
AN ABSTRACT OF THE THESIS OF

Thomas Roy Rambo for the degree of Master of Science in General Science presented on

December 2, 1997. Title: Ecology of Forest Floor Bryophytes in Pseudotsuga menziesii-

Tsuga heterophvlla Stands of Western Oregon: Implications for Forest Management.

Abstract approved:
Patricia Muir

Species richness and abundance of forest floor bryophytes, including epiphytes

from incorporated litterfall, were assessed at two sites in western Oregon. Bryophyte

diversity, abundance, and community composition were compared between sites, and

between young forest stands (-55 yrs.) and old-growth stands (400+ yrs.) within each

site. Relationships of stand structural features to diversity and community composition

were assessed by stratifying sampling between "diversity" plots placed in areas of greater

structural diversity, such as hardwood openings and remnant old-growth trees, and

"matrix" plots situated within the remaining more homogeneous conifer-dominated forest

matrix. Bryophyte relationships to substrate and stand age were quantified using the

method of Dufrene and Legendre, which combines a species' relative abundance and

relative frequency to calculate that species' importance in relation to environmental

variables. The resulting "indicator value" describes a species' reliability for indicating the

given environmental parameter.

Ninety-three bryophyte species were found. Thirty-nine were indicative of either

humus, a decay class of coarse woody debris, or stand age. A suite of bryophytes

indicated old-growth forest. These were mainly either epiphytes associated with older

conifers or liverworts associated with coarse woody debris. Hardwood-associated

epiphytes mainly indicated young stands. Richness, particularly for liverworts, was

significantly higher in old-growth than young stands, and the two ages differed

significantly in community composition Substrate (ground versus coarse woody debris)

and overstory (conifers versus hardwoods) were most strongly correlated with variation
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in bryophyte community composition. Composition changed along the continuum of

coarse woody debris decomposition from recently fallen trees with intact bark to forest

floor humus. Relatively open hardwood-dominated diversity plots differed in

composition from matrix plots. Bryophyte abundance was lower in denser stands and

plots, and positively correlated with canopy gaps, percentage of hardwoods, and incident

solar radiation.

The generality of inferences derived from results is limited by the number of

stands studied. Landscape level factors such as topography and prevailing slope and

aspect may influence results between sites and ages. However, results suggest that 1)

availability of light may limit bryophyte productivity in these stands, 2) bryophyte

richness increases with stand continuity, 3) older conifers, hardwoods, and coarse woody

debris foster habitat complexity and diversity of bryophytes, and 4) diversity of forest

floor bryophytes will be enhanced when a full range of coarse woody debris decay

classes is present. Implementation of strategies to protect these biological legacies when

thinning managed stands is consistent with an ecosystem approach to forest management.
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Ecology of Forest Floor Bryophytes
in Pseudotsuga menziesii-Tsuga heterophylla Stands of Western Oregon:

Implications for Forest Management

Chapter 1. Introduction

The Sustainable Biosphere Initiative names biological diversity as one of its three

Research Priorities (ESA 1991). Elaborating upon this priority, more specific areas of

concern are presented, including anthropogenic changes in patterns of genetic, species

and habitat diversity; ecological determinants of diversity; conservation of rare and

declining species, and effects of regional change on biological diversity. The

conservation of species may be our greatest terrestrial environmental problem (National

Research Council 1984)

The importance of preserving species and genetic biodiversity can be summarized

in three general arguments (Dudley 1992). First, a large number of species enhances the

capacity of ecosystems to perform essential ecosystem services, such as cleaning air and

water, ameliorating weather extremes, and cycling nutrients. Second, a wide range of

genetic variation within species increases their survivability, providing the potential to

maintain ecosystem services through short-term perturbations to the system. Likewise, a

richness of species and genetic diversity provides the potential for ecosystems to adapt to

more encompassing long-term climatic changes. Third, the largely untapped pool of

species and genetic diversity has tremendous potential for the good of mankind, for

example as with new or "improved" agricultural commodities and pharmaceuticals.

There are also growing arguments that emphasize ethical or religious bases for the right

of all organisms to exist, and a moral imperative for responsible stewardship of the land

and its biodiversity (e.g., Berry 1979; Leopold 1987).

Old-growth forests are recognized as reservoirs of biodiversity in the Pacific

Northwest (Franklin 1989; Norse 1990), and in other areas of the world (e.g., Gustafsson

et al. 1992). As of 1990, as little as 13 % of old-growth remained in Oregon and

Washington (Norse 1990), and harvesting of that age class has continued. The most
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important conservation impact of harvesting old-growth forest is the resulting loss of

biodiversity (Dudley 1992). /A majority of the members of the International Association

of Bryologists cited forestry practices as the greatest contributor to the decline of species

and ecological groups of bryophytes (Christy 1992).\\ Epixylic and epiphytic bryophytes

have been particularly negatively impacted (Andersson & Hytteborn 1991; Christy 1992).

( To protect species and genetic diversity, it is imperative that representative old-growth

ecosystems be preserved (Harris 1984). The continued existence of many species in the

Pacific Northwest, including some bryophytes, may well depend on old-growth forest

habitat (FEMAT 1993).

Approximately 170 species of liverworts and 450 species of mosses occur within

the range of the Northern Spotted Owl (FEMAT 1993), the area included within the

President's Northwest Forest Plan. Of those species reported to be associated with late-

successional or old-growth forest, 11 liverworts and 16 mosses have been designated for

protection through survey and management guidelines (USDA & USDI 1994). However,

quantitative information on the degree of association of bryophyte species with old-

growth in the Pacific Northwest is lacking. One focus of the research presented in this

thesis was to calculate a value of community importance for each of 93 forest floor

bryophytes in relation to young (55 yrs.) and old (400 + yrs.) Pseudotsuga menziesii-

Tsuga heterophylla stands (Chapter 3). This "indicator value", which combines relative

abundance (cover) and relative frequency for each species (Dufrene & Legendre 1997),

describes a species' reliability for indicating a stand age class.

Much of the old-growth that remains in the Pacific Northwest has diminished

biological value, existing as fragments in stands of less than 33 ha (80 acres), or within

122 m (400') of clearcuts or roads (Morrison 1988). Such "islands" of old-growth,

separated from other old-growth by larger areas of clearcuts and young plantation stands,

support fewer species than do larger stands (Harris 1984). Dispersal of old-growth

associated organisms across expanses of unsuitable habitat, such as clearcuts, can be

difficult or prohibitive. Consequently, species may become genetically isolated,

decreasing their potential for adaptation (Harris 1984).

Forest managers in the Pacific Northwest have been directed to take an ecosystem

approach to forest management to maintain and restore biological diversity in late
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successional and old-growth forest ecosystems (USDA & USDI 1994). However, old-

growth forest preserves alone are inadequate for protecting the spectrum of our remaining

legacy of biological diversity (Franklin 1989; Harris 1984; Wilcove 1989). To

accomplish this protection, the effort to preserve biodiversity must be expanded into

younger, managed stands on multiple-use public lands (Thomas & Salwasser 1989;

Wilcove 1989). Managed stands are usually plantations, devoted to monocultures of

economic importance and high productivity, but which do not support nearly the amount

of biodiversity as do ecologically complex, natural forests (Acharya 1996). Young

managed stands generally lack the complexity of structural features upon which old-

growth associated species may be dependent (Hansen et al. 1991; McComb et al. 1993).

Young stands should be managed not only for commercial productivity, but also for those

structural, compositional, and functional attributes typically associated with old-growth

(Franklin et al. 1981; Hansen et al. 1991). This "new forestry" perspective strives to

make compatible the harvesting of forest products with the maintenance of complex

ecosystems and their biodiversities (Franklin 1989).

In order to foster old-growth associated diversity in young managed stands, we

must strive to understand how diversity differs between these forest types, and what

forest structural or compositional features may be important for enhancing diversity in

young managed stands. Another focus of the research presented in this thesis was to

compare diversity, abundance, and community composition of forest floor bryophytes at

three levels: 1) between two different sites, 2) between young and old-growth stands

within those sites, and 3) between plots with structural features thought to be conducive

to bryophyte diversity (legacy old-growth trees and hardwood gaps), and plots situated in

the more homogeneous conifer matrix within the two sites and stand ages (Chapter 2).

Both large live and dead trees are important structural components of old-growth

Pseudotsuga menziesii forests (Franklin & Spies 1991, Spies and Franklin 1991).

Bryophytes often depend on dominant trees to create appropriate microenvironments or

substrates for their growth (Wyatt 1992). Canopy openings, or gaps, important in forest

dynamics (Esseen et al. 1992; Spies & Franklin 1989; Spies et al. 1990), are also

recognized as important structural features of Pacific Northwest old-growth forests

(Franklin & Spies 1991). Hardwood gaps within young Pseudotsuga menziesii-Tsuga
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heterophylla forests in western Oregon are hotspots for epiphytic lichen diversity

(Neitlich & McCune 1997), but their importance for bryophytes is less well known.

Another important structural component of old-growth forests is coarse woody

debris (Franklin et al. 1981; Spies et al. 1988). Young managed stands often lack large

logs upon which mature forest-associated species may be dependent (Andersson &

Hytteborn 1991; Hansen et al. 1991; McComb et al. 1993). Coarse woody debris

contributes to biological diversity (Esseen et al. 1992; Franklin et al. 1981; Hansen et al.

1991), providing essential habitat for many plant and animal species (Franklin & Spies

1991). For bryophytes, coarse woody debris provides favorable substrate, retaining

moisture and influencing the forest environment by contributing to more equable stand

humidity (Franklin et al. 1981; Lesica et al. 1991). A large number of forest bryophytes

depend upon coarse woody debris for habitat (Andersson & Hytteborn 1991; Berg et al.

1993). However, quantitative information on the affinities of bryophyte species for the

various decay stages of coarse woody debris is lacking in the Pacific Northwest. Another

focus of the research presented in this thesis was to quantify the relationships of 39 forest

floor bryophyte species found at the two research sites to humus and coarse woody debris

by decay classes (Chapter 3). The "indicator value" calculated from each species' relative

abundance and relative frequency (Dufrene & Legendre 1997) describes a species'

reliability for indicating a decay class of coarse woody debris.

Innovative silvicultural procedures can favor structural features of older forests

and accelerate development of old-growth habitat in younger managed stands. Franklin

et al. (1981) and Esseen et al. (1992) advocate the retention of some mature or old-

growth trees when harvesting managed stands to enhance structural and biological

diversity. Green tree retention is now mandated on U.S.-owned public lands within the

range of the Northern Spotted Owl (USDA & USDI 1994). The importance of coarse

woody debris in ecological dynamics of forest and stream ecosystems has been

established for some time (Harmon et al. 1986; Franklin & Spies 1991; Sollins et al.

1987), and its post-harvest retention has been strongly advocated (e.g. Franklin et al.

1981; Hansen et al. 1991). Hardwoods, often associated with canopy gaps of older

natural stands, are also features that could be protected when harvesting managed stands.
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However, advocacy for post-harvest retention of hardwood species has not been as strong

as for other old-growth structural components.

As important as old-growth habitat features may be to the welfare of forest

bryophyte communities, bryophytes are, in turn, important components of forest

ecosystems, providing many valuable ecological functions (Schofield 1988; Slack 1988).

Mosses comprised approximately 17 % of the total biomass and nearly 50 % of the

photosynthetic biomass in the understory of an old-growth P. menziesii forest of western

Oregon (Binkley & Graham 1981). Above-ground moss layer biomass was two to seven

times greater than that of herbs in fir forests of the Slovak Republic (Kubicek & Somsak

1993). Bryophytes contribute appreciably to the production and nutrient budgets of these

ecosystems (Brown & Bates 1990; Longton 1992). Mosses especially absorb and retain

nutrients in dilute solution from precipitation and the atmosphere, later cycling them to

other members of the ecosystem (Coxson & Nadkarni 1995; Longton 1992). In

temperate forests, bryophytes intercept and retain nutrients primarily during the fall,

winter, and spring, when they exhibit their most vigorous growth. Deciduous plants do

not extract minerals from precipitation during that time when they are leafless and non-

productive. Hence, bryophytes enhance the year-long acquisition and retention of

nutrients for the ecosystem (Nadkarni 1984). As early colonizers of disturbed mineral

soil sites, such as root tip-ups, bryophytes promote the development of organic soils by

contributing acquired N, other essential elements, and directly produced and trapped

wind-blown organic matter (Longton 1992).

Moss covered logs are important sites for tree regeneration in Picea sitchensis-

Tsuga heterophylla forests of coastal Oregon (Harmon 1987). Moss covered logs retain

more seeds and needle litter than bark-covered or decorticated logs. Thus, mosses can

improve tree seedling survival on nurse logs (Harmon 1986). Bryophytes are also

utilized as food or shelter by a broad range of invertebrate organisms (Gerson 1982).

Invertebrates that feed on bryophytes usually oviposit their eggs there as well (Gerson

1982). For example, in the Coast Range of western Oregon, the liverwort Porella

navicularis was found to be a favorite food and oviposition site for the insect genus

Caurinus (Russell 1979). Birds, flying squirrels, and other mammals commonly use

mosses for nesting material (FEMAT 1993). For example, the endangered Marbled
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Murrelet nests on Isothecium cristaturn and Antitrichia curapendula mats in old-growth

P. menziesii trees (Marshall 1988; Quinlan & Hughes 1990).

Deforestation can radically reduce an area's water-retaining capacity, often

leading to severe soil erosion and flooding (Acharya 1996). Epiphyte communities, lost

with deforestation, are important in intercepting and retaining precipitation, thereby

reducing potential damage from severe precipitation events (Rhoades 1995). Firth (1995)

estimated that epiphytic mosses in western Oregon can intercept at least 17 % of

precipitation, and suggested they have an important role in hydrologic buffering of these

temperate forests. During dry periods between storms, evaporation from saturated

epiphytes maintains high humidity in the canopy for some time (Rhoades 1995). The

biomass of epiphytic bryophytes alone, in old-growth Pseudotsuga menziesii-Tsuga

heterophylla stands in western Oregon and Washington, was about 0.78 metric tons/ha

(McCune 1993), and in a riparian area on the eastern slope of Oregon's Coast Range, at

least 1.12 metric tons/ha (Firth 1995). Nadkarni (1984) found greater than five metric

tons/ha of epiphytic bryophytes in Acer macrophyllurn stands in northwestern

Washington. Bryophytes are also an important component of forest stream ecosystems,

functioning as efficient filters for trapping sediment (FEMAT 1993). Approximately 20

% of a stream bottom studied in Oregon's western Cascade Range was colonized by

mosses (Triska et al. 1984).

