
 

 

ABSTRACT 

PERLMUTTER, GARY BRUCE. Assessing Highway Pollution Effects on Forest Lichen 

Communities in Western Wake County, North Carolina, USA. (Under the direction of Gary 

B. Blank, Thomas R. Wentworth, Howard S. Neufeld and Margaret D. Lowman with 

technical guidance by Eimy Rivas Plata). 

 

We assessed highway pollution effects on lichen communities in mixed pine-hardwood 

forests by analyzing lichen species diversity with environmental variables including air 

nitrogen dioxide (NO2) concentrations along a forest edge-to-interior gradient in two stands 

near a major highway and one away from roads in North Carolina, USA. Two sites lay 

adjacent to highway I-40 on opposite sites (highway-exposed) and one was adjacent to Harris 

Lake (control). In each site, five 70-m long parallel transects were laid at the forest edge, and 

up to 150 m into the forest. Within each transect we sampled trees at every 10 m, and 

recorded the tree species, percent canopy cover, and presence of bryophytes both on the trunk 

base and bole heights. Lichens were collected on the sample trees for lab determination, from 

which species lists were compiled for each site and for each distance within sites. Topsoil 

was sampled at each distance within sites and analyzed for parameters including %N, pH, 

and certain metals. Ambient air was sampled for NO2 at each site distance via passive 

samplers. Lichen diversity was found highest at the control site and lower in the highway-

exposed sites. In both highway-exposed sites, lichen species richness increased from 4 at the 

edge to 20-30 at 150 m distant; in the control site 40 species were found at the forest edge 

and reduced to 25 at 150 m distant. Average canopy cover did not differ by site with all 

sample transects included, but the control site was found more open when the forest edge 

measurements were removed. Lowered canopy cover was found at the forest edge in all sites. 

Bryophytes were found in all site transects except those bordering I-40. Soil pH, %N, and 

metal concentrations as well as air NO2 concentrations were found highest at the forest edge 

in the exposed sites, but no patterns were found in the control site. All sample transect data 

were pooled and analyzed by cluster analysis and NMS ordination both for all trees sampled 

and a subset of Red Maple trees to address potential host tree variation. Cluster analysis of 

lichen diversity revealed groupings in both data sets that appeared to be sorted by proximity 

to the highway. Ordination analysis yielded most variation in sample transect communities to 



 

 

be represented by Axis 1 for both data sets. Strongest postitive correlations with Axis 1 

involved lichen species number and bryophyte frequency; strongest negative correlations 

involved soil parameters and air NO2 concentrations. Among environmental parameters, 

lichen diversity correlated strongest with air NO2 concentrations among all sample transects. 

Regression models were explored between lichen diversity and NO2 data; and a quadratic 

model was to be a best fit. Receptor forests appear to be affected by highway pollution as 

shown by reduced lichen diversity, increased soil and air contamination, and drier conditions 

at the forest edge. Elevated soil pH, metal concentrations, and relative aridity (interpreted 

from bryophyte patterns) appear restricted to the forest edge, but elevated air NO2 

concentration, soil nitrogen content, and lowered lichen diversity extended farther into the 

forest from the highway. A review of highway pollution literature suggests forest edge soil 

contamination to be from road salt application plus vehicle wear and tear via runoff and 

splash pathways that extend to only about 10 m from the road edge. Air dispersion of engine 

exhaust, represented by NO2, can extend to beyond 100 m. Forest lichen diversity therefore 

appears to be most affected by air NO2, suggesting impact from vehicle emissions. A 

preliminary set of lichen indicators is presented, which can be used with species richness 

assessment in site environnnental assessment. 

 

 



 

 

© Copyright 2016 Gary Bruce Perlmutter 

All Rights Reserved 



i 

 

Assessing Highway Pollution Effects on Forest Lichen Communities in  

Western Wake County, North Carolina, USA. 

 

 

 

by 

Gary Bruce Perlmutter 

 

 

 

A thesis submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the  

requirements for the Degree of 

Master of Science 

 

Natural Resources 

 

Raleigh, North Carolina 

2016 

 

 

 

APPROVED BY: 

 

_______________________________  ______________________________ 

Gary B. Blank, Committee Chair   Thomas R. Wentworth 

 

 

________________________________  ________________________________ 

Margaret D. Lowman     Howard S. Neufeld 

 

 



 

ii 

DEDICATION 

This work is dedicated to Eimy Rivas Plata, my partner in life and science, who has been by 

my side and helped me grow in pursuit of my dream. 

 



 

iii 

BIOGRAPHY 

I was born and raised in Ventura, California. I attended Humboldt State University, where I 

received a B.S. in Zoology in 1991.  From late high school throughout college I worked on 

various field ecological projects including the California Condor Recovery Program, several 

graduate student projects and a US Forest Service amphibian survey. I also conducted my 

first research studies, which I published shortly after college graduation. I am acknowledged 

in several published reports.  

 

Following college I returned to southern California and embarked on a career in 

environmental compliance. From 1991-1992 I worked on biological monitoring and survey 

projects related to environmental impact studies as an independent contractor. Then in 1992-

1994 I worked in environmental laboratories conducting aquatic bioassay and wet chemistry 

analyses of environmental samples. From 1994-2003 I worked as an environmental 

technician/technologist for a consulting firm where I sampled and field tested water and 

wastewater at oil and gas facilities. During this time I helped develop an alternative field 

method for testing oil and grease analysis of water using n-hexane as a carrier solvent to 

replace Freon during its phase-out. I also inspected oil and gas field equipment for fugitive 

gas emissions.  I assisted in preparing reports for submittal to regulatory agencies. 

 

During this time I conducted independent studies on the reproductive ecology of the 

functionally subdioecious shrub Malosma laurina, and a growth study of the fern 

Pentagramma triangularis, publishing results in the botanical literature. It was also during 

this time that I began my interest in lichen biology and ecology. 

 

After moving to Raleigh, North Carolina, I was hired in 2005 by the North Carolina Division 

of Air Quality (NCDAQ) to conduct facility inspections for permit compliance, investigate 

citizen complaints, and review facility-submitted reports and emissions inventories.  

 

I also enrolled in the North Carolina Botanical Garden’s Native Plant Studies Certificate 

program to study the lichen diversity of the local forests, compiling a checklist of lichens for 



 

iv 

North Carolina, reviewing the lichen collections at NCU and DUKE herbaria, and conducting 

field surveys and collecting trips in the Triangle and beyond. I published several checklist 

reports and similar articles from 2005-2009. I received my Certificate in 2010.  

 

In 2007 I was allowed to survey the city parks of Raleigh for effects of air pollution using 

lichen communities on trees as a Special Project in addition to my regular duties with NC 

DAQ. The results were presented to the 42nd Air Pollution Workshop in Asheville, NC and 

subsequently published. This work was aimed to serve as a pilot study for a potential state-

wide bioassessment/biomonitoring program, from which this thesis follows.  

 

I have given presentations at scientific conferences, published articles both in scientific 

journals and society newsletters, and I have taught workshops and semi-formal classes.  

Copies of articles are available on request. 

 

 

 

 

 

 

 



 

v 

TABLE OF CONTENTS 

DEDICATION ................................................................................................... ii 

BIOGRAPHY .................................................................................................... iii 

TABLE OF CONTENTS ................................................................................... v 

LIST OF TABLES .............................................................................................. x 

LIST OF FIGURES ......................................................................................... xii 

INTRODUCTION .............................................................................................. 1 

1 REVIEW, CORRECTIONS AND FURTHER ANALYSIS OF THE 

RALEIGH PILOT STUDY .......................................................................... 4 

1.1 Introduction .............................................................................................................. 4 

1.2 Summary and Evaluation ........................................................................................ 4 

1.2.1 Study Design ....................................................................................................... 4 

1.2.2 Analysis ............................................................................................................... 5 

1.2.3 Results ................................................................................................................. 5 

1.2.4 Evaluation ........................................................................................................... 5 

1.3 Corrective Re-analysis ............................................................................................. 6 

1.4 Further Analysis ....................................................................................................... 7 

1.4.1 Nested ANOVA .................................................................................................... 7 

1.4.2 Multivariate Analysis .......................................................................................... 8 

1.5 Summary and Conclusions .................................................................................... 10 

2 PRELIMINARY SITE TESTS ..................................................................11 

2.1 Introduction ............................................................................................................ 11 

2.2 Methods ................................................................................................................... 12 

2.3 Results ..................................................................................................................... 15 



 

vi 

2.3.1 Trunk Base Communities .................................................................................. 16 

2.4 Discussion ................................................................................................................ 17 

3 ENVIRONMENTAL FACTORS INFLUENCING LICHEN 

COMMUNITIES IN HIGHWAY-EXPOSED MIXED FORESTS IN 

NORTH CAROLINA, USA ........................................................................19 

3.1 Introduction ............................................................................................................ 19 

3.2 Methods ................................................................................................................... 22 

3.2.1 Study Sites ......................................................................................................... 22 

3.2.2 Lichen Communities.......................................................................................... 27 

3.2.3 Canopy Cover and Bryophytes ......................................................................... 28 

3.2.4 Soil Parameters ................................................................................................. 28 

3.2.5 Ambient Air NO2 ............................................................................................... 30 

3.2.6 Data Analysis .................................................................................................... 31 

3.3 Results ..................................................................................................................... 33 

3.3.1 Lichen Communities.......................................................................................... 33 

3.3.2 Canopy Cover and Bryophytes ......................................................................... 37 

3.3.3 Soil Parameters ................................................................................................. 38 

3.3.4 Ambient Air NO2 ............................................................................................... 40 

3.3.5 NMS Ordination ................................................................................................ 42 

3.3.6 Lichen Diversity and Ambient Air NO2 ............................................................. 44 

3.3.7 Wind Effects ...................................................................................................... 45 

3.3.8 Indicator Species Analysis ................................................................................ 46 

3.4 Discussion ................................................................................................................ 47 

3.5 Conclusions ............................................................................................................. 50 

4 HIGHWAY EFFECTS ON FOREST LICHEN COMMUNITY 

STRUCTURE IN WESTERN WAKE COUNTY, NORTH CAROLINA

 .......................................................................................................................52 



 

vii 

4.1 Introduction ............................................................................................................ 52 

4.2 Methods and Materials .......................................................................................... 54 

4.2.1 Study Area ......................................................................................................... 54 

4.2.2 Sampling Design ............................................................................................... 54 

4.2.3 Trunk Community Surveys ................................................................................ 55 

4.2.4 Data Management and Analysis ....................................................................... 56 

4.3 Results ..................................................................................................................... 57 

4.3.1 Among Sites (Control-Impact) .......................................................................... 57 

4.3.2 Within Sites (Nested Gradient) ......................................................................... 61 

4.3.3 Lake Crabtree – Highway-exposed (SW of I-40) .............................................. 62 

4.3.4 RDU Airport Authority – Highway-exposed (NE of I-40) ................................ 64 

4.3.5 Harris Lake – Background control ................................................................... 65 

4.4 Discussion ................................................................................................................ 66 

4.4.1 Among Sites – Highway-exposed vs. Control ................................................... 66 

4.4.2 Within Sites - Forest Edge-to-Interior Gradient ............................................... 66 

4.4.3 Individual Species Responses ........................................................................... 70 

4.5 Conclusions ............................................................................................................. 73 

5 NOTEWORTHY COLLECTIONS OF LICHENS AND ALLIED 

FUNGI FROM THE TRIANGLE REGION OF NORTH CAROLINA

 .......................................................................................................................74 

5.1 Introduction ............................................................................................................ 74 

5.2 Species Records ...................................................................................................... 74 

5.2.1 Acrocordia megalospora R.C. Harris (Monoblastaceae)................................. 74 

5.2.2 Gyalolechia flavorubescens (Hudson) Søchting, Frödén & Arup 

(Teloschistaceae) ............................................................................................................. 75 

5.2.3 Peltigera ponojensis Gyelnik (Peltigeraceae) .................................................. 75 

5.2.4 Porina scabrida R.C. Harris (Porinaceae)....................................................... 75 

5.2.5 Rebentischia massalongoi (Mont.) Sacc. (Tubeufiaceae) ................................. 76 



 

viii 

5.2.6 Lobaria querzicans Michx. (Lobariaceae) ....................................................... 76 

6 ENVIRONMENTAL ASSESSMENT OF HIGHWAY IMPACTS ON 

ADJACENT FORESTS IN CENTRAL NORTH CAROLINA .............78 

6.1 Introduction ............................................................................................................ 78 

6.1.1 Background ....................................................................................................... 78 

6.1.2 Purpose ............................................................................................................. 79 

6.2 Methods ................................................................................................................... 79 

6.3 Conceptual Models ................................................................................................. 79 

6.4 Nitrogen Oxides (NOx) ........................................................................................... 79 

6.4.1 Sources .............................................................................................................. 80 

6.4.2 Transport and Transformations in the Air Medium .......................................... 81 

6.4.3 Exposure Pathways ........................................................................................... 82 

6.4.4 Receptors and Effects ........................................................................................ 83 

6.5 Road Salt (NaCl)..................................................................................................... 86 

6.5.1 Sources .............................................................................................................. 87 

6.5.2 Transport Pathways .......................................................................................... 87 

6.5.3 Receptors and Effects ........................................................................................ 88 

6.6 Metals (Cd, Cu, Pb, Zn) ......................................................................................... 89 

6.6.1 Sources .............................................................................................................. 90 

6.6.2 Transport Pathways .......................................................................................... 91 

6.6.3 Receptors and Effects ........................................................................................ 91 

6.7 Other Vehicle Emissions ........................................................................................ 93 

6.7.1 Ammonia (NH3) ................................................................................................. 94 

6.7.2 Polycyclic Aromatic Hydrocarbons (PAHs) ..................................................... 94 

6.8 Conclusions: Environmental Impact Assessment ............................................... 95 

ACKNOWLEDGEMENTS .............................................................................97 

LITERATURE CITED ....................................................................................98 



 

ix 

APPENDICES .................................................................................................113 

Appendix A ...................................................................................................................... 115 

Appendix B ...................................................................................................................... 117 

Appendix C ...................................................................................................................... 119 

Appendix D ...................................................................................................................... 122 

Appendix E ...................................................................................................................... 125 

 



 

x 

LIST OF TABLES 

Table 2-1. Correlation tests of trunk diameter vs. lichen parameters among Raleigh study sites 

(n = 17). ns = non-significant. ................................................................................. 7 

Table 2-2. Student’s t-test (2-tailed) of lichen communities on Quercus phellos trunks among 

Raleigh study sites by moisture effect. T-test p values in bold are significant (< 

0.05). ....................................................................................................................... 7 

Table 3-1. Summary data of W Jones Street and Blue Jay Point test lichen flora sites, sampled 

October 2013.  N = 5 trees per site........................................................................ 16 

Table 3-2. Trunk base biotic communities of urban and forest test sites in Wake County, North 

Carolina. Data are proportion occurrence frequencies per site (five trees per site).

............................................................................................................................... 17 

Table 4-1. Annual Average Daily Traffic (AADT) and ambient concentrations of nitrogen 

oxides in highway and background locations representing study sites. AADT values 

are for 2014 (source: NC Department of Transportation). Concentrations (ppb) are 

monthly means for the period of January-November 2015 (n = 11) as the Blackstone 

monitor became operational in January 2015 (source: NC Division of Air Quality).

............................................................................................................................... 26 

Table 4-2. Mean (± SD) percent canopy cover along forest edge-to-interior gradients in two 

highway-exposed sites and one control site in western Wake County, North 

Carolina. ................................................................................................................ 38 

Table 4-3. Proportion bryophytes (presence per tree) along forest edge-to-interior gradients in 

two highway-exposed sites and one control site in western Wake County, North 

Carolina. ................................................................................................................ 38 

Table 4-4. Top soil analysis results in forest edge-interior gradients in two highway adjacent 

sites and one background control site, sampled March-April 2015. Disturbed soils 

data are in bold. .................................................................................................... 39 

Table 4-5. Regression model results for ambient air NO2 concentration distance decay patterns 

in two highway-esposed sites and one control site in western Wake County, North 

Carolina. ................................................................................................................ 41 

Table 5-1. Mean (+/- SD) number of lichen species recorded per tree trunk and trunk segment 

in two highway-exposed (LC, RA) sites and one control (HL) site in western Wake 

County, North Carolina. ........................................................................................ 58 

Table 5-2.  Site lichen community pairwise Sørensen similarity indices by trunk segment (bole, 

base) and whole trunk (bole + base). .................................................................... 58 



 

xi 

Table 5-3. Tree trunk lichen biotic composition by habit and photobiont type.  Data are total 

species number of each category with percentage of site total species in parentheses.

............................................................................................................................... 59 

Table 5-4. Ranked most frequently sampled lichen species in two highway sites and one 

background control site, Wake County, North Carolina. Percent frequency is 

number of observations of a given lichen species per site (i.e., one per tree: NHL = 

28 trees; NRA = 32 trees; NLC = 30 trees). .............................................................. 60 

Table 5-5. Lichen community similarities (Sørensen indices) between trunk bole and base 

segments within sites. ........................................................................................... 62 

Table 7-1. pH and metal concentrations (mg/kg) on surface soils sampled in two highway-

adjacent forests (LC- and RA- series) and one control forest away from roads (HL- 

series), western Wake County, North Carolina. ................................................... 89 

 

  



 

xii 

LIST OF FIGURES 

Figure 2-1. Cluster dendrogram of site lichen community similarities among Raleigh study 

sites using Sørensen (Bray Curtis) distance measure. ........................................... 9 

Figure 2-2. NMS Ordination biplot of 17 sites in the Raleigh area sampled for their lichen 

diversity and associated environmental variables, 2007.  Symbols are as follows: 

∆ = site with trees lacking bryophytes, ■ = site with trees harboring bryophytes, 

and ● = individual lichen species. ....................................................................... 10 

Figure 3-1. Location and habitats of W Jones Street (urban) and Blue Jay Point County Park 

(forest) test sites, Wake County, North Carolina. (A) Google map of urban and 

forest sites; (B) ground level view of urban site; (C) ground level view of forest 

site. ...................................................................................................................... 12 

Figure 3-2.  White vinyl 10 x 15 cm photographic quadrat frame. ........................................ 14 

Figure 4-1. Study sites in Wake County. A. Map depicting locations of study sites () and 

ambient air monitoring stations (). B. Highway-exposed sites showing parallel 

transect layout. C. Control site showing parallel transect layout. LC = Lake 

Crabtree County Park, RA = RDU Airport Authority property, HL = Harris Lake 

County Park.  Inset (o) = GPS location. .............................................................. 24 

Figure 4-2. Trendline of traffic volume on highway I-40 near the highway-exposed sites.... 25 

Figure 4-3. Ten-year wind roses for RDU Airport (A) and Lee County Airport (B), representing 

the highway-adjacent forest and control forest sites, respectively.  Wind roses were 

generated on the NC State Climate Office of North Carolina website: 

www.climate.ncsu.edu. ....................................................................................... 26 

Figure 4-4. Lichen sampling scheme of a given site with distances from the forest edge (m).  

Dashed line indicates the deer fence that marks the highway right-of-way border.

 ............................................................................................................................. 27 

Figure 4-5. Soil sampling scheme depicting two randomly selected sample points at distances 

along a forest edge-to-interior gradient. Dashed line is the deer fence marking the 

highway right-of-way border (in highway-adjacent sites LC and RA only). ...... 29 

Figure 4-6. Sampling scheme for passive NO2 samplers along forest edge-to-interior gradients 

in sites bordering highway I-40 (polluted) and Harris Lake (control), Wake 

County, North Carolina. Dashed line is the deer fence marking the highway right-

of-way border (in highway-adjacent sites LC and RA only). ............................. 30 

Figure 4-7. Forest edge-to-interior trends in total lichen diversity in two sample transects 

adjacent to highway I-40 and one in a remote areas as a control.  Data are total 

lichen species number per transect. ..................................................................... 34 



 

xiii 

Figure 4-8. Simple linear regression charts of lichen species richness on trees in two highway-

exposed and one control forest site in western Wake County, North Carolina. .. 35 

Figure 4-9. Cluster dendrograms of sampled lichen communities on all trees (A) and red 

maples (B) along forest-to-interior gradients in two highway-exposed and one 

background sites in western Wake County, North Carolina (n = 15 transects). . 37 

Figure 4-10. Chart depicting duplicate mean ( SD) NO2 concentrations along forest edge-to-

interior gradients in two sites adjacent to highway I-40 (LC and RA) and at a 

remote location (HL), with measurements taken at the Triple Oak roadside 

monitoring station (TO), Wake County in 2015. ................................................ 40 

Figure 4-11. Preliminary chart of ambient air NO2 distance decay from I-40 along Triple Oak 

Rd., 2015.  Data are calculated approximations from charts provided by Dr. 

Andrew Grieshop of Grieshop Atmosphere and Environment Lab, NCSU. ...... 42 

Figure 4-12. NMS ordination biplots of tree trunk lichen communities in sampled transects 

across forest edge-interior gradients in two highway polluted and one control site, 

Wake County, NC with groupings from cluster analysis using Sørensen (Bray-

Curtis) distance measure. Sample groupings are related to distance from highway 

I-40. A = ordination of all trees sampled (i.e. full set) with vector r2 cutoff = 0.600. 

B = ordination of subset of red maples (Acer rubrum) with vector r2 cutoff = 0.250.

 ............................................................................................................................. 44 

Figure 4-13. Comparative scatterplots depicting linear relationships of lichen diversity and 

ambient NO2 concentration in mixed forests (A) and surrogate NOx variable of 

vehicle traffic in the Raleigh area (B). ................................................................ 45 

Figure 4-14. Scatterplots of biotic and pollution variables across forest-interior gradients in 

highway-exposed forests on opposite sides of highway I-40 in western Wake 

County, North Carolina. ...................................................................................... 46 

Figure 5-1. Schematic of parallel transect design.   = sampled tree; = sample point with no 

tree.  Dashed line is the deer fence marking the highway right-of-way border (in 

highway-adjacent sites LC and RA only). ........................................................... 55 

Figure 5-2.  Most frequent lichen species sampled in two highway-adjacent and one control 

forest sites, Wake County, North Carolina. A. Punctelia rudecta, B. Varolaria 

pustulata, C. Flavoparmelia caperata, D. Pseudosagedia cestrensis (image by 

Roger Rittmaster), E. Graphis scripta s. lat., F. Nadvornikia sorediata, G. 

Cladonia ravenelii (sterile). ................................................................................ 61 

Figure 5-3. Regression curves drawn on tree trunk bole and base lichen diversity trends on 

forest edge-interior gradients in two highway-adjacent and one lakeside control 

sites in Wake County, North Carolina. Top row: LC = Lake Crabtree (SW of I-

40). Middle row: RA = RDU Authority (NE of I-40). Bottom row: HL = Harris 

Lake (background control). ................................................................................. 63 



 

xiv 

Figure 5-4. Biodiversity charts of tree lichen biotas, split by growth form and trunk segment, 

sampled along transects across forest edge to interior gradients in Wake County, 

North Carolina. Top row: LC = Lake Crabtree County Park (highway-adjacent). 

Middle row: RA = RDU Airport Authority (highway-adjacent). Bottom row: HL 

= Harris Lake County Park (background control). .............................................. 64 

Figure 7-1. Conceptual model of highway-related NO2 pollution affecting adjacent forest 

ecosystem. Pathways are designated by arrows and with letter codes: E = 

emissions, D = deposition, WO = washoff, SF = stemflow, TF = throughfall, RU 

= root uptake, SM = soil movement. ................................................................... 80 

Figure 7-2. NOx emissions profile from all sources in Wake County, 2011.  Source: US EPA 

Air Emission Sources webpage: http://www.epa.gov/air/emissions/index.htm 

(Accessed 16 August 2015.) ................................................................................ 81 

Figure 7-3.  Conceptual model of highway-related salt pollution affecting adjacent forest 

ecosystem.  Pathways are designated by arrows and with letter codes: S = splash, 

D = deposition, RO = runoff, WO = washoff, SF = stemflow, TF = throughfall, 

RU = root uptake, SM = soil movement. ............................................................ 87 

Figure 7-4. Conceptual model for highway-related metal pollution affecting adjacent forest 

ecosystem.  Pathways are designated by arrows and with letter codes: E = 

emissons, S = splash, D = deposition, RO = runoff, WO = washoff, SF = stemflow, 

TF = throughfall, RU = root uptake, SM = soil movement. ................................ 90 

 



 

 

 

1 

INTRODUCTION 

Nitrogen is an essential nutrient for all life on Earth.  However, in excess it can cause serious 

harm to organisms and ecosystems through forest acidification and eutrophication by reactive 

nitrogen (Nr) air pollution. Global Nr production through human activities has grown so large 

(210 vs. 203 Tg N yr-1 produced naturally) that global N cycling has doubled over the last 

century (Fowler et al. 2013).   

 

Two forms of atmospheric Nr are found in excessive concentrations from human activities: 

oxidized nitrogen (NOy) and reduced nitrogen (NHx). Among NOy is nitrogen dioxide (NO2), 

a criteria pollutant regulated in the United States with a US National Ambient Air Quality 

Standard (NAAQS) of 100 ppb one-hour mixing ratio limit, aimed to protect human health 

and the environment. Nitrogen dioxide is largely emitted from vehicles and industrial 

activities. Ammonia (NH3), a reduced form, is not directly regulated, but is a precursor 

chemical to particulate matter, which is also regulated as a criteria pollutant (Walker et al. 

