"high shade" environment of taller trees, when light is better able to filter down to the

forest floor beneath the tree (Oliver and Larsen 1990). This shaded inhibition zone may

occur because of the dense foliage of western hemlock.

Distance between germinants/small seedlings and potential parents was used as a

surrogate for seed dispersal, because of the time-intensive methods required in a large

scale sample of seed production and dispersal. By using this substitute measure of

seedlings that have germinated and survived perhaps a growing season or two, I assumed

that the pattern of seedlings observed would still represent the broad pattern of seed

dispersal, even though obvious mortality had taken place. Seedling mortality is extremely

high during the first year following germination (Harmon and Franklin 1989, Gray and

Spies 1996), and survival on various substrates and under different light regimes is highly
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variable (Gray and Spies 1997, Huffman and Tappeiner in review, Harmon and Franklin

1989, Minore 1972, Ruth 1967).

Results of this study apply only to closed canopy forests in the Oregon Coast

Range. Seedling dispersal patterns in closed-canopy forests are very different from

dispersal in open areas or edge environments. Additionally, canopy emergents may have

important influence on within-stand recruitment patterns, but was not observed in this

study. For example a single emergent tree may provide seed to an entire stand in one year

of high seed production.

Regeneration Patches

Patch size and frequency of regeneration indicate the spatial pattern of structural

development of the forest. Structural diversity in a forest will develop not only in the

vertical but horizontal dimension, with shade tolerant seedlings growing into the tree

canopy from patches distributed throughout the forest. If only a few western hemlock

seedlings are regenerating sporadically through the forest, succession would predictably

be slower than if a comparable stand contained many patches of western hemlock seedlings

of varying age and size classes distributed throughout the stand.

Structural development in closed canopy young or mature forests may begin with

a few isolated seeding patches, transient or fugitive in nature. These patches may not

persist, but may be generated annually, until resources (moisture, light, and nutrients) are

available to sustain seedling growth. As resources are available for growth a seedling

patch produces a successful seedling, with the individual eventually developing into a seed-
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producing tree. Regeneration patches develop around that tree, and forest structure

develops in a fashion of nucleation (Yarranton and Morrison 1973), as structural patches

eventually merge. Results from this study could be used to illustrate a chronosequence

for seedling patch development on the forest floor. Two mature stands had single isolated

patches containing only a seedling or two, these isolated patches represent the "fugitive"

status of seedling patches. It will take a major increase in resources for these patches to

become resident ie. surviving more thRu a season or two. In the older stands, seedling

patches were observed in both small transient patches as well as in established patches with

varying sizes of germinnts and seedlings present. Characteristics of "dumpiness", or

clustering of high seedling numbers in a few patches, may be associated with succession

and stand characteristics. In stands with a high degree of seedling patch dumpiness, a low

frequency of seed source was observed, along with few canopy gaps, high shrub cover,

and few decayed logs as seedbeds. Over time, and with the development of well-

distributed western hemlock trees, development from a clumped distribution to a more

widely distributed set of patches would be expected based on dispersal and colonization

away from parents, as well as increased recruitment of downed logs (seedbed) from tree

death.

The influence of canopy gaps on western hemlock regeneration patterns in the

Oregon Coast Range is unclear. Results from the characterization of relationships between

western hemlock seedling densities and stand and regional factors (Chapter 2) indicated

that canopy gaps were not significantly related to seedling density. Conversely, increasing

overstory conifer cover was significantly related to seedling densities. In the current
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study, canopy gaps appear to be related to the dumpiness of seedling patch distributions.

But it must be emphasized that the previous study (Chapter 2) examined seedling density,

not the pattern of distribution of seedlings. The differences in the relative importance of

gaps in the different studies is not as contradictory as it may seem. Rather, the

relationship between western hemlock regeneration and canopy gaps is not a simple one.

In the current study, well-distributed seedling patches were observed in stands with canopy

gaps in excess of 20%, and accompanying low shrub cover. Stands with the most highly

clumped pattern of seedlings had the lowest amount of canopy gaps, and highest shrub

levels. Frequency and size of canopy gaps have been linked with abundance of

regeneration in the understory of forests of canopy gaps, because these gaps allow

increased light to reach the forest floor (Oliver and Larson 1990, Spies et al. 1990). This

increase in light resources to the forest floor would theoretically improve seedling survival

in a dense forest. In the study of factors related to western hemlock regeneration densities

in the Oregon Coast Range (Chapter 2), seedlings were associated with increasing conifer

cover and decline in seedling densities was observed with increasing canopy openings.

This was theorized to be the result of an increase in shrubs with increasing canopy

openings, and the shrubs in turn, would compete with seedlings for light and moisture.

Holah et al. (1993) also found no difference in seedling densities in forest gaps compared

to adjacent forest cover, while Spies et al. (1990) found gap age instead of gap size to be

the most important factor related to seedling regeneration in the Cascade Range.

In this study, many of the highest seedling densities and largest regeneration

patches occurred on decaying logs. Decayed wood has been linked to western hemlock
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regeneration in the Pacific Northwest (Minore 1972, Christy and Mack 1984, Harmon and

Franldin 1989, Gray and Spies 1997, Huffman and Tappeiner in review), and may function

as a "safe site" for regeneration (Harper 1977). As a safe site, decayed wood may provide

seedlings freedom from competition with other species, or may provide access to increased

light, water, or nutrients. The current hypotheses for this phenomenon involve the greater

moisture retention capabilities of logs compared to the forest floor (Gray 1995), a decrease

in competition from forest floor vegetation (Christy and Mack 1984, Harmon and Franklin

1989), and the ability of a log to shed litter (Harmon and Franklin 1989). More recently

in the Oregon Coast Range, Huffman and Tappeiner (in review) found an abundance of

decayed wood substrate along with reduced competition from woody shrubs important

factors relating to increased levels of hemlock regeneration.

Forest Development, Fecundity, and Dispersal Limitation

The results of this study suggest that the pattern and rate of transition from

Douglas-fir dominated mature forest to multi-structure and mixed species old-growth

forest, may be controlled by abundance and distribution of shade tolerant parent trees

within stands or landscapes. Recent studies in western Oregon have suggested a link

between western hemlock regeneration levels and adequate seed source in late successional

forest systems (Huffman and Tappeiner in review, Poage 1995, Gray and Spies 1996).

The results of western hemlock cone production and seedling dispersal patterns show the

potential spatial influence presence and distribution of parents may have on a developing
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forest, and confirm the hypothesis that increasing parent size and canopy dominance is

likely to influence seed production patterns.

Many young and mature stands in the Oregon Coast Range are dominated by

Douglas-fir or red alder. If spatial distribution of western hemlock seedlings is limited to

areas where parents occur, as results of this study suggest, I expect colonization by

western hemlock of young and mature forests with low densities of parents to be very

slow. Once western hemlock begins to invade a stand, it may require an estimated 70

years or more for the invading seedling to grow into the canopy and produce cones/seeds

(the lower end of the age range for 40 cm western hemlock trees from this study).

Combine this time to maturity with the short dispersal distances of 10 meters between

seedlings and parents observed in this study, and it will take a long, time to develop spatial

heterogeneity of the canopy in the stand , if relying on invasion and natural regeneration

of western hemlock.

The within-stand dispersal dynamics of western hemlock appears to follow the

general patterns of limited dispersal distances suggested by Johnson et al. (1981), Harper

(1990) and modeled by Ribbens et al. (1994). Short dispersal distances that were inferred

from the spatial distribution of seedlings suggest that the distribution of parents in a forest,

in concert with other ecological agents- microsites and competition especially- may exert

strong control on development of late successional forest structure.
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CHAPTER 4. WESTERN HEMLOCK GROWTH RATES AND AGE STRUCTURE
IN MATURE AND OLD-GROWTH FORESTS IN THE OREGON COAST RANGE

INTRODUCTION

Growth rates and age structures of western hemlock (Tsuga heterophylla) trees in

Pacific Northwest forests are important variables to predicting the rate of structural

development in forests. Western hemlock is an important shade tolerant species that both

colonizes disturbed sites early in stand recruitment and invades mature forests under an

established canopy. In this region, many early successional forests are dominated by shade

intolerant species, primarily Douglas-fir (Pseudotsuga menziesii) and red alder (Alnus

rubra). Shade tolerant species such as western hemlock along with western redcedar

(Thuja plicata) constitute much of the canopy diversity in mature and old-growth forests

at low- to mid-elevations in the Pacific Northwest (Franidin and Spies 1991). Canopy

diversity in late successional conifer forests is an important component of wildlife habitat

and is key to maintaining biological diversity across landscapes (FEMAT 1993). The

elements of this forest structure include multiple tree canopy layers and canopy gaps along

with the accumulation of snags and downed wood (Franklin and Spies 1991). In the

Oregon Coast Range, federal land managers are interested in developing multi-structured

canopies in young and mature forests, which frequently are dominated by a single species,

have uniform canopies, and are generally lacking in accumulations of downed wood.

Little information exists on the rate and pattern of infilling of western hemlock into the

forest canopy, yet this is a critical factor in understanding and predicting structural

development of a mature forest.
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Succession in northwest conifer forests follows a broadly predictable pathway

(Oliver and Larson 1990) beginning with the establishment of a new forest cohort

following disturbance with partial or total overstory removal. Following forest

establishment there is often a period of density-dependent mortality or self-thinning, with

no new recruitment in the tree layer or understory vegetation. As a forest matures the

overstory canopy begins to break up due to death of individual trees resulting from attacks

by pest or pathogens or from small windthrow gaps. It is during this "understory

reinitiation" phase that the vegetation layer of the forest floor develops and tree

regeneration may become conspicuous. Eventually, an old-growth stage develops

composed of multiple canopy layers and species (Franklin and Spies 1991, Oliver and

Larson 1990).

The development of old-growth structure from the mature stage is poorly

understood. For instance, western hemlock is a typical component of late successional

forests in Pacific Northwest forests because of its ability to reproduce in the shade of the

forest canopy. However, we do not know the relative rates and patterns of invasion by

western hemlock into Douglas-fir dominated forests. Models of forest succession

frequently add stems of shade tolerant species randomly ignoring the early reproductive

establishment and growth period (Shugart 1984, Pacala et al. 1996). Observations of

recruitment patterns and growth rates of western hemlock seedlings, saplings, and trees

into the canopy will provide insight into the rate, pattern, and degree of development of

structural diversity in young and mature conifer forests.
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The Oregon Coast Range provides a landscape of young and mature forests in

which to study the development of forest structure resulting from western hemlock

recruitment into the canopy of forests. Western hemlock is found throughout the Oregon

Coast Range from the cool and moist near-ocean environments to the seasonally hot and

dry Willamette Valley margin. Growth rates and recruitment patterns of western hemlock

at the extremes of the climatic gradient is unknown. The effect of summer drought

conditions at the Valley Margin may result in lower growth rates and/or more pulsed

recruitment of western hemlock compared to the North Coast.

