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Wind farm potential is higher in prime habitat for
uncommon soil crust lichens
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Abstract

Introduction: Biotic soil crust communities contribute valuable ecosystem services and biodiversity in steppe
ecosystems. The uncommon crust lichens Acarospora schleicheri, Fuscopannaria cyanolepra, Rhizocarpon
diploschistidina, and Texosporium sancti-jacobi are associated with fine-textured soils along rivers of the Columbia
Basin. A. schleicheri and R. diploschistidina indicate late-successional habitat and may serve as indicators for other
rare or cryptic species associated with similar habitats. Much of the most favorable habitat for these species has
been lost to urban and agricultural development. We sought to overlay favorable habitats with wind farm
development potential to assess whether these species are likely to be affected by renewable energy development.

Methods: We overlaid habitat models for four lichen species on land use and wind farm potential maps. Using a
sample of 5,000 points, we determined whether there were differences in probability of occurrence among wind
farm potential classes within developed and natural lands using Multi-Response Permutation Procedures. Sites with
modeled probability of occurrence greater than 60% were considered “favorable” habitats; for these, a χ2 test
allowed us to determine whether favorable habitats were associated with wind farm potential categories.

Results: Sites that are developed for agriculture or have higher wind farm potential coincide with more favorable
habitats for uncommon soil crust lichens. Of the favorable habitats for the four focal lichens, 28–42% are already
affected by development or agriculture; 5–14% of favorable habitats remain in natural vegetation and are
considered sites with fair or good potential for wind farms.

Conclusions: Development of wind energy has the potential to negatively impact uncommon soil crust lichen
species because favorable sites coincide with especially good habitat for these species. However, as these
renewable energy resources are developed, we have the opportunity to ensure that valuable soil crust functions
and diversity are maintained by surveying before construction and planning new facilities such that disturbance to
existing habitat is minimized.

Keywords: Acarospora schleicheri, Agriculture, Biotic soil crust, Columbia river, Fuscopannaria cyanolepra, Land use,
Rhizocarpon diploschistidina, Steppe, Texosporium sancti-jacobi
Introduction
Grasslands and sagebrush (Artemisia) steppe occupy
large areas of central and eastern Oregon; on a large
scale, this habitat appears abundant and homogeneous.
However, upon closer examination, native flora and
fauna differ substantially in association with subtle habi-
tat differences (Crawford et al. 2004; Root and McCune
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2012). Soils range from pumice and sand to silty loams
and calcareous barrens, supporting at least 12 sage-
brush taxa that differ in their palatability to wildlife
(Rosentreter 2004). Rainfall ranges from 22 to 50 cm/
year (Daly et al. 2008). Sites along the Columbia River
have fairly low seasonal temperature variation, transi-
tioning to a more continental climate at higher eleva-
tions. Land use patterns also differ across habitats:
poorer sites often support ranches and livestock grazing,
loamy sites and flat plateaus near rivers have largely
been converted to agriculture, and urban areas and
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towns along rivers are expanding into adjacent native
steppe.
In the past decade, wind power generation has grown

dramatically in the Pacific Northwest of North America,
allowing western states cost-effective opportunities to
meet their renewable energy goals. More than 80% of
the regional wind development has occurred in the
Columbia Basin, and regional energy plans call for in-
creasing development of wind power each year through
2030 (NPCC 2010). Environmental conflicts have been
minimized by siting projects on agricultural and grazing
lands; however, wind farms are known to negatively
impact bats and birds (Drewitt and Langston 2006;
Baerwald and Barclay 2009), and their expansion onto
wildlands could impact terrestrial native flora and fauna.
Among native organisms likely to be affected by wind
farm expansion is the biotic soil crust community, a rich
association of lichens, bryophytes, algae, bacteria and
fungi.
Biotic soil crust species are small and inconspicuous,