2014). Ammonia is largely emitted from agricultural activities, but some is also emitted from 

vehicles that use catalytic converters to control NO2 emissions (Kean et al. 2000, 2009).  

Several studies have reported NO2 concentrations to be about an order of magnitude higher 

than NH3 concentrations in receptor environments near roads (Cape et al. 2004; Gadsdon et 

al. 2009, 2010; Kirchner et al. 2005). Both reactive forms of nitrogen can adversely affect 

sensitive species and ecosystems and are responsible for changes in species composition of 

effected ecosystems.  

 

In a generalized scenario, NOy and NH3, once emitted, form complex and sometimes 

reversible reactions in the air medium, including further redox reactions and photolysis, with 

some products forming particulates and aerosols (Jacobson 2012). These nitrogen species are 

wet- and dry-deposited onto the surrounding environment such as forests, and they can either 

enter the vegetation (including lichen epiphytes) directly via gas exchange or enter the soil 

through direct precipitation, throughfall, washoff and stemflow, picking up dry-deposited 

material through these processes. In the soil, reactive nitrogen can lower the pH and cause 

direct toxicity or indirect effects through ionic imbalances of nutrients, affecting various 
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communities, including soil microbes (bacterial and fungal), soil animals, and plants, the 

latter through soil solution uptake (Magill et al. 1996, 2004; Wallace et al. 2007). Ultimate 

biotic responses to elevated N concentrations in forests result in a shift toward communities 

of lowered species diversity dominated by nitrophilous (fast-growing, weedy, high nitrogen-

processing) species (Xiankai et al. 2008). These patterns are most readily observed in lichen 

communities (Davies et al. 2007; Fenn et al. 2008; Perlmutter 2010; Will-Wolf et al. 2015).  

 

Critical loads (CL) are levels of deposition of atmospheric pollutants onto the environment 

above which ecological damage is induced. Estimations of N pollution critical loads (CLN) 

have been estimated for many parts of Europe and North America, and differ according to the 

ecosystem receptor components and region examined. For lichens, Giordani et al. (2014) 

estimated the CLN to be 2.4 kg/ha/yr from field surveys throughout Europe, while Johansson 

et al. (2012) proposed a CLN to be below 6 kg/ha/yr from an enhanced N treatment field 

experiment on spruce-fir forest lichen communities in Sweden. In North America CLN 

estimates for lichens range from 1.2-7.1 kg/ha/yr in the Pacific states of the US, and 4-8 

kg/ha/yr in eastern temperate forests, as reviewed by Pardo et al. (2011). Nitrate and 

ammonium wet deposition measurements, at the Finley Farm National Atmospheric 

Deposition Program (NADP) station, located south of Raleigh in central North Carolina and 

representing background air quality, are 6.57 and 3.83 kg/ha, respectively, totaling about 10 

kg/ha in 2011 (NADP/NTN 2012). It can therefore be postulated that total (wet and dry) N 

deposition rates in central North Carolina lie above published CLN estimates. Affected lichen 

communities would thus be expected in background areas as well as areas closer to N 

pollution sources: urban, agricultural and roadway areas. However, many CLN estimates, 

including those for forests and their components in the southeastern USA, bear high 

uncertainties needing further data collection and study (Pardo et al. 2011). 

 

I begin this thesis with a review of a lichen bioassessment study I conducted in Raleigh, 

North Carolina (Perlmutter 2010), which sets the goal for the main body of the project. The 

goal of this thesis is to investigate N pollution effects on lichen communities in forests, as 

forests are the predominant environment and land cover type in North Carolina, and which 
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the Raleigh study did not adequately address. The review is followed by a chapter on a 

preliminary comparision study of lichen communities in the urban and forest environments to 

gain a perspective on how different these communities are and what potential environmental 

factors in addition to pollution could affect lichen community structure and thus should be 

measured. This is followed by chapters on the main field study, which is a comparison of 

forest lichen communities near a major highway and away from roads as well a several 

environmental variables including ambient air NO2 measurements. Following this is a 

literature review on highway pollution effects and how they are related to the findings of the 

field study.   

 

The format of the chapters is designed for publication submittal, each with an Introduction, 

Methods, Results and Discussion. I anticipate publishing four articles in the scientific and 

environmental management literature. I also plan to publish an article for a more general 

audience in the North Carolina Native Plant Society’s newsletter Native Plant News to meet a 

requirement for receiving the Tom and Bruce Shinn Grant that funded the ambient air NO2 

sampling and analysis for the field study. However, for the purposes of this thesis, a single 

set of Acknowledgements and Literature Cited follow the body chapters. Finally, a set of 

multivariate correlation tables and lichen checklists are attached as Appendices. 

 

 

 

  



 

 

 

4 

1 REVIEW, CORRECTIONS AND FURTHER ANALYSIS OF THE 

RALEIGH PILOT STUDY 

 

1.1 Introduction 

In 2007, I conducted a lichen survey of urban trees in the Raleigh area to characterize the 

urban lichen biota and determine if lichen communities are affected by local air pollution 

(Perlmutter 2010). A larger goal of that study was to serve as a pilot for a potential statewide 

lichen bioassessment/biomonitoring program for North Carolina. In this chapter I summarize 

that study’s findings, the lessons learned, corrections made, and further analysis that form the 

starting point of the current thesis. 

 

1.2 Summary and Evaluation 

1.2.1 Study Design   

The Raleigh urban lichen survey was exploratory, with 16 sites (sample units) selected within 

the Raleigh area that met specific criteria following guidelines established in Europe (Asta et 

al. 2002): trees had to be of one species (controlled for species effects) that were widely 

spaced, of similar trunk diameters, and bearing an inclination no more than 10 degrees from 

the vertical with little or no obscuring ground vegetation. In other words, sites had to be in 

open, park-like conditions. I selected the willow oak (Quercus phellos L.), a widely planted 

native tree. For a control I selected a site at a forest edge in a biological reserve where willow 

oaks occur naturally. In each site I selected 3-4 trees for survey, of which I measured trunk 

diameter at breast height (DBH). I visually estimated trunk community parameters of lichen 

species number, percent cover of macrolichens, and presence/absence of bryophytes on four 

10 x 50 cm plots placed onto the N, E, S, and W trunk faces at 1.5 m from the ground. 

“Treatments” were presumed varying nitrogenous pollution levels, which were represented 

by surrogate values of traffic volume (representing NOx pollution) and population density 

(representing NH3 pollution), as ambient pollutant concentrations were not monitored locally. 

Values of these predictor variables were obtained for each site post-hoc: traffic volume was 

calculated as million km/yr traveled within 1 mi2 (1.6 km2) surrounding each site and site 
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population densities (persons/km2) were obtained from an online source of census estimates 

by zip code. 

 

1.2.2 Analysis   

I analyzed the data for lichen community similarity among sites via pairwise Jaccard tests 

followed by an ANOVA test of resulting J values, followed by Tukey-Kramer multiple mean 

comparisons. I also ran correlations of site lichen community response parameters (species 

richness and percent cover estimates) against site predictor variables. In addition, I performed 

correlation tests of pooled tree trunk diameters and trunk lichen community variables. And I 

ran t-tests of trunk lichen community parameters of pooled trees split into 2 groups: with and 

without bryophytes (“moss” in the report), after observing that this parameter can be 

interpreted as an indicator of moisture.  

 

1.2.3 Results 

Trunk lichen communities were found to contain 4-20 taxa per site. Most frequent lichen taxa 

were in the following genera: Buellia, Candelaria, Candelariella, Lecanora, Physcia, 

Punctelia, and Pyxine; these species were largely absent from the control site. The Jaccard–

ANOVA–Tukey-Kramer analysis found that the site with the most distinct lichen community 

was the control site, as I had hypothesized. I found lichen diversity to negatively correlate 

with higher traffic volume and population density. Trunk diameter and bryophyte presence 

were tested by regression and found to have an effect on lichen communities, but these were 

inappropriately tested by pooling the lichen diversity data by tree and not by sample site, then 

splitting them into groups of trees with and without bryophytes, which is a form of 

pseudoreplication (Hurlbert 1984). 

 

1.2.4 Evaluation   

While I found the lichen communities to be responding to air pollution via species loss and 

dominance by taxa reported to be pollution-tolerant/nitrophilous, I realized that I could 

improve the study. First, the study was an exploratory survey and not a field experiment, so 
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treatment levels were not well researched or considered, and pollution surrogate variables 

were chosen post-hoc. Therefore, sites were not replicated.  

 

Site selection criteria did not account for the predominant land cover of the area, which is 

closed forest.  Site selection criteria, which was designed for open, park-like settings, 

rendered most sites were to set lain in parking lots that were potentially subject to higher 

vehicle emissions than calculated. The control site was at a forest edge bordering an open 

field, which did not closely match the study sites, as naturally-occurring park-like woodland 

harboring Q. phellos was not found (this tree species naturally occurs in bottomland forests).  

 

While I had used ANOVA and Tukey-Kramer in analyzing the Jaccard similarities, I did not 

report ANOVA results; only Tukey-Kramer results were visually reported as Figure 2 in 

Perlmutter (2010).  The ANOVA test found significant differences among site 

distinctiveness, here presented (F(16, 255) = 7.033, p < 0.0001, n = 255 pairwise 

comparisons). 

 

I also committed “sacrificial pseudoreplication” (Hurlbert 1984) by pooling all study trees 

and testing their lichen communities for relationships among lichen diversity and the 

variables trunk size and bryophyte presence.  In those analyses I treated the individual trees 

as the sample units, when they were actually subsamples and the sites were the sample units.  

In other words, I needed to test for bryophyte presence and trunk diameter effects of lichen 

communities by sample site, not by individual tree. 

 

1.3 Corrective Re-analysis 

To correct for the pseudoreplication I re-ran correlations and t-tests for trunk DBH and 

bryophyte factor influences using site averages and occurrences, respectively. In most cases 

patterns of significance held: trunk DBH negatively correlated with microlichen (i.e. small, 

crustose) and total species richness, but not macrolichen (i.e. larger, foliose) species richness 

and cover. Sites with bryophytes had more macrolichen species with greater coverage; 

however, microlichen species number did not differ (Table 1-1 and  
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Table 1-2). 

 

Table 1-1. Correlation tests of trunk diameter vs. lichen parameters 

among Raleigh study sites (n = 17). ns = non-significant. 

 Comparison   r p 

Trunk DBH vs. Macrolichen species richness  0.01 ns 

Trunk DBH vs. Macrolichen % cover  0.17 ns 

Trunk DBH vs. Microlichen species richness  -0.85 < 0.01 

Trunk DBH vs. Total lichen species richness   -0.63 < 0.01 

 

 

Table 1-2. Student’s t-test (2-tailed) of lichen communities on Quercus phellos trunks among Raleigh study 

sites by moisture effect. T-test p values in bold are significant (< 0.05).  

 
Sites w/o bryophytes 

(n = 8) 

Sites w/ bryophytes 

(n = 9) 
t-test 

 Diversity Measure Mean SD Mean SD p 

Macrolichen species richness 4.75 3.88 9.67 2.50 0.010 

Macrolichen % cover 1.56 1.89 10.50 9.06 < 0.05 

Crustose lichen species richness 7.13 2.95 6.11 1.17 0.386 

Total lichen species richness 11.88 1.89 15.78 3.03 0.120 

 

 

1.4 Further Analysis 

1.4.1 Nested ANOVA 

As an alternative to the above t-testing by bryophyte presense, I also ran a nested single-

factor Analysis of Variance (ANOVA) on the data, with all sites split into two groups: those 

with bryophytes on trees and and those without, then subgroups of individual sites, using the 

individual trees as the measurement unit. I ran this test twice: once for all lichens counted, 

and again for only macrolichens (i.e. foliose or “leafy”). Results were consistent with those 

published (Perlmutter 2010). For all lichens, sites with bryophytes did not differ with those 

lacking bryophytes (F(1, 15) = 2.87, p = 0.11), while differences were found for 
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macrolichens (F(1, 15) = 11.46, p < 0.01). Differences were found among sites within groups 

in both lichen data sets (all lichens: F(15, 47) = 5.44, p < 0.001; macrolichens: F(15, 47) = 

5.73, p < 0.001). 

 

1.4.2 Multivariate Analysis   

I re-ran the Jaccard analysis of site data using PC-ORD (McCune and Mefford 2011) as an 

exercise in multivariate community cluster analysis, wherein I restructured the data to 

include site bryophyte presence/absence as grouping classes. I chose flexible beta for linkage, 

setting β to -0.25 as recommended by McCune and Grace (2002). Results yielded a 

dendrogram with patterns similar to those published in Perlmutter (2010) and 29.3% 

chaining. The Mason Farm (control) site was the most distinct, a rich community of 20 

species, including many not found in other sites. The remaining sites were clustered as 

follows: Green Road and Nash Square comprised one group of very sparse lichen 

communities (each 4-7 spp.) followed by another group of six sites lacking bryophytes and 

with a moderate-high number of lichen species (9-20), followed by a third group of sites 

containing bryophytes. To test the grouping by bryophyte presence, I conducted a Multi-

Response Permutation Procedures (MRPP) test with a Sørensen (Bray-Curtis) distance 

measure using PC-ORD, which resulted in significance (A = 0.057, p = 0.002).  

 

I ran another cluster analysis, using Sørensen (Bray Curtis) distance measure with a flexible 

beta linkage, β set to -0.25. Sørensen (Bray Curtis) distance measure differs from the Jaccard 

distance measure by adding greater weight to shared species of a given pair of sample 

commuties. The resulting dendrogram (Figure 1-1) is very similar to that using the Jaccard 

distance measure, yielding the same chaining of 29.3% and with the same level of 

interpretability.   
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Figure 1-1. Cluster dendrogram of site lichen community similarities among Raleigh study sites using 

Sørensen (Bray Curtis) distance measure.   
 

I also ran an Indicator Species Analysis using PC-ORD of all 29 species of macrolichen for 

three categories of traffic volume, expressed as million vehicle miles traveled (mVMT): low 

(0-50 mVMT), medium (51-100 mVMT), and high (>101 mVMT) and separately for three 

categories of population density: low (0-400 persons/km2), medium (400-800), and high 

(>800). No significant indicator species of any level was found. 

 

I then performed a Nonmetric Multidimensional Scaling (NMS) ordination analysis on the 

data. This analysis determined the best solution to be one with two dimensions or axes. When 

run, the final stress for the best solution was 13.08 and instability was 0.00 with 103 

iterations run. To evaluate the resulting ordination, percent variations represented by 

ordination axes (r2) with a cumulative r2 were calculated. Axis 1 r2 represents 65.9% of the 

data and Axis 2 represents 19.2% for a total representation of 85.0%. Results showed traffic, 

population, tree DBH, and lichen species richness to correlate most strongly with ordination 

axes, each variable having an r2 value greater than 0.300 (Figure 1-2). The strongest 

correlates are lichen diversity and traffic volume in nearly opposite directions, indicating 

sites of greater lichen diversity lie in areas of lower traffic volume in agreement with the 

correlation found between these two variables (Perlmutter 2010).  

 



 

 

 

10 

 

Figure 1-2. NMS Ordination biplot of 17 sites in the Raleigh area sampled for their lichen diversity and 

associated environmental variables, 2007.  Symbols are as follows: ∆ = site with trees lacking bryophytes, ■ = 

site with trees harboring bryophytes, and ● = individual lichen species. 

 

1.5 Summary and Conclusions 

The additional analysis and re-analysis performed on the Raleigh lichen community data on 

willow oaks confirmed the patterns originally reported: lichen communities appear to be 

associated with indicators of urban air pollution in terms of reduced species diversity and a 

dominance of recognized pollution-tolerant and nitrophilous species. Presence of bryophytes 

was found to support a greater diversity of macrolichens, and trunk size appears to affect 

lichen diversity negatively, now confirmed by correcting for sacrificial pseudoreplication.   

 

However, the paper’s other main issue, that the design did not account for closed forest 

conditions, was not addressed here and thus remained unresolved. In the same year the 

Raleigh survey results were published, Hauck and Wirth (2010) reported that shade-tolerant 

lichen species were also sensitive to reactive nitrogen pollution. These findings further stress 

the need to examine pollution effects of forest lichen communities, which can further develop 

ways to use lichen communities as a tool in environmental assessment.  
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2 PRELIMINARY SITE TESTS 

2.1 Introduction  

From the evaluation of the Raleigh study it became clear that the next step is to assess 

pollution effects on lichen communities in forests. However, the forest environment is quite 

different than the urban ones previously examined. Are lichen communities on forest trees 

different than those on urban trees, more so than those along a forest edge as reported 

previously (Perlmutter 2010)? I conducted a preliminary site comparision to find out. 

 

To determine how different lichen communities are between the forest and urban 

environments, I conducted a two-site comparision in 2013. I selected two sites in Wake 

County for this testing: W Jones Street in downtown Raleigh (urban), and Blue Jay Point 

County Park (forest), which is located 28 km north (Figure 2-1). In each site I selected five 

trees of red oak (Quercus rubra L.), a native hardwood species that was found common in 

both areas. 
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Figure 2-1. Location and habitats of W Jones Street (urban) and Blue Jay Point County Park 

(forest) test sites, Wake County, North Carolina. (A) Google map of urban and forest sites; (B) 

ground level view of urban site; (C) ground level view of forest site. 

   

2.2 Methods 

At each test site, I searched for suitable trees for study. Following guidelines by Asta et al. 

(2002), sample trees were mature hardwoods of a common or dominant species that had a 

nearly straight trunk with a girth of greater of 70 cm (22.3 cm DBH) and free of scars or 
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obscuring vegetation.  Once a target species was chosen, I selected five trees with similar 

trunk diameters. I collected the GPS coordinates of the site, and measured the canopy cover 

using a spherical densiometer, following methods of Lemmon (1957). I took images of the 

site, as well as example study trees. 

 

At a given tree I measured its DBH in cm. I then tallied the trunk base epiphytes, including 

algae, bryophytes (moss or liverworts), and lichen species, with particular attention paid to 

locating cyanolichens (e.g., Leptogium, Peltigera) as these are often pollution-sensitive.  

 

At each cardinal (i.e. N, E, S, and W) face at breast height (1.5 m above ground), I tacked on 

a white, vinyl 10  15 cm photoquadrat frame, with the longer side parallel to the trunk, then 

imaged it using a Nikon Coolpix L810 digital camera with 16 megapixel (MP) resolution, 

with the frame filling most of the image (Figure 2-2) as recommended by Purvis et al (2002).  

I then listed all lichen species observed in the frame as well as presence of bryophytes.  

Images were downloaded from the camera onto a computer, and analyzed for species 

composition and abundance using photoQuad, an open access image analysis program 

designed for marine benthic communities (Trygonis and Sini 2012). 
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Figure 2-2.  White vinyl 10 x 15 cm photographic 

quadrat frame. 

 

I compared lichen communities using Sørensen’s index of similarity (S). The Sørensen index 

is a measure of similarity on a scale from 0-1 where 0 is complete dissimilarity (the two 

communities have no species in common) and 1 is complete similarity (both communities 

have all species in common). It is similar to the Jaccard similarity index (J) I had used 

previously (Perlmutter 2010), but differs in adding greater “weight” to shared species by the 

two communities compared. I chose this index over the Jaccard index for consistency 

throughout this thesis, including its use as a distance measure in multivariate analyses of 

cluster analysis of multiple sample communities (i.e. species richness and abundance) and 

relationships among sampled communities to environmental variables. 

 

 The formula to calculate S is as follows: 

 

S = 2w / (a + b), where 
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w = number of species in both samples, 

a = number of species in the first sample, and  

b = number of species in the second sample (McCune and Grace 2002). 

 

In the method comparison at the Oakwood W site, percent lichen coverages were compared 

via relative percent difference:  

 

(| x – y | / [x + y / 2]) x 100, where 

 

x = coverage estimate of one sample, and 

y = coverage estimate of the other sample. 

 

To provide a index of nitrogenous pollution as represented by vehicle emissions, 2011 annual 

traffic data were obtained from the North Carolina Department of Transportation, Traffic 

Survey Group’s Annual Average Daily Traffic Volume Maps (available online: 

http://www.ncdot.org/doh/preconstruct/tpb/traffic_survey/). As in the Raleigh survey 

(Perlmutter 2010), traffic volume data were multiplied by the road lengths and by 365 

days/yr to obtain the total vehicle distance traveled (million km/yr) within a 1.6 km radius 

area of impact, encompassing 813.2 ha. 

 

2.3 Results 

Site summary data for the two-site comparison are in Table 2-1. The Jones Street site had 15 

lichen taxa, with a mean total lichen coverage of 17.6% (± 0.13 SD) (n = 5 trees). Blue Jay 

Point site had 14 lichen taxa, with a mean total lichen coverage of 32.1% (± 0.14 SD) (n = 5 

trees). The two sites shared two taxa (Flavoparmelia caperata (L.) Hale and Pertusaria sp., 

the latter of which may be of different species between sites), with a Sørensen index of 0.17 

similarity. Environmental data between the sites included different canopy coverage, with the 

forest site having over twice the cover as the urban site. The urban site also appeared to be 

drier, as trees lacked bryophytes; bryophytes were observed on all trees in the forest site. 

http://www.ncdot.org/doh/preconstruct/tpb/traffic_survey/
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Table 2-1. Summary data of W Jones Street and Blue Jay Point test lichen flora sites, sampled October 2013. N 

= 5 trees per site. 

Parameter W Jones Street (urban) Blue Jay Point (forest) 

Lat./Long. 35°46’57”N, 78°38’19”W 35°58’12”N, 78°38’18”W 

Elevation 104 m 95 m 

Traffic density (vehicle miles 

traveled/mi2)a 1.18 x 108 1.12 x 107 

Canopy cover 34.7 (± 20.2)% 84.1 (± 7.3)% 

Mean (±SD) trunk DBH 32.24 (± 6.15) cm 57.70 (± 8.60) cm 

Mean (±SD) lichen coverage 17.58 (±12.95) % 33.63 (± 14.04) % 

Total lichen taxa  15 14 

Mean (±SD) lichen taxa per trunk 6.40 (± 3.21) 7.00 (± 2.74) 

Trunk bole vs. base community 

similarity (S) 
0.74 0.12 

Most frequent trunk bole species  
Candelaria concolor, Physcia 

millegrana (in all quadrats) 

Graphis sp., Nadvornikia 

sorediata (in all quadrats) 

Most frequent trunk base species 
Candelaria concolor, Physcia 

millegrana (on all trees) 

Leptogium cyanescens, 

bryophytes (on all trees) 

aEstimated from comparable nearby sites measured in Perlmutter (2010): Nash Square (urban) and B.W. 

Wells State Natural Area (rural). 

 

2.3.1 Trunk Base Communities 

Trunk base communities were found to be distinct from those on trunk boles in each site 

(Table 2-1). Site community similarities were found higher for trunk boles (S = 0.17) than 

trunk bases (S = 0.00) with a total trunk similarity index of 0.14 between the forest and urban 

sites. As depicted in Table 2-2, bryophytes were found on all trunk bases at the forest site but 

only on one tree in the urban site, indicating the forest to be more humid. The most frequent 

lichen species in the urban site were Candelaria concolor and Physcia millegrana, both of 

which are nitrophilous. In the forest site Leptogium cyanescens (Rabenh.) Körber and 

Lepraria sp. were the most frequent; L. cyanescens is recognized as pollution sensitive (Will-

Wolf, et al. 2015).   
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Table 2-2. Trunk base biotic communities of urban and forest test 

sites in Wake County, North Carolina. Data are proportion 

occurrence frequencies per site (five trees per site). 

Cover organism 
W Jones St 

(urban) 

Blue Jay Pt 

(forest) 

Algae 0.8 0 

Bryophytes 0.2 1.0 

Candelaria concolor 1.0 0 

Candelariella xanthostigmoides 0.6 0 

Canoparmelia texana 0.4 0 

Flavoparmelia caperata 0.4 0 

Heterodermia albicans 0.2 0 

Lecanora hybocarpa 0.2 0 

Lepraria sp. 0 0.8 

Leptogium cyanescens 0 1.0 

Parmotrema sp. 0.2 0 

Pertusaria sp. 0 0 

Phyllopsora sp. 0 0.2 

Physcia millegrana 1.0 0 

Punctelia rudecta 0.4 0 

Pyxine subcinerea 0.6 0 

Xanthomendoza weberi 0.2 0 

Unknown crustose lichen 0.2 0 

 

2.4 Discussion 

The methods described here, adapted from those by Purvis et al. (2002), offer the potential of 

assessing lichen communities for pollution effects by noninvasive photography. However, 

difficulties in identifying species through images with insufficient resolution were 

encountered during the study. Instead I had to rely on initial observation recordings. As I did 
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not have access to a camera with greater resolution, photographic data collection and analysis 

was not pursued further. 

