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Abstract 

The importance of monitoring and preventing pollution in the environment is a globally 

recognized issue. Of the criteria pollutants outlined by the United States Environmental 

Protection Agency, particulate matter is among these least understood in relation to 

toxicity and most wide-spread. Many governments have employed continuous air quality 

monitoring networks to track ambient levels of particulate matter, but are often too 

widespread to capture the heterogeneity of the urban environment, especially for heavy 

metal deposition. In Portland, OR, the epiphytic moss Orthotrichum lyellii was 

successfully used as a low-cost passive biomonitor to increase the spatial resolution of 

pollution around the city, identifying previously unknown heavy metal pollution 

“hotspots”. Though informative, the relationship between environmental concentrations 

and metal accumulation in moss tissue is still poorly understood. As part of a larger 

calibration experiment, this study used O. lyellii as an active biomonitor deployed across 

eight experimental sites around Portland, OR along with co-located bulk deposition and 

PM10 monitors over a period of 48 weeks. In addition, an S. palustre clone, considered a 

“gold standard” as an active biomonitor moss, was installed alongside O. lyellii under 

matched conditions and exposed in eight-week intervals over the course of the study. 

Bulk deposition, PM10 and co-located moss tissue for both species were collected and 

analyzed for 24 elements: Al, As, B, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, 

P, Pb, S, Se, Si, Sr, Ti, V & Zn. Results indicate that O. lyellii can be successfully used as 

an active biomonitor and provide quantitative information about the surrounding 

environment. Significant enrichment of Zn was observed in O. lyellii in over 60% of the 
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sites and a significant enrichment of Ni at some sites was identified, confirming the 

possibility of ongoing exposure at previously identified areas of concern within the city. 

Unsurprisingly, S. palustre showed a greater uptake capacity and greater sensitivity to 

almost all elements analyzed, especially heavy metals. Spearman correlations were used 

to compare both species relationship to bulk deposition and PM10, showing significant 

correlations for multiple metals with both measurements. Both species showed significant 

correlations with P and B in PM10 while O. lyellii uniquely correlated with Ca. S. palustre 

had additional significant correlations with K, S, Mn, Fe, Cu, Zn, B, V, Na, Ba, Al and 

Ti, suggesting a particular sensitivity to PM10 deposition on mosses derived from 

roadways and vehicular traffic. No correlations were seen in either species with heavy 

metal concentrations in PM10, although longer exposure times may result in better 

correlations with Cd. Both species showed significant correlations with Al and Co in bulk 

deposition while O. lyellii alone correlated with Cr. Additional correlations were seen in 

S. palustre for Ca, Mn, Fe, Ni, Cu, Zn, V, Sr, Ba and Pb. The results show that O. lyellii 

is uniquely suited to detect Cr in bulk deposition, highlighting species-specific difference 

in moss metal exchange dynamics. This thesis will further discuss the implications of 

these results and provide an in-depth analysis that can serve as an informational model 

for guiding future urban-focused active moss biomonitoring studies.
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1. Introduction 

The importance of monitoring and preventing air pollution has become a global issue, 

as exemplified by legislation and treaties ratified in the US and globally (U.S. 

Environmental Protection Agency 1963; European Parliament, Council of the European 

Union 2008; United Nations 2016). Government agencies use an integrated air quality 

index (AQI) to determine human health safety thresholds. Many criteria pollutants have 

been identified as having a negative impact on air quality including ozone (O3), carbon 

monoxide (CO), sulfur dioxide (SO2), nitrogen dioxide (NO2), course particulate matter 

(PM2.5) and fine particulate matter (PM10). Of these pollutants, PM2.5 and PM10 have a 

complex relationship to human health since the particles can be fractionally composed of 

toxic heavy metals—such as Zn, Cr, Ni, As, Cd and Pb—especially in urban area where 

anthropogenic activity is abundant (Liu et al. 2018). Typically, heavy metal sources occur 

naturally from degradation of the earth’s crust, but human activities greatly increase 

exposure through industrial effluents, sewage discharge and urban run-off (Jaishankar et 

al. 2014) . In addition to the many negative effects on human health, heavy metals have a 

significant effect on ecological, evolutionary and nutritional systems (Nagajyoti, Lee, and 

Sreekanth 2010) . In most natural systems, heavy metals usually occur at only trace levels 

and thus require accurate, standardized techniques to ensure data are comparable across 

all related experiments. 