Western hemlock regeneration has been widely linked to establishment on well-

decayed wood, in response to competition from mosses, herbaceous and shrub species on

the forest floor (Christy and Mack 1984, Harmon and Franklin 1989). However, studies

have also shown that western hemlock seedlings establish on the forest floor as well as on

logs (}{annon and Franklin 1989, Gray 1995). Western hemlock germination and

establishment has been shown to be sensitive to soil moisture deficit (Ruth 1967, Gray

1995), appears subject to dessication (Christy and Mack 1984, Gashwiler 1971), yet is

tolerant of a wide range of light conditions (Ruth 1967). Because the Pacific Northwest

experiences periodic droughts, we might expect longer time periods separating the cohorts

of regeneration in areas of most intense and prolonged summer thought, as near the Valley

Margin area of the Oregon Coast Range. A more "pulsed" distribution of recruitment ages

may be observed in this region compared with more continual recruitment patterns in near-

coastal environments, where summer temperatures are lower and summer rainfall and fogs

are more abundant. Previous research efforts have focused at the microsite- and within-
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stand level where western hemlock is abundant (Harmon and Franklin 1989, Christy and

Mack 1984, Minore 1972, Gashwiler 1971, Ruth 1967, Gray 1995) and have not

attempted to examine regeneration trends across the broader climatic gradient. Knowledge

of rates and patterns of regeneration across large areas are important to predicting

landscape-scale successional change, and to predicting effects of environmental changes

and disturbance patterns on forest development.

Specific objectives of this study were to 1.) Characterize the distribution of

western hemlock seedlings, saplings, and trees in relation to rooting substrate 2.) Examine

the age and size class distributions of western hemlock within mature and old forests, and

3.) Characterize the growth rates of western hemlock seedlings, saplings, and trees in

relation to regional climatic and stand-level factors.

METHODS

Study Area

This study was conducted in six late successional forest stands in the central

Oregon Coast Range ranging in age from roughly 120-200+ years. Three subregions

within the study area were identified based on summer temperature and precipitation levels

(Chapter 2 this volume, Table 2.1). These three subregions were: the North Coast with

cool and mild summer precipitation and temperature patterns, the Central Interior with

intermediate precipitation and temperature patterns, but experiencing summer drought

conditions, and the Valley Margin with the highest summer temperatures and lowest
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average summer precipitation of all three areas. Two stands were identified from each

subregion, from a larger Coast Range study (see Chapter 2 and 3 this volume), based on

presence of abundant western hemlock regeneration. Because only one stand in the Valley

Margin had an abundance of western hemlock in multiple size classes, an additional stand

in the Valley Margin was added to the current sample. Accompanying stand level

information was available for five of the stands sampled, but was lacking for the additional

Valley Margin stand.

All stands were regenerated following historic fires, with individual scattered large

trees up to 300 years old. The study sites were within the broad Western Hemlock Zone

classification (Franklin and Dyrness 1973, Hemstrom and Logan 1986). Douglas-fir

dominated the overstories of these stands, with two exceptions in the coastal sites where

western hemlock was a dominanticodozninant species along with some Sitka spruce (Picea

sitchensis).

Local geology of the study area is characterized by sedimentary sandstones and

mudstones interspersed with basalt intrusions (Franklin and Dyrness 1973, Alt and

Hyndman 1991), the mountain terrain is generally steep. The climatic regime is temperate

and wet to mesic, with summer drought periods occurring during July and August. Mean

annual precipitation varies from 1100-2700 mm, while mean annual temperatures range

from 48-52 °F (Daly, et al. 1994). Summer temperatures increase with distance away

from the ocean, and the climate becomes hot and dry at the eastern edge of the Coast

Range at the Willamette Valley boundary (see Chapter 2, Table 2.1).
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Field Methods

Within each stand, a 300-meter transect was established. The starting point of the

transect was randomly located, the azimuth set before entering stand, based on air photo

interpretation to best fit a transect within stand boundaries. At 30-meter intervals on the

transect the nearest individual western hemlock of each available size class was sampled.

These size classes were: 20-60 cm tall, 61-140 cm tall, 0-5 cm dbh, 5.1-10 cm dbh, 10.1-

20 cm dbh, and each 10 cm increment up to the largest size class encountered. Ten

samples were obtained for each size class up to 20 cm dbh, five samples were collected

for each dbh class over 20 cm dbh.

Once an individual western hemlock was identified for sampling height (if <140

cm tall) or dbh, and substrate rooted on were recorded. Rooting substrates were classed

as: decayed wood, mineral soil, duff (for seedlings only), or tree skirt (base of an

established tree). Additionally, stilted roots were noted as evidence of past rooting on

decayed wood, even if no wood was present. Small seedlings and saplings were

destructively sampled, basal diameter and total height were recorded and annual rings were

counted in the laboratory. For saplings and trees a basal diameter and increment core was

collected and also analyzed in the laboratory.

Analysis

Growth rates for seedlings were calculated as the height (cm) of an individual

divided by basal age (number of annual rings). Growth rates for saplings and trees were

calculated as the basal diameter (cm) divided by basal age, and recorded according to dbh



ill

of the individual. Growth rates were determined for each individual western hemlock,

then average growth rates were calculated by size class for each stand.

RESULTS

Western Hemlock Occurrence on Different Substrates

Western hemlock was found on decayed wood less than 50% of the time across all

size classes in the entire study area (Table 4.1). Seedlings (20-140 cm tall) occurred more

frequently on wood (71 %), saplings and trees 0-20 cm dbh occupied decayed wood

substrates 50% of the time, while western hemlock trees >20 cm dbh were observed on

wood substrates or with stilted roots only 14% of the time (Table 4.1).

Differences in rooting substrates of western hemlocks were observed between the

North Coast, Central Interior, and Valley Margin. North Coast sites contained a higher

proportion of seedlings, saplings, and trees rooted on decayed wood than Central Interior

and Valley Margin sites (Table 4.2). In North Coast sites, 84% of all western hemlock

individuals occurred on decayed wood substrates, Central Interior sites had 40% of

western hemlock on wood, while Valley Margin sites had only 26% overall wood

occupancy by western hemlock (Table 4.2). When broken down by size class by area the

results were even more striking. In the North Coast, Central Interior, and Valley Margin

western hemlock seedlings (20-140 cm tall) were found on wood 100%, 60%, and 65 %of

the time (Table 4.2). Saplings and trees 0-20 cm dbh followed the same general pattern,

with 90%, 50%, and 21% of saplings in the North Coast, Central Interior, and Valley
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Table 4.1. Percent frequency (actual number) of western hemlock stems occurring on
decayed wood (CWD), duff, mineral soil, or treeskirt substrates. Data is pooled for all
stands sampled.
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Table 4.1.

Seedbed

Size Class Decayed Wood Duff Mineral Soil Treeskirt

Seedlings

20-60 80 2 16 2
cm tall (49) (1) (10) (1)

61-140 62 2 28 8
cmtall (38) (1) (17) (5)

Saplings and Trees

0-5 61 2 34 3
cm dbh (39) (1) (22) (2)

5.1-10 48 0 45 7
cm dbh (30) (28) (4)

10. 1-20 42 0 47 11

cm dbh (25) (33) (3)

20. 1-30 25 0 69 6
cm dbh (12) (33) (3)

30.1-40 33 0 67 0
cm dbh (7) (14)

40.1-50 13 0 87 0
cm dbh (3) (20)

50.1-60 15 0 81 4
cm dbh (4) (21) (1)

60. 1-70 13 0 87 0
cm dbh (2) (13)

70. 1-80 9 0 91 0
cm dbh (1) (10)

80.1-90 0 0 100 0
cmdbh (5)

90.1-100+ 0 0 100 0
cm dbh (5)

Total 45 0.6 50 4
(210) (3) (231) (19)
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Table 4.2. Percent frequency (actual number) of western hemlock stems occurring on
decayed wood (CWD) or soil/duff substrates, arranged by area and size class. Stems
occurring on tree skirts were not included in frequency calculations.
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Table 4.2.

North Coast Central Interior Valley Margin

Size Class CWD Soil+Duff CWD Soil+Duff CWD SoiI+Duff

Seedlings

20-60 100 0 68 32 74 26
cm tall (22) (0) (13) (6) (14) (5)

61-140 100 0 53 47 57 43
cmtall (16) (0) (10) (9) (12) (9)

Saplings and Trees

0-5 95 5 54 46 37 63
cm dbh (20) (1) (12) (10) (7) (12)

5.1-10 88 12 38 62 17 83
cmdbh (21) (3) (6) (10) (3) (15)

10.1-20 88 12 56 44 10 90
cmdbh (14) (2) (9) (7) (2) (19)

20.1-30 31 69 36 64 17 83
cmdbh (4) (9) (5) (9) (3) (15)

30.1-40 80 20 14 86 18 82
cmdbh (4) (1) (1) (6) (2) (9)

40.1-50 60 40 0 100 0 100
cmdbh (3) (2) (0) (8) (0) (11)

50.1-60 60 40 14 86 0 100
cmdbh (3) (2) (1) (6) (0) 13

60.1-70 100 0 20 80 0 100
cmdbh (2) (0) (1) (4) (0) (8)

70.1-80 0 0 0 100 17 83
cmdbh (0) (0) (0) (5) (1) (5)

80.1-90 0 0 0 100 0 100
cmdbh (0) (0) (0) (3) (0) (2)

90.1-100+ 0 0 0 100 0 100
cmdbh (0) (0) (0) (2) (0) (1)

Total 84 16 41 59 26 74
(216) (40) (58) (85) (44) (124)



116

Margin areas respectively (Table 4.2) occupying decayed wood substrates. Trees >20

cm dbh exhibited a more extreme pattern with only 53%, 16%, and 8% of trees occupying

decayed wood substrate or having stilted roots (Table 4.2). The frequency of substrate

occupancy by stand, area, and size class is shown in Table 4.3, and illustrates the level of

variability observed in the stands.

Western Hemlock Size Class and Age Distributions

Western hemlock seedling, sapling, and tree densities by size class for each stand

in each area were unique (Figures 4.1 and 4.2). The size class distributions ranged from

low densities of small trees with higher densities of larger trees, to a rather even

distribution across all size classes, and then finally a general pattern of higher densities of

smaller trees with few larger diameter trees on the site. All stands contained at least a few

western hemlock trees >60 cm dbh providing a seed source in the stand (Figure 4.2).

Distributions of ages in all stands were highly variable (Figure 4.3). Stand 91 was

sampled only up to 30 cm dbh sizes but all others were sampled over all size classes

(Figure 4.4). In addition to the presence of younger age classes in all stands, at least a

few trees greater than 150 years of age were present in four of the stands. Age

distributions for western hemlock showed defmite pulses of regeneration (Figure 4.4).