 

Lichen communities on red oaks were found different between the urban and forest sites in 

terms of species composition, despite similarities in species diversity. Differences were more 

pronounced between sites on trunk bases. Environmental factors that were different between 

sites included canopy cover, traffic volume (representing air NOx concentrations as in 

Perlmutter 2010) and site moisture. Each of these factors could affect the lichen community 

structure and thus explain differences in species composition. How lichen communities 

respond to these factors can be further studied by running transects into the forest from an 

emission source (i.e., road).  
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3 ENVIRONMENTAL FACTORS INFLUENCING LICHEN 

COMMUNITIES IN HIGHWAY-EXPOSED MIXED FORESTS IN 

NORTH CAROLINA, USA 

 

Abstract. Road effects on lichen communities in mixed hardwood-pine forests were studied 

via a series of parallel transects laid from the forest edge to 150 m distant in two sites 

adjacent to a major highway plus one in a background area in western Wake County, North 

Carolina, USA. We sampled lichen species and bryophyte presence on trunks of various tree 

species plus various environmental parameters in each transect, then analyzed the data via 

multivariate methods of cluster analysis and nonmetric multidimensional scaling (NMS). To 

address potential confounding of road effects on lichen communities by tree species, we 

sampled and analyzed a subset of lichens on red maples. Lichen diversity was found greater 

in the control site than in either highway site. Within sites we detected patterns of lowered 

lichen diversity with distance from the forest edge in both highway sites, and an opposite 

pattern in the control site. Elevated levels of soil pH, sodium, and metals as well as higher air 

NO2 concentration closest to the highway were found within sites. NMS Ordination results 

found strongest positive correlations of lichen and bryophyte diversity and Axis 1, and 

strongest negative correlations of environmental variables of air NO2 and soil parameters 

with Axis 1, suggesting an adverse effect on the lichen biota by road-related conditions 

including pollution and aridity, with NO2 from vehicle emissions being the strongest. Similar 

patterns were found in both the full dataset of all trees and the subset of red maples, 

suggesting nonconfounding with tree species variation. A preliminary set of lichen indicators 

of environmental quality is presented. 

 

3.1 Introduction 

Air quality in the United States has seen a general trend of improvement over the past 30 

years as a result of regulatory programs enacted by the federal Clean Air Act and its 

amendments (Jacobson 2012; USEPA 2012: http://www.epa.gov/airtrends/). While official 

measurements are made by instrument monitors, their installation and maintenance can be 

costly, thus limiting their use. However, readily available biological receptors can be used to 
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assess the effects of air quality and thus the health of the environment in situ. Among these 

receptors are lichens: symbiotic fungal-algal organisms that grow on trees, rocks, and other 

surfaces. Lichens receive their nutrients primarily from the air, through both wet (via 

precipitation and fog) and dry deposition. Because of this type of nutrient uptake, lichens are 

highly susceptible to air pollution exposure (Nash 2008; Nimis et al. 2002). Effects of air 

pollution exposure in lichens include bioaccumulation of contaminants, tissue damage, and 

death, the latter resulting in community change through species loss or turnover in an 

affected area.  

 

While both sulfur dioxide (SO2) and nitrogen oxides (NOx) pollution levels have decreased in 

recent decades, SO2 has decreased faster, revealing a greater importance of NOx pollution 

concentrations in the environment (Doraiswamy 2015). Recent focus in lichen bioassessment 

is on nitrogenous pollution, as eutrophication of ecosystems has become an issue of growing 

concern.  

 

Lichen communities have been shown to respond to elevated nitrogen loads, both 

observationally and experimentally, with a general decrease in species diversity, loss of 

sensitive species (“acidophytes” or “nitrophobes”) and an increase in tolerant species 

(“nitrophytes” or “nitrophiles”) through differential species’ nitrogen tolerance limits (Davies 

et al. 2007; Johansson et al. 2012). Observational studies of forest nitrification using lichens 

as indicators via field surveys have focused on the western United States (Fenn et al. 2008; 

Geiser et al. 2010; Jovan et al. 2012) and more recently the northeast (Will-Wolf et al. 2015). 

However, southeastern forests largely remain unexamined (Perkins 2009). This is surprising 

because total inorganic nitrogen wet deposition from ammonium and nitrate is higher in the 

east than in the west (Glavich and Geiser 2008; NADP 2015; Lehman et al. 2015) suggesting 

that eastern forests are more affected by nitrification. Effects of nitrification can readily be 

evaluated via lichen surveys.  

 

One concept of N-pollution effects evaluation is critical loads. Critical loads (CL) are levels 

of deposition of atmospheric pollutants onto the environment above which ecological 
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damage is induced. Estimations of N pollution critical loads (CLN) have been estimated for 

many parts of Europe and North America, and differ according to the ecosystem receptor 

components and region examined. For lichens, Giordani et al. (2014) estimated the CLN to be 

2.4 kg/ha/yr from field surveys throughout Europe, while Johansson et al. (2012) proposed a 

CLN to be below 6 kg/ha/yr from an enhanced N treatment field experiment on spruce-fir 

forest lichen communities in Sweden. In North America, CLN estimates for lichens range 

from 1.2-7.1 kg/ha/yr in the Pacific states of the US, and 4-8 kg/ha/yr in eastern temperate 

forests as reviewed by Pardo et al. (2011). Nitrate and ammonium wet deposition at the 

Finley Farm National Atmospheric Deposition Program (NADP) station, located south of 

Raleigh in central North Carolina and representing background air quality, is 6.57 and 3.83 

kg/ha, respectively, totaling about 10 kg/ha in 2011 (NADP/NTN 2012). It can therefore be 

postulated that total (wet and dry) N deposition rates in central North Carolina lie above 

published CLN estimates. Affected lichen communities (i.e. of low diversity, lacking 

sensitive species and harboring a greater proportion of tolerant or nitriphilous species) would 

thus be expected in background areas as well as areas closer to N pollution sources: urban, 

agricultural, and roadway areas, compared to lichen floras in western North America or even 

in the western part of the state. However, many of CLN estimates, including those for forests 

and their components in the southeastern USA, bear high uncertainties needing further data 

collection and study (Pardo et al. 2011). 

 

This study follows a survey I conducted in the Raleigh area (Perlmutter 2010) in furthering 

the objective of developing methods for use in a lichen bioassessment/biomonitoring 

program. The Raleigh report documented lichen communities that were species poor, and 

where species richness was negatively correlated with traffic volume and population density 

(surrogate variables for NOx and NH3, respectively). The communities were also dominated 

by pollution-tolerant and nitrophilous species with a near complete absence of pollution-

sensitive species (Perlmutter 2010). That study’s sampling design used criteria for exposed 

trees in open park-like settings, which limited most sites to parking lots, habitats that may be 

exposed to higher local emissions than is representative of a site’s general area. However, the 

predominant natural habitat in the southeastern US is closed forest, and forests cover about 
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60% of the land area in North Carolina (Brown and New 2013). The only forest I sampled in 

the Raleigh survey was a forest edge I selected as a background control. Therefore, the 

sampling design I employed may not be the most appropriate for the area in general. Instead, 

sampling along a pollution gradient from an exposed roadside into a forest could lead to a 

better understanding of the dynamics of lichen community structure as affected by 

environmental disturbance, such as vehicle emissions.  

 

The sampling design follows the premise that ambient roadside pollutants, such as NO2 from 

vehicle emissions, salt from winter road brine application, or metals from wear and tear of 

vehicle components, have decay distance profiles that show negative logarithmic 

relationships between pollutant concentrations and distance from the road. Concentrations 

approach background levels at about 150-200+ m, as is reported from several studies in 

various receptor environments around the world (e.g. Cape et al. 2004; Gilbert et al. 2003, 

2007; Kirchner et al. 2005; Zou et al. 2006; Lee et al. 2012). This study therefore aims to test 

the hypothesis that roadside lichen communities exhibit diversity patterns that are the inverse 

of pollutant distance decay patterns, i.e., species richness increases with distance from the 

road.   

 

This study aims to answer the following questions: 

1) Are forest lichen communities near roads different from those in areas away from 

roads?   

2) Do lichen communities on trees change in species number or composition with 

distance from a road; if so, to what distance?  

3) What environmental factors are related to lichen community changes? 

 

3.2 Methods 

3.2.1 Study Sites 

This study involves a control-impact sample design with a nested gradient design. We 

selected three sites in western Wake County, North Carolina for study: two adjacent to a 

major highway and a third in a remote area to serve as a background control. The highway-
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exposed sites lay on opposite sides of Interstate 40 (I-40), an eight-lane highway that has 

among the highest traffic volume in the county (NCDOT 2014). On the SW site lies the Lake 

Crabtree site (LC), which is in Lake Crabtree County Park. On the NE side lies the RDU site 

(RA), which lies in forest owned and managed by the RDU Airport Authority. Both sites 

include sections of the I-40 right-of-way, managed by the NC Department of Transportation 

and is marked by a deer fence at about 30 m into the forest. The control site (HL) lay in a 

location away from roads facing the shore of Harris Lake (Figure 3-1) in Harris Lake County 

Park. We selected these sites because they harbor similar forests facing open air of extreme 

pollution environments and they are easily accessible for fieldwork. The highway sites were 

selected also because they lie near a roadside monitor that measures ambient air NOx 

concentrations.  

 

Western Wake County lies in the Triassic Basins Level IV Ecoregion within the Piedmont 

Level III Ecoregion. The Triassic Basins are characterized by metamporphosed sedimentary 

rocks that are distinct from the granitic geology that is more typical of the Piedmont (Griffith 

et al. 2002; Omernik and Griffith 2008). Soils in all sites are sandy loams derived from 

Triassic-age sandstone, shale, and mudstone (Cawthorn 1970). The forest structure in all sites 

consists of a mixture of hardwoods and conifers, including oaks (Quercus spp.), hickories 

(Carya spp.), maples (Acer spp.), loblolly pine (Pinus taeda), eastern red cedar (Juniperus 

virginiana), tulip tree (Liriodendron tulipifera), sweetgum (Liquidambar styraciflua), and 

Amerian holly (Ilex americana).   
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Figure 3-1. Study sites in Wake County. A. Map depicting locations of study sites () and ambient air 

monitoring stations (). B. Highway-exposed sites showing parallel transect layout. C. Control site showing 

parallel transect layout. LC = Lake Crabtree County Park, RA = RDU Airport Authority property, HL = Harris 

Lake County Park.  Inset (o) = GPS location. 

 

The forests in each of the three sites are aged about 70 years based on data from increment 

core counts of P. taeda trees. All stands were presumably established naturally on abandoned 

farm fields at least 70 years ago. Examination of historical satellite images and aerial 

photographs dated 1993, 1971, 1959 and 1938 (Google Earth and University of North 

Carolina Libraries Geographic Information System (GIS) Services: USDA Historical Aerial 

Photos, www2.lib.unc.edy/reference/gis/USDA/wake.html, accessed 19 October 2015) 

revealed forest cover in all sites at all times with the exception of what appeared to be 

thinning in the HL site in 1971. The highway forest edge was visible as far back as 1971, 

indicating a total exposure period of about 45 years from road-related emissions with 

increasing traffic over time (Figure 3-2). 



 

 

 

25 

 

Figure 3-2. Trendline of traffic volume on highway I-40 near the highway-exposed sites. 

 

The area experiences a four-season climate. Thirty-year (1981–2010) mean climatic data 

from Raleigh-Durham International Airport weather station, located 3.5 km north of the 

highway sites, included summer maximum and winter minimum temperatures of 90.2°F 

(32.3°C) for July and 31.0°F (-0.5°C) for January, respectively. Average wind speed and 

direction at the RDU airport for the period of 2005-2015 is 2.59 m/s from 175.8° S with 

strongest wind from the SW and NE (Figure 3-3A). Therefore, the LC site is considered 

upwind and the RA site is downwind. Yearly total precipitation was 43.34 in. (1101 mm), 

falling 2.92-4.73 in. (74–120 mm) per month (NOAA 2015a). Representing the control site, 

the New Hill weather station, located 6.0 km to the north, reports 30-yr climate normals of 

89.2°F (31.8°C) summer maximum for July and 27.8°F (-2.3°C) winter minimum for January 

(NOAA 2015b). Precipitation is not reported for the New Hill site. Average wind speed and 

direction at the Lee County Airport, located 15.5 km SW from the control site, is 1.58 m/s 

from 194.0° S with strongest wind from the N and S during the same period (Figure 3-3B). 

Therefore it can be presumed that the HL site is downind of the prevailing winds. 

 

y = 1959.5x - 4E+06
R² = 0.73, p < 0.001
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Figure 3-3. Ten-year wind roses for RDU Airport (A) and Lee County Airport (B), representing the highway-

adjacent forest and control forest sites, respectively.  Wind roses were generated on the NC State Climate Office 

of North Carolina website: www.climate.ncsu.edu. 

 

Two ambient air monitors provide a measure of NOx concentrations that represent air quality 

conditions at the study sites: the Triple Oak roadside monitor, which lies along I-40 just 3.4 

km NW of the highway sites, and the Blackstone background monitor, which lies in an 

agricultural field 38 km SW of the control site in nearby Lee County (Figure 3-1). As Table 

3-1 indicates, NOx concentrations are up to over a magnitude greater at the Triple Oak site 

than at Blackstone during an eight-month period in 2015. Traffic volumes are likewise much 

greater along I-40 than along Blackstone Rd, which is near the Blackstone monitor. 

 

Table 3-1. Annual Average Daily Traffic (AADT) and ambient concentrations of nitrogen 

oxides in highway and background locations representing study sites. AADT values are 

for 2014 (source: NC Department of Transportation). Concentrations (ppb) are monthly 

means for the period of January-November 2015 (n = 11) as the Blackstone monitor 

became operational in January 2015 (source: NC Division of Air Quality). 

Ambient Monitor AADT NO NO2 NOx 

Triple Oak (highway) 162,000 8.97 (± 2.95) 9.42 (± 1.80) 18.44 (± 4.51) 

Blackstone (rural) 240 0.25 (± 0.25) 1.37 (± 0.42) 1.65 (± 0.50) 
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In each site a series of five 70 m long parallel transects were established as parallel to the 

forest edge at the edge (0), 25, 60, 100 and 150 m into the forest. In each transect the lichen 

community was sampled as well as other environmental paramters, including canopy cover, 

topsoil, and ambient air NO2 concentrations.  

 

3.2.2 Lichen Communities 

We sampled lichens on tree trunks at selected points in each transect. In each transect a tree 

with a vertical trunk lacking scars or obscuring vegetation was selected for sampling at every 

10 m; if no tree was available within a 2 m radius, then that point was skipped (Figure 3-4). 

We did not limit trees to a single species or type so that we could achieve maximum capture 

of lichen diversity in these forests. We then sampled each selected tree for its lichen 

community by collecting specimens of each species observed for determination in the lab. In 

addition, we recorded the tree’s species, measured its diameter at breast height (DBH), and 

noted presence/absence of bryophytes (i.e mosses and/or leafy liverworts). We sampled 

lichen communities in LC in June 2014, HL in July 2014, and RA in October 2014. 

 

 

Figure 3-4. Lichen sampling scheme of a given site with 

distances from the forest edge (m).  Dashed line indicates 

the deer fence that marks the highway right-of-way 

border. 

 

Collected lichen specimens were identified in the UNC Herbarium (NCU) using standard 

methods including morphological examination, microscopy, and chemical testing. Keys used 

included Brodo et al. (2001), Harris and Ladd (2005) and Lendemer et al. (2013) among 
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other literature. Vouchers were deposited at NCU and their records were databased onto the 

Consortium of North American Lichen Herbaria (www.lichenportal.org) where they are 

available online. 

 

3.2.3 Canopy Cover and Bryophytes 

To assess each transect’s microclimatic conditions of light and moisture, canopy cover and 

bryophyte presence were measured at each sample tree location. Percent canopy cover was 

measured with a spherical densiometer following methods by Lemmon (1957). Presence of 

bryophytes (i.e., mosses and leafy liverworts) were noted on each sample tree as bryophytes 

are a recognized proxy for site humidity (Karger et al. 2012), and have been shown to 

correlate with macrolichen species richness locally (Perlmutter 2010, Chapter 2 of this 

thesis). However, bryophytes have also been shown to be pollution sensitive, and like lichens 

can be used to indicate pollution effects (Govinpadyari et al. 2010). Measuring bryophyte 

presence can therefore add a layer to the biotic effects of the highway environment as both 

drier and more polluted (Spellerberg 1998). 

 

3.2.4 Soil Parameters 

On March 31 and April 1, 2015, we collected soil samples at each transect in each site for a 

total of 15 composite samples (five per site). At two randomly selected points along each 

transect (Figure 3-5Error! Reference source not found.), scraped away the litter and duff 

layers, and then sampled two cores of the top 10 cm of mineral soil using a 2-cm diameter 

stainless steel auger. Samples were then composited to represent that transect. Soil samples 

were then dried, ground, sieved to 1.7 mm and homogenized in preparation for analysis. 

Prepared samples were analyzed for % N, % C, % H, pH, Na, and the following metals: Cd, 

Cu, Pb, and Zn, in the Environmental and Agricultural Testing Services at North Carolina 

State University.  
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Figure 3-5. Soil sampling scheme depicting two randomly 

selected sample points at distances along a forest edge-to-

interior gradient. Dashed line is the deer fence marking 

the highway right-of-way border (in highway-adjacent 

sites LC and RA only). 

 

Dried, finely ground 25-mg samples were analyzed for total N, C, and H content using dry 

combustion in a Perkin-Elmer 2400 CHNS elemental analyzer (Perkin-Elmer Corporation, 

Norwalk, CT, USA). Two grams of soil were digested using EPA Method 3050B: acid 

digestion of sediments, sludges, and soils. These digestates were analyzed for Na, Cd, and Zn 

using a Perkin-Elmer 8000 inductively-coupled plasma – optical emission spectrometer (ICP-

OES). Cu and Pb were analyzed by ICP-mass spectrometer using a Perkin-Elmer Elan DRCII 

running in standard mode, using Rh as an internal standard, against a multi-calibration curve 

verified by an independent calibration verification solution. Samples for ICP-MS were 

diluted 40 times. Soil pH was tested on rewetted samples (water with stirring) against a 

calibration curve using pH buffer solutions 4, 7, and 10. Three samples were tested in 

duplicate for quality control: LC-1 for Na, Cd, Cu, Pb, and Zn; LC-5 for pH; and RA-5 for 

pH. All duplicate results were within 10% relative difference (range: 0.13-6.77%). 

 

The resulting soil nitrogen content was tested by simple linear regression against distance 

from the forest edge within a site. These values were compared among sites (highway vs. 

control).  Similar analyses were run for the resulting soil sodium content. 
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3.2.5 Ambient Air NO2 

Ambient air NO2 concentrations were sampled in the midpoint of all sample transects (Figure 

3-6). Duplicate passive NO2 samplers (DIFRAM100 Rapid Air Monitor, Gradko 

Environmental, UK, here after “RAM samplers”) were affixed in a shelter that was strapped 

to a tree at 2 m height for an exposure period of 72 hours from 27-30 April 2015. The 

detection limit of the RAM samplers is 0.037 ug/m3 (0.16 ppb). The RAM samplers contain a 

20% Triethanolamine in deionized water absorbent, designed for a higher uptake rate of 26.8 

ml/min at 20°C and thus shorter exposure periods (one hour to one week) than other passive 

samplers, which are designed for 1-2 week exposure periods (Gradko 2012).  The exposure 

period was also chosen to minimize risk of sampler loss through vandalism in the public-

accessible site locations.   

 

 

Figure 3-6. Sampling scheme for passive NO2 samplers 

along forest edge-to-interior gradients in sites bordering 

highway I-40 (polluted) and Harris Lake (control), Wake 

County, North Carolina. Dashed line is the deer fence 

marking the highway right-of-way border (in highway-

adjacent sites LC and RA only). 

 

A pair of RAM samplers was also deployed at the EPA Triple Oak Roadside Monitoring 

Station (TO) to test for agreement with concurrent instrument ambient monitoring data (i.e., 

as a reference spike). The roadside monitor, operated by NC Division of Air Quality 

(NCDAQ), continuously measured NOx species including NO2, using a Teledyne-API Model 

T200UP Ultra-Sensitive Photolytic NO-NO2 Analyzer. The analyzer used EPA Reference 
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Method EQNA-0512-200 for measuring NO2 in ambient air. The sampling probe is 

positioned 4.3 m above the ground, 18 m from the edge of I-40.  

 

Instrument data from the clean air monitoring site in rural Lee County, 38 km SW of the 

Harris Lake site, were compared with the HL site as a clean control spike. This monitor is 

situated in an agricultural field along Blackstone Rd, Sanford, with an annual average daily 

traffic volume of 355 vehicles (as reported for 2012). The probe height at the Blackstone 

station is similar to that at Triple Oak.  

 

At the end of the exposure period, the samplers were removed and shipped with a set of field 

blanks (i.e. unexposed samplers) to Ormantine USA for analysis. Samplers were analyzed for 

NO2 by UV / visible spectrophotometry of nitrate ions that chemically adsorbed onto the 

filters during field exposure (Gradko Environmental 2012).  Detection limit of the RAM 

samplers is 0.037 ug/m3 (0.16 ppb). The resulting NO2 concentrations were time-weight 

averaged to represent the exposure period.   

 

3.2.6 Data Analysis 

We first reviewed the data (i.e., lichen species richness, canopy cover, soil parameters, and 

air NO2 concentrations) for any observable differences among sites. We then plotted the data 

to visually check for patterns within sites. Data that had multiple measurements per transect 

(i.e. lichen species number and canopy cover) were tested by single factor nested ANOVA 

for differences both among and within sites. Data that had single or duplicate measurements 

per sample transect (i.e. soil parameters and NO2 concentrations) were tested for differences 

among sites by single factor ANOVA.   

 

Frequencies of 96 lichen species on 88 trees in 15 sample transects (5-7 trees per sampled 

transect) were calculated as the number of species occurrences on trees divided by the 

number of trees per sample transect. Lichen species containing single occurrences were 

removed from analysis because they may affect accuracy of lichen community response 

measures to environmental variables (Will-Wolf et al. 2015), resulting in an analytical set of 
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68 lichen species. These data were evaluated for groupings by cluster analysis using 

Sørensen (Bray-Curtis) distance measure and Flexible Beta group linkage method, with beta 

set to -0.25 as recommended by McCune and Grace (2002). The results were evaluated by 

percent chaining and interpretability. 

 

The data were then subjected to Nonmetric Multidimensional Scaling (NMS) ordination. 

Compositional patterns were then correlated with the following environmental data of each 

sample transect: distance from the forest edge (m), tree species, frequency of bryophytes, 

total number of lichen species, number of cyanolichen species, average percent canopy 

cover, elevation, soil parameters, and ambient air NO2 concentration. Ordination was run 

using Sørensen (Bray-Curtis) distance measure in the autopilot mode in PC-ORD version 6.0 

(McCune & Mefford 2011). In autopilot mode, the “slow and thorough” option was selected, 

which conducts 250 runs with real data and 250 runs with randomized data with 500 

maximum iterations in up to six dimensions or axes. From this analysis the best solution with 

the lowest stress is determined via a Monte Carlo test that compares the real data against 

randomized data, and its number of dimensions is identified. The best solution is then run, 

producing an ordination with the number of axes per that solution’s dimensionality. 

Ordination graphs were created by plotting each sample transect and lichen species in the 

ordination space, with axes scaled as the percent maximum. Pearson and Kendall correlations 

were calculated between environmental variables and ordination axes, and between lichen 

frequencies and ordination axes from the selected best ordination. The strongest predictors 

were identified in each ordination correlation set. To evaluate the quality of ordination 

results, coefficients of determination (r2) were calculated in PC-ORD for each ordination 

axis. The resulting r2 values represent the amount of variation that is represented by each 

axis. 

 

An indicator species analysis (ISA, Dufréne and Legendre 1997) was run on the data for the 

following levels of ambient NO2 concentrations from the field passive sampling results: 0 

(0.00-0.99 ppb), 1 (1.00-1.99 ppb), 2 (2.00-2.99 ppb), and 3 (3.00-3.99 ppm). These levels 

correspond to the following sample transects: 3 = forest edge along the highway (LC-1 and 
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RA-1), 2 = 25 m from the forest edge along the highway (LC-2 and RA-2), 1 = the remaining 

sample transects in the highway sites, and 0 = all sample transects in the control site. 

 

To address the potential issue of confounding by tree species, a subset of the data from red 

maples (Acer rubrum), the most frequent species encountered, was analyzed by the same 

methods as the full set. One maple tree per sample transect was sampled in the same manner 

as above. All but two sample transects contained maples and some contained up to three; for 

those that contained more than one maple, one tree was randomly selected to represent the 

sample transect. For those transects that lacked sampled maples, one supplemental tree was 

sampled by selecting the first tree encountered from the transect origin. To yield comparable 

results with the full set and to allow an ISA be run and compared, the lichen species 

occurrences per maple tree were quantified by splitting by trunk layer: 0 = absence, 0.5 = 

present on either trunk base or bole, and 1 = present on both trunk layers.   

 

To explore possible wind effects, the two highway sites were compared for differences in 

gradient patterns of the following parameters: total lichen species richness (on all trees), 

percent bryophyte presence on trees, air NO2 concentrations, soil % N, soil pH, and soil 

sodium concentrations. These data were plotted agsinst distance, and regression lines were 

fitted. The slope of the lines were visually compared for differences to test the hypothesis 

that the upwind side (LC) would have steeper slopes, indicating a shorter penetration of 

pollutants and their effects on the biota on that side.   

 

3.3 Results  

3.3.1 Lichen Communities 

The highway sites had fewer total lichen species than did the control site with LC = 40, RA = 

55, and HL = 79 species. At the tree level, mean lichen species number was greater in the 

control site than in either highway site (single factor ANOVA: F(2, 12) = 12.08, p = 0.002). 

Within sites, mean number of lichen species per tree was marginally significant among sites 

(single factor ANOVA: F(12, 74) = 1.87, p = 0.052).  
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Patterns of increasing lichen diversity with distance were found in the two highway-exposed 

sites, while a slight decrease with distance was found in the control site, both for the full set 

of all trees and the subset of red maples (Figure 3-7). At the tree level, these patterns were 

found by regression analysis to be largely significant (Figure 3-8). 