Increased human activity from transportation, industrial processing, and wood fired 

heating in densely populated areas lead to higher levels of particulate matter in urban 

environments. Heavy metals can become trapped by aerosols, which eventually deposit 



2 

 

back to urban surfaces as dry particulates. Particulate matter is especially concerning to 

human health due to deposition in the lungs. PM10 refers to all particles that have an 

aerodynamic diameter ≤ 10µm, which are small enough to penetrate deep into human 

lungs, leading to damage in both the lower and the upper respiratory system (Valavanidis, 

Fiotakis, and Vlachogianni 2008). Ultra-fine particulate matter PM0.1—commonly 

emitted from vehicular combustion, power plants and forest fires—are small enough to 

breach the air-blood barrier and enter the blood stream (Shimada et al. 2006; Dean E. 

Schraufnagel 2020). Therefore, not only does chronic exposure to particulate matter 

result in a variety of respiratory and cardiovascular diseases, such as asthma or even lung 

cancer (Russell A. Brunekreef 2009), it can affect almost every organ in the body (D. E. 

Schraufnagel et al. 2019; Dean E. Schraufnagel et al. 2019).  

Acquiring data on heavy metal pollution is labor intensive and expensive because of 

the equipment needed (Wolterbeek 2002). These limitations also make it difficult to 

establish a well-dispersed, comprehensive network of air quality monitoring stations, 

leading to data that is only informative for a relatively small area. Although technology is 

improving, current methods are woefully inadequate for understanding variation in trace 

metals exposures across an urban environment, especially in lower income 

neighborhoods (Lombi 2018). To increase both the spatial-resolution of air quality 

measures and minimize overall cost, the use of biomonitoring—organisms used to obtain 

information about surrounding environment quality—has been established as a reliable 

technique in natural ecosystems (Markert et al. 1999). Some notable biomonitoring 

studies include the use of moss biomonitoring for: multiple heavy metals (Couto et al. 
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2004; Nickel and Schröder 2017), nitrogen deposition (Harmens et al. 2011), 

polyaromatic hydrocarbons (Foan et al. 2015; Jovan et al. 2021) and wide array of other 

trace metals including biologically important cations (Aydogan, Erdag, and Yildiz Aktas 

2017; Natali et al. 2016). 

The field of biomonitoring can be seen as both a qualitative and quantitative approach 

to determine environmental quality and monitor pollution (Environment Agency 2007). 

There are multiple terms used to in the literature to describe biomonitoring organisms 

including bioindicators, biomonitors and bioaccumulators, Bioindicators provide 

qualitative information about the environment quality or ecosystem health and can be 

compared with an instrument measurement. This approach requires a plant to respond to 

a particular pollutant in order to see how the ecosystem may respond. Biomonitors are 

also bioindicators, but they hold quantitative information on ecosystem health and the 

eventual impacts on the ecosystem. Bioaccumulates are organisms that accumulate 

pollutants within their tissues and are typically unaffected by the presence of those 

pollutants. These organisms can integrate exposure over time and demonstrate pathways 

in which pollutants move through an ecosystem. Moss exhibits characteristics for each of 

these categories and mosses are often referred to as a “bioindicator” or a “biomonitor” 

depending on the study. For experiments measuring metal concentrations in relation to 

environmental quality, biomonitor is the more apt and regularly used term because metals 

are quantified from digested tissue using analytical instrumentation. Biomonitors are 

generally classified as either passive - organisms collected from sites of natural growth - 

or active - organisms harvested and exposed under defined conditions. 
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Both moss and lichen have been used extensively as biomonitors for measuring heavy 

metals in the environment  (Gerdol et al. 2014; Nickel et al. 2014; Owczarek et al. 2001). 

Unlike vascular plants, mosses lack a root system, have no developed waxy cuticle layer, 

and have a high cation exchange capacity (Boquete et al. 2013). In addition, mosses can 

retain particulate matter deposited on their surface (Tyler 1990). These traits allow 

deposition derived elements to accumulate intracellularly, extracellularly and within 

vacuoles (Pérez-Llamazares et al. 2011), thus allowing moss to reflect metal 

concentration in the surrounding environment. A recent study demonstrated the power of 

this technique by sampling the epiphytic moss Orthotrichum lyellii across Portland, OR, 

revealing previously unknown sources of pollutants too localized to be captured by the 

current network of air quality equipment (Gatziolis et al. 2016). Though informative, the 

relationship between environmental concentrations and metal accumulation in moss 

tissue is still poorly understood due to species differences in biotic regulation, seasonal 

variation of weather patterns, and cation specific differences in exchange dynamics 

(Galsomiès et al. 2003). Thus, data acquired through biomonitoring methods are only 

semi-quantitative, leaving traditional air quality monitoring equipment as the only 

reliable source of accurate data. 