These pulses of regeneration were both unimodal and bimodal, with approximately 30-70

years between peaks in regeneration (Figure 4.3 and 4.4). The peaks did not appear to

correspond directly across stands.
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Table 4.3. Percent frequency (actual number) of western hemlock stems occurring on
decayed wood (CWD) and soil/duff substrates, arranged by area, stand, and size class.
Stems occurring on tree skirts were not included in frequency calculations.
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North Coast
Stand 91 Stand 96

Central Interior
Stand 76 Stand 103

Valley Margin
Stand 84 Stand 106

Size
Class

CWD Soil+ CWD Soil+
Duff Duff

CWI) Soil+
Duff

CWD Soil+
Duff

CWD Soil+
Duff

CWD Soil+
Duff

20-60 100 0 100 0 50 40 80 20 70 30 78 22
cm tall (11) (11) (5) (4) (8) (2) (7) (3) (7) (2)

61-140 78 0 90 0 33 67 64 27 67 33 40 50
cm tall (7) (9) (3) (6) (7) (3) (8) (4) (4) (5)

0-5 100 0 82 9 58 42 50 50 56 33 18 82
cmdbh (11) (9) (1) (7) (5) (5) (5) (5) (3) (2) (9)

5.1-10 90 10 86 14 22 78 44 33 20 60 10 90
cm dbh (9) (1) (12) (2) (2) (7) (4) (3) (2) (6) (1) (9)

10. 1=20 88 12 70 10 40 40 45 27 9 91 10 90
cm dbh (7) (1) (7) (1) (4) (4) (5) (3) (1) (10) (1) (9)

20.1-30 60 40 10 70 40 60 30 60 29 71 9 91
cmdbh (3) (2) (1) (7) (2) (3) (3) (6) (2) (5) (1) (10)

30.1-40 - - 80 20 0 0 20 80 17 83 20 80
cmdbh (4) (1) (1) (6) (1) (5) (1) (4)

40.1-50 - - 60 40 0 100 0 100 0 100 0 100
cmdbh (3) (2) (2) (6) (6) (5)

50.1-60 60 40 33 67 0 80 0 100 0 100
cm dbh (3) (2) (1) (2) (4) (7) (6)

60.1-70 100 0 0 100 0 100 0 100 0 100
cm dbh (2) (1) (4) (4) (4)

70.1-80 0 0 0 100 0 100 25 75 0 100
cmdbh (1) (4) (1) (3) (2)

80.1-90 - C) 0 0 100 0 100 0 100 0 100
cmdbh (1) (2) (1) (1)

90.1-100+ - 0 0 0 100 0 100 0 100 0 0
cm dbh (1) (1) (I)

Total 92 8 79 21 39 61 40 60 32 68 20 80
(48) (4) (61) (16) (24) (37) (33) (49) (27) (58) (17) (66)
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Figure 4.1 Density of western hemlock seedlings by size class for each stand (from
Chapter 2).
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A broad range of ages was found across the different size classes of western

hemlock seedlings, saplings, and trees (Figure 4.5). Mean age of seedlings, saplings, and

trees increased in proportion to size class (Figure 4.6). Average ages ranged from 12

years for seedlings (20-60 cm tall) to 184 years for trees >90 cm dbh (Table 4.4). A

breakdown of mean age by size class (<30 cm dbh) for each individual stand revealed the

individualized nature of stand development (Figure 4.7, Table 4.4). Some stands showed

an increasing, non-overlapping age increment with increasing size, suggesting continual

recruitment over time, while other stands showed a flattening out of age with increasing

size, suggesting suppression effects within the canopy, and a more "pulsed" establishment

pattern. Both of these patterns were observed throughout the study area.

Growth Rates

Growth patterns were distinct between western hemlock seedlings, saplings,

smaller diameter trees, and larger diameter trees. Growth rates for seedlings 20-60 cm

tall were approximately 4 cm per year in height growth with a range of mean values

between 2.69-4.91. Larger seedlings 60-140 cm tall averaged 4.6 cm/yr in height growth,

with a range of mean values between 4.03-6.14 cm/year (Table 4.5). The highest growth

rates for both seedling size classes occurred in the two North Coast stands (91, 96) and

one Valley Margin stand (106). The lowest small seedling growth rate occurred in one

of the Central Interior stands (103). A very large difference in diameter growth rate

existed between saplings and larger trees. Saplings 0-5 cm dbh grew roughly 0. 1cm/year

while hemlock trees greater than 70 cm dbh grew 0.6-0.7 cm/year (Table 4.5).
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Table 4.4. Western hemlock mean age (Se) for each size class in each stand. Number of
stems sampled per size class denoted by [].



Table 4.4. 127
Size Class Stand 91 Stand 96 Stand 76 Stand 103 Stand 84 Stand 106 Total
20-60 10.45 8.82 13.40 18.80 14.10 8.11 12.26
cm tall (1.05) (1.28) (1.71) (1.59) (1.86) (0.54) (0.72)

[11] [11] [10] [10] [10] [9] [61]

61-140 18.22 20.90 27.33 27.73 27.33 25.50 24.70
cm tall (1.05) (3.88) (1.62) (3.85) (2.51) (4.17) (1.33)

[9] [10] [9] [11] [121 [101 [61]

0-5 40.54 39.54 39.08 38.40 48.78 42.82 41.31
cm dbh (2.49) (6.86) (4.96) (5.21) (6.47) (4.58) (2.09)

[11] [11] [12] [101 [9] [11] [64]

5.1-10 51.90 62.71 38.00 52.12 72.50 50.00 55.43
cm dbh (4.82) (4.93) (4.48) (7.37) (8.23) (2.46) (2.59)

[10] [14] [9] [9] [10] [101 [62]

10.1=20 71.38 60.20 45.80 70.09 90.46 64.50 67.37
cmdbh (7.95) (3.76) (5.20) (9.97) (4.87) (5.27) (3.13)

[8] [10] [10] [11] [11] [10] [60]

20.1-30 89.20 62.20 74.00 81.20 107.00 61.36 76.54
cmdbh (5.23) (3.89) (11.04) (8.37) (4.74) (3.81) (3.35)

[5] [10] [5] [10] [7] [11] [48]

30.1-40 - 68.80 - 108.00 105.33 89.40 93.48
cmdbh (2.97) (15.58) (9.64) - (11.91) (6.11)

[5] [5] [6] [5] [21]

40.1-50 74.40 129.00 105.00 114.17 111.60 104.26
cmdbh (4.18) (14.00) (13.16) (7.56) (7.13) (5.16)

[5] [2] [5] [6] [5] [23]

50.1-60 71.20 141.67 122.80 126.33 125.17 116.16
cm dbh (4.73) (27.97) (3.23) (11.25) (8.23) (6.40)

[5] [3] [5] [7] [6] [26]

60.1-70 78.50 120.00 123.50 141.67 178.75 136.50
cm dbh (2.50) (-) (4.25) (0.88) (24.41) (11.06)

[2] [1] [4] [4] [4] [15]

70.1-80 0 230.00 117.00 133.00 118.00 133.27
cm dbh (-) (5.80) (17.22) (2.00) (11.62)

[1] [4] [4] [2] [11]

80.1-90 - 0 227.00 124.00 135.00 123.00 146.60
cm dbh (-) (1.00) (-) (-) (20.22)

[1] [2] [1] [1] [5]

90.1-100+ - 70.00 218.00 171.00 245.00 0 184.40
cm dbh (-) (23.00) (-) (-) (31.82)

[1] [2] [1] [1] [5]
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Table 4.5. Western hemlock mean growth rates (Se) in cm/year for each size class in
each stand. Number of stems sampled per size class is denoted by [].
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Size Class Stand 91 Stand 96 Stand 76 Stand 103 Stand 84 Stand 106 Total
Height Growth

20-60 4.70(0.3) 4.91(0.5) 3.46(0.5) 2.69(0.2) 3.44(0.3) 4.79(0.4) 4.01(0.18)
cm tall [11] [11] [10] [101 [101 [9] [61]

60.1-140 4.85(0.2) 6. 14(0.7) 4.02(0.2) 4.20(0.3) 4.03(0.4) 4.64(0.5) 4.62(0.20)
cm tall [9] [10] [9] [11] [12] [10] [61]

Diameter Growth

0-5 0.10(0.01) 0.06(0.01) 0.09(0.01) 0.10(0.01) 0.09(0.01) 0.10(0.01) 0.09(0.01)
cm dbh [11] [11] [12] [10] [9] [11] [64]

5.1-10 0.19(0.02) 0.13(0.02) 0.22(0.02) 0.24(0.05) 0.13(0.01) 0.17(0.01) 0.17(0.01)
cm dbh [10] [14] [9] [9] [10] [10] [62]

10.1=20 0.25(0.01) 0.27(0.03) 0.34(0.03) 0.33(0.05) 0.17(0.01) 0.24(0.02) 0.27(0.02)
cmdbh [8] [101 [101 [11] [11] [10] [60]

20.1-30 0.30(0.02) 0.48(0.04) 0.38(0.05) 0.41(0.07) 0.22(0.01) 0.41(0.03) 0.38(0.02)
cm dbh [5] [10] [5] [10] [7] [11] [48]

30.1-40 0.58(0.04) 0 0.40(0.08) 0.35(0.04) 0.41(0.05) 0.43(0.03)
cm dbh [5] [51 [6] - [5] [21]

40.1-50 0.58(0.03) 0.36(0.04) 0.50(0.08) 0.39(0.02) 0.41(0.03) 0.46(0.03)
cm dbh [5] [2] [5] [6] [5] [23]

50.1-60 - 0.84(0.05) 0.44(0.09) 0.44(0.01) 0.46(0.03) 0.47(.03) 0.52(0.03)
cm dbh [5] [31 [5] [7] [6] [26]

60.1-70 - 0.83(0.04) 0.50(-) 0.57(0.06) 0.46(0.01) 0.44(0.05) 0.54(0.04)
cm dbh [2] [1] [4] [4] [4] [15]

70.1-80 - 0 0.32(-) 0.70(0.05) 0.6(0.08) 0.65(0.01) 0.62(0.05)
cm dbh [1] [4] [4] [2] [11]

80.1-90 - 0 0.36(-) 0.68(0.02) 0.60(-) 0.70(-) 0.60(0.06)
cm dbh [1] [2] [1] [1] [51

90.1-100+ - 1.55(-) 0.53(0.01) 0.59(-) 0.38(-) 0 0.71(0.21)
cm dbh [1] [2] [1] [1] [5]
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Growth rates of seedlings <140 cm tall were similar on decaying logs and mineral

soil (Figure 4.8). Generally, the growth rates of saplings and trees growing on decayed

wood and mineral soil appeared to be the same. However, stand 103 contains an example

of substantially lower growth rates on mineral soil compared to organic substrates for trees

10-40 cm dbh. This is likely the result of suppression effects of canopy density (Figure

4.9).