 

 

Figure 3-7. Forest edge-to-interior trends in total lichen diversity in two 

sample transects adjacent to highway I-40 and one in a remote areas as 

a control.  Data are total lichen species number per transect. 
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Figure 3-8. Simple linear regression charts of lichen species richness on 

trees in two highway-exposed and one control forest site in western 

Wake County, North Carolina. 
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The cluster analysis of the full set (i.e., all trees sampled) yielded a dendrogram with 16.67% 

chaining revealing three groups (Figure 3-9A). One group included the two sample transects 

at the forest edge on either side of I-40 (i.e. LC-1 and RA-1). A second group included 

sample transects 25-100 m from both highway-adjacent forest sites (LC-2, LC-3, RA-2 and 

RA-3). The third group consisted of the remaining transects, including those furthest away 

from I-40 in the highway-exposed sites combined with all transects from the control site. The 

first group was distinguished by having the fewest lichen species (four in each sample 

transect) with Cladonia ravenelii, Opegrapha vulgata and Pseudosagedia cestrensis in 

common. The second group includes sample transects containing 13-18 species each, with 

Nadvornikia sorediata and P. cestrensis in common. The third group has the most species, 

ranging 17-42 per sample transect, and containing Punctelia rudecta and Variolaria 

pustulata in common; species found in at least 6 of the nine sample transects in this group are 

Flavoparmelia caperata, Graphis lineola, G. scripta, Myelochroa aurulenta, Nadvornikia 

sorediata, Pertusaria epixantha, Phaeophyscia rubropulchra, Pseudosagedia cestrensis, 

Punctelia rudecta and V. pustulata.  

 

By comparison, the cluster analysis of the red maple subset produced a dendrogram with 

5.0% chaining and two interpretable groupings (Figure 3-9B). The first group has 2-4 species 

per tree, in distances from the forest edge to 25 m plus one at 100 m in the highway-adjacent 

sites. No one lichen species was found common to all trees, but O. vulgata and 

Pseudosagedia cestrensis were found on four of the five trees in this group. The second 

group has 5-20 spp. per tree, with Punctelia rudecta and V. pustulata found on at least eight 

out of the ten trees. 
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Figure 3-9. Cluster dendrograms of sampled lichen communities on all trees (A) 

and red maples (B) along forest-to-interior gradients in two highway-exposed and 

one background sites in western Wake County, North Carolina (n = 15 transects). 

 

3.3.2 Canopy Cover and Bryophytes 

Mean percent canopy cover ranged from 70-72% at the forest edges in all sites, and 75-89% 

at forest interior transects (Table 3-2). Mean transect percent canopy cover did not differ 

among the three sites (F(2, 12) = 1.56, p = 0.25), but strong evidence was found for 

differences in mean canopy cover of transects within sites (F(12, 77) = 11.77, p < 0.0001) in 

that the forest edges were more open than the interiors. Bryophytes were found absent on 

trunks in transects at the forest edge facing I-40, but were found on trees in all other 

transects, with most transects bearing bryophytes on all trees (Table 3-3).   

 

 

 



 

 

 

38 

Table 3-2. Mean (± SD) percent canopy cover along forest edge-to-interior gradients in two 

highway-exposed sites and one control site in western Wake County, North Carolina. 

Distance from edge 
Lake Crabtree 

(SW of I-40) 

RDU Authority 

(NE of I-40) 

Harris Lake 

(Control) 

0 m (edge) 70.14 (± 6.48), n  = 7 72.35 (± 6.65), n = 6 71.50 (± 6.00), n = 5 

25 m 86.93 (± 2.31), n = 7 85.70 (± 1.72), n = 7 75.23 (± 5.68), n = 7 

60 m 86.96 (± 2.42), n = 6 84.57 (± 1.00), n = 6 77.19 (± 3.66), n = 7 

100 m 83.88 (± 3.43), n = 5 83.66 (± 3.18), n = 6 80.71 (± 3.05), n = 5 

150 m 83.36 (± 4.39), n = 6 89.01 (± 1.92), n = 7 79.56 (± 5.62), n = 5 

 

 

Table 3-3. Proportion bryophytes (presence per tree) along forest edge-to-interior 

gradients in two highway-exposed sites and one control site in western Wake 

County, North Carolina. 

Distance from edge 
Lake Crabtree 

(SW of I-40) 

RDU Authority 

(NE of I-40) 

Harris Lake 

(Control) 

0 m (edge) 0.00, n  = 7 0.00, n = 6 1.00, n = 5 

25 m 0.57, n = 7 1.00, n = 7 1.00, n = 7 

60 m 1.00, n = 6 1.00, n = 6 1.00, n = 7 

100 m 1.00, n = 5 1.00, n = 6 1.00, n = 5 

150 m 0.83, n = 6 1.00, n = 7 0.83, n = 5 

 

 

3.3.3 Soil Parameters 

Soil chemistry was richer in the highway-adjacent samples (LC-1 and RA-1), with elevated 

measures of nearly all parameters in these two sites (Table 3-4). LC-1 and RA-1 samples had 

the highest relative concentrations of sodium, over an order of magnitude greater than 

concentrations at 25-50 m distance, which are similar to levels in all transect samples from 

the control site (HL). Cadmium results were below method detection at all sites.  
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Table 3-4. Top soil analysis results in forest edge-interior gradients in two highway adjacent sites and one background control site, 

sampled March-April 2015. Disturbed soils data are in bold. 

      Metal Concentration (mg/kg) 

Sample ID 
Distance from 

forest edge (m) 

Total 

N (%) 

Total 

C (%) 

Total 

H (%) 
pH Na Cd Cu Pb Zn 

HL-1 0 0.07 1.54 0.41 4.21 17.9 BDLa 3.16 11.0 17.6 

HL-2 25 0.05 0.92 0.32 4.36 20.5 BDLa 1.90 9.80 17.4 

HL-3 60 0.04 0.77 0.29 4.42 24.9 BDLa 2.44 8.52 16.3 

HL-4 100 0.06 1.37 0.36 4.39 16.8 BDLa 1.77 9.33 18.0 

HL-5 150 0.07 1.28 0.36 4.48 17.5 BDLa 1.86 8.89 17.5 

LC-1 0 0.17 2.30 1.19 5.65 742 BDLa 33.8 32.5 105 

LC-2 25 0.09 1.54 0.48 4.44 59.8 BDLa 
5.56 13.0 23.7 

LC-3 60 0.08 1.33 0.38 4.37 23.4 BDLa 4.80 10.9 23.9 

LC-4 100 0.10 1.49 0.38 4.32 10.7 BDLa 4.06 11.6 18.5 

LC-5 150 0.09 1.38 0.44 4.31 16.1 BDLa 5.83 12.5 23.3 

RA-1 0 0.13 2.21 0.69 5.62 455 BDLa 
22.3 56.1 102 

RA-2 25 0.06 1.15 0.34 4.37 17.5 BDLa 3.67 10.6 14.4 

RA-3 60 0.05 0.95 0.35 4.69 14.0 BDLa 4.28 14.9 16.7 

RA-4 100 0.05 1.31 0.32 4.76 9.62 BDLa 2.58 9.28 10.5 

RA-5 150 0.03 0.88 0.29 4.59 6.39 BDLa 5.15 9.33 13.6 

aBDL = Below Detection Limit of 0.039 mg/kg.
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3.3.4 Ambient Air NO2  

The passive air samplers captured concentrations ranging 0.52 to 5.11 ppb NO2 with 

duplicate averages showing clear patterns of distance decay in the highway-exposed sites 

(Figure 3-10). The highway-exposed sites each had higher average NO2 concentrations than 

did the control site; mean concentrations tested lower in the control site than in the highway-

exposed sites (single factor ANOVA: F(2,12) = 6.68, p = 0.01). Within-site patterns of 

ambient air NO2 concentrations were tested by linear and logarithmic regression. In both the 

highway-exposed sites logarithmic models better fit the data than did linear models; no 

patterns were found in the control site (Table 3-5). 

 

 

Figure 3-10. Chart depicting duplicate mean ( SD) NO2 

concentrations along forest edge-to-interior gradients in two sites 

adjacent to highway I-40 (LC and RA) and at a remote location (HL), 

with measurements taken at the Triple Oak roadside monitoring station 

(TO), Wake County in 2015. 

 

Nitrogen dioxide concentrations at TO were higher than either at LC-1 or RA-1 (Figure 

3-10).  This discrepancy can be explained by the monitor’s height relative to the forest 

sampling sites. The sampling probe at TO is at 4.3 m height, higher than the 2 m above the 

ground at both the forest edge sites. As NO2 is emitted from heated vehicle exhaust and rises, 

greater concentrations are expected at the greater height of the ambient monitor. 
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Table 3-5. Regression model results for ambient air NO2 concentration distance decay patterns in two highway-

esposed sites and one control site in western Wake County, North Carolina. 

 LC (SW of I-40) RA (NE of I-40) HL (Control) 

Regression type r2 p r2 p r2 p 

Linear 0.58 0.14 0.73 0.06 0.28 0.36 

Logarithmic 0.91 0.01 0.95 0.005 0.08 0.65 

 

The duplicate samplers at TO measured a mean of 4.79 ppb NO2 or 39% of the concentration 

measured by the instrument for the same 72 hr exposure period (x (± SD) = 12.29 (± 7.22) 

ppb NO2, n = 69 hourly measurements). The duplicate samplers at the the control site 

measured a mean of 0.67 (± 0.14) ppb NO2 for all five transects, which is 61% of the 

concentration measured by the Blackstone background monitor for the same exposure period 

(x (± SD) = 0.93 (± 0.66) ppb (n = 61 hourly measurements). Discrepancies between 

instrument and RAM sampler data are likely due to differences in uptake rate between the 

two methods as the instruments pump in air to the sample filter, thus capturing more 

pollutants. Instrument data source: NC Division of Air Quality. 

 

Relative differences between duplicates ranged from 0-67%, with four out of 16 sets meeting 

the generally acceptable standard of ≤ 10% (see error bars in Figure 3-10). Pairwise 

comparison of all three blanks (one for each site batch of samplers) were all < 10% relative 

difference. Duplicate samplers in the field could experience differences in sample uptake 

caused by micro disturbances of air movement caused by animal movement near the 

samplers (B. McLeod, pers. comm.). While removing samplers from trees, we observed a 

wasp under one sampler shelter and a spider web in another. 

 

Despite the weak replicability of the RAM results and the difference with the roadside 

monitor reference data, the data resulting from this study show patterns of distance decay in 

agreement with several studies (Cape et al. 2004; Faus-Kessler et al. 2008; Gadsdon and 

Power 2009; Gilbert et al. 2003, 2007; Kirchner et al. 2005; Lee et al. 2012; Zou et al. 2006). 

In addition, a transect study examining particulate matter pollution with distance from I-40 at 
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TO, using NO2 measurements as a vehicle pollutant tracer, found similar distance decay 

patterns (Figure 3-11). Therefore, the RAM data were subsequently used in multivariate 

analysis with the lichen response data but as relative concentrations only. 

 

 

Figure 3-11. Preliminary chart of ambient air NO2 distance decay from I-40 

along Triple Oak Rd., 2015.  Data are calculated approximations from charts 

provided by Dr. Andrew Grieshop of Grieshop Atmosphere and Environment 

Lab, NCSU. 

 

3.3.5 NMS Ordination 

The PC-ORD autopilot procedure determined the best solution for the full set of all trees to 

be one with two dimensions or two axes. When run, the final stress for the best solution was 

9.39 and instability was 0.00 with 44 iterations run. Ordination results (Figure 3-12A) show 

most lichen species and sample transects to the right of the centroid along Axis 1, but broadly 

distributed along Axis 2. Among environmental variables, air NO2, soil metals and pH were 

found to most strongly correlate with Axis 1 (negatively) while lichen species richness and 

bryophyte frequency were most strongly correlated with Axis 1 (positively). No variables 

were found to correlate with Axis 2 at r2 ≥ 0.300 (Appendix A). Factors that were notably 

weakly correlated with either axis included canopy cover (r2 = 0.014 with Axis 1, r2 = 0.133 

with Axis 2) and tree diversity (r2 = 0.192 with Axis 1, r2 = 0.205 with Axis 2). Proportion of 

variance represented by the ordination is 87.5% for both axes. 
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For the red maple subset the best solution determined by PC-ORD was also one with two 

axes; the final stress was 13.25 with 0.00 final instability and 41 iterations run. Ordination 

results of the maple subset were likewise similar to those of the full dataset with most lichen 

species occurring left of Axis 1 with a broad distribution across Axis 2. Sample transects 

closest to the highway (i.e. those in the first group) appeared furthest left of the centroid 

along Axis 1 and separated from the other transects (Figure 3-12A). Overall, sample transects 

of the maple subset were more broadly distributed across the ordination space than were 

those of the full data set.  

 

Among environmental variables in the red maple subset, the strongest positive correlates 

with Axis 1 were lichen species richness and bryophyte frequency; strongest negative 

correlates with Axis 1 were air NO2 concentration, elevation, and soil pH (Figure 3-12B). 

None were found to strongly correlate with Axis 2. Proportion of variance represented by 

ordination is 59.5% by Axis 1 and 15.6% by Axis 2 for a total representation of 75.1%. 

 

Several lichen species on all trees had frequencies strongly correlated with ordination axes 

(Appendix A). At r2 ≥ 0.400, species negatively correlated with Axis 1 include Cladonia 

ravenelii and Opegrapha vulgata; those positively correlated with Axis 1 include 

Myelochroa aurulenta and Punctelia rudecta. Species positively correlated with Axis 2 

include Nadvornikia sorediata and Pseudosagedia cestrensis; those negatively correlated 

with Axis 2 include Buellia erubescens and Trypethelium virens.  

 

Several lichen species had frequencies strongly correlated with ordination axes among red 

maples (Appendix B). At r2 ≥ 0.300, species negatively correlated with Axis 1 include 

Nadvornikia sorediata and Opegrapha vulgata; those positively correlated with Axis 1 

include Canoparmelia caroliniana, Flavoparmelia caperata, Parmotrema reticulatum, P. 

subisidiosum, Punctelia rudecta amd Variolaria pustulata. Species most positively correlated 

with Axis 2 was C. amabilis while that most negatively correlated with Axis 2 was P. 

reticutum.   
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Figure 3-12. NMS ordination biplots of tree trunk lichen communities in sampled 

transects across forest edge-interior gradients in two highway polluted and one 

control site, Wake County, NC with groupings from cluster analysis using 

Sørensen (Bray-Curtis) distance measure. Sample groupings are related to 

distance from highway I-40. A = ordination of all trees sampled (i.e. full set) with 

vector r2 cutoff = 0.600. B = ordination of subset of red maples (Acer rubrum) 

with vector r2 cutoff = 0.250.   

 

3.3.6 Lichen Diversity and Ambient Air NO2 

Highly significant relationships were found between ambient air NO2 concentration and 

lichen species richness across all transects in all sites. Linear regression between these two 

variables was found both stronger and more significant in this study than I had found 

between lichen diversity and the surrogate NOx variable of traffic volume (Figure 3-13). 
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Figure 3-13. Comparative scatterplots depicting linear relationships of 

lichen diversity and ambient NO2 concentration in mixed forests (A) 

and surrogate NOx variable of vehicle traffic in the Raleigh area (B). 

 

3.3.7 Wind Effects 

Regression lines of the various parameters with distance in the highway-exposed sites 

showed steeper slopes on the RA site for lichen species richness, air NO2, and soil %N.  

However, the LC site showed steeper slopes for soil pH and soil sodium. Bryophyte 

frequency had similar regression slopes on both highway sites (Figure 3-14). 



 

 

 

46 

 

Figure 3-14. Scatterplots of biotic and pollution variables across forest-interior gradients in highway-exposed 

forests on opposite sides of highway I-40 in western Wake County, North Carolina. 

 

3.3.8 Indicator Species Analysis 

Indicator Species Analysis detected ten lichen species for two NO2 pollution levels in the full 

set of all trees sampled. Eight species were found to be significant indicators at level 0 and 

two were found to be indicative at level 2 (Appendix A).  Indicator Species Analysis yielded 

only three indicator species on red maples for NO2 level: Flavoparmelia caperata and 

Punctelia rudecta for the level 0, and Nadvornikia sorediata for the level 2 (Appendix B). 
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Both F. caperata and P. rudecta indicators were weaker for the red maple subset than the full 

set. 

 

3.4 Discussion 

Patterns were found in lichen diversity that show links to environmental variables associated 

with proximity to the highway. From this study the immediate road environment, here 

represented by the forest edge adjacent to I-40, is characterized as dry, exposed, and polluted. 

Soils at the highway forest edge have high concentrations of sodium and metals and elevated 

pH and %N content; the ambient air has high levels of NO2. The highway forest edge has a 

depauperate cyptogamic biota with very few lichen species and no bryophytes. At 25 m into 

the forest, soil metals, %N, and pH have approached background levels with sodium 

concentrations reduced substantially but still elevated. Air NO2 falls to near background 

levels at about 100 m, however, still in higher concentrations than in the control site. 

Bryophyte occurrence on trees has approached 100% by 60 m, and lichen species increase to 

20+ at 100-150 m. In a clean environment, as represented by the Harris Lake site, lichen 

diversity is even richer, and includes several rare species, including notably pollution-

sensitive lichens such as cyanolichens (e.g., Leptogium and Lobaria) and fruticose lichens in 

the genus Usnea. 

 

Similar results were found in a roadside vegetation study by Bernhardt-Römermann et al. 

(2006). In three highway adjacent coniferous forests in southern Germany, Bernhardt-

Römermann et al. found similar clustering of forest floor vegetation into groups based on 

proximity to the road, as well as elevated in soil parameters and reactive nitrogen deposition 

(both wet and dry). Four recognized nitrophilous plant species (two shrubs, one herb, and one 

moss) were found characteristic within distances of 30 to 80 and 120 m. They attributed the 

forest floor vegetation changes to increased soil pH and nitrogen content from road sources 

via winter salt application and vehicle emissions, respectively. In a study of roadside verges 

throughout Scotland, Truscott et al. (2005) found the highest vegetative ground cover, 

including that of ruderal species and of salt-tolerant species, at the verge edge in a study that 
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examined patterns from 0-11 m from the road-verge interface. In that same study bryophyte 

cover increased with distance from the road, and soil pH decreased.   

 

In a city-wide study in Tallin, Estonia, Marmor and Randlane (2007) likewise found number 

of lichen species on the hardwood tree Tilia cordata to increase with increasing distance 

from the nearest road; however, an opposite trend was found among lichen communities on 

the conifer Pinus sylvestris. These patterns are complicated by bark pH and effects of the 

road pollution on bark pH: T. cordata had circumneutal bark that appeared unaffected by the 

road environment, whereas P. sylvestris had acidic bark whose pH was elevated in sites 

closer to a road. The authors report varying responses by individual lichen species to changes 

in pH: 11 species had higher probability to occur on more acidic bark, whereas 11 other 

species had higher probability to occur on more neutral bark. Species composition was 

different between the two tree species. 

 

This study’s sample design, which purposefully did not control for phorophyte species in 

order to maximize the lichen biota to be sampled, detected stronger relationships among the 

lichen community responses to environmental factors (most notably air NO2 concentrations) 

than did a subset of A. rubrum trees. It is possible that greater sampling of one species could 

yield greater species capture, and replicate trees are recommended in the European guidelines 

by Asta et al. (2002) to control for individual tree variation. I did conduct such a sampling 

effort in Raleigh that followed the European guidelines (Perlmutter 2010), focusing on 

Quercus phellos trees, and found relationships between lichen diversity and traffic pollution 

(represented by traffic volume) that were weaker than those in this study (linear 

relationships: r2 = 0.260, p = 0.036 vs. r2 = 0.786, p = 0.0002, respectively). While 

controlling for tree species effects aims to lower the variation within receptor lichen 

community data, focusing on just one phorophyte species can limit the diversity capture and 

therefore can affect response measures to environmental factors as well as lowered strength 

of relationships, as seen here. However, phorophyte species effects should be evaluated on a 

case-by-case basis. 
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While not limited to road environments, the US Forest Service’s Forest Health Monitoring 

(FHM) Forest Inventory and Analysis (FIA) programs sampled plots of corticolous lichen 

diversity in many parts of the United States without regard to phorophyte species, producing 

unitless measures of relative air pollution and climate effects that are region-specific based 

on regional lichen biotas (McCune et al. 1997; McCune et al. 1998; Jovan and McCune 

2005; Will-Wolf et al. 2015). The first region to be sampled was the southeastern US 

(McCune et al. 1997), where lichen communities were evaluated based on scores along an 

NMS ordination axis from binary plot designations as either polluted or nonpolluted based on 

land use (i.e. urban/industrial or rural) as well as retrieved ambient air sulfur dioxide 

concentration data from instrument monitors. In later contributions indicator species were 

identified using this and the Indicator Species Analysis method.   

 

This study can likewise produce a pollution gradient score in terms of relative pollution 

levels based on proximity to I-40, which is strongly correlated with NMS Axis 1 in terms of 

soil and air pollutant concentrations for both the full set and the red maple subset. Correlation 

coefficients (r) were sorted from -1 to +1 with values from -1.0 to -0.5 representing 

pollution-tolerant species, -0.5 to +0.5 representing pollution-neutral species, and 0.5-1.0 

representing pollution-sensitive species. These were then compared to ISA results. 

Comparisons were also made between the full set and red maple subset. In the full set, 

individual species pollution gradient scores range from most tolerant at -0.776 (Cladonia 

ravenelii) to most sensitive at 0.865 (Punctelia rudecta) (Appendix A); in the maple subset 

scores range from most tolerant at -0.625 (Opegrapha vulgata) to most sensitive at 0.826 (F. 

caperata) (Appendix B). Tolerant species identified in the NMS method are O. vulgata for 

both the full and red maple sets. Nadvornikia sorediata is listed as tolerant in the maple set 

via both methods. Two common foliose lichens, Flavoparmelia caperata and P. rudecta 

were identified as sensitive in both tree groups and and measures. Designation of F. caperata 

and P. rudecta as pollution-sensitive is in agreement with FIA results for the northeastern US 

(Will-Wolf et al. 2015). Both these species were found in the Raleigh survey (Perlmutter 

2010) and are considered somewhat pollution-tolerant, found in all but the most polluted 

environments (i.e., those associated with the highest surrounding traffic). No expected 
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cyanolichen or fruticose species were among the resultant pollution-sensitive species. It is 

likely that they are too infrequent for such designation by multivariate analysis. Further 

sampling could result in a more complete set of indicators. 

 

The highway-site comparison for wind effects appeared inconclusive and onctradictory. The 

regression slope review seemed to show greater penetration of NO2 both in the air and soil in 

the Lake Crabtree site, which from the wind charts appeared to be upwind. However, these 

same charts show winds also from the NE to be relatively frequent. It could be that prevailing 

winds are not consistently from one given direction to produce a directional effect of 

pollution dispersion and resulting biotic response (i.e., lichen species richness decrease). 

 

As with other analyses, the ISA results were compared between the full set and the red maple 

subset. The full set resulted in more species designations than did the the subset, again likely 

due to the greater species capture in the full set. This was more striking at the pollution-

sensitive end than the pollution-tolerant end, likely due to the greater number of species away 

from highway influence. 

 

3.5 Conclusions 

Lichen communities are responding to several highway-related disturbance factors (increased 

exposure, decreased site moisture, increased soil pH, sodium and metals, and ambient air 

NO2). Sampling of multiple host tree species is preferred over a single host species as it can 

yield greater lichen species capture and detect stronger relationships among lichen 

community response to environmental factors. From this study a preliminary set of 

environmental health indicator lichen species is presented, adding to the nitrophyte species 

already identified as indicators of high N-polluted environments: Candelaria concolor, 

Physcia millegrana, and Pyxine subcinerea (Perlmutter 2010). The crustose lichen 

Opegrapha vulgata is indicative of polluted or stressed forest environments, while the foliose 

species Flavoparmelia caperata and Punctelia rudecta are indicative of healthier forests, and 

the cyanolichens including Leptogium cyanescens and Lobaria querzicans as well as 

fruticose species in the genus Usnea indicate the healthiest forests. Further sampling can 
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expand on these findings, giving a more complete picture of lichen species and community 

tolerance and sensitivity to environmental stress such as air pollution and climate change as 

well as yield more indicator species. 
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4 HIGHWAY EFFECTS ON FOREST LICHEN COMMUNITY 

STRUCTURE IN WESTERN WAKE COUNTY, NORTH 

CAROLINA 

 

Abstract.  Lichen communities were studied along forest edge-to-interior gradients on 

opposite sides of a major highway (two exposed sites) and at a remote lake (one background 

control site) in western Wake County, North Carolina to investigate highway pollution 

effects on this sensitive ecosystem component. At each site lichens were sampled on trees at 

10 m intervals along each of five parallel transects laid at the forest edge and at 25, 60, 100, 

and 150 m into the forest. Lichen communities were sampled at trunk base (0-0.5 m) and 

bole (0.5-1.5 m) heights on each tree. The highway-exposed sites each had fewer lichen 

species than did the control site, but species richness did not differ between the two exposed 

sites. Sørensen similarity indices showed greatest similarity between the highway-exposed 

sites. Habit composition was found to differ among sites with one highway-exposed bearing 

proportionally more crustose species. Both highway-exposed sites had depauperate 

cyanolichen biotic components, while the control site had a cyanolichen component that 

matches the expected value of 10%. Within sites, species richness increased from four 

species at the edge to 20+ species at 150 m distant in the exposed sites, while species 

diversity decreased from 41 species at the edge to 28 species at 150 m in the control site. The 

lichen diversity patterns observed here suggest a negative effect of highway pollution 

sources.  

