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I focus on addressing knowledge gaps relating to management of cryptogams in
Oregon’s public lands in Pseudotsuga menziesii-Tsuga heterophylla forests on the west side of
the Cascade Range and dryland steppe in the Cascade Range’s rainshadow.
While a great deal of research has illustrated the importance of late-successional
forests for maintaining biodiversity in the Pacific Northwest of North America, over 76% of
the forests in the region are less than 100 years old. To preserve landscape-level biodiversity,
forest managers are increasingly interested in how young stands can be manipulated to favor
late-successional species. At two sites in moist conifer forests of western Oregon, lichen
community monitoring plots were established prior to treatment and resampled approximately
10 years after alternative thinning treatments aimed at promoting late-successional strucural
characteristics. At both sites, hardwood gaps and open-grown trees were positively associated
with cyanolichen species richness. At one site, thinned plots hosted more Bryoria, Candelaria
concolor, Leptogium polycarpum, Peltigera collina, Nephroma laevigatum and Physcia
tenella than had been observed prior to thinning. I concluded that thinning treatments retaining
remnants, open-grown trees and hardwood gaps have potential to favor lichen communities
rich in cyanolichen and alectorioid species.
In the same sites, I sought to understand how stand-level gradients in canopy structure
relate to dominant forest floor bryophyte and lichen species composition and abundance. At
the one site, I found no strong associations between forest floor communities and stand
structural characteristics. At the the other, lichens, particularly Cladonia, were negatively
associated with canopy cover whereas bryophyte abundance was positively associated with
Tsuga basal area. This relationship was stronger in the thinned stands, which had a different
community composition than those left unthinned. Overall, the forest floor communities were
fairly homogeneous at both sites and relationships with stand structural variables were subtle,
indicating that thinning did not have a strong impact.

Biological soil crusts are ecosystem engineers in arid and semi-arid habitats; they
affect soil chemistry, stability, and vegetation. Little is known about regional variation in
biotic crust communities of North America. I explored how biotic crust lichen community
composition and richness related to vascular plant, soil and climate characteristics in Oregon.
In 59 0.4-ha plots, I found 99 biotic crust lichen taxa, one-third of which were observed only
once, 33 of which occurred in only one plot and seven of which were new to Oregon. I
compiled records from herbaria and other studies to evaluate the rarity of 124 biotic crust
lichen species and conclude that 37 are rare or uncommon. Many of these appear to be
associated with calcareous substrates. I modeled occurrences in relation to climate and soil
variables for four uncommon biotic crust lichens: Acarospora schleicheri, Fuscopannaria
cyanolepra, Rhizocarpon diploschistidina, and Texosporium sancti-jacobi. Based on climate
and soils, I mapped regions of Oregon that may support new populations of these species and
overlay habitats unsuitable for biotic crusts due to development and agriculture. These species,
except Fuscopannaria cyanolepra, are strongly associated with the fine soils along the
Columbia and Treasure Valleys that are most intensively used for agriculture.
Biotic crust lichen communities rich in cyanolichens characterized Juniperus stands
whereas warm grasslands were home to regionally uncommon species including Texosporium
sancti-jacobi and Rhizocarpon diploschistidina. I discerned biotic crust communities in sandy
Artemisia tridentata ssp. wyomingensis sites from those loamy A. arbuscula sites. Hotspots of
biotic crust diversity were geographically scattered, weakly negatively associated with
abundance of shrubs of disturbed sites, Gutierrezia and Chrysothamnus. The poorest sites for
biotic crust lichen richness were heavily grazed, burned plots with Gutierrezia in the grassy
north, unstable steep talus slopes at the center, and sandy, grazed sites with Chrysothamnus in
the southern portion of our region. Overall, regional patterns in biotic crust lichen
communities were strongly associated with vegetation, soils, and climate.
I hope that my findings will promote intentional management of epiphytic and forestfloor cryptogams of western Oregon forests and monitoring of biotic lichen communities in
eastern Oregon.

©Copyright by Heather T. Root
June 9, 2011
All Rights Reserved

CRYPTOGAM COMMUNITIES IN FOREST AND STEPPE ECOSYSTEMS OF
OREGON, USA

By
Heather T. Root

A DISSERTATION
submitted to
Oregon State University

in partial fulfillment of
the requirements for the
degree of
Doctor of Philosophy

Presented June 9, 2011
Commencement June 2012

Doctor of Philosophy dissertation of Heather T. Root
presented on June 9, 2011.

APPROVED:

Major Professor, representing Botany and Plant Pathology

Chair of the Department of Botany and Plant Pathology

Dean of the Graduate School

I understand that my dissertation will become part of the permanent collection of
Oregon State University libraries. My signature below authorizes release of my
dissertation to any reader upon request.

Heather T. Root, Author

ACKNOWLEDGEMENTS
I received funding for research relating to the first two chapters from the Bureau of
Land Management’s Density Management Study, facilitated by Klaus Puettman. Funding for
soil crust surveys was from the Interagency Sensitive and Special Status Species Program,
facilitated by Kelli van Norman.
Many generations of McCune/Muir lab students and technicians were instrumental in
my success. Pat Muir, Emily Holt and Amanda Hardman made me feel welcome when I first
arrived. Amanda took the time to teach me the local flora. Peter Nelson collaborated with me
to explore the many tangential mysteries of lichenology and systematics. Martin Hutten and
Heather Lintz shared their methodological ideas with me. Other graduate students and postdocs including Erin Gray, Olivia Duren, Laurie Gilligan and Anna Mezaka all added to the fun
of being in the lab. Our techs have been amazing: Elisa Alphandary, Rheannon Arvidson,
Mary Donofrio, Keira Nicholson and Kim and Christina Wesseler. The Wesselers were
especially helpful helping me find field sites and granting me a warm bed during parts of the
soil crust project. My field assistants Eric Schori, Laura Nelson, and Jesse Miller made
fieldwork a fun adventure. In this past quarter, I’ve been grateful to Pat Muir’s mentoring
through my first experience teaching Ecological Methods.
My committee, Lisa Ganio, Lisa Madsen, Tom Spies, and Mark Wilson have been a
joy to interact with. They’ve thoughtfully critiqued my work, holding me to high standards
while treating me with the respect and consideration of a colleague. Lisa Madsen, who was my
advisor during my MS, has been especially supportive during my career at OSU.
Lichenologists are a fantastic community and my ties to the other lichen folks of the
world have rejuvenated my sense of wonder when I’ve been buried in the monotony of work.
Rick Demmer, Sarah Jovan, Daphne Stone, Roger Rosentreter, Kerry Knudsen, James
Lendemer, Toby Spribille, Einar Timdal and Othmar Breuss have provided lichenological
expertise and collaborated on field trips and with taxonomic mysteries.
My good friends Melanie Schori, Wolfgang Rougle and Kyle Dodson have been
especially supportive, composing lichen songs, botanizing with me on recreational trips,
chatting for hours about the latest interesting topic and forwarding relevant literature.
Wolfgang has volunteered time in the field since 2002 for nearly every project that I’ve
completed throughout my academic career. Amy Bradford, Valerie Root, Marty Feldman,
Ariel Tose and Amanda, Rachael and Isaac Bradford-Feldman have been a supportive family.

My aunt, Leslie Tose, allowed me to stage a field season from her house and shared the joy of
soil crust surveys and the Sisters Bakery with me.
Finally, I would like to thank my major professor, Bruce McCune. Without his guidance,
patience, thoughtfulness, and support, this work would not have been possible. He has been
generous with his time, understanding, and ideas as I’ve grown through my five years at OSU.

CONTRIBUTION OF AUTHORS

Dr. Peter Neitlich collected the pre-treatment data in 1996 for thinning sites at Bottom
Line presented in Chapter 1. Jesse Miller assisted with field work and manuscript preparation
for Chapter 4.

TABLE OF CONTENTS
Page
Cryptogam Communities in Forest and Steppe Ecosystems of Oregon, USA ........................... 4
Chapter 1: Introduction ............................................................................................................... 1
Cryptogam Diversity............................................................................................................... 1
Ecosystem Functions of Cryptogams ...................................................................................... 1
Management of Cryptogams in the Pacific Northwest ........................................................... 2
Specific Objectives ................................................................................................................. 3
Chapter 2: Lichen habitat may be enhanced by thinning treatments in young Tsuga
heterophylla-Pseudotsuga menziesii forests ............................................................................... 4
Abstract. .................................................................................................................................. 5
Keywords. ........................................................................................................................... 5
Introduction ............................................................................................................................. 5
Materials and Methods ............................................................................................................ 7
Sites. .................................................................................................................................... 7
Field methods. ..................................................................................................................... 8
Analyses. ........................................................................................................................... 10
Results ................................................................................................................................... 11
Keel Mountain. ................................................................................................................. 11
Bottom Line. ..................................................................................................................... 13
Discussion ............................................................................................................................. 15
Sources of error and observer bias. ................................................................................... 15
Wolf Trees. ....................................................................................................................... 16
Hardwoods and shrub gaps. .............................................................................................. 16
Treatment effects. ............................................................................................................. 17
Management implications. ................................................................................................ 19
Acknowledgments................................................................................................................. 20
Literature Cited ..................................................................................................................... 20
Chapter 3: Forest floor lichen and bryophyte communities in thinned Pseudotsuga menziesii Tsuga heterophylla forests ........................................................................................................ 31
Abstract. ................................................................................................................................ 32
Keywords. ......................................................................................................................... 32
Introduction ........................................................................................................................... 32
Materials and Methods .......................................................................................................... 34
Sites. .................................................................................................................................. 34
Thinnings. ......................................................................................................................... 35
Field methods. ................................................................................................................... 35

TABLE OF CONTENTS (continued)
Page
Analyses. ........................................................................................................................... 37
Results ................................................................................................................................... 38
Keel Mountain. ................................................................................................................. 38
Bottom Line. ..................................................................................................................... 39
Discussion ............................................................................................................................. 40
Conclusions. ...................................................................................................................... 41
Acknowledgments................................................................................................................. 42
Literature Cited ..................................................................................................................... 43
Chapter 4: Regional patterns of biological soil crust lichen species composition related to
vegetation, soils, and climate in Oregon, USA ......................................................................... 51
Abstract ................................................................................................................................. 52
Keywords. ......................................................................................................................... 52
Introduction ........................................................................................................................... 52
Methods ................................................................................................................................ 53
Study Area. ....................................................................................................................... 53
Plot selection. .................................................................................................................... 54
Field Protocol. ................................................................................................................... 54
Lab Protocol. ..................................................................................................................... 55
Analysis............................................................................................................................. 55
Results ................................................................................................................................... 56
Discussion ............................................................................................................................. 58
Sampling Design Considerations. ..................................................................................... 58
Species Richness and Disturbance. ................................................................................... 59
Community Composition and Vascular Plants. ................................................................ 60
Community Composition and Soils. ................................................................................. 61
Community Composition and Climate. ............................................................................ 62
Management Implications. ................................................................................................ 62
Acknowledgements ............................................................................................................... 63
Literature Cited ..................................................................................................................... 63
Chapter 5: Conservation of biotic soil crust lichen diversity in shrub-steppe habitats of Oregon
and Washington ........................................................................................................................ 70
Abstract ................................................................................................................................. 71
Keywords. ......................................................................................................................... 71

TABLE OF CONTENTS (continued)
Page
Introduction ........................................................................................................................... 71
Methods ................................................................................................................................ 73
Study Area. ....................................................................................................................... 73
Plot selection. .................................................................................................................... 73
Field Protocol. ................................................................................................................... 74
Lab Protocol. ..................................................................................................................... 74
Analysis............................................................................................................................. 74
Results ................................................................................................................................... 76
Diversity and New Records. ............................................................................................. 76
Rarity................................................................................................................................. 76
Single-species Models....................................................................................................... 76
Discussion ............................................................................................................................. 77
Diversity and New Records. ............................................................................................. 77
Rarity................................................................................................................................. 78
Single-species Models....................................................................................................... 79
Conservation Implications. ............................................................................................... 80
Acknowledgements ............................................................................................................... 81
Literature Cited ..................................................................................................................... 82
Chapter 6: General Conclusions ............................................................................................... 96
Cryptogams of Western Oregon’s Forests ............................................................................ 96
Epiphytes........................................................................................................................... 96
Forest Floor. ...................................................................................................................... 96
Future Research. ............................................................................................................... 96
Biotic Crusts of Central Oregon’s Steppe ............................................................................. 97
Communities. .................................................................................................................... 97
Conservation of Uncommon Species. ............................................................................... 97
Future Research. ............................................................................................................... 98
Final Thoughts ...................................................................................................................... 98
Examples of Interactions and Scale Issues........................................................................ 98
Complexity and Scale. ...................................................................................................... 99
Bibliography ........................................................................................................................... 101
Appendices.............................................................................................................................. 111

LIST OF FIGURES
Figure

Page

Figure 2.1. A hypothetical schematic of thinning treatments applied at Keel Mountain
and Bottom Line in 1995–1998 with lichen plots…………………………………………..…23
Figure 2.2. Ordination of plots in species space from Keel Mountain from data
collected in 2007…………………………………………………………………………..…..24
Figure 2.3. Ordination of plots in species space from Bottom Line………………………..…25
Figure 3.1. A schematic of thinning treatments applied at Keel Mountain and Bottom Line
in 1995-1998 showing forest floor plots……………………………………………………....46
Figure 3.2. Results of forest floor study at Keel Mountain and Bottom Line………………...47
Figure 4.1: Map of study sites in central Oregon symbolized according to community
composition clusters and NMS ordination scores…………………………………………….48
Figure 4.2: NMS ordination of plots in lichen species space for biotic soil crust lichen
communities of central Oregon……………………………………………………………….49
Figure 5.1: Map of target and random study sites and occurrences of four uncommon
biotic soil crust species in Oregon and Washington, USA…………………………………...85
Figure 5.2: Relationships between presence of uncommon biotic crust lichens and soil
or climate variables, showing the fitted surfaces from NPMR models………………………86
Figure 5.3: Predicted occurrences of uncommon biotic crust lichens in eastern Oregon;
shading illustrates relative probability of occurence…………………………………………87
Figure 5.4: Regions of northeastern Oregon with predicted probabilities of Texosporium
sancti-jacobi at a smaller scale than Fig. 5.3 with agricultural and developed lands
shaded in red…………………………………………………………………………………88

LIST OF TABLES
Table

Page

Table 2.1. Variables used in ordinations and non-parametric regressions presented here……26
Table 2.2. Mean basal areas (m2/ha) and standard deviations (SD) in plots by thinning
treatment at Keel Mountain and Bottom Line for Pseudotsuga menziesii, Tsuga
heterophylla, Thuja plicata and Calocedrus decurrens and hardwood species...………….…27
Table 2.3. Diversity summary statistics for Keel Mountain and Bottom Line (BL) in
36 and 35 plots…………………………………………………………………………….......28
Table 2.4. Nonparametric multiplicative regression of cyanolichen and alectorioid species
richness on environmental variables at Keel Mountain……………………………………….29
Table 2.5. Blocked indicator species analysis comparing pre- with post-treatment data at
Bottom Line in thinned (n=13 for each year) and unthinned plots (n=22 for each year)……..30
Table 3.1. Overstory characteristics at Keel Mountain and Bottom Line in 2007……………48
Table 3.2. Stand structure variables used in ordinations and regressions for forest floor
lichen and bryophyte communities at Keel Mountain and Bottom Line..…………………….49
Table 3.3. Frequencies and abundances of species found at Keel Mountain and Bottom
Line……………………………………………………………………………………………50
Table 4.1: Habitat variables used to interpret ordination and clustering of biotic soil crust
lichen communities in central Oregon………………………………………………………...69
Table 5.1: Potential spatial climate and soil variables for uncommon biotic crust habitat
models…………………………………………………………………………………………89
Table 5.2: Biotic crust lichen species found in our samples from steppe in central Oregon
or believed to be uncommon in similar habitats nearby………………………………………90
Table 5.3: NPMR models for presence of four uncommon lichen species in Oregon
east of the Cascades…………………………………………………………………………...95
Table A.1: Coefficients for the first six axes (Ax1-6) of a Principal Component
Analysis of climate means in 1179 plots in eastern Oregon and Washington, USA………..111

CRYPTOGAM COMMUNITIES IN FOREST AND STEPPE
ECOSYSTEMS OF OREGON, USA
CHAPTER 1: INTRODUCTION
Across the globe, scientists are concerned about loss of biodiversity (Heywood &
Watson 1995), potential consequences for ecosystem functions and predicting the effects of
management on these systems. The wave of extinctions in the past 300 years related to human
success is worrisome because of its short time scale compared to previous extinction events
(Taylor 2004). Although the link between biodiversity and ecosystem function is not always
obvious, greater species richness may allow for redundancy in functional roles buffering
ecosystems in times of environmental variability such as climate change (Yachi & Loreau 1999).
Furthermore, species richness and ecosystem productivity may be related due to endogenous
factors such as niche differentiation and facilitation or regional stochastic factors controlling
community assembly (Loreau et al. 2001). Ecological functions, such as nutrient cycling, water
flow, sediment movement and food web relationships are necessary to support the ecosystem on
which people rely for their sustenance. As a society, we are increasingly cognizant that these
functions are governed by both natural variability and our management decisions.
CRYPTOGAM DIVERSITY
Species richness of larger taxa is often presumed to indicate patterns in species richness
of more cryptic taxa. However, this is not always true; while vascular plants are most diverse in
the tropics (Waide et al. 1999), cryptogams show the reverse pattern. Lichens species richness in
North America is negatively correlated with mean annual temperatures (McCune et al. in prep.).
In South America, species richness of bryophytes is greatest and increasingly surpasses that of
vascular plants at the southern end of the continent (Rozzi et al. 2008). Globally, there are
approximately 20,000 of bryophytes (Shaw et al. 2011) and 17,500 described species of lichens
(Lumbsch et al. 2011) and new species continue to be described. In addition to being speciose,
lichens represent a bizarre lifestyle of integrated interkingom symbiosis that has originated
several times and fosters synthesis of at least 1050 secondary compounds, many of which are not
known from other life forms (Elix & Stocker-Wörgötter 2008).
ECOSYSTEM FUNCTIONS OF CRYPTOGAMS
Although cryoptogams are small, in many ecosystems they contribute substantial
ecological functions in nutrient cycling, water infiltration, erosion prevention and in food webs.
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Lichens cyanobacterial photobionts (cyanolichens) contribute substantially to nitrogen budgets
of forest and dryland ecosystems (Pike 1978, Belnap 2002, Antoine 2004). Especially in boreal
forests and peat wetlands, forest floor cryptogams also contribute substantially to net primary
productivity (Bottin & Fredeen 2006, Kolari et al. 2006). Cryptogams intercept nutrients from
atmospheric sources that might not otherwise be available to the forest (Knops et al. 1996) and
their presence as epiphytes alters the chemistry of throughfall (Lang et al. 1976).
Canopy and forest floor cryptogams retain moisture, moderating temperature and
humidity variability within forests (Rieley et al. 1979, Pypker et al. 2006). Dryland biotic crusts
composed of lichens and mosses form a photosynthetic carpet protecting the soil from wind and
water erosion (Harper & Marble 1988, Mazor et al. 1996, Leys & Eldridge 1998). Biotic crusts
can also shape vascular plant communities by favoring establishment of some native over
invasive species (Kaltenecker et al. 1999, Belnap et al. 2001, Mitchell et al. 2006), which can
help prevent the widespread invasion of Bromus tectorum in these ecosystems (Reisner 2010).
Cryptogams provide food and habitat for invertebrates (Gerson & Seaward 1977,
Lawrey 1987, Lindo & Stevenson 2007) that support passerine bird populations (Pettersson et al.
1995). Lichens are the primary food source at certain times of year for flying squirrels, voles,
caribou, and several other mammals (Edwards & Ritcey 1960, Ure & Maser 1982, Gunther et al.
1983, Maser et al. 1985, Fox & Smith 1988). Many species of birds and mammals also use
lichens as nesting material (Richardson & Young 1977).
In some systems, cryptogams are likely to play minor roles in ecological functions;
however, in others they can be major contributers to both biodiversity and ecological function.
In the Pacific Nothwest, two ecoregions are most obviously reliant upon the functional roles of
cryptogams. Pseudotsuga menziesii-Tsuga heterophylla forests west of the Cascades are
abundantly festooned with epiphytic species and carpeted by mosses. Among the sagebrush
(Artemisia) and bunchgrasses of semi-arid central and eastern Oregon, biotic crusts composed of
bryophytes and lichens cover up to 20% of the soil in the interstices between sparse vascular
plants.
MANAGEMENT OF CRYPTOGAMS IN THE PACIFIC NORTHWEST
Approximately 53% of Oregon’s land is publicly owned and managed with the objective
of “sustaining health, diversity, and productivity” (USDI Bureau of Land Management 2011).
Ecological functions of the Pacific Northwest’s forest-dwelling taxa have received much
attention following the debate surrounding the old-growth associated northern spotted owl (Strix
occidentalis caurina). The Northwest Forest Plan (FEMAT 1993) promoted research and
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conservation of the services provided by late-successional forest in the range of the northern
spotted owl. Cryptogams, which contribute to the functioning and biodiversity of latesuccessional forests, were included in this plan. Since 1994, attention to conservation of
biodiversity and ecosystem function on public land in the Pacific Northwest has broadened and
managers are increasingly faced with decisions affecting a variety of taxa throughout the region.
To make these decisions, land managers require information regarding: (1) the organisms
present; (2) functional roles of those organisms relating to management objectives; (3) abiotic
and biotic interactions related to those aspects of ecosystem function; and (4) how specific types
of management influence communities and their contributions to ecosystem function.
SPECIFIC OBJECTIVES
The Pacific Northwest landscape is remarkably diverse and our understanding of
ecosystems is in various stages of progression. On the west side of the Cascade Range, many
studies have eximaned ecological functions and management implications in Douglas-fir
(Pseudotsuga menziesii) forests; basic knowledge of the cryptogam flora is much more limited
in sagebrush (Artemisia) steppe in the Cascade Range’s rainshadow. I focus on addressing
knowledge gaps relating to management of cryptogams in Oregon’s public lands in these two
ecosystems.
Chapters Two and Three focus on Pseudotsuga menziesii-Tsuga heterophylla forests of
western Oregon in which cryptogam species and many of their functions are well-known. I focus
on the effects of management on cryptogam communities. In Chapter Two, I evaluate the effects
of forest thinning on epiphytic lichen communities to determine whether these treatments can
promote late-successional lichen communities. In Chapter Three, I examine the relationships
between structural attributes associated with thinning treatments are related to differences in
forest floor cryptogam communities.
Chapter Four and Five focus on dryland ecosystems of central and eastern Oregon.
Cryptogams of these sagebrush- and grassland-dominated ecosystems are very poorly known.
Although ecosystem functions of similar communities have been studied, little is known about
the biodiversity or natural variability in community composition in our area. In Chapter Four, I
examine how community composition of dryland biotic soil lichens is related to soils, climate,
and vascular plant composition across the region and hypothesize about potential management
effects. In Chapter Five, I catalog the species richness of this ecosystem, evaluate the relative
frequencies to suggest species of conservation concern and describe the habitats of uncommon
species.