Very little differences were observed in seedling growth rates between the North

Coast, Central Interior, and Valley Margin sites (Figure 4.8). Highest seedling growth

rates were observed in the two North Coast stands (91, 96) as well as in one Valley

Margin stand (106). Moderate seedling growth rates were observed in one Central Interior

stand (76) and at the Valley Margin (84). The lowest seedling growth rates were observed

in a high elevation Central Interior stand (103) with low tree density but a high basal area,

and 20% vine maple cover (Figure 4.10).

Based on the plots of seedling growth rates against various stand-level factors

(Figure 4.10 and Table 4.6), few generalizations could be made. The two North Coast

stands with the highest seedling growth rates occurred at lower elevations (<305 m) than

the other stands (Figure 4.10). These same stands had higher accumulations of decayed

wood (>300 m3/ha), and the highest level of canopy gaps. Overstory characteristics

including basal area and tree density, percent hemlock basal area and density, overstory
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conifer and deciduous cover, showed few consistent trends with growth rates (Figure

4.10).

DISCUSSION

Substrates

Patterns of occurrence on various rooting substrates by western hemlock were

variable, but exhibited distinct trends. The low overall percent (45%) of western hemlock

observed on logs (or trees having stilted roots) was surprising, when much of the current

literature from the Pacific Northwest leads us to expect western hemlock regeneration

occurring predominantly on decayed logs (Gray and Spies 1997, Huffman and Tappeiner

in review, Harmon and Franklin 1989, Christy and Mack 1984). Western hemlock stems

of all sizes in old-growth forests are frequently observed with elevated roots or growing

on logs (Stewart 1986b). It must be acknowledged that in this study some trees may have

been mis-classified regarding the substrate they were growing on. Trees were visually

categorized as having stilted roots or being rooted on the forest floor. As a double-check

on trees rooted on the forest floor, the base of each tree was slightly excavated to search

for fragments of decayed wood, before being classified as rooted on the forest floor. If

the wood had rotted completely away, it may have been mis-classified in the sampling.

I do not believe this happened very often, but is possible.

Regional patterns of western hemlock on wood and forest floor substrates varied

distinctly across the climatic gradient from the cool moist North Coast to the seasonal dry
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and hot extreme of the Valley Margin. The decline in western hemlock growing on

decayed logs was progressive from the North Coast to the Valley Margin. Another

striking pattern of differences in rooting substrates by size class was apparent in the

Central Interior and Valley Margin areas. In these areas, seedlings were observed rooted

predominantly on decayed logs, while trees were found rooted largely on the forest floor.

Conversely, at the North Coast all size classes of western hemlock were predominantly

found on logs.

Abundance of decayed wood may be a limiting factor for western hemlock

regeneration. Seedling densities were significantly related to coarse wood volumes

(Chapter 2) in this study. Decayed wood volume was lower in the Central Interior and

Valley Margin stand sampled than at the North Coast, supporting this hypothesis. Coarse

woody debris recruitment increases through the successional process, and should become

a more abundant seedbed for western hemlock regeneration over time.

Intense summer drought at the Valley Margin could also explain the lack of

seedlings on wood at those sites. Western hemlock germinants and seedlings are very

sensitive to drought (Christy 1986). The North Coast is cool and moist, while summer

conditions at the Valley Margin are hot and dry. Decayed wood makes a good seedbed

for western hemlock germinants because it retains moisture longer than the forest floor,

which dries out rapidly during the summer (Gray 1995, Harmon et al. 1986). Even

though logs may retain more moisture than the forest floor, western hemlock germinants

and seedlings may need more moisture in the Valley Margin than even the logs can

provide, at least in the upper layers where drying would likely be most intense. Years of
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cooler temperatures and increased moisture may be necessary to make any substrate a

suitable site for regeneration in the Valley Margin. However, because western hemlock

seedlings at the Valley Margin were still observed regenerating on decaying logs, stand-

level conditions of multiple crown layers, elevation, aspect, and slope may ameliorate

harsh conditions. In low elevation Valley Margin sites on exposed south slopes wood may

not be a favorable seedbed for western hemlock regeneration because of the harsh

environmental conditions.

Disturbance may be an important factor influencing colonization of different

substrates by western hemlock at the regional level, as well as within stands. In the North

Coast, nearly all western hemlock was found growing on decaying logs. In the Central

Interior, and especially in the Valley Margin most trees were observed rooted

predominantly on the forest floor, while seedlings were established primarily on decayed

logs. Disturbance resulting from wildfire has been related to cohort regeneration of

western hemlock within forest stands in the Pacific Northwest (Goslin 1997, Huff 1995).

I believe that the larger, older trees in the sampled stands primarily regenerated following

wildfire and rooted on the forest floor in the absence of vegetation competition. In the

North Coast sites, even following wildfire, the amount of coarse woody debris on the

forest floor may have been so abundant that it was the only seedbed available. After

stand establishment, without further disturbance to the forest floor, small seedlings may

be restricted to decayed logs as a result of competition with forest floor herbs and shrubs

(Harmon and Franldin 1989). While disturbance to the overstory canopy results in an

increase in light and moisture resources to the forest floor (Gray 1995), disturbance to the
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forest floor creates an "understory gap" by eliminating competing vegetation, and

increasing growing space (Oliver 1981), improving the colonization opportunity for

western hemlock.

By eliminating overstory competition and/or understory vegetation, fire provides

opportunity for western hemlock to colonize the forest floor. Historic fire patterns suggest

that very large areas of the Coast Range were subjected to widespread fire with the

beginning of modern settlement of the area in the mid-to late-1800's (Morrison 1934,

Teensma et al. 1991). Recent studies suggest that areas near the Valley Margin have a

different fire pattern than the North Coast and Central Interior. The Valley Margin areas

show evidence of a more frequent, less intense fire return interval estimated at

approximately 75 years, while the interval for the Interior and Coastal zones were

estimated to be longer, potentially between 115-300 years (Impara 1998). Following

frequent periodic fires at the Valley Margin, a variety of size classes of western hemlock

might be hypothesized to establish on the forest floor. The data from this study support

this idea, though other stand level characteristics such as vegetation competition and forest

floor moisture and light conditions are also important. Conversely, infrequent but

catastrophic fire (North Coast) would be responsible primarily for stand initiation, and

have little influence on the stand after this. In addition to these generalized fire patterns,

Impara (1998) observed evidence of scattered small, low severity fires throughout the

Coast Range.
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Age and Size Class Distribution

Recruitment of western hemlock exhibited patterns of both continual and pulsed

episodes of regeneration, with no obvious relationship to regional position. Multiple

pulses in western hemlock recruitment occurred in every stand, and were generally

between 40 and 70 years apart. Because these pulses occurred in all stands, they are likely

a function of stand dynamics as opposed to being strictly related to climate or disturbance

regimes. Pulses of regeneration within established stands are expected when limiting

resources become available to the invading species (Oliver and Larson 1990). Light,

moisture, and physical growing space are important resources to regeneration during

understory reinitiation and may become available due to individual tree death or small

blow down patches. Both light and moisture increase at the forest floor as canopy gaps

occur (Gray 1995).

A possible scenario of regeneration pulse development may be as follows based on

Oliver and Larson (1990). Colonization occurs in a forest following major disturbance

(fire), the species dominating colonization is Douglas-fir, a few western hemlock also

establish within the stand. Colonization and growth continue until the stand reaches

closure or the stem exclusion stage. The stand moves through this period which lasts

between 50-100 years. Seed is shed by the maturing trees, with shade intolerant species

colonizing only large gaps, and western hemlock seeds germinating but not surviving past

a few seasons. At the end of the first period of stand closure, the tree crowns have lifted

sufficiently high above the forest floor to allow sidelight to filter down to the forest floor.

Stands dominated by Douglas-fir would reach this stage earlier than stands dominated by
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western hemlock, because of the thicker and longer canopy of western hemlock. With the

crown lift, there may be a period of time before the understory vegetation becomes fully

developed. Seedling establishment may be favorable during this window of reduced

vegetation competition. During a period of lifting and/or thinning of crowns, continued

seed rain from western hemlock coinciding with cool and wet weather could result in

pulses of regeneration observed in each stand. Following the germination process,

growth of western hemlock seedlings has been shown to be related to increasing light

levels (Gray and Spies 1996, Gray and Spies 1997), with canopy gaps important to

seedling growth. Western hemlock recruitment coinciding with approximately a 50-year

cycle of self-thinning of the overstory following stand closure in hemlock-dominited

forests has been previously suggested (Harcombe 1986, Ruth and Berntsen 1955).

In addition to the within-stand dynamics, disturbance from wind or fire could also

be influencing the development of regeneration pulses in the stands. The effects of wind

are strongest at the coastal extreme where storms moving over land from the Pacific Ocean

can cause both small and extensive areas of blowdown (Hemstrom and Logan 1986). In

areas of extreme or repeated wind disturbance, regeneration response to canopy gaps has

been observed (Sinton 1996).

Nearly all of the forests in the Oregon Coast Range have initiated following

wildfire, some sites experiencing repeated burning (Impara 1998, Morris 1934, Teensma

et al. 1991). The effects of fire may be seen at both large and small scales, from the total

destruction of an individual stand, to the creation of small canopy gaps and localized

disturbance to the forest floor. Large fire episodes are important to stand initiation events
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while smaller within-stand fires frequently result in regeneration pulses in forests (Jmpara

1998, Goslin 1997). Smaller and more frequent fires in the Valley Margin may very well

account for the pulses in western hemlock regeneration observed within stands, combined

with the stand level dynamics.

Growth Rates

Seedling growth rates were fairly consistent across the climatic gradient, but

showed some relationships with stand-level variables. Highest seedling growth rates were

observed in the two North Coast stands as well as one Valley Margin stand. Stand level

data was unavailable for the Valley Margin stand with the highest growth rate. The two

North Coast stands had the highest levels of accumulated downed wood, the highest levels

of canopy gaps, and were also at the lowest elevations of the study area. The effect of

vegetation competition on growth rates was suggested by the lowest growth rates occurring

in the only stand with a significant component (20%) of vine maple cover. The

importance of canopy gaps to seedling growth rates was demonstrated by Gray and Spies

(1996). While establishment of western hemlock germinants was sensitive to solar

radiation in larger gaps, once established, seedling growth was highest in portions of gaps

with the highest slight levels. In the Valley Margin stand with the highest growth rates,

scattered windthrow was obvious in recent years, and incidence of canopy gaps was high.