 

4.1 Introduction 

While nitrogen is an essential macronutrient for all life, it can be harmful in excess amounts. 

Enhanced nitrogen in ecosystems can produce more vegetative growth or induce toxic 

effects, depending on plant and/or ecosystem sensitivities. Nitrogen pollutants include 

oxidized (e.g., NOx) and reduced (e.g., NH3) forms that are largely emitted from fuel 

combustion and agriculture sources, respectively (NADP 2000). Excess nitrogen compounds 
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in the atmosphere can result in acid rain, leaf damage to sensitive plants including crops, 

ozone formation, and lung irritation and reduced infection resistance in people (NADP 2000). 

 

Lichen communities have been shown to respond to elevated nitrogen loads, both 

observationally and experimentally, with a general decrease in species diversity, loss of 

sensitive species (“acidophytes” or “nitrophobes”) and an increase in tolerant species 

(“nitrophytes” or “nitrophiles”) through differential species’ nitrogen tolerance limits (Davies 

et al. 2007; Johansson et al. 2012). Observational studies of forest nitrification using lichens 

as indicators via field surveys have focused on the western United States (Fenn et al. 2008; 

Geiser et al. 2010; Jovan et al. 2012) and more recently the northeast (Will-Wolf et al. 2015). 

Experimental studies include one by Johansson et al. (2012), who found species differential 

responses to N-solution treatment exposures representing different ambient pollution 

scenarios, with some species responding more adversely than others.  

 

The previous chapter examined the effects of highway pollution (e.g., NO2 and road salt) on 

forest lichen communities and found patterns of decreasing species diversity closer to a 

major highway with communities as low as 4 species found along forest edges facing the 

highway. In contrast, a control site facing a lake in background ambient air quality (i.e., low 

NO2 concentrations) was found to have a more species rich lichen biota with more robust 

communities along the forest edge than further into the forest interior. This chapter provides 

a more in-depth analysis of the observed lichen community changes. 

 

This study aims to answer the following questions: 

1) Do lichen communities at different trunk heights change differently with distance to 

the highway?  

2) Do lichen species communities change in growth form composition with distance to 

the highway? 

3) Do lichen species communities change in in terms of reproductive mode (e.g., 

vegetative vs. sporulation) with distance to the highway? 
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4.2 Methods and Materials 

4.2.1 Study Area  

Wake County, North Carolina, has a fairly well-documented lichen biota with a current 

diversity of at least 265 species as recorded from the University of North Carolina Herbarium 

vouchers (CNALH 2015). The county contains a wide range of pollution environments, from 

natural forest to rural communities to suburban areas to highly populated urban centers, as 

well as recorded annual average vehicle traffic volumes ranging from 40-166,000 

vehicles/day (NCDOT 2014).   

 

Three sites were selected in western Wake County: two opposite highway I-40 and one at 

Harris Lake, away from roads to serve as a background control. All sites were established in 

mixed hardwood-pine forest of similar stand age and tree species composition on similar soil 

types.  For a full description of the area and study sites see Chapter 4. 

   

4.2.2 Sampling Design 

The study is a control-impact sampling design with a nested gradient. In each site a series of 

five 70 m-long transects were laid parallel to the forest edge at the following distances: 0 

(edge; 10 m from the road edge), 25, 60, 100, and 150 m for a total sample area of 1.05 ha. 

We recorded site coordinates by GPS at the origin of the forest edge transect with transect 

elevations later estimated using Google Earth. Beginning with the transect origin, one 

representative tree was selected for trunk lichen community sampling at every 10 meters, 

regardless of trunk diameter and tree species, to maximize lichen species capture and better 

represent the forest lichen biota at a given distance. If no tree was present at a given transect 

point within a radius of 2 m, no data were taken and the next 10 m point was evaluated for 

sampling (Figure 4-1). Tree selection followed guidelines of Asta et al. (2002), in which a 

suitable tree was free-standing with little or no undergrowth, bore no obvious trunk damage 

or markings, and had inclination not more than 10° from the vertical. Once selected, the tree 

species (or genus if species couldn’t be identified) was recorded as well as its DBH. The 

canopy cover at each selected sampling point was measured using a spherical densiometer 

following methods of Lemmon (1957).   



 

 

 

55 

 

Figure 4-1. Schematic of parallel transect design.   = 

sampled tree; = sample point with no tree.  Dashed line 

is the deer fence marking the highway right-of-way 

border (in highway-adjacent sites LC and RA only). 

 

Each tree was given an ID with the following format: a two letter site code [LC for Lake 

Crabtree (SW of I-40); RA for RDU Airport Authority (NE of I-40); and HL for Harris Lake 

(control)] followed by a number indicating the transect (1-5) and a second number indicating 

the tree position away from the transect origin (1-8).  For example, LC 1-1 is the tree at the 

origin of the forest edge transect at Lake Crabtree; HL 3-5 is the tree at Harris Lake 

positioned in the third transect (i.e. at 60 m) from the edge and the fifth point (i.e. 40 m) from 

the transect origin.   

 

4.2.3 Trunk Community Surveys  

On each tree I wrapped flagging tape around the trunk at 0.5 and 1.5 m from the ground to 

delineate the trunk sampling area, with the lower flagging splitting the trunk sampling area 

into upper (“bole”) and lower (“base”) bands. These positions were based on my test findings 

of trunk base lichen floras having enhanced pollution response in terms of presence/diversity 

of both pollution-tolerant and -sensitive species (see Chapter 3). I sampled lichen 

communities at each band by collecting voucher specimens of each species encountered. I 

also recorded the presence or absence of bryophytes as an indicator of site moisture as I 

practiced previously (Perlmutter 2010).   
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I determined collected lichen specimens to species using keys in Brodo et al. (2001), Harris 

and Ladd (2005), and Lendemer et al. (2013), as well as other literature. Lichen species 

determination included laboratory techniques such as examination of morphological features, 

microscopic examination of reproductive structures, and chemical spot tests. Specimens were 

deposited as vouchers in the University of North Carolina Herbarium (NCU) with a partial 

duplicate set in the North Carolina Museum of Natural Sciences – Nature Research Center in 

Raleigh, North Carolina. I entered specimen records into the Consortium of North American 

Lichen Herbaria online database (CNALH, www.lichenportal.org) for NCU vouchers.   

 

4.2.4 Data Management and Analysis  

Among site comparisons (Control-Impact) 

Species lists were compiled for each site and compared both numerically (i.e., number of 

species per site) and for species composition, using a given transect as the sampling unit. We 

tested for differences in mean species number per transect by site using single factor 

ANOVA. We measured lichen community similarity at the whole trunk level as well as each 

sampling trunk section (bole and base) among sites using pairwise Sørensen similarity index 

(S). The formula to calculate S is as follows: 

 

S = 2w / (a + b), where 

 

w = number of species in both samples, 

a = number of species in the first sample, and  

b = number of species in the second sample (McCune and Grace 2002). 

 

Site lichen biotas were sorted by growth form and photobiont type (either green alga or 

cyanobacteria). These groupings were then tested for differences among sites by Chi Square 

separately.  

  

Within site comparisons (Nested Gradient) 

http://www.lichenportal.org/
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Regression analyses were performed on lichen community response variables (mean species 

number per tree of a given transect) against environmental predictor variables (distance from 

edge, elevation, and mean percent canopy cover) both with simple linear regression and 

multiple linear regression models. Tests were run for each set of transects (highway and 

control) separately. R statistical software (R Core Team 2013) was used for this analysis. 

Level of significance for all statistical tests was set a-priori at 0.05 with the caveat that this 

significance level represents a modest degree of detecting a pattern (Wood et al. 2014).  

 

4.3 Results 

From 632 collections, a total of 93 species of lichens and three allied fungal (nonlichenized 

fungi that often grow with lichens) species were found in the three sites (Appendix C for 

Lake Crabtree, Appendix D for RDU Authority and Appendix E for Harris Lake). Allied 

fungi are commonly included in lichen checklists (e.g., Esslinger 2015) as they are often 

collected with lichens. A few supplemental collections were made of noteworthy taxa 

observed in the sites but not on sample trees (e.g., Leptogium corticola at LC, Canoparmelia 

texana at RA, and Peltigera ponojensis at HL); these are not included in the analysis. They 

demonstrate that the biotas sampled are larger than here reported. 

 

4.3.1 Among Sites (Control-Impact) 

The highway sites had fewer total lichen species than did the control site with LC = 40, RA = 

55, and HL = 79 species. The HL site had higher mean lichen species per tree than did LC or 

RA on whole trunks as well as on trunk boles and bases (Table 4-1), which tested significant 

by ANOVA (whole trunks: F(2, 12) = 12.08, p = 0.002; trunk boles: F(2, 12) = 13.44, p = 

0.001; trunk bases: F(2, 12) = 12.75, p = 0.001).  
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Table 4-1. Mean (+/- SD) number of lichen species recorded per tree 

trunk and trunk segment in two highway-exposed (LC, RA) sites and one 

control (HL) site in western Wake County, North Carolina. 

Site Whole Trunks Trunk Boles Trunk Bases 
No. Trees 

 Sampled 

LC 3.63 ( 2.63) 1.90 ( 1.99) 2.13 ( 1.65) 30 

RA 4.31 ( 3.16) 2.34 ( 2.28) 2.91 ( 1.73) 32 

HL 9.96 ( 5.25) 6.29 ( 3.61) 5.75 ( 3.78) 28 

 

Lichen biotas among the three sites showed moderate similarities by Sørensen index for 

whole trunks and trunk segments, ranging 40-66% similarity between sites (Table 4-2). 

Among pairwise comparisons, the two highway-exposed sites showed greater similarity than 

either with the control site for whole trunks and tunk boles. Trunk base communities had the 

same measure of similarity between the the two highway-sites and between HL and RA, but 

HL and LC site trunk base communiites differed more. 

 

Table 4-2.  Site lichen community pairwise Sørensen similarity 

indices by trunk segment (bole, base) and whole trunk (bole + base). 

Comparison Whole Trunk Trunk Bole Trunk Base 

LC vs. RA 0.66 0.57 0.52 

LC vs. HL 0.44 0.46 0.40 

RA vs. HL 0.55 0.53 0.52 

 

Differences were found among the site lichen biotas in terms of habit composition. The 

control site (HL) had crustose composition closest to that of 50%, which is typical of lichen 

biotas (I.M. Brodo, pers. comm.). The HL site also has the most diverse biota in terms of 

habit, as neither highway-site had any fruticose species (Table 4-3). Using habit category 

percentages in the control site as expected frequencies, Chi Square tests of the highway-

exposed sites revealed the Lake Crabtree site to be different (χ2 = 12.41, df = 3, p < 0.001), 

but not the RDU site (χ2 = 7.29, df = 3, p = 0.063). The LC site had the highest proportion of 

crustose species and the lowest proportion of foliose species among the three sites.  
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All sites had cyanolichens in very low proportions (2-8% biota; Table 4-3). As cyanolichens 

comprise about 10% of a given flora (Richardson and Cameron 2004), Chi Square tests were 

run on each site’s % cyanolichen biota against this expected 10% composition. Both 

highway-exposed sites were tested significantly to be cyanolichen depauperate, with LC 

more so (LC: χ2 = 7.11, df = 1, p < 0.01; RA: χ2 = 4.00, df = 1, p < 0.045); the control site did 

not differ from this expected value (HL: χ2 = 0.44, df = 1, p = 0.50), thus having a more 

healthy biota. 

 

Table 4-3. Tree trunk lichen biotic composition by habit and photobiont type.  Data are total species number of 

each category with percentage of site total species in parentheses. 

 Habit Photobiont Type 

Site Crustose Foliose Squamulose Fruticose Chloro- Cyano- 

LC 28 (70.0%) 10 (25.0%) 2 (5.0%) 0 (0%) 39 (97.5%) 1 (2.5%) 

RA 37 (67.3%) 16 (29.1%) 2 (3.6%) 0 (0%) 53 (96.4%) 2 (3.6%) 

HL 45 (57.0%) 30 (38.0%) 2 (2.5%) 2 (2.5%) 73 (92.4%) 6 (7.6%) 

 

Most frequent species in HL were Punctelia rudecta, Flavoparmelia caperata, and 

Variolaria pustulata, and they were found most frequent on both trunk boles and bases 

(Table 4-4). The most frequent species in LC were Pseudosagedia cestrensis, Graphis 

scripta, and Nadvornikia sorediata on whole trunks but these differed between trunk boles 

and bases. Punctelia ruducta was also among the most common species on trunk bases at 

LC. Opposite I-40, the most common species in RA were N. sorediata, Pseudosagedia 

cestrensis and Punctelia rudecta but of different rankings than at LC. Most common species 

also differed between trunk boles and bases with Cladonia ravenelii being among the most 

frequent on trunk bases. See Figure 4-2 for species images. 
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Table 4-4. Ranked most frequently sampled lichen species in two 

highway sites and one background control site, Wake County, North 

Carolina. Percent frequency is number of observations of a given 

lichen species per site (i.e., one per tree: NHL = 28 trees; NRA = 32 

trees; NLC = 30 trees). 

Site Tree Level Species 
% 

Frequency 

HL Whole trunks Punctelia rudecta 82 

  Flavoparmelia caperata 60 

  Variolaria pustulata 54 

 Trunk boles Punctelia rudecta 50 

  Flavoparmelia caperata 46 

  Variolaria pustulata 46 

 Trunk bases Punctelia rudecta 50 

  Flavoparmelia caperata 46 

  Variolaria pustulata 43 

LC Whole trunks Pseudosagedia cestrensis 53 

  Graphis scripta 27 

  Nadvornikia sorediata 23 

 Trunk boles Pseudosagedia cestrensis 40 

  Graphis scripta 13 

  seven species 10 each 

 Trunk bases Pseudosagedia cestrensis 43 

  Nadvornikia sorediata 30 

  Punctelia rudecta 23 

RA Whole trunks Nadvornikia sorediata 34 

  Pseudosagedia cestrensis 31 

  Punctelia rudecta 25 

 Trunk boles Nadvornikia sorediata 28 

  Punctelia rudecta 22 

  Pseudosagedia cestrensis 19 

 Trunk bases Nadvornikia sorediata 31 

  Pseudosagedia cestrensis 28 

    Cladonia ravenelii 25 
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Figure 4-2.  Most frequent lichen species sampled in two highway-

adjacent and one control forest sites, Wake County, North 

Carolina. A. Punctelia rudecta, B. Varolaria pustulata, C. 

Flavoparmelia caperata, D. Pseudosagedia cestrensis (image by 

Roger Rittmaster), E. Graphis scripta s. lat., F. Nadvornikia 

sorediata, G. Cladonia ravenelii (sterile).  

 

4.3.2 Within Sites (Nested Gradient) 

Patterns of increasing lichen species richness with distance from the forest edge were found 

in the two highway-exposed sites, and an opposite pattern was found in the control site. 

These patterns were observed both for the site biota (i.e., on all trees per transect; Figure 

3-7A) and at the tree community level (Figure 3-8). We present details of the observed 

patterns of the lichen communities on the trunk (i.e., trunk bole and/or base), lichen habit 
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(i.e., growth form), and photobiont type (i.e., % cyanolichens) for each site in the following 

sections. 

 

4.3.3 Lake Crabtree – Highway-exposed (SW of I-40) 

In the LC site, number of species increased from four at the edge to 21 at 150 m into the 

forest, with average number per tree ranging from 1.14 (0.90 SD) at the edge to 5.33 (3.50 

SD) at 150 m. This trend with distance was found highly significant among whole trees 

(Figure 3-8) as well as in both trunk segments with trunk boles exhibiting a stronger increase 

than bases (Figure 4-3, top row). Proportion lichens by trunk segment did not differ between 

the two segments (i.e., trunk boles did not host more or fewer species than did bases on 

average) (paired one-tailed Student’s t: t = 0.51, p = 0.32). Community similarity was S = 

0.36 between trunk segments for the site whole, and ranged between 0.33 – 0.53 for transect 

distances (Table 4-5).   

 

Table 4-5. Lichen community similarities (Sørensen indices) 

between trunk bole and base segments within sites. 

  Distance from edge (m) 

Site 0 25 60 100 150 

LC  0.33 0.38 0.48 0.40 0.53 

RA 0.67 0.70 0.29 0.58 0.48 

HL 0.54 0.40 0.62 0.45 0.53 

 

 

Habit composition varied by trunk layer and distance from I-40 in the LC site with crustose 

lichens consistently comprising the highest proportion, from 50-76% on whole trunks and 

ranging 62-83% on boles and 50-78% on bases. No clear pattern of change in habit 

composition was evident across the gradient (Figure 4-4, top row). No differences were 

found between trunk segments in terms of % crustose lichens (paired one-tailed t-test: t = 

1.26, p = 0.14, n = 5 transects). 



 

 

 

63 

 

Figure 4-3. Regression curves drawn on tree trunk bole and base lichen diversity trends on forest 

edge-interior gradients in two highway-adjacent and one lakeside control sites in Wake County, North 

Carolina. Top row: LC = Lake Crabtree (SW of I-40). Middle row: RA = RDU Authority (NE of I-

40). Bottom row: HL = Harris Lake (background control). 

 

Average canopy cover was also lower at the forest edge (Table 3-2) with a quadratic 

relationship with distance (r2 = 0.473, p = 0.0001) best fitting the data. A multiple linear 

regression was calculated to assess the influence of distance from the highway and canopy 

cover on whole trunk lichen diversity.  A significant regression equation was found (F (2,28) 

= 7.601, p = 0.002) with an r2 of 0.3512. The partial regression coefficient for distance is 

significant (βdistance = 0.025, p = 0.009) while controlling for canopy cover, but that for 

canopy cover was not found significant when distance is controlled for (βcanopy = 0.091, p = 

0.063). 
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Figure 4-4. Biodiversity charts of tree lichen biotas, split by growth form and trunk segment, sampled along 

transects across forest edge to interior gradients in Wake County, North Carolina. Top row: LC = Lake Crabtree 

County Park (highway-adjacent). Middle row: RA = RDU Airport Authority (highway-adjacent). Bottom row: 

HL = Harris Lake County Park (background control). 

 

 

4.3.4 RDU Airport Authority – Highway-exposed (NE of I-40) 

In the RA site number of species increased from four at the edge to 32 at 150 m into the 

forest with average number per tree ranging from 1.33 (0.82 SD) at the edge to 7.14 (4.34 

SD) at 150 m. This trend with distance was found highly significant among whole trees 

(Figure 3-8) as well as in both trunk segments with trunk bases exhibing a steeper and more 

significant increase than trunk boles (Figure 4-3, middle row). Proportion of lichens by trunk 

segment did not differ between the two segments (i.e., trunk boles did not host more or fewer 

species than did bases on average) (paired one-tailed Student’s t: t = -1.60, p = 0.09). 

Community similarity was S = 0.40 between trunk layers, and ranged 0.29-0.70 for each 

transect distance (Table 4-5).   
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Habit composition varied by trunk layer and distance from I-40 in the RA site with crustose 

lichens consistently comprising the highest proportion, from 47-77% on whole trunks and 

ranging 38-78% on boles and 42-73% on bases. As at LC, no clear pattern of change in habit 

composition was evident across the gradient at RA (Figure 4-4, middle row). No differences 

were found between trunk segments in terms of % crustose lichens (paired one-tailed t-test: t 

= 0.71, p = 0.26, n = 5 transects). 

 

Average canopy cover was also lower at the forest edge (Table 3-2) with a quadratic 

relationship with distance (r2 = 0.457, p = 0.0001) best fitting the data. A multiple linear 

regression was calculated to assess the influence of distance from the highway and canopy 

cover on whole trunk lichen diversity. A significant regression equation was found (F (2,29) 

= 7.548, p = 0.002) with an r2 of 0.3423. The partial regression coefficient for distance is 

significant (βdistance = 0.028, p = 0.022) while controlling for canopy cover, but that for 

canopy cover was not found significant when distance was controlled (βcanopy = 0.082, p = 

0.400). 

 

4.3.5 Harris Lake – Background control 

In the HL site number of species decreased from 41 at the edge to 29 at 150 m into the forest 

with average number per tree ranging from 11.40 (7.06 SD) at the edge to 7.20 (6.26 SD) 

at 150 m. This trend with distance was found marginally significant for whole trunks (Figure 

3-8). Between trunk segments, no trend was found in the bole, but lichen species did decrease 

on trunk bases (Figure 4-3, bottom row). Relative to whole trunk communities, trunk boles 

had more lichen species on average than did trunk bases (paired one-tailed Student’s t: t = 

2.67, p = 0.04). Community similarity was S = 0.37 between trunk layers, and ranged 0.23 – 

0.34 for each transect distance (Table 4-5).    

 

Habit composition varied by trunk layer and distance from I-40 in the HL site with crustose 

lichens consistently comprising the highest proportion, from 48-62% on whole trunks and 

ranging 57-75% on boles and 37-50% on bases. Again, no clear pattern of change in habit 

composition was evident across the gradient at HL (Figure 4-4, bottom row). However, trunk 



 

 

 

66 

boles had a greater propotion of crustose lichens than did trunk bases (paired one-tailed t-test: 

t = 9.24, p = 0.001, n = 5 transects). 

 

Average canopy cover was lower at the forest edge and as at the highway sites increased with 

distance. Average canopy cover was also lower at the forest edge (Table 3-2) with a 

quadratic relationship with distance (r2 = 0.292, p = 0.013). A multiple linear regression was 

calculated to assess the influence of distance from the highway and canopy cover on whole 

trunk lichen diversity. A significant regression equation was found (F (2,25) = 3.871, p = 

0.034) with an r2 of 0.2364. The partial regression coefficient for distance is significant 

(βdistance = -0.049, p = 0.015) while controlling for canopy cover, but that for canopy cover 

was not found significant when distance was controlled (βcanopy = 0.388, p = 0.061). 

 

4.4 Discussion 

4.4.1 Among Sites – Highway-exposed vs. Control 

Greater lichen diversity was found in the control site than in either of the highway-adjacent 

sites, consistent with the general pattern of reduced diversity in more heavily polluted sites 

(e.g., McCune et al. 1997). A study by Glenn et al. (1998) compared forest edge-to-interior 

gradients in northern hardwood forests in New York, New Jersey, and Minnesota, the 

lattermost in presumably cleaner background air. While sites did not show any consistent 

patterns of lichen diversity with distance, whole site comparisons were similar to those in this 

study in that the site in Minnesota had higher lichen species richness and cover than either of 

the two eastern sites, which the authors attributed to the higher air quality of that site.   

 

4.4.2 Within Sites - Forest Edge-to-Interior Gradient 

Patterns of increased lichen diversity from very sparse to robust (i.e., 4-20+ species) 

communities were found along forest edge-to-interior gradients on both sides of highway I-

40, while a decrease in species richness was observed in consistently robust communities at 

the control site. All three sites share distinct microclimatic conditions of forest edges known 

as edge effect, which relate to the greater exposure of the forest edge compared to the 

interior. Edge effects include higher temperatures, greater sunlight, lowered moisture, and 
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higher wind speeds plus increased pollution exposure, all of which can penetrate the forest at 

varying distances (Fraver 1994, Gehlhausen et al. 2000, Bergés et al. 2013). From a 

nationwide survey in France, Bergés et al. (2013) had measured distance to edge influence 

(DEI) to be 683 m for temperature, 489 m for soil pH and N, and 286 m for soil humidity. In 

central Illinois, USA, Gehlhausen et al., (2000) found DEI of abiotic and biotic variables to 

vary depending on edge aspect, with maximal values of 40 m for canopy openness, 60 m for 

soil moisture, 80 m for relative humidity, 10 m for air temperature, and 60 m for vascular 

plant species richness. Most parameters extended furthest on west facing edges. In North 

Carolina, USA, Fraver (1994) similarly found edge effects to extend as far as 60 m into the 

forest, with higher penetrations of variables on south-facing edges.  

 

Forest edge-to-interior gradient studies involving lichens in areas of background ambient air 

conditions are few but share similar results to patterns found here.  In the United States, 

Glenn et al. (1998) found no patterns of lichen species richness in relation to edge effects in 

plots ranging from the forest edge to 100 m distance, but noted that species composition 

changed between forest edge and interior plots. This pattern agrees with a more recent study 

in rural Mongolia, where lichen communities on trees were markedly different in species 

composition but not in species richness. Forest edge communities were dominated by 

nitrophyte (i.e., N-loving) species and interior (50-100 m from the edge) communities 

dominated by both nitrophyte and acidophyte (i.e., N-sensitive) species (Hauck et al. 2014). 

At the control site of the present study while a decrease was found in species richness with 

increasing distance, this was not related to canopy cover. The only occurrences of 

nitrophilous lichens (Candelaria concolor, Physcia millegrana, and Pyxine subcinerea) were 

found along the forest edge. These observations comprised one occurrence each; the 

dominant species at the forest edge in the control site were Flavoparmelia caperata, 

Punctelia rudecta, and Variolaria pustulata, whose frequencies as the most common were 

consistent across the gradient and across trunk heights. 

 

All forest edges in this study were found to have lower canopy cover than forest interiors, 

which would imply greater solar radiation at the forest floor (0-0.5 m height) and shrub (0.5-



 

 

 

68 

2.0 m height) layers. Greater sunlight exposure may be a contributing factor to the slight 

increase in lichen diversity at the forest edge of the control site, but it was not found 

significant in any of the sites when regressed with sample distance held constant (see 

multiple linear regression results in Sections 5.3.3 through 5.3.5).   