but they efficiently stabilize soils in habitats prone to
erosion and desertification (Harper and Marble 1988;
Mazor et al. 1996; Leys and Eldridge 1998). Crusts can
shape vascular plant communities by favoring establish-
ment of some native over invasive species (Kaltenecker
et al. 1999; Belnap et al. 2001; Mitchell et al. 2006). They
also impact nutrient dynamics contributing biologically
available nitrogen, carbon, and micronutrients (Rychert
et al. 1978; Beymer and Klopatek 1991; Harper and
Pendleton 1993; Belnap 2002). In addition to their func-
tions as native ecosystem engineers (Jones et al. 1997),
biotic soil crusts support a great diversity of lichens and
bryophytes (Root et al. 2011).
Several uncommon species of soil crust lichens have

been shown to associate with particular combinations of
climate and soil types (Root et al. 2011). We focus on
habitat associations and land use change risks for four
uncommon lichens: (1) Acarospora schleicheri, a wide-
spread yellow lichen that is reported to establish on
Diploschistes muscorum (McCune and Rosentreter
2007), which itself frequently establishes on Cladonia
(Friedl 1987) making A. schleicheri a late-successio-
nal species. (2) Fuscopannaria cyanolepra, a Pacific
Northwest endemic that fixes nitrogen to a biologically
active form. (3) Rhizocarpon diploschistidina, a recently
discovered lichen (Lumbsch et al. 2011) similar in color-
ation and ecology to Acarospora schleicheri but growing
obligately on Diploschistes muscorum. (4) Texosporium
sancti-jacobi, a North American endemic with unusual
fruiting bodies and spores (Tibell and van Hofsten 1968;
McCune and Rosentreter 1992). This last species is fed-
erally listed by the U.S. Fish and Wildlife Service as a
Species of Concern and is listed by the Natural Heritage
Program as “Imperiled in Oregon” (ORBIC 2010a).
We overlay habitat favorability models developed in
Root et al. (2011) for these four lichens with land use
patterns to address two questions: (1) Do agriculture,
development, and wind farms occur on sites that are
otherwise particularly good habitats for these rare li-
chens? (2) What proportion of the habitat likely to sup-
port these rare lichens is either currently developed or at
risk of development as wind farms expand?

Methods
We focused on steppe habitats of Oregon in the
Prineville District boundary of the U.S. Department of
Interior’s Bureau of Land Management. Using ArcGIS
(v 9.3.1 ESRI), we sampled plots on public lands within
3.2 km of a road stratified by USA-EPA Level IV
Ecoregions (Clarke and Bryce 1997). We visited 59 plots
in fall 2009 and spring 2010, surveying soil crust lichen
community composition (Root et al. 2011). We
supplemented this dataset with herbarium records and
21 intuitive plots targeting uncommon soil crusts and
herbarium records (Figure 1). Uncommon lichens se-
lected for modeling were fairly conspicuous and oc-
curred frequently enough to be modeled; A. schleicheri,
F. cyanolepra, R. diploschistidina, and T. sancti-jacobi
were observed at 40, 28, 22, and 28 sites.
For each species, we developed a model of lichen oc-

currence probability using soil characteristics including
texture in the top 5 cm, pH, and bulk density (NRCS
2010) and synthetic climate variables (Root et al. 2011)
derived from monthly precipitation and minimum and
maximum temperatures modeled across the region with
an 800-m resolution (PRISM, Daly et al. 2008). The
synthetic climate variables were the first three axes of
a principal component analysis. The first was most
strongly associated with increasing temperature and
decreasing precipitation, the second with decreasing
minimum temperature and increasing maximum tempe-
rature, and the third with increasing winter maximum
temperature and winter precipitation. The details of
these models are not described here as they are well de-
scribed elsewhere (Root et al. 2011).
Models of occurrence probability were fit using non-

parametric multiplicative regression (NPMR; McCune
2006; McCune and Mefford 2011a). This is a multiplica-
tive kernel smoother (Bowman and Azzalini 1997), a
more flexible approach than the traditional logistic re-
gression and a method that automatically models inter-
actions among predictors (McCune 2006). We used a
local mean estimator with a Gaussian kernel function.
Model selection maximized the cross-validated log-
likelihood ratio by finding the best combination of pre-
dictors and the smoothing parameter (tolerance) for
each predictor. The minimum average neighborhood
size for an acceptable model was set to 10 plots. We