Despite decades of research, there has yet to be a study that finds a direct relationship 

between environmental deposition and moss tissue concentrations. Although many 

studies have stated that mosses are good monitors of atmospheric deposition, this is not 

always the case (Aboal et al. 2010; Boquete et al. 2020). In fact, only 40% of studies 

comparing bulk deposition—collection of wet deposition (precipitation) and sedimenting 
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(dry) particles— to moss tissue concentrations have shown significant correlations and 

many of those correlations are below 0.7 (Boquete et al. 2017). One reason for the lack of 

clarity in the literature is likely due to the lack of a standardized protocol for the moss 

technique, leading to research focused on the application of the method rather than the 

development of the technical aspects (Fernández et al. 2015). In an effort to remedy this, 

a Sphagnum palustre clone was recently isolated for large-scale production of consistent 

biomass suitable for use as an active biomonitor (Beike et al. 2015).  This was a major 

step forward for the moss bag biomonitoring technique and has led to new research 

focused on developing a standardized protocol for moss biomonitoring (A. Di Palma et 

al. 2016; Anna Di Palma et al. 2019). In addition, this has allowed a consistent way to 

test relative performance of element uptake between different species using this clone of 

S. palustre (Capozzi et al. 2017) as a baseline.  

A unified protocol will likely improve our understanding of the potential and 

limitations of using moss as a biomonitor, however, this does not address the limitation 

brought about by the complicating issues of moss species-specific difference in uptake 

and retention of elements. There is just as much variation across studies for biomonitor 

protocols as there are moss species used in these studies (Ares et al. 2012). Using this 

standardized S. palustre clone would be ideal to limit this variability, but access to this 

moss tissue is limited, is not yet commercially available, and could be difficult to acquire 

by municipalities or organizations looking to implement a moss biomonitoring study.  

Given the limitation of standard moss material for biomonitoring, most moss-based 

studies utilize locally available/abundant tissue (Fernández et al. 2015). The common 
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epiphytic moss species Orthotrichum lyellii has been used extensively for such studies in 

Portland, OR and data collected from this species has been used to locate and reduce 

emission of heavy metal pollution. Though locally informative (at least with respect to 

developing a qualitative spatial understanding of heavy metal abundance) there is still a 

poor understanding of how observed concentrations of metals measured in moss tissue 

relate to or can inform human exposure.  

The overall goal of this study is to significantly improve upon past attempts at 

calibrating moss biomonitors by implementing a comprehensive study that co-locates the 

S. palustre biomonitoring moss “standard”, with a locally abundant biomonitoring 

species (O. lyellii), adjacent to traditional air quality instrumentation for quantifying 

atmospheric heavy metal exposure (PM10 and bulk deposition).  In support of this, this 

thesis broadly examines three inter-related research questions: 1) How does the 

utilization and overall results from S. palustre biomonitors in Portland (a relatively clean 

urban atmosphere) compare to previous studies? 2) How do two co-located moss species, 

S. palustre and O. lyelli, compare to each other with respect to the biomonitoring of 

heavy metal exposure? 3) How do results from these moss biomonitoring species 

compare to results from traditional, instrument-based, measures of atmospheric exposure 

to heavy metals?  

To explore these questions moss biomonitors, were co-located with bulk deposition 

collectors, PM10 particle samplers, and micrometeorological stations that were installed at 

eight long-term research sites across an urban airshed in Portland, Oregon (USA). Moss 

biomonitors were deployed under matched conditions using a standardized moss bag or 
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“mosspheres”(Capozzi et al. 2016).  In order to detect spatial and seasonal variation in 

heavy metal deposition, both data from the moss biomonitors and air quality instruments 

were collected frequently during the 48-week experimental period. Finally, this study 

aims to determine the relative utility of O. lyellii as an active biomonitor species, better 

understand the coherence of the relationship between heavy metal deposition and moss 

tissue concentrations, as well as the strength of these correlations with direct 

measurements of deposition both spatially and temporally. 



8 

 

2. Methods 

2.1 Site Selection 

 Initial experimental site locations were selected using a preexisting moss metal 

content dataset of 346 sites located across the Portland metro area using O. lyellii 

(Gatziolis et al. 2016). Using this dataset, which showed city-wide distribution of 22 

metal Elements, 50 new locations were selected as potential sites for this experiment. 