 

Site moisture as indicated by presence of bryophytes was found to correlate positively with 

lichen diversity on urban trees in Raleigh (Perlmutter 2010, and held significant with 

corrections made in Chapter 1). Forest edges along I-40 in this study lacked bryophytes, 

indicating drier and/or polluted conditions than in interiors at distances as little as 25 m, since 

bryophytes are known to both be indicators of site moisture (Krager et al. 2012) and 

pollution-sensitive (Larson et al. 2007).  

 

Forest edges are also susceptible to greater pollution exposure. In hardwood forests of upstate 

New York, USA, Weathers et al. (2001) reported higher concentrations of sulfate, nitrate, 

ammonium, and calcium ions in precipitation samples along forest edges than those in both 

forest interiors and open fields. These measurements, representing wet deposition, led the 

authors to conclude that forest edges can act as traps of airborne pollutants.  Such edge 

effects can influence patterns of vegetation, including lichen communities. 

 

Patterns of change in vegetation species with distance from highways were also found in 

coniferous forests in southern Germany (Bernhardt-Römermann et al. 2006). The authors of 

the German highway study attributed the effects of nitrogen deposition from vehicle 

emissions plus basic substances added to road salt, which were supported by concurrent 

measurements of ambient air pollutants and soil parameters. While distance decay of ambient 

air concentrations of reactive nitrogen was found in several studies in various environments 

and global locations (e.g. Cape et al. 2004; Gilbert et al. 2003, 2007; Kirchner et al. 2005; 

Zou et al. 2006), not all vegetation, including lichen responses, were so clear.  In one 

highway study in Lithuania, ambient NO2 concentrations did follow the pattern of distance 

decay over 48 m, but lichen tissue N concentrations appeared to more closely follow patterns 
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of bark pH than distance (Sujetovienė 2010). Patterns in that study might be more apparent if 

the transects covered a larger distance from the highway.   

  

Lichen patterns in the highway-adjacent sites suggest impact by highway emissions. Vehicle 

emissions are the greatest source of reactive nitrogen pollution, with NOx levels highest 

along roads. I had previously found an inverse relationship between species number and 

composition with nitrogen pollution using surrogate variables of traffic volume and 

population density, with polluted sites dominated by nitrophyte and pollution-tolerant species 

(Perlmutter 2010). Nitrophytes were mostly absent in the current study, suggesting that they 

prefer more sunny microclimates than the forest edges studied here. I had measured the 

canopy cover of an urban street in downtown Raleigh. There I found nitrophyte (Candelaria 

concolor, Physcia millegrana, Pyxine subcinerea) and pollution tolerant (Flavoparmelia 

caperata and Punctelia rudecta) lichens growing on planted red oaks (Quercus rubra), to be 

35%, about half that of the forest edge measured here. The paucity of lichens growing on the 

forest edge along I-40 could also be attributed to other factors, such as lowered moisture and 

other pollutants from the highway.   

 

Previous studies have determined certain lichen species to be pollution tolerant or pollution 

sensitive. In the northeastern US, Will-Wolf et al. (2015) have listed a number of species in 

these categories. Species found in the present survey include those determined sensitive by 

Will-Wolf et al.: Flavoparmelia caperata, Leptogium cyanescens, Lobaria quercizans, 

Parmotrema hypotropum, Punctelia rudecta, Pyxine sorediata, and Usnea mutabilis.  

Species in this study identified as pollution tolerant by Will-Wolf et al. include: Candelaria 

concolor, Phaeophyscia rubropulchra, Physcia millegrana, and Physciella chlorantha.  

McCune et al. (1997) conducted a similar study for the southeastern US and presented a list 

of species they determined to be pollution tolerant or ubiquitous, without separating the two.  

Species found in this study include the following that match those in the McCune et al. list: 

Candelaria concolor, Canoparmelia texana, Flavoparmelia caperata, Parmotrema 

hypotropum, Phaeophyscia pusilloides, Phaeophyscia rubropulchra, Physcia americana, and 
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Physcia millegrana. Unlike the northeastern report, the southeastern report lacks a list of 

pollution-sensitive species. Instead, McCune et al. noted:  

 

“Most of the fruticose lichens and cyanolichens thought to be pollution sensitive 

either showed ambivalent or positive relationships to the air quality gradient.” 

 

It should be noted that the McCune et al. (1997) report was published the same year as 

the paper introducing the Indicator Species Analysis (ISA) method by Dufréne and 

Legendre (1997). Had McCune and colleagues run an ISA on their data, they might have 

been able to detect and list pollution-sensitive species for the southeastern US.   

 

4.4.3 Individual Species Responses 

Nitrophytes (Candelaria concolor, Physcia millegrana, Pyxine subcinerea)  

Nitrophyte species, which were found to dominate lichen communities on urban tree trunks 

in the city of Raleigh, North Carolina (Perlmutter 2010), were surprisingly rare in this study 

with only 1-3 occurrences per species per site. Most observations occurred at the forest 

edges.  Such rare occurrences of these species can be explained by their preference for more 

exposed habitats. Canopy cover of an urban street in downtown Raleigh, where I had found 

nitrophytes growing on planted red oaks (Quercus rubra), was 35%, about half that of the 

forest edge measured here. The absence from these sites of Xanthomendoza weberi, which is 

also a nitrophyte found on trees in urban parking lots and near open agricultural fields, is also 

noteworthy.  

 

Pseudosagedia cestrensis 

Pseudosagedia cestrensis is the most widespread species in the entire study, found in the 

most polluted as well as control sample transects. This lichen was recorded only at one site in 

Raleigh. This site, North Hills Park, was located 275 m from highway I-440, an eight-lane 

highway with the highest traffic volume measured in that study (Perlmutter 2010).  

Compared to the segment of I-40 in this study, the segment of I-440 closest to North Hills 

Park had a traffic volume of 129,000 AADT in 2007 (NCDOT 2014), when the park was 
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surveyed for its lichen diversity.  Pseudosagedia cestrensis was also found to be common in 

other sites throughout the Triangle (Perlmutter 2008, 2009, 2013; Perlmutter and Lendemer 

2008).  This species is herein designated as pollution-tolerant. 

 

Cladonia ravenelii  

This sterile, sorediate Cladonia was found almost exclusively near the highway, strictly on 

pines.  It was found always sterile, with abundant soredia on edges of squamules. Elsewhere 

in more protected habitats C. ravenelii is found fertile (Perlmutter 2013). Cladonia ravenelii 

is here designated as pollution-tolerant, and its sterile condition may be a reproductive 

strategy in response to environmental stress. Growth rates have been demonstrated to be 

reduced under traffic pollution stress in Flavoparmelia baltimorensis (Gyelnik & Foriss) 

Hale (Lawrey and Hale 1979). Further, apotheciate transplants of Icmadophila splachnirima 

(Hook. f. & Taylor) D.J. Galloway have been shown to switch to a vegetative reproductive 

mode via soredia production under stressful conditions of reduced moisture (Ludwig 2015). 

Similar pollution effects were shown in other lichen species in urban Argentina (Estrabou et 

al. 2004).  

 

Flavoparmelia caperata and Punctelia rudecta  

These species are considered to be both pollution-sensitive and -tolerant by different studies 

(Perlmutter 2010; Will-Wolf et al. 2015). In Raleigh, they were among the most common 

species on urban trees, yet absent in the most polluted sites, in agreement with this study. 

They are also the most frequent species in the control site. In the northeastern U.S., Will-

Wolf et al. (2015) designated F. caperata and P. rudecta, as did the Indicator Species 

Analysis performed in this study (Chapter 4). Both species were found to be the most 

frequently recorded lichen in the southeastern U.S. by McCune et al. (1997). Flavoparmelia 

caperata and Punctelia rudecta are here designated as pollution-tolerant, seemingly able to 

live in all but the most polluted environments. 
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Leptogium cyanescens  

Leptogium cyanescens is the most frequent cyanolichen found in this study, appearing 

widespread and moderately pollution-sensitive, being found in humid habitats, mostly on 

trunk bases.  It is primarily sterile, reproducing via isidia. One fertile specimen was found in 

the control site, which may suggest a more favorable environment. Ludwig (2015) has found 

that in Icmadophila splachnirima, sterile, sorediate transplants produced apothecia in more 

favorable conditions. Leptogium cyyanescens is reported pollution-sensitive in the 

northeastern US (Will-Wolf et al. 2015) and is here likewise designated pollution-sensitive. 

 

Usnea  

Only two species, U. mutabilis and U. rubicunda, were found, both in the control site. Usnea 

mutabilis is reported as pollution-sensitive in the northeastern US (Will-Wolf et al. 2015) and 

U. rubicunda is reported as sensitive in the Pacific Northwest of Oregon and Washington 

(Geiser et al. 2010). No Usnea species were found in the urban area of Raleigh, NC 

(Perlmutter 2010). Both species are also here designated pollution-sensitive. 

 

Lobaria quercizans  

Only one thallus was found in this study; a sterile thallus growing on the base of an oak in 

the control site.  Its sterile condition suggests a developmental suppression caused by 

environmental stress as seen in Icmadophila splachnirima (Ludwig 2015). Lobaria 

quercizans is reported sensitive in the northeastern US (Will-Wolf et al. 2015), and is 

likewise designated here.   

 

Noteworthy absence: Ramalina 

Ramalina was not found in this study, although it is present in Wake County. Specimens of 

R. americana s. lat. were found sporadically in Wake County on trees in exposed areas 

(Perlmutter 2010, 2013; Perlmutter and Lendemer 2008). It is possible that the sites sampled 

here were too shady for its occurrence. Ramalina americana is considered sensitive in the 

northeastern US by Will-Wolf et al. (2015); Scott LaGreca, who described R. 
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culbersoniorum from a study of R. american, considers both it and R. americana (as R. 

americna s. lat.) (pers. comm., 2015) to be pollution-sensitive. 

 

4.5 Conclusions  

Data collected in this study show clear evidence of highway effects on adjacent forest lichen 

communities in terms of both species number and composition from the road edge to the 

interior at 150 m distant. Evidence of impact is further supported by the higher lichen 

diversity recorded in the control forest compared to the highway-adjacent forests. 

Considering the difference in species number and composition between the I-40 and control 

forest sites, it is likely that highway influence extends beyond 150 m.   

 

Factors affecting the lichen biota adjacent to I-40 likely include edge effects of aridity and 

exposure to pollutants. The latter includes highway emissions (in particular NOx), metals 

from road debris, and ionic compounds from brine solution applied in winter as de-icing 

treatment. A multivariate analysis of these parameters (see Chapter 4) suggest these multiple 

factors to be related to the lichen diversity pattrens observed. Further study is needed to 

determine more precisely how these and other potential factors affect the lichen and 

bryophyte biotas in roadside forests. 
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5 NOTEWORTHY COLLECTIONS OF LICHENS AND ALLIED 

FUNGI FROM THE TRIANGLE REGION OF NORTH 

CAROLINA 

 

Abstract. Peltigera ponojensis and Rebentischia massalongii are here newly reported from 

North Carolina. Acrocordia megalospora, Gyalolechia flavorubescens, and Porina scabrida 

are new records for the Piedmont ecoregion in North Carolina. Lobaria quercizans is 

noteworthy as belonging to a group of pollution-sensitive cyanolichens that until recently 

have not been recorded from the Triangle region of North Carolina; historical occurrences of 

Triangle Lobariaceae are also presented. 

 

5.1 Introduction 

During a study contrasting the lichen biotas of highway-adjacent forests and a forest away 

from roads to investigate highway effects, we found several noteworthy species. Here we 

report on five species new to the North Carolina Piedmont, of which two are also new to the 

southeastern U.S. Additionally, one species represents the first record of the family 

Lobariaceae in the Triangle region of central North Carolina in modern times. All specimens 

are deposited in the University of North Carolina Herbarium (NCU); their records are 

available online on www.lichenportal.org.  

 

5.2 Species Records 

5.2.1 Acrocordia megalospora R.C. Harris (Monoblastaceae)   

This crustose lichen was collected from a Quercus alba L. trunk bole and is here newly 

reported for the North Carolina Piedmont. Previously it had been reported from the state in a 

discussion on distribution in Harris and Ladd (2005), but no locality was given. Lendemer et 

al. (2013) reported A. megalospora from the Great Smoky Mountains in eastern Tennessee, 

so its occurrence in the Blue Ridge ecoregion of western North Carolina would be expected.   

Specimen Examined. USA. North Carolina. WAKE CO.: Harris Lake County Park, 

Perlmutter 3290. 
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5.2.2 Gyalolechia flavorubescens (Hudson) Søchting, Frödén & Arup (Teloschistaceae) 

In a genus recently split from Caloplaca (Arup et al. 2013), this crustose lichen is from a 

Quercus stellata trunk base in a remote park in southern Wake County and is also new to the 

North Carolina Piedmont. It has been previously reported from Pender County in the 

Tidewater ecoregion by Lendemer (2007) as an unsurprising range extension from South 

Carolina.  Its occurrence here is also not unexpected.   

Specimen Examined. USA. North Carolina. WAKE CO.: Harris Lake County Park, 

Perlmutter 3354. 

 

5.2.3 Peltigera ponojensis Gyelnik (Peltigeraceae) 

Peltigera ponojensis is here newly reported from North Carolina from a specimen collected 

at a Quercus alba trunk base with P. phyllidiosa Goffinet & Miadl. as supplemental material 

to the gradient study. With a world distribution of temperate and boreal regions throughout 

the northern hemisphere (Nash et al. 2001), this cyanolichen has not been reported from the 

southeastern US. In addition to the Harris Lake material, P. ponojensis specimens were also 

examined from Rowan County, also in the North Carolina Piedmont, and from Carter County 

in the Blue Ridge ecoregion of eastern Tennessee.   

Specimens Examined. USA, North Carolina. ROWAN CO.: granite quarry near 

Salisbury, on duff, P.O. Schallert s.n., 2.VIII.1936. WAKE COUNTY: mixed hardwood 

forest in Harris Lake County Park, over moss on soil at base of Quercus alba, Perlmutter 

3577. Tennessee. CARTER CO.: Roan Mountain State Park along Raven Rock Trail in 

northern hardwood forest, over moss on an oak trunk base, Perlmutter 2716 with T. Clark, L. 

Fuselier and S. Studlar. 

 

5.2.4 Porina scabrida R.C. Harris (Porinaceae)   

Specimens of P. scabrida are here reported as new to Wake County and the Piedmont 

ecoregion, filling a gap in its distribution in North Carolina. It was previously reported from 

the Outer Banks in the Tidewater ecoregion by Lendemer & Yahr (2004) and the Great 

Smoky Mountains, in the Blue Ridge ecoregion by Lendemer et al. (2013). This species was 

found mostly on trunk bases of hardwoods.   
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 Specimens Examined. USA, North Carolina. WAKE CO.: Lake Crabtree County 

Park, 35 m from highway I-40 and within the highway right-of-way corridor, on Acer rubrum 

L. and Quercus alba trunk bases, Perlmutter 2997 and 3004, respectively; Lake Crabtree 

County Park, 70 m from I-40, outside of right-of-way corridor, on a Liriodendron tulipifera 

L.trunk base, Perlmutter 3028; RDU Airport Authority forest property, 35 m from I-40 and 

within the highway right-of-way corridor, on Carya and Quercus trunks, Perlmutter 3466, 

3474, 3481, 3482.  

 

5.2.5 Rebentischia massalongoi (Mont.) Sacc. (Tubeufiaceae) 

This species is a nonlichenized fungus which can be mistaken for a lichen due to abundant 

algae growing among perithecia (A. Aptroot, pers. comm.). It is previously reported from 

Europe, northeastern North America (Barr 1980), and South America (Bianntinocci and 

Sánchez 2009). It is here reported as a new record to North Carolina and the southeastern 

United States. 

Specimens Examined.  USA, North Carolina. WAKE CO.: Harris Lake County Park, in 

mixed hardwood forest on trunk boles of Liquidambar styraciflua and Acer rubrum, 

Perlmutter 3348, 3417, respectively.   

 

5.2.6 Lobaria querzicans Michx. (Lobariaceae) 

Although not new to the North Carolina Piedmont, this lung lichen is noteworthy in that it is 

the first record of Lobariaceae from the Triangle area (Durham, Orange and Wake counties) 

in recent times. The Lobariaceae includes several pollution-sensitive species (US Forest 

Service s.d.: http://gis.nacse.org/lichenair/index.php?page=sensitivity, Accessed 3 August 

2015), and this finding is encouraging in that it suggests that natural forests away from roads 

in the Triangle exhibit health in terms of air quality effects.  It should be noted, however, that 

the specimen was collected from a thallus that lacked apothecia, possibly indicating 

environmental stress. Lobaria querzicans was most recently reported from the Piedmont 

(county not specified) in 1997 (McCune et al. 1997). It was previously reported from the 

Winston-Salem area, Forsyth County, in 1977 (Becker et al. 1977) and in Orange County in 

1971 (Perlmutter 2006). Other members of the Lobariaceae that have been collected in the 
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Triangle include: L. pulmonaria in Chapel Hill in 1915; L. ravenelii in Wake County in 1964 

(Perlmutter 2006); Pseudocyphellaria aurata in Wake County in 1977 (Perlmutter 2006) and 

previously in 1932; and Sticta fugilinosa in Orange County in 1971 (Perlmutter 2006). Sticta 

carolinensis was collected recently in neighboring Alamance County in 2008. 

 

Specimens Examined.   

1. Lobaria pulmonaria (L.) Hoffm. - USA, North Carolina. ORANGE CO.: 

Bowlin’s Creek Swamp, Chapel Hill, on dead wood, Totten s.n., 14.II.1915. 

2. Lobaria querzicans Michx. - USA, North Carolina. WAKE CO.: Harris Lake 

County Park, in mixed hardwood forest on a Quercus alba trunk base, 

Perlmutter 3298. 

3. Pseudocyphellaria aurata (Ach.) Vainio - USA, North Carolina. WAKE 

CO.: 3 miles from Riley, by stream on cedar trunk base, Totten s.n., 

31.XII.1931; by Little River at Mitchell’s Mill [State Natural Area], on 

Juniperus virginiana trunks, Coker s.n., 9.IV.1932 with Totten. 

4. Sticta carolinensis T. McDonald - USA, North Carolina. ALAMANCE CO.: 

Orange County’s Cane Creek, on rock outcrop, Perlmutter 1268. 
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6 ENVIRONMENTAL ASSESSMENT OF HIGHWAY IMPACTS 

ON ADJACENT FORESTS IN CENTRAL NORTH CAROLINA 

 

Abstract.  Two highway-exposed forest sites in western Wake County, North Carolina, were 

assessed for their environmental health using analysis of biotic and abiotic data compared to 

a background control site of similar forest type. Conceptual models of highway pollutants 

and their effects on the forest receptors are presented for three classes of pollutants: nitrogen, 

salt, and metals. The models describe: (1) the pollutants (2) the pollutant transport from 

sources on the highway into adjacent receptor forests, and (3) pollutant effects on the air, 

soil, and biotic media, the latter represented by lichen communities. Site data are divided into 

distances along the forest edge-to-interior gradient extending 150 m. The environment closest 

to the highway at the forest edge was found to be the most heavily affected with the highest 

measured ambient NO2 concentrations, highest soil parameters (%N, pH, Na and metals Cu, 

Pb, and Zn), lowest lichen diversities, and a lack of bryophytes. Soil parameters except for 

%N concentrations reach background levels as little as 25 m distant from the highway. Air 

NO2 concentrations reach background levels at about 25-60 m distances. Lichen communities 

approach background levels of species number and composition at 100-150 m. Other 

pollutants and their potential effects are also discussed. 

 

6.1 Introduction 

6.1.1 Background 

Ecological effects of highways are many and diverse with impacts on the biotic and abiotic 

components of the receptor ecosystem. As reviewed by Spellerberg (1998), impacts are 

categorized as occurring during construction (direct), short term (secondary), and long term 

(secondary), and include loss of habitat, wildlife collisions, microclimatic changes caused by 

new linear surfaces, vegetation changes due to edge effects, artificial light, noise, and 

pollution. As part of planning for any road construction or improvement an environmental 

review must be performed per National Environmental Policy Act (NEPA) regulations for 

national highways and its counterpart in North Carolina, the state Environmental Policy Act 

(SEPA) for state roads. 
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6.1.2 Purpose 

The purpose of this chapter is to assess the environmental health of the highway-adjacent and 

control forests herein studied through conceptual models of highway pollution effects, 

thereby providing an example for use in future assessments of other roadside environments.   

 

6.2 Methods 

The conceptual model follows guidelines by Sutter (1996) and includes the following 

components: sources, media, transport, receptors, and effects. Results from the field study 

(see Chapters 3, 5, and 6) are combined with a literature review of highway or road source 

pollutants, their transport contamination of environmental, and effects on receptor organisms.  

From the information gathered, conceptual models were prepared both as flow-charts and 

narrative descriptions for the following classes of pollutants: nitrogen oxides, salt de-icing 

agents, and metals. Other pollution types not examined in the field study will also be 

discussed, including ammonia and volatile organic chemicals (VOC). 

 

6.3 Conceptual Models 

Three conceptual models are presented for three classes of pollutants examined in this study: 

nitrogen oxides, road salt, and metals. Three types of dispersion pathways are recognized 

following Werkenthin et al. (2014): runoff, splash, and airborne.  Three receptor types are 

addressed: vegetation, lichen epiphytes, and soil microbes.   

 

6.4 Nitrogen Oxides (NOx) 

Nitrogen Dioxide (NO2) is one of six criteria air pollutants considered harmful to public 

health and the environment (USEPA NAAQS website: 

www.epa.gov/ttn/naaqs/criteria.html#2, accessed 17 August 2015). Nitrogen Dioxide has two 

listed National Ambient Air Quality Standards (NAAQS): a primary standard to protect 

public (i.e. human) health and a secondary standard to protect public welfare, including 

decreased visibility and damage to animals, plants and buildings. The primary standard for 

NO2 is 100 ppb one-hour average as the 98th percentile of 1-hr maximum concentrations, 

averaged over three years. NO2 also has a primary and secondary standard of 53 ppb annual 
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mean. However, according to Greaver et al. (2012), the current secondary standard is 

insufficient to protect ecosystems.  

 

The conceptual model for NO2 in the roadside environment is portrayed in Figure 6-1. In 

overview, NO2 is emitted from vehicles, transports through the air medium, deposits onto 

environmental surfaces of vegetation and soil wherein it is absorbed by receptor organisms, 

and affects both the soil chemistry and biota differently by species-specific sensitivities. 

 

 

Figure 6-1. Conceptual model of highway-related NO2 pollution affecting adjacent forest ecosystem. Pathways 

are designated by arrows and with letter codes: E = emissions, D = deposition, WO = washoff, SF = stemflow, 

TF = throughfall, RU = root uptake, SM = soil movement. 

 

6.4.1 Sources 

The primary source of NO2 is vehicle emissions, wherein NOx comprises 14% of the 

combined criteria pollutant emissions from all on-road light and heavy duty diesel and 

nondiesel motor vehicles for Wake County in 2011 as reported in the 2011 National 
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Emissions Inventory (http://www.epa.gov/ttn/chief/net/2011inventory.html). The NOx profile 

in Wake County shows vehicle emissions to be by far the greatest contributor (Figure 6-2). 

NO2 is NO oxidized shortly after leaving the tailpipe; together they are grouped as NOx.  The 

2011 National Emissions Inventory reports NOx emissions of 7.29 tons at the RDU Airport 

Authority site at 2800 Airport Blvd, Morrisville, NC, 6.1 km WSW of the highway study 

sites. 

 

 

Figure 6-2. NOx emissions profile from all sources in Wake County, 2011.  Source: 

US EPA Air Emission Sources webpage: 

http://www.epa.gov/air/emissions/index.htm (Accessed 16 August 2015.) 

 

6.4.2 Transport and Transformations in the Air Medium 

Once emitted into the atmosphere, NO quickly oxidizes with ozone (O3) to form NO2, day or 

night.  NO2 is then either deposited onto environmental surfaces or forms an aerosol which 

reacts with water to form nitrous or nitric acid (HNO2 or HNO3, respectively), and/or 

dissociates to form nitrate ions (NO3
-), thus lowering the pH and acidifying water vapor.  
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NO2 can also remain in the air medium where it can be photolysed to create O3 and NO or 

react to form other Nr species, including peroxyacetyl nitrate (PAN), a reservoir species that 

enters the troposphere and undergoes long range transport to be photolysed back to NOx and 

deposits onto surfaces far from emission sources. All of these processes can occur 

simultaneously in the air. 

 

Due to their relatively short residence times in the atmosphere (i.e., hours to days), NOx tend 

to deposit close to sources (Fowler et al. 2013). Along roads, several studies around the 

world have shown ambient air concentrations rapidly falling to background levels within 200 

m away from highways (Bernhardt-Römmerman et al. 2006; Cape et al. 2004; Faus-Kessler 

et al. 2008; Gadsdon et al. 2010; Gilbert et al. 2003; Kirchner et al. 2005; Sujetoviene 2010; 

Truscott et al. 2005; Zou et al. 2006).  Findings from this study are similar, with 

concentrations approaching background levels at about 70 m from the road edge of I-40 (see 

Chapter 4). 