4

CHAPTER 2: LICHEN HABITAT MAY BE ENHANCED BY
THINNING TREATMENTS IN YOUNG TSUGA HETEROPHYLLAPSEUDOTSUGA MENZIESII FORESTS

Heather T. Root, Bruce McCune and Peter Neitlich

The Bryologist
American Bryological and Lichenological Society, Storrs, CT
Issue 113(2), pp. 292–307.
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ABSTRACT. Forest structural characteristics manipulated by alternative thinning
treatments were associated with increases in cyanolichen and alectorioid species richness and
changes in lichen community compositions. At two sites in moist conifer forests of western
Oregon, lichen community monitoring plots were established before thinning treatments; the
most diverse plots in each treatment were retained as diversity islands whereas the less diverse
plots were treated in the thinning prescription. We resampled these plots approximately 10 years
after thinning. At one site we found that lichen communities in diversity plots were quite similar
to those in the surrounding treated forest and that the proportion of Tsuga heterophylla in the
stand was negatively associated with alectorioid and cyanolichen richness. At both sites,
hardwood gaps and open-grown trees were positively associated with cyanolichen species
richness. At the other site, surrounding plots were more like diversity “leave-islands” after
thinning than before. Furthermore, thinned plots had more hardwood gaps following the
thinning. These thinned plots hosted more Bryoria, Candelaria concolor, Leptogium
polycarpum, Peltigera collina, Nephroma laevigatum and Physcia tenella than had been
observed prior to thinning. We concluded that thinning treatments retaining remnants, opengrown trees and hardwood gaps have potential to favor lichen communities rich in cyanolichen
and alectorioid species.
Keywords. Thinning, forest management, epiphytes, lichen, Pacific Northwest.
INTRODUCTION
Can strategic thinning increase biodiversity or hasten the development of latesuccessional features in young second-growth forests? A valuable component of forest
biodiversity in the Pacific Northwest of North America (PNW) is a lichen community rich in
nitrogen-fixing cyanolichens and pendulous forage lichens (Peck & McCune 1997; Peterson &
McCune 2001; McCune 1993). Epiphytic lichen communities have become a focus for
ecologists concerned with forest health because lichens are particularly responsive to forest
management (McCune 2000), can contribute substantially to the diversity and nitrogen fixation
of a stand, and play a valuable role in the food web of many forest-dwelling organisms (for a
review of these functions, see Peterson & McCune 2001).
Objectives of thinning range from optimizing timber production to creating structural
heterogeneity fostering a diversity of forest-dwelling organisms. Conventional thinning aims to
optimize timber production by leaving evenly spaced healthy trees behind; it typically does not
retain hardwoods, remnant old-growth trees or open-grown “wolf” trees (i.e., large open-grown
trees with abundant large lower branches). Alternative thinning treatments have been employed
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to increase structural heterogeneity by leaving remnant trees, increasing tree species diversity,
varying the spacing of retained trees, and favoring hardwoods and open-grown trees (Cissel et
al. 2006).
Some cyanolichen species such as Lobaria oregana, Nephroma occultum, and
Pseudocyphellaria rainierensis are known to be particularly associated with old-growth trees
because they are dispersal or establishment limited (Muir et al. 2006; Rosso et al. 2000; Sillett et
al. 2000; Sillett & McCune 1998; Werth et al. 2006). However, other cyanolichens such as
Nephroma resupinatum, N. laevigatum, Lobaria pulmonaria, Peltigera collina, Fuscopannaria
pacifica, Pseudocyphellaria anthraspis, P. anomala, P. crocata, Leptogium polycarpum, Sticta
fuliginosa and S. limbata, are more strongly associated with riparian areas, gaps in the canopy
occupied by hardwood shrubs and wolf trees in the PNW (Berryman & McCune 2006; Neitlich
& McCune 1997; Peterson & McCune 2003). Even cyanolichens that are not specifically oldgrowth-associated are of conservation interest because they are beautiful, uncommon in
homogeneous young Pseudotsuga menziesii forests (Peterson & McCune 2001; Peterson &
McCune 2003), and contribute to nitrogen fixation in PNW forests (Antoine 2004; Pike 1978).
Pendulous forage lichens, “alectorioids,” are often associated directly with old-growth
remnant trees because they require long-lived branches with adequate light or time to disperse
into these stands and develop (Berryman & McCune 2006; Esseen et al. 1996; Gauslaa et al.
2007; Neitlich & McCune 1997). Alectorioids also benefit from the stable, brighter branch
habitat on trees that remain following conventional thinning as compared to unthinned stands
(Peterson & McCune 2001). However, these lichens tend to achieve their greatest biomass in old
forests (Esseen et al. 1996; Peck & McCune 1997) and are of conservation interest because of
their aesthetics, association with old growth, and food value for ungulates and flying squirrels in
the PNW (Rosentreter et al. 1997; Ward & Marcum 2005).
The Bureau of Land Management’s Density Management Study (DMS) was established
in Oregon with a primary goal of employing alternative thinning approaches to examine their
effects on habitats and biota associated with late-successional forest (Cissel et al. 2006). In DMS
stands, thinning aimed to convert young, even-aged canopy to a more structurally diverse forest
by retaining old-growth remnants, wolf trees, a mixture of hardwoods and conifers, snags, and
logs of various decay classes and sizes (Cissel et al. 2006). These treatments provided an ideal
opportunity to examine the effects of alternative thinning practices on epiphytic lichen
communities. Stand structural variables and lichen community composition were recorded prior
to treatment with half the plots being established in places of particularly diverse cyano- or
alectorioid lichen communities. Two sites were thinned and re-sampled for lichen communities
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and habitat characteristics. This study provides a snapshot of the lichen community 9–12 years
after thinning and allows us to examine the initial effects of these treatments.
Our objectives were to examine the 2007 lichen communities at the DMS sites and
compare them with the pre-treatment data from 1994-5. We approached this by evaluating two
alternate hypotheses:
1)

Canopy opening following thinning has caused mortality of lichens, decreased

species richness and changed the lichen community composition such that it includes fewer
alectorioids and cyanolichens.
2)

Thinning has benefited lichen communities by promoting a greater diversity of

alectorioid and cyanolichen species.
The former hypothesis would be expected if canopy gaps caused by thinning harm
species that are unprepared for light or temperature extremes. This response has been observed
in some cyanolichen species in Europe (Gauslaa et al. 2007). The latter hypothesis would result
if lichens were suppressed by the dense canopy and are more able to access light resources or
favorable microhabitats when the canopy is thinned as suggested by Neitlich and McCune
(1997).
MATERIALS AND METHODS
Sites. We sampled at two previously established study areas within the Bureau of Land
Management’s DMS (Cissel et al. 2006). These sites were divided into subunits, each receiving
one of four treatments: no thinning (control), thinned to 297 trees per hectare (high), thinned to
198 trees per hectare (moderate), and a mosaic of 297, 198, and 99 trees per hectare (variable).
Moderate and variable treatments had 0.10, 0.20, and 0.40 ha patch cuts. All three thinning
treatments were interspersed with 0.10, 0.20, and 0.40 ha leave islands that were unthinned.
Most 0.40 ha leave islands were selected prior to treatment as lichen hotspots and became
“diversity plots.”
The study site “Bottom Line” was in the eastern foothills of the Coast Range near
Lorane, Oregon. This site was dominated by Pseudotsuga menziesii with interspersed Tsuga
heterophylla and an understory with Corylus cornuta, Cornus nuttallii, Acer circinatum, A.
macrophyllum, Holodiscus discolor and Gaultheria shallon. This site had a seed tree harvest in
1939 in which most of the canopy was cut with a few trees left behind to seed the next
generation. There were several old-growth remnant trees and canopy gaps dominated by shrub
species. The elevation ranged from 236 to 369 m and the mean annual precipitation was 127 cm
(Cissel et al. 2006). Bottom Line was thinned in 1995–1997.
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“Keel Mountain” was in the western foothills of the Cascade Range near Waterloo,
Oregon. The southern portion of the site was dominated by Tsuga heterophylla with a smaller
component of Pseudotsuga menziesii whereas in the northern portion Pseudotsuga menziesii
dominated. In wet areas, Alnus rubra was abundant. Dominant understory shrubs were Acer
circinatum and Vaccinium parvifolium. This site was clearcut in 1949-1953 and was more
homogeneous than Bottom Line with fewer canopy gaps, wolf trees, and old-growth remnant
trees. The elevation ranged from 617 to 768 m and the mean annual precipitation was 165 cm
(Cissel et al. 2006). Keel Mountain was thinned between 1997 and 1998.
Field methods. Circular lichen plots with areas of 0.38 ha were established at both sites
prior to thinning (Hibler 1995 unpublished data; Neitlich & McCune 1997). Approximately half
the plots were established within the 0.40 ha leave-islands to target lichen hotspots with canopy
gaps, old-growth remnants, and wolf trees (for details, see Neitlich & McCune 1997); the others
were arbitrarily placed in the surrounding forest that was thinned or not according to treatment
prescription (Fig. 2.1). When possible, we relocated the previously established plot centers; in
the 3 cases (out of 36) at Keel Mountain and 9 (out of 35) at Bottom Line where plots could not
be precisely relocated, we sampled in the immediate vicinity. In two cases at Keel Mountain, we
intentionally offset from pretreatment plots to ensure that they were entirely within one
treatment area.
We used the same protocol to sample lichens as employed before treatments. At each
plot, we recorded the abundance of all macrolichen species from litterfall on the ground
(excluding forest floor species on rocks, soil, or decaying wood) and between 0.5 and 2 m on
tree boles and shrubs within 34.7 m of the plot center. Abundances followed the Forest Health
Monitoring Protocol (McCune et al. 1997): 0 = not present; 1 = 1–3 thalli in the plot; 2 = 4–10
thalli in the plot; 3 = more than 10 thalli but less than 50% of all available branches and stems; 4
= more than 50% of available branches and stems hosting the species.
At each plot, we also measured environmental variables including basal area of trees
species, slope and aspect. We converted aspect, slope, and latitude to a heat load index using
nonparametric regression (McCune 2007), implemented in HyperNiche (McCune & Mefford
2008a). We also estimated percent of the plot covered by second-growth conifers, secondgrowth conifer overstory with a hardwood or shrub understory, canopy gaps colonized by shrubs
or hardwood trees (by dominant species in gap), canopy gaps without shrubs or hardwood trees,
wolf trees, and old-growth remnant trees (these summed to 100%; details in Neitlich and
McCune 1997). Wolf trees were defined as open-grown conifers with low branches at least 6 cm
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in diameter and less than 3 m off the ground. We did not consider an opening in the conifer
overstory as a gap unless it exceeded approximately 5 × 5 m.
We also photographed the sky directly above 5 systematic locations within each plot
using a digital camera mounted on a 2 m tall surveyors’ pole with a focal length of 5.7 mm,
equivalent to a focal length of 35 mm on a 35 mm camera. We projected these photos on a large
grid from which we estimated canopy cover. Estimates from these five photos were averaged
within each plot to provide an estimate of average canopy cover. To measure the variability of
light environments in the plot, calculated the coefficient of variation for percent of plot without
cover (1 – canopy cover). These measurements were taken in August and included cover of
shrubs over 2 m tall. At both sites these tall shrubs often comprised a large proportion of the
cover in the photos.
After sampling, we found that the Keel Mountain pretreatment species list was
substantially smaller than the post-treatment list. In our experience, many of the species missing
from this pre-treatment list are extremely common in the area and are likely to have been present
but unrecorded in the original dataset; therefore we did not use the unpublished data from Keel
Mountain for comparison with post-treatment data. Neitlich and McCune’s (1997) species list
for Bottom Line was similar to ours except in cases where there have been taxonomic
clarifications since 1997. To account for the taxonomic differences, we combined: (1) cup
Cladonia species without usnic acid (these included C. fimbriata and C. albonigra from 2007
and potentially other species in the C. chlorophaea group from 1996), (2) Usnea filipendula and
U. scabrata, (3) Menegazzia subsimilis and M. terebrata (specimens from 2007 were M.
subsimilis), (4) Usnea fulvoreagens and U. lapponica (specimens in 2007 were U. fulvoreagens),
(5) Physcia stellaris and P. aipolia, and (6) Usnea cavernosa, U. cornuta, U. diplotypus, U.
glabrata, U. pacificana, and U. subfloridana present in 2007 with unidentified Usnea species
recorded in 1996.
We categorized lichen species into four functional groups because species richness
patterns often differ among groups of lichens (e.g. Peterson & McCune 2001). Lichens with a
cyanobacterial photobiont were combined as “cyanolichens.” These included species that also
had green-algal components such as Lobaria pulmonaria. “Alectorioids” included hair-like
species in the genera Alectoria, Nodobryoria and Bryoria as well as Ramalina thrausta, R.
menziesii, Usnea longissima, and Usnea scabrata / filipendula. “Cladonioid” species included
Cladonia and Sphaerophorus. “Other” species included chlorolichens not included in the other
groups.
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Analyses. For each site at each sampling date, we calculated summary statistics
including the average number of species per plots (α), the total number of species (γ), the
among-plot beta diversity (β=(γ/α)-1) and the average within-site Sørensen distance (Bray &
Curtis 1957) calculated in PC-ORD (McCune & Mefford 2008b).
Keel Mountain analyses were restricted to the 2007 data. We used non-metric
multidimensional scaling ordination (NMS, Kruskal 1964) to visually examine gradients
associated with differences in lichen community composition. This was performed using
Sørensen distances (Bray & Curtis 1957) in slow and thorough autopilot mode using random
starting configurations in PC-ORD. We tested for differences between diversity and matrix plots
using multi-response permutation procedure (MRPP, Mielke et al. 1976) with Sørensen
distances in PC-ORD. This procedure produces a p-value as well as an A-value. A can be
interpreted as an effect size. When A is close to zero, groups are no more different than expected
by chance; higher A values indicate progressively larger differences between groups (McCune &
Grace 2002). We were particularly interested in whether diversity plots differed from matrix
plots within each treatment. We performed these pairwise tests with MRPP but did not correct
for multiple pairwise comparisons within the same dataset.
Bottom Line analyses for each year (1994 & 2007) were similar to those for Keel
Mountain. We also examined differences over time in thinned (n=13, thinned in high, moderate,
and variable treatments) and unthinned (n=22, control and diversity plots) plots using an MRBP
blocked by plot (Mielke 1984) in PC-ORD with groups formed by year. We followed this with
blocked indicator species analysis (ISA) in PC-ORD to determine which species were associated
with which year in thinned and unthinned plots using 1000 randomizations for Monte Carlo
tests. This approach is modified from a traditional ISA (Dufrêne & Legendre 1997) in that
species abundances are relativized within blocks, such that the sum across groups equals one for
each block except when species are absent from a block. The relativization alters the relative
abundance portion of the Indicator Value (IV) index to focus on within block differences.
Blocked ISA also constrains the randomization test by permuting the treatments only within
blocks.
To determine whether the patterns of distances among plots in species space were
similar between 1994 and 2007, we used a Mantel test (Legendre & Legendre 1998) with
Sørensen distances and the p calculated by permutation suggested by Smouse (in Legendre &
Legendre 1998) with 999 permutations in PC-ORD. Finally, we combined the 1994 and 2007
data with the taxonomic updates discussed above and ordinated both datasets together using
NMS ordination (as described above).
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To quantify the association between species richnesses in functional groups and the
ordination scores, we use non-parametric multiplicative regression (NPMR; McCune 2006;
McCune & Mefford 2008a) with a local mean estimator and Gaussian kernel function (Bowman
& Azzalini 1997) because we expected a non-linear response and a complex error structure. The
response was species richness in relevant functional groups and the predictors were the three
NMS ordination axes.
At both sites, we explored environmental gradients most strongly related to cyanolichen
and alectorioid species richness using non-parametric multiplicative regression as above.
Predictors are listed in Table 2.1. We chose NPMR to accommodate a wide range of response
surface shapes and interactions among variables. The standard deviation (tolerance) of the kernel
function was optimized by maximizing the cross-validated R2 (xR2), which is similar in
interpretation to the traditional R2, but differs in that it is calculated using a leave-one-out
validation technique (McCune 2006). Tolerances define how broadly the estimate for a given
point is based on the surrounding sample space. Sensitivity statistics are reported and reflect the
effect size. For example, a sensitivity of 1.0 indicates that nudging a predictor results in a
response of equal magnitude (McCune 2006). The average neighborhood size, N* is the sum of
the weights for sample units contributing to an estimate of the response surface at each point.
The final models were evaluated with a randomization test using 1000 permutations of the
response variable in relation to the predictors. We included all environmental variables as
possible predictors and selected models based on parsimony and fit. At Keel Mountain, we used
only the 2007 data. At Bottom Line, we included 1994 and 2007 because our primary goal was
to examine the main predictors of richness in these functional groups regardless of year sampled
and sampler. We excluded the environmental variables related to canopy cover because they
were not available from 1994. Because each plot is in the dataset twice the p-value must be
interpreted cautiously. Even so, we believe it important to include all these data, because both
responses and predictors differed between years, so that both years provide information about
associations between richness and habitat variables.
RESULTS
Keel Mountain. Unthinned (control and diversity) plots at Keel Mountain generally had
higher basal areas in 2007 as compared with 1995 (Table 2.2). Hardwoods, almost exclusively
Alnus rubra, were a very small component at this site both pre- and post-thinning. In thinned
plots, basal area generally decreased favoring a more even mix of Tsuga and Pseudotsuga.
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Canopy gaps colonized by shrubs were not measured pre-thinning; however, in 2007 they were
most abundant in thinned plots and in variable density diversity plots (not thinned).
The strongest environmental gradient related to lichen community was canopy cover
(Fig. 2.2: 3-dimensional ordination; 27.4, 31.8, and 17.7 % of the variation on axes one, two,
and three respectively; p = 0.004; final stress = 17.3). Plot HM5 was an outlier in the ordination;
we suspect that this is because HM5 was centered in a 0.40 ha patch cut and had low substrate
availability and lichen richness. We chose to retain HM5 in analysis because the patch cut was
within the range of treatments of interest. Most species were more associated with the left side of
the ordination, but Xanthoria polycarpa, Parmelia squarrosa, Usnea diplotypus, Cladonia
furcata, Nodobryoria oregana, Parmeliopsis ambigua, Cetraria platyphylla, and Ramalina
thrausta were uncommon species associated with plots having low canopy cover.
Alectorioid and other green-algal lichen species richness were associated with wolf trees
and percent of the plot in canopy gaps with little overstory regrowth (Fig. 2.1). Cladonia and
Sphaerophorus richness was associated with second-growth conifer habitats. Cyanolichen
species richness was associated with plots with more cover in wolf trees, Acer circinatum, and
treeless canopy gaps at the top along axis two and to the left along axis 1 in the ordination (Fig.
2.1 xR2 = 0.571 for both axes, p = 0.005). Lobaria pulmonaria, Sticta limbata, S. fuliginosa,
Pseudocyphellaria anomala, P. crocata, Peltigera collina, Polychidium contortum, Nephroma
laevigatum, N. resupinatum, and Leptogium polycarpum were the species contributing this
pattern; they were all too uncommon to analyze individually but were associated with similar
habitats. Lobaria scrobiculata, which was found once, was the only cyanolichen not positively
associated with axis 2. Plots designated as diversity plots were associated with the left side of the
ordination but were not different from other plots in lichen community composition (MRPP: p =
0.22; A = 0.004). A Beta diversity of 1.42 (Table 2.3), indicated each plot on average had 41%
of the total species found at the site.
The best predictors for cyanolichen richness were proportion of tree basal area in Tsuga
heterophylla and percent of plot occupied by wolf trees (Table 2.4); plots with many wolf trees
hosted the most species of cyanolichens. Regardless of the proportion of Tsuga, plots with >10%
wolf trees had about five cyanolichen species per plot. At lower wolf tree abundances (< 5%),
plots with high Tsuga had less than one cyanolichen species per plot regardless of wolf tree
abundance, but as Tsuga proportion decreased to below 0.5, small amounts of wolf trees were
associated with increased richness to two cyanolichen species per plot. Few plots had wolf tree
abundances between five and ten percent, so it was impossible to determine how T. heterophylla
may have been associated with cyanolichen richness in this range.
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Alectorioid richness was most strongly related to proportion of basal area in Tsuga,
canopy gaps colonized by Acer circinatum, and canopy gaps dominated by hardwoods other
than A. circinatum and Alnus rubra (Table 2.4). Canopy gaps colonized by A. circinatum were
strongly associated with more alectorioid richness and in most cases more Tsuga was associated
with lower alectorioid richness. In the absence of canopy gaps colonized by shrubs, alectorioid
species averaged slightly more than one per plot, with slightly fewer species associated with
more Tsuga. Canopy gaps colonized by species besides A. circinatum and Alnus rubra were also
associated with greater alectorioid richness and a similar pattern relative to Tsuga. When A.
circinatum gaps covered 5% of the plot, alectoriod richness was one species per plot greater than
plots without A. circinatum gaps; in this case more Tsuga was associated with more alectorioid
richness. When A. circinatum gaps covered 10% of the plot, alectorioid richness was about 2.5
species per plot with low Tsuga percent plots but only 1.8 species per plot in Tsuga
monocultures. Because few plots had both other shrub gaps and A. circinatum gaps, it was
impossible to determine the relationship of Tsuga on alectorioid richness when both gap types
were present.
Bottom Line. Habitat associations in 1994 were described by Neitlich and McCune
(1997) but we summarize them here for comparison. At that time, diversity plots differed from
surrounding forest plots (p < 0.001; A = 0.129 from an MRPP). The strongest gradients
associated with lichen community composition were hardwood cover, basal area in conifers,
second-growth conifers, wolf trees, canopy gaps colonized by Corylus cornuta or other
understory tree and shrub species as well as basal area of Corylus cornuta, conifers and all trees
(Fig. 2.3A: 2-dimensional ordination explained; 64.2 and 22.7 % of the variation on axes one
and two respectively; p = 0.004; final stress = 15.2). The second axis was associated with
alectorioid species richness and old-growth remnant trees. Cyanolichen species richness was
associated with hardwood gaps and wolf trees. The only cyanolichen species that was not more
abundant in the right side of the ordination was Lobaria oregana, which had a slight association
with plots with old-growth trees.
In 2007, diversity plots still differed from surrounding forest plots (MRPP: p < 0.001; A
= 0.074). The beta diversity was lower in 2007 (β = 1.08) than in 1994 (β = 1.39; Table 2.4)
corresponding to the average plot having 42 and 48 % of the total species at the site,
respectively. The strongest gradients related to lichen communities along axis one were wolf
trees, hardwood cover, canopy cover, second-growth conifers and total conifers as well as basal
area of Pseudotsuga and hardwoods. The coefficient of variation for light and heat load index
were associated with axis two (Fig. 2.3B: 2-D ordination: 61.8 and 17.2 % of the variation on
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axes one and two respectively; p = 0.004; final stress = 19.3). Richness of non-alectorioid and
cladonioid green-algal species was associated with the upper part of the ordination and large
coefficient of variation for light. Cyanolichen species richness was positively associated with
hardwood and wolf tree abundance and canopy cover. All cyanolichen species were most
abundant in the right half of the ordination except Lobaria oregana, which was more abundant
in plots with high conifer proportion and Pseudotsuga basal area. Species associated with low
canopy cover and high coefficient of variation in non-canopy cover were uncommon but
included Usnea cornuta, U. pacificana, Peltigera membranacea, Candelaria concolor,
Melanelia fuliginosa, Xanthoria candelaria. Hypogymnia imshaugii was associated strongly
with both low canopy cover and low coefficient of variation in canopy cover.
Lichen community composition differed between 1994 and 2007 in both uncut and cut
plots (MRBP: p < 0.001,< 0.001; A = 0.06, 0.13 respectively). The difference between 1994 and
2007 was more pronounced in cut plots. We found seven species associated with 2007 in
unthinned plots and one associated with 1994. In thinned plots, we found thirteen associated
with 2007 and three associated with 1994 (Table 2.5). Despite the differences in species
frequencies and abundances, patterns of similarities among plots in species composition were
similar at both points in time (Mantel Test: p = 0.001; r = 0.625). A combined ordination of the
data showed many of the same gradients as the individual 1994 and 2007 ordinations (Fig 2.3C:
3-dimensional ordination; 64.0, 12.6 and 10.3 % of the variation on axes one, two and three
respectively; p = 0.004; final stress = 15.7). The cutoff for displaying environmental vectors was
somewhat arbitrary (R = 0.15) but examining the patterns of vectors not shared among
ordinations leads us to believe that these gradients were very similar in the combined ordination
as in the 1994 and 2007 ordinations, only with slightly different strengths. Since canopy cover
was not measured in 1994, it could not be included as a gradient in the combined ordination.
There was no clear directional change in species composition between 1994 and 2007 (Fig
2.3D). The strongest difference between the datasets was that the 2007 plots were closer to the
center of the ordination whereas the 1994 plots were more variable.
Cyanolichen richness at Bottom Line was most strongly related to Pseudotsuga basal
area and percentage of the plot covered by wolf trees (Table 2.4). Plots with high cover of wolf
trees had the richest cyanolichen communities. Once wolf trees exceeded 10% of the plot,
cyanolichen richness increased dramatically as wolf tree abundance increased, then reached a
plateau at about ten species per plot. This was fairly consistent for all Pseudotsuga basal areas
observed; however no plots had many wolf trees and high Pseudotsuga basal area. In the
absence of wolf trees, low Pseudotsuga basal area of 10 m2/ha had eight cyanolichen species per
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plot. This richness was much lower in plots with higher basal area; Pseudotsuga basal areas of
20 m2/ha were associated with four cyanolichen species per plot. At even lower Pseudotsuga
basal areas, cyanolichen richness decreased to only one species per plot when Pseudotsuga basal
area reached 50 m2/ha with no wolf trees.
Alectorioid richness was most strongly related to percent of the plot in canopy gaps
colonized by Corylus cornuta and percent of the plot in second-growth conifers (Table 2.4).
Plots with low percentages of second-growth conifers and 10-20% canopy gaps colonized by
Corylus had the greatest alectorioid richness. In the absence of canopy gaps colonized by
Corylus, alectorioid richness increased from four to six species per plot as percent secondgrowth conifers decreased from 100 to 0% of the plot. Regardless of second-growth conifers,
alectorioid richness increased to six species per plot when canopy gaps colonized by Corylus
reached 18% of the plot. With more than 18% of the plot in canopy gaps colonized by Corylus,
alectorioid richness dropped dramatically to one species per plot when canopy gaps colonized by
Corylus comprised 30-40% of the plots. However, when Corylus-colonized canopy gaps
increased to 40-50%, alectorioid richness increased to about four species per plot. No plots had
large percentages in both second-growth conifers and canopy gaps colonized by Corylus.
DISCUSSION
Sources of error and observer bias. Re-sampling plots can introduce several sources of
variation; we expected to see variation due to the year of observation, observer, plot placement
and measurement error, and variability within each observer. Although the effect of year was of
interest, it could not be fully separated from the other sources of variation. The FHM method has
been shown to be repeatable for detection of major environmental gradients across a landscape
(McCune et al. 1997); however, we sampled across a fairly small range of environmental
variables over a short time span. Species richness estimates depend on the experience of the field
personnel (McCune et al. 1997) rendering species richness difficult to compare among samplers.
To determine how to handle the data in this study, we examined potential observer
biases. The 1995 data from Keel Mountain (Hibler unpublished) was difficult to compare with
our data because surveyors were relatively inexperienced and apparently overlooked many
species (50 species detected in 1995 and 72 in 2007). We considered comparing the years by
restricting the 2007 data to species found in 1995 but discovered that the 1995 data were still
much more variable and very different in ordinations from the 2007 data. We concluded that the
data were not reliable and therefore not comparable. The 1994 species list from Bottom Line
(Neitlich & McCune 1997) was similar to that in 2007 (total species 82 in 1994 and 80 in 2007).
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This was expected because the surveyors were similarly experienced. Even with similar overall
diversity, there was some potential for differences between observers. We were concerned about
the possibility that the 1994 sampler may have overlooked common species and focused on rare
species. We expected the same species that were common in 1994 to be common in control plots
2007 because plots were large and turnover was likely to be small within 10 years. To check for
this bias, we examined abundance and presence of common species in 2007 data and found that
they were also common in the 1994 data. When indicator species emerged from analyses of the
two sampling dates, we used our experience with these species to determine whether they may
have changed in abundance or were simply overlooked or taxonomically lumped in 1994.
The method of sampling large plots was developed with the idea that the most important
information about landscape scale patterns lies in presence and absence of species (McCune et
al. 1997). The differences expected in the DMS, however, could be more subtle and perhaps
detected better by subsampling with more small plots to estimate abundance more precisely
(McCune & Lesica 1992).
Wolf Trees. At both sites there was a strong positive relationship between cyanolichen
richness and wolf trees. Wolf tree abundance was also weakly associated with alectorioid
richness at Keel Mountain. The association between cyanolichens and wolf trees is consistent
with Neitlich and McCune’s (1997) previous study at Bottom Line, but had not been previously
observed at Keel Mountain. Wolf trees represent structural diversity in the forest providing
large, low branches not typical of the surrounding trees. Often low branches hang into gaps in
the forest canopy and are richly colonized by cyanolichens. In addition to providing a unique
habitat, these branches were longer-lived than many of the higher branches on the tree and have
had more time for colonization by cyanolichens or alectorioids. Whether or not canopy gaps
persisted at the time of sampling, wolf trees represent a history of gaps, because otherwise we
would not expect to find open-grown trees. In these cases, cyanolichens may have persisted from
historical favorable habitat and continue to provide a source of propagules into the vicinity.
Hardwoods and shrub gaps. The relationship between canopy gaps colonized by shrubs
and cyanolichen richness at Bottom Line was striking in the field and may be enhanced by
thinning. Like Ruchty et al. (2001), we frequently found cyanolichens such as Peltigera collina
and Leptogium polycarpum on older A. circinatum stems. Although the importance of
hardwoods was observed before thinning (Neitlich & McCune 1997) we observed further
development of cyanolichen communities on shrubs in plots that had had few or no cyanolichens
in 1994. In Bottom Line’s thinned plots, Peltigera collina, Nephroma laevigatum, Physcia
tenella, and Leptogium polycarpum were more frequent or abundant in 2007 following the
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thinning as were their shrub-gap habitats. This observation of increased cyanolichen richness
following thinning contrasts with other studies that found conventional thinning did not affect
cyanolichen richness (Peterson & McCune 2001; Rosso 2000); this disparity is likely because
the thinning at the DMS sites targeted maintenance of hardwood components in the stands.
Continued sampling of our plots will determine whether lichen communities in canopy gaps
colonized by hardwoods persist or are short-lived because the canopy recovers quickly to shade
these habitats (Wilson & Puettmann 2007).
At both sites, canopy gaps colonized by shrubs (Acer circinatum at Keel Mountain,
Corylus cornuta at Bottom Line) were positively associated with alectorioid richness. In the
field, the alectorioids in these plots were draped over leaves and branches on shrubs suggesting
that they had fallen from above. We suspect that the association between alectorioid richness in
these habitats is a reflection of the gaps in the conifer overstory that promote brighter conditions
and longer-lived branches known to foster alectorioid species (Esseen et al. 1996; Peterson and
McCune (2001). Our canopy-sampling technique was not sufficient to determine whether
conifer canopy cover was negatively correlated with canopy gaps colonized by shrubs.
Treatment effects. Control, moderate, high, and variable retention treatments were so
variable in their application that the impact of each discrete treatment on lichen communities
was not detectable. However, thinned plots showed a different pattern over time than did
unthinned (control and diversity) plots at Bottom Line. The differences between matrix and
diversity plots was more pronounced in 1994 than in 2007, leading us to believe that the matrix
plots became more similar to the diversity plots following thinning. We interpret the indicators
for pre- and post-thinning at Bottom Line on a case-by-case basis. Some of these species are
subtle and may have been overlooked in 1994 (Cladonia squamosa var. subsquamosa and
Melanohalea exasperatula) or may be the result of changing taxonomy (Melanelixia fuliginosa,
Usnea sp., U. fulvoreagens). We suspect that in unthinned stands, Sticta fuliginosa and Physcia
tenella were truly more common in 2007. In thinned stands, we suspect that Bryoria, Candelaria
concolor, Leptogium polycarpum, Peltigera collina, Nephroma laevigatum, and Physcia tenella
were more common in 2007 and Platismatia herrei and Ramalina farinacea were more common
in 1994 because these species are easily found and recognized.
Canopy cover and canopy gaps colonized by shrubs were strong gradients relating to
lichen communities at both sites. Plots at Keel Mountain spanned a broader range of canopy
cover (12 to 90%) compared to Bottom Line (45 to 87%). Some species generally associated
with drier continental habitats (McCune & Geiser 1997) were associated with open canopies at
each site: Hypogymnia imshaugii at Bottom Line and Parmeliopsis ambigua, and Cetraria
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platyphylla at Keel Mountain. This is consistent with Peterson and McCune’s (2001) finding that
H. imshaugii was associated with thinned sites and may be related to the decreased humidity
following canopy opening. We interpret the decreased abundance and frequency of coniferassociated Platismatia herrei and Ramalina farinacea following thinning at Bottom Line to
reflect a decrease in second-growth conifer habitat following the thinning.
Cyanolichens were associated with plots having moderate to high canopy cover at both
sites. This could partially be an artifact of not thinning in previously established lichen hotspots.
Even in thinned plots, since hardwood gaps often had shrubs taller than our camera pole, our
measurements likely underestimated light availability to lichens year-round. We suggest that
future epiphyte studies estimate canopy cover when leaves of understory shrubs have fallen to
capture the additional light available to cyanolichens throughout the winter when they do much
of their growth (Muir et al. 1997).
Cyanolichen and alectorioid richness at Keel Mountain were negatively associated with
the proportion of Tsuga heterophylla basal area in the plot. Tsuga has previously been
hypothesized to decrease lichen species richness by favoring bryophytes that may outcompete
lichens and by creating a darker environment in which bryophytes are more competitive (Martin
2005). Our stands with abundant Tsuga were dark, dense, homogenous monocultures at Keel
Mountain. Although we would expect stands with high Tsuga basal area to have lower light
transmission as compared to Pseudotsuga (Spies & Franklin 1991), canopy cover was slightly
negatively correlated with Tsuga proportion at Keel Mountain (r = -0.21). We speculate that this
negative correlation is an artifact of our canopy cover sampling. Tall shrubs were abundant in
low-Tsuga plots; since these low leaves were very close to the camera, they often lead to
disproportionately high canopy cover estimates in plots where the conifer overstory was sparse
but there were abundant tall shrubs.
At Bottom Line, Pseudotsuga basal area was negatively related to cyanolichen richness.
We interpret this pattern as related to the greater abundance of wolf trees and hardwoods in low
Pseudotsuga basal area plots. Plots very high in Pseudotsuga basal area were associated with
old-growth remnant trees; however the lichen community composition appeared to respond to
these gradients independently with cyanolichen richness being unrelated to old-growth remnants.
We agree with Neitlich & McCune (1997) that protection of old-growth remnants is beneficial
for alectorioids and some species of cyanolichens such as Lobaria oregana, but that the suite of
hardwood-associated cyanolichens benefit more from retention of wolf trees and thinning to
open or maintain canopy gaps colonized by hardwoods. These lichen species may be associated
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with old-growth forests not because they require ancient trees but because they cannot tolerate
homogeneous conifer stands lacking in hardwoods or canopy gaps.
Management implications. Thinning did not cause massive mortality of epiphytic
lichens but instead, subtly shifted them toward more diverse cyanolichen and alectorioid
communities at Bottom Line as evidenced by more Peltigera collina, Leptogium polycarpum,
Nephroma laevigatum, and Bryoria following thinning. At Keel Mountain, where pre-treatment
lichen data were unavailable, structural features promoted by thinning, including a lower
proportion of Tsuga, maintenance of wolf trees, and abundance of canopy gaps colonized by
Acer circinatum, were associated with increased alectorioid and cyanolichen richness. Despite
the suggestion of a benefit from these treatments, we cannot suggest which treatment is optimal
for promoting cyanolichen and alectorioid species richness because application was extremely
variable and sites have only been monitored for ten post-treatment years.
At Keel Mountain, we found a negative relationship between Tsuga and cyanolichen and
alectorioid richness. We suggest that homogenous stands of Tsuga with high basal area could
become more favorable habitats for epiphytic lichens if Pseudotsuga or hardwoods were favored
in thinning. This negative association between lichen diversity and Tsuga has been observed in
previous studies (Martin 2005) and should be studied more carefully at a broader range of sites
and by experimental removals of Tsuga. At Bottom Line, we found that high basal area stands of
Pseudotsuga had the lowest cyanolichen richness. We interpret these combined results to
suggest that homogeneous high basal areas of either conifer species do not support diverse
cyanolichen communities.
Whereas we focused on general patterns related to species composition and richness,
lichens have important contributions to ecosystems that are likely to depend on their abundance
(Pike 1978; Rosentreter et al. 1997), which often increases with stand age (Esseen et al. 1996;
Peck & McCune 1997). Future studies that measure abundance more accurately may help
elucidate whether alternative thinning can enhance lichen abundances and contributions to the
ecosystem.
Because dispersal-limited old-growth-associated alectorioid species and Lobaria
oregana were associated with the old trees at Bottom Line (Neitlich and McCune 1997), we
hope that future re-sampling will find these species migrating into the thinned stands.
Alectorioids may already be responding positively to the opened canopy in these stands as
evidenced by their association with plots having gaps in the canopy colonized by shrubs and
increased abundance and frequency in 2007 in thinned plots at Bottom Line. The retention of
lichen hotspots appeared to allow rapid colonization of cyanolichens onto shrubs in thinned
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plots. Promotion of gaps in the conifer overstory that are dominated by hardwoods probably
stimulated cyanolichen and alectorioid richness by providing favorable substrates.
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Figure 2.1. A schematic of thinning treatments applied at Keel Mountain and Bottom Line in
1995–1998 with lichen plots.
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Figure 2.2. Ordination of plots in species space from Keel Mountain from data collected in
2007. Vectors depict strength and direction of correlation between environmental variables and
community patterns in the ordination; they are graphed only for variables with correlation >
0.15. Open circles are plots that were established before treatment to be diversity plots, closed
circles were plots in the surrounding forest. Vector names are from Table 2.4.
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Figure 2.3. Ordination of plots in species space from Bottom Line. Open symbols are plots that
were established before treatment to be diversity plots, closed symbols were plots in the
surrounding forest. Vectors radiating from the centroid depict strength and direction of
correlation between environmental variables (Table 1) and community patterns in the ordination.
A. Pre-thinning 1994 lichen plots (n = 35). B. Post-thinning 2006 lichen plots (n = 35). C.
Ordination of plots from Bottom Line from data collected pre- (circles) and post-treatment
(triangles) plots together (n = 70). D. Vectors connecting 1994 plots with 2007 plots in
preceding ordination.
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Table 2.1. Variables used in ordinations and non-parametric regressions presented here.
Acronyms correspond to those used in Figs. 2.1 & 2.2 and Table 2.4.
Variable
Acer circinatum basal area
Acer circinatum canopy gaps
Canopy cover
Canopy gaps without shrubs
Canopy shrub gaps
Canopy shrub gaps without Alnus rubra and Acer circinatum
Conifer basal area
Coefficient of variation for light
Corylus cornuta basal area
Corylus cornuta canopy gaps
Hardwood trees and tall shrubs in gaps and understory
Heat load index
Old-growth remnant trees
Open-grown wolf trees
Proportion of total basal area in conifer species
Proportion of total basal area in hardwood species
Proportion of total basal area in Tsuga heterophylla
Pseudotsuga menziesii basal area
Second growth conifers grown in closed forest
Total basal area for all tree species
Total basal area in hardwoods
Alectorioid species richness
Cladonia and Sphaerophorus species richness
Cyanolichen richness
Other species richness