Our knowledge of the ecological roles and requirements of forest bryophytes in

the Pacific Northwest is limited, especially for rare species. The research presented in

this thesis increases understanding of bryophyte ecology and diversity in Pacific

Northwest Pseudotsuga menziesii-Tsuga heterophylla forests, and explores how

indigenous bryophyte diversity might be fostered in managed stands. The generality of

inferences derived from this research is limited by the number of stands studied.

Landscape level factors such as topography and prevailing slope and aspect, acting in

concert with local weather patterns, may influence results between sites and ages.

Nevertheless, results provide insights into the forest structural or compositional

characteristics and environmental influences that may be important for bryophyte

diversity, and have implications for forest management strategies to encourage old-

growth associated biodiversity in younger managed stands. The information may also be
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threatened bryophytes.
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Chapter 2

Forest Floor Bryophytes
of Pseudotsuga menziesii-Tsuga heterophylla Stands in Oregon:

Influences of Substrate and Overstory

Thomas R. Rambo and Patricia S. Muir

The Bryologist 101
(in press)
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ABSTRACT

Species richness and abundance of bryophytes inhabiting forest floor substrates

were assessed at two sites in western Oregon. Bryophyte diversity, abundance, and

community composition were compared between sites, and between young forest stands

(-55 yrs.) and old-growth stands (400+ yrs.) within each site. Relationships of stand

structural features to diversity and community composition were assessed by stratifying

sampling between "diversity" plots placed in areas of greater structural diversity, such as

hardwood openings and remnant old-growth trees, and "matrix" plots situated within the

remaining more homogeneous conifer-dominated forest matrix. Richness, particularly

for liverworts, was significantly higher in old-growth than young stands, and the two ages

differed significantly in community composition. Substrate (ground versus coarse woody

debris) and overstory (conifers versus hardwoods) were most strongly correlated with

variation in community composition. Relatively open hardwood-dominated diversity

plots differed in composition from matrix plots. Bryophyte abundance was lower in

denser stands and plots, and positively correlated with canopy gaps, percentage of

hardwoods, and incident solar radiation. These results suggest that availability of light

may limit bryophyte productivity in these stands.

INTRODUCTION

In recent years, the importance of ecosystem integrity and native biodiversity has

been increasingly recognized. Forest managers in the Pacific Northwest of the United

States have been directed to take an ecosystem approach to forest management to

maintain and restore biological diversity in late successional and old-growth forest

ecosystems (USDA & USDI 1994). One of the greatest threats to the conservation of

indigenous biodiversity is the loss and disturbance of native habitat. Old-growth forest

habitat in this region may be essential for the continued existence of some bryophytes,

including eight rare species, three of which are endemic to the Pacific Northwest

9
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(FEMAT 1993). Forest managers are faced with the challenge of fostering old-growth

associated biodiversity while old-growth forest habitat continues to diminish.

Young managed stands generally lack structural features upon which mature

forest-associated species may be dependent (Hansen et al. 1991; McComb et al. 1993).

For example, both large live and dead trees are important structural components of old-

growth Pseudotsuga menziesii forests (Franklin & Spies 1991; Spies & Franklin 1991).

Bryophytes often depend on dominant trees to create appropriate microenvironments or

substrates for their growth (Wyatt 1992). Innovative silvicultural procedures can favor

structurally complex features of mature forests and accelerate development of old-growth

habitat in younger managed stands. Franklin et al. (1981) and Esseen et al. (1992)

advocate the retention of some mature or old-growth trees when harvesting managed

stands to enhance structural and biological diversity, and such green tree retention is now

mandated on U.S.-owned public lands within the range of the Northern Spotted Owl

(USDA & USDI 1994).

Canopy openings, or gaps, important in forest dynamics (Esseen et al. 1992; Spies

& Franklin 1989; Spies et al. 1990), are also recognized as important structural features

of old-growth forests in the Pacific Northwest (Franklin & Spies 1991). Hardwood gaps

within young Pseudotsuga menziesii-Tsuga heterophylla forests in western Oregon are

hotspots for epiphytic lichen diversity (Neitlich & McCune 1997), but their importance

for bryophytes is less well known.

This study compares diversity, abundance, and community composition of forest

floor bryophytes at three levels: 1) between two different sites, 2) between young and

old-growth stands within the two sites, and 3) between plots with structural features

thought to be conducive to bryophyte richness ("diversity" plots: legacy old-growth trees

and hardwood gaps), and plots situated in the more homogeneous conifer matrix

("matrix" plots) within the two sites and stand ages. Results provide insights into the

differences in bryophyte diversity and community composition at these three levels, and

into the structural characteristics and environmental influences that might be most

important to such differences. The work contributes to an understanding of bryophyte

ecology. We believe it should also be of value to forest managers when developing



thinning strategies designed to encourage old-growth associated biodiversity in younger

managed stands.

STUDY SITES

We studied two sites in western Oregon: the Lookout Point site on the western

slope of the Cascade Range (Appendix 1) and the Bottomline site on the eastern slope of

the Coast Range (Appendix 2). Each site consists of a young stand (55 yrs.),

approximately 80 ha in area, and an old-growth stand (400 + yrs.) of approximately 20

ha.

At Lookout Point (45° 29' N, 122° 8' W), the young stand is adjacent to the old-

growth. Vegetation is typical of the Tsuga heterophyllalPolystichum munitum

association of Tsuga heterophylla zone forests described by Franklin and Dyrness (1973).

The old-growth overstory is dominated by T heterophylla with a lesser codominant

component of P. menziesii, while the young stand has nearly equal proportions of the two

species. Elevation of the moderately sloping terrain varies from approximately 600-800

m. The lower elevation (228 m) Headworks Portland Water Bureau station (ca 9 km

from Lookout Point) receives more than 2000 mm of precipitation annually (Taylor

1993), coming mostly during winter. Mean annual temperature there is 11.1° C, with

means for the coldest (January) and warmest (August) months 4.2 and 18.7° C

respectively. A Walter climate diagram (Walter 1985) showed that there is no period of

potential moisture stress for vegetation in this region. Proximity to the Columbia River

Gorge provides a marine influence which gives this Cascade Range site a higher

maritimity index, when calculated by the method of von Kerner (Tuhkanen 1980), than

the Coast Range Bottomline site.

The Bottomline young stand (43° 46' N, 123° 13'W) is approximately five km

from the old-growth stand (43° 47' N, 123° 17'W). Vegetation is best represented by the

Pseudo tsuga menziesillHolodiscus discolorlGaultheria shallon association (Franklin &

Dyrness 1973). Overstory in the young stand consists principally of P. menziesii, with

occasional T. heterophylla and Calocedrus decurrens. The young stand also contains

11
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scattered remnants of old-growth P. menziesii, and both stands contain a mix of

hardwood species, most prominently Acer macrophyllum, Cornus nuttallii, Corylus

cornuta, and Castanopsis chrysophylla. The overstory in the old-growth has a larger

component of T heterophylla than does the young stand. Elevation of the moderately

sloping terrain of both stands varies from approximately 200-350 m. The Cottage Grove

Dam (253 m elevation, ca 17 km from Bottomline) receives mean annual rainfall of 1222

mm (Taylor 1993), coming mostly during winter. Mean annual temperature there is 10.7°

C, with means for the coldest (January) and warmest (August) months 3.9 and 18.5° C

respectively. The Walter climate diagram for this station showed a period of potential

moisture stress from June into August.

METHODS

Field

We examined the forest floor stratum, which included epilithic, epigeic, epixylic

and epiphytic bryophytes. Epiphytic bryophytes were sampled as litterfall that was

resistant to removal from any substrate on the forest floor. Microplot substrates were

generalized as being either coarse woody debris or ground. Mineral soil and rock

substrates only occurred infrequently. Stumps remaining from 1940's harvesting of the

young stands were assessed up to a height of 1.5 m.

Six upland plots, three "diversity" and three "matrix", were established in each

old-growth stand, and 24 plots, 12 diversity and 12 matrix, in each young stand, for a

total of 30 plots at each of the two sites (Appendices 3, 4, 5, 6). Each plot had a diameter

of 73.15 m (240') with an area of 0.42 ha, after U.S. Environmental Protection Agency

Forest Health Monitoring protocols for sampling lichen communities (Tallent-Halsell

1994). Diversity plots were chosen for their inclusion of either hardwood gaps at both

sites, or remnant mature P. menziesii at Bottomline, while matrix plots were selected

from the remaining more homogeneous conifer matrix, using calculator-generated

random compass bearings and distances. Plots in young stands were situated at least one

approximated tree length (60 m) from old-growth stand boundaries to minimize old-
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growth influences. Likewise, old-growth plots were at least 60 m from clearcut edges,

and all plots were kept 60 m from riparian areas.

We sampled plots systematically. Because of the patchy nature of bryophyte

distribution in general, a completely random sampling scheme is likely to exclude some

important aspect of the community structure (Slack 1984). A reference line ran through

plot center across the diameter, parallel with the prevailing slope of the terrain. Three 50

m sampling lines were centered on and perpendicular to the reference line, one also

passing through plot center, and the other two 25 m either side of plot center. The

resulting orientation of the sampling lines perpendicular to the terrain slope gave samples

less apt to be biased by biogeographic features tending to be oriented parallel to the slope.

To determine sample size within plots, we chose one plot from each of the young

stands for its apparent bryophyte richness, and assessed microplots at one meter intervals

along the sampling lines for a total of 153 samples per plot. From these data, we

evaluated species-area curves, by random microplot selection (McCune & Mefford

1995), to determine a minimum sample size. We used 75 microplots per plot, based upon

the criterion of no more than a 5 % increase in number of species with a 10 % increase in

area sampled (Mueller-Dombois & Ellenberg 1974).

Microplots were delineated by a rigid 10 x 30 cm frame (McCune & Antos 1981)

partitioned by nylon filament into six equal areas of 0.5 dm2, and placed at 2 m intervals

along the sampling lines. Bryophyte abundance was estimated by cover classes, judged

as less than half a partition or as a nearest whole partition, and recorded corresponding to

percent cover as follows: 0.1 = < 8 %, 1 = 8 -25 %, 2 = 25 - 42 %, 3 = 42 - 58 %, 4 = 58

- 75 %, 5 = 75 - 92 %, and 6 = > 92. Cover for a species at the plot level was estimated

by averaging its microplot cover classes. Cover classes were converted to percentages

for presentation as averages, with one cover class equivalent to an average cover of 16.67

%. When there is relatively dense cryptogam cover in the ground layer, microplot

sampling efficiently estimates cover (McCune & Lesica 1992). A one-hour whole-plot

ocular survey was also performed in each plot to increase species capture.

Plot-level environmental variables included annual potential incident light energy

determined as a function of latitude, slope, and aspect (Buffo et al. 1972), and

characterizations of stand structure. Structural measurements were basal areas (m2/ha) of
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conifer and hardwood species determined by wedge prism (basal area factor = 20)

averaged from determinations at plot center and four cardinal points, and visual estimates

of percentages of gap and space occupied by mature remnant trees in the overstory

canopy. We also noted whether gaps were dominated by tall woody shrubs and

hardwoods ("tall gaps", e.g., Corylus cornuta and Acer circinatum), tall ferns or lower-

growing shrubs ("low gaps", e.g., Vaccinium parvifolium, Gaultheria shallon and

Berberis nervosa), or had relatively open herb and fern cover. Additionally, we noted

presence of airborne toy balloon litter, an indication of downwind proximity to centers of

population and pollution.

Analysis

We examined three measures of diversity: 1) alpha (a), plot-level inventory of

combined microplot and whole-plot ocular species richness, 2) gamma (y), combined

plot-level species inventories for stands and sites, and 3) the Shannon diversity index

(Shannon and Weaver 1949).

Means across plots for diversity measures, cover classes, total basal area, and

potential incident radiation were compared between sites, between stand ages within and

across sites, and between diversity and matrix plots within and across ages and sites.

Mosses, liverworts, and total bryophytes were classified according to their most usual

habitats as epigeics, epixylics, or epiphytes. Richness of these functional groups was also

compared between sites, ages, and plot types. Comparisons were based on oneway and

multivariate analysis of variance (ANOVA and MANOVA, SPSS 1990). The

significance of p-values should be viewed with caution in light of the number of

comparisons made and the lack of independence of samples within sites. Normality and

homogeneity of variance for all parameters were acceptable without transformation.

Multi-response permutation procedures (MRPP; McCune & Mefford 1995) were

used to test for differences in community composition between sites, between stand ages

within and across sites, and between diversity and matrix plots within and across sites

and ages. MRPP is a non-parametric procedure for testing the null hypothesis of there

being no difference between groups (Mielke 1984). Species occurring in fewer than five
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percent of plots were deleted, and plot-level means for cover class estimates were

relativized by species maxima. This data transformation divides each value for a species

by that species largest value in the matrix. The resulting matrix weights richness more

heavily than abundance, giving a perspective of community composition that allows for

the more equitable expression of less common species by minimizing dominance by a

few. The quantitative version of Sorensen's similarity index (Sorensen 1948) was used as

the distance measure.

The relationship of community structure to environmental gradients was analyzed

with non-metric multidimensional scaling (NMS; Kruskal 1964; McCune & Mefford

1995). Ordinations were performed twice, once with the raw data ("untransformed"), and

again with cover estimates relativized by species maxima ("transformed"). Again, rare

species were deleted, and the quantitative version of Sorensen's similarity index was used

as the distance measure. Two-dimensional solutions were appropriate for most analyses,

and ordinations were sometimes rigidly rotated to enhance interpretability. Analyses

were run for the combined data (60 plots x 52 species), for each site (30 plots x 44

species & 30 plots x 43 species), and for each of the young stands (22 plots x 37 species

& 24 plots x 42 species). Two outlier plots (>2.3 std. dev.) were deleted from the

Lookout Point young stand data to improve interpretability. The sample size of six plots

from each old-growth stand was too small to allow meaningful interpretation of those

ordinations.

Nomenclature for mosses, liverworts, and vascular plants follows Anderson et al.

(1990), Stotler and Crandall-Stotler (1977), and Hitchcock and Cronquist (1973),

respectively. Voucher specimens are deposited in the herbarium of Oregon State

University (OSC), and in the first author's herbarium.