 

Nitrogen dioxide deposits onto receptor forest surfaces such as twigs, branches, trunks, 

foliage, and epiphytes both in dry air (dry deposition) and in precipitation events including 

fog or dew (wet deposition). In humid conditions, NO2 reacts with water to form NO3
- ions in 

solution. During precipitation, dry deposited NO2 is washed off and either falls through the 

canopy or flows down stems to reach the soil; these processes are known as washoff, 

throughfall and stemflow, respectively, as demonstrated in several field studies (Bytnerowicz 

et al. 2005; Chen and Mulder 2007; Hu et al. 2007; Kirchner et al. 2005; Levia et al. 2011; 

Neal 2002; Neal et al. 1994; Shen et al. 2013). Nitrates then enter the soil medium. 

 

6.4.3 Exposure Pathways 

After deposition, receptors may take in NO2, NO3
-, or other related species by direct 

absorption. Canopy uptake may involve both foliar and branch tissue uptake of ions and 

active uptake by epiphytic lichens and microbes, which then reappear as organic N (Fenn et 

al. 2013; Seivering et al. 2007). In a study examining the nitrogen budget of a conifer forest 

in the Rocky Mountains of western North America, Sievering et al. (2007) determined nitrate 
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uptake to be about 1.3 kg N/ha per growing season, about 76% of that deposited (1.70 kg 

N/ha per growing season). By comparison, in a mixed hardwood forest in Switzerland, 

Wortman et al. (2012) reported a canopy nitrogen (i.e. NO3
- and NH4

+) uptake range of 6-9 

kg N/ha/yr, about 20-25% of that deposited. They report 75-85% of this uptake to be NH4
+, 

so the NO3
- portion is about 1.6 kg N/ha/yr, which is roughly comparable to the Rocky 

Mountain conifer forest canopy NO3
- uptake. 

 

Lichens can directly absorb deposited nitrogen through their thalli via gas exchange.   

Perkins (2009) found a correlation of tissue %N in the large foliose lichen Umbilicaria 

mammularia (Ach.) Tuck. across a NO3 gradient in eastern USA, demonstrating uptake by 

this species. Similar patterns were reported by Will-Wolf et al. (2005) for Flavoparmelia 

caperata, a species also found in the field study of this thesis. Nitrogen content in the 

nitrophytic species Pyscia adscendens (F.) Oliv. was found to correlate positively with traffic 

index in a transect study in an urban area of the French Alps (Gombert et al. 2002).   

 

Soil pathways include direct absorption or active uptake by soil microbiota, and root uptake 

by plants. The equivocal soil nitrate concentrations among three pollution scenarios was 

attributed to plant root uptake and transformations in the soil by Green et al. (2008).  

 

6.4.4 Receptors and Effects 

Vegetation 

Additional N uptake by forest vegetation can have varying effects on photosynthesis 

depending on individual species tolerance limits. Wortman et al. (2012) reported that 

application of NH4:NO3 solution increased photosynthetic efficiency in oaks, while it 

possibly suppressed efficiency in beech, and had no effect in spruce.  

 

Based on a review of the literature, Stevens et al. (2011) found strong evidence for 

differential plant sensitivity to soil NHx:NOy ratios in terms of germination, growth, and 

survival. They hypothesized that a natural gradient of soil NHx:NOy ratios occurs across 

habitats, driven by pH and nitrification, with plant species having adapted to these soil 
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conditions. Under changing NHx:NOy ratios that are expected to continue from continued 

human-caused N emissions and depositions, species and communities will increasingly be at 

risk of impact, especially those in habitats with acidic, N-limited soils. In the roadside 

environment, Bernhardt-Römmermana (2008) found a greater known nitrogen-tolerant 

understory species closer to the highway, which decreased with distance to as far as 230 m. 

 

Lichens 

As with plants, lichens vary in their effects from nitrogen exposure by individual species 

tolerance limits. In a fertilization experiment involving NH4:NO3 solution, Johansson et al. 

(2012) found overall reduced species richness but with species-specific responses of increase 

and decrease in abundance, suggesting physiological responses to increased nitrogen loads.  

Perkins (2009) found no responses to added NH4:NO3 solution treatments in terms of either 

tissue N content or photosynthetic measures in Umbilicaria mammulata.   

 

Based on species patterns across N-deposition gradients, critical loads (i.e. thresholds above 

which harmful effects are expected) have been developed.  In Europe the critical load for 

nitrogen pollution is 2.4 kg/ha/yr (Giordani et al. 2014) from field surveys, while the 

enhanced N treatment study by Johansson et al. (2012) proposed a critical load of 6 kg/ha/yr. 

In western North America critical loads for lichens are in the range of 4-8 kg/ha/yr as 

reviewed by Pardo et al. (2011). Nitrate and ammonium wet deposition at the Finley Farm 

NAPD station, located 16.3km SE of the highway sites in the present study and representing 

background, were about 4.35 and 6.82 kg/ha, respectively, in 2014. It can therefore be 

postulated that wet and dry deposition rates at the highway sites of the field study lie above 

published critical loads. 

 

Soil microcosm and plant effects from root uptake 

As demonstrated in field experiments (e.g., Magill et al. 1996, 2004; Wallace et al. 2007), 

nitrogen-enhanced precipitation in the soil can disrupt soil chemistry, lowering the pH and 

increasing NH4
+ concentrations. Excess soil nitrogen can increase aluminum and reduce 

calcium availability for root uptake, affecting forest plants of all types (Wallace et al. 2007).  



 

 

 

85 

As reviewed by Xiankai et al. (2008), increased nitrogen in the soils can affect the soil 

microbiota (i.e., fungi and bacteria), fungal-plant interactions, and soil faunal communities.   

 

In field experiments added nitrogen has been shown to reduce N-mineralization (conversion 

of nitrate to inorganic N) rates and increase net nitrification (conversion of NH4
+ to NO3

-) 

after two years in treated soils (Magill et al. 1996). Leaf nitrogen content of trees was 

consistently greater in treated plots than in the control and increased over time, signifying 

root uptake; nitrate leaching below the root zone was detected (Magill et al. 2004). In a 

roadside study, Green et al. (2008) found elevated nitrate in a creek close to a highway, 

suggesting leaching from contaminated soils.  

 

In a long-term nitrogen enhancement study by Magill et al. (2004), increased nitrogen 

content in roots was found in plots treated with ammonium nitrate (NH4NO3) in soils that had 

lowered N content, indicating root uptake. Percent N increase with treatment was found 

across organic and mineral soil horizons. Leaf N content was also found to be higher in 

treated plots, further indicating plant uptake of soil N. Hardwoods were found to increase 

production, but pines were found to decline in the treated plots, in agreement with differential 

responses to leaf exposure noted above.    

 

In another experiment, Wallace et al. (2007) found altered soil chemistry in plots treated with 

NH4NO3, with increased aluminum (Al3+) and decreased calcium (Ca2+) ion concentrations, 

plus a reduced Ca:Al ratio and a reduced pH. These alterations are diagnostic of N-saturation, 

in which excess NO3
- in soil is accompanied by leaching of cations to meet charge balance, 

thus increased Al3+ concentrations and acidity in the soil solution. Acidity and aluminium can 

be toxic to plants, and the latter can also affect plants through nutrient imbalances, including 

calcium deficiency. Among trees that received the enhanced nitrogen, increased mortality 

occurred with surviving trees experiencing increased growth. The varied responses revealed 

differential species tolerances, with oaks appearing to be more sensitive. Increased growth 

did not differ among species, suggesting microsite characteristics and/or individual life 

history to be influential in stress tolerance. The elevated nitrogen in the highway-adjacent 
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soils in the current study could also have such effects on the immediate soil biota and 

vegetation.   

 

6.5 Road Salt (NaCl) 

As noted in Chapter 5, brine solution is applied to highways in North Carolina, including I-

40, in advance of winter storms as an anti-icing agent. The very high soil sodium 

concentrations found in the forest edge bordering I-40 reflect this contamination. Road salt is 

known to be toxic to vegetation.  

 

The conceptual model for NaCl in the roadside environment is portrayed in Figure 6-3. In 

overview, NaCl is directly applied to the road surface in solution, transports as runoff or 

through the air medium as droplets or aerosols via splash from passing vehicles, deposits 

onto environmental surfaces of vegetation and soil wherein it is absorbed by receptor 

organisms, and affects both the soil chemistry and biota differently by species-specific 

sensitivities. 
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Figure 6-3.  Conceptual model of highway-related salt pollution affecting adjacent forest ecosystem.  Pathways 

are designated by arrows and with letter codes: S = splash, D = deposition, RO = runoff, WO = washoff, SF = 

stemflow, TF = throughfall, RU = root uptake, SM = soil movement. 

 

6.5.1 Sources 

As noted in Chapter 5, a 23% brine solution is applied to the highway in advance of winter 

storms as an anti-icing agent. Regular preventative treatments have been occurring every 

year since at least 2005, when the Raleigh area was gripped in an ice storm in February, 

causing gridlock from icy roads. 

 

6.5.2 Transport Pathways 

In solution road salt dissociates into Na+ and Cl- ions. Three possible pathways can transport 

ions to the roadside environment: 1) runoff from the road surface with precipitation or ice 

melt, 2) splash from passing vehicles as liquid, and 3) airborne as aerosols. Werkenthin et al. 

(2014) determined the dispersion zone from runoff to be 0-5 m, the splash zone to be 0-10 m 

from the road edge, and airborne dispersion to be 0-50 m. From the sodium concentrations of 

soils in the field study, which are over 20 times greater at the forest edge bordering the 
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highway than at distances at 25 m and greater, it can presumed that the predominant form of 

transport is splash. 

 

6.5.3 Receptors and Effects 

Vegetation 

In general, plants have species-specific salt tolerances, with those adapted to more haline 

environments such as coastal habitats having higher salt tolerances. As reviewed by Parida 

and Das (2005), salt stress affects plant physiology, reducing photosynthesis, protein 

synthesis, and metabolism, resulting in reduced productivity and ultimately death of the 

organism. Increased salt imposes a water deficit via osmotic imbalance, thus impeding 

several metabolic processes. 

 

The forest edge largely comprises loblolly pines (Pinus taeda), which are fast growing and 

moderately salt tolerant (Gilman and Watson 2014). Among the other species found along 

the highway forest edge, red maple (Acer rubrum) is salt sensitive, while oaks (Quercus) are 

considered mostly tolerant as are elms (Ulmus) (Clatterbuck n.d.). Therefore, road salt may 

be affecting tree species composition along I-40, but that possibility is beyond the scope of 

this study. 

 

Lichens 

As with plants, salt tolerance in lichens is species-specific, with most tolerant species found 

along coastal shorelines. As reviewed by Grube et al. (Delmail et al. 2013), high salt 

concentrations can lead to a decrease in osmotic water potential, affecting water availability 

in lichens as well as ion toxicity and nutrient imbalances. Physiological effects related to salt-

induced decrease in water availability are reduced respiration and photosynthesis. In 

cyanolichens (e.g., Leptogium, Lobartia) salt interferes with NO3
- uptake and the formation 

of nitrogenase enzymes, thereby reducing nitrogen fixation. Salt effects may help explain the 

much reduced lichen diversity, including the complete absence of cyanolichens, along the 

forest edge bordering I-40 as found in the present study. 
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Soil microcosm 

As noted in Chapter 5, road salt can have a profound effect on soil chemistry and microbial 

processes, primarily by increasing pH and ion toxicity to the soil microbiota (fungi and 

bacteria).  Effects of long-term salt exposure include suppressed nitrification and nitrogen 

mineralization, thereby reducing N availability for plants by root uptake, as concluded from 

field experiments (Green et al. 2008; Scott et al. 2011). 

 

6.6 Metals (Cd, Cu, Pb, Zn) 

As reviewed by Werkenthin et al. (2014), cadmium (Cd), copper (Cu), lead (Pb), and zinc 

(Zn) are among the most recognized metals in high concentrations in the roadside 

environment. Except for Cd, which measured below detection limit, all measured metals 

were found in elevated concentrations in soils along the forest edge bordering I-40 in the 

present study (Table 6-1). 

 

Table 6-1. pH and metal concentrations (mg/kg) on surface soils 

sampled in two highway-adjacent forests (LC- and RA- series) and one 

control forest away from roads (HL- series), western Wake County, 

North Carolina. 

Sample 

ID 

Distance from 

forest edge (m) 
pH Cu Pb Zn 

HL-1 0 4.21 3.16 11 17.6 

HL-2 25 4.36 1.9 9.8 17.4 

HL-3 60 4.42 2.44 8.52 16.3 

HL-4 100 4.39 1.77 9.33 18 

HL-5 150 4.48 1.86 8.89 17.5 

LC-1 0 5.65 33.8 32.5 105 

LC-2 25 4.44 5.56 13 23.7 

LC-3 60 4.37 4.8 10.9 23.9 

LC-4 100 4.32 4.06 11.6 18.5 

LC-5 150 4.31 5.83 12.5 23.3 

RA-1 0 5.62 22.3 56.1 102 

RA-2 25 4.37 3.67 10.6 14.4 

RA-3 60 4.69 4.28 14.9 16.7 

RA-4 100 4.76 2.58 9.28 10.5 

RA-5 150 4.59 5.15 9.33 13.6 
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The conceptual model for the examined metals in the roadside environment is portrayed in 

Figure 6-4. In overview, metals are introduced to the receptor environment from vehicle wear 

and tear as well as emissions. Metals deposit onto environmental surfaces of vegetation and 

soil wherein they are absorbed by receptor organisms and have toxic effects on the biota, the 

effects varying differently by species-specific sensitivities. 

 

 

Figure 6-4. Conceptual model for highway-related metal pollution affecting adjacent forest ecosystem.  

Pathways are designated by arrows and with letter codes: E = emissons, S = splash, D = deposition, RO = 

runoff, WO = washoff, SF = stemflow, TF = throughfall, RU = root uptake, SM = soil movement. 

 

6.6.1 Sources 

As noted in Chapter 5, metals can come from both vehicle wear and tear as well as 

emissions. Copper, lead, and zinc are mostly emitted from tires and brake pads (Hillenbrand 

et al. 2005). More specifically, zinc oxide is used in tires, copper is a major component of 

brake pads, and balance weights contain lead.   
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While these metals can exist in vehicle emissions (Hillenbrand et al. 2005), they are often in 

minor amounts. Lead is a criteria air pollutant with a NAAQS of 0.15 μg/m3; neither copper 

nor zinc are listed as regulated Hazardous Air Pollutants. None of these metals are listed in 

the Wake County 2011 vehicle emissions inventory 

(http://www.epa.gov/ttn/chief/net/2011inventory.html), suggesting that their levels are below 

de minimus values if detected.  

 

6.6.2 Transport Pathways 

As with road salt, metals (Cu, Pb, and Zn) emissions can disperse via runoff, splash, and 

airborne pathways (Werkenthin et al. 2014). From the metals concentrations of soils in the 

present study, where elevated concentrations were only found at the forest edge facing the 

highway (i.e. transects LC-1 and RA-1), it can presumed that the predominant form of 

transport is splash and airborne, entering the roadside environment via wet and dry 

deposition only within 35 m of the road edge. 

 

6.6.3 Receptors and Effects 

According to Werkenthin et al. (2014) exposure of metal accumulation in roadside soils can 

result in chronic stress in receptor organisms, but seldom causes acute toxicity. Elevated 

metal concentrations in near-road soils are immobilized by high pH.  In general, cationic 

metals, including Cu, Pb, and Zn, are maximally retained in the soil at pH above 7 (McLean 

and Bladsoe 1992). In their review, McLean and Bladsoe noted Pb to have the highest soil 

retention rate followed by Cu, then Zn. Soil retention of Cu begins at pH 6.6, while Zn 

retention begins at pH 5.5.  From the pH values of the soils in the field study (Table 6-1), it 

can be presumed that metals in the soils along the forest edge facing I-40 are marginally 

immobilized by the elevated pH caused by road salt deposition. Possible effects are detailed 

below. 

 

Vegetation 

When soluble in soil solution, metals are available for plant uptake by roots. According to 

Chibuike and Obiora (2014), excess metal uptake can be toxic and affect plant growth. 
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Specific toxic effects include oxidative stress and nutrient replacement by metals in cation 

exchange sites within plant cells. In studied plants, copper is known to accumulate in roots, 

reduce root growth, and produce root malformities as well as reduce biomass and seed 

production, ultimately resulting in plant death. Lead can also suppress growth and reduce 

biomass, as well as reduce leaf number and inhibit enzyme activity. Zinc can bioaccumulate, 

reducing germination rate, plant height, and biomass, as well as chlorophyll amino acid, 

starch, and sugar content.  

 

Neher et al. (2013) reported no effects on forest vegetation beyond the edge bordering 

managed roadways in Vermont, USA. Pivíc et al. (2013) found plant tissue content of Cu, Ni, 

Pb, and Hg to be within desirable limits (< 10 mg/kg) at all distances (10-400 m) from a 

major highway near Belgrade, Serbia, suggesting the bedrock, not the highway, to be the 

primary source. Forest vegetation in the field study likewise appeared not to be affected by 

metals in the soil. 

 

Lichens 

Lichens are well known to accumulate metals in the thallus from direct exposure and so are 

used as biomonitors of metal air pollution. Lawrey (1993) examined metals in the thalli of 

the foliose lichen Flavoparmeila baltimorensis (Gyelnik & Foriss) Hale over several 

decades. Lawrey found lichen Pb concentrations to vary from 82.3 μg/g dry weight in 1907 

to a high of 1160.6 μg/g in 1970 to then current levels of 25.5-136.8 μg/g in 1992. He 

attributed the lichen lead levels to ambient air concentrations of this pollutant. The low 1907 

concentration represents historical background levels; the 1970 spike represents polluted air 

from vehicle combustion of leaded gasoline; the 1992 level represents cleaner air post-

regulation and removal of lead from gasoline. During the time of elevated atmospheric lead 

concentrations, Lawrey and Hale (1979) found suppressed growth rates in juvenile thalli of 

F. baltimorensis at the same site near Washington, DC, USA, which they attributed to an 

effect of vehicle lead emissions. Lawrey (1993) also found copper and zinc concentrations in 

F. baltimorensis thalli at elevated levels in the polluted site compared to those in a reference 

site in 1988.   
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According to Bačkor and Loppi (2009), metals can have toxic effects in lichens, but only if 

they penetrate cell walls. Cell walls of both the mycobiont (i.e., fungal partner) and 

photobiont (photosynthesizing partner) in a lichen are generally effective in excluding metals 

from entering the cell. Once inside the cell, copper was found to inhibit photobiont growth, 

viability, and chlorophyll florescence. Lipid metabolism of photobionts may also be affected 

by Cu and Pb. Overall, effects of metal toxicity are not well understood in lichens. 

 

Soil microcosm 

Excess metals can affect the soil microbiota if mobilized. Werenthin et al. (2013) note that 

elevated soil pH (near neutral and above) enhances metal retention by reducing solubility and 

hence mobility, especially of Pb, Cu, and Zn. Forest edge soils along I-40 in the present study 

were found to have higher pH than soils further away, but at 5.6 they were still fairly acidic. 

Further, mobilized metals can also be available for root uptake as well as move into the 

groundwater (McLean and Bledsoe 1992). See above section on vegetation for effects from 

root uptake. 

 

In a laboratory experiment by Rajapaksha et al. (2004), soils enriched with Cu and Zn (up to 

128 mmol/kg) showed a negative effect on bacteria and a positive effect on fungi with a 

slightly reduced net effect on the total microbiota. Bacterial communities responded with 

reduced activity and greatly reduced plate counts, while fungi were found to increase in 

activity but no difference in plate count. They found these effects enhanced with lowered pH. 

Both components recovered slowly with affected ratios still apparent after 60 days. Microbial 

biomass decreased slightly in polluted soils. Fungal/bacterial ratios were highest in the most 

polluted soils and those with lowest pH. Along I-40, the soil microbiota may be affected by 

the metal contamination of soils from the highway.   

 

6.7 Other Vehicle Emissions   

The National Emissions Inventory (NEI) for the year 2011 

(http://www.epa.gov/ttn/chief/net/2011inventory.html) indicates Wake County on-road 

vehicles (consisting of light and heavy duty diesel and nondiesel vehicles) had emitted a total 
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of 5.38 million tons of currently listed air pollutants, including criteria pollutants (carbon 

monoxide, nitrogen oxides, particular matter, sulfur dioxide, and volatile organic 

compounds), greenhouse gases (carbon dioxide, methane, and nitrous oxide) and 34 

Hazardous Air Pollutants (HAPs). Among the HAPs profile, the largest relative components 

are toluene (28%), xylenes (19%), and ammonia (16%). Among these pollutants, I will 

briefly discuss ammonia and polycyclic aromatic hydrocarbons, both of which are known to 

affect the environment. 

 

6.7.1 Ammonia (NH3) 

Ammonia (NH3) is a reactive nitrogen species, emitted by vehicles with catalytic converters 

that were designed to reduce NOx emissions. From the 2011 NEI, 350 tons (16% of HAP 

emissions) were emitted in Wake County by on-road vehicles. In the near road atmosphere 

NH3 is typically found in concentrations about one tenth that of NO2 (Cape et al. 2004; 

Kirchner et al. 2005; Gadsdon and Power 2009; Gadsdon et al. 2010), transforms to 

ammonium (NH4
+) in aerosol form, and deposits either wet or dry and closer to the source 

than does NOx, again in lower concentrations than NOx (Chen and Mulder 2007; 

Bytnerowicz et al. 2005; Gadsdon and Power 2009; Hu et al. 2007; Neal 2002, Neal et al. 

1994). Ammonium can raise the pH of the substrate medium, whether that be bark or soil.  

As with NOx, plants can take up NH3 both through the canopy and roots. As with NOx, 

lichens are differentially responsive to NH3/NH4
+ deposition, which is related to pH 

sensitivities (Jovan et al. 2012). Therefore, the observed patterns of lichen diversity in the 

field study may be attributed to NH3 as well as NO2 emissions. 

 

6.7.2 Polycyclic Aromatic Hydrocarbons (PAHs) 

Polycyclic aromatic hydrocarbons (PAHs) are a class of volatile organic chemicals (VOCs) 

containing multiple rings of carbon and hydrogen atoms. Several PAHs are considered 

carcinogenic and are regulated as HAPs, including acenaphthylene, anthracene, 

benz(a)anthracene, benzo(a)pyrene, benzo(b)fluoranthene, benzo(g,h,i)perylene, 

benzo(k)fluoranthene, chrysene, dibenzo(a,h)anthracene, fluoranthene, fluorene, 

indeno(1,2,3-c,d)pyrene, naphthalene, phenanthrene, and pyrene. Combined emissions of 
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these PAHs were 18.94 tons or 1% of all HAPs from on-road vehicles in Wake County, 

2011. Research has recently been completed measuring PAHs along I-40 from the Triple Oak 

monitoring station, in which 14 compounds were detected, including most of the above 

HAPs, but in different relative compositions compared to the 2011 NEI (Mikel 2015).   

 

Lichens are known to accumulate PAHs and thus have been used as biomonitors for this 

class of air pollutants (e.g. Blasco et al. 2008; Augusto et al. 2010; Shukla et al. 2012). In the 

Himalayan foothills of India, Shukla et al. (2012) analyzed PAHs in the lichen Pyxine 

subcinerea (a nitrophytic/pollution tolerant species found in this study and dominant on 

urban trees in Raleigh) and were able to distinguish those from urban and industrial sources. 

In the Pyrenees of Spain, Blasco et al. (2008) found PAH concentrations associated with 

traffic emissions in the lichen Evernia prunastri to correlate with the lichen indicator species 

method Index of Air Purity (IAP) across a wide range of traffic and urban exposures, 

suggesting that low lichen diversity could be explained partly by PAH exposure. Although 

not studied here, PAH exposure could also be a contributing factor in shaping the lichen 

communities along highway I-40. 

 

6.8 Conclusions: Environmental Impact Assessment 

From this thesis study and analysis it is clear that the highway environment is polluted, with 

contamination of the air and soil media evident. The conceptual models above suggest 

several pollution effects to be affecting the roadside ecosystem, resulting in the low lichen 

diversity observed in the field study. The most heavily affected portion of the receptor forest 

is at the forest edge in the highway right-of-way corridor, the interface between the highway 

and the receptor forest where pollutant concentrations were highest and biotic (i.e., lichen 

and bryophyte) diversity was lowest. However, this analysis is by no means complete, for 

other pollutants and receptors were not examined, including dust, ammonia, VOCs including 

PAHs; sections of the small creek that run through the forest on both sides of I-40 in the 

study sites; and the other living ecosystem components such as the microbiota, vegetation, 

invertebrate, and vertebrate fauna. Further research into these additional pollutants, media, 

and receptors can give a more complete understanding of the effects of roads on the 
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surrounding environment.  Nevertheless, if lichens can indeed be used as bioindicators, this 

study has pointed to negative effects from the highway. 
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Appendix A. Lichen species correlations on all trees per transect with NMS Ordination axes 

and ISA results for indicators of NO2 levels relative to highway proximity.  

 

Appendix B. Lichen species correlations on red maples (one per transect) with NMS 

Ordination axes and ISA results for indicators of NO2 levels relative to highway proximity.  

 

Appendix C. Annotated checklist of lichens and allied fungi of Lake Crabtree County Park: 
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Appendix A  

Forest lichen species on all trees ordered by correlation with NMS Axis 1, which is strongly correlated with pollution variables (NO2 and most soil 

parameters), with Indicator Species Analysis (ISA) results for NO2 levels included for comparison.  Pollution senstivity ratings are: T = tolerant (r ≤ -0.500), 

N = neutral (-0.499 < r < 0.499) and S = sensitive (r ≥ 0.500). NO2 levels are: 0 = 0.00-0.99 ppb, 1 = 1.00-1.99 ppb, 2 = 2.00-2.99 ppb, 3 = 3.00-3.99 ppb as 

measured by passive samplers. Species in bold are those found significant indicators of NO2 levels by ISA. 