During the Summer of 2017, O. lyellii samples were collected within a 10-day period and 

analyzed for the same 22 elements to ensure that any changes in moss metal content 

could be accounted for. This new dataset was narrowed down to 8 experimental sites 

where long-term sampling stations could be established for the course of the study 

(Figure 1. Map of experimental sites in Portland, OR. Rhombus marker represent sites 

with low (OES) and high (PWB) urban pollution backgrounds. Square markers represent 

sites with close proximity of high to moderate traffic (ERL, PFD, UOP). Circle marker 

represent sites with close proximity to moderate to low traffic (HES, BSP, OHS). Site 

map was made using an online ArcGIS mapping tool, https://esri.com). Geographic 

coordinates and description of pollution sources for each site (OES, PWB, HAR, PFD, 

UOP, HUM, PUM, OHS) are reported in Table 1. It is worth noting that establishing 

these experimental sites in the city would not have been possible without partnering with 

community and state organizations. These partnerships allowed for long term access to 

each site with little disruption to sample collection. 
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2.2 Experimental Site Setup 

 For practical reasons and to prevent vandalism, most experimental site housed 

deposition monitors, a weather station and moss treatments within a 9m2 coated metal 

enclosures with 5cm x 5cm gaps as to not impede airflow or particle deposition. Three 

sites (HAR, HUM, PUM) were housed in larger gated areas and did not need enclosures 

to be installed. Each site was visited weekly on the same day within a six-hour timeframe 

over a 48-week period, which included sample collection, maintenance of site conditions 

and instrument maintenance. Due to difference in sensitivity and collection limitations for 

each type of measurements, replicates and total number of samples varied per collection 

period. Additionally, each measurement type was adjusted to match each 8-week moss 

exposure – referred to as sampling period – for direct comparison between moss and 

deposition. Table 2 delineates each sampling period, the date range within that period and 

how each measurement was adjusted to be compared across sampling periods.  

 

2.3 Particulate Matter 

 Particles with an aerodynamic diameter of ≤ 10µm (PM10) was collected onto Teflon 

filters (Tisch Scientific; 2.5µm membrane) using Near Federal Reference Method (N-

FRM) sampler (ARA Instruments; Eugene, OR) equipped with a PM10 inertial impactor 

attached to the louvered inlet. PM10 was selected over total suspended solids (TSP) 

because it is more relatable human health and preliminary data showed a large proportion 

of the elements of interest were found in the PM10 fraction. ARA N-FRM monitors were 

selected as a low-cost alternative to larger scale particulate monitors and have shown to 
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have high accuracy close to FRM standards (Krug et al. 2021). These battery-operated 

samplers were set to operate at 16.7L min-1 for continuous sampling and data were 

logged in 5-min intervals, maintaining flow control within ± 2% margin of error. Each 

sampler was also equipped with a wind anemometer and a particulate counter.  

 Teflon filters were initially weighed in the lab using an MX5 microbalance (Mettler 

Toledo) and inserted into a 47mm Teflon filter cassette with an aluminum mesh support 

designed for the N-FRM sampler. Filters are placed in a cassette holder between the PM10 

impactor and the monitor inlet for particles to deposit onto. The NFR-M samplers were 

schedule to run continuously for seven days intervals. Though these samplers are 

typically used for 24 to 48-hour sampling periods, the longer sampling period in this 

study did not seem to effect sampling performance (Figure 2). Filters were collected each 

week by retrieving samples from the intel cassette holder, which was immediately 

replaced with a clean filter before sampling continued. Exposed filters were stored within 

machined, aluminum transport cases until the final weight of each filter was measured 

and sealed in a plastic PetriSlide (Millipore) until chemical analysis. Filters were kept 

sealed in a controlled environment for 24 hours before the weight was recorded. An 

unexposed filter (field blank) was carried through the entire collection process to track 

any potential contamination from the collection procedure. Logged data were also 

downloaded from each N-FRM sampler each week. On a bi-weekly schedule, sampler 

inlet components were taken apart and cleaned with DI water mixed with a light 

detergent (1% (v/v) Liquinox) to removed debris collected on the surfaces of the inlet. 

Acetone was used for a final rinse to expiated the drying process before components were 
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reassembled and installed. During this time, an FTS Flow Calibrator (ARA Instruments) 

was used to ensure sampler flow stayed within 16.7Lpm ± 5% accuracy. If flowrate fell 

outside of that range, a multipoint flow calibration was performed in the field to correct 

the error. After 3000hrs of runtime, monitors were sent back for factory recalibration 

before being redeployed to ensure consistent performance throughout the experiment.  