RESULTS

Comparisons between sites

Lookout Point generally had greater stand and site level (7) bryophyte richness

than Bottomline (Tables 2.1, 2.2, 2.3, 2.4). Lookout Point also had greater average
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bryophyte richness per plot from microplot assessments alone (MPa; Tables 2.3, 2.4),

indicating greater equability in fine scale distribution of species there. These indications

were supported by the higher average Shannon diversity indices for bryophyte diversity

at the site level and across ages at Lookout Point (Tables 2.3, 2.4). However, when

species lists from microplots were combined with whole-plot ocular surveys, Bottomline

had greater plot-level moss richness than Lookout Point (WPa; Tables 2.3, 2.4). We

found more primarily epiphytic bryophytes on the forest floor at Bottomline than at

Lookout Point (means across plots = 4.9 and 1.3 species, respectively; ANOVA, p =-

0 .000).

We found more epixylic bryophytes at Lookout Point than at Bottomline (means

across plots = 9.8 and 5.7 species, respectively; ANOVA, p = 0.000). Lookout Point also

had significantly more coarse woody debris (CWD) in both the young and old-growth

stands than Bottomline (Table 2.5, Figure 2.1). The Lookout Point young stand had an

abundance of CWD left from logging practices 55 yrs. ago, a phenomenon also seen in

Table 2.1. Moss species inventory across sites. Abundance estimated as mean
percent cover for each species across plots: 24 young and 6 old-growth at each site. The
number of plots within which each species was found is also shown (n).

Species

Lookout Point
Young Old

cover n cover n

Bottomline
Young Old

cover n cover n
Antitrichia curtipendula 0.02 7 0.12 6 <0.01 5 <0.01 2
Atrichum selwynii <0.01 2 <0.01 2 <0.01 3 <0.01 5

Aulacomniurn androgynum 0.02 6 0.17 23 <0.01 4
Brachythecium frigidum <0.01 1

Bryum capillare <0.01 9 <0.01 4
Buxbaumia <0.01 24 <0.01 6 <0.01 13 <0.01 6
Claopodium bolanderi <0.01 7 <0.01 1

Claopodium crispifolium 0.05 6 <0.01 6 <0.01 2

Claopodium whippleanum <0.01 1 <0.01 1

Dicranella heteromalla <0.01 3 <0.01 2

Dicranella varia <0.01 4
Dicranoweisia cirrata <0.01 1 <0.01 3

Dicranum fuscescens 0.03 21 0.53 6 0.07 23 0.55 6
Dicranum howellii 0.12 24 <0.01 3 0.03 18 0.15 6



1 Species to be protected through survey and management standards and guidelines (USDA &
USDI 1994).
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Table 2.1 (continued)

Dicranum tauricum <0.01 4 0.17 24 <0.01 5

Ditrichum montanum <0.01 1

Ditrichum schimperi <0.01 5 <0.01 1

Epipterygium tozeri <0.01 5 <0.01 4
Eurhynchiurn oreganum 16.17 24 13.68 6 33.30 24 26.50 6
Eurhynchium praelongum <0.01 7 0.30 3 0.12 15 0.37 6
Fissidens bryoides <0.01 10 <0.01 5

Fissidens pauperculus <0.01 1

Heterocladium macounii <0.01 1 <0.01 1

Homalothecium nuttallii 0.17 8 <0.01 1

Hylocomium splendens 0.23 22 0.75 6 0.15 13 0.70 4
Hypnum circinale 1.83 23 1.92 6 0.38 24 0.23 6
Hypnum subimponens <0.01 1 <0.01 3

Isothecium cristatum <0.01 5 <0.01 5

Isothecium myosuroides 2.92 24 13.42 6 4.17 24 14.87 6
Leptodictyum humile <0.01 1

Leucolepis acanthoneuron 1.07 24 0.13 4
Mnium spinulosum <0.01 1

Neckera douglasii 0.03 14 0.22 24 <0.01 5

Orthotrichum consimile <0.01 1 <0.01 4
Orthotrichum lyellii 0.02 10 0.03 3 0.07 18 <0.01 1

Orthotrichum speciosum <0.01 3 0.03 8

Plagiomnium insigne 0.03 4 <0.01 1

Plagiothecium laetum 0.03 19 <0.01 22 <0.01 5

Plagiothecium undulatum 3.57 24 4.77 6 0.07 19 0.40 6
Pogonatum contortum 0.03 10 <0.01 5
Pohlia cruda <0.01 6 <0.01 1

Polytrichum juniperinum <0.01 1 <0.01 I <0.01 4
Pseudoleskea stenophylla <0.01 1

Pseudotaxiphyllum elegans 0.28 24 0.23 6 <0.01 9 <0.01 3

Racomitrium affine <0.01 2 <0.01 1

Racomitrium aquaticum' <0.01 4 <0.01 1

Racomitrium obesum <0.01 3

Racomitriurn occidentale <0.01 10 <0.01 2
Racomitrium varium <0.01 1 <0.01 1

Rhizomnium glabrescens 0.50 23 1.05 6 0.03 21 0.27 6
Rhytidiadelphus loreus 0.77 23 0.60 6 0.03 17 0.18 4
Rhytidiadelphus triquetrus <0.01 14 7.45 24 0.20 6

Rhytidiopsis robusta 0.18 21 1.05 4
Scleropodium touretii 0.17 1

Tetraphis pellucida <0.01 4 <0.01 1

Trachybryum megaptilum <0.01 5 <0.01 3 0.17 9 <0.01 1

Trichodon cylindricus <0.01 4
Ulota megalosporal <0.01 3 <0.01 1

Ulota obtusiuscula <0.01 1 <0.01 1
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Table 2.2. Liverwort species inventory across sites. Abundance is estimated as
mean percent cover for each species across plots: 24 young and 6 old-growth at each site.
The number of plots within which each species was found is also shown (n).

1 Species to be protected through survey and management standards and guidelines (USDA &
USDI 1994).

Species

Lookout Point
Young Old

Bottomline
Young Old

cover n cover n cover n cover n
Bazzania ambigua <0.01 10 0.08 6
Blepharostoma trichophyllum <0.01 1 <0.01 6 <0.01 2
Calypogeia azurea 0.05 24 0.15 6 <0.01 4 <0.01 4
Calypogeia fissa 0.07 23 0.07 6 <0.01 4 0.02 5

Calypogeia muelleriana 0.07 20 0.03 5 <0.01 1

Calypogeia neesiana <0.01 3 <0.01 1

Cephalozia bicuspidata 0.10 24 0.20 6 <0.01 2
Cephalozia lunulifolia 0.20 24 0.33 6 0.05 24 0.03 6
Cephaloziella divaricata <0.01 1 <0.01 2
Cephaloziella divaricata var. scabra 0.02 2 <0.01 9 0.02 4
Diplophyllum albicansi <0.01 2
Diplophyllum obtusifolium <0.01 1 <0.01 1

Douina ovatal <0.01 2
Frullania californica 0.02 6 <0.01 2
Frullania franciscana 0.02 8 0.02 5

Frullania nisquallensis 0.02 10 0.20 6 0.20 23 0.30 6
Geocalyx graveolens <0.01 2 <0,01 1 <0.01 4
Jungermannia leiantha <0.01 1 <0.01 1

Lepidozia reptans 0.02 23 0.23 6 0.02 22 <0.01 6
Lophocolea cusp/data 0.02 2 0.02 3 0.03 18 0.02 4
Lophocolea heterophylla 0.13 21 0.13 6 0.13 24 0.05 6
Lophozia incisa <0.01 1 <0.01 4
Plagiochila semidecurrens var. alaskanal 0.05 6
Pore/la cordaeana <0.01 1

Pore/la navicularis < 0 .01 4 <0.01 2 0.25 13 0.02 3

Pore/la roellii <0.01 1 <0.01 3

Ptilidium californicum <0.01 2 0.12 6 <0.01 1

Radula bolanderi <0.01 1 <0.01 2 0.10 20 0.07 6
Radula complanata <0.01 1 0.05 16
Riccardia chamedryfolia <0.01 1 <0.01 2
Riccardia latifrons <0.01 5 <0.01 5 <0.01 1

Scapania americana <0.01 1

Scapania bolanderi 1.15 24 1.53 6 0.02 21 0.02 6
Scapania umbrosa 0.02 12 0.02 1 <0.01 8 <0.01 3



Table 2.3. Comparisons of site-level richness (7), plot-level richness (a), and
Shannon diversity index for mosses, liverworts, and total bryophytes between sites
(ANOVA). MPoc is plot richness from microplots only, while WPcc adds species from
the ocular survey. Alpha diversities and Shannon index are average values across plots.
n = 30 plots per site.

Table 2.4. Comparisons of site-level richness (7), plot-level richness (a), and
Shannon diversity index for mosses, liverworts, and total bryophytes between stand ages
(ANOVA). MPoc is plot richness from microplots only, while WPa adds species from
the ocular survey. Alpha diversities and Shannon index are average values across plots
(n).
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Level of comparison Young (n = 24) Old-growth (n = 6)

Lookout Point
Diversity Std. error Diversity Std. error

7 (moss richness) 45 29
7 (liverwort richness) 24 25

MPa (bryophytes) 19.5 0.6 23.3 0.9 0.007
WPoc (mosses) 18.2 0.7 17.3 0.8 0.534
WPoc (liverworts) 10.0 0.3 16.5 0.5 0.000
WPa (bryophytes) 28.2 0.9 33.8 0.8 0.004
Shannon index (bryophytes) 1.5 0.1 1.7 0.1 0.197

Bottomline
7 (moss richness) 40 33

y (liverwort richness) 23 20

MPa (bryophytes) 18.7 0.6 17.8 1.4 0.580
WPa (mosses) 19.8 0.4 22.2 1.1 0.021
WPcc (liverworts) 10.2 0.4 13.2 0.7 0.003

WPa (bryophytes) 30.0 0.7 35.3 1.5 0.003
Shannon index (bryophytes) 1.0 0.1 1.0 0.1 0.866

Level of comparison Lookout Point Bottomline
Diversity Std. error Diversity Std. error p

7 (moss richness) 48 44
7 (liverwort richness) 30 25
MPa (bryophytes) 20.3 0.6 18.5 0.6 0.039
WPa (mosses) 18.1 0.6 20.3 0.4 0.004
WPoc (liverworts) 11.3 0.6 10.8 0.4 0.477
WPa (bryophytes) 29.4 0.8 31.1 0.8 0.135
Shannon index (bryophytes) 1.5 0.1 1.0 0.1 0.000
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southwestern Oregon P. menziesii forests (Bingham & Sawyer 1991). The Lookout Point

old-growth had a similar amount of CWD from several historic wind disturbances.

Bryophyte cover was greater at Bottomline, where overstory basal area was

significantly lower (Table 2.5, mean cover for Bottomline old-growth = 45.2 %). The

between-sites disparity in bryophyte cover was primarily due to the relatively poor cover

in the Lookout Point young stand, which had markedly denser overstory than the other

stands (Table 2.5).

Between-sites differences in richness, diversity, and cover were corroborated by

MRPP results, which showed a difference in community composition between the two

sites (Table 2.6).

Table 2.5. Comparisons of overstory basal area, % microplots on coarse woody
debris, % bryophyte cover, and potential incident radiation between sites, between stand
ages across and within sites, and between diversity and matrix plots. Only those
differences with p-values < 0.1 from ANOVA are shown. n = number of plots, LP =
Lookout Point, BL = Bottomline, and Y and 0 = young and old stands respectively.

Level of comparison n Mean Std. err. Mean Std. err. p
Sites 30,30 LP BL
basal area (m2/ha) 210 8.63 170 7.76 0.001
% coarse wood substrate 19.20 0.91 9.23 0.83 0.000
% cover 31.3 2.50 47.5 1.67 0.000

Young stands 24, 24 LPY BLY
basal area (m2/ha) 202 8.86 167 9.25 0.003
% coarse wood substrate 19.79 1.10 9.25 0.93 0.000
% cover 28.7 2.67 48.1 2.00 0.000

Old-growth stands 6, 6 LPO BLO
basal area (m2/ha) 239 22.27 184 11.08 0.054
% coarse wood substrate 16.83 0.87 9.17 1.96 0.007

Lookout Point ages 24, 6 LPY LPO
basal area (m2/ha) 202 8.86 239 22.27 0.052
radiation (kcal/cm2/yr) 190 2.07 204 4.74 0.006
% cover 28.7 2.67 41.7 4.50 0.027

Lookout Point young plots 12, 12 diversity matrix
basal area (m2/ha) 179 9.21 225 12.10 0.006
% cover 33.5 4.33 24.0 2.50 0.070



Figure 2.1. Ordination of plots (n = 60) in species space across sites, using data
relativized by species maxima. Shown are basal area of Tsuga heterophylla (TSUHET,
m2/ha), frequency of coarse woody debris (CWD, %), and liverwort richness (LIVER) for
each plot. A = Lookout Point plots, V = Bottomline plots, darkened symbols are old-
growth stands, open symbols are young stands; the larger the symbol, the greater the
value of the variable. Correlations of species and environmental variables with axes are
shown in Table 2.7.

LIVER

AXIS 1
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Comparisons between ages

Average plot-level bryophyte richness (WPa) was greater in old-growth than

young stands at both sites (Table 2.4). At Lookout Point, this was a result of the greater

WPa for liverworts in old-growth, while at Bottomline, old-growth WPa was greater for

both liverworts and mosses (Table 2.4). WPa for mosses at Bottomline was relatively

constant across ages in matrix plots, but higher in old-growth diversity plots than in

young stand diversity plots (ANOVA age x plot type interaction, p = 0.031). We found

more epixylic liverworts in old-growth than in young stands across sites (means across

plots 10.2 and 7.1 species, respectively; ANOVA, p = 0.000).

Bryophyte cover within Lookout Point was greater in old-growth than in the

young stand, which receives significantly less potential incident radiation (Table 2.5).

Between-ages differences in richness and cover were corroborated by MRPP

results, which showed a difference in community composition between the two stand

ages within and across sites (Table 2.6).
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Table 2.6. Comparisons of community composition across plots (n) between sites,
ages across and within sites, and between diversity and matrix plots (types) across and
within sites and ages (MRPP). Data were relativized by species maxima.

Level of comparison n p
Combined data

Sites 60 0.000
Ages across sites 60 0.000
Types across sites and ages 60 0.150

Lookout Point
Ages 30 0.000
Types across ages 30 0.032
Types within young stand 30 0.038
Types within old-growth 30 0.855

Bottomline
Ages 30 0.000
Types across ages 30 0.128
Types within young stand 30 0.103
Types within old-growth 30 0.959



23

Comparisons between diversity and matrix plots

We found overall more primarily epiphytic bryophytes on the forest floor in

diversity plots than matrix plots across the young stands (means across plots = 10.2 and

7.1 species, respectively; ANOVA, p = 0.094). This difference was most pronounced in

the Lookout Point young stand (means across plots = 5.1 and 4.2 species, respectively;

ANOVA, p = 0.059).