 NMS Axis 1 Corr ISA   NMS Axis 1 Corr ISA 

Lichen r 
Poll. 

Sens. 

NO2 

level 
p  Lichen r 

Poll. 

Sens. 

NO2 

level 
p 

Cladonia ravenelii -0.775 T 3 0.113  Candelaria concolor 0.320 N 0 0.598 

Opegrapha vulgata -0.715 T 3 0.102  Pyxine sorediata 0.320 N 0 0.598 

Pertusaria macounii -0.455 N 3 0.344  Zwachkia viridis 0.321 N 0 0.328 

Porina scabrida -0.259 N 2 0.008  Leiorreuma explicans 0.341 N 0 0.116 

Pseudosagedia cestrensis -0.253 N 2 0.244  Parmotrema submarginale 0.375 N 0 0.231 

Micarea prasina -0.201 N 2 0.533  Phaeographis inusta 0.375 N 0 0.231 

Coenogonium pineti -0.119 N 2 0.041  Usnea rubicunda 0.375 N 0 0.231 

Pertusaria sinusmexicani -0.033 N 1 0.672  Pertusaria epixantha 0.383 N 1 0.468 

Anisomeridium polypori 0.009 N 2 0.423  Heterodermia obscurata 0.387 N 0 0.652 

Opegrapha corticola 0.017 N 2 0.729  Enchylium conglomeratum 0.391 N 0 0.113 

Cladonia sp. 0.033 N 2 0.777  Lecanora hybocarpa 0.394 N 0 0.116 

Pertusaria ostiolata 0.071 N 2 0.258  Arthonia anglica  0.420 N 0 0.080 

Leiorreuma sericeum 0.109 N 1 0.677  Graphis lineola    0.427 N 0 0.454 

Physcia millegrana 0.126 N 3 0.969  Lepraria finkii 0.440 N 0 0.342 

Nadvornikia sorediata 0.138 N 2 0.406  Lecanora subpallens 0.442 N 0 0.114 
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Appendix A (cont.)       

 NMS Axis 1 Corr ISA   NMS Axis 1 Corr ISA 

Lichen r 
Poll. 

Sens. 

NO2 

level 
p  Lichen r 

Poll. 

Sens. 

NO2 

level 
p 

Hypotrachyna miarum 0.139 N 1 0.685  Pertusaria pustulata 0.442 N 0 0.114 

Phaeographis sp. 0.151 N 1 0.914  Usnea mutabilis 0.442 N 0 0.114 

Leptogium cyanescens 0.163 N 1 0.927  Bacidia schweinitzii 0.445 N 0 0.595 

Ochrolechia africana 0.181 N 0 1.000  Physcia americana  0.458 N 1 0.327 

Caloplaca camptida 0.183 N 0 0.854  Coccocarpia palmicola 0.460 N 0 0.108 

Lecidea varians 0.204 N 1 0.215  Phlyctis boliviensis 0.468 N 0 0.249 

Parmotrema hypotropum 0.210 N 1 1.000  Parmotrema ultralucens 0.492 N 0 0.034 

Thelotrema subtile 0.246 N 1 0.611  Lepraria caesiella 0.499 N 0 0.245 

Pertusaria texana 0.264 N 0 1.000  Trypethelium virens 0.508 S 0 0.269 

Graphis scripta 0.267 N 0 0.509  Canoparmelia caroliniana 0.539 S 0 0.069 

Leptogium austroamericanum 0.280 N 0 0.858  Lecanora strobilina 0.557 S 0 0.018 

Bulbothrix scortella 0.289 N 0 0.231  Variolaria ophthalmiza 0.564 S 0 0.004 

Leptogium corticola 0.289 N 0 0.231  Parmotrema reticulatum 0.590 S 0 0.035 

Phyllopsora corallina 0.289 N 0 0.231  Variolaria pustulata 0.603 S 0 0.103 

Phaeophyscia rubropulchra     0.290 N 2 0.305  Pertusaria paratuberculifera 0.609 S 0 0.078 

Chrysothrix xanthina 0.299 N 1 0.462  Flavoparmelia capearata 0.612 S 0 0.001 

Canoparmelia amabilis 0.307 N 1 0.285  Parmotrema subisidiosum 0.630 S 0 0.002 

Buellia erubescens 0.311 N 0 0.698  Myelochroa aurulenta 0.755 S 0 0.004 

Variolaria multipunctioides 0.316 N 1 1.000   Punctelia rudecta 0.880 S 0 0.000 
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Appendix B  

Forest lichen species on red maple trees ordered by correlation with NMS Axis 1, which is strongly correlated with pollution variables (NO2 and most soil 

parameters), with Indicator Species Analysis (ISA) results for NO2 levels.  Pollution senstivity ratings are: T = tolerant (r ≤ -0.500), N = neutral (-0.499 < r < 

0.499) and S = sensitive (r ≥ 0.500). NO2 levels are: 0 = 0.00-0.99 ppb, 1 = 1.00-1.99 ppb, 2 = 2.00-2.99 ppb, 3 = 3.00-3.99 ppb as measured by passive 

samplers. Species in bold are those found significant indicators of NO2 levels by ISA. 

 NMS Axis 1 Corr ISA   NMS Axis 1 Corr ISA 

Lichen r 
Poll. 

Sens. 

NO2 

level 
p  Lichen r 

Poll. 

Sens. 

NO2 

level 
p 

Opegrapha vulgata -0.629 T 3 0.195  Graphis scripta 0.255 N 0 0.315 

Nadvornikia sorediata -0.617 T 2 0.027  Phaeophyscia rubropulchra     0.257 N 0 0.543 

Pseudosagedia cestrensis -0.509 T 3 0.503  Bulbothrix scortella 0.292 N 0 0.602 

Porina scabrida -0.310 N 2 0.269  Phlyctis boliviensis 0.292 N 0 0.602 

Pertusaria macounii -0.083 N 3 0.344  Zwachkia viridis 0.295 N 0 0.324 

Canoparmelia amabilis -0.023 N 1 0.679  Lecidea varians 0.308 N 1 0.957 

Phaeographis sp. 0.009 N 0 0.595  Buellia erubescens 0.315 N 0 0.319 

Graphis striatula 0.140 N 1 1.000  Variolaria multipunctioides 0.321 N 0 1.000 

Pertusaria texana 0.145 N 1 1.000  Usnea rubicunda 0.357 N 0 0.325 

Hypotrachyna miarum 0.150 N 1 1.000  Pyxine sorediata 0.361 N 0 0.111 

Pertusaria ostiolata 0.150 N 1 1.000  Parmotrema submarginale 0.375 N 0 0.595 

Pertusaria subpertusa 0.150 N 1 1.000  Lepraria finkii 0.399 N 0 1.000 

Physcia americana  0.150 N 1 1.000  Chrysothrix xanthina 0.405 N 0 1.000 

Physcia millegrana 0.150 N 1 1.000  Cladonia sp. 0.405 N 0 1.000 

Lecanora strobilina 0.153 N 0 0.112  Parmotrema hypoleucinum 0.412 N 0 0.602 
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Appendix B (cont.)       

 NMS Axis 1 Corr ISA   NMS Axis 1 Corr ISA 

Lichen r 
Poll. 

Sens. 

NO2 

level 
p  Lichen r 

Poll. 

Sens. 

NO2 

level 
p 

Candelaria concolor 0.200 N 0 0.591  Parmotrema hypotropum 0.412 N 1 1.000 

Graphis lineola    0.200 N 0 0.591  Usnea mutabilis 0.412 N 0 0.602 

Pertusaria pustulata 0.200 N 0 0.591  Varicellaria velata 0.412 N 0 0.602 

Physciella chloantha 0.200 N 0 0.591  Myelochroa aurulenta 0.416 N 0 0.369 

Variolaria ophthalmiza 0.200 N 0 0.591  Parmotrema reticulatum 0.566 S 0 0.174 

Pertusaria epixantha 0.202 N 0 0.255  Canoparmelia caroliniana 0.590 S 0 0.081 

Lecanora hybocarpa 0.221 N 0 0.076  Parmotrema subisidiosum 0.618 S 0 0.173 

Maronea polyphaea 0.242 N 2 0.595  Variolaria pustulata 0.685 S 0 0.297 

Ochrolechia africana 0.242 N 0 0.595  Punctelia rudecta 0.751 S 0 0.005 

Phaeographis inusta 0.242 N 0 0.595  Flavoparmelia capeara 0.826 S 0 0.029 

Variolaria trachythallina 0.242 N 0 0.595             
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Appendix C 

Annnotated checklist table of lichens and allied fungi of Lake Crabtree County Park sampled in parallel 70 m 

long transects from the forest edge along highway I-40 to 150 m into the forest. Life form / photobiont 

designations: cr = crustose, fo = foliose, sq = squamulose, cy = cyanolichen (otherwise chlorolichen), al = allied 

fungus (nonlichen). Nomenclature follows Esslinger (2015) unless otherwise noted. Specimen records are 

available on www.lichenportal.org. *Voucher identified or verified by James Lendemer. 

 Transect  

Taxon 
LC 1 

(edge) 

LC 2 

(25 m) 

LC 3 

(60 m) 

LC 4 

(100 m) 

LC 5 

(150 m) 
Suppl. 

Anisomeridium polypori (Ellis & 

Everh.) M.E. Barr 
 cr cr cr cr  

Anthracothecium australiense 

(Müll. Arg.) Aptroot 
  cr    

Bacidia schweinitzii (Fr. ex Tuck.) 

A. Schneider 
  cr  cr  

Coenogonium pineti (Ach.) 

Lücking & Lumbsch* 
 cr     

Placynthiella dasaea (Stirton) 

Tønsberg* 
     cr 

Canoparmelia amabilis Heiman & 

Elix 
   fo   

Chrysothrix xanthina (Vainio) 

Kalb 
   cr cr  

Cladonia ravenelii Tuck.* sq sq sq sq   

Flavoparmelia caperata (L.) Hale   fo fo fo  

Graphis lineola Ach.   cr cr cr  

Graphis scripta s. lat.  cr  cr cr  

Hypotrachyna minarum (Vainio) 

Krog & Swincow 
  fo    

Julella fallaciosa (Arnold) R.C. 

Harris 
 al     

Lecidea varians Ach.     cr  

Leiorreuma sericeum (Eschw.) 

Staiger 
    cr  

Lepraria finkii (B. de Lesd.) R.C. 

Harris 
 cr cr cr   
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Appendix C (cont.)       

 Transect  

Taxon 
LC 1 

(edge) 

LC 2 

(25 m) 

LC 3 

(60 m) 

LC 4 

(100 m) 

LC 5 

(150 m) 
Suppl. 

Leptogium corticola (Taylor) 

Tuck. 
     fo, cy 

Leptogium cyanescens (Rabenh.) 

Körber 
  fo, cy    

Micarea prasina Fr.*      cr 

Myelochroa aurulenta (Tuck.) Elix 

& Hale 
    fo  

Nadvornikia sorediata R.C. Harris  cr  cr   

Opegrapha corticola Coppins & P. 

James* 
 cr     

Opegrapha vulgata Ach.* cr cr   cr  

Parmotrema subisidiosum (Müll. 

Arg.) Hale 
  fo    

Pertusaria epixantha R.C. Harris   cr cr cr  

Pertusaria macounii (I.M. Lamb) 

Dibben 
  cr    

Pertusaria texana Müll. Arg.     cr  

Phaeographis sp.*    cr cr  

Phaeophyscia rubropulchra 

(Degel.) Essl. 
 fo  fo fo  

Phlyctis boliviensis Nyl.      cr 

Physcia americana G. Merr.   fo    

Physcia millegrana Degel. fo   fo   

Porina scabrida R.C. Harris*  cr cr    

Pseudosagedia cestrensis (Tuck. 

ex E. Michener) R.C. Harris 
cr cr cr cr cr  

Punctelia rudecta (Ach.) Krog   fo fo fo  

Pyrenula caryae R.C. Harris     cr  

Thelotrema subtile Tuck.   cr  cr  
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Appendix C (cont.) 
      

 Transect  

Taxon 
LC 1 

(edge) 

LC 2 

(25 m) 

LC 3 

(60 m) 

LC 4 

(100 m) 

LC 5 

(150 m) 
Suppl. 

Trypethelium virens Tuck. ex E. 

Michener 
    cr  

Variolaria multipunctoides 

(Dibben) Lendemer et al. 
    cr  

Variolaria pustulata (Brodo & 

W.L. Culb.) Lendemer et al. 
  cr cr cr  

Zwackhia viridis (Pers. ex Ach.) 

Poetsch & Schied.* 
    cr  

Total       

42 4 12 18 16 22 4 
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Appendix D 

Annnotated checklist table of lichens and allied fungi of RDU Airport Authority managed forest sampled in 

parallel 70 m long transects from the forest edge along highway I-40 to 150 m into the forest. Life form / 

photobiont designations: cr = crustose, fo = foliose, sq = squamulose, cy = cyanolichen (otherwise 

chlorolichen), al = allied fungus (nonlichen). Nomenclature follows Esslinger (2015) unless otherwise noted.  

Specimen records are available on www.lichenportal.org. *Voucher specimen identified or verified by James 

Lendemer. 

 Transect  

Taxon 
RA 1 

(edge) 

RA 2 

(25 m) 

RA 3 

(60 m) 

RA 4 

(100 m) 

RA 5 

(150 m) 
Suppl. 

Bacidia schweinitzii (Fr. ex Tuck.) 

A. Schneider 
 cr  cr   

Buellia erubescens Arnold     cr  

Caloplaca camptidia (Tuck.) 

Zahlbr. 
  cr    

Canoparmelia amabilis Heiman & 

Elix 
  fo fo fo  

Canoparmelia caroliniana (Nyl.) 

Elix & Hale 
    fo  

Canoparmelia texana (Tuck.) Elix 

& Hale 
     fo 

Chrysothrix caesia (Flotow) Ertz 

& Tehler 
     cr 

Chrysothrix xanthina (Vainio) 

Kalb 
  cr cr   

Cladonia ravenelii Tuck.* sq sq sq  sq  

Cladonia sp. (sterile, apodetiate)  sq sq sq   

Cladonia peziziformis (With.) J.R. 

Laundon 
     sq 

Coenogonium pineti (Ach.) 

Lücking & Lumbsch* 
 cr  cr   

Glyphis cicatricosa Ach.     cr  

Graphis lineola Ach.  cr   cr  

Heterodermia obscurata (Nyl.) 

Trevisan 
  fo fo   

Hypotrachyna minarum (Vainio) 

Krog & Swincow 
    fo  
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Appendix D (cont.)       

 Transect  

Taxon 
RA 1 

(edge) 

RA 2 

(25 m) 

RA 3 

(60 m) 

RA 4 

(100 m) 

RA 5 

(150 m) 
Suppl. 

Julella fallaciosa (Arnold) R.C. 

Harris* 
     al 

Lecidea varians Ach.   cr  cr  

Lepraria caesiella R.C. Harris  cr   cr  

Leptogium austroamericanum 

(Malme) C.W. Dodge 
   fo, cy   

Leptogium cyanescens (Rabenh.) 

Körber 
  fo, cy    

Micarea neostipitata Coppins & P. 

May 
 cr     

Micarea prasina Fr.  cr   cr  

Myelochroa aurulenta (Tuck.) Elix 

& Hale 
   fo fo  

Nadvornikia sorediata R.C. Harris  cr cr cr cr  

Ochrolechia africana Vainio     cr  

Opegrapha corticola Coppins & P. 

James 
  cr    

Opegrapha vulgata Ach. cr  cr  cr  

Parmotrema hypotropum (Nyl.) 

Hale 
    fo  

Parmotrema reticulatum (Taylor) 

M. Choisy 
  fo  fo  

Parmotrema subisidiosum (Müll. 

Arg.) Hale 
   fo fo  

Pertusaria epixantha R.C. Harris     cr  

Pertusaria macounii (I.M. Lamb) 

Dibben 
cr   

 

 
  

Pertusaria ostiolata Dibben  cr   cr  

Pertusaria paratuberculifera 

Dibben 
   cr   

Pertusaria sinusmexicani Dibben   cr  cr  
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Appendix D (cont.)       

 Transect  

Taxon 
RA 1 

(edge) 

RA 2 

(25 m) 

RA 3 

(60 m) 

RA 4 

(100 m) 

RA 5 

(150 m) 
Suppl. 

Pertusaria subpertusa Brodo     cr  

Phaeophyscia rubropulchra 

(Degel.) Essl. 
 fo fo fo   

Phlyctis boliviensis Nyl.  cr  cr   

Physcia americana G. Merr.    fo fo  

Physcia millegrana Degel.     fo  

Pseudosagedia cestrensis (Tuck. 

ex E. Michener) R.C. Harris 
cr cr cr cr cr  

Porina scabrida R.C. Harris  cr     

Punctelia rudecta (Ach.) Krog   fo fo fo  

Thelotrema subtile Tuck.   cr  cr  

Trypethelium virens Tuck. ex E. 

Michener 
    cr  

Variolaria multipunctoides 

(Dibben) Lendemer et al. 
    cr  

Variolaria pustulata (Brodo & 

W.L. Culb.) Lendemer et al. 
  cr cr cr  

Total       

48 3 14 18 17 29 4 
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Appendix E 

Annnotated checklist table of lichens and allied fungi sampled in 70 m long parallel transects from the lake 

shore to 150 m into the forest at Harris Lake County Park. Life form designations: cr = crustose, fo = foliose, fr 

= fruticose, cy = cyanolichen (i.e. containing cyanobacteria), al = allied fungus (nonlichen). Names follow 

Esslinger (2015) unless otherwise indicated; where they differ, the name in Esslinger (2015) appears as a 

synonym. aAmphispheria bufonia is a nonlichenized fungus commonly found on Quercus alba reported from 

the Ozark Highlands (Harris & Ladd 2005) and the Piedmont of North Carolina (Perlmutter 2008), however not 

listed in Esslinger (2015). Similarly, Rebentischia massalongoi is an allied fungus collected with lichens, and 

not listed in Esslinger (2015); it is previously reported from Maine and Massachusetts (Barr 1980). Specimen 

records are available on www.lichenportal.org.  *Voucher identified or verified by J.C. Lendemer; **identified 

by A. Aptroot. 

 Transect  

Taxon 
HL 1 

(edge) 

HL 2 

(25 m) 

HL 3 

(60 m) 

HL 4 

(100 m) 

HL 5 

(150 m) 
Suppl. 

Acrocordia megalospora (Fink) R.C. 

Harris* 
  cr    

aAmphisphaeria bufonia (Berk. & Broome) 

Ces. & De Not.*   al    

Anaptychia palmulata (Michaux) Vanio   fo    

Anisomeridium polypori (Ellis & Everh.) 

M.E. Barr 
cr      

Arthonia anglica Coppins  cr cr  cr  

Bacidia schweinitzii (Fr. ex Tuck.) A. 

Schneider  
 cr cr cr cr  

Brigantieaea leucoxantha (Sprengel) R. 

Sant. & Hafellner 
   cr   

Buellia curtisii (Tuck.) Imshaug (syn.: 

Baculifera crutisii) 
 cr     

Buellia erubescens Arnold cr  cr    

Bulbothrix scortella (Nyl.) Hale   fo  fo  

Caloplaca camptidia (Tuck.) Zahlbr.    cr   

Candelaria concolor (Dickson) Stein. fo      

Canoparmelia amabilis Heiman & Elix  fo  fo   

Canoparmelia caroliniana (Nyl.) Elix & 

Hale 
fo fo fo  fo  
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Appendix E (cont.)       

 Transect  

Taxon 
HL 1 

(edge) 

HL 2 

(25 m) 

HL 3 

(60 m) 

HL 4 

(100 m) 

HL 5 

(150 m) 
Suppl. 

Chrysothrix xanthina (Vainio) Kalb  cr cr cr   

Cladonia sp. (sterile)  fr fr    

Cladonia ochlochlora Flörke fr      

Coccocarpia palmicola (Sprengel) Arv. & 

D.J. Galloway 
fo, cy   fo, cy   

Enchylium conglomeratum (Hoffm.) 

Otálora et al. 
   fo, cy fo, cy  

Flavoparmelia caperata (L.) Hale fo fo fo fo fo  

Fuscopannaria leucosticta (Tuck.) P.M. 

Jørg. 
     fo, cy 

Graphis lineola Ach. cr cr cr  cr  

Graphis scripts s. lat. cr cr cr  cr  

Gyalolechia flavorubescens (Hudson) 

Søchting et al. 
   cr   

Heterodermia obscurata (Nyl.) Trevisan fo fo     

Hypotrachyna minarum (Vainio) Krog & 

Swinscow 
 fo     

Lecanora hybocarpa (Tuck.) Brodo cr    cr  

Lecanora strobilina (Sprengel) Keiffer cr cr cr  cr  

Lecanora subpallens Zahlbr. cr cr     

Lecidea varians Ach. cr      

Leiorreuma explicans (Fink) Lendemer  cr cr    

Lepraria caesiella R.C. Harris cr  cr  cr  

Lepraria finkii (B. de Lesd.) Lendemer  cr  cr cr  

Leptogium austroamericanum (Malme) 

C.W. Dodge 
    fo, cy  

Leptogium corticola (Taylor) Tuck.   fo, cy  fo, cy  

Leptogium cyanescens (Rabenh.) Körber   fo, cy fo, cy   
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Appendix E (cont.)       

 Transect  

Taxon 
HL 1 

(edge) 

HL 2 

(25 m) 

HL 3 

(60 m) 

HL 4 

(100 m) 

HL 5 

(150 m) 
Suppl. 

Lobaria quercizans Michaux*   fo, cy    

Maronea polyphaea H. Magn.   cr    

Myelochroa aurulenta (Tuck.) Elix  Hale fo fo fo fo fo  

Nadvornikia sorediata R.C. Harris  cr cr cr cr  

Ochrolechia africana Vainio   cr    

Parmotrema crinitum (Ach.) M. Choisy    fo   

Parmotrema hypoleucinum (J. Steiner) 

Hale 
 fo     

Parmotrema hypotropum (Nyl.) Hale  fo     

Parmotrema reticulatum (Taylor) M. 

Choisy 
fo fo fo fo   

Parmotrema subisidiosum (Müll. Arg.) 

Hale 
fo fo fo fo fo  

Parmotrema submarginale (Michaux) 

DePriest & Hale 
fo  fo    

Parmotrema ultralucens (Krog) Hale fo  fo fo fo  

Peltigera phyllidiosa Goffinet & Miadl.      fo, cy 

Peltigera ponojensis Gyelnik      fo, cy 

Pertusaria consoscians Dibben cr      

Pertusaria epixantha R.C. Harris cr  cr  cr  

Pertusaria ostiolata Dibben     cr   

Pertusaria paratuberculifera Dibben cr cr cr cr   

Pertusaria pustulata (Ach.) Duby cr cr     

Pertusaria texana Müll. Arg.  cr     

Phaeographis sp.*     cr  

Phaeographis inusta (Ach.) Müll. Arg. cr  cr    

Phaeophyscia pusilloides (Zahlbr.) Essl.  fo     
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Appendix E (cont.)       

 Transect  

Taxon 
HL 1 

(10 m) 

HL 2 

(35 m) 

HL 3 

(70 m) 

HL 4 

(110 m) 

HL 5 

(160 m) 
Suppl. 

Phaeophyscia rubropulchra (Degel.) Essl. fo fo fo  fo  

Phlyctis boliviensis Nyl.*  cr cr cr   

Phyllopsora corallina (Eschw.) Müll. 

Arg.* 
  cr  cr  

Physcia americana G. Merr. fo   fo   

Physcia millegrana Degel. fo    fo  

Physciella chloantha (Ach.) Essl. fo      

Pseudosagedia cestrensis (Tuck. ex E. 

Michener) R.C. Harris 
cr cr cr  cr  

Pseudosagedia rhaphidosperma (Müll. 

Arg.) R.C. Harris 
  cr    

Punctelia rudecta (Ach.) Krog fo fo fo fo fo  

Pyrenula pseudobufonia (Rehm.) R.C. 

Harris 
  cr    

Pyxine sorediata (Ach.) Mont. fo      

Pyxine subcinerea Stirton fo      

Rebentischia massalongoi (Mont.) Sacc.**    al al  

Thelotrema subtile Tuck.   cr cr   

Trapeliopsis flexuosa (Fr.) Coppins & 

James 
cr      

Trypethlium virens Tuck. ex E. Michener cr cr cr    

Usnea mutabilis Stirton fr fr     

Usnea rubicunda Stirton fr  fr    

Varicellaria velata (Turner) Schmitt & 

Lumbsch 
 cr     

Variolaria multipunctoides (Dibben) 

Lendemer et al. 
cr      

Variolaria ophthalmiza (Nyl.) Darb. cr cr cr  cr  

Variolaria pustulata (Brodo & W.L. 

Culb.) Lendemer et al. 
cr cr cr  cr  
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Appendix E (cont.)       

 Transect  

Taxon 
HL 1 

(10 m) 

HL 2 

(35 m) 

HL 3 

(70 m) 

HL 4 

(110 m) 

HL 5 

(160 m) 
Suppl. 

Variolaria trachythallina (Erichsen) 

Lendemer et al. 
  cr    

Zwackhia viridis (Pers. ex Ach.) Poetsch & 

Schied.* 
cr  cr    

Total       

83 41 35 22 24 28 3 

 

 