Figure 1 Map of study area. Wind farm potential and lichen plots surveyed for all four target species; excludes herbarium records for individual
species. Dashed lines represent county boundaries.
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evaluated model fits using the area under curve (AUC)
for which 0.5 corresponds to random expectation and 1
to perfect fit and tested significance using a randomi-
zation test (see Root et al. 2011 for details of model
selection).
Probabilities of occurrence were mapped across the re-

gion, excluding sites that were different enough from
those sampled as to preclude predictions based on our
models. We overlaid maps of land use (ORBIC 2010b)
and wind farm potential categories poor, marginal, fair,
and good (National Renewable Energy Laboratory 2002).
To address our land use questions, we randomly sam-
pled 5,000 points within a rectangle encompassing plots
that we visited and calculated lichen occurrence prob-
ability, land use, and wind suitability for each point. We
excluded points in barren and water areas.
Differences in probabilities of species occurrences

among wind farm potential categories were compared
with univariate permutation tests using Euclidean dis-
tance as implemented in procedure MRPP in PC-ORD
(McCune and Mefford 2011b); although MRPP is often
performed with multivariate data, it can also be used in
the univariate context (Mielke and Berry 2001). Because
the sample size was quite large and there were 48 pair-
wise comparisons, we chose a conservative α-level of
0.001 for interpreting differences among land use
categories. We then calculated the proportion of favor-
able lichen habitat (probability of occurrence exceeding
60%) potentially affected by development, agriculture, or
wind farm development. We used the cut off of 60%
because using much higher values resulted in too few
“favorable” sites to model and using much lower values
became decreasingly biologically meaningful. Finally, we
determined whether favorable habitats were associated
with wind farm potential categories using contingency
tables and a χ2 test.
Results
Each species’ habitat model was unique; however, an
overall pattern suggested that these uncommon lichens
were associated with finer soils at sites with little annual
temperature variability (Root et al. 2011). A. schleicheri
was associated with warm, dry sites with little monthly
temperature variation and low percent sand (AUC =
0.83, p = 0.01). F. cyanolepra was associated with warm
wet winters, little monthly temperature variation, and
silty soils (AUC = 0.86, p = 0.01). R. diploschistidina was
associated with warm, dry sites with low percent sand
(AUC = 0.88, p = 0.01). T. sancti-jacobi was associated
with warm dry sites with silty or rocky soil (AUC = 0.95,
p = 0.01).



Root et al. Ecological Processes 2013, 2:10 Page 4 of 8
http://www.ecologicalprocesses.com/content/2/1/10
Urban, agricultural, and wind farm development coin-
cided with sites having the combination of soil and cli-
mate characteristics that would otherwise be especially
favorable for these uncommon soil crust lichens
(Figures 2, 3). Habitats remaining in natural vegetation
or in poor or marginal wind farm potential categories
were generally of poorer quality for all four modeled
lichen species. Where agriculture or development has
already occurred, the habitat for all species would be
better at marginal, fair, and good wind farm potentials
than at poor wind farm sites. At natural vegetation sites,
the association between habitat quality and wind farm
potential was less pronounced. For all species, sites with
natural vegetation and fair wind farm potential were
more favorable than those with marginal or poor poten-
tial; however, sites with good wind farm potential were
not significantly better habitat than those with fair wind
farm potential.
A large proportion of the favorable habitats for the

four focal lichens were affected by development or
agriculture. Twenty-eight, 32, 31, and 42% of habitats
Figure 2 Map of favorable habitat with fair or good wind potential. R
exceeded 0.6 and wind potential was categorized as fair or good.
favorable for A. schleicheri, F. cyanolepra, R. diploschis
tidina, and T. sancti-jacobi, respectively, were currently
in agriculture or developed land; 7, 5, 14, and 10% were
in fair or good wind potential sites with natural vegeta-
tion (Table 1). For each species we rejected the null
hypothesis that habitat favorability was independent of
wind farm potential (Table 2, χ3

2 = 138.6, 67.5, 103.7,
338.7, for A. schleicheri, F. cyanolepra, R. diploschis
tidina, T. sancti-jacobi, respectively; p < 0.001 for all
species).