Bryophyte cover was greater, and overstory basal area was less, in diversity plots

than matrix plots in the Lookout Point young stand (Table 2.5). Also, bryophyte

community composition differed between those diversity and matrix plots in the Lookout

Point young stand, but not in the old-growth (MRPP, Table 2.6). There was a similar

compositional trend between plot types at Bottomline.

Community analysis

The same general patterns were seen throughout the five untransformed and five

transformed ordinations of data across sites, and within sites and young stands. Rather

than presenting all 10 ordination results in tables, we have selectively presented the

minimum number which most clearly illustrate the prevailing patterns. Other

corroborating ordination results are included in the text.

The transformed ordination across sites showed that liverwort richness and old-

growth were strongly positively correlated with the same axis (Table 2.7, axis 2; Figure

2.1). This association, particularly that of epixylic liverworts and old-growth, was

apparent at Lookout Point in both the transformed ordination (Table 2.8, axis 1) and the

untransformed ordination. The latter showed positive correlation of liverwort richness

and the percentage of canopy occupied by old-growth with the primary axis (r = 0.45,

0.44, respectively) representing 46 % of the variation in the distance matrix. This

association was also important in the transformed ordination for Bottomline, where

liverwort richness and the percentage of canopy occupied by old-growth were positively

correlated with the primary axis (r = 0.60, 0.77, respectively) representing 36 % of the

variation in the distance matrix. Liverwort richness and CWD were positively correlated

with axis 1 of the Lookout Point young stand ordination (Table 2.9B).



Table 2.7. Strongest correlations of environmental variables and bryophyte species
with ordination axes across sites and ages (NMS). Data were relativized by species
maxima. Bryophyte species abbreviations combine the first three letters of the genus and
the species; see Tables 2.1 & 2.2 for species lists. % coarse wood & ground are %
microplots falling on that substrate, BA = basal area (m2/ha), % old-growth is % canopy
occupied by old-growth, n = 60 plots. See Figure 2.1.

Variable
% ground
bryo cover
BA P. rnenziesii
% coarse wood
BA T heterophylla
BA conifers

Combined sites (transformed)
Axis 1 (R2 = 0.61) Axis 2 (R2 = 0.17)

Species r Variable r Species
0.75
0.55
0.48

- 0.80
0.78
0.47

Rhytri 0.69
Eurore 0.52
Leuaca 0.40
Hypcir 0.69
Scabol 0.66
Calfis 0.62
Plaund - 0.60
Ceplun 0.59
Pseele - 0.59
Cepbic - 0.47
Rhylor 0.45
Calazu - 0.42

% old-growth
liver richness
bryo richness
bryo cover

0.69
0.55
0.48
0.47

Isomyo
Cepsca
Frunis
Dicfus
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0.64
0.60
0.52
0.48

Table 2.8. Strongest correlations of environmental variables and bryophyte species
with ordination axes (NMS) for Lookout Point. Data were relativized by species
maxima. Bryophyte species abbreviations combine the first three letters of the genus and
the species; see Tables 2.1 & 2.2 for species lists. % old-growth is % canopy occupied
by old-growth, % hardwoods & conifers are % total basal area, BA = basal area (m2/ha),
n = 30 plots.

Lookout Point (transformed)
Axis 1 (R2 = 0.44) Axis 2 (R2 = 0.26)

Variable r Species r Variable r Species
liver richness 0.76 Isomyo 0.76 % hardwoods 0.60 Rhigla 0.67
% old-growth 0.72 Bazden 0.56 BA hardwoods 0.54 Rhylor 0.60
bryo cover 0.50 Frunis 0.56 % conifers - 0.60 Pseele 0.55
bryo richness 0.48 Rhyrob 0.54 Plalae 0.47

Calazu 0.52 Radbol 0.47
Cepsca 0.51 Lophet - 0.54
Plapor 0.48 Scabol -0.51
Dicfus 0.46
Clacri - 0.50



Variable
% coarse
wood
liver richness
bryo richness
% ground

Axis 1 (R2 =

0.53
0.48
0.45

- 0.46

B. Lookout Point
0.34)
Species r

Ceplun 0.55
Dichow 0.48
Rh i gla 0.46
Calfis 0.44
Rhylor 0.43
Clacri - 0.49

young (transformed)
Axis 2 (R2= 0.37)

Variable
% hardwoods 0.63
BA hardwoods 0.60
BA Acemac 0.44
% tall gap 0.41
moss richness 0.41
% conifers - 0.63
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Table 2.9. Strongest correlations of Lookout Point young stand environmental
variables and bryophyte species with ordination axes (NMS). Shown are results using
untransformed data (A, n = 22 plots), and data relativized by species maxima (B, n = 24
plots). Bryophyte species abbreviations combine the first three letters of the genus and
the species; see Tables 2.1 & 2.2 for species lists. BA = basal area (1112/ha), % gaps are %
plot occupied by gaps, % coarse wood & ground are % microplots falling on that
substrate, % hardwoods & conifers are % total basal area, Acemac = Acer macrophyllum.
Low gaps featured Gaultheria shallon, Vaccinium spp., Polystichum munitum, and
Pteridium aquilinum; tall gaps featured Acer circinatum.

- 0.74
- 0.72

Species
Clacri 0.52
Ortlye 0.45
Isomyo - 0.78
Scabol -0.63
Ceplun -0.52
Calazu - 0.49
Bazden -0.45

Old-growth contrasted with young-growth (Tables 2.7, 2.8, 2.10) in all

ordinations that contained old-growth plots, including the Bottomline young stand where

many diversity plots contained remnant old-growth trees. Three bryophytes in these

ordinations, Isothecium myosuro ides, Dicranum fuscescens, and Cephaloziella divaricata

var. scabra, were more consistently associated with old-growth than were other species.

Isothecium myosuroides was positively correlated, and potential radiation negatively

correlated, with axis 1 of the untransformed ordinations of Bottomline (Table 2.10) and

its young stand. In the latter ordination, potential radiation and I myosuro ides were

A. Lookout Point young (untransformed)
Axis 1 (R2= 0.76) Axis 2 (R2= 0.17)

Variable r Species r Variable r Species
BA 0.46 Cepbic 0.40 BA T. heterophylla 0.48 Eurore
conifers 0.44 Scabol 0.40 bryo cover - 0.84 Plaund
BA total - 0.86 Eurore - 0.91 BA P. menziesii - 0.43
bryo cover - 0.63 Antcur - 0.42
% low gap - 0.44 Hylspl - 0.42
total % gap



Table 2.10. Strongest correlations of environmental variables and bryophyte
species with ordination axes (NMS) for Bottomline, using untransformed data.
Bryophyte species abbreviations combine the first three letters of the genus and the
species; see Tables 2.1 & 2.2 for species lists. Radiation = potential solar (kcal/cm2/yr),
% old-growth is % canopy occupied by old-growth, BA = basal area (m2/ha), n = 30
plots.
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strongly correlated with the primary axis (r = 0.68, - 0.66, respectively) representing 73

% of the variation in the distance matrix.

Bryophyte cover and basal area of P. menziesii were positively correlated, and

basal area of T. heterophylla negatively correlated, with the primary axis of the

transformed ordination across sites (Table 2.7). These relationships were also evident in

the untransformed ordination across sites, where bryophyte cover and basal areas of P.

menziesii and T heterophylla all correlated with the primary axis (r = 0.79, 0.51, - 0.70,

respectively) representing 64 % of the variation in the distance matrix. Cover and old-

growth were positively correlated with the same axis in the transformed ordinations

across sites (Table 2.7, axis 2) and at Lookout Point (Table 2.8, axis 1).

Ordinations performed with untransformed data were controlled by the

dominance of the most abundant moss species, Eurhynchium ore ganum (Table 2.1).

These ordinations showed cover of forest floor bryophytes and E. ore ganum positively

correlated with three related gradients. The first, important at Bottomline, was the

potential amount of incident solar radiation received by a plot (Table 2.10, axis 1). This

gradient also showed strength in the untransformed ordination of the Bottomline young

stand, where potential radiation, bryophyte cover, and E. ore ganum were strongly

Axis 1 (R2= 0.55)
Bottomline (untransformed)

Axis 2 (R2= 0.41)
Variable r Species r Variable r Species r

radiation
bryo cover

0.69
0.66

Eurore
Isomyo

0.95
- 0.62

% old-growth
BA T heterophylla
BA conifers
BA C. cornuta
BA hardwoods

0.61
0.61
0.41

- 0.67
- 0.50

Isomyo
Rhytri
Homnut
Pornav
Radcom
Necdou
Clacri
Radbol

0.55
- 0.94
- 0.68
- 0.65
- 0.63
- 0.53
- 0.50
- 0.41
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correlated with the primary axis (r = 0.68, 0.66, 0.95, respectively). The second gradient,

seen at Lookout Point, was that of canopy gaps contrasting with higher basal area of

conifers (Table 2.9A, axis 1), and the third gradient was that of basal area of P. menziesii

contrasting with that of T. heterophylla. This gradient was seen in the transformed

ordination across sites (Table 2.7, axis 1), and in the untransformed ordinations of the

Lookout Point young stand (Table 2.9A, axis 2) and across sites. In the latter, bryophyte

cover, E. oreganum, and basal area of P. menziesii were positively correlated with the

primary axis (r = 0.79, 0.88, 0.51, respectively), while basal area of T heterophylla was

negatively correlated with that axis (r = - 0.70).

Variation in bryophyte community composition was also strongly correlated with

two other gradients. One was substrate (CWD versus ground or humus), which was

strongly correlated with the primary axes of the transformed ordinations across sites

(Table 2.7, axis 1) and of the Lookout Point young stand (Table 2.9B, axis 1). The

importance of substrate was somewhat less in the Bottomline young stand, where there

was less CWD, but was strongly corroborated by the untransformed ordination across

sites. The latter ordination showed frequencies of CWD and ground correlated with the

primary axis (r = 0.55, - 0.56, respectively).

The other gradient strongly correlated with variation in bryophyte community

composition was that of overstory composition (hardwoods versus conifers). This

gradient was important at Lookout Point in both the transformed (Table 2.8, axis 2) and

untransformed ordinations. The latter showed strong correlation of hardwood basal area,

and the percentages of total overstory basal area that were hardwoods and that were

conifers with the primary axis (r = 0.44, 0.47, - 0.47, respectively).

Overstory composition was also related to forest floor bryophytes at Bottomline,

where many usually epiphytic bryophytes and basal area of hardwoods, particularly

Corylus cornuta, were negatively correlated with the same axis in untransformed

ordinations of the site (Table 2.10, axis 2) and its young stand. The latter showed

positive correlation of the percentage of overstory basal area that was conifers, basal area

of conifers and P. menziesii, and total basal area with an axis representing 23 % of the

variation in the distance matrix (r 0.59), while basal area of hardwoods, the percentage

of total overstory basal area that was hardwoods, C. cornuta, Homalothecium nuttallii,



Radula complanata, Claopodium crispifolium, and Porella navicularis were all

negatively correlated with that same axis (r - 0.49).

DISCUSSION

Comparisons between sites: influence of substrate and climate

The greater gamma diversity at Lookout Point was largely due to the presence of

rock substrate. Bryophyte diversity increases as the number of suitable habitats, such as

rocks, increases (Slack 1977). There was enough occasional rock in the Lookout Point

young stand, apparently brought to the surface by mechanical disturbance during past

logging operations, to provide sufficient habitat for seven bryophytes exclusive to that

substrate: Scapania americana, Mnium spinulosum, and five species of Racomitrium

(Table 2.1). No rock was found at Bottomline.

The greater liverwort richness, and the more equitable fine scale distribution of

bryophytes in general (MPa) at Lookout Point, can be attributed to several factors.

Among these are the greater precipitation and more maritime climate of Lookout Point,

its relative lack of summer potential moisture stress for vegetation, and its greater

abundance of CWD. Coarse woody debris provides favorable bryophyte substrate,

retaining moisture, and contributing to more equable stand humidity (Franklin et al. 1981;

Lesica et al. 1991). Conditions of stable high humidity are favorable for bryophytes

(Sharp 1939), particularly liverworts (Soderstrom 1988a). Humidity and moisture

content of logs are especially important for bryophytes (Andersson & Hytteborn 1991).

Species more successful in conditions of higher humidity, that may be restricted to

microsites at Bottomline, are likely to be more evenly distributed in the more consistently

moist habitat available at Lookout Point. Many ecologically similar bryophyte species

can occupy a small area of apparently uniform environment such as CWD, and where this

occurs, diversity increases (Slack 1977).
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Comparisons between sites: influence of overstory

The two sites had different overstory compositions. At Lookout Point, the forest

matrix was dominated by T heterophylla (Figure 2.1), and its most common hardwood,

Acer circinatum, largely restricted to canopy gaps. The more open Bottomline forest

matrix was dominated by P. menziesii and had greater hardwood diversity. Nevertheless,

the gradient of hardwoods versus conifers was important to the forest floor bryophyte

community composition at both sites. The greater average plot-level moss richness

across ages at Bottomline resulted from the greater number of hardwood-associated

epiphytic bryophytes there either temporarily incorporated into the ground layer via

litterfall, or established in humus (e.g., Neckera douglasii). Many of these epiphytes

were rare or absent from the ground layer at Lookout Point. They were likely contributed

to the forest floor at Bottomline by its greater diversity of hardwood phorophytes, and

particularly C. cornuta. No Corylus was found at Lookout Point. Successful

establishment of usually epiphytic mosses on the forest floor was also observed in P.

menziesiiIT. heterophylla stands in Oregon by Peck et al. (1995).

The three most important environmental gradients brought forth by untransformed

ordinations suggest that, in these stands, light may be an important limiting factor for E.

oreganum, the main component of forest floor bryophyte cover. Cover was lowest at

Lookout Point, especially in its young stand, where overstory basal area, dominated by T.

heterophylla, was greatest. At Bottomline, there was greater cover where the forest was

less dense and P. menziesii dominated the overstory. Light levels are generally reduced

under T. heterophylla canopies, while P. menziesii allows transmittance of relatively high

amounts of diffuse light (Spies & Franklin 1991; Spies et al. 1990). Low light intensity

may limit bryophyte growth (Furness & Grime 1982; Rieley et al. 1979; Tamm 1950),

and cover (Tamm 1953; Tarkhova & Ipatov 1975), and several forest floor mosses have

shown increased relative growth rates and greater biomass with increasing light (Rincon

1993; Tamm 1953). The gradient of canopy gaps contrasting with higher basal area of

conifers was more pronounced at Lookout Point, where gaps contrasted more distinctly

with the denser forest matrix than at Bottomline. The Lookout Point young stand was

noticeably darker than any of the other stands, while at Bottomline, the forest was visibly

brighter throughout.
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However, other factors may also be at work to either limit bryophyte productivity

in the Lookout Point young stand, or increase it in the Bottomline young stand. Forest

mosses obtain much of their nutrients from precipitation leachates derived from overstory

vegetation (Tamm 1951). Throughfall from hardwoods generally contains much greater

annual amounts of nutrients than that from conifers, even though hardwoods have a

shorter growing season (Parker 1983; Tarrant et al. 1968). Leachate nutrients from the

more evenly distributed hardwoods at Bottomline could contribute to greater productivity

of its bryophytes. Also, nitrogen fixing cyanolichens, which contribute nitrogen in

throughfall and by decomposition, are rare at Lookout Point while often abundant in

hardwood gaps at Bottomline (Neitlich & McCune 1997).