Growth of a western hemlock seedling into the canopy of an undisturbed forest can

be a very long process. With an estimated height growth of 4 cm/year, it could take a

seedling approximately 35 years to reach breast height (1.4 meters). Transition between
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10 cm size classes is projected to take 50 years at a growth rate of .2 cm/year. Harcombe

(1986) suggested that saplings growing at less than 3 cm/year would not be likely to

survive to reach the canopy.

CONCLUSIONS

Invasion of mature forests of the Oregon Coast Range by western hemlock

seedlings is a slow process in the absence of disturbance. Seedlings were observed

invading all stands primarily on decayed log substrates, with recruitment potentially

limited by abundance of logs. No obvious differences in seedling growth rates were

observed at the climatic extremes of the Coast Range, although individual stand conditions

probably provided a buffering effect at the Valley Margin in particular. Small differences

in seedling growth was observed between stands, and were related to individual stand

factors, most importantly abundance of canopy gaps.

Regional differences were observed in the rooting patterns of trees in the North

Coast compared to the Central Interior and Valley Margin areas. These differences may

be a result of the more frequent, less intense fire regime operating in portions of the

Central Interior and Valley Margin areas (Impara 1988). Alternately, the rooting patterns

could be a result of the relative abundance (or lack) of decayed wood at the time of stand

initiation. These two factors- fire frequency and wood abundance - are most likely

related, and difficult to separate in implied importance to the rooting patterns.

Continuous and pulsed patterns of western hemlock regeneration were observed in

all sampled stands. Pulses of western hemlock establisbment were similar within all
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stands at the North Coast, Central Interior, and Valley Margin, with observed pulses

occurring between 40-70 years. These pulses appeared to be a function of within-stand

dynamics, most likely related to thinning of the overstory, or localized disturbance from

windthrow or small fires in contrast to any regional pattern.
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CHAPTER 5. SUMMARY AND CONCLUSIONS

The objective of this research was to examine structural development in mature

forests in the Oregon Coast Range in terms of the abundance, spatial patterns and growth

rates of western hemlock regeneration. Different scales of examination of the successional

process were conducted in this research, including: 1) a broad-scale regional survey of

stand conditions and western hemlock regeneration abundance across a climatic gradient

in the Coast Range, 2) a fmer-scale examination of fecundity and dispersal of western

hemlock trees within stands, and 3) a characterization of the growth rates and age class

structures of western hemlock in mature and old forests.

SEEDLING ABUNDANCE AND REGIONAL/STAND CHARACTERISTICS

Abundance of western hemlock regeneration was hypothesized to vary across a

regional climatic gradient in the Oregon Coast Range, as well as with variation in

topography, and stand level structure. Western hemlock seedlings occurred in stands more

frequently in the cool, moist North Coastal area compared to the Central Interior and

Valley Margin sites, as was expected. However, the regional effect appeared to be

overcome by stand-level characteristics. For example, the highest seedling densities

occurred in the hot and dry Valley Margin, where they were not expected. Regeneration

density was closely related to stand age or time since last disturbance. Time incorporates

the complexities of stand dynamics, including small disturbances to the canopy and forest

floor that affect growing space, understory development, coarse wood recruitment, as well

as accumulated years of seed dispersal and germination opportunities.
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Older forests generally contain more western hemlock regeneration than young and

mature forests (Spies and Franlclin 1991), and the strong relationship between age and

seedling density in this study supports this fmding. However, old-growth stands were

difficult to locate in the Oregon Coast Range, because of the local fire history which

included extensive wildfires dating from the mid-1800's (Morris 1934, Teensma et al.

1991, Impara 1998). The majority of stands located at the North Coast were regenerated

following these fires, and consequently few stands are older than 150 years. A different

situation was apparent at the Valley Margin where older stands were encountered much

more frequently. Impara (1998) found that fires were frequent and less severe at the

Valley Margin compared with the central and western portion of the Coast Range.The fires

in the Valley Margin left parts of the canopy intact, and surviving western hemlock trees

provided seed to the stand over time. The fire history of Valley Margin stands helps

explain why such high seedling densities were found there.

Important stand-level factors related to seedling densities included those directly

influencing the resource environment, including abundance of western hemlock overstory

trees, abundance of decayed wood, and canopy cover. In addition to stand age, an

important link to regeneration potential is presence of parents (van der Pijl 1982).

Western hemlock seedling density was strongly related to the frequency and abundance of

overstory western hemlock trees, indicating the importance of a local seed source.

Additionally, western hemlock seedling densities were significantly related to the

abundance of decayed wood. Decayed wood has long been identified as a preferred seed

bed for western hemlock regeneration because of the potential for increased moisture
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retention in decaying logs, as a site of reduced competition from shrubs, and as sites that

shed deciduous litter more easily (Gray and Spies 1997, Huffman and Tappeiner in review,

Harmon and Franklin 1989, Christy and Mack 1984).

It was surprising that western hemlock seedling density was positively correlated

with conifer cover. In the understory reinitiation stage, canopy gaps are associated with

increased levels of understory regeneration (Oliver and Larson 1990). However, when

canopy gaps form in Coast Range stands, they are frequently colonized by rapidly

sprouting shrubs in the understory. Increased light from a canopy gap appears to result

in a growth of shrub canopy which inhibits western hemlock regeneration. Coarse wood

may also play an important role in the early establishment stage of western hemlock

seedlings by creating an understory gap in the shrub canopy.

The climatic gradient of the Oregon Coast Range was more complex to interpret

than originally anticipated. Although temperature and moisture patterns at the extremes

of the study area were fairly well-defined, there were confounding effects of aspect and

elevation moving from the ocean to the crest of the Coast Range. The crest of the Coast

Range is quite skewed to the eastern edge of the range, with a wide variety of elevations

encountered with distance away from the coast. The variety of elevations was responsible

for variability in moisture and temperature not accounted for within the simple gradient -

cool and wet to hot and dry. Consequently, elevation was an important variable in the

models of western hemlock seedling density. Elevation explained more variation in

western hemlock seedling density than did temperature and precipitation. Elevation seems

to act as a topographic integrator, accounting for the effects of temperature and moisture
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better than the individual variables that are extrapolations from weather station data. It

would seem that adding slope and aspect along with latitude would make an even more

powerful predictor, but that is essentially what the solar insolation index (Smith 1993)

does. The solar insolation index variable was not related to western hemlock seedling

densities either. It is perplexing why elevation alone remains significant in analysis.

Fog was another variable that was not factored in to the analysis, but was likely an

important influence on regeneration. While the fog belt at the North Coast was

recognized, there were observed instances of localized fmgers of fog moving up the coastal

drainages, and hanging in the valleys all the way to the crest of the Coast Range. There

are currently no quantifiable measures for this type of fog-event or the frequency with

which it occurs.

It is important to remember that this was an observational study and the results are

not necessarily cause-and-effect relationships. Likewise, these fmdings are specific to the

study area - the central Oregon Coast Range, and while the study results may be useful to

generate hypotheses for other areas in the Pacific Northwest, their limits should be

recognized.
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DISPERSAL DISTANCE, CONE PRODUCTION, AND SEEDLING SPATIAL
PATTERNS

Spatial patterning of seedlings was hypothesized to be related to distribution of

parents within mature forest stands. In a forest of multiple parents, dispersal distance

between parents and seeds is difficult to measure, therefore in this study, distances

between germinants and small seedlings and the nearest potential parent trees were used

as a surrogate for seed dispersal. Observed dispersal distances were short relative to the

capacity of seed flight from western hemlock trees in the open, where wind currents carry

the seeds quite long distances. Dispersal of western hemlock seed within the forest was

expected to be more a direct function of gravity because of the buffering effect of the

canopy against dispersing winds. Results from this study support this hypothesis that

dispersal likely occurs at a relatively short distances - within 10 meters- from potential

parent trees.

Cone production, and implied seed input was hypothesized to vary with size of

tree. Study results supported this hypothesis, with highest cone production observed most

consistently in dominant and codominant trees of larger diameters. This is an important

consideration when evaluating the potential for a stand to naturally develop a regeneration

layer. Small, suppressed western hemlock trees will take a long time to develop into

effective seed producers. Stands dominated by Douglas-fir, and containing isolated small

diameter western hemlock saplings or trees are expected to produce few recruits based on

within-stand dispersal.
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AGE DISTRIBUTIONS, SUBSTRATES, AND GROWTH RATES

North Coast stands were hypothesized to have a continual pattern of recruitment

relative to Valley Margin stands because of increasing moisture stress moving away from

the coast. Pulses of western hemlock regeneration were observed at intervals between 40-

70 years in all stands across the climatic range. Each stand had a unique composition in

terms of size class and species of individuals. Large western hemlock trees were

frequently rooted on the forest floor suggesting establishment following fire, while

seedlings were observed almost exclusively rooted on decayed logs.

Seedlings had more rapid growth in stands at low elevation in the North Coast, in

stands with abundant decaying logs, and with the highest levels of canopy gaps. Saplings

had a very slow rate of growth compared to overstory trees. Seedling height growth rates

averaged 4 cm/year, with a projected age to reach breast height (140 cm) at 35 years.

Sapling diameter growth rates of approximately 0.2 cm/year project 50 years time to move

from one 10 cm diameter class to the next.

CONCLUSIONS

Western Hemlock Seedling Abundance

Frequency of stands containing western hemlock regeneration was higher in North

Coast sites compared to Central Interior and Valley Margin sites.

Overall seedling densities were highest at the Valley Margin, but appeared to be a

function of stand age, with the North Coast area dominated by young stands.
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Stand level variables such as age, overstory western hemlock, abundance of decayed

logs, and conifer cover were more important than regional climate variables in

explaining western hemlock seedling densities within stands.

Age was the strongest explanatory variable for western hemlock seedling densities.

Western hemlock seedling density was significantly related to abundance of western

hemlock overstory trees, suggesting that seed source was an important factor in the

distribution of western hemlock regeneration.

Seedling densities were significantly related to decayed coarse woody debris supporting

the hypothesis that decaying wood provides a "safe site" for western hemlock

regeneration.

Western hemlock seedling densities were significantly related to increasing conifer

cover probably because of the shading effect to the forest floor that often results in

decreased shrub cover and therefore reduced competition for seedlings.

When salmonberry cover exceeded 10% cover in a stand seedling densities were

uniformly low suggesting intense competition for seedlings.

Seedling Dispersal Distances

Inferred dispersal distances between seedlings and nearest potential parent were short,

generally within 10 meters.

Cone production was greatest in western hemlock trees >40 cm, and of codominant

and dominant canopy class.
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3.) Observed spatial patterns of seedling patches were highly variable, ranging from

isolated, low density patches to high density large patches scattered throughout a stand.

Western Hemlock Age Distributions, Growth Rates, Substrates

Examination of age distributions in six stands revealed pulses of regeneration ranging

from 40-70 years in stands from the North Coast to the Valley Margin, and appeared

to be the result of stand dynamics and/or disturbance.