 

2.4 Bulk Deposition 

 Bulk deposition – wet and dry deposition – was collected in triplicates using clear, 

acrylic rain gauges (Cole-Parmer) with a plastic mesh (3mm2) over the inlet funnel to 

keep out debris. Additionally, plastic spikes were added around the rim to prevent 

interference from birds. Each rain gauge consisted of an inner measurement tube and an 

outer tube meant to hold any overfill during heavier rain events. Double reflective 

insulating wrap was placed around the outside surface of the rain gauge to prevent 

ultraviolet, visible and infrared light from interacting with the elements in the rai nwater 

and prevent microbe growth. These monitors where installed on a tripod crossarm (2m 

height) along with an electronic HOBO logging rain gauge (Onset, RG3) as a reference to 

control for any evaporation. A solar shielded humidity sensor (Onset, S-THB-M002) was 

also added to monitor microclimate variation between sites. Both sensors were hooked up 

to a USB micro weather station and datalogger (Onset, H21-USB). 

 Bulk precipitation was collected from rain gauges on a bi-weekly schedule. Samples 

were collected by removing the inner measuring tube, replacing the funnel on the outer 

overflow tube and pouring the contents back through the funnel and plastic mesh to rinse 
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through any particles adhered to the outside of the inlet. The contents in the outer 

container were then swirled and poured into a precleaned high density polyethylene 

(HDPE) container in a turning motion to catch any condensation on the sides of the 

container. Bulk deposition samples consisted of primality wet deposition, but small 

amounts of dry deposition that could land on the rain gauge inlet. During periods of no 

rainfall (≤ 20ml collection volume), 25ml of bi-distilled water (Resistivity >18 MΩ·cm), 

acidified with TraceMetal™ grade HNO3 (Fischer Scientific) to 1% (v/v), was added to 

the sample before collection. The addition of this volume allowed for collection and 

chemical testing even when collectors contained primarily dry deposition.  

 After sample collection was complete, all parts of the rain gauge were rinsed with bi-

distilled water acidified to 5% TraceMetal™ gradevHNO3 (v/v) and air dried before 

being replaced on the tripod. Samples were brought to the laboratory on the same day 

within an 8hr timeframe. Collection volume was measured and each sample was acidified 

to 1% (v/v) with TraceMetal™ grade 70% HNO3 to preserve the sample and break up 

larger particles or aggregates within the solution. After a 24hr period, samples were 

shaken vigorously and aliquoted into an 60ml all plastic syringe with an attached with a 

0.45µm 30mm nylon syringe filter. Samples were filtered to remove fine particles from 

the solution and stored in metal-free HDPE 50mL falcon tubes (Labcon) until analysis. 

 

2.5 Moss Collection and Mossphere Construction 

 Two moss species were used as material for active biomonitor deployment, 

Sphagnum Palustre (non-local, bioreactor grown) and O. lyellii (local, grown naturally). 
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S. Palustre clone was sourced from the University of Santiago de Compostela, Spain, 

Department of Functional Biology. The S. palustre clone was grown in a photo-

bioreactors as described in (Beike et al. 2015) and (Reski et al. 2016). Previous studies 

have shown the S. palustre clone to have low initial metal content within its tissues and 

high metal uptake capacity, making it an ideal material for active environmental 

biomonitoring (Capozzi et al. 2017). O. lyellii is an epiphytic moss that can be found in 

British Columbia, Washington, Idaho California and Oregon. O. lyellii primarily grows 

on hardwood trees in large tufts on trunks and branches and is the most common 

epiphytic moss on street trees found in Portland, OR. These characteristics make O. lyellii 

an ideal biomonitor species for use in Portland, OR. To obtain enough material needed 

for use in a passive biomonitor apparatus, O. lyellii was collected from a single tree in a 

small patch of forest located at the Oregon Episcopal School (45°28'38.79" N, -122° 

45'20.01” W). All materials were collected and stored on the same day to ensure no 

temporal variation occurred in initial elemental content of the moss tissue. 

 The S. palustre clone material used in this experiment required no cleaning or 

processing before being packed into mosspheres (spherical shaped, moss weight/bag 

surface area ratio 10mg cm-2, 2mm mesh size, ø = 11cm) for exposure. The material came 

packaged, devitalized and pre-cleaned, ready for immediate use