Conifer throughfall is commonly more acidic than that from hardwoods (Parker

1983; Sharp 1939), and T. heterophylla litter is more acidic than that from P. menziesii

(Robinson et al. 1982). Such differences in overstory-derived acidity can be reflected in

soil pH (Parker 1983), which can restrict many bryophytes (Sharp 1939). In coastal T.

heterophylla forests of British Columbia, E. ore ganum indicated less acidic forest floors,

while Plagiothecium undulatum indicated greater acidity (Robinson et al. 1982).

Bottomline, with its preponderance of P. menziesii and greater diversity of hardwoods,

had approximately twice the cover of E. oreganum than did the T heterophylla-

dominated Lookout Point site, where P. undulatum was both more common and

abundant.

Comparisons between sites: influence of air quality

Finally, air quality may limit bryophyte productivity at Lookout Point. This site

is influenced by prevailing westerly winds passing over the Portland metropolitan area,

approximately 40 km to the west. This county (Multnomah) has more air pollution than

any other Oregon county (DEQ 1995). In comparison, Bottomline, with negligible

urbanization in the path of its prevailing westerlies from the Pacific Ocean, has relatively

pristine air. Airborne litter from different toy balloons was found in seven Lookout Point

plots, while only one Bottomline plot had such evidence of air pollution. Additionally,

pollution-sensitive cyanolichens are rare at Lookout Point, while common at Bottomline.



Air pollution has been shown to decrease bryophyte fertility (Rao 1982), growth, and

productivity (Hallingback 1992; Rao 1982; Winner 1988).

Comparisons between ages: influence of stand continuity

The greater richness of bryophytes, particularly epixylic liverworts, in old-growth,

is consistent with other published accounts that have found more bryophytes and rare

epixylic liverworts associated with old-growth than with young, managed stands

(Gustafsson & Hallingback 1988; Lesica et al. 1991; Soderstrom 1988a).

Coarse woody debris, an especially important factor contributing to biological

diversity (Esseen et al. 1992; Franklin et al. 1981), generally accumulates with stand age

(Bingham & Sawyer 1991; Franklin et al. 1981). This could be expected to contribute

towards greater bryophyte diversity in old-growth. However, we found no difference in

the amount of CWD between stand ages at either site (p 0.216).

Most likely, the greater old-growth bryophyte richness in these stands is largely

due to stand continuity. Long, relatively undisturbed forest continuity contributes

importantly to biological diversity (Esseen et al. 1992), and influences the distribution of

bryophytes (Lesica et al. 1991). Stand continuity promotes diversity of dispersal-limited

organisms by allowing more time for their colonization and establishment (Edwards

1986).

Forest floor bryophytes generally have limited dispersal ability. Near the ground,

there is a layer of still air in which spore dispersal is poor (Crum 1972; Khanna 1964).

Liverworts particularly, because of well developed capsule dehiscence and relatively

violent, elater-aided spore discharge, are not adapted for wind dispersal over distance

(Khanna 1964). Elater-aided spore dispersal is of relatively short duration, when there

may or may not be wind to carry away spores. Moss spores, which are usually released

relatively slowly over time, are more likely to be carried away from the peristome teeth

by occasional wind currents. In spite of this, effective dispersal over great distances for

mosses is generally possible only under unusual and fortuitous circumstances (Crum

1972). Even at a scale of between and within stands, dispersal ability may limit the

distribution of epixylic bryophytes (Soderstrom 1987).
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Slow establishment of old-growth associated bryophytes such as I. myosuro ides,

D. fuscescens, and C. divaricata var. scabra in young stands may be due to dispersal

limitation. But it may also be that I. myosuro ides and D. fuscescens find a greater

vertical profile of favorable moisture conditions for establishment and growth in the

lower canopy of older stands than in more vertically compressed younger stands. We

interpret the negative correlation of I. myosuroides, the second most abundant bryophyte

in these stands, with the amount of potential solar radiation to be more of an aversion of

the species to heat load and moisture stress than to light. D. fuscescens is most abundant

on conifer boles below the crowns, where conditions are especially well buffered from

wind and extremes of temperature and moisture by the canopy above (Geiger 1965). D.

fuscescens may further be limited in young stands by a lack of suitable substrate. The

greater fissuring and rougher texture of bark found on older conifer boles, compared to

the smoother bark of young trees, may provide more suitable colonization and

establishment sites for this moss. The greater abundance of these mosses as epiphytes in

old-growth increases their occurrence in incorporated litterfall and likely enhances their

establishment on CWD and humus in the ground layer.

The greater bryophyte cover associated with old-growth at these sites, particularly

within Lookout Point, is consistent with the greater development of moss cover found in

old-growth P. menziesii forests of western Oregon by Bingham and Sawyer (1991). In

addition to the longer length of time for development of moss biomass in old-growth

compared to young stands, older stands generally allow greater light transmittance to the

forest floor than do young stands (Geiger 1965). The Lookout Point old-growth is also

exposed to more potential incident radiation than the adjacent young stand because of its

combination of slope and aspect. Bryophyte cover and light regimes did not differ

between ages within Bottomline, where the young stand was relatively open, and the old-

growth was generally oriented towards the northeast.

Comparisons between ages: influence of substrate and climate

Both diversity and community composition are influenced by the number and

distribution of substrates made available by the continuity of dynamic processes in old-
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growth forests. Diverse substrate types and microhabitats have been positively correlated

with bryophyte species richness (Edwards 1986; Lee & La Roi 1979). Low to moderate

severity wind disturbance enhances forest structural and microhabitat diversity by

converting green trees to snags and coarse woody debris, creating canopy gaps, and

exposing soil (Hansen et al. 1991). Such features are often found more commonly in

natural stands than in managed stands (Hansen et al. 1991). Canopy gaps of various size

allow greater light penetration to the forest floor (Canham et al. 1990), encouraging well-

developed understories of herbs, shrubs, and young trees (Franklin & Spies 1991). These

varying areas of brightness contrast with "antigaps", heavily shaded areas that may be

nearly devoid of forest floor vegetation (Franklin & Spies 1991). Further, within a forest

gap there are appreciable variations in microclimate across gradients of light,

temperature, precipitation, dew, etc. (Canham et al. 1990; Geiger 1965). Such

heterogeneity, more common in old-growth, encourages bryophyte diversity and varied

community composition.

We found several mosses, restricted to old-growth, on exposed mineral soil from

root tip-ups: Dicranella heteromalla, Dicranella varia, Ditrichum montanum, and

Fissidens pauperculus. A comparison of mature (100-150 yrs) and old-growth (>200

yrs) P. menziesii and T. heterophylla stands in western Oregon found that tree mortality

by uprooting was more than twice as common in old-growth stands (Spies et al. 1990).

Uprooting creates microhabitat heterogeneity by exposing numerous substrates such as

mineral soil, rocks, and tree roots, in the tip-up mound and pit (Beatty & Stone 1986;

Jonsson & Esseen 1990). Such substrates were important for maintaining high bryophyte

diversity in a Swedish boreal forest, doubling the bryophyte diversity compared to

undisturbed forest matrix (Jonsson & Esseen 1990). Treefall in old-growth forests

continually provides new disturbance patches for colonization by bryophytes. Species

that inhabit such temporary substrates must continuously move to new substrate as their

former one degrades (Soderstrom 1993). Such "fugitive species" (Hutchinson 1965)

must have suitable substrate to colonize within effective dispersal range. Without

continued disturbances of low to intermediate intensity and frequency to renew transient

substrates, fugitive species dependent upon such substrates will decline.
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Comparisons between diversity and matrix plots

The differences between diversity and matrix plots are largely attributable to their

differing overstory densities and compositions, as already discussed. For example, the

greater bryophyte cover in diversity plots than matrix plots in the Lookout Point young

stand appears to be due to the lesser amount of overstory basal area in diversity plots.

Again, this suggests that with greater openness and light, forest floor bryophyte cover

increases in these stands. Compositional differences between the plot types were greatest

in the Lookout Point young stand. There may be several contributing reasons for this.

First, overstory basal area of diversity plot gaps in the Lookout Point young stand

contrasted more sharply with the surrounding forest matrix than in the other stands,

probably leading to greater differences between plot types in light, moisture, and

temperature regimes (Geiger 1965). Second, there may be a greater contrast in the

nutritional content and pH of throughfall leachate between plot types in the Lookout

Point young stand, where hardwoods were largely restricted to diversity plot gaps.

Hardwoods at Bottomline appeared to be more generally abundant throughout the young

stand. Finally, many diversity plots in the Bottomline young stand were selected for old-

growth remnants rather than hardwood openings, further diluting the contrast between its

diversity and matrix plots.

In a parallel study, diversity plots (gaps, hardwoods, and remnant old-growth

trees) in these young stands were identified as hotspots for epiphytic lichen biodiversity

(Neitlich & McCune 1997). Direct sampling and comparison of epiphytic bryophyte

communities between hardwood openings and conifer-dominated forest matrix is needed.

It is probable that hardwood gaps enhance the diversity of epiphytic bryophytes as well.



CONCLUSIONS

Forest floor bryophyte diversity and community composition differed between

our two study sites. We attribute those differences to disparities in climate, the

availability of substrate, and overstory composition. In spite of the differences, there

were some common patterns of diversity and composition across sites that have

implications for an ecosystem approach to forest management.

Long forest continuity was associated with bryophyte richness, particularly that of

liverworts. In the interest of maintaining bryophyte diversity, old-growth stands should

be preserved as refugia for those species with limited dispersal abilities or that require a

continuing supply of disturbance-generated substrates for survival. Forest ecosystems

with old-growth structural heterogeneity, and disturbances of low to intermediate

frequency and intensity, ensure a continuing variety and distribution of microhabitats

necessary for diverse bryophyte communities.

Where there was more light, there was greater ground layer bryophyte cover.

Thinning and opening young, dense, managed stands should favor bryophyte abundance.

Retention of hardwood species during thinning would contribute to a more diverse

bryophyte community. Through litterfall, hardwood epiphyte communities act as a

source for ground layer establishment of some more usually epiphytic bryophytes.

Hardwoods also influence their environment through variations in light, leachate

nutrients, and pH of precipitation throughfall, potentially affecting forest floor bryophyte

communities. At the same time, retention of coarse woody debris in managed stands will

provide a variety of decay classes for epixylic species, and the retention of some mature

overstory conifers will ensure a continuing supply of coarse woody debris to the forest

floor.

Finally, other structural or geographic features that provide substrate or habitat for

unique species or community composition should be protected in managed stands. For

example, the uncommon rock substrate at Lookout Point contributed appreciably to that

site's species richness.
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Chapter 3

Forest Floor Bryophytes as Indicators of Substrate and Stand Age

Thomas R. Rambo and Patricia S. Muir

The Bryolo gist
(in review)



ABSTRACT

We quantified the relationships of 93 forest floor bryophyte species, including

epiphytes from incorporated litterfall, to substrate and stand age in Pseudotsuga

menziesii-Tsuga heterophylla stands at two sites in western Oregon. We used the method

of Dufrene and Legendre, which combines a species' relative abundance and relative

frequency, to calculate that species' importance in relation to environmental variables.

The resulting "indicator value" describes a species' reliability for indicating the given

environmental parameter. Thirty-nine species were indicative of either humus, a decay

class of coarse woody debris, or stand age. Bryophyte community composition changed

along the continuum of coarse woody debris decomposition from recently fallen trees

with intact bark to forest floor humus. Diversity of forest floor bryophytes will be

enhanced when a full range of coarse woody debris decay classes is present. A suite of

bryophytes indicated old-growth forest. These were mainly either epiphytes associated

with older conifers or liverworts associated with coarse woody debris. Hardwood-

associated epiphytes mainly indicated young stands. Mature conifers, hardwoods, and

coarse woody debris are biological legacies that can be protected when thinning managed

stands to foster habitat complexity and biodiversity, consistent with an ecosystem

approach to forest management.

INTRODUCTION

Increasingly, old-growth forest habitats are recognized as reservoirs of

biodiversity in Tsuga heterophylla zone forests (Franklin & Dyrness 1973) of the Pacific

Northwest (Franklin 1989), and in other forest types around the world (e.g., Gustafsson et

al. 1992). To better protect species and genetic diversity, it is imperative that

representative old-growth ecosystems be preserved (Harris 1984). For example, the

continued existence of some bryophytes in the Pacific Northwest may well depend on

old-growth forest habitat (FEMAT 1993). However, old-growth forest preserves alone

are inadequate for protecting the spectrum of our remaining legacy of biodiversity
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(Franklin 1989; Harris 1984; Wilcove 1989). To accomplish this protection, the effort to

preserve biodiversity must be expanded into younger, managed stands on multiple-use

public lands (Thomas & Salwasser 1989; Wilcove 1989). This objective of "new

forestry," first championed by Jerry Franklin (1989), strives to make compatible the

harvesting of forest products with the fostering of complex ecosystems and their

biodiversity. Young stands should be managed not only for forest products, but also for

those structural, compositional, and functional attributes typically associated with old-

growth (Franklin et al. 1981; Hansen et al. 1991).

Forest managers are now faced with this challenge of fostering old-growth

associated biodiversity in younger managed stands (e.g., USDA & USDI 1994). To

achieve this, we must improve our knowledge of which species are old-growth

associated, and better understand their habitat requirements. Those habitat components

of importance to such species can then be preserved or fostered in managed stands.

Additionally, in the Pacific Northwest, forest managers have been directed to protect

designated species through surveying and management (USDA & USDI 1994), including

many old-growth associated bryophytes (FEMAT 1993). An improved understanding of

the habitat affinities of these "survey and manage" species will make surveying for them

more efficient, and guide the management of forest characteristics favorable for those

species.