Western hemlock of all size classes was observed predominantly on decayed wood

substrates at the North Coast. Seedlings at the Central Interior and Valley Margin

were observed primarily rooted on decayed wood while trees were rooted mainly on

the forest floor. Abundance of decayed wood, climatic factors, and disturbance

regimes may all influence these patterns.

Growth rates of western hemlock seedlings and saplings were variable across the

climatic gradient. Highest seedling growth rates occurred in two low elevation coastal

stands, containing high levels of coarse woody debris, and the highest levels ofcanopy

gaps.

Growth rates of western hemlock varied by size class, ranging from approximately 4

cm/year for seedlings <140 cm tall, and between .2- .6 cm/year for saplings to large

overstory trees respectively.
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Appendix. Stand characteristics and western hemlock seedling densities for 105 stands sampled in the central Oregon Coast Range.
TPH = trees per hectare, TsheTPH = western hemlock trees per hectare, No. Seg. = number of transect segments (0-12) containing
western hemlock trees, CWD = coarse woody debris, Pomu = Polysticum munitum, Gash = Gaultheria shallon, Acci = Acer circinatum,
Oxor Oxalis oreganum, Bene = Berberis nervosa, Vapa = Vaccinium parviflorum, Rusp = Rubus spectabilis.

Stand No. Mean TPH Mean BA Tshe TPH
(m2/ha)

Tshe BA
(m2/ha)

No. Seg. Pieces!
300m

Vo1CWD Pomu Gash Acci Oxor
(m31ha) (% cover) (% cover) (% cover) (% cover)

1 440 62.75 0 0 0 0 0 12.14 29.43 39.29 2.14
2 585 97.44 113.91 11.68 10 55 465.9 8.71 25.71 30.71 1.57
3 415 57.36 2.78 0.05 1 25 690.01 26.43 0 18.57 19.294 190 92.34 20.84 1.52 7 55 411.21 55 0.43 66.43 8.14
5 85 70.07 6.95 0.12 3 30 310.87 29.29 3.43 26.86 11.43
6 185 85.19 6.95 0.49 5 25 336.37 53.57 11 46.86 0
7 355 47.98 0 0 0 9 74.84 6.71 17.14 0.14 0
8 150 95.25 0 0 0 18 118.02 0 0 0 0
9 520 64.32 0 0 0 17 157.9 28.43 2.43 0 18.57

10 195 52.3 1.39 0.02 1 23 78.95 12.86 58.57 0 8.43
11 305 78.82 159.75 5.77 11 43 185.87 11.57 45 0 8
12 340 81.09 143.08 5.56 11 37 261.53 48.57 7.14 0 14.86
13 235 27.56 0 0 0 6 5.76 0.57 70.71 0 014 380 71.51 30.56 2.22 9 40 101.57 4.86 45.71 0 015 310 79.31 151.42 11.56 12 33 573.64 20.71 6 0 15.7117 285 69.67 4.17 0.12 2 29 151.33 17.71 37.86 11.43 018 100 81.01 0 0 0 23 119.25 13.29 0.29 13.57 5
19 120 54.82 1.39 0.02 1 17 481.94 27.14 32.29 0 020 405 29.23 8.34 0.45 2 40 252.89 29.86 5.86 0 1621 270 34.85 9.72 1.28 6 50 754.57 36.43 0 0 1.4322 355 92.59 112.52 10.21 12 44 436.29 35.29 7.43 0 423 530 67.96 0 0 0 35 59.21 4.29 32.29 1.57 0
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Stand No. Mean TPH Mean BA Tshe TPH
(m2/ha)

Tshe BA
(m2/ha)

No. Seg. Piecesl
300m

Vo1CWD
(m31ha)

Pomu Gash Acci Oxor
(% cover) (% cover) (% cover) (% cover)

24 175 48.17 0 0 0 18 115.14 34.29 0 2.86 5
25 115 64.08 0 0 0 19 321.15 28 0 42.29 0
26 150 64.85 1.39 0.02 1 41 330.61 51.43 25.71 25 10.71
27 180 40.25 12.5 0.57 5 27 157.9 55 5 25.71 2.86
28 140 71.82 0 0 0 24 198.2 33.57 13.57 48.57 3.57
29 235 105.08 2.78 0.29 2 29 179.29 8.57 22.29 64.29 1.43
30 195 112.15 9.72 0.59 2 19 101.98 25.71 28.57 24.29 8.14
31 380 74.02 20.84 0.5 5 32 120.9 2.86 34.57 3.57 0
32 165 39.59 36.12 2.8 7 15 268.93 2.43 16.43 7.14 0
33 560 31.65 0 0 0 23 59.21 36 0 9.29 37.14
34 265 60.52 41.68 6.3 9 64 595.02 47.86 0 11.43 5.86
35 325 109.97 125.03 34.07 11 39 624.22 5 11.43 0 30
36 250 33.63 11.11 0.31 3 58 741.41 23.57 0.43 22.14 13.29
37 200 62.13 1.39 0.02 1 9 54.69 50.71 0 0.14 0
38 265 51.49 63.9 5.45 9 59 437.53 30.43 0.29 11.43 8.86
39 490 72.43 100.02 3.93 11 27 276.74 36.43 0 0 19.57
40 185 77.88 6.95 3.13 2 25 580.22 18 0 0 3.57
41 505 85.26 0 0 0 28 85.53 8.29 41.43 0 0
42 170 61.28 102.8 10.3 10 19 107.74 33.57 0 0 10
43 115 22.69 4.17 0.86 2 25 111.03 39 0.86 0 0.14
44 530 70.86 16.67 1.15 6 3 185.87 10 21 0 0
45 455 62.08 4.17 0.12 2 16 252.48 50.71 1.43 0.71 0
46 265 63.9 13.89 1.62 4 23 132.82 48.57 0.29 0 0
47 325 86.48 15.28 0.31 5 19 259.88 18.57 60.71 0 0
48 250 73.45 33.34 8.68 7 51 691.65 50.71 0 0.71 4.86



Appendix (continued)

Stand No. Mean TPH Mean BA Tshe TPH
(m2/ha)

Tshe BA
(m2/ha)

No. Seg. Pieces/
300m

VoICWD
(m31ha)

Pomu Gash Acci Oxor
(% cover) (% cover) (% cover) (% cover)

49 415 91.53 119.47 16.69 12 24 251.25 35 0.86 0 0.71
50 180 63.11 94.46 17.12 12 18 136.93 55 0 0 4.43
51 140 71.82 0 0 0 55 333.9 30 3.57 70.71 8.71
52 165 65.12 2.78 1.12 2 20 215.88 35.71 0.29 36.43 21.14
53 130 59.71 1.39 0.13 1 18 151.74 28.71 15.71 18.57 5
54 85 51.77 1.39 0.02 1 32 281.27 19.29 15 16.43 2.86
55 200 49.32 0 0 0 24 149.27 35.71 3.71 8.57 15.86
56 140 36.87 0 0 0 19 92.93 28.86 4.71 14.43 0
57 370 35.99 2.78 0.68 1 13 120.9 18.57 7.86 7.86 3.57
58 150 67.52 8.34 0.26 3 20 300.18 22.43 26.14 19.29 10.71
59 445 44.78 0 0 0 15 102.8 5.71 47.86 4.29 0
60 680 50.11 180.59 6.31 12 37 208.07 24.57 0 4.29 8.14
61 505 29.19 104.19 4.46 8 37 352.82 33.57 0.14 9 0.86
62 445 37 155.59 14.58 12 32 319.51 22.86 0.71 18.57 0
63 700 63.5 0 0 0 26 284.97 19.29 0.14 0 0.57
64 615 39.77 18.06 0.67 5 29 414.91 54.29 0 10 2
65 515 27.24 0 0 0 23 186.28 11 0 13.71 19.29
66 775 38.51 0 0 0 33 304.71 10.14 26.29 0.71 0
67 235 66.75 91.69 16.61 11 56 76937 18.57 6.43 1.71 10.57
68 330 55.31 0 0 0 38 149.68 32.71 0.29 20.14 0
69 235 78.84 95.85 7.74 11 17 116.78 8.86 32.86 0 2.14
70 255 31.6 0 0 0 29 200.67 20.71 0.14 37.86 12.14
71 145 101.84 1.39 0.13 1 8 143.92 24.29 28.29 43,57 357
72 100 53.6 18.06 1.63 5 8 60.04 21.43 35 6.86 0.43
73 165 95.2 1.39 0.07 1 9 36.6 23.57 44.29 0.14 0
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Stand No. Mean TPH Mean BA Tshe TPH
(m2/ha)

Tshe BA
(m2/ha)

No. Seg. Pieces!
300m

Vo1CWD Pomu Gash Acci Oxor
(m3'ha) (% cover) (% cover) (% cover) (% cover)

74 175 122.16 1.39 0.13 1 11 38.65 17.86 8.57 0.14 0
75 185 80.24 90.3 11.35 12 43 891.09 20.71 3.71 27.14 0
76 240 103.83 20.84 5.61 6 16 87.59 6.43 16.43 0 7.14
77 370 66.54 0 0 0 7 16.04 33.57 19.29 0 3.57
78 193.33 82.11 75.85 5.02 20 41 336.37 68.57 7.29 0 45
79 195 75.62 0 0 0 20 161.19 52.14 44.43 23.57 4.29
80 265 65.63 51.4 4.27 10 21 115.14 10.71 39.57 0 0
81 175 76.13 38.9 3.09 10 16 102.8 25.86 0.86 6.43 0
82 250 57.12 6.95 0.43 3 11 179.7 31.43 37.14 0.29 0
83 160 86.47 6.95 0.25 3 15 128.71 9.43 42.14 0 0
84 255 63.88 136.14 20.1 12 25 251.25 20.14 16.71 0 0
85 230 75.38 12.5 0.61 7 9 66.2 22.43 28.57 43.57 0
86 175 59.64 0 0 0 15 40.71 42.86 0 0 0
87 260 79.52 27.78 1.56 6 22 107.74 32.86 12.43 3.86 0
88 245 86.17 122.25 11.5 7 18 100.75 37.14 7 0 1

89 250 96.55 0 0 0 12 48.52 19.57 29.29 5.71 1.86
90 295 136.14 75.02 6.13 10 18 349.94 11.86 3.57 0 1.86
91 175 69.3 83.35 21.96 11 37 332.26 69.29 0 0 55
92 470 46.16 19.45 2.7 7 3 5.76 27.43 0 0 21.57
93 215 71.89 50.01 6.4 12 36 316.22 52.57 0 5 53.57
94 225 96.89 177.81 45.74 11 22 176.82 24.29 0 0 36.43
95 225 71.99 93.07 21.61 12 52 347.06 29.71 7.29 0 16.71
96 380 92.72 159.75 14.39 12 34 604.07 47.86 0.29 0 4.14
97 130 73.45 41.68 4.38 8 22 220 35 0 5.71 15
98 245 79.57 31.95 9.07 8 15 92.11 20.71 18.57 0 7.14
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Stand No. Mean TPH Mean BA Tshe TPH
(m2/ha)