Discussion
Acarospora schleicheri, Fuscopannaria cyanolepra, Rhizo
carpon diploschistidina, and Texosporium sancti-jacobi
are likely to be uncommon in part because of their
association with habitats that are favorable for urban,
agricultural, and wind development: approximately one-
third to one-half of favorable habitat for each of these
lichens in our study area has already been affected or is
at risk of development. Agriculture and urban develop-
ment are highly unlikely to support biotic soil crust
andomly selected points for which predicted probability of occurrence



Figure 3 Boxplots comparing probability of occurrence of four soil crust species among wind power classes. The box length is
determined by the interquartile range, i.e., the 25th and 75th percentiles. The central tendency is shown by the median. The whiskers show the
5th and 95th percentiles. Outliers exceeding 1.5 interquartile ranges from the mean are shown by circles. Wind power classes with the same
letter are not significantly different by a permutation test (p > 0.001); the comparisons are made within land use category and species.

Table 1 Percent of favorable habitat for four uncommon soil crust lichens affected by development and natural sites
in fair or good wind farm potential categories

Species % developed or in
agriculture

CI % in fair or good wind
farm potential

CI

Acarospora schleicheri 28 25–31 7 5–9

Fuscopannaria cyanolepra 32 27–37 5 3–7

Rhizocarpon diploschistidina 31 25–37 14 10–19

Texosporium sancti-jacobi 42 38–47 10 7–13

The 95% confidence intervals (CI) are based on a normal approximation of the binomial distribution, with sample size equal to the number of points falling in
favorable habitats.
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Table 2 Number of points with predicted lichen probabilities of occurrence in each land use class for four uncommon
soil crust lichen species

Wind farm potential

Poor Marginal Fair Good

Acarospora schleicheri

p(occurrence) < 0.60 Natural vegetation 1,458 660 83 8

Developed or agriculture 150 84 15 1

p(occurrence) > 0.60 Natural vegetation 362 192 58# 3#

Developed or agriculture 33* 152* 45* 10*

Fuscopannaria cyanolepra

p(occurrence) < 0.60 Natural vegetation 1,610 711 93 9

Developed or agriculture 141 107 22 0

p(occurrence) > 0.60 Natural vegetation 142 82 18# 0#

Developed or agriculture 27* 62* 15* 9*

Rhizocarpon diploschistidina

p(occurrence) < 0.60 Natural vegetation 1,746 818 108 11

Developed or agriculture 174 183 43 9

p(occurrence) > 0.60 Natural vegetation 84 43 32# 1#

Developed or agriculture 12* 43* 15* 2*

Texosporium sancti-jacobi

p(occurrence) < 0.60 Natural vegetation 1,603 686 83 10

Developed or agriculture 151 95 19 0

p(occurrence) > 0.60 Natural vegetation 110 141 51# 2#

Developed or agriculture 35* 138* 40* 11*

Favorable habitat that has already been developed or is in agriculture is indicated by *. Favorable natural habitat with fair or good wind farm potential is
indicated by #; some of these sites currently support wind farms and others do not.
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communities because of the intensive soil disturbance
associated with these land uses. More subtle surface dis-
turbances such as off-road vehicles (Belnap 2002) and
livestock grazing (Ponzetti and McCune 2001) also nega-
tively affect biotic soil crust communities in the region
and likely play a role in reducing populations on wild-
lands. However, little is known about how wind farms
will affect these organisms. How could the development
of the 5 and 14% of favorable habitats in areas of fair or
good wind farm potential benefit or harm uncommon
soil crust lichens?
Because favorable habitats with silty soils and less con-