One important structural component of old-growth forest is coarse woody debris

(Franklin et al. 1981; Spies et al. 1988). Young managed stands often lack large logs

upon which mature forest-associated species may be dependent (Hansen et al. 1991;

McComb et al. 1993). Coarse woody debris (CWD) contributes to biological diversity

(Esseen et al. 1992; Franklin et al. 1981; Hansen et al. 1991), providing essential habitat

for many plant and animal species (Franklin & Spies 1991). For bryophytes, CWD

provides favorable substrate, retaining moisture and influencing the forest environment

by contributing to more equable stand humidity (Franklin et al. 1981; Lesica et al. 1991).

A large number of forest bryophytes depend upon CWD for habitat (Andersson &

Hytteborn 1991; Berg et al. 1993).

Quantitative information on bryophyte species affinities for various decay stages

of CWD in the Pacific Northwest is lacking. Most current information on bryophyte
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substrate affinities in this region comes from habitat descriptions in annotated floristic

works (Jonsson 1996; Schofield 1976; 1988) and taxonomic keys (Lawton 1971;

Schofield 1992). Substrate associations for mosses in the central western Cascade Range

of Oregon were generalized for forest floor, logs, and tree bases by Peck et al. (1995).

We report here on quantitative relationships of 39 bryophyte species to stand age and

substrates of humus and CWD by decay classes at two sites in western Oregon.

The importance or relative contribution of a species within its community can be

estimated by a variety of measurements. Curtis and McIntosh (1951) first calculated

importance value for a species as its combined relative dominance (cover or basal area),

relative density, and relative frequency. The method we use (Dufrene & Legendre 1997)

calculates a species' importance in a priori groups of sample units, defined by

environmental or habitat differences of interest. It combines, by multiplication, the

abundance of a species in a designated group relative to its abundance in all groups, with

that species' frequency of occurrence in the sample units of the designated group. The

resulting "indicator value," expressed as a percentage of perfect indication, describes a

species' reliability for indicating a grouping parameter such as a substrate or stand age

class. We use these values to indicate a species' habitat association. The method also has

the potential to tell us where a species of interest might be found, which may be of

particular use to forest managers in developing strategies to survey and manage rare or

threatened species.

STUDY SITES

We studied paired young and old-growth stands at two sites in western Oregon:

"Lookout Point" on the western slope of the Cascade Range (45° 29' N, 122° 8' W;

Appendix 1) and "Bottomline" on the eastern slope of the Coast Range (Appendix 2).

Each site contained a young stand (55 yrs.), approximately 80 ha in area, and an old-

growth stand (400 + yrs.) of approximately 20 ha. The Bottomline young stand (43° 46'

N, 123° 13'W) was approximately five km from the old-growth stand (43° 47' N, 123°

17'W), while the ages were contiguous at Lookout Point.
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The Lookout Point site was impacted by a severe, east wind storm in April, 1931

(Sinton 1997). Several years later, windthrown timber was apparently salvaged in the

young stand, and its remaining old-growth was clearcut in the late 1930's. The slash was

partially burned, and the stand left to naturally regenerate (Thompson 1994). There is

evidence of considerable mechanical disturbance of the ground from those logging

operations. Subsequent east wind storms in 1973 and 1983 (Sinton 1997) caused

additional windthrow in the remaining old-growth stand.

Vegetation at Lookout Point is typical of the Tsuga heterophyllalPolystichum

munitum association of Tsuga heterophylla zone forests described by Franklin and

Dymess (1973). The old-growth overstory is dominated by T. heterophylla with a less

abundant component of P. menziesii, while the young stand has nearly equal proportions

of the two species. Elevation of the moderately sloping terrain varies from approximately

600-800 m. The lower elevation (228 m) Headworks Portland Water Bureau station (ca 9

km from Lookout Point) receives more than 2000 mm of precipitation annually (Taylor

1993), coming mostly during winter. Mean annual temperature there is 11.1° C, with

means for the coldest (January) and warmest (August) months 4.2 and 18.7° C

respectively.

The Bottomline young stand developed from natural regeneration following a

"seed tree" timber harvest in the late 1930's. The stand was likely burned after cutting,

and the scattered old-growth P. menziesii seed trees still remain (O'Toole 1997).

Vegetation at the site is best represented by the Pseudotsuga menzie,slilHolodiscus

discolorlGaultheria shallon association (Franklin & Dyrness 1973). Overstory consists

principally of P. menziesii. The young stand has occasional T heterophylla and

Calocedrus decurrens, while the old-growth has a larger component of T heterophylla.

Both ages contain a mix of hardwood species, most prominently Acer macrophyllum,

Cornus nuttallii, Corylus cornuta, and Castanopsis chrysophylla. Elevation of the

moderately sloping terrain of both stands varies from approximately 200-350 m. The

Cottage Grove Dam (253 m elevation, ca 17 km from Bottomline) receives mean annual

rainfall of 1222 mm (Taylor 1993), coming mostly during winter. Mean annual

temperature there is 10.7° C, with means for the coldest (January) and warmest (August)

months 3.9 and 18.5° C respectively.



METHODS

We established six plots in each old-growth stand, and 24 plots in each young

stand, for a total of 30 plots at each site (Appendices 3, 4, 5, 6). Each plot had a diameter

of 73.15 m (240') with an area of 0.42 ha, after U.S. Environmental Protection Agency

Forest Health Monitoring protocols for sampling lichen communities (Tallent-Halsell

1994). Half the plots were chosen for their inclusion of either hardwood gaps at both

sites, or remnant mature P. menziesii at Bottomline, and half were selected randomly

from the remaining more homogeneous conifer matrix (Chapter 2; Neitlich & McCune

1997). Plots in young stands were situated at least one approximated tree length (60 m)

from old-growth stand boundaries to minimize old-growth influences. Likewise, old-

growth plots were at least 60 m from clearcut edges, and all plots were kept 60 m from

riparian areas.

Bryophyte abundance was estimated in 75 systematically spaced microplots per

plot along three 50 m sampling lines (Chapter 2), using a rigid 10 x 30 cm frame

(McCune & Antos 1981) partitioned into six equal areas of 0.5 dm2. Cover classes were

judged as less than half a partition or as a nearest whole partition, and recorded

corresponding to percent cover as follows: 0.1 = < 8 %, 1 = 8 - 25 %, 2 = 25 - 42 %, 3 =

42 - 58 %, 4 = 58 - 75 %, 5 = 75 - 92 %, and 6 => 92 %. When there is relatively dense

cryptogam cover in the ground layer, microplot sampling efficiently estimates cover

(McCune & Lesica 1992). Microplot cover estimates were averaged across substrates to

the plot level for stand age analysis.

There are usually several stages of decay present at any time on a log. We

assigned a decay class to a microplot on a log to best generalize the decay stage for the

greatest portion of that microplot. Furthermore, while decomposition from freshly fallen

green trees to forest floor humus exists as a continuum of decay, we distinguished

discrete decay classes along that continuum. The decay classes we used are based upon

characteristics of decaying P. menziesii (Maser et al. 1988), ranging from virtually

undecayed class I through the advanced decay of class V, which approaches forest floor

humus. Because our study focused on forest floor bryophytes rather than epiphytes, we

disregarded decay class I wood. Decay class II logs still appear intact, supported above
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the ground on broken limbs, but have lost all their twigs. Decay class III logs have lost

much of their bark and sag to near the ground. Decay class IV logs rest on the ground

decorticated, their xylem has softened with decay, and they have begun to lose their

round shape. Decay class V logs have become soft with decay, and have completely lost

their roundness. We use a traditional "chronosequence" approach with these discrete

decay classes to infer changes in CWD bryophyte communities over time.

Only data for microplots on humus or one of the CWD decay classes were used in

this analysis. Microplots that fell on mixed substrates were not included. Litterfall that

was resistant to removal was included in the sampling, hence the necessary inclusion of

usually epiphytic species. Microplots falling on stumps, which remained from 1940's

harvesting of the young stands, were assessed as CWD up to a height of 1.5 m. The

frequency of mineral soil substrate was too low for meaningful analysis.

We used the method of Dufrene and Legendre (1997) with PC-ORD software

(McCune & Mefford 1997) to analyze indicator values for species by substrate.

Statistical significance was based on the proportion of 1,000 randomized trials that

equaled or exceeded the maximum indicator value for a species. Rare species were

included in the analysis. These species may have relatively low indicator values for a

substrate or stand age, as a reflection of low abundance and frequency of occurrence,

however, such an indicator value can still tell us where a species has its greatest

community importance, and where it may most likely be found. The 52 species that

occurred on decaying wood and humus were further categorized according to their most

usual habitat as substrate generalist (Isothecium myosuroides), corticolous, lignicolous, or

terricolous (Table 3.1). Indicator values for these ecological groups were also determined

for the four classes of decaying wood and humus.

Nomenclature for mosses, liverworts, and vascular plants follows Anderson et al.

(1990), Stotler and Crandall-Stotler (1977), and Hitchcock and Cronquist (1973),

respectively. Voucher specimens are deposited in the herbarium of Oregon State

University (OSC), and in the first author's herbarium.



Table 3.1. Bryophyte species found on humus or decaying wood, categorized by
ecological group according to their most usual habitat.

Generalist
Isothecium myosuroides

Corticolous
Antitrichia curtipendula
Aulacomnium androgynum
Cephaloziella divaricata var. scabra
Claopodium crispifolium
Dicranum fuscescens
Dicranum tauricum
Frullania franciscana
Frullania nisquallensis
Homalothecium nuttallii
Hypnum circinale
Hypnum subimponens
Isothecium cristatum
Lophocolea cuspidata
Neckera douglasii
Orthotrichum lyellii
Orthotrichum speciosum
Pore/la navicularis
Plagiochila semidecurrens var. alaskana
Ptilidium californicum
Radula bolanderi
Radula complanata
Scapania bolanderi
Ulota obtusiuscula

RESULTS

We based the following descriptions of bryophyte associations by substrate upon

microplot-level indicator analysis results for each site across ages (Table 3.2), each age

across sites (Table 3.2), and each of the four stands separately (Appendix 7), the

distribution of ecological groups across the range of decay classes and humus (Figure

3.1), and field observations. Information about indicators of stand age comes from plot-

level indicator analysis (Table 3.3), the average percentage cover and frequency of

Lignicolous
Bazzania ambigua
Blepharostoma trichophyllum
Calypogeia azurea
Calypogeia fissa
Calypogeia muelleriana
Calypogeia neesiana
Cephalozia bicuspidata
Cephalozia lunulifolia
Dicranum howellii
Jun germannia leiantha
Lepidozia reptans
Lophocolea heterophylla
Plagiothecium laetum
Rhizomnium glabrescens
Rhytidiadelphus loreus
Riccardia latifrons
Scapania umbrosa

Humicolous
Eurhynchium oreganum
Eurhynchium praelongum
Hylocomium splendens
Leucolepis acanthoneuron
Plagiornnium insigne
Plagiothecium undulatum
Pogonatum contortum
Pseudotaxiphyllum elegans
Rhytidiadelphus triquetrus
Rhytidiopsis robusta
Trachybryum megaptilum
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Table 3.2. Bryophyte indicator values by substrate at each site and in stand ages
across sites. Indicator values are percentage of perfect indication. Shown are species
withp-values < 0.05 for maximum value (bold), and species with a maximum value 5

and p-values from 0.05 - 0.1; "+" indicates presence on that substrate at a site or across an
age (p 0.1); "" indicates species was not found in a microplot on that substrate in that
site or age. Substrates II, III, IV, and V are coarse woody debris decay classes from
young (II) to most advanced decay (V), H = humus. Sample size is number of microplots
that fell on that substrate in that site or age, out of 2250 microplots for each site, 3600 for
young stands, and 900 for old-growth (n).

Lookout Point Bottomline
Substrate II III IV V H IT III IV V H
Sample size 16 68 213 125 534 32 59 63 44 831
Percentage of n 1 3 9 6 24 1 3 3 2 37
Calypogeia fissa 1 6 5 + + +
Cephalozia bicuspidata + 7 5 +
Cephalozia lunulifolia 1 3 18 4 + 3 8 16 7 1

Cephaloziella divaricata scabra + + 5
Dicranum fuscescens 34 + + + + + 14 4 + +
Dicranum howellii + + + + 5 + + +
Dicranum tauricum + 4 1

Eurhynchium oreganum 1 + 3 12 38 2 14 20 26 19
Frullania nisquallensis 12 + + + + 3 9 1 1 +
Hypnum circinale 33 22 10 2 + 20 6 3 + +
Isothecium myosuroides 45 11 2 1 + 19 17 13 5 1

Lepidozia reptans + + + + + + 4 +
Lophocolea heterophylla 3 7 2 1 + + + +
Plagiothecium undulatum + + + + + 8
Ptilidium californicum 6 + +
Radula bolanderi + + 5 + 1 1 +
Rhizomnium glabrescens 3 + 11 4 + + 7 3 3

Rhytidiadelphus loreus 5 2 1 + + +
Scapania bolanderi 11 12 21 5 + 2 5 +

Young stands Old-growth
Sample size 41 100 229 134 1091 7 27 47 35 274
Percentage of n 2 6 13 7 61 2 6 10 8 61
Calypogeia azurea + 8 1 3 + 12
Calypogeia.fissa 1 6 2 + + 1 20
Cephalozia bicuspidata + 10 1 + 1 20
Cephalozia lunulifolia + 2 18 3 1 1 14 4
Cephaloziella divaricata scabra + + 11 +
Dicranum fuscescens 1 3 4 + + 52 7 1 1 +
Dicranum tauricum + + + 3
Eurhynchium oreganum 3 6 6 15 29 7 6 10 29
Frullania franciscana + 7
Frullania nisquallensis 3 3 + + + 23 2 + I +



occurrence of species in a stand (Chapter 2), and field observations. Thirty-nine of the 93

species had maximum indicator values at least suggestive of significance (p <0.1) in at

least one of the analyses. Out of 237 comparisons, 113 had p-values at least suggestive

of significance. One would expect approximately 24 of these to have resulted by chance

alone from the Monte Carlo shuffling.