Tshe BA
(m2/ha)

No. Seg. Pieces/
300m

VoICWD
(m31ha)

Pomu Gash Acci Oxor
(% cover) (% cover) (% cover) (% cover)

99 305 92.41 9.72 3.07 3 9 65.79 47.86 47.86 0 0
100 345 79.06 0 0 0 21 80.19 50 0.29 24.43 21
101 235 60.62 1.39 0.33 1 17 166.13 45 6.86 13.57 0
102 180 91.77 5.56 0.56 4 12 127.06 22.29 43.57 24.43 2.14
103 135 133.86 45.84 12.31 11 21 261.12 25 3.57 20 11.71
104 265 67.91 97.24 13.22 11 38 295.66 65 4.57 0 12.14
105 220 67.9 86.13 14.2 10 23 474.54 39.29 3.57 0 20.71
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Stand No. Bene
(% cover)

Vapa Rusp Mean Slope Conifer Cover Decid Cover
(% cover) (% cover) (%) (%) (%)

Gaps Total Shrub
(% Open) (%)

Area Overall
Aspect

1 3.71 0 0 28 36 0 2 27 INTERIOR S
2 0 3.43 0 27 90 13 10 18 INTERIOR S
3 0 0.71 2.71 18 0 81 19 15 INTERIOR S
4 1.71 0 0 24 96 0 4 18 INTERIOR N
5 0 8.86 3 18 52 34 23 19 INTERIOR E
6 3.57 25.86 11.14 64 63 71 13 38 INTERIOR W
7 0.14 0 1.86 10 62 2 36 17 INTERIOR S
8 0 0 0 63 73 70 6 41 INTERIOR N
9 0 3.14 4.57 26 80 7 14 5 INTERIOR S

10 2.86 6.43 3.86 26 60 0 39 27 INTERIOR N
11 0.71 4.29 1 31 72 0 28 26 INTERIOR S
12 20 0.86 0 43 75 0 25 13 INTERIOR S
13 3.71 0.29 0 46 47 0 44 38 INTERIOR S
14 0 3.71 0 17 86 0 14 22 INTERIOR W
15 0.14 0.43 0 12 54 31 18 12 INTERIOR N
17 17.57 17 0 61 66 19 23 38 INTERIOR S
18 0 1 21.29 59 21 73 19 0 INTERIOR S
19 2.86 1 4.43 26 74 2 25 21 INTERIOR S
20 17.14 0.71 7.14 65 86 10 9 10 INTERIOR N
21 14.29 0.71 16.29 75 75 15 10 14 INTERIOR S
22 6.29 3.14 2.86 53 79 5 15 5 INTERIOR S
23 0 0.43 0.29 66 70 7 22 19 INTERIOR N
24 0 0 3.57 81 30 70 12 14 INTERIOR W
25 0 1.43 4.29 22 19 62 27 21 INTERIOR N
26 0 2.86 13.86 42 40 56 18 34 INTERIOR N



Appendix (continued)

Stand No. Bene
(% cover)

Vapa Rusp Mean Slope Conifer Cover Decid Cover
(% cover) (% cover) (%) (%) (%)

Gaps Total Shrub
(% Open) (%)

Area Overall
Aspect

27 13.86 6.86 0.14 84 71 48 13 27 INTERIOR N
28 10.86 0.29 0 63 72 63 8 37 INTERIOR S
29 17.86 0.71 0 30 73 45 18 14 INTERIOR W
30 25.14 8.57 0 58 61 23 29 28 INTERIOR W
31 8.57 14.14 0 25 75 2 21 42 INTERIOR S
32 15.71 2.71 0.14 27 66 23 23 41 INTERIOR N
33 11 0.43 2.86 55 4 81 19 21 INTERIOR N
34 0 1.43 2.29 90 89 19 7 5 INTERIOR N
35 0 0.71 0 33 95 6 5 5 INTERIOR N
36 15 0.71 0.14 45 33 63 20 15 INTERIOR S
37 4.29 0.43 0.14 52 53 52 16 10 INTERIOR S
38 1.71 0 0 74 76 22 16 9 INTERIOR N
39 0 0 0 50 43 68 19 0 INTERIOR N
40 0 1.86 51.71 10 57 33 24 12 INTERIOR S
41 0 6.29 1.43 34 79 0 21 25 INTERIOR S
42 0 2.14 10 37 81 14 19 9 INTERIOR N
43 0 1.43 45.71 71 26 73 4 35 INTERIOR N
44 0 1 0 15 95 2 4 8 INTERIOR W
45 0.43 0 39.29 65 38 66 11 21 INTERIOR S
46 0.43 5.86 17.14 59 58 38 13 16 INTERIOR N
47 0 2.86 0 52 91 0 9 28 INTERIOR N
48 0 0.29 13.57 66 74 12 16 10 INTERIOR S
49 2.86 1.14 0 64 85 0 15 0 INTERIOR S
50 0 1.86 1.71 62 72 0 28 4 INTERIOR N
51 0 3.71 0.57 37 80 82 5 32 INTERIOR N



Appendix (continued)

Stand No. Bene
(% cover)

Vapa Rusp Mean Slope Conifer Cover Decid Cover
(% cover) (% cover) (%) (%) (%)

Gaps Total Shrub
(% Open) (%)

Area Overall
Aspect

52 0 1 15 42 68 64 5 21 INTERIOR N
53 0 0.71 2.71 16 60 38 24 20 INTERIOR N
54 15 3.14 3.57 53 44 18 46 17 INTERIOR N
55 0 0 23 34 35 49 18 12 INTERIOR S

56 0 3.43 14.71 56 37 64 17 24 INTERIOR S
57 14.29 2.14 0.86 70 64 37 12 17 INTERIOR S
58 9.29 0 0 53 50 66 5 29 INTERIOR S
59 2.29 1 1.29 38 82 5 12 33 INTERIOR S
60 1.71 0.14 1.43 69 64 51 8 1 INTERIOR N
61 1.57 0.71 0 76 54 29 20 15 INTERIOR N
62 4.14 0.57 0 22 63 63 2 10 INTERIOR W
63 14.29 1 0.29 69 46 66 6 12 INTERIOR N
64 13.57 0 0.71 65 10 88 5 9 INTERIOR N
65 1.43 0 41.14 3 0 97 3 15 INTERIOR W
66 11.71 0.57 0 73 83 21 8 24 INTERIOR S
67 13.14 0.43 0 31 91 4 6 9 VM S
68 7 0.71 0 39 71 29 10 14 VM N
69 5.14 15.14 0 70 75 13 20 19 VM S
70 11 1.29 0 38 28 80 7 19 VM S
71 30 0 0 50 26 50 18 28 INTERIOR N
72 17.57 10 0 61 22 50 20 23 INTERIOR S
73 8.71 0 0 24 52 45 11 38 INTERIOR S
74 1.43 0.29 0 25 55 8 38 20 INTERIOR S
75 17.86 5.29 0.71 62 55 29 13 12 INTERIOR N
76 21.86 9.29 0 56 73 22 16 24 INTERIOR N
77 3.86 24.71 0 50 69 7 28 29 INTERIOR N
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Stand No. Bene
(% cover)

Vapa Rusp Mean Slope Conifer Cover Decid Cover
(% cover) (% cover) (%) (%) (%)

Gaps Total Shrub
(% Open) (%)

Area Overall
Aspect

78 3.29 1.14 0 61 63 20 23 11 INTERIOR N
79 0 1.86 0 22 58 27 24 29 INTERIOR S
80 19.29 1.71 0 14 80 30 11 37 VM E
81 17.14 0.14 0 81 64 28 17 16 VM N
82 17.14 0.43 0 67 55 26 33 12 VM S
83 8.71 1.29 0 57 51 7 42 34 VM S
84 26.43 0.57 0 20 92 0 8 19 VM N
85 24.29 2.14 0 46 52 43 28 34 VM S
86 0 0 0 19 75 14 17 17 VM N
87 2.14 3.57 0 45 68 45 12 26 VM N
88 20.14 0.86 0 39 82 10 9 17 VM N
89 17.86 1.43 0 30 56 51 ii 29 VM S
90 11.71 3 0 41 91 0 9 5 VM S
91 0 3.71 20.86 29 74 4 26 21 NCOAST S
92 0 0 34.29 8 52 54 11 13 NCOAST S
93 0 3.86 0.14 23 72 8 23 14 NCOAST E
94 0 20.86 0.14 29 77 1 21 13 NCOAST N
95 2.43 19.57 6.43 10 75 12 24 28 NCOAST E
96 0 2.43 0.71 33 64 13 26 4 NCOAST S
97 0 21.43 20.71 27 75 12 20 16 NCOAST N
98 0 18.86 22.86 47 73 21 19 16 NCOAST N
99 0 17.43 25 44 54 41 6 42 NCOAST S

100 17.14 6.43 1.43 67 56 56 14 28 INTERIOR E
101 20.71 1.43 0.71 45 54 56 12 39 INTERIOR W
102 17.14 0 0 65 74 28 11 27 INTERIOR S
103 24.57 0 0 45 85 14 13 14 INTERIOR N
104 5.43 0.29 0 30 88 8 6 9 INTERIOR N
105 0 13 29.29 45 74 2 25 14 NCOAST S
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Stand No. Aspect Solar Annual Summer
(Transformed) Index Temp °F Temp °F

Elevation
(m)

Latitude Annual Summer
Precip (in) Precip (in)

Ageclass
Tshe

Seedlings
per ha.

Tshe
Saplings
per ha.