tinental climates have already been disproportionately
affected by development and agriculture, remaining pop-
ulations in natural vegetation are especially important.
As wind farms are more likely to be placed in remaining
favorable habitat, surveys are likely to reveal unknown
populations and may provide valuable better estimates
of rarity and a clearer understanding of habitat associa-
tions. Wind farm sites are typically surveyed by botanists
prior to permitting; inclusion of these conspicuous soil
crusts in their target species lists could identify at-risk
populations and allow permitting agencies the opportun-
ity to suggest mitigation measures such as grazing
exclosures, alternative road placement, or other ways to
minimize soil disturbance.
Although we focus on habitats for four uncommon

soil crust species, these communities are composed of a
rich assemblage of species, many of which are cryptic or
too rare for habitat modeling. Subtle and rare species
often occur in habitats with well-developed conspicuous
crusts (Root et al. 2011). By protecting late-successional
soil crusts that are specifically associated with at-risk
habitats, such as A. schleicheri and R. diploschistidina,
we are likely to protect a suite of other uncommon soil
crust lichen, bryophyte, fungi, algal, and cyanobacterial
species. Many of these uncommon soil crust taxa are
poorly known; as surveyors learn more about their habi-
tats, they may recommend more species for state and
federal rare plant lists.
Plans for wind farm development on federally owned

land estimate 5–10% surface disturbance by turbines
and access road development (BLM 2005). Land use
under the turbines is likely to differ depending on own-
ership. On wildlands, wind development has the oppor-
tunity to protect 90–95% of the land as native vegetation
and support flourishing soil crust populations that would
be substantially more threatened by some other land
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use, such as intensive grazing or agriculture. If wind
farms are fenced and not grazed, they could provide
valuable refugia for soil crusts.
Other construction considerations could ensure that

remaining habitat is preserved. For example, minimizing
the introduction of weedy annual grasses may encourage
recovery of soil crust communities where soil is dis-
turbed. Furthermore, focusing ground disturbance in
areas that are already affected by exotic species may
spare more valuable native habitat. As plans for develop-
ment unfold, planners should interpret any soil disturb-
ance to have negative impacts on soil crusts, even if
there are subsequent restoration efforts. Many areas that
are disturbed in construction are restored by planting
crested wheatgrass (Agropyron cristatum) or native
bunchgrasses such as Poa sandbergii. Where vascular
vegetation is planted, we cannot assume that the site has
been restored to native conditions because soil crusts
are estimated to require approximately 125 years to
re-establish late successional communities following
disturbance in the northern Great Basin (Belnap et al.
2001).
Wildfire often has a negative effect on soil crust

communities (Ponzetti et al. 2007); it is unclear how
wind farm development will affect fire regimes.
Although shrub-steppe habitats naturally experience
wildfires, the introduction of exotic grasses has
increased fire frequency and extent in this region
(Whisenant 1990). Increased human access through
the new roads could spark a greater number of
human-caused fires or improve fire suppression ef-
forts. Monitoring changes in fire regimes associated
with wind farms may help managers interpret their
effects on native vegetation.
Conclusions
Organisms in shrub-steppe habitats respond to a
variety of factors including soil texture and climate
variability. Soil crust communities incorporating un-
common lichen species are associated with fine-
textured soils along the rivers of the Columbia Basin.
The most favorable habitat for these lichens coincides
with productive agricultural and wind farm sites in
the region. Much potential soil crust lichen habitat
has been lost to urban and agricultural development.
Although more habitat is at risk in potential wind
farm sites, we have the opportunity to encourage the
development of this alternative energy in a way that
conserves uncommon soil crust lichens. We suggest
surveying for four conspicuous soil crust species
before construction and planning new facilities such
that remaining habitat can be preserved in a way that
is compatible with wind development.
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