Acronym
acciBA
acciga
canopy
treels
totshr
othshr
coniBA
cvsky
cocoBA
cocoga
undgap
heat
OG
wolf
conpro
hdwpro
tshepr
psmeBA
matrix
totBA
hdwtot
Alect
Cladsp
Cyano
Other

Units
m2/ha
%
%
%
%
%
m2/ha
N/A
m2/ha
%
%
N/A
%
%
%
%
%
m2/ha
%
m2/ha
m2/ha
Number
Number
Number
Number
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Table 2.2. Mean basal areas (m2/ha) and standard deviations (SD) in plots by thinning treatment
at Keel Mountain and Bottom Line for Pseudotsuga menziesii (Psme), Tsuga heterophylla
(Tshe), Thuja plicata and Calocedrus decurrens (Thpl/Cade) and hardwood species. Shrub gaps
are estimated percents of plots with canopy gaps colonized by tall shrubs (>1.5 m). These
estimates were not available for Keel Mountain prior to thinning. Treatments are control,
moderate retention (Mod), variable retention (Vari) and high retention, with diversity (D) and
matrix (M) plots.
Keel 1995
Control D
Control M
Mod D
Mod M
Vari D
Vari M
High D
High M
Keel 2007
Control D
Control M
Mod D
Mod M
Vari D
Vari M
High D
High M
BL 1994
Control D
Control M
Mod D
Mod M
Vari D
Vari M
High D
High M
BL2007
Control D
Control M
Mod D
Mod M
Vari D
Vari M
High D
High M

Psme
Mean

SD

Tshe
Mean

SD

Thpl/Cade
Mean SD

Hardwoods
Mean SD

Shrub gap %
Mean
SD

12.2
11.7
22.9
19.0
14.9
24.8
28.8
33.0

8.1
6.5
8.8
3.5
5.3
14.8
14.8
9.9

23.9
38.5
12.1
28.2
23.9
28.1
15.8
15.6

7.1
5.5
10.6
8.5
18.9
10.0
9.7
8.2

0.2
0.2
0.6
0.9
0.4
0.0
0.0
1.1

0.4
0.5
0.5
1.1
0.8
0.0
0.0
1.7

1.7
0.2
6.1
1.1
3.3
0.0
0.2
0.0

1.7
0.5
5.7
1.4
4.4
0.0
0.4
0.0

N/
A

18.2
11.5
20.4
14.1
15.6
15.4
27.0
22.3

11.4
6.5
5.0
11.6
6.4
10.6
12.7
4.4

36.3
49.8
19.3
18.6
29.4
19.1
19.0
11.4

9.5
2.3
13.5
5.8
12.9
7.0
13.8
8.3

0.2
0.2
2.8
0.3
0.4
0.0
0.0
0.6

0.4
0.5
3.6
0.7
0.8
0.0
0.0
0.9

0.6
0.0
6.6
0.1
3.5
0.0
0.0
0.8

0.8
0.0
3.1
0.2
5.0
0.0
0.0
1.3

6
0
8
23
11
26
4
8

9
0
3
21
12
37
7
3

30.0
37.4
24.4
40.8
29.4
45.6
28.2
44.0

10.6
1.4
8.7
12.4
3.3
3.8
16.7
4.0

0.2
0.0
0.7
0.2
0.1
0.0
0.0
0.0

0.4
0.0
1.4
0.5
0.2
0.0
0.0
0.0

0.0
0.0
0.8
0.6
0.0
0.0
0.0
0.0

0.0
0.0
1.1
0.7
0.0
0.0
0.0
0.0

1.3
0.3
3.2
0.2
3.1
0.7
4.8
1.8

1.2
0.7
2.3
0.5
3.0
1.2
2.0
1.0

47
0
40
0
44
3
38
5

29
0
32
0
21
7
25
10

31.3
37.5
32.8
32.2
30.4
26.2
27.5
40.1

8.4
7.1
14.2
3.6
7.7
4.3
8.3
1.6

0.4
0.0
0.7
0.2
0.3
0.0
0.5
0.0

0.6
0.0
0.9
0.5
0.4
0.0
0.9
0.0

0.0
0.0
1.4
0.0
0.1
0.1
0.1
0.0

0.0
0.0
1.6
0.0
0.2
0.2
0.2
0.0

0.5
0.0
1.0
0.5
1.5
0.2
3.1
0.7

1.0
0.0
0.8
0.5
1.6
0.3
3.5
0.8

18
5
28
16
29
16
20
10

17
10
22
13
16
8
22
14
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Table 2.3. Diversity summary statistics for Keel Mountain and Bottom Line (BL) in n plots.
Diversity measures are: α = average species richness; β = (γ/ α)-1 and D = average within-group
distance; and γ = total number of species across plots.

n
Keel 2007
BL 1994
BL 2007

36
35
35

Within plots
α
29.8
34.3
38.5

Among plots
β
D
1.42
1.39
1.08

0.250
0.254
0.223

Total diversity
γ
72
82
80
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Table 2.4. Nonparametric multiplicative regression of cyanolichen (Cyano.) and alectorioid
(Alect.) species richness on environmental variables at Keel Mountain (n = 36 from 2007) and
Bottom Line (n = 70 from 1994 and 2007 combined). Model fit was evaluated with the xR2; N*
is the average number of observations contributing to a predicted value; p is derived from a
randomization test; tolerance decreases with importance of the predictor; sensitivity indicates the
amount of impact a change in one unit along the predictor will have on the response. Variables
are described in Table 1.
Dependent
Fit
Independent
variable
xR2 N*
p
variable
Tolerance
Sensitivity
Keel Mountain
Cyano. rich.

0.37

12.3

0.016

Alect. rich.

0.52

11.6

0.006

Bottom Line
Cyano. rich.
Alect. rich.

0.61
0.22

10.2
10.9

tshepro
wolf
tshepro
acciga

0.2
1.20
0.361
1.00

0.188
0.490
0.102
0.356

othshr

20.0

0.076

0.001

psmeBA

21.6

0.465

0.002

wolf
cocoga

4.50
4.80

0.505
0.657

matrix

13.0

0.606
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Table 2.5. Blocked indicator species analysis comparing pre- (Neitlich and McCune 1997) with
post-treatment data at Bottom Line in thinned (n=13 for each year) and unthinned plots (n=22
for each year). Relative frequency (RF) is the proportion of plots with the species presence;
relative abundance (RA) is the proportion of the total abundance in the species. Indicator values
(IV) are the maximum of 100*RF*RA for 1994 or 2007. Probability of Type I error (p) is for the
hypothesis of no difference between lichen communities before and 10 years after thinning.
Functional groups are cyanolichens (Cy), cladonioids (Cl), alectorioids (A) and others (O).
Species
RF
RA
Functional
1994 2007 1994 2007 IV p
Group
Uncut plots
Cladonia squamosa var.
subsquamosa
Hypogymnia physodes
Hypotrachyna sinuosa
Melanelixia fuliginosa
Nephroma laevigatum
Physcia tenella
Sticta fuliginosa
Usnea sp.
Cut plots
Bryoria capillaris
Bryoria friabilis
Bryoria pseudofuscescens
Candelaria concolor s.l.
Cetraria chlorophylla
Cladonia ochrochlora
Cladonia squamosa var.
subsquamosa
Hypotrachyna sinuosa
Leptogium polycarpum
Melanohalea exasperatula
Nephroma laevigatum
Peltigera collina
Physcia tenella
Platismatia herrei
Ramalina farinacea
Usnea sp.

73

95

35

65

62.5

0.002

Cl

100
64
9
64
9
36
100

100
100
91
86
73
14
77

49
27
18
36
4
86
65

51
73
82
64
96
14
35

51.4
73
29.1
55.3
69.8
31.4
65.5

0.032
<0.001
0.017
0.017
.
<0.001
0.030
<0.001

O
O
O
Cy
O
Cy
O

100
54
38
23
85
92
54

100
92
85
69
100
100
92

44
29
20
17
38
41
25

56
71
80
83
62
59
75

56.2
65.5
67.3
57.7
61.7
59.2
69.6

0.002
0.007
0.004
0.007
0.003
0.003
0.003

A
A
A
O
O
Cl
Cl

69
0
38
8
15
15
100
100
100

100
38
77
54
77
85
77
100
85

25
0
25
5
13
6
63
52
58

75
100
75
95
87
94
37
48
42

75
38.5
57.8
51.3
67.1
79.6
63.5
52.3
58.5

<0.001
0.035
0.016
0.003
<0.001
<0.001
<0.001

O
Cy
O
Cy
Cy
O
O
O
O

0.014
0.034
0.035
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ABSTRACT. While a great deal of research has illustrated the importance of latesuccessional forests for maintaining biodiversity in the Pacific Northwest of North America,
over 76% of the forests in the region are less than 100 years old. To preserve landscape-level
biodiversity, forest managers are increasingly interested in how young stands can be
manipulated to favor late-successional species. We sought to understand how stand-level
gradients in canopy structure, particularly those affected by thinning, relate to dominant forest
floor bryophyte and lichen species composition and abundance. We sampled forest floor lichen
and bryophytes ten years after alternative thinning treatments at two sites in western Oregon.
Relationships of forest floor communities to canopy structure were site-specific. At the first site,
moss and lichen abundance had small-scale geographic patterns and mosses were negatively
associated with epiphytic cyanolichen species richness, however, we found no strong
associations between forest floor communities and stand structural characteristics. At the second
site, lichens, particularly Cladonia, were negatively associated with canopy cover and was most
abundant in thinned plots. Bryophyte abundance was positively associated with Tsuga basal
area. This relationship was stronger in the thinned stands, which had a different community
composition than those left unthinned. Overall, the forest floor communities were fairly
homogeneous at both sites and relationships with stand structural variables were subtle,
indicating that thinning did not have a strong impact.
Keywords. Thinning, bryophytes, forest floor, forest structure, Cladonia.