1 0.2 6.77 49.9 58.92 485.22 44.44 7.7 5.47 40 0 0
2 0.07 7.53 48.59 57.47 674.19 44,5 7.73 5.52 60 183.33 100
3 0.07 7.55 48.65 57.54 569.75 44.49 7.73 5.52 40 266.67 100
4 1.9 5.68 49.31 58 317.58 44.5 7.76 5.6 120 0 25
5 1.09 6.27 50.79 57.48 303.95 44.54 7.76 5.76 120 8.33 50
6 1.75 6.93 50.8 57.22 290.6 44.55 7.73 5.75 80 8.33 8.33
7 0.07 6.91 51.26 58.46 207.85 44.55 7.74 5.7 40 0 0
8 1.9 5.61 51.12 58.31 189.33 44.54 7.78 5.75 120 0 0
9 0.07 7.25 51.06 58.43 297.8 44.53 7.77 5.74 40 0 0

10 1.9 6.24 50.87 58.39 516.84 44.52 7.79 5.74 80 0 8.33
11 0.07 6.71 50.91 58.71 563.55 44.43 7.84 5.8 140 375 1191.67
12 0.82 7.42 50.67 58.42 647.81 44.44 7.84 5.8 120 141.67 400
13 0.07 8.17 50.63 58.37 727.16 44.47 7.83 5.79 60 0 0
14 1.75 7.06 50.72 58.43 789.21 44.47 7.83 5.79 60 25 83.33
15 1.96 6.7 50.72 58.43 791.31 44.47 7.82 5.79 140 289.1 225
17 0.82 7.96 50.54 58.32 599.16 44.46 7.83 5.79 80 0 25
18 0.07 6.67 51.24 59.01 418.37 44.41 7.83 5.78 100 0 25
19 0.07 7.29 51.18 58.96 501.17 44.42 7.83 5.79 80 0 0
20 1.9 4.81 51.08 58.9 548 44.43 7.85 5.8 20 8.33 150
21 0.07 7.31 51.12 58.94 547.25 44.43 7.85 5.8 20 41.67 8.33
22 0.07 7.88 51.45 59.2 469.73 44.43 7.86 5.81 100 100 183.33
23 1.96 7.93 50.64 58.39 210.31 44.38 7.8 5.72 40 0 0
24 1.75 4.76 50.59 58.34 194.37 44.38 7.8 5.72 80 0 0
25 1.9 5.75 50.65 58.37 345.67 44.39 7.8 5.72 120 0 0
26 1.9 5.18 51.03 58.58 360.21 44.4 7.81 5.75 120 8.33 16.67



Appendix (continued)

Stand No. Aspect Solar
(Transformed) Index

Annual Summer
Temp °F Temp °F

Elevation Latitude Annual Summer
(m) Precip (in) Precip (in)

Ageclass
Tshe

Seedlings
per ha.

Tshe
Saplings
per ha.

27 1.9 5.84 50.14 58.28 621.23 44.44 7.87 5.74 100 0 25
28 0.07 5.5 50.09 58.25 547.62 44.47 7.85 5.75 100 0 0
29 1.75 6.48 50.02 58.14 460.69 44.47 7.85 5.74 100 0 0
30 1.75 5.21 49.92 58.07 448.6 44.45 7.86 5.74 100 0 0
31 0.82 7.58 50.32 58.36 603.63 44.43 7.85 5.73 80 16.67 33.33
32 1.9 7.33 50.36 58.35 590.93 44.43 7.85 5.73 80 66.67 25
33 1.9 4.14 50.22 57.94 185.46 44.44 7.83 5.76 20 0 0
34 1.96 3.27 49.93 58.03 441.61 44.45 7.86 5.74 140 333.33 83.33
35 1.9 5.73 50.86 57.98 362.34 44.51 7.83 5.78 200 258.33 766.67
36 0.07 7.79 50.85 59.53 605.5 44.15 7.56 5.41 60 0 25
37 0.07 7.21 50.98 59.58 437.89 44.15 7.57 5.43 100 0 0
38 1.9 4.54 50.79 59.19 521 44.2 7.79 5.66 100 58.33 108.33
39 1.9 4.61 50.96 59.5 397.01 44,15 7.58 5.44 200 16.67 75
40 0.82 6.86 51 58.55 351.74 44.27 7.89 5.84 80 16.67 0
41 0.82 7.73 51.12 58.67 486.6 44.26 7.89 5.84 60 0 16.67
42 1.9 5.18 51.04 58.63 339.41 44.27 7.88 5.84 120 0 41.67
43 1.9 3.9 51.33 58.58 306.69 44.24 7.87 5.84 60 16.67 0
44 1.75 7.11 51.56 58.74 300.11 44.23 7.87 5.84 40 0 0
45 0.82 6.44 51.52 58.73 307.54 44.23 7.87 5.84 80 0 0
46 1.89 4.64 51.3 58.55 328.54 44.24 7.87 5.84 60 0 0
47 1.9 7.55 51.34 58.61 299.59 44.23 7.87 5.84 80 16.67 0
48 0.07 6.19 51.32 58.62 231.99 44.23 7.87 5.84 80 16.67 0
49 0.07 7.79 51.31 58.93 139.86 44.21 7.86 5.82 100 0 75
50 1.9 4.42 51.38 58.98 262.5 44.22 7.86 5.82 120 216.67 8.33
51 1.9 5.39 51.94 59.44 343.62 44.21 7.87 5.81 100 0 0



Appendix (continued)

Stand No. Aspect Solar
(Transformed) Index

Annual Summer
Temp °F Temp °F

Elevation Latitude Annual Summer
(m) Precip (in) Precip (in)

Ageclass
Tshe

Seedlings
per ha.

Tshe
Saplings
per ha.

52 1.9 5.33 52.08 59.66 350.2 44.2 7.86 5.8 100 25 8.33
53 1.9 6.4 52.11 59.7 365.09 44.2 7.85 5.8 80 0 0
54 1.9 4.84 52.1 59.79 554.07 44.19 7.84 5.79 100 0 16.67
55 0.82 5.39 52.05 59.77 443.03 44.19 7.83 5.79 40 0 0
56 0.07 7.15 51.86 59.59 370.11 44.19 7.83 5.79 60 0 0
57 0.2 7.47 49.88 58.96 372.37 44.44 7.73 5.46 60 0 0
58 0.07 6.35 49.85 58.83 292.85 44.44 7.7 5.46 200 0 25
59 0.07 7.97 51.38 60.01 670 44.07 7.47 5.37 40 0 0
60 1.9 3.89 51.38 60.05 444,24 44.08 7.46 5.36 40 41.67 50
61 1.9 3.68 51.4 60.2 608 44.06 7.44 5.33 40 33.33 133.33
62 1.75 6.86 51.42 60.35 342.42 44.08 7.42 5.3 40 41.67 66.67
63 1.9 5.14 51.45 60.61 277.63 44.09 7.37 5.23 40 0 7.69
64 1.9 4.99 51.45 60.58 244.31 44.09 7.37 5.24 40 0 100
65 1.75 6.83 51.42 60.56 183.31 44.12 7.44 5.29 20 0 0
66 0.07 7.5 51.4 60.52 222.24 44.12 7.45 5.3 40 0 0
67 0.2 7.04 49.99 59.37 504.35 44.39 7.72 5.33 200 2716.67 558.33
68 1.89 5.91 49.98 59.45 471.19 44.4 7.66 5.3 60 0 0
69 0.82 7.77 49.95 59.41 455.48 44.39 7.69 5.32 100 108.33 366.67
70 0.2 7.32 50.19 59.61 253.49 44.39 7.57 5.23 60 0 0
71 1.9 4.79 50.03 59.51 245.32 44.52 7.64 5.33 200 8.33 58.3372 0.07 7.54 50.02 59.43 379.42 44.51 7.67 5.35 200 58.33 58.3373 0.2 7.04 50.2 59.56 364.96 44.33 7.6 5.32 100 16.67 16.67
74 0.07 6.99 50.42 59.75 308.98 44.31 7.53 5.3 200 8.33 41.67
75 1.9 6.04 49.72 59.05 573,11 44.32 7.69 5.46 200 221.15 716.67
76 1.9 4.25 49.76 59.1 549.78 44.32 7.69 5.46 200 1296.67 1375



Appendix (continued)

Stand No. Aspect
(Transformed)

Solar
Index

Annual Summer
Temp °F Temp °F

Elevation Latitude
(m)

Annual Summer
Precip (in) Precip (in)

Ageclass
Tshe

Seedlings
per ha.

Tshe
Saplings
per ha.

77 1.96 5.7 49.53 58.83 601.21 44.32 7.7 5.48 60 16.67 33.33
78 1.9 4.03 49.82 59.2 484.38 44.32 7.68 5.42 200 221.25 100
79 0.07 7.36 50 59.43 300.1 44.33 7.67 5.39 200 58.33 41.67
80 1.09 7.05 51.6 60.94 300.84 43.85 7.12 5.19 120 0 83.33
81 1.9 4.41 51.62 60.96 289.45 43.82 7.14 5.23 180 0 16.67
82 0.07 4.31 51.61 60.89 350.49 43.77 7.15 5.25 180 0 0
83 0.82 5.92 51.59 60.89 293.83 43.79 7.15 5.25 200 36.67 66.67
84 1.9 7.07 51.47 60.73 338.22 43.79 7.15 5.26 200 1208.33 2416.67
85 0.07 7.08 51.55 60.88 228.18 43.83 7.15 5.22 200 0 0
86 1.9 6.11 51.86 61.28 243.88 43.95 7.13 5.07 200 0 0
87 1.9 5.85 51.81 61.25 216.04 43.95 7.16 5.11 200 0 0
88 1.9 5.11 51.35 60.7 425.92 43.89 7.17 5.18 100 0 50
89 0.07 7.41 51.33 60.7 380.76 43.89 7.17 5.19 120 0 0
90 0.07 6.94 51.21 60.58 413.49 43.9 7.21 5.22 200 72.44 76.92
91 0.07 5.54 50.58 57.98 242.99 45.05 7.85 6.07 80 201.52 75
92 0.07 6.87 50.54 57.97 272.1 45.04 7.85 6.07 120 0 8.33
93 1.09 6.81 50.76 58.13 123.38 45.13 7.8 6.01 100 25 16.67
94 1.9 6.38 50.94 57.91 354.85 45.07 7.8 6.01 200 394.7 425
95 1.09 6.48 50.57 58.01 305.91 44.98 7.89 6.11 140 475 2150
96 0.07 7.34 50.59 58.13 303.82 45.17 7.77 5.98 120 8.33 25
97 1.9 5.8 50.65 58.13 297.35 45.17 7.76 5.97 200 50 75
98 1.9 5.38 50.79 57.82 113.41 44.89 7.8 5.97 120 0 0
99 0.07 6.87 50.51 57.64 144.03 44.89 7.82 5.98 200 0 0

100 1.09 6.24 49.31 58.25 445.32 44.33 7.75 5.61 60 0 0
101 1.75 6.57 49.15 58.17 321.52 44.33 7.75 5.59 80 0 0



Appendix (continued)

Tshe Tshe
Stand No. Aspect Solar Annual Summer Elevation Latitude Annual Summer Ageclass Seedlings Saplings

(Transformed) Index Temp °F Temp °F (m) Precip (in) Precip (in) per ha. per ha.

102 0.07 7.38 49.9 59.15 611.57 44.49 7.76 5.41 200 0 0
103 1.9 4.92 49.72 58.95 665.4 44.49 7.75 5.42 200 1026.52 666.67
104 1.9 5.93 51.24 60.56 344.81 44.17 7.53 5.34 200 408.33 241.67
105 0.07 6.52 50.66 57.71 119.62 44.89 7.8 5.97 100 25 7.69