Decay class II wood

The youngest decaying wood we sampled, decay class II, had intact bark and was

largely dominated by facultative epiphytes: Dicranum fuscescens, Hypnum circinale,

Frullania nisquallensis, Isothecium myosuro ides, Ptilidium californicum, Radula

bolanderi, and Scapania bolanderi (FEMAT 1993; Hong 1989; Jonsson 1996; Lawton

1971; Peck 1997; Pike et al. 1975; Schofield 1976, 1992; Sillett 1995). Many of these

are commonly found on living conifer boles (FEMAT 1993; Hong 1989; Jonsson 1996;

Lawton 1971; Pike et al. 1975; Schofield 1992). Isothecium myosuroides was one of the

most abundant bryophytes in these stands (Chapter 2).
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Table 3.2. (continued)

Hypnum circinale 18 16 11 1 + 21 11 10 5 +
Isothecium myosuroides 30 15 3 1 1 48 17 13 5 1

Lepidozia reptans + + + + + + 5 11

Lophocolea heterophylla 4 2 2 1 + 14 1 1 +
Plagiothecium laetum + 3 + + +
Plagiothecium undulatum 0 0 13 11 1 + + + + +
Pseudotaxiphyllum elegans 4 5 5 + + + +
Ptilidium californicum + 14
Radula bolanderi 4 1 + + + 12 + +
Rhizomnium glabrescens + + 11 6 + + + + + +
Scapania bolanderi 1 7 24 4 + 7 4 16 4 +



Figure 1. Indicator values (p < 0.001) for Isothecium myosuroides and three ecological groups of bryophytes by substrates of
coarse woody debris (CWD) decay class and humus. "p" represents the proportion of randomized trials with an indicator value the
observed value.
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Table 3.3. Bryophytes as indicators of stand age. Indicator values are percentage
of perfect indication. Species with p-values <0.1 for highest value are shown. n = 48
plots for young stands, 12 for old-growth.

Decay class III wood

Decay class III logs have some intact bark remaining, and five facultative

epiphytes were indicators of this substrate: Frullania franciscana, F. nisquallensis,

Hypnurn circinale, Isothecium myosuroides, and Scapania bolanderi (Hong 1989).

Hypnum circinale and S. bolanderi, also commonly associated with decaying wood, are

joined by other epixylics in this community composition: Cephalozia lunulifolia,

47

Young Old p
Old-growth indicators across both sites
Antitrichia curtipendula 1 23 0.035
Cephaloziella divaricata var. scabra 0 54 0.000
Dicranum fuscescens 5 92 0.000
Eurhynchiurn praelongum 6 63 0.001
Frullania nisquallensis 20 70 0.003
Hylocomium splendens 4 33 0.032
Isothecium myosuroides 20 80 0.000
Lepidozia reptans 3 59 0.004
Ptilidium californicum 0 48 0.001
Rhizomnium glabrescens 20 65 0.048

Old-growth indicators (Lookout Point)
Bazzania ambigua' 0 65 0.001
Calypogeia azurea 20 76 0.038
Cephalozia bicuspidata 23 69 0.045
Douina ovatal 0 33 0.028
Plagiochila semidecurrens var. alaskanal 0 50 0.003
Radula bolanderi 0 30 0.069

Old-growth indicators (Bottomline)
Isothecium cristatuml 1 45 0.015
Plagiothecium undulatum 2 43 0.055

Young stand indicators across both sites
Neckera douglasii 66 0 0.002
Plagiothecium laetum 44 0 0.023
Pore/la navicularis 30 4 0.054
Radula complanata 38 1 0.050
Rhytidiadelphus triquetrus 51 1 0.018

Young stand indicators (Bottomline)
Leucolepis acanthoneuronl 67 7 0.094
Orthotrichum lyellii 71 1 0.028

Unique to site.
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Dicranum howellii, Lophocolea heterophylla, Rhizomnium glabrescens, and

Rhytidiadelphus loreus (FEMAT 1993; Hong 1993; Jonsson 1996; Lawton 1971;

Schofield 1992). Euryhnchium ore ganum also begins to show some importance on this

decay class.

Stumps were not differentiated from logs in this decay class, even though stumps

commonly had more intact bark. Based largely upon field observations, it can be said

that the most distinguishing bryophytes on stumps were four corticolous species:

Aulacomnium androgynum, Cephaloziella divaricata var. scabra, Dicranum fuscescens,

and D. tauricurn (Hong 1986; Lawton 1971; Pike et al. 1975; Schofield 1976, 1992).

Stumps appeared to offer drier habitat than comparable decay class logs, and the above

four species were more common at Bottomline, where the climate and general habitat

conditions were drier than at Lookout Point (Chapter 2).

Decay class IV wood

Many liverworts (Calypogeia azurea, C. fissa, Cephalozia bicuspidata, C.

lunulifolia, Lepidozia reptans, Scapania bolanderi), commonly associated with CWD

(FEMAT 1993; Hong 1980, 1990, 1993; Jonsson 1996), become important in community

composition of decay class IV wood. Several mosses also gain importance in this

community composition: Plagiothecium laetum, P. undulatum, Pseudotaxiphyllum

elegans, and Rhizomnium glabrescens. Hypnum circinale and Isothecium myosuro ides

decline in importance, while Euryhnchium ore ganum, slowly gains prominence in

community composition.

Decay class V wood

Many of the epixylic liverworts (Calypogeia azurea, C. fissa, Cephalozia

bicuspidata, C, lunulifolia, Lepidozia reptans, Scapania bolanderi) and the mosses

Plagiothecium undulatum, Pseudotaxiphyllum elegans, and Rhizomnium glabrescens still

show varying degrees of prominence in the community composition of this decay class.

Euryhnchium ore ganum continues to gain importance as decaying CWD becomes less



distinguishable from the forest floor, until this moss becomes a strong indicator of

humus. Euryhnchium oreganum made up roughly one to two thirds of the forest floor

bryophyte cover in these stands (Chapter 2).

Ecological groups across substrates

Isothecium myosuro ides and corticolous species decreased in community

importance as CWD decay progressed, while humicolous species increased in

prominence across the decay gradient until dominating humus (Figure 3.1). The principle

humicolous species was Euryhnchium ore ganum. Lignicolous species achieved their

greatest community prominence on decay class IV wood.

Stand ages

Eighteen species indicated old-growth either across sites or at one site only (Table

3.3). Seven were bryophytes often associated with older conifers as epiphytes

(Antitrichia curtipendula, Dicranum fuscescens, Douina ovata, Isothecium cristatum,

myosuroides, Ptilidium californicum, Radula bolanderi; FEMAT 1993; Pike et al. 1975;

Sillett 1995) that were found on the forest floor either in incorporated litterfall or growing

on CWD. Antitrichia curtipendula and D. ovata have been designated as late

successional and old-growth associated "survey and manage" species (USDA & USDI

1994). We found another seven species (Bazzania ambigua, Calypogeia azurea,

Cephalozia bicuspidata, Cephaloziella divaricata var. scabra, Lepidozia reptans,

Plagiothecium undulatum, Rhizomnium glabrescens) most often on decaying wood, with

which they are usually associated (FEMAT 1993; Hong 1986; Jonsson 1996). We also

found Plagiochila semidecurrens var. alaskana, another old-growth associated "survey

and manage" species, most often on decaying wood. However, we also saw it on the

bases of T. heterophylla trees as described by Hong (1992). Two old-growth indicators

were mosses usually associated with both decaying wood and humus (Eurhynchium

praelon gum, Hylocomium splendens; Jonsson 1996; Lawton 1971; Schofield 1992), and
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one was Frullania nisquallensis, most common on the hardwoods Acer, Cornus, and

Alnus (Hong 1989; Jonsson 1996).

Seven species indicated young stands either across sites or at Bottomline (Table

3.3). Four of these, Neckera douglasii, Orthotrichum lyellii, Porella navicularis, and

Radula complanata, we commonly observed on hardwood understory, with which they

are often associated (Jonsson 1996, 1997; Peck 1997; Schofield 1976, 1992). Three

species were mosses most often associated with both humus and decaying wood

(Leucolepis acanthoneuron, Plagiothecium laetum, Rhytidiadelphus triquetrus; Jonsson

1996; Lawton 1971; Peck 1995), although L. acanthoneuron is also found on hardwood

tree boles such as Acer macrophyllum (Peck 1997; Schofield 1976, 1992).

DISCUSSION

Substrate

The most important environmental influences on bryophyte community

succession on decaying logs are microclimate and the quality of the substrate (Muhle &

LeBlanc 1975). A log's microclimate may change suddenly from disturbances such as

treefall and opening of the canopy, or gradually, due to growth or succession of

surrounding vegetation, or from its own decomposition. For example, log decomposition

increases available moisture for cryptogams (Muhle & LeBlanc 1975). The moisture

absorption and retention capacity of bark can be increased several times by fungi

(Penfound & Mackaness 1940). As decomposition progresses, wood becomes softer and

spongier, better able to retain moisture, and better able to buffer its microenvironment

during periods without precipitation. It has also been suggested that with increasing

humidity and consequent activity of wood-decomposing organisms, there is an

accompanying CO2 enrichment of the ambient air surrounding decaying logs which may

be favorable for some cryptogams (Muhle & LeBlanc 1975).

Corticolous bryophyte communities on logs can influence the microclimate of

bark in several ways. Bark covered by moss has a higher moisture content than bare bark

(Billings & Drew 1938), and temperature fluctuations are less on epiphyte-covered bark
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than bare bark (Barkman 1958). Both of these factors favor development of decomposers

such as bacteria, molds, fungi, and invertebrates (Barkman 1958). Among the several

factors controlling the rate and type of CWD decay, the most important may be

decomposers and weathering (Harmon et al. 1986). The facilitation model of plant

community succession (Clements 1916; Connell & Slatyer 1977) attributes the

replacement of one seral stage by another to modification of the environment by the

previous plant community. The modified habitat becomes favorable for a different mix

of species, putting a succeeding community at a competitive advantage over the

preceding one. However, this model may have only limited relevance to bryophyte

community succession on CWD. It is largely the action of decomposers, augmented by

weathering, that facilitates bryophyte succession by modifying the substrate.

In these stands, the facultative epiphytes on decay class II logs either survived as

carryover from their existence as epiphytes, or found the intact bark of logs suitable for

establishment. Corticolous species dominate community composition until bark either

accumulates humus, or with decay and weathering, fragments and sloughs off. When

humus accumulates, humicolous species can compete for resources with corticolous

species. When bark sloughs off, succession begins anew on the exposed xylem (Harmon

1989; Harmon et al. 1986).

Decay class III logs have a combination of bark, much of which has accumulated

some humus over time, and patches of exposed xylem, usually on the steep log sides.

Logs of this decay class remain somewhat supported above the forest floor by broken

branches, making them more susceptible to the drying effects of air circulation than later

decay stages (SOderstrom 1988b). A humid environment is especially important for

liverworts (Andersson & Hytteborn 1991; Soderstrom 1988a). Hence, this decay class

remains less than optimum for many epixylic hepatics. However, L. heterophylla shows

some prominence in the community composition, while C. lunulifolia, S. bolanderi and

the moss R. glabrescens have begun exploiting exposed areas of xylem. Hepatics are

generally pioneer species, establishing and undergoing succession in areas devoid of

other vegetation such as decorticated logs (Schuster 1957). Composition of the pioneer

bryophyte community depends mainly on the composition of the larger bryophyte

community that lies within effective dispersal range of the log, and the chance of a
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species' successful establishment on that log (Schuster 1957). The importance of F.

nisquallensis, associated with P. menziesii bark (Pike et al. 1975), has declined with

decortication. The acrocarp D. howellii and the pleurocarps E. ore ganum,

myosuroides, and R. loreus were largely restricted to the tops of decay class III logs

where there was a combination of bark and developing humus.

Decay class IV logs are in closer contact with the forest floor, and less susceptible

to drying. They are also generally decorticated, hold more water, and provide a more

moist substrate and humid microclimate favorable for hepatics. Hence, epixylic

liverworts peaked in community importance on this decay class. At the same time,

prominence of the mosses H circinale and I myosuroides declined. The association of

H circinale with earlier decay stages of logs was noted by Schofield (1992).

Epixylic hepatics were most abundant on the sides of decay class IV logs, where

there was more exposed xylem. Pleurocarpous mosses (e.g., E. oreganum, and P.

undulatum,) were most abundant on the top surfaces of these logs. Once established,

such mosses overtop and shade out other bryophytes. The larger a log, the more difficult

it is for terrestrial mosses to grow up and attach to its steep sides, or for humicolous

pleurocarps established on its top surface to cover those sides by growing down

(Andersson & Hytteborn 1991; Soderstrom 1988b). Hence, larger logs have more

remaining exposed xylem in later decay stages, which contributes to their richer epixylic

communities (SOderstrom 1988b).

Many ecologically similar bryophyte species can occupy a small area of

apparently uniform environment such as CWD (Slack 1977). Such pioneer bryophyte

communities of nearly ecologically equivalent species undergo little or no autogenic

succession (Schuster 1957). Rather, these epixylic communities are limited by

decomposition of their substrate, as decay class V logs lose their rounded form and

collapse into the surrounding humus of the forest floor. In order to survive, species that

inhabit such temporary substrates must continuously disperse to new substrate as their

former one degrades (Soderstrom 1993). Suitable substrate for such "fugitive species"

(Hutchinson 1965) must also be within their effective dispersal range.

Some epixylic liverworts did survive on the little remaining exposed xylem of

decay class V wood. However, without the protected niche of steep log sides, the
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importance of liverworts diminished in competition with humicolous mosses (Andersson

& Hytteborn 1991; Schuster 1957). For example, E. oreganum rapidly gained

prominence on decay class V wood, overgrowing and shading out most other bryophytes.

The pattern of community succession described above, of I. myosuroides and

corticolous species being replaced by lignicolous species, which in turn were replaced by

humicolous species, has been described elsewhere (Andersson & Hytteborn 1991;

Harmon 1989; Schuster 1957; Soderstrom 1988b). Our results corroborate those findings

and others: bryophyte community composition on CWD depends upon the age and decay

stage of the wood, and community composition changes over time as CWD decomposes

(McCullough 1948; Muhle & LeBlanc 1975; Soderstrom 1988b).

Stand age

Old-growth was largely differentiated by a suite of bryophytes either associated

with older conifers or CWD, while young stands were largely differentiated by

hardwood-associated epiphytes. These epiphytes were also present in the old-growth, but

there, their community importance on the forest floor was overshadowed by litterfall or

establishment from those abundant epiphyte communities associated with older conifers.

For example, the seven old-growth indicator bryophytes associated with older conifers

were primarily epiphytes (Jonsson 1996; Pike et al. 1975; Sillett 1995). Even so, they

had strong enough community importance in the ground layer to be indicators of old-

growth.

It might be that microclimate conditions in old-growth canopy, which may favor

success of species typically found there (e.g., A. curtipendzila, D. ovata), are lacking in

younger stands. Others of these old-growth indicators are most abundant in the

subcanopy and lower overstory branches (e.g., I. myosuroides) or on conifer boles below

the crowns (e.g., D. fuscescens), where microclimate conditions are especially well

buffered from wind and extremes of temperature and moisture by the canopy above

(Geiger 1965). Bryophytes such as these may find a greater vertical profile of favorable

moisture conditions for establishment and growth in the lower canopy of older stands

than in more vertically compressed younger stands. The resulting greater abundance of



54

these epiphytes in older stands gives them greater presence on the forest floor in

incorporated litterfall or on CWD.