INTRODUCTION
Throughout forested regions of the world, interest is growing in developing management
techniques that meet economic goals while preserving biodiversity and ecosystem function. In
the Pacific Northwest of North America (PNW), the value of late-successional forests in terms
ecosystem function and biodiversity has long been established (Franklin & Spies 1991).
However, 76% of the forested landscape in the PNW is less than 100 years old (USDA 2009).
Forest managers increasingly need to know how their activities will affect forest- dwelling taxa
in younger forests.
Management can be expected to affect forest floor communities through direct
disturbance and indirect changes in canopy density, which is known to impact forest floor
microclimates (Nyland 2002). Late-seral vascular plants of young stands in the PNW are more
abundant in high- as compared to low-retention harvests (Halpern et al. 2005) and are promoted
by pre-commercial thinning (Lindh & Muir 2004). Forest floor bryophytes are also likely to be
sensitive to management in young forests because they may be limited by light reaching the
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forest floor and are sensitive to microhabitat availability, aspect, and canopy species
composition (Lesica et al. 1991, Rambo & Muir 1998, Ǻström 2007). Forest floor lichens
communities may also be expected to change following thinning because they are stimulated by
increased light availability and decreased humidity (Söderström 1988, Lesica et al. 1991,
Sulyma & Coxson 2001).
In the PNW, forest floor habitats are rich in cryptogam diversity; 93 species of
bryophytes were recorded from 60 0.42-ha plots from four Pseudotsuga-Tsuga sites in Oregon
(Rambo & Muir 1998) and 23 species of lichens in ten Montana Abies grandis forests of similar
elevations (each sampled using a single 180 m2 plot; Lesica et al. 1991). Forest floor cryptogams
provide food and habitat for invertebrates (Lindo & Stevenson 2007), retain nutrients and
moisture (Rieley et al. 1979), fix nitrogen (Hällbom & Bergman 1979) and contribute to net
primary productivity (Bottin & Fredeen 2006, Kolari et al. 2006).
Most past studies have looked at the effects of leave-islands as refugia in clearcuts. In
New Brunswick and southern Finland, bryophyte species composition changed following
clearcutting, however, plots with remnant trees retained more liverwort and forest-dwelling
mosses than those without (Jalonen & Vanha-Majamaa 2001, Fenton et al. 2003, Fenton &
Frego 2005). Retention patches 0.01-0.5-ha in Sweden may be too small to serve as refugia;
bryophytes there decreased in abundance six years after harvest (Perhans et al. 2009). Even
larger 1-ha circular leave-islands in Washington reduced liverwort species richness relative to
uncut controls (Nelson & Halpern 2005). Bryophytes at these sites were more abundant in plots
with little logging slash and high canopy and shrub cover (Nelson & Halpern 2005, Dovčiak et
al. 2006). In contrast, in Swedish forests slash seems to provide shelter for bryophytes; its
removal for bioenergy purposes is a conservation concern (Ǻström et al. 2005, Dynesius et al.
2008). In coastal British Columbia, old-growth patches less than 3.5 ha surrounded by clearcuts
had fewer liverwort and dispersal-limited taxa than larger patches (Baldwin & Bradfield 2007).
In north-central British Columbia, creating gaps in mid-late-successional forest favored forest
floor lichen communities whereas feather-mosses dominated in high-basal area stands without
gaps (Sulyma & Coxson 2001).
Thinning has been suggested as a way to promote biodiversity in young managed forests
(Muir et al. 2002) but its effects on forest floor cryptogams have not been evaluated. The USDI
Bureau of Land Management’s (BLM) Density Management Study (DMS) was established in
1993 in Oregon with a primary goal of learning how alternative thinning approaches affect
habitats and biota associated with late-successional forest (Cissel et al. 2006). Thinning in the
DMS was intended to convert young, even-aged canopy to more structurally diverse conditions
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by retaining old-growth remnants, wolf trees, a mixture of hardwoods and conifers, snags, and
logs of various decay classes and sizes (Cissel et al. 2006). These treatments provide an ideal
opportunity to examine the effects of alternative thinning practices on forest floor cryptogams.
We focus on two questions: (1) How do stand-level gradients in stand structural variables,
particularly those affected by thinning, relate to dominant forest floor bryophyte and lichen
species composition? (2) How are bryophyte and lichen frequency on the forest floor related to
stand structural characteristics?
MATERIALS AND METHODS
Sites. We sampled at two previously established study sites in western Oregon, USA.
Bottom Line (43.776˚ N 123.246˚ W) was in the eastern foothills of the Oregon Coast Range
near Lorane, Oregon. This site was dominated by Pseudotsuga menziesii with interspersed
Tsuga heterophylla (Table 3.1) and an understory with Corylus cornuta, Cornus nuttallii, Acer
circinatum, A. macrophyllum, Holodiscus discolor and Gaultheria shallon. This site had a seed
tree harvest in 1939 in which most of the canopy was cut with a few trees left behind to seed the
next generation. Most seed trees were removed at an unknown later date. Several old-growth
trees remained and canopy gaps were dominated by shrub species. The elevation ranged between
236 and 369 m and the mean annual precipitation was 127 cm. Bottom Line was thinned in
1995-1997 using cable yarding, harvest and site details are available in Cissel et al. (2006).
Keel Mountain (44.522˚ N 122.64˚ W) was in the western foothills of the Cascade
Range near Waterloo, Oregon. The southern portion of the site was dominated by Tsuga
heterophylla with a smaller component of Pseudotsuga menziesii whereas in the northern
portion Pseudotsuga menziesii dominated (Table 3.1). In wet areas, Alnus rubra was abundant.
Dominant understory shrubs were Acer circinatum and Vaccinium parvifolium. This site was
clearcut between 1949 and 1953 and was more homogeneous than Bottom Line with fewer
canopy gaps, wolf trees, and old-growth remnant trees. The elevation ranged between 617 and
768 m and the mean annual precipitation was 165 cm (Cissel et al. 2006). Keel Mountain was
thinned in 1997-1998 using cable and ground-based yarding, harvest and site details are
available in Cissel et al. (2006).
Both sites were naturally regenerated, had a range of slopes and aspects, and were
dissected by streams. As compared with Keel Mountain, Bottomline had a greater number of
plots on steep, south-facing slopes. Riparian areas were excluded at both sites because they were
not treated in the thinning. Keel Mountain still included several plots with wet soil and
Lysichiton and Alnus, which were abundant even far from the major streams. We did not directly
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quantify soil moisture. Both sites were harvested using standard Bureau of Land Management
Best Management Practices designed to minimize soil disturbance. Typically yarding was done
in corridors at least 45.7 m apart and about 2 m wide. The aerial extent of disturbed ground was
minimized. Where cable yarding was employed, only one end of the logs was dragged on the
ground. Ground-based logging at parts of Keel Mountain and required the entire log to be
dragged on the ground and likely resulted in more ground disturbance than cable yarding (Peter
O’Toole, personal communication).
Thinnings. Sites were divided into subunits, each receiving one of four thinning
treatments: no thinning (control), thinned to 297 trees per hectare (high retention), thinned to
198 trees per hectare (moderate retention), and a mosaic of 297, 198, and 99 trees per hectare
(variable retention). In addition, moderate and variable thinnings had 0.10-, 0.20-, and 0.40-ha
clearcut patches. All three thinning methods were interspersed with 0.10-, 0.20-, and 0.40-ha
leave islands that were unthinned (Fig. 3.1). Most 0.40-ha leave islands were selected prior to
thinning as epiphytic lichen hotspots (for details, see Neitlich & McCune 1997).
Field methods. Circular 34.7-m radius plots with areas of 0.38 ha were established at
both sites prior to thinning (36 at Keel Mountain, Hibler 1995 unpublished data; 35 at Bottom
Line, Neitlich & McCune 1997). Approximately half the plots were established to become 0.4ha leave-islands; the others were arbitrarily placed in surrounding forest that was thinned or not
as described above.
At each plot, we recorded presence or absence of dominant forest floor bryophyte and
lichen species in 34, 1-m radius microplots positioned along transects radiating from the plot
center to the N, NE, E, SE, S, SW, W and NW. Microplots were established at 13, 21, 27, and 31
m from the plot center; N and S transects also included microplots at 5 m from the plot center.
We sampled forest floor substrates including mineral soil, duff, rocks, stumps, and logs without
fine branches but excluding epiphytes from recently fallen trees or branches. The purpose of
subsampling plots with microplots was to capture differences in abundance. All forest floor
macrolichens were inventoried; however, we focused on bryophytes that were dominant and
easily identified because we expected these species to be sensitive to major stand structure
gradients. Given limited field time, focusing on dominant species allowed us time to sample
more area and obtain better estimates of abundance. For bryophytes, focal species were abundant
or large and obvious within microplots so that we could be sure to detect them whenever they
were present. A few less common small species in the Dicranaceae (ie., Dicranella heteromalla
and Dicranoweisia cirrata) and liverworts (Frullania) were also included because they were
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distinctive enough that we were sure they could be consistently detect them in our microplots.
We did not include accidental collections of non-target species.
We calculated an index of total bryophyte and lichen abundance by summing the
number of microplots containing at least one bryophyte or lichen (TOTMOSS, TOTLICH). This
measure of abundance, ranging from 50–142 for bryophytes and 0–51 for lichens, was sensitive
both to species richness and frequency of occurrence.
At each plot, we also measured stand structural variables including basal area of tree
species, slope and aspect. We converted aspect, slope, and latitude to a heat load index using
nonparametric regression (McCune 2007), implemented in HyperNiche (McCune & Mefford
2008a). We also estimated percentage of the plot covered by second-growth conifers, secondgrowth conifer overstory with hardwood or shrub understory, canopy gaps colonized by shrubs
or hardwood trees (by dominant species in gap), canopy gaps without shrubs or hardwood trees,
wolf trees, and old-growth remnant trees (these summed to 100%; details in Neitlich & McCune
1997). Wolf trees were defined as open-grown conifers with low branches at least 6 cm in
diameter and less than 3 m off the ground. We did not consider an opening in the conifer
overstory as a gap unless it exceeded approximately 25 m2.
To estimate canopy cover, we photographed the sky directly above five locations within
each plot (plot center and 29.7 m N, E, S, and W from plot center) using a digital camera
mounted on a 2 m tall surveyors’ pole. The camera had a focal length of 5.7 mm, equivalent to a
focal length of 35 mm on a 35 mm film camera. We projected these photos onto a large grid
from which we estimated canopy cover. Canopy cover measurements were averaged within each
plot to estimate plot-level canopy cover. These measurements were taken in July and August and
included cover of shrubs over 2 m tall. At both sites tall shrub cover often comprised a large
proportion of the photos.
Lichen, moss, Sphagnum and liverwort taxonomy follow Esslinger (2008), Anderson et
al. (1990), Anderson (1990) and Stotler and Crandall-Stotler (1977), respectively. Vouchers
were collected for each species and deposited in the Oregon State University herbarium (OSC).
We collected lichen specimens for target genera that could not be identified in the field and
identified these in the laboratory using thin layer chromatography as needed for Cladonia. Some
specimens could not be identified to species either because specimens were misplaced or too
small to identify. These were retained in analyses as Dicranaceae sp., Cladonia sp., and
Peltigera sp. To make field identification feasible, we lumped the following: Eurhynchium
praelongum with E. oreganum (the latter was more common but the former was identified from
a few plots) and Cladonia coniocraea with C. ochrochlora. Small pleurocarps were considered
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to be one functional group and included Hypnum circinale, Isothecium stoloniferum and
Pseudotaxiphyllum elegans. The Sphaerophorus globosus-group has recently been revised
(Wedin et al. 2009). Our specimens were a mixture of S. venerabilis and S. tuckermanii;
however, we did not distinguish these species in the field.
We calculated the frequency of obligate forest floor dwellers by summing frequencies of
species known to be nearly exclusively associated with forest floor or very rotten log habitat in
the area. Similarly, frequency of facultative epiphytes was the summed frequency of species in
forest floor plots also known to grow as epiphytes in the region (Table 3).
Analyses. We used non-metric multidimensional scaling ordination (NMS, Kruskal
1964) to visually examine gradients associated with differences in forest floor cryptogam
community composition. This was performed using Sørensen distances (Bray & Curtis 1957) in
slow and thorough autopilot mode using random starting configurations in PC-ORD (McCune &
Mefford 2008b). We used plot-level environmental characteristics and moss and lichen total
abundance as overlays to interpret gradients in the ordination (Table 3.2). The final ordination
was rotated to ease interpretation. We used a Multi-Response Permutation Procedure (MRPP,
Mielke et al. 1976) to determine whether forest floor communities at the sites were substantially
different. We did not directly test for differences among categorical treatment because their
application was quite variable and they were spatially arranged such that treatment and spatial
effects were confounded. To examine the relationships between community composition and
Tsuga basal area after controlling for spatial distance and vice versa we used a partial Mantel
test (Smouse et al. 1986) using Sørensen distance for the community data and Euclidean distance
for basal area and spatial position with 999 randomizations in PC-ORD (McCune & Mefford
2008b).
One plot (HM5) at Keel Mountain was an outlier with a mean Sørensen distance to the
other plots three standard deviations greater than the grand mean of inter-plot Sørensen
distances. This plot was entirely within a Rubus-dominated patch cut and had substantially lower
overstory canopy cover than all other plots. Because it did not appear to represent an extension
of the pattern observed in other plots with low canopy cover and we lacked plots with
intermediate levels of canopy cover that may have allowed us to examine how communities
change as canopy cover becomes very low, we decided to restrict our analysis to plots with
canopy cover greater than 55% and omit HM5.
To quantify the association between bryophyte and lichen abundance (TOTMOSS,
TOTLICH) and stand structural variables, we explored the possibility of nonlinear responses and
multiplicative interactions using non-parametric multiplicative regression (NPMR; McCune
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2006; McCune & Mefford 2008a) with a local linear estimator and Gaussian kernel function
(Bowman & Azzalini 1997). We also fit simple linear models using S-Plus (Insightful 2008) for
relationships that were observed to be linear in scatterplots. Because thinning treatments were
highly variable in density, we chose to represent thinning by measurements of basal area and
canopy cover rather than a categorical variable.
RESULTS
The dominant forest floor lichens and bryophytes included 44 taxa and species groups of
which 16 were lichens, 3 were liverworts, and 25 were mosses (Table 3.3). Beta diversity was
low at both sites with Whittaker’s diversity (1972) of 2.1 and 2.2, indicating that plots, on
average, contained 32 and 31% of the species at the Keel Mountain and Bottom Line,
respectively. The three most frequent moss species groups at Keel Mountain were Eurhynchium
oreganum, small pleurocarps and Plagiothecium undulatum. At Bottom Line, the third most
frequent moss was Rhytidiadelphus triquetrus. At both sites, the most frequent lichen was
Cladonia ochrochlora. The two sites had very different community compositions (MRPP A =
0.20, P << 0.001), which was our reasoning for considering their patterns separately.
Keel Mountain. Forest floor communities at Keel Mountain were associated with
gradients in canopy cover and conifer species composition (Fig. 3.2: 3-dimensional NMS, total
R2 = 0.89, p=0.004, final stress = 11.3, final instability = 0.001). Axis three (R2 = 0.54) was
negatively associated with a gradient in canopy cover (R2 = 0.59) and positively associated with
lichen frequency (R2 = 0.88) and frequency of facultative epiphytes (R2 = 0.70). Thinned plots
had more forest floor lichens and facultative epiphytes than unthinned plots. Racomitrium
occidentale, Trachybryum megaptilum, Polytrichum juniperinum, Cladonia and Dicranum
species were positively associated with axis three. Axis one (R2 = 0.21) was negatively
associated with a gradient from Tsuga (R2 = 0.63) positively to Pseudotsuga (R2 = 0.50)
dominated forests. Bryophytes were most abundant in plots with high Tsuga proportion and
basal area, particularly Plagiothecium undulatum, Scapania bolanderi, and Hylocomium
splendens. Plots with intermediate canopy cover and high Pseudotsuga proportion were
characterized by Leucolepis acanthoneuron, Plagiomnium insigne, Atrichum selwynii, Porella
navicularis, Sphaerophorus globosus, Antitrichia curtipendula, Neckera douglasii, and
Peltigera. Both axes one and two were associated with east-west position (R2 = 0.33, 0.53
respectively). This pattern was primarily due to the plots in the lower left portion of the
ordination, which were from the control area in the southernmost part of the study area. These
plots had high canopy cover and an overstory dominated by Tsuga; however, the spatial pattern
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was still apparent after controlling for Tsuga basal area (partial Mantel r = 0.15, p = 0.006) and
the Tsuga basal area was still related to community composition after controlling for spatial
relationships (partial Mantel r = 0.12, p = 0.03). Although plots high in Tsuga basal area had
high bryophyte cover, no species were particularly associated with them. Axis two (R2 = 0.14)
was not strongly related to any of the stand structural variables measured.
Lichen frequency summed across all species (TOTLICH) was negatively related to
canopy cover (Fig. 3.2: simple linear regression, R2 = 0.55, p <0.001, df = 33). Each 10%
increase in canopy cover was associated with a decrease in average number of lichen species
encountered per microplot of 0.27. This pattern was related largely to abundant Cladonia in
plots with low canopy cover. Bryophyte abundance (TOTMOSS) was positively associated with
Tsuga basal area but the relationship was much stronger in the cut plots than those left uncut
(Fig. 3.2: multiple linear regression, R2 = 0.53, p < 0.001, df = 31). Each additional 10 m2/ha of
Tsuga was associated with an increase average number of bryophyte species encountered per
microplot of 0.10 and 0.74 in uncut and cut plots respectively. There were no cut plots with
Tsuga basal areas exceeding 27 m2/ha; it is impossible to determine whether this trend would
continue for high Tsuga basal areas in cut plots. Thinned plots with intermediate Tsuga basal
area had communities characterized by small pleurocarps, Dicranum, Rhytidiadelphus loreus,
Trachybryum megaptilum, Polytrichum juniperinum, Pogonatum contortum, and Cladonia.
Unthinned plots with high Tsuga basal area were characterized by Hylocomium splendens,
Scapania bolanderi, Plagiothecium undulatum, and Rhytidiadelphus triquetrus. Low Tsuga
basal area plots were characterized largely by the absence of these species and a slightly greater
abundance of Plagiomnium insigne and Neckera douglasii.
Bottom Line. Forest floor bryophytes and lichens were relatively uniformly distributed
at Bottom Line. Variation in community characteristics was only weakly related to canopy
structure and species composition (Fig. 2: 3-D NMS, total R2 = 0.91, p=0.008, final stress =
11.6, final instability = 0.0002). Axis two (R2 = 0.50) was most strongly associated with total
moss frequency (R2 = 0.92) and obligate forest floor species’ frequency (R2 = 0.79); no stand
structure gradients were associated with this axis. Several bryophyte groups were positively
associated with axis two, including Trachybryum megaptilum, Rhytiadelphus triquetrus, Porella
navicularis, Hylocomium splendens, Leucolepis acanthoneuron, Rhizomnium glabrescens, and
small pleurocarps. Axis three (R2 = 0.29) was positively associated with frequency of lichens (R2
= 0.91) and facultative epiphytes (R2 = 0.79). It was negatively associated with epiphytic
cyanolichens (R2 = 0.46) and longitude (0.63). Plots on the western side of the study area with
high epiphytic alectorioid and low cyano lichen diversity had the greatest frequency of forest
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floor lichens: Peltigera, Cladonia, Dicranum, and Sphaerophorus. Axis one (R2 = 0.13) was
positively associated with old-growth remnants (R2 = 0.59), Tsuga (R2 = 0.50) and facultative
epiphytes (R2 = 0.46). Dicranum fuscescens, D. tauricum, Sphaerophorus, and small pleurocarps
were positively and Eurhynchium negatively associated with this axis.
DISCUSSION
Forest floor communities can be affected by harvesting through direct soil disturbance
by dragging logs or machinery across the soils or indirectly through manipulation of the canopy
structure to change light or humidity levels. Studies of vascular plants suggest that direct ground
disturbance may have a greater effect on community composition soon after treatment (Halpern
et al. 2005) whereas the indirect effect of opening the canopy contribute to the persistence of
late-seral species in thinned stands (Lindh & Muir 2004). Both direct and indirect disturbance
affected bryophyte communities four years after harvest in New Brunswick (Fenton et al. 2003).
Direct disturbance by scarification, herbicide, machinery tracks, or slash piles at these sites was
particularly associated with low liverwort species richness (Fenton et al. 2003). At our sites,
direct disturbance occurred along yarding corridors where logs were dragged against the ground,
slash was piled and people created paths through the stands. While direct disturbance could be
an important aspect of thinning’s effects on the forest floor in some PNW forests, we did not
observe much evidence of surface scarification or ground disturbance at Keel Mountain and
Bottom Line. We interpret our results to reflect primarily indirect disturbances.
Our finding that forest floor lichens, particularly Cladonia, were associated with opencanopy plots at Keel Mountain agrees with results from partial cuts in British Columbia and
Sweden (Sulyma & Coxson 2001, Bergstedt et al. 2008). Other studies have found Cladonia to
be associated with high-light or low-humidity forested environments (Lambert & Maycock
1968, Sedia & Ehrenfeld 2003) and managed stands as compared with old growth (Söderström
1988, Lesica et al. 1991).
The lack of relationship between canopy cover and terricolous lichen frequency at
Bottom Line, however, was unexpected. Instead it appeared that Cladonia and Peltigera were
associated with plots in the western part of the study area with high alectorioid and low
cyanolichen epiphytic abundance (Root & McCune 2009). Plots supporting abundant Cladonia
and Peltigera were typically fairly homogeneous conifer stands without the shrub-filled canopy
gaps that often support epiphytic cyanolichens.
We hypothesize that the unexplained variation in lichen and bryophyte frequency is
partly due to variation in density of the undergrowth, including tall shrubs (Acer circinatum),
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ferns (Polystichum munitum), and low shrubs (Gaultheria shallon and Mahonia nervosa). These
may affect forest floor lichens and bryophytes by decreasing light, increasing humidity, and
increasing burial by litter. We suggest that future studies examining canopy cover measure it at
several heights including that where cryptogams are growing to incorporate the shading effects
of low shrubs. These plots also often had many down trees or large branches contributing
species that are often epiphytic to the forest floor community.
There were no old-growth trees at Keel Mountain; however, those at Bottom Line were
weakly associated with gradients in forest floor communities. Facultative epiphyte species
frequency was high in plots with old-growth trees at Bottom Line. The species associated with
plots having a high old-growth component (Sphaerophorus, Dicranum fuscescens, D. tauricum)
were often sampled from decaying fallen branches, logs and stumps. We found no relationship
between lichen frequency on the ground and old-growth remnants.
Our finding that bryophyte cover was not related to canopy cover is in contrast with
other studies suggesting that bryophytes may be limited by low light availability (Rambo &
Muir 1998). Rambo & Muir (1998) found a negative relationship between bryophyte cover and
Tsuga at their site in the western Cascades. They suggested that Tsuga may disfavor forest floor
bryophytes by diminishing light levels or nutrient availability. At Keel Mountain, which had
substantially more Tsuga than Bottom Line, we found a strong positive relationship between
bryophyte cover and Tsuga basal area, particularly in thinned plots. Thinned plots with Tsuga
basal areas between 15 and 25 m2ha-1 had the highest moss abundance. Their species
composition was somewhat different from that in unthinned plots with higher Tsuga basal area.
Like Rambo & Muir (1998), however, we found that Plagiothecium undulatum was more
associated with the site having more Tsuga (Keel Mountain).

Conclusions. At both sites, beta diversity was low and patterns relating to thinning were
weak. This suggests that these thinning prescriptions have little effect on forest floor lichens and
bryophytes in these environments and at these time scales. Because thinning treatments were
carried out using standard Bureau of Land Management Best Management Practices for cable
and tractor yarding, disturbance to the forest floor is expected to be similar to that in other
thinning projects using the same guidelines (Peter O’Toole, personal communication). Although
our study suggests that these types of thinning treatment may have little effect on forest floor
cryptogam communities, the differences between sites suggests that more sites should be
examined to determine whether this trend is can be generalized across the region. Our study
examines these communities 10 years after thinning treatments; the long-term effects of thinning
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are still unknown but may become even more subtle as the canopies of remnant trees grow to fill
gaps created by thinning (Davis et al. 2007).
At Keel Mountain, high Tsuga basal area was associated with the highest bryophyte
cover in both thinned and unthinned plots. In contrast to the predictions of Rambo & Muir
(1998), we did not find that opening the canopy increased bryophyte abundance. Bryophyte
abundance was maximized in thinned plots with between 15 and 25 m2ha-1 basal area retained in
Tsuga (our study did not include thinned plots with higher basal areas exceeding 25 m2ha-1). At
Bottom Line we were unable to determine any differences in bryophyte abundance that were
associated with variation in canopy structure or composition.
Typically second-growth forests have more abundant Cladonia than mature forests
(Söderström 1988, Lesica et al. 1991). We found that sparse canopies favored Cladonia and
other forest floor lichens at Keel Mountain. At Bottom Line, structural features such as gaps in
the canopy colonized by Corylus and wolf trees disfavored Cladonia and Peltigera, in contrast
to their stimulation of lichen epiphyte diversity (Neitlich & McCune 1997, Root and McCune
2009). Our results suggest that forest floor lichens are most abundant in relatively open
coniferous stands and that thinning may promote these communities.
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Figure 3.1. A schematic of thinning treatments applied at Keel Mountain and Bottom Line in
1995-1998 showing forest floor plots.
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Figure 3.2. Results of forest floor study at Keel Mountain and Bottom Line. Half-changes
represent the homogeneity of sample units and are calculated as described in McCune & Grace
(2002 p. 31). For each site, we display an ordination of sample units in species space. Vectors
depict strength and direction of correlation between stand structure variables and community
patterns in the ordination; they are graphed only for variables with correlation > 0.20 at Keel
Mountain and > 0.15 at Bottom Line. At Keel Mountain, we display the regression relationships
among moss Tsuga basal area and lichen and canopy cover. Circles and triangles represent
thinned and unthinned plots respectively. Abbreviations are described in Table 3.2.
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Table 3.1. Overstory characteristics at Keel Mountain and Bottom Line in 2007.
Average basal area (BA) is in m2ha-1, % is average percent of total basal area.
Site

Tsuga heterophylla

Pseudotsuga menziesii

Hardwoods

Keel Mountain

BA
25.5

%
54.4

BA
18.0

%
40.5

BA
1.6

%
3.5

Bottom Line

0.2

0.7

32.1

95.7

0.9

3.0
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Table 3.2. Stand structure variables used in ordinations and regressions for forest
floor lichen and bryophyte communities at Keel Mountain and Bottom Line.
Acronyms correspond to those used in Fig. 3.
Variable
Canopy cover
Overstory gaps colonized by Corylus
cornuta basal area
Conifer
Frequency summed across facultative
epiphytes
Frequency summed across obligate
forest floor dwellers
Species richness of epiphytic
cyanolichens

Acronym
canopy
Cocoga
coniBA
Facepi

Units of measure
Percent
Percent
m2/ha
Number of microplots

Oblff

Number of microplots

Cyano

count

Latitude
Longitude
Old growth trees
Pseudotsuga menziesii basal area
Total basal area
Tsuga heterophylla basal area
Tsuga heterophylla proportion of basal
area frequency summed across all
Lichen
species
Bryophyte frequency summed across
all species
Wolf trees

Lat
Long
OG
psmeprop
totBA
tsheBA
tsheprop
TOTLICH

Decimal degrees
Decimal degrees
Percent
m2/ha
m2/ha
m2/ha
Percent
Microplots for all species

TOTMOSS

Microplots for all species

Wolf

Percent
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Table 3.3. Frequencies (F) and abundances (A) of species found at Keel Mountain (KM, n =
36) and Bottom Line (BL, n=35). Abundances are calculated as the average number out of 34
microplots in which a species occurs in each plot. A zero contributes to this average when a
species is absent from a plot. EF refers to whether a species was considered a facultative
epiphyte (E) or obligate forest floor dweller (F).
Species

EF

Lichens

KM

BL

EF

F

A

F

A

Mosses

KM

BL

F

A

F

A

Cladonia sp.

E

8

0.42

8

0.43

Antitrichia curtipendula

E

2

0.06

2

0.09

C. albonigra

E

8

0.47

11

0.60

Atrichum selwynii

F

4

0.19

2

0.06

C. carneola

E

3

0.22

6

0.23

Dicranella heteromalla

E

2

0.03

0

0

C. fimbriata

E

14

1.22

12

0.77

Dicranoweisia cirrata

E

2

0.06

1

0.03

C. furcata

F

3

0.08

4

0.11

Dicranaceae sp.

E

8

0.44

8

0.46

C. norvegica

E

6

0.33

2

0.06

Dicranum fuscescens

E

26

3.28

20

2.26

C. ochrochlora
C. squamosa

E
E

25
2

3.36
0.06

22
1

2.43
0.03

Dicranum howellii
Dicranum tauricum

F
E

24
2

2.19
0.06

6
14

0.17
0.60

C. sq. var.
subsquamosa

E

8

0.40

19

1.29

Eurhynchium oreganum

F

36

31.3

35

31.4

C. transcendens

E

22

2.25

21

2.31

Fontinalis neomexicana

F

1

0.03

0

0

C. umbricola

E

7

0.36

3

0.14

Hylocomium splendens

F

21

0.94

8

0.34

Peltigera sp.

F

3

0.08

3

0.11

Leucolepis
acanthoneuron

F

16

1.22

28

3.63

P. britannica

F

1

0.03

0

0

Neckera douglasii

E

22

1.40

22

1.74

P. membranacea

F

4

0.11

5

0.34

Plagiomnium insigne

F

5

0.31

0

0

P. neopolydactyla

F

5

0.14

3

0.20

Plagiomnium venustum

F

0

0

1

0.03

P. pacifica

E

1

0.03

0

0

F

36

11.9

10

0.46

P. praetextata

F

1

0.03

0

0

Plagiothecium
undulatum
Pleurocarps

F

36

25.1

35

26.5

Sphaerophorus
globosus group

E

11

0.47

14

1.46

Pogonatum contortum

F

1

0.03

0

0

Polytrichum juniperinum

F

8

0.50

0

0

F
F

2
32

0.06
5.8

0
4

0
0.14

Liverworts
Frullania sp.

E

5

0.17

3

0.09

Racomitrium occidentale
Rhizomnium glabrescens

Porella
navicularis

E

5

0.14

11

0.60

Rhytidiadelphus loreus

E

19

1.56

10

0.34

Scapania
bolanderi

E

36

12.1

6

0.171

Rhy. triquetrus

F

35

1.67

35

18.0

Rhytidiopsis robusta

F

9

0.31

1

0.03

Sphagnum henryense
Trachybryum
megaptilum

F
F

1
6

0.03
0.44

0
5

0
2
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ABSTRACT
Biological soil crusts are ecosystem engineers in arid and semi-arid habitats; they affect
soil chemistry, stability, and vegetation. Little is known about regional variation in biotic crust
communities of North America. In 59 0.4-ha plots in central Oregon, we found 99 biotic crust
lichen species, one-third of which were observed only once. Biotic crust lichen communities rich
in cyanolichens characterized Juniperus stands whereas warm grasslands were home to
regionally uncommon species including Texosporium sancti-jacobi and Rhizocarpon
diploschistidina. We discerned biotic crust communities in sandy Artemisia tridentata ssp.
wyomingensis sites from those loamy A. arbuscula sites. Hotspots of biotic crust diversity were
geographically scattered, weakly negatively associated with abundance of shrubs of disturbed
sites, Gutierrezia and Chrysothamnus. The poorest sites for biotic crust lichen richness were
heavily grazed, burned plots with Gutierrezia in the grassy north, unstable steep talus slopes at
the center, and sandy, grazed sites with Chrysothamnus in the southern portion of our region.
Overall, regional patterns in biotic crust lichen communities were strongly associated with
vegetation, soils, and climate.
Keywords. Microbiotic soil crust, lichen, sagebrush, soil texture, soil pH, climate.

INTRODUCTION
Amid grass and sagebrush of arid western rangelands, tiny soil crust communities form
a colorful photosynthetic carpet protecting the soil from wind and water erosion (Harper &
Marble 1988, Mazor et al. 1996, Leys & Eldridge 1998). This layer of lichen, moss, fungi,
cyanobacteria and algae can contribute up to 70% of the living cover in hot or cold arid and
semi-arid regions worldwide. They can be the dominant source of nitrogen in arid ecosystems
(Rychert et al. 1979, Belnap 2002b) and contribute plant-available micronutrients (Harper &
Pentleton 1993, Harper & Belnap 2001) and organic carbon (Beymer & Klopatek 1991).
However, their contributions to soil C and N vary widely depending on species composition
(Beymer & Klopatek 1991, Housman et al. 2006), which is known to vary related to factors
including disturbance (Johansen et al. 1993), soil texture (Rogers 1977, Belnap 2002a),
precipitation (Rogers & Lange 1971, Rogers 1977, Eldridge 2001) and soil pH (Rogers 1972,
Belnap 2002a).
Sagebrush (Artemisia spp.) steppe is among the most widespread but imperiled
ecosystems in North America (Noss et al. 1995). Livestock grazing, soil disturbances and
changes in fire regimes have made the region especially susceptible to invasion by exotic annual

53

grasses such as cheatgrass, Bromus tectorum (Knapp 1996). Presence of a well-developed
biological soil crust can help protect sites from invasion by these exotic grasses (Levine et al.
2004, Mitchell et al. 2006, Reisner 2010). Artemisia communities dominate central Oregon’s
cool, semi-arid region, but are quite variable in climate, associated vegetation, and soils. At welldeveloped sites, biotic crust communities composed of diverse lichens and bryophytes occupy
most of the interspaces between vascular plants.
Because individual biotic soil crust organisms are so small, they respond to
environmental factors at many spatial scales. At very fine scales, they are influenced by frostinduced microtopography (Bowker et al. 2006) and substrates differences, such as exposure of
caliche or presence of partially decomposed organic matter. They are often most abundant in
moist microhabitats such as under patches of sagebrush. At a local scale, they vary based on
topographic position, cover of invasive grasses, grazing and fire severity (Ponzetti & McCune
2001, Ponzetti et al. 2007). At the regional scale, African and Australian biotic crust community
composition is are strongly related to rainfall and soil texture and pH (Rogers 1977, Eldridge
2001, Ullmann & Büdel 2001). North American biotic crust lichens may be affected by these
same gradients, but have not been studied in the Columbia or northern Great Basin. Ponzetti &
McCune (2001) gathered some data in this area but were limited by their inclusion of only nine
study sites as they struggled with the taxonomic challenges of biotic crust lichens. Their
collections contributed to the first biotic crust lichen flora for the region (McCune & Rosentreter
2007).
In the past two decades, we have developed a much greater understanding of the
taxonomy and ecological functions of biotic crust lichens and are beginning to realize that these
functions may vary among species. We are poised to further examine regional factors affecting
species composition. Our study approaches this question for the first time in the Columbia and
northern Great Basin region of central Oregon by sampling biotic crust lichens on 59 large plots
scattered throughout a wide range of vegetation, soils, and climate regimes and asking the
following questions: How are biotic crust lichen communities related to soil and climatic
gradients? Are biotic crust lichen communities strongly patterned in relation to vascular plant
species? At this broad scale, do cheatgrass invasion or indicators of intense grazing relate to
regional patterns in biotic crust lichen community composition or species richness?
METHODS
Study Area.We confined our study area to public lands (State of Oregon, US Forest
Service and Bureau of Land Management) within the Bureau of Land Management’s Prineville
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District boundary in central Oregon. These include greater than 667,700 ha scattered throughout
central Oregon, from La Pine north to the Columbia River and from the high Cascades in the
west along the John Day River to the town of John Day and the Harney County Line. Soils vary
from alluvial fine clays to volcanic sand and pumice. Although vascular plant communities
include grasslands, sagebrush steppe, Juniperus occidentalis, Quercus garryana woodlands, and
coniferous forests, we restricted our sampling to the nonforested ecoregions of the district. In our
plots, elevation, mean annual temperature, and annual precipitation ranged from 170-1745 m, 6
to 12 °C and 22 to 45 cm/year (Daly et al. 2008).
Plot selection. We considered the nine non-forested, non-alpine USA-EPA Level IV
Ecoregions (Clarke & Bryce 1997) to be potentially different biotic crust habitats. We selected
sampling locations stratified by these ecoregions in two stages. In fall 2009, we aimed to reach
an equal number of sites in each ecoregions best characterize the range of diversity. In spring
2010, we focused on representing ecoregions proportional to their abundance in the study area to
characterize on dominant patterns across the district. To optimize time spent searching for soil
crust lichens, we restricted our sampling area to public lands within 3.22 km of a road known to
be accessible by truck using ArcGIS v 9.3.1 (ESRI). Using Hawth’s Tools (Beyer 2004), we
selected randomly located 0.4-ha plots within the constraints of the above criteria.
Public land parcels were often inaccessible because they required crossing private land,
steep buttes, rivers, or impassible roads. When a plot was inaccessible, we proceeded down the
list of selected potential plots to approach target plot numbers. In one ecoregion near Lonerock,
Oregon, no pre-selected plots were accessible; we determined which parcels could be accessed
and arbitrarily selected plots within them without reference to the biotic crust lichen community
or vegetation. One plot fell on land that was being cultivated for agricultural purposes; it
contained no biotic crust lichen species and was excluded from analyses. In total, we visited 34
randomly selected plots in 2009 and 25 in 2010 (Fig. 4.1).
Field Protocol. Lichen sampling aimed to characterize the biotic crust lichen
community, detect and score the abundances of as many species as possible. Our protocol was
modified from the Forest Health Monitoring Protocol (McCune et al. 1997) but adapted to
terrestrial species rather than epiphytes. Plots were 34.7 m in radius and were searched for
terricolous lichens for two hours or until no new species had been found for a half hour. Because
soil crust lichens are very small, the surveyor crawled on hands and knees with a handlens or
magnifying eyeglasses to improve detection of lichens. To focus on biotic crust communities, we
included organic matter that was integrated in the soil matrix and cowpies but excluded lichens
growing on small pebbles, moss over rock or fallen twigs; inclusion of these substrates would
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have introduced new saxicolous and epiphytic species. Lichen abundance was estimated based
on number of thalli on a logarithmic scale: 0 = none present, 1 = one thallus observed, 2 = 2-10
thalli, 3 = 11-100 thalli, etc. We estimated the total biotic crust cover including lichens and
bryophytes by visual approximation across the entire plot.
Plot characteristics included location, slope, aspect, and soil and vegetation
characteristics. We recorded presence of calcareous rock or caliche, bare soil, invasive plant
species, lichen-covered rock, bare rock, percent covered by trees, shrubs <1 m tall, shrubs >1 m
tall, grass, and abundance of each plant species with relative cover > 5% of the plot. We cored
30 cylinders of soil 1.15 cm radius x 5 cm deep scattered around the plot in plant interspaces.
Cores were placed in clean plastic bags, stored until the end of the field trip, left open in the lab
to dry and mixed by shaking and crumbling. We recorded pH and conductivity of soils in the lab
using a Mettler Toledo MP225 pH meter and a Thermo Scientific Orion Star Plus conductivity
meter, weighed about 70 g of dry soil and wet-sieved gravel and sand using 2 mm and 0.075 mm
mesh sieves to estimate percent gravel and sand. As a measure of grazing pressure, we estimated
the abundance of cowpies on the same logarithmic scale as lichens.
Lab Protocol. Identifications were based primarily on McCune & Rosentreter (2007) in
conjunction with consultation of other taxonomic literature and specialists. Thin layer
chromatography (Culberson 1972) was necessary to identify some Cladonia and
Xanthoparmelia species. When species that had not been noted in the field were observed in a
packet, they were given the most common abundance recorded for that species in other plots.
Vouchers are deposited at OSC or retained by the first author. Lichen names follow McCune &
Rosentreter (2007) with the exception of Rhizocarpon diploschistidina McCune and
Xanthomendoza fulva (Hoffm.) Søchting, Kärnefelt & S.Y. Kondr.; vascular plants follow the
USDA PLANTS database (NRCS 2011).
As often as possible, all specimens were identified to species, however, some lumping
into morphological groups was necessary. Specimens of Aspicilia, Candelariella, Cladonia and
Collema that could not be determined to species were included at the generic level; for the latter
three, this was typically due to lack of sexual structures. Immature, infertile white crusts likely to
be Megaspora or Aspicilia were combined. Peritheciate squamules often lacked diagnostic
characteristics; although we were able to identify several to species of Placidium and
Endocarpon, we combined them for the purposed of analysis. We also combined several
unidentifiable specimens of sterile pruinose squamules.
Analysis. In addition to field measurements, we compiled spatial climate variables
including average annual and monthly minimum and maximum temperatures and precipitation
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between 1971 and 2000 with a resolution of 800 m (PRISM, Daly et al. 2008). We reduced these
40 interrelated variables to six independent principal components using principal components
analysis (PCA; Table A.1; Goodall 1954) in PC-Ord (McCune & Mefford 2011). To span the
full range of climate variability in the ecoregions of interest as opposed to just those in our plots,
the PCA was performed on a grid of 1179 plots in nonforested ecoregions in eastern Oregon and
Washington. PCA scores were then calculated for our plots using the linear combinations
generated by the region-wide grid PCA. We downloaded soils data for the entire state of Oregon
from the Natural Resources Conservation Service (NRCS 2010) including water capacity, bulk
density, depth, texture, pH and slope. The resolution of this dataset varied as some counties have
had more thorough soil surveys than others. We also converted slope, aspect and latitude to heat
load (McCune 2007).
We examined species composition and its relationship with habitat variables using
ordination and clustering, excluding species occurring in fewer than 2 plots to reduce noise
(McCune & Grace 2002). Nonmetric multidimensional scaling ordination (NMS; Kruskal 1964)
of plots in species space (n = 59 plots with 66 taxa) implemented in PC-Ord v. 6.0 (McCune &
Mefford 2011) with the medium default autopilot settings using Sørensen distance and no
penalization for ties (Krusal’s strategy 1). Species centroids were superimposed on the
ordination by a single weighted averaging step. We rigidly rotated the solution to maximize
interpretability and comparability. Two-way cluster analysis using a flexible beta of -0.25
(Lance & Williams 1967) and Sørensen distance in PC-Ord v. 6.0 (McCune & Mefford 2011)
grouped plots by species composition and species by co-occurrence in plots after their
abundances were relativized by species maxima. We identified five groups of plots from the
clustering for interpretation. To examine the relationships among environmental variables and
clusters, we performed 42 one-way Kruskal-Wallis rank-sum tests (S-Plus v. 8.1 TIBCO 2008);
because of the many tests, we only interpret those with a p < 0.002 (Table 4.1) and report the pvalues for other variables apparently related to community composition on the ordinations. We
selected this cut-off not as a pre-determined alpha-level but after examining and interpreting the
p-values; this level is higher than the Bonferroni-corrected p-value of 0.0012. We explored
univariate relationships between diversity and environmental variables using several approaches
but did not find strong interpretable models.
RESULTS
We found a total of 99 taxa, 66 of which occurred in more than one plot. Within this
subset, we found an average of 16 species per plot with a range of 7 to 28. Beta diversity was