In addition to potential microclimate differences, there may also be a difference in

the quality of phorophyte substrate between young and old stands, which may limit the

development of old-growth associated epiphytes in younger stands. The greater fissuring

and rougher texture of bark found on older conifer boles, compared to the relatively

smooth bark of young trees, may provide more suitable colonization and establishment

sites for these bryophytes. Because D. fuscescens is associated with living boles of older

conifers (FEMAT 1993), it had its greatest community importance on the forest floor of

old-growth on intact bark of class II decaying wood, where it had probably initially

established as an epiphyte. In young stands, where it is less abundant as an epiphyte, this

moss indicated class IV decaying wood. Here, it likely colonized by dispersal from

nearby CWD or mature forest, rather than from immediate canopy-derived litterfall or

diaspores.

Six of the eight old-growth indicator bryophytes associated with decaying wood

were liverworts. Greater availability of this substrate favors liverworts (Soderstrom

1988a), and CWD generally accumulates with stand age (Bingham and Sawyer 1991;

Franklin et al. 1981). However, we found no difference in the amount of CWD between

the young stands and old-growth at either site (Chapter 2). Furthermore, a variety of

CWD decay classes fosters diverse bryophyte communities (SoderstrOm 1988b; 1993).

There is a greater probability that ground layer CWD will be present in all decay classes

in natural old-growth forests than in young, managed stands (Andersson & Hytteborn

1991). However, the young stands in our study received a pulse of large CWD during

logging, with subsequent input of smaller diameter decay class II debris from self-

thinning, fungal root disease, and windfall. Our young stands also did not differ

appreciably from the old-growth in availability of different decay classes (Table 3.2).

Rather, the number of epixylic bryophytes we found indicating old-growth is most

likely largely due to long stand continuity. Relatively undisturbed forest continuity is

important in contributing to biological diversity (Esseen et al. 1992), and influencing the

distribution of bryophytes (Lesica et al. 1991). Forest floor bryophytes generally have

limited dispersal ability (Crum l 972; Khanna 1964; Soderstrom 1987), and stand
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continuity promotes diversity of dispersal limited organisms by allowing more time for

their colonization and establishment (Edwards 1986). Old-growth at our sites had greater

average plot-level bryophyte richness than young stands (33.8 versus 28.2 at Lookout

Point, 35.3 versus 30.0 at Bottomline), consistent with observations of bryophytes in

Sweden (Gustafsson & Hallingback 1988). Other published accounts have found more

rare epixylic liverworts associated with old-growth than with young, managed stands

(Lesica et al. 1991; Soderstrom 1988b).

CONCLUSIONS

The progression of decaying coarse woody debris runs from recently fallen

corticated trees to logs which have become nearly indistinguishable from forest floor

humus. Bryophyte community composition changes accordingly. Freshly fallen trees

have essentially intact epiphyte communities. Many of these and other corticolous

species, normally inhabiting the lowermost portions of living conifer boles, dominate

early decaying logs with intact bark. Then, with decomposition and sloughing of bark,

pioneer epixylic communities come into prominence. Finally, with development of

humus and subsidence of logs, humicolous species join the compositional mix, until they

achieve dominance, and decayed wood blends into the forest floor. Thus, to maximize

diversity of forest bryophytes, there should be a full range of coarse woody debris decay

classes present.

A suite of bryophytes indicated old-growth forest in these stands. Most were

either epiphytes associated with older conifers, or liverworts associated with coarse

woody debris. Longer stand continuity promotes diversity of organisms that are

generally dispersal limited, such as bryophytes, by 1) fostering old-growth structural

features such as mature trees and coarse woody debris, and 2) providing the time

necessary for dispersal limited organisms to colonize, establish, and flourish.

When prolonged stand continuity without major disturbance is not possible, as

when harvesting timber, features such as mature trees and coarse woody debris can be

encouraged or protected during harvests. Retention of these biological legacies in young,
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managed stands contributes towards the goals of ecosystem management by fostering

habitat complexity and biodiversity while producing forest products.

This work provides insights into what structural characteristics of older forests are

of importance to bryophyte communities. However, our inferences are limited by the

number of stands we sampled. More region-wide analyses of this type are needed to

elaborate and strengthen our insights, and improve ecological understanding of

bryophytes and their habitat requirements. Federally mandated protection of late

successional-associated species makes the acquisition of such information all the more

important.



Chapter 4. Conclusions

Forest floor bryophyte diversity and community composition differed between the

two study sites. Those differences are primarily attributable to environmental disparities

between sites in climate, substrate availability, and overstory composition. Lookout

Point had a more maritime climate with greater precipitation, more coarse woody debris

and rock substrate, and a denser, T heterophylla-dominated canopy. Bottomline had

drier summers, greater diversity of hardwoods, and a more open, P. menziesii-dominated

canopy. In spite of those differences, there were some common patterns in diversity and

composition across sites that have implications for an ecosystem approach to forest

management.

Where there was more light, there was greater ground layer bryophyte cover.

Thinning and opening young, dense, managed stands should favor bryophyte abundance.

At the same time, retention of hardwoods during thinning would contribute to a more

diverse bryophyte community. Through litterfall, hardwood epiphyte communities act as

a source for ground layer establishment of some more usually epiphytic bryophytes.

Hardwoods influence their environment through variations in light, leachate nutrients,

and pH of precipitation throughfalk also potentially affecting forest floor bryophyte

communities.

A suite of bryophytes was associated with old-growth forest in these stands. Most

were either epiphytes associated with older conifers, or species associated with coarse

woody debris. Retention of some mature overstory conifers in managed stands will

enhance the influx of coarse woody debris to the forest floor. At the same time, retention

of a spectrum of decay classes of coarse woody debris will ensure the range of habitats

necessary to maximize diversity of bryophytes associated with decaying wood, especially

epixylic liverworts.

The progression of decaying coarse woody debris runs from recently fallen

corticated trees to logs which have become nearly indistinguishable from forest floor

humus. Bryophyte community composition changes accordingly. Freshly fallen trees

have essentially intact epiphyte communities. Many of these and other corticolous
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species, normally inhabiting the lowermost portions of living conifer boles, dominate

early decaying logs with intact bark. Then, with decomposition and sloughing of bark,

pioneer epixylic communities come into prominence. Finally, with development of

humus and subsidence of logs, humicolous species join the compositional mix, until they

achieve dominance as decayed wood blends into the forest floor. Thus, for enhanced

diversity of forest bryophytes, there should be a full range of coarse woody debris decay

classes present.

Bryophyte richness, particularly that of liverworts, was associated with old-

growth forest. Forest continuity promotes diversity of organisms that are generally

dispersal limited, such as bryophytes, by 1) fostering old-growth structural features such

as large trees and coarse woody debris, and 2) providing the time necessary for dispersal

limited organisms to colonize, establish, and flourish. In the interest of maintaining

bryophyte diversity, old-growth stands should be preserved as refugia for those species

with limited dispersal abilities or that require a continuing supply of disturbance-

generated substrates for survival. Forest ecosystems with old-growth structural

heterogeneity, and disturbances of low to intermediate frequency and intensity, ensure

continuing variety and distribution of the microhabitats necessary for diverse bryophyte

communities.

When prolonged stand continuity without major disturbance is not possible, as

when harvesting timber, features favorable for bryophyte diversity such as coarse woody

debris and mature hardwoods and conifers can be encouraged or protected during

harvests. Retention of these biological legacies in young, managed stands contributes

towards the goals of ecosystem management by fostering habitat complexity and

biodiversity while producing forest products. Other structural or geographic features that

provide substrate or habitat for unique species or community composition should also be

protected in managed stands.

This work provides evidence that structural characteristics of older forests are

important for diverse bryophyte communities. However, the generality of inferences is

limited by the number of stands sampled. More region-wide analyses of this type are

needed to elaborate and strengthen these insights, and improve ecological understanding

of bryophytes and their habitat requirements. Federally mandated protection of late



successional-associated species makes the acquisition of such information all the more

important.
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Appendix 1. Approximate locations of adjacent young and old-growth stands at
Lookout Point (T1S R5E S13).
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Appendix 2. Approximate locations of young and old-growth stands at Bottomline
(T21S R5W Si & T2OS R5W S33, respectively).
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Appendix 3. Approximate locations of research plots in Lookout Point young
stand. See Appendix 1 for geographic context.
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Appendix 4. Approximate locations of research plots in Lookout Point old-growth
stand. Roads at top are in the adjacent young research stand (Appendix 3). See Appendix
1 for geographic context.



Appendix 5. Approximate locations of research plots in Bottomline young stand.
See Appendix 2 for geographic context.
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Appendix 6. Approximate locations of research plots in Bottomline old-growth
stand. See Appendix 2 for geographic context.
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Appendix 7. Bryophyte indicator values for substrates within each stand. Indicator values are percentage of perfect indication.
Species with p-values < 0.1 for maximum value are shown; those with p-values <0.05 are bold; "+" indicates presence on substrate in
a stand (p 0.1); indicates species was not found in a microplot on that substrate in that stand. Substrates II, III, IV, and V are
coarse woody debris decay classes from young (II) to most advanced decay (V), H = humus. No decay class IT was sampled in the
Bottomline old-growth. Sample size is number of microplots that fell on a substrate.

Lookout Point
Young stand Old-growth

Bottomline
Young stand Old-growth

Substrate II III IV V H II III IV V H II III IV V H III IV V H
Sample size 11 56 186 102 493 6 14 29 27 129 31 46 44 36 683 13 20 8 151

Aulacomnium androgynum + + + 7 +
Calypogeia azurea + 9 2 8 + 13 + +
Calypogeia fissa + + + + 2 25 + 5 +

Cephalozia bicuspidata 1 12 1 + 3 25 +
Cephalozia lunulifolia 1 3 17 4 + 1 1 20 4 3 13 1 + + +
Cephaloziella divaricata scabra + + 4 15
Dicranum fuscescens + + + + + 75 + + 1 + + 4 9 + 45 3 + +
Dicranum howellii + + + + + + +
Dicranum tauricum + + 7 3 +
Eurhynchium oreganum 1 + 4 14 28 + + 3 49 + 10 21 31 23 12 14 39 15

Frullania franciscana + 15
Frullania nisquallensis 7 + + + + 16 + + + 2 10 1 + + 16 2 15 +
Hypnum circinale 34 20 9 1 + 22 17 14 6 + 37 9 2 + + 13 8 +
Isothecium myosuroides 25 13 2 1 + 55 14 10 4 1 27 30 10 2 + + + + +
Lepidozia reptans + + + + + 8 14 + + + + +
Lophocolea heterophylla + + + + + 14 1 + + 3 6 10 + 13 1 4
Plagiothecium laetum + + + 1 3 + +
Plagiothecium undulatum + + + + + + + + + 5 15 +
Ptilidium californicum + 17 +
Rhizomnium glabrescens + + 13 5 + + + + + + 1 5 5 + + + +



Appendix 7 (continued)

Rhytidiadelphus triquetrus + + + + + _ 10 _
Riccardia latifrons + 7 +
Scapania bolanderi 11 11 20 4 + 6 10 25 4 + 1 13 + +
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Appendix 8. Data (see disk enclosed in pocket). Species codes (splist) and cover
class estimates by plot and microplot for Lookout Point young stand (LPYdata), Lookout
Point old-growth (LPOdata), Bottomline young stand (BLYdata), and Bottomline old-
growth (BLOdata). Cover class data in compact format (Microsoft 1995).
Environmental variables for Lookout Point young stand (LPYenv.x1w), Lookout Point
old-growth (LPOenv.x1w), Bottomline young stand (BLYenv.x1w), and Bottomline old-
growth (BLOenv.x1w). Environmental data in spreadsheet format (Microsoft 1997);
variable abbreviations and values explained as follows:

site: 1 Zr Lookout Point, 2 = Bottomline.

age: 1 young stand, 2 = old-growth.

type: 1 = diversity plot, 2 = matrix plot.

rich: bryophyte richness (Wpa).

moss: moss richness (Wpa).

liver: liverwort richness (Wpa).

cover: mean cover class for forest floor bryophytes.

radtn: potential incident radiation (kcal/en-12/yr).

%cwd: percentage of microplots that fell on coarse woody debris.

%humus: percentage of microplots that fell on humus.

%gap: percentage of sky not occupied by tree foliage.

%open: amount of "%gap" dominated by herb and low fern cover.

%low: amount of "%gap" dominated by low-growing shrubs and tall ferns.

%tall: amount of "%gap" dominated by tall woody shrubs and hardwoods.

%old-g: percentage of canopy cover occupied by old-growth.

old-g: presence/absence of old-growth trees.

CALDEC: presence/absence of Calocedrus decurrens.

PSUMEN: presence/absence of Pseudotsuga menziesii.

THUPLI: presence/absence of Thuja plicata.

TSUHET: presence/absence of Tsuga heterophylla.

ACECIR: presence/absence of Acer circinatum.

ACEMAC: presence/absence of Acer macrophyllum.

ALNRUB: presence/absence of Alnus rubra.

ARBMEN: presence/absence of Arbutus menziesii.



Appendix 8 (continued)

CASCHR: presence/absence of Castanopsis chrysophylla.

CORNUT: presence/absence of Cornus nuttallii.

CORCOR: presence/absence of Corylus cornuta.

HOLDIS: presence/absence of Holodiscus discolor.

PRUVIR: presence/absence of Prunus virginiana.

RHAPUR: presence/absence of Rhamnus purshiana.

baAcir: basal area of Acer circinatum (m2/ha).

baAmac: basal area of Acer macrophyllum (m2/ha).

baArub: basal area of Alnus rubra (m2/ha).

baAmen: basal area of Arbutus menziesii (m2/ha).

baCchr: basal area of Castanopsis chrysophylla (m2/ha).

baCnut: basal area of Cornus nuttallii (m2/ha).

baCcor: basal area of Corylus cornuta (m2/ha).

baHdis: basal area of Holodiscus discolor (m2/ha).

baPvir: basal area of Prunus virginiana (m2/ha).

baRpur: basal area of Rhamnus purshiana (m2/ha).

BAcons: basal area of conifers (m2/ha).

BAhard: basal area of hardwoods (m2/ha).

BAtot: total basal area (m2/ha).

%cons: percentage of total basal area represented by conifers.

%hards: percentage of total basal area represented by hardwoods.
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