57

high; each plot only averaged 24% of the species with greater than one occurrence in the whole
data set.
Ordination of plots in species space suggested that community composition variation
was most strongly related to vegetation, climate, and soil characteristics (Fig. 4.2, 3-D solution,
final stress = 16.24, instability < 0.00001, R2 = 0.814). Axis one (R2 = 0.236, not shown)
represented increasing species richness (R2 = 0.406) and soil crust cover (R2 = 0.282) and a
negative association with the summed abundance of Chrysothamnus viscidiflorus, C. nauseous
and Gutierrezia sarothrae shrub cover (R2 = 0.299). Plots with high scores along this axis and
high species richness were scattered throughout the study area (Fig. 4.1).
Plots dominated by grasses and invasive species scored low on Axis two (R2 = 0.239,
Fig. 4.2), those with most Artemisia species were moderate and plots with high axis two scores
were dominated by trees or Artemisia tridentata ssp. wyomingensis. Axis two was positively
associated with sandy soils (R2 = 0.291), elevation (R2 = 0.309), July and August precipitation
and cool minimum temperatures (PC6, R2 = 0.379) and negatively associated with soil pH (R2 =
0.238). Plots scoring high on this axis were mostly in the southern part of the study area (Fig.
4.1); those with the greatest species richness were centrally located along this gradient.
Plots dominated by grasses and trees scored high on axis three (R2 = 0.338, Fig. 4.2),
which was negatively associated with elevation (R2 = 0.314), cooler minimum temperatures and
warmer maximum temperatures (PC2, R2 = 0.331) and sagebrush cover (R2 = 0.297). It was
positively associated with trees (R2 = 0.283), grass (R2 = 0.217), slope (R2 = 0.220) and silt (R2 =
0.174). Plots scoring high on this axis were largely in the northern part of the study area (Fig.
4.1).
Based on lichen species composition, cluster analysis distinguished five interpretable
clusters of plots (mapped in Fig. 4.1 and overlain on the ordination in Fig. 4.2) associated with
variation in elevation, climate, soil texture, and vascular plant cover (Table 4.1). Total crust
cover did not differ substantially among clusters.
Juniperus occidentalis stands on sandy loams at mid-elevation (cluster A) were home to
the richest cyanolichen communities, including Fuscopannaria cyanolepra, Peltigera spp.,
Polychidium muscicola, and occasionally Leptogium palmatum. They were also characterized by
chlorolichens Buellia epigaea, Cladonia fimbriata, C. cariosa, Placynthiella icmalea and P.
uliginosa. These plots were in places with warm winter maximum temperatures and more winter
precipitation (climate PC3). The few plots with other trees including Pinus ponderosa,
Pseudotsuga menziesii and Quercus garryana had similar lichen species to those with Juniperus.
Geographically, these plots were in the middle of the district, spanning the east-west extent, but
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not extending north toward the Columbia River or in the southern portion except one site on
Glass Butte (Fig. 4.1).
Loamy low-elevation sites (cluster B) were warm with low precipitation year-round
(climate PC1) and little temperature variation (climate PC2). These grassy sites had the greatest
invasion by cheatgrass and other invasive plants (Fig. 4.3), though this invasion was patchy and
local patches with relatively intact native vegetation appeared to have well developed soil crusts.
Several regionally uncommon lichens were associated with these habitats including Cladonia
pulvinella, Texosporium sancti-jacobi, Acarospora schleicheri, Trapeliopsis bisorediata and T.
glaucopholis; more common lichens in these sites were Diploschistes muscorum, Leptochidium
albociliatum, Massalongia carnosa, and Placynthiella oligotropha. These plots were largely in
the northern parts of the district with a few more southern sites (Fig. 4.1).
Although otherwise similar to the habitats in cluster B, we observed two depauperate
sites in clay loam grasslands with high Gutierrezia sarothrae (cluster E). These outliers
averaged a Sørensen distance of greater than 0.82 from the other plots. We observed charred
bunchgrass stumps at both sites; grazing records evidence that they have been stocked with both
cattle and sheep (Rick Demmer, pers. comm.).
Sandy loam Artemisia sites (cluster C) with the most continental cold, dry climates
(climate PC3) and temperature variation (climate PC2) were characterized by Psora
cerebriformis, Caloplaca tominii, Aspicilia hispida, Collema tenax, Caloplaca tominii,
Megaspora verrucosa, Phaeorrhiza sareptana, Lecanora sp. 4, L. zosterae, and L. flowersiana.
These sites included plots dominated by Artemisia tridentata ssp. tridentata, A. tridentata ssp.
wyomingensis, and Artemisia arbuscula group. These plots were located in the southeast part of
the district (Fig. 4.1).
Artemisia sites with sandier soils and more shrubby Chrysothamnus nauseosus and C.
viscidiflorus (cluster D) had many similar lichens, but were less diverse than those with finer
soils (cluster C) and had a greater dominance of Rinodina terrestris, Lecanora hagenii.,
Caloplaca stillicidiorum, C. tiroliensis and Xanthomendoza fulva, commonly growing on old
cow dung. These sites were largely along Highway 20 in the southern part of the district (Fig.
4.1).
DISCUSSION
Sampling Design Considerations. The tiny scale of biotic crust lichen thalli makes it
difficult to ensure accurate assessment of abundance or thorough species capture in large 34.7-m
radius plots. Much smaller plots located along transects (Ponzetti & McCune 2001, Bowker et
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al. 2006, Ponzetti et al. 2007) or line-intercept approaches (Hilty et al. 2004) are more typical for
studying specific effects of management, which may require more precise estimates of
abundance than ours. Across the region, however, we expect that small plots would have high
beta diversity attributable to variation at finer scales than those of interest. Our large plots
allowed efficient focus on variables at the regional scale and opportunities to detect a greater
diversity of species at the expense of precise abundance estimates.
Species Richness and Disturbance. Our region-wide sampling design allowed detection
of more than twice the species richness observed in smaller-scale studies in Oregon’s sagebrush
steppe (Ponzetti & McCune 2001, Ponzetti et al. 2007; DeBolt, pers. comm.; Miller et al. 2011).
The observation that one third of the species were collected only once suggests that many
species are patchily distributed and others are yet to be discovered.
Sites with high biotic crust lichen species richness were scattered across the study area,
not strongly associated with vegetation types or climatic and soil variables. We hypothesize that
several different factors that we did not measure influence species richness. A few sites in the
center of our study area had very low biotic crust lichen species richness that we attribute to
unstable, steep talus slopes unlikely to leave soil substrates available for long periods of time
necessary for biotic crust colonization (Belnap 1995). Although we measured slope, only a few
plots were steep and covered in loose, unstable rocks; these did not provide enough data to be
evidenced in the broader patterns of our analyses.
Species richness and abundance were weakly negatively associated with shrubs
indicative of disturbed sites, Chrysothamnus and Gutierrezia (Lesica & Cooper 1999, Davies et
al. 2009). Low-richness sites with high cover by shrubby Chrysothamnus were found along
Highway 20 between Millican and Glass Butte in cattle-grazed areas with sandy soils that were
largely bare between pedestalled shrubs. Coarse, sandy soils are highly erodible (Leys &
Eldridge 1998) and generally do not support as well-developed biotic crust communities as those
in silty sites (Rogers 1977, Belnap 2002). The additional erodibility imposed by coarse soils
combined with grazing, which is known to cause trampling damage to soil crusts (Belnap 1995,
Ponzetti & McCune 2001) are likely to combine to make particularly poor biotic crust lichen
sites in this part of the study area.
The grassy sites with low biotic crust lichen species richness in the northern portion of
our region were characterized by grazing by sheep and cattle, a fire, and shrubby Gutierrezia.
These sites were on clay loam soil with similar climatic regimes to nearby sites with high biotic
crust species richness. Where there were small basalt outcrops at these sites, a diversity of biotic
crust lichen species could typically be found among the rocks, which were presumably less
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prone to disturbance by livestock trampling or fire. Like grazing, fire impacts on biotic soil
lichens may be quite variable depending on the severity and season of the fire; however, in
general fire treatments are known to diminish biotic crust abundance and richness (Johansen et
al. 1984, Johansen et al. 1993, Hilty et al. 2004, Ford & Johnson 2006). Some areas with
historical fires, but with perennial bunchgrasses and with only minor disturbance have well
developed biotic crust (Ponzetti et al. 2007). However, at our Gutierrezia sites, the combination
of fire and heavy grazing may explain low biotic crust development.
Although we did not have access to direct measures of grazing intensity, the lack of
relationship between cowpies and biotic crust species composition was consistent with Ponzetti
& McCune’s (2001) observation that soil and climate variables overshadowed this effect. At this
scale, we did not observe the negative association between cheatgrass (Bromus tectorum) and
biotic crust lichen abundance or richness noted in other studies (Ponzetti et al. 2007, Reisner
2010). Plots with high cheatgrass cover were spatially distributed in the northern and central
parts of our study area; in the southern portions, particularly in the low-richness region along
Highway 20, cheatgrass cover was quite low. Cheatgrass invasibility is known to vary in relation
to soil moisture, temperature regime, nutrient availability and soil texture (Chambers et al.
2007). These same factors are also related to biotic crust development; perhaps at this scale, the
relationship between cheatgrass and biotic crust lichens is complicated by other factors.
Community Composition and Vascular Plants. Like Ponzetti & McCune (2001), we
found that higher-elevation sagebrush-dominated sites differed in biotic crust lichen community
compositions from those in grassy low elevations. Northern, grassy sites were most invaded by
cheatgrass but were home to many regionally uncommon lichen species such as Texosporium
sancti-jacobi and Rhizocarpon diploschistidina. We discerned previously unrecognized
differences among biotic crust lichen communities in A. arbuscula, Artemisia tridentata ssp.
tridentata and A. tridentata ssp. wyomingensis sites. The A. arbuscula group is typically on sites
with rocky, shallow, clay alkaline soils (McArthur 1999). These sites fell mainly within biotic
crust cluster C, most strongly indicated by Aspicilia hispida, Collema tenax groupd, Phaeorhiza
sareptana, and Psora cerebriformis. A. tridentata ssp. tridentata is generally associated with
deep, well-drained soils. A. tridentata ssp. wyomingensis is more typically on poorer shallower
soils, often with an underlying caliche layer. Sites dominated by A. tridentatata ssp.
wyomingensis fell mainly in biotic crust cluster D, characterized by Xanthomendoza fulva and
Lecanora hagenii and a lower frequency and abundance of many lichen species more typical in
A. arbuscula or mixed-species sagebrush sites. The associations between biotic crust lichen
communities and dominant sagebrush species could be because: (a) the same habitat factors
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influence both the biotic crust lichen communities and dominant sagebrush species, (b) the
presence of these shrubs is somehow necessary for biotic crust lichen development, or (c)
disturbance regimes differ among sites of varying quality and sagebrush species composition.
Regardless, our data suggest that we can anticipate potential biotic crust lichen community
composition based on the dominant sagebrush species.
We were surprised that bunchgrass sites with high Juniperus cover were quite rich in
their biotic crust cyanolichen communities. Juniperus occidentalis expansion into previously
grass- or sagebrush - dominated communities is a concern in this region (Miller and Rose 1999);
however, we did not distinguish between well-established and newly advancing stands. Current
land management efforts often employ mechanical methods to remove Juniperus where they are
expanding into other vegetation types, partially in an effort to promote Centrocercus
urophasianus (sage grouse) habitat (Crawford et al. 2004). Our findings suggest that some
Juniperus habitats may have value in their support of well-developed biotic crust communities
rich in nitrogen-fixing species. More research is needed on the relationships between biotic crust
communities and Juniperus stand development and removal.
Community Composition and Soils. Many studies have found that biotic crust lichen
communities are strongly related to soil pH (Rogers 1972, Eldridge 2001, Ponzetti & McCune
2001, Belnap 2002). In our study area, average soil pH varied between 6.01 and 8.41; lichen
communities differed between acidic Juniperus or Artemisia tridentata ssp. wyomingensis and
more alkaline grassy or Artemisia arbuscula sites. Many of the species associated with the
higher-pH Artemisia arbuscula sites, including Aspicilia hispida, Caloplaca tominii, Caloplaca
jungermanii, Phaeorrhiza sareptana, Collema tenax and Psora cerebriformis, have been
previously proposed as calcium indicators in our region (Ponzetti 2000). However, some of the
proposed indicators of non-calcareous sites, including Acarospora schleicheri, Arthonia glebosa,
Aspicilia reptans, Diploschistes muscorum, and Xanthoparmelia wyomingica, were fairly
common either throughout the study area or in high-pH grassland sites. Only two species,
Leptochidium albociliatum and Peltigera rufescens, that we found to be associated with the
lowest-pH sites were included in their index as non-calcareous indicators (Ponzetti 2000). We
are hesitant to suggest calcareous index value revisions because Ponzetti (2000) found a stronger
relationship between biotic crust lichen community composition and soil pH. We informally
observed sites with exposed caliche were quite high in lichen abundance but never exceeded a
tenth of the plot area. Since soil pH varies at small spatial scales and can be affected by biotic
crust or vascular plant species (Thompson et al. 2005), perhaps our large plots were not at a
scale that allowed detection of finer-scale variation in species-pH associations.
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As in other regions (Rogers 1977, Ullmann & Büdel 2001, Belnap 2002), central
Oregon’s biotic crust lichen communities were strongly patterned in relation to soil texture. In
general, other studies have found that lichens are most well-developed on silty soils (Rogers
1977, Belnap 2002). We hypothesize that part of this pattern is due the erosibility of sandy soil.
We observed that our footprints in these soils left more noticeable damage to biotic crust lichen
communities than they did on finer soils or those stabilized by small stones and gravel. Many of
the biotic crust lichen species that characterized sandy Artemisia tridentata ssp. wyomingensis
and Juniperus sites were ‘understory’ species, typically found in the protected area directly
under shrubs and trees. Further study of these microsites may allow a better understanding of the
relationship between soil texture and disturbance by trampling.
Community Composition and Climate. In other regions, moisture availability is
strongly related biotic crust development (Rogers & Lange 1971, Rogers 1977, Eldridge 2001,
Ullmann & Büdel 2001, Bowker et al. 2006); similar patterns have also been previously
suggested in central Oregon (Ponzetti & McCune 2001). We combined precipitation and
temperature data to further explore this pattern, which was strongly interrelated with soils and
vascular plants. We found that more continental sites with cool minimum and warm maximum
temperatures had quite different biotic crust lichen communities from more oceanic sites that
were warmer year-round and had more winter precipitation.
Management Implications. Biotic crust lichen community composition is quite
heterogeneous across central Oregon; these tiny organisms are strongly patterned related to soils,
climate and vascular plants. In light of past research documenting the negative effects of fire,
cheatgrass invasion, and grazing on biotic crust communities (Johansen et al. 1984, Belnap
1995, Johansen et al. 1993, Ponzetti & McCune 2001, Hilty et al. 2004), and their prevalence in
the region (Noss et al. 1995), we expected much more degraded communities than those
observed. Although we were unable to compare our random plots to sites entirely free from
cheatgrass invasion or anthropogenic interference with grazing and fire regimes, we found rich
biotic crust communities at many of our sites even those with signs of grazing or cheatgrass
invasion. We excluded one site that was being used for agricultural purposes; these habitats
differ so substantially from native vegetation as to not support any biotic crust lichens. Habitats
that supported the least well-developed biotic crust lichens were on unstable terrain or were
disturbed by grazing on sandy soils or a combination of grazing and fire. We hypothesize that a
pattern related to disturbance would have been more apparent in our study if we had been able
to: (1) more precisely measure biotic crust lichen abundances, which was difficult at the scale of
our plots and (2) contrast levels of disturbance by various mechanisms within areas more
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homogeneous in climate and soils. Our intuition is that much of the richness was to be found in
pockets of undisturbed habitat such as under sagebrush, among basalt outcrops and on grazed
lands far from water. Smaller plots may allow a better understanding of the mechanisms
affecting biotic soil crust development and diversity.
Sites with high diversity were found throughout the region and in multiple vascular plant
communities. However, sites along the Columbia River supported the greatest diversity of
regionally uncommon species. These grasslands with a warm climate and little rainfall favor
Texosporium sancti-jacobi, Trapeliopsis bisorediata, T. steppica, Acarospora schleicheri and
Rhizocarpon diploschistidina. Much of the land in that portion of the district is privately-owned
and used for grazing, wind farms, and agriculture making the public lands along the Columbia
River especially valuable for protection of uncommon biotic crust lichens.
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Fig. 4.1: Inset: Study sites in Oregon, USA with county boundaries. The main map shows study
sites in central Oregon symbolized according to community composition clusters overlain on
topography (dark represents low elevations) and county boundaries. On the right, NMS
ordination scores are mapped, onto geographic coordinates, the size of the symbol proportional
to the score on the indicated axis.
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Fig. 4.2: NMS ordination of plots in lichen species space for biotic soil crust lichen communities
of central Oregon. Overlay in top panel shows plot clusters; small points show species scores.
Biplot vectors are scaled relative to their correlation with the axes for variables with R2 > 0.20
and refer to acronyms in Table 1. On the bottom panel, we overlay vascular plant abundances for
invasive species, trees, Artemisia arbuscula group (Artarb), Artemisia rigida (Artrig), Artemisia
tridentata ssp. tridentata (Arttritri) and Artemisia tridentata ssp. wyomingensis (Arttriwy).
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Table 4.1: Habitat variables used to interpret ordination and clustering of biotic soil crust
lichen communities in central Oregon. Codes refer to the acronyms used on the ordination
where applicable (Fig. 2). Climate variables are synthetic linear combinations from a PCA of
monthly means (Daly et al. 2008); arrows describe positive (↑) and negative (↓) associations
among axis scores and climate variables (monthly precipitation (precip) and minimum (min)
and maximum (max) temperatures (temp)). Soils variables are either from field measurements
or NRCS spatial layers (NRCS 2010). P-values (p) refer to the Kruskal-Wallis comparisons of
cluster medians when it is less than 0.002 and for variables interpreted in the ordination.
Cluster Medians
Variable
Code
A
B
C
D
E
P
Elevation (m)

Elev

931

633

1354

1350

216

<0.0001

Climate: ↑ temp, ↓ precipitation

PC1

2.19

4.62

-1.21

-0.81

9.05

<0.0001

Climate: ↓ min temp, ↑ max temp

PC2

1.62

-1.01

4.14

4.15

-2.35

<0.0001

Climate: ↑ winter max temp, ↑ winter
precip

PC3

2.15

1.16

0.51

0.99

1.08

0.0085

Climate: ↑ winter precip, ↓ summer
max temp, ↓ summer precip

PC4

1.10

1.11

-0.03

0.46

0.95

<0.0001

Climate: ↓ July & Aug min temp, ↑
July & Aug. precip

PC6

0.47

0.05

0.57

0.80

-0.25

0.0018

Slope: % from NRCS

slope

18.5

25.5

11

6.5

16

0.0116

Soils: % Silt from NRCS

silt

36

38

32

25

30

0.0011

Soils: % sand from field samples

sand

63

45

55

74

40

0.0008

Soils: pH from field samples

pH

6.63

7.04

7.05

6.65

7.10

0.0275

Veg: % Tree

tree

17

0

0

0

0

0.0011

Veg: % shrubs < 1m

12

14

25

26

38

0.0010

Veg: % shrubs > 1m

3

0

2

0

0

<0.0001

7

0

25

17

0

<0.0001

0

0

0

11

37

0.0014

Veg: % Sagebrush

sage

Veg: % Gutierrezia or
Chrystothamnus
Veg: % grass

grass

36

40

22

23

34

0.0094

Veg: % invasive species

inv

7

20

2

3

16

0.0034

Veg: % exotic or invasive grass

exgrass

5

19

0

0

18

0.0073

18

16

19

11

8

0.0015

Lichens: species richness
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ABSTRACT
Biological soil crusts are ecosystem engineers in arid and semi-arid habitats; they affect
soil chemistry, stability, and vegetation. Their ecosystem functions may vary depending on
species composition; however, biotic crust lichen diversity is poorly known in the Pacific
Northwestern drylands of North America. We sampled 59 random and 20 intuitive plots
throughout central and eastern Oregon to catalog 99 biotic lichen crust taxa, 33 of which
occurred in only one plot and seven of which were new to Oregon. We compiled records from
herbaria and other studies to evaluate the rarity observed species and potentially rare species
known from nearby; we conclude that 37 species are likely rare or uncommon in our area. Many
of these appear to be associated with calcareous substrates. We model occurrences in relation to
climate and soil variables for four uncommon biotic crust lichens: Acarospora schleicheri,
Fuscopannaria cyanolepra, Rhizocarpon diploschistidina, and Texosporium sancti-jacobi.
Based on climate and soils, we map regions of Oregon that may support new populations of
these species and overlay habitats unsuitable for biotic crusts due to development and
agriculture. These species, except Fuscopannaria cyanolepra, are strongly associated with the
fine soils along the Columbia and Treasure Valleys that are most intensively used for
agriculture. We anticipate that our summaries will further the understanding of biotic lichen
communities in eastern Oregon and suggest focal species for future conservation efforts.
Keywords. Biotic Crust, Lichen, Texosporium, Soil Texture, Climate, Sagebrush Steppe.
INTRODUCTION
The Columbia and Great Basins of central and eastern Oregon are home to rolling
grasslands, juniper (Juniperus occidentalis) woodlands, and sagebrush (Artemisia) steppe.
Among plants in these expansive rangelands, a textured carpet of colorful lichens, bryophytes,
algae, bacteria and fungi stabilize the soil (Harper & Marble 1988, Mazor et al. 1996, Leys &
Eldridge 1998). This biotic soil crust community can be the dominant source of nitrogen in arid
ecosystems (Rychert et al. 1979, Belnap 2002) and contribute plant-available micronutrients
(Harper & Pentleton 1993, Harper & Belnap 2001) and organic carbon (Beymer & Klopatek
1991). Biotic crusts can also shape vascular plant communities by favoring establishment of
some native over invasive species (Kaltenecker et al. 1999, Belnap et al. 2001, Mitchell et al.
2006).
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Sagebrush steppe vascular plant and biotic soil crust communities alike are imperiled by
development, livestock grazing, changing fire regimes, and invasion by exotic grasses (USDA
1936, Noss et al. 1995, Pyke 1999, Ponzetti & McCune 2001, Ponzetti et al. 2007). Agricultural
and developed sites are managed for non-native vegetation and have almost no soil biotic soil
crust lichen communities. In more wild areas, invasion by exotic grasses and mechanical soil
disturbance caused by livestock trampling and human activities can substantially diminish biotic
crust abundance (Eldridge 1998, Belnap et al. 2001, Ponzetti & McCune 2001). Because more
than 90% of the native shrub-steppe in Oregon has been disturbed from its native conditions by
grazing or other anthropogenic factors (Noss et al. 1995), there is reason to be concerned that
some of these biotic crust species may be at risk.
Although subtle to the untrained eye, richly diverse biotic crust lichen communities are
patterned in relation to climate, vegetation, soil chemistry, texture (Root & McCune, in prep.).
Differences in species composition affect the degree to which biotic crust communities stabilize
soil (Eldridge 1998) and fix nitrogen (Beymer & Klopatek 1991). Biotic crust communities are
not equally damaged by disturbances; in general, the more three-dimensional species seem most
susceptible (Belnap et al. 2001) and lichens growing on sandier soils appear to be more easily
disturbed.
Although some studies have examined biotic crust lichens in small study areas (Link et
al. 2000; Ponzetti & McCune 2001; Ponzetti et al. 2007; Miller et al. 2011), and one attempts to
characterize biotic crust lichens throughout the Great Basin (St. Clair et al. 1993), none discuss
the wide range of biotic crust lichen diversity that we observe in central Oregon. The efforts to
explore biodiversity of soil crusts in the Columbia Basin have been paltry compared the expanse
and variety of habitats. Only two species in the soil crust are listed by the Oregon Biodiversity
Information Center (OBIC 2010b); this is likely partially reflective of our ignorance and need
for more information from soil crusts in dryland ecosystems. The purpose of this study was to
integrate our records from random and targeted surveys in Oregon with previous herbarium
records from Oregon and Washington to: (1) Document the diversity in these habitats and report
on new species records. (2) Evaluate the relative frequencies of species to suggest which species
may be of conservation concern. (3) Explore habitat models for species of interest, including
Acarospora schleicheri, Fuscopannaria cyanolepra, Rhizocarpon diploschistidina, and
Texosporium sancti-jacobi to map habitats that may support additional populations. For less
common species that may be of concern, the paucity of records precludes statistical models;
however, we report our field observations about habitat associations.
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METHODS
Study Area. To evaluate regional distributions, we focused on existing records from east
of the Cascade crest in Oregon and Washington. Our new collections were limited to a smaller
region including public lands (State of Oregon, US Forest Service and Bureau of Land
Management) within the Bureau of Land Management’s Prineville District in central Oregon.
This study area included more than 667,700 ha scattered throughout central Oregon, from La
Pine north to the Columbia River and from the high Cascades in the west to the town of John
Day and the Harney County Line.
Vascular plant communities in the study area include grasslands, sagebrush steppe,
Juniperus occidentalis, Quercus garryana woodlands, and coniferous forests; however, we
restricted our sampling to the nonforested ecoregions of the district. In our plots, elevation, mean
annual temperatures and annual precipitation range from 170-1745 m, 6 to 12 °C and 22 to 45
cm/year (Daly et al. 2008). Soils vary from fine alluvial clays to volcanic sand and pumice.
Plot selection. We considered the nine non-forested, non-alpine USA-EPA Level IV
Ecoregions (Clarke & Bryce 1997) to be potentially different biotic crust habitats. We selected
sampling locations stratified by these ecoregions in two stages: In fall 2009, we aimed to reach
an equal number of sites in each ecoregions best characterize the range of diversity. In spring
2010, we focused on representing ecoregions proportional to their abundance in the study area to
characterize on dominant patterns across the district. To optimize time spent searching for soil
crust lichens, we restricted our sampling area to public lands within 3.22 km of a road known to
be accessible by truck using ArcGIS v 9.3.1 (ESRI). Using Hawth’s Tools (Beyer 2004), we
selected randomly located plots within the constraints of the above criteria.
Public land parcels were often inaccessible because they required crossing private land,
steep buttes, rivers, or impassible roads. When a plot was inaccessible, we proceeded down the
list of selected potential plots to approach target plot numbers. In one ecoregion near Lonerock,
Oregon, no pre-selected plots were accessible; we determined which parcels could be accessed
and arbitrarily selected plots within them without reference to the biotic crust lichen community
or vegetation. One plot fell on land that was being cultivated for agricultural purposes; it
contained no biotic crust lichen species and was excluded from analyses. In total, we visited 34
randomly selected plots in 2009 and 25 in 2010 (Fig. 5.1).
In addition to these random plots, we visited 20 target plots chosen because they had
relatively pristine native vegetation, exposed caliche or were observed to contain biotic crust
lichen species potentially of concern (Fig. 5.1). In these target plots, we did not complete full
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surveys of soil crust lichens but instead focused on collecting uncommon species to learn more
about their habitats and distribution.
Field Protocol. Lichen sampling aimed to characterize the biotic crust lichen
community by recording the abundances of as many species as possible. Our protocol was
modified from the Forest Health Monitoring Protocol (McCune et al. 1997) but adapted to
terrestrial species rather than epiphytes. Plots were 34.7 m in radius and were searched for
terricolous lichens for two hours or until no new species had been found for a half hour. Because
soil crust lichens are very small, the surveyor crawled on hands and knees with a handlens or
magnifying eyeglasses to improve detection of lichens. To focus on biotic crust communities, we
included lichens growing on cowpies and organic matter that was integrated in the soil matrix in
our searches but excluded lichens growing on small pebbles, moss over rock or fallen twigs;
inclusion of these substrates would have introduced new saxicolous and epiphytic species.
Lab Protocol. Identifications were based primarily on McCune & Rosentreter (2007) in
conjunction with consultation of taxonomic literature and specialists. We report only specimens
that could be identified to species; many were not identified because they were sterile or in
groups that await further taxonomic study. Thin layer chromatography (Culberson 1972) was
necessary to identify some Cladonia and Xanthoparmelia species. Vouchers for all species are
deposited at OSC or retained by the first author. Lichen names follow Esslinger (2010) with a
few exceptions noted in Table 5.2; vascular plants follow the USDA PLANTS database (NRCS
2011).
To determine which species required further investigation, we assembled frequencies in
our random and target plots. For potentially uncommon or rare species in our dataset and those
thought to be uncommon nearby, we assembled herbarium records to further examine rarity and
habitat associations. We tallied records with unique geographic coordinates as occurences; some
were in very close proximity. Specimens with questionable identifications or without vouchers
have been excluded. Information regarding range and abundance of species was assembled from
the literature (McCune & Rosentreter 2007, Nash et al. 2002, 2004, 2007), herbarium records
and authors’ experiences. Herbarium records are from the Oregon State University Herbarium
(OSC), the Consortium of North American Lichen Herbaria (2011), and the personal databases
of Heather Root, Bruce McCune, Jeanne Ponzetti, Ann DeBolt, Rick Demmer, and Roger
Rosentreter.
Analysis. We evaluated climate and soil habitat associations for Acarospora schleicheri,
Fuscopannaria cyanolepra, Texosporium sancti-jacobi and Rhizocarpon diploschistidina
because they were sufficiently common to provide well-supported statistical models but
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uncommon enough to be of potential conservation concern. We included records from our plots
as well as those from herbaria with geographic coordinates in Oregon east of the Cascade crest.
We sought to include variables representing historical grazing pressure across the region; while
we were able to discuss the grazing history of specific sites with land managers, a complete layer
with such data across all sites was not available. Climate variables included average annual and
monthly minimum and maximum temperatures and precipitation between 1971 and 2000 with a
resolution of 800 m (PRISM, Daly et al. 2008). We reduced these 40 interrelated variables to six
independent principal components using principal components analysis (PCA; Goodall 1954) in
PC-Ord (McCune & Mefford 2011). To span the full range of climate variability in the
ecoregions of interest as opposed to just those in our plots, the PCA was performed on a grid of
1179 plots in the nonforested ecoregions in eastern Oregon and Washington (Table A.1). PCA
scores were then calculated for our plots using the linear combinations generated by the regionwide grid PCA. The Oregon soils data from the (NRCS 2011; Table 5.1) resolution varied as
some counties have had more thorough soil surveys than others. For the few records without soil
data at the exact record locale, we used soil characteristics from the nearest mapped soil (always
less than 200 m from the record’s GPS location). We also included a heatload index calculated
from latitude, slope and aspect (30m accuracy; Landfire 2010) using nonparametric regression
(McCune 2006) in HyperNiche v 2.10 (McCune & Mefford 2011).
We combined locality data for known sites with absences from random plots and
regressed these against soil and synthetic PCA climate variables using nonparametric
multiplicative regression (NPMR; McCune 2006) with a local mean estimator and Gaussian
kernel function (Bowman and Azzalini 1997). We chose NPMR over logistic regression to
accommodate a wide range of response surfaces and avoid making binomial distributional
assumptions. The model-selection approach sought the best possible combination of predictors
of occurrence of each species by maximizing the cross-validated log-likelihood ratio (LogB),
which expresses model strength compared to a naïve model in which the likelihood of species
occurrence is the species’ frequency. We evaluated model fit using the area under curve (AUC)
for receiver operating characteristic, in which 0.5 = random expectation and 1 = perfect fit.
Tolerances reflect how broadly an estimate is based on surrounding levels of the predictor
variable and are optimized to maximize LogB. We specified a minimum average neighborhood
size of 10 plots and evaluated the significance of the model using a randomization test with 100
permutations of the response variable in relation to all potential predictors. We interpret the
effect size of predictors using sensitivity; when sensitivity is 1.0, a change in a predictor results
in a response of equal magnitude, when expressed as proportions of the variable ranges
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(McCune 2006). The average neighborhood size, N*, is the average amount of data contributing
to the estimate of the response variable at each point. We mapped predicted probability of
occurrence of species of interest based on each NPMR model (McCune 2006) by calculating
predicted probabilities of occurrence in each 800 m square map cell. To accommodate the need
for raster data, we converted the necessary soils variables from feature classes to raster files with
the same resolution as the climate variables (800 m) taking the soils values for the center of each
raster cell. Where the neighborhood size for the set of predictor values was lower than 25% of
the model’s average neighborhood size, we map the predicted probability as missing because we
lacked data for sites with similar habitats. For Texosporium, we overlaid a layer depicting
developed and agricultural areas (OBIC 2010a)

RESULTS
Diversity and New Records. We report on a total of 126 biotic crust lichen taxa (Table
5.2), 99 of which we observed in our plots and only 66 of which occurred in more than one plot.
Species diversity on our random plots ranged from 7 to 28 taxa with an average of 16.46 species
per plot. We reported seven taxa previously not reported from Oregon. Five of these were
squamulose pyrenolichens that are very difficult to identify and were brought to our attention
through collaboration with Othmar Breuss (Wien, Austria). The other two were Acarospora
obpallens and A. terricola, which had been reported from a site with similar habitats in southcentral Washington.
Rarity. 71 taxa were ranked as common either because they were frequent in our
samples or because we know that they are more common in different habitats such as forests or
have stronger associations with other substrates such as rock or wood (Table 5.2). We observed
fifteen poorly known taxa that were either newly discovered or in groups that are difficult to
identify. Sixteen taxa are uncommon in the region; of these, four are endemic to North America
and one is associated with calcareous sites. 21 taxa are rare; ten of which are calciphiles and one
is endemic to western North America.
Single-species Models. Acarospora schleicheri was most likely to occur at warm, dry
sites (PC1) with little monthly temperature variation (PC2) and low percent sand (Table 5.3,
Fig. 5.2). In unfavorable climates, it was increasingly restricted to soils with lower percent sand;
however, when climate was more favorable, it was predicted to have a 50% probability of
occurring on soils with up to 65% sand. In our study areas, it was predicted to occur most
frequently along the Columbia, John Day and Deschutes Rivers and in some of the associated
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upland habitats. Outside of our study area, we predicted occurrences in the Treasure Valley near
Ontario and in south-central Oregon near the Summer Lake and Plush (Fig. 5.3).
Fuscopannaria cyanolepra was most frequent where there were wet winters with warm
monthly maximum temperatures (PC3), little monthly temperature variation (PC2) and silty soils
(Table 5.3, Fig. 5.2). In favorable climates, the probability of occurrence was greater than 50%
on soils with any percent silt; however, as climate became unfavorable it was increasingly
restricted to silty soils (Fig. 5.2). A slightly poorer model included the predictor heatload instead
of PC3. F. cyanolepra was predicted to occur most frequently along the John Day and Columbia
Rivers and on the Umatilla Plateau and near La Grande to the northeast of our or plots. In southcentral Oregon, soils and climate may support populations of F. cyanolepra in the higher
elevation Siskiyous and near Summer Lake and Plush (Fig. 5.3).
Rhizocarpon diploschistidina occurred in warm, dry sites (PC1) with low percent sand
(Table. 5.3, Fig. 5.2). It was predicted to be most frequent along the Columbia and John Day
Rivers and in the uplands between the John Day and Deschutes (Fig. 5.3). To the east of our
study area, it is predicted in the lowlands near Hermiston, south of Walla Walla, Washington
and La Grande. In eastern Oregon, it was predicted to have a higher frequency in the Treasure
Valley near Ontario and in southern Oregon at lower elevation sites near Fields, Paisley and
Plush.
Texosporium sancti-jacobi was associated with warm, dry sites (PC1) with silty or rocky
soil (Table 5.3, Fig. 5.2). It was predicted to have a high frequency of occurrence in lowerelevation sites in a broad band along the Columbia River and in the Treasure Valley near
Ontario in eastern Oregon (Fig. 5.3). Many of the sites where Texosporium was predicted to
occur based on climate and soils are developed or agricultural lands (Fig. 5. 4).
DISCUSSION
Diversity and New Records. Only a few studies have identified soil crust lichen species
in Oregon and Washington. 51 species were found in a single 2279-ha grazing allotment in
southern Washington (Ponzetti et al. 2007) and 37 in nine small sites scattered throughout
central and eastern Oregon (Ponzetti & McCune 2001). A preserve in central Oregon was home
to 44 soil crust lichens (Miller et al. 2011). Ann DeBolt reported 34 and 42 soil crust lichens
from two sites in eastern Oregon (pers. comm.). McCune & Rosentreter (2007) report on 144
biotic crust lichens that may be in the region based on herbarium records, although several have
not yet been reported. Of our 99 species, five were not included in McCune and Rosentreter
(2007); since each biotic crust lichen study in the region continues to report a few new species
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and many of those that we found were only observed once, it is likely that more studies are
necessary to fully catalog the diversity and characterize habitat associations. It is also likely that,
like vascular plants of some arid regions, most species truly are rare and patchilty distributed on
the landscape (Stohlgren et al. 2005). We did not map or analyze patterns of unique species
because we may have overlooked them in other plots; several were non-target collections or in
groups that were frequently sterile but can only be distinguished when fertile.
We suspect that much of the remaining diversity is within taxonomically challenging
groups such as Acarospora, Aspicilia and catapyrenioid lichens. We report five species of
Acarospora that are uncommon, poorly known, or rare in the region. Except A. schleicheri, these
species are easily overlooked in the field and revisions of the taxonomy are ongoing (Knudsen &
Morse 2009, Lendemer & Knudsen 2011). Unidentifiable Aspicilia specimens were quite
variable but typically infertile; ongoing revisions of this genus (Sohrabi et al. 2010) may resolve
many of the mysterious specimens that we observed. Several new records of Placidium were
identifiable due to recent work on the genus (Breuss 2010); we expect future surveys will clarify
this difficult group, particularly the species of Involucropyrenium and possibly more records of
Catapyrenium. Habitats associations within this group were difficult to examine because poorly
developed specimens typically cannot be identified.
Rarity. Assessing conservation needs of individual of soil crust species across the
landscape is challenging because there has been little previous research on distribution and
diversity, and many species are difficult to identify. In many cases it is unclear whether species
with few records are simply under-collected or truly rare. At this time it seems appropriate to
focus conservation efforts on rare species that are relatively recognizable. These rarely-reported
but easily-identified species are more likely to be truly rare than more cryptic rarely-reported
species, and they can be surveyed for relatively easily.
Calcareous and gypsiferous sites often support unique biotic crust communities (Rogers
1972, Ponzetti & McCune 2001, DeBolt pers. comm.). Many of the apparently uncommon
species in our region may be fairly widespread and common elsewhere, particularly where more
calcareous and gypsum soils are available. Psora decipiens is common on calcareous soils on all
continents except South America and Antarctica but only eight populations are known from our
study area. Similarly, Acarospora nodulosa, Aspicilia fruticulosa, Buellia elegans, Fulgensia
spp., Heppia lutosa and Peltula patellata are more common south or east of the study area on
calcareous sites. Other species, such as Gyalidea asteriscus and Gypsoplaca macrophylla may
be truly rare calciphiles throughout their ranges. The diversity and abundance of regionally
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uncommon lichens in these habitats suggest that future surveying efforts target calcareous and
gypsiferous hotspots of diversity.
Single-species Models. Our model predicted Acarospora schleicheri to be relatively
likely to occur in much of north-central and south-eastern Oregon. This species has been
considered an indicator of “old-growth” lichen communities (Rosentreter et al. 2007) because it
often establishes on Diploschistes, which often establishes on Cladonia squamules. In our study,
A. schleicheri was a good indicator of sites with well-developed biotic crust communities.
However, the lack of this species did not necessarily signify poor crustal development. A.
schleicheri could be useful as an indicator for some hotspots for crust development and diversity
because it can be easily observed from a standing position, unlike most soil crust lichens, due to
its bright yellow coloration and relatively large size.
The other three species whose ranges we modeled, Fuscopannaria cyanolepra,
Rhizocarpon diploschistidina, and Texosporium sancti-jacobi were predicted to occur in more
restricted geographic ranges in eastern Oregon. F. cyanolepra, a Pacific North America
endemic, also occurs west of the Cascades where it may be more common, especially on the
banks of old road-cuts. On the east side of the mountains, it was more common at sites with low
heatloads; usually we observed populations on steep north-facing slopes on somewhat stable
organic matter. Similarly, at Horse Heaven Hills in southern Washington, it was most frequent in
shadier sites (Ponzetti et al. 2007). Its predicted occurrence on the eastern slopes of the Cascades
likely reflects its association with wetter habitats.
Rhizocarpon diploschistidina was least frequent of the four species we modeled, perhaps
because it has only recently been brought to the attention of lichenologists. It appears to be an
obligate epiphyte on Diploschistes muscorum and was typically found in association with large
patches of Diploschistes. Like A. schleicheri, this association with a second-generation soil crust
may limit it to well-developed sites with minimal disturbance. While it appears to require welldeveloped Diploschistes, we observed several sites with abundant substrate that did not support
R. diploschistidina.
Texosporium sancti-jacobi is the only biotic crust lichen federally listed by the United
States Fish and Wildlife Service as a Species of Concern (OBIC 2010b) and ranked in each state
in which it occurs (Oregon, Washington, Idaho, and California). Populations of T. sancti-jacobi
in southern California may be ephemeral at very dry sites (Knudsen 2007); further understanding
of the habitats and population dynamics of this species should include careful monitoring of
permanent plots over time. We were surprised to find 12 new populations of this species, three
of which were on randomly selected plots. In other parts of its range, T. sancti-jacobi is most
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common on organic matter such as dead bunchgrass stumps and old rabbit droppings (Riefner &
Rosentreter 2004); in addition to those substrates, we also found populations growing on bare
soil. In our study area, these habitats were in bunchgrass habitats with silty or rocky soil, often
on slopes above or near rivers. At apparently degraded plots within the range of T. sancti-jacobi,
we found small populations nestled in crevices between basalt outcrops, suggesting that these
areas may provide refugia from trampling by domestic grazers. Had the random placement of
our plots not forced further inspection, we would not have intuitively selected those sites
because they did not appear to support well-developed biotic crusts.
The strong association of all four of these species with fine-textured or rocky soils may
reflect increased moisture retention or stability in fine soils compared with sandier sites. We
observed that the surface of sandy and pumice soils, particularly near Bend and along Highway
20, dried quickly following rain; it was also easier to see disturbances caused by our footprints at
these sites as compared to sites with finer soils. Both A. schleicheri and F. cyanolepra were
increasingly restricted to fine soils when climate conditions were less favorable. This could be
because finer soils compensate for more variable temperatures or lower precipitation by
retaining moisture longer. The stability of fine or rocky soils may also provide refugia from
trampling by domestic livestock. It is difficult to disentangle these potentially synergistic
mechanisms; if the latter is most important, perhaps we would not observe such a strong
association with fine and rocky soils in the absence of livestock grazing.
With the exception of F. cyanolepra, the uncommon biotic crusts that we modeled were
associated with fine sediments of riverine or lacustrine systems. These sites, particularly in the
Treasure Valley of eastern Oregon and along the Columbia River in north-central Oregon, are
also the most productive agricultural areas in the region. T. sancti-jacobi, which is predicted
across a fairly large area, is probably uncommon partially because most suitable habitat has been
developed or used for agriculture. Although we do not show similar maps for A. schleicheri and
R. diploschistidina, a similar pattern would be observed. We do not know of any lichen surveys
in the Treasure Valley area of eastern Oregon; however, our models predict that public lands
nearby may support unusual biotic crust lichens.
Conservation Implications. Management practices to ensure the persistence of rare
lichens have been undertaken across large areas west of the Cascades in the Pacific Northwest
since the introduction of the Northwest Forest Plan in 1994 (FEMAT 1993), but little attention
has been given to soil crust lichen species east of the Cascades. Our list of species known from
the region and their relative abundances should provide a starting point for conservation efforts
in the region. We found that many of the biotic crust lichen species were quite uncommon or
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rare on the landscape but were not able to characterize many of their habitat associations due to
inadequate sample sizes. We recommend that future surveys focus on sites with fine soils,
especially near rivers, calcareous substrates, and unusual vegetation types to continue building
upon our understanding of the diversity of biotic crusts in the region. Monitoring the diversity
and abundance of these ecosystem engineers is the only way to be sure that they can continue
their essential ecological functions in the Oregon’s steppe in the face of potential disturbances
by livestock grazing, fires, construction of wind-energy facilities or invasion by exotic annual
grasses.
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Fig. 5.1: Top: Study sites in Oregon, USA with county boundaries random; intuitive plots are
symbolized with stars. Dark shading represents lower elevations. Bottom: Occurrences of four
uncommon biotic soil crust species known from our plots and herbarium records in steppe
habitats of Oregon and Washington east of the Cascade crest.
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Fig. 5.2: Relationships between presence of uncommon biotic crust lichens and soil or climate
variables, showing the fitted surfaces from NPMR models (Table 5.3). Shading and contours
indicate the relative frequency of occurrence (0.0 = never, 1.0 = always); light gray areas had
insufficient data to make estimates. The climatic axes are derived from PCA of monthly
precipitation and minimum and maximum temperatures (Table 5.1).
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Fig. 5.3: Predicted occurrences of uncommon biotic crust lichens in eastern Oregon; shading
illustrates relative probability of occurrence.
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Fig. 5.4: Regions of northeastern Oregon with predicted probabilities of Texosporium sanctijacobi at a smaller scale than Fig. 5.3 with agricultural and developed lands shaded in red. Land
that is grazed but not plowed or used as intensive pasture is not colored red.
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Table 5.1: Potential spatial climate and soil variables for uncommon biotic crust
habitat models. Climate variables are synthetic linear combinations from a PCA of
monthly means (Daly et al. 2008); arrows describe strongest positive (↑) and
negative (↓) associations among axis scores and climate variables (monthly
precipitation (precip) and minimum (min) and maximum (max) temperatures
(temp)). Soils variables were compiled from NRCS spatial layers (NRCS 2010).
Variable
Name
Climate: ↑ temp, ↓ precipitation
PC1
Climate: ↓ min temp, ↑ max temp

PC2

Climate: ↑ winter max temp, ↑ winter precip

PC3

Climate: ↑ winter precip, ↓ summer max temp, ↓ summer precip

PC4

Climate: ↓winter precip, ↑summer precip

PC5

Climate: ↓ July & Aug min temp, ↑ July & Aug. precip

PC6

Heatload: index calculated from latitude, slope, and aspect

Heat

Soil: available water capacity (cm/cm)

AWC

3

Soil: bulk density (g/cm )

BD

Soil: depth (cm)

Depth

Soil: pH

pH

Soil: % sand in top 5 cm

Sand

Soil: % clay in top 5 cm

Clay

Soil: % silt in top 5 cm

Silt

Soil: % rock in top 5 cm

Rock
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Table 5.2: Biotic crust lichen species found in our samples from steppe in central Oregon or
believed to be uncommon in similar habitats nearby. Number of records in 59 random (Rd) and
20 target (T) plots or in herbarium records from steppe habitats east of the Cascade crest in
Oregon (O) and Washington (W); we do not report frequencies of common taxa in target plots
or herbarium records (-). We scored species rarity (Sc) as common (C), poorly known (?),
uncommon (U) or rare (R); for the latter three, we report ease of field identification as easy (E),
moderate (M) or difficult (D) and note association with calcareous soils (*) and those endemic
to western North America (+). Notes discuss other substrates, records, taxonomic issues,
distribution in North America (NA) and rarity in nearby habitats. Collection numbers listed are
for Heather Root (HTR), Bruce McCune (BM), Ann DeBolt (AD) or include full names where
collectors have not assigned specimen numbers.
Lichen species
Rd T OR WA Sc
Notes
Acarospora obpallens
1
0
0
2
RM
Previously unknown from Oregon
(HTR2474). U in southwest NA.
Acarospora schleicheri
5
15 14 8
UE
Acarospora superfusa
0
0
1
0
?D
Collection by Rick Demmer;
identified by Kerry Knudsen.
Acarospora terricola
1
0
0
3
?M
Previously unknown from OR
(HTR2487). U in southwest NA.
Acarospora thamnina
1
C
C on rocks, U on soil
Acarospora nodulosa
0
0
0
0
RM* U in western NA but not known
from OR or WA.
Amandinea punctata
44 C
Arthonia glebosa
41 C
Aspicilia filiformis
24 C
Aspicilia hispida
16 C
Aspicilia cf. mastrucata
2
C
C on rock and moss, U on soil.
Aspicilia reptans
47 C
Aspicilia rogeri
0
0
5
0
RE* R in western NA; in OR only
known east of study area. Follows
Sohrabi et al. (2011).
Aspicilia spp.
14 ?D
Includes several morphotypes of
Aspicilia, possibly Aspicilia
desertorum and Aspicilia cf.
aspera (HTR2497, identified by
Roger Rosentreter).
Bryonora pruinosa
0
0
1
0
RM
U in western NA; also U on
alpine soil.
Buellia elegans
0
0
0
0
RE* Unknown from OR, WA, but C
further inland.
Buellia epigaea
3
3
2
0
UE
U but widespread in continental
sites in western NA.
Caloplaca arenaria
1
?D
HTR2679 tentatively identified
by Ulf Arup, however this species
complex is being actively
researched.
Caloplaca atroalba
1
C+
C and widespread on rock, U on
soil.
Caloplaca jungermanii
5
C
C in western NA steppe, alpine.
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Lichen species
Caloplaca stillicidiorum
s. lat.
Caloplaca tiroliensis
Caloplaca tominii
Candelaria concolor
Candelariella aggregata
Candelariella rosulans
Candelariella vitellina
Catapyrenium
psoromoides

Rd
35

T
-

OR
-

WA
-

Sc
C

3
17
7
43
4
6
1

-

-

-

C
C
C
C
C
C
?D

Cladonia cariosa

7

-

-

-

C

Cladonia fimbriata
Cladonia imbricarica

27
5

1

7

1

C
RD

Cladonia pulvinella

4

0

0

2

RD

Cladonia pyxidata

3

-

-

-

C

Cladonia verruculosa

1

-

-

-

C

Collema coccophorum
Collema tenax
Collema tenax group
Dematocarpon cf.
bachmanii
Dermatocarpon
reticulatum
Diploschistes muscorum
Endocarpon adsurgens
Endocarpon loscosii
Endocarpon pussillum
Fulgensia bracteata

2
1
24
0

0

10

0

?D
C
C
UE

0

0

1

0

UE

33
0
3
7
0

0
0
0

1
0
1

1
3
1

C
RM
UM
C
RE*

Fulgensia desertorum

0

0

0

0

RE*

Fulgensia fulgens

0

0

0

0

RE*

Fuscopannaria
cyanolepra
Gyalidea asteriscus

5

12

11

7

UE+

0

0

0

0

RM*

Gypsoplaca macrophylla

0

0

0

0

RM*

Notes
Species complex is being actively
researched (Šoun et al. 2011).
C on alpine moss, U on soil.
C on rock or bark, U on soil.
C on rock and soil.
C on rock, wood, bark and soil.
Previously unknown from OR or
WA. HTR2762 identified by
Othmar Breuss. Usually on bark
and organic debris further south.
Widespread temperate worldwide,
but only occasional in steppe.
R in western NA; requires
chromatography to identify.
R in OR, WA; requires
chromatography to identify.
C on organic substrates and in
less arid sites.
C on organic substrates and in
less arid sites.

Vagrant forms U; rock-dwelling
form C.
Vagrant forms U; rock-dwelling
form C.
U in arid WA and OR.
U WA south to Mexico.
Also on rock, wood and bark.
U on calcareous soil in western
NA.
Not known from OR or WA, but
one specimen in nearby Idaho.
Not known from OR or WA, but
one specimen in nearby Idaho.
U on soil in Pacific Northwest
NA.
Dry calcareous sites in Alberta
and British Columbia, Canada.
Rare on gypsum soils in
southwest NA, Alaska, and
British Columbia.
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Lichen species
Heppia lutosa

Rd
1

T
2

OR
1

WA
0

Sc
RM

Heteroplacidium
congestum

0

0

3

0

RD+

Involucropyrenium sp.

1

-

-

-

?D

Lecanora crenulata
Lecanora flowersiana
Lecanora garovaglii
Lecanora hagenii
Lecanora laxa
Lecanora muralis
Lecanora
phaedropthalma
Lecanora sp. 4

1
10
1
12
1
4
1

-

-

-

C
C
C
C
C
C
C

24

-

-

-

C

Lecanora zosterae
Lecidea fuscoatra
Lecidella stigmataea
Lecidella wulfenii

14
1
1
1

-

-

-

C
C
C
C

Lepraria caesioalba

14

-

-

-

C

Lepraria eburnea

1

-

-

-

C

Leptochidium
albociliatum
Leptogium cf. gelatinosum
Leptogium intermedium
Leptogium lichenoides s.
lat.
Leptogium palmatum

21

-

-

-

C

1
35
2

-

-

-

C
C
C

C in NA, but U in steppe habitats.

3

-

-

-

C

Leptogium schraderi

0

0

0

0

?D*

Leptogium sp. 1

29

-

-

-

C

Leptogium turgidum
Massalongia carnosa

0
12

0
-

0
-

1
-

RD*
C

C in moister habitats, U on steppe
soil.
R in NA, known from British
Columbia and one specimen in
southwest OR; known from
Europe on calcareous soil and
mortar.
C; follows McCune &
Rosentreter (2007).
One calcareous site in WA.
Includes one specimen that may
be M. microphylliza but is sterile.

Megaspora verrucosa

23

-

C

Notes
R in OR and WA but widespread
further in southwest NA.
HTR1696, 2566, 2567.
R in OR; also east of the
continental divide and in
southwest NA.
Species unknown. HTR2604
identified by Othmar Breuss.
C on rock, U on soil.
C on rock, U on soil.
C on bark, U on soil.
C on rock, U on soil.
C on rock, U on soil.
Follows Sliwa & Wetmore
(2000).
C on rock, U on soil.
C on rock, U on soil.
C in alpine and on organic matter,
U on steppe soils.
C on rock or moss; determined by
James Lendemer.
C on moist tree bases, but U in
steppe habitats; HTR1784b
determined by James Lendemer.

C on rock, U on soil.
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Lichen species
Ochrolechia turneri

Rd
1

T
7

OR
1

WA
0

Sc
UM

Ochrolechia upsaliensis
Peltigera didactyla
Peltigera kristinssonii

1
19
3

-

-

-

C
C
C

Peltigera ponojensis
Peltigera rufescens
Peltula patellata

12
5
0

0

0

0

C
C
RM*

Phaeorrhiza nimbosa

0

0

0

2

UM

Phaeorrhiza sareptana
Physconia enteroxantha
Placidium fingens

23
4
1

-

0

0

C
C
?D

Placidium imbecillum
Placidium pilosellum

6
2

-

0
-

1
-

?D
?D

Placidium rufescens
Placidium squamulosum

1
3

-

-

-

?D
?D

Placidium yoshimurae

3

-

-

-

?D

Placynthiella icmalea
Placynthiella oligotropha
Placynthiella uliginosa
Polychidium muscicola
Psora cerebriformis
Psora decipiens

11
3
10
7
12
0

1

7

6

C
C
C
C
C
UE*

Psora globifera

21

-

-

-

C

Psora himalayana

1

-

-

-

C

Notes
Previously unknown from steppe
but epiphytic in western WA and
Europe (pers. comm. Tor
Tønsberg, 2011).
Locally C in western NA.
Widespread in western NA more
C at higher elevations.

Unknown from OR or WA;
nearest known populations are in
Montana.
U in western NA and on alpine
soil.
C on bark or mosses over rock.
Previously unknown from OR,
WA; HTR2765 identified by
Othmar Breuss. In western NA
mostly epiphytic but also on soil
in southwestern NA.
Previously unknown from OR
and WA, but known from
calcareous sites in southwestern
NA. HTR2764 identified by
Othmar Breuss.
U but widespread in western NA.
Widespread and C in western NA.
HTR 2754, 2770 identified by
Othmar Breuss.
Previously not reported in NA;
widespread in Eurasia, following
Bruess (2010). HTR2755, 2767
identified by Othmar Breuss.
C on soil, bark, wood, and rock.
C on soil, bark and wood.
C on rock and soil.
C on calcareous soils worldwide;
WA records very close together.
HTR1809.
C on rock, ? on soil.
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Lichen species
Psora luridella

Rd
1

T
0

OR
0

WA
2

Sc
?D

Notes
Widespread in western NA.
HTR1804 det. Einar Timdal.
Endemic to western US.
C on rock, ? on soil.
C in rock crevices.
Recently described; name follows
Lumbsch et al. (2011).
C on rock, ours not vagrant.

Psora montana
Psora nipponica
Psora tuckermanii
Rhizocarpon
diploschistidina
Rhizoplaca
melanopthalma
Rinodina conradii
Rinodina pyrina
Rinodina roscida

14
1
1
3

14

2

9

C
C
C
?E

1

-

-

-

C

1
1
1

0

-

-

2

0

C
C
UD

Rinodina terrestris
Squamarina lentigera

13
0

0

0

0

C
R

Tetramelas papillatus

1

0

10

2

UE

Tetramelas terricolus

4

6

8

3

UE

Texosporium sanctijacobi
Thelenella muscorum var.
octospora

3
0

9
0

13
4

2
0

UE+
?D

Thrombium epigaeum
Toninia ruginosa
Trapeliopsis bisorediata

1
3
2

2

7

29

?D
C
UM+

Trapeliopsis glaucopholis

2

-

-

-

C

Trapeliopsis granulosa

0

1

-

-

?

Trapeliopsis steppica

0

1

6

12

UM+

Xanthomendoza fulva

17

-

-

-

C

Xanthoparmelia
chlorochroa

0

0

0

2

RM

Xanthoparmelia
neochlorochroa
Xanthoparmelia
norchlorochroa
Xanthoparmelia
wyomingica

0

0

1

0

RE*

Widespread in NA and Eurasia; R
west of the Continental Divide.
U in western NA and on alpine
soil. HTR2530, 2531.
U in western NA and on alpine
soil.
Listed federally as a Species of
Concern (OBICfew
2010).
Circumboreal,
specimens
from Idaho, Montana and British
Columbia.
Very inconspicuous.
C on rock and moss, U on soil.
Endemic to OR, WA, CA; most
specimens from WA close
together.
Endemic to western NA, more C
on moss on rock west of Cascades
and south to California.
More C in boreal and montane
areas.
Endemic to OR, WA, CA; many
specimens from WA close
together.
C as epiphyte and on dried cow
dung.
More C further east on soil and
rock. BM17926 and Jessica
Allen.
U northwestern NA. AD2601.

0

0

1

0

RE*

U northwestern NA. AD2693.

3

0

1

0

UM

U in steppe and subalpine.

C on dead wood, U on soil.
C on bark, U on soil.
U throughout western NA and on
alpine soil. HTR2448.
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Table 5.3: NPMR models for presence of four uncommon lichen species in Oregon east of the
Cascades. Climate variables were reduced to six independent synthetic variables (Table 5.1,
A.1). Model fit was evaluated using the area under curve for receiver operating characteristic
(AUC), which is 0.5 for a random expectation and 1.0 for a perfect fit. N* is the average
amount of data bearing on an estimate; the p-value results from randomizing the data with all
potential predictors. Tolerances (Tol.) reflect how broadly an estimate is based on surrounding
levels of the predictor variable and decreases with importance of the predictor. Sensitivity
(Sens.) measures effect size; when it equals 1.0, a change in the predictor by 10% of its range
results in a 10% change in the frequency of occurrence.
Species (presences, absences)
Acarospora schleicheri (40, 54)

AUC N*
p
0.83 10.2 0.01

Predictors
Sand
PC1
PC2

Tol.
18.7
1.53
2.22

Sens.
0.35
1.80
0.43

Fuscopannaria cyanolepra (28, 54)

0.86 10.1 0.01

Silt
PC2
PC3

14.4
2.449
0.54

0.37
0.28
1.14

Rhizocarpon diploschistidina (22, 55) 0.88 10.1 0.01

Sand
PC1

11.85
1.77

0.45
0.86

0.95 14.7 0.01

Silt
Rock
PC1

9.66
15.9
3.95

0.49
0.29
0.27

Texosporium sancti-jacobi (28, 56)
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CHAPTER 6: GENERAL CONCLUSIONS
It has been nearly two decades since conservationists decided to prioritize Pacific
Northwest late-successional forests (FEMAT 1993) and sagebrush steppe (Noss et al. 1995)
and research continues to seek an understanding of the effects of timber harvesting and
grazing so that these ecosystems can be managed to meet functional objectives. I contributed:
(1) A better understanding of the associations between structural attributes manipulated by
forest thinning and forest-dwelling cryptogams and (2) A more complete description of biotic
crust lichen community composition, habitat associations and rarity in eastern Oregon’s
steppe.
CRYPTOGAMS OF WESTERN OREGON’S FORESTS
Epiphytes. In western Oregon’s Pseudotsuga menziesii-Tsuga heterophylla forests,
thinning did not cause massive mortality of epiphytic lichens. Instead, it appeared to cause a
subtle shift toward more diverse cyanolichen and alectorioid communities. Structural features
promoted by thinning, including a lower proportion of Tsuga, maintenance of open-grown
wolf trees, and abundance of canopy gaps colonized by hardwoods, were associated with
increased alectorioid and cyanolichen richness. The retention of lichen hotspots appeared to
allow rapid colonization of cyanolichens onto shrubs in thinned plots. Despite the suggestion
of a benefit from these treatments, we cannot suggest which treatment is optimal for
promoting cyanolichen and alectorioid species richness because application was extremely
variable and sites have only been monitored for ten post-treatment years.
Forest Floor. Forest floor beta diversity was low; in contrast to predictions (Rambo &
Muir 1998), patterns relating to thinning were weak. This suggests that these thinning
prescriptions have little effect on forest floor lichens and bryophytes in these environments
and at these time scales. Although my study suggests that these types of thinning treatment
may have little effect on forest floor cryptogam communities, the differences between sites
suggests that more sites should be examined to determine whether this trend is can be
generalized across the region. My study examines these communities 10 years after thinning
treatments; the long-term effects of thinning are still unknown but may become even more
subtle as the canopies of remnant trees grow to fill gaps created by thinning (Davis et al.
2007).
Future Research. Whereas I focused on general patterns related to species
composition and richness, cryptogams have important contributions to ecosystems that are
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likely to depend on their abundance (Pike 1978; Rosentreter et al. 1997), which may increase
with stand age (Esseen et al. 1996; Peck & McCune 1997). Future studies that measure
abundance more accurately may help elucidate whether alternative thinning can enhance
lichen abundances and contributions to the ecosystem. Some studies (Jalonen & VanhaMajamaa 2001, Fenton et al. 2003, Fenton & Frego 2005) have suggested that liverworts are
the most strongly affected by forest disturbances; a more thorough examination of those taxa
would further our knowledge of bryophyte diversity in these ecosystems. Continued research
and monitoring of these systems and comparison with desirable late-successional forest
conditions will be necessary to estimate the time needed to achieve that management
objective.
BIOTIC CRUSTS OF CENTRAL OREGON’S STEPPE
Communities. Biotic crust lichen community composition is heterogeneous across
central Oregon; these tiny organisms are strongly patterned relative to soils, climate and
vascular plants. In light of past research documenting the negative effects of fire, cheatgrass
invasion, and grazing on biotic crust communities (Johansen et al. 1984, Belnap 1995,
Johansen et al. 1993, Ponzetti & McCune 2001, Hilty et al. 2004), and their prevalence in the
region (Noss et al. 1995), I expected much more degraded communities than those observed.
Except those developed for agriculture with no soil crusts at all, sites supporting most
depauperate biotic crust lichens were on unstable terrain or were disturbed by grazing on
sandy soils or a combination of grazing and fire. I hypothesize that a pattern related to
disturbance would have been more apparent in our study if I had been able to: (1) more
precisely measure biotic crust lichen abundances, which was difficult at the scale of our plots
and (2) contrast levels of disturbance by various mechanisms within areas more homogeneous
in climate and soils. My intuition is that much of the richness was to be found in pockets of
undisturbed habitat such as under sagebrush, among basalt outcrops and on grazing lands far
from water.
Conservation of Uncommon Species. My list of biotic crust lichen species known
from the region and their relative abundances should provide a starting point for conservation
efforts in the region. I found that many of the biotic crust lichen species were quite uncommon
or rare on the landscape but was not able to characterize many of their habitat associations due
to inadequate sample sizes. I recommend that future surveys focus on sites with fine soils,
especially near rivers, calcareous substrates, and unusual vegetation types to continue building
upon our understanding of the diversity of biotic crusts in the region. Hotspots of diversity
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were found throughout the region; however, sites along the Columbia River supported the
greatest diversity of regionally uncommon species. These grasslands with a warm climate with
little rainfall favor Texosporium sancti-jacobi, Trapeliopsis bisorediata, T. steppica,
Acarospora schleicheri and Rhizocarpon diploschistidina. Much of the land in that portion of
the district is privately-owned and used for grazing, wind farms, and agriculture making the
public lands along the Columbia River especially valuable for protection of uncommon biotic
crust lichens.
Future Research. My large plots allowed an opportunity to observe many more
species than other studies. The drawbacks of my approach were blurred finer-scale
associations and imprecise measurements of abundance. Fine-scale gradients within plots,
particularly associated with soil variability and microsites under vascular plants, were
overlooked. Differences in abundance are very important for the ecosystem functions of biotic
crusts (Reisner 2010); future studies with aims of understanding ecological functions should
incorporate both species composition and estimates of abundance.
My studies focused on describing communities but were limited in their ability to
disentangle soil and climate from anthropogenic disturbance effects on a broad scale.
Predictions of rare lichen occurrences suggest that soil texture and climate interact in their
effects on biotic crusts. Furthermore, field observations suggest that fine-textured soils are
more resistant to degradation by grazing. We suggest that future studies in this ecosystem
explicitely consider these interactions.
FINAL THOUGHTS
The emergent theme of these four studies, aside from their focus on cryptogams in
Oregon, is their complexity. None of these studies provided a simple answer; as I progress
through my program I find myself increasingly willing to answer questions with ‘it depends.’
On what does it depend? How? And even more mysteriously, why does it depend?
Examples of Interactions and Scale Issues. Cyano- and alectoriod lichens in western
Oregon’s conifer forests were negatively associated with conifer dominance and positively
with open-grown wolf trees and hardwoods (Chapter Two), perhaps suggesting that they
require past or present light in the understory. However, my canopy cover measurements
measured in the summer were not strongly associated with this pattern. Furthermore, the scale
of our study disallowed interpretation of lichens’ specific substrates; are they actually growing
on the hardwoods or simply nearby? Further investigation would help unravel whether the
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hardwood associations were based on bark chemistry or access to winter sunlight under
deciduous canopies.
Habitat associations of forest floor cryptogams were quite different at the two western
Oregon forests that I sampled (Chapter Three). Why were forest floor communities unrelated
to canopy and Tsuga heterophylla cover at Bottom Line but strongly associated with these
variables as at Keel Mountain? Much of the variation in community composition within sites
was not accounted for by the variables that I measured; perhaps these patterns were related to
smaller-scale habitat heterogeneity such as the distribution of understory shrubs or abundance
of coarse woody debris.
Biotic soil crust lichens of eastern Oregon’s steppe were strongly associated with soil
texture, climate, and plant community composition (Chapter Four); however, previous
studies suggested a much stronger pattern relating to invasive species and grazing than we
observed. Perhaps the impact of these potential threats depends on community and site
characteristics. Our study also failed to detect strong associations between lichen species and
small calcareous sites with exposed caliche, which were likely blurred by our large plots.
Occurences of uncommon soil crusts were associated with an interaction between climate and
soil variables (Chapter Five); perhaps soil texture can compensate for unfavorable climate.
This clearly complicates any possible interpretation of potential changes in climate.
Complexity and Scale. All of these studies highlight the importance of interactions
and scale. The wide array of all potential factors and interactions influencing the success of a
plant was conceptualized as the holoceonotic environment by Billings (1952) more than a halfcentury ago. Following his conceptualization, it is easy to be discouraged that everything
affects everything else; how can we even proceed with science? Because I observed patterns,
some environmental variables must have stronger effects than others; however, considering
the possibility of interactions among predictors and between scales was essential to many of
the interpretations that I made. At the same time, the inclusion of so many variables magnified
the potential for spurious results. I hope that future studies will build on my results and further
examine the factors that I was unable to disentangle.
The issue of scale is especially apparent in cryptogam communities. Factors affecting
individuals in the community can range from the scale of cms in soil microtopography to
continental biogeographic affinities. Patterns at each scale may not be generalizable to the next
(Anderson 1972). Effects of different predictors may be strongly scale-dependent and
interactions may span spatial scales. For example, the biotic crust community associated with
caliche exposures may depend on climate variables.
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Populations comprise communities, which are the building blocks of ecosystems.
Many of the ecological contributions of cryptogams referred to in my general introduction
focused on lichens or bryophytes as a nebulous group. However, ecological functions can be
expected to differ depending on community composition: some lichens fix nitrogen whereas
others do not; the varying textures of biotic crust lichens may prevent erosion or cheatgrass
invasion with different efficiencies; secondary chemistry makes even closely-related lichen
species of different nutritive values to herbivores; and the ability of lichens and bryophytes to
retain moisture and nutrients depends on their architecture and physiology. To understand the
potential effects of management on these ecosystem functions, more detailed knowledge is
needed regarding which species perform functions and what controls those species’ success in
a community.
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APPENDICES
Table A.1: Coefficients for the first six axes (Ax1-6) of a Principal Component
Analysis of climate means in 1179 plots in eastern Oregon and Washington, USA.
Variables include mean annual temperature (°C*100, tav14), minimum annual and
monthly temperatures (tmi14 and tmi12, etc.), maximum annual and monthly
temperature (tma14 and tma12, etc.), and mean annual and monthly precipitation
(mm*100, ppt14 and ppt12, etc.) between 1971 and 2000 from the PRISM climate
database (Daly et al. 2010). To calculate scores for new plots, variables must be
standardized by mean and standard deviations (stdev).
tav14
tmi14
tmi12
tmi11
tmi10
tmi9
tmi8
tmi7
tmi6
tmi5
tmi4
tmi3
tmi2
tmi1
tma14
tma12
tma11
tma10
tma9
tma8
tma7
tma6
tma5
tma4
tma3
tma2
tma1
ppt14
ppt12
ppt11
ppt10
ppt9
ppt8
ppt7
ppt6
ppt5
ppt4
ppt3
ppt2
ppt1

Ax1
0.1931
0.1559
0.1243
0.1341
0.1189
0.1237
0.1412
0.1531
0.1647
0.1654
0.1657
0.1689
0.1535
0.1250
0.1891
0.1138
0.1657
0.1770
0.1857
0.1852
0.1847
0.1899
0.1911
0.1908
0.1904
0.1639
0.1099
-0.1600
-0.1450
-0.1434
-0.1429
-0.1511
-0.1444
-0.1360
-0.1473
-0.1501
-0.1556
-0.1602
-0.1502
-0.1467

Ax2
-0.0973
-0.2225
-0.2344
-0.2460
-0.2653
-0.2492
-0.2053
-0.1793
-0.1716
-0.1786
-0.1897
-0.1887
-0.2042
-0.2196
0.0508
0.0774
0.0718
0.1002
0.0691
0.0541
0.0691
0.0483
0.0054
-0.0072
-0.0079
0.0499
0.0777
-0.1870
-0.1898
-0.2050
-0.2054
-0.1727
-0.0846
-0.0619
-0.1318
-0.1197
-0.1681
-0.1646
-0.1850
-0.1773

Ax3
0.0404
-0.0655
0.1362
0.0447
-0.0876
-0.1714
-0.2017
-0.1835
-0.1421
-0.1217
-0.0800
-0.0130
0.0885
0.1620
0.1391
0.4049
0.2747
0.1708
0.0866
0.0193
0.0268
0.0208
0.0029
0.0150
0.1024
0.3013
0.4184
0.1396
0.1275
0.1558
0.1860
0.1124
0.0488
-0.0942
-0.0036
0.0671
0.1389
0.1523
0.1453
0.1625

Ax4
-0.0605
0.0263
0.1884
0.1071
0.0946
0.0575
-0.0348
-0.0677
-0.0934
-0.0899
-0.0523
0.0192
0.1008
0.2050
-0.1355
0.0673
-0.0879
-0.1385
-0.1745
-0.2380
-0.2189
-0.1778
-0.1483
-0.1524
-0.1030
-0.0507
0.0816
-0.0496
0.0598
0.0252
-0.0331
-0.1935
-0.3348
-0.3741
-0.3593
-0.3331
-0.1724
-0.0347
0.0444
0.0827

Ax5
-0.0189
0.0472
0.1707
0.1562
0.1553
0.0596
-0.0022
-0.0346
-0.0739
-0.0670
-0.0385
0.0182
0.1252
0.1999
-0.0818
0.2101
0.0428
-0.0753
-0.1405
-0.1351
-0.1378
-0.1663
-0.1959
-0.1736
-0.1254
0.0576
0.2027
-0.1554
-0.3062
-0.2344
-0.1170
0.0207
0.2866
0.2053
0.2020
0.2181
0.0366
-0.1512
-0.2664
-0.2850

Ax6
-0.0077
-0.0229
0.1895
0.1534
-0.1090
-0.1830
-0.2577
-0.2816
-0.1141
-0.0044
0.0872
0.1320
0.1673
0.1720
0.0096
-0.2012
-0.1431
-0.0101
0.0631
-0.0113
-0.0774
-0.0116
0.1257
0.1730
0.1465
-0.0050
-0.1041
0.0037
0.1137
0.0970
-0.0202
-0.1626
0.2626
0.4782
-0.0904
-0.2247
-0.2500
-0.1653
-0.0006
0.0926

mean
812.4
134.0
-610.3
-257.4
118.7
577.6
977.1
1004.4
698.5
361.3
17.1
-215.0
-436.9
-627.1
1490.9
266.1
703.7
1612.1
2314.2
2813.3
2820.3
2318.3
1853.5
1395.9
965.4
565.7
261.5
42114.7
5647.1
5376.0
2736.8
1885.4
1624.8
1467.8
2635.3
3631.4
3401.1
4291.4
4212.0
5205.6

stdev
178.2
201.1
190.9
175.8
185.7
226.6
256.3
251.4
247.9
239.6
227.8
204.0
184.0
185.8
198.1
163.1
182.2
201.8
210.0
228.9
241.7
259.7
271.2
260.7
225.7
168.2
160.5
22550.5
3858.7
3533.9
1473.3
754.7
612.1
543.9
1036.1
1489.4
1808.4
2584.3
2938.1
3693.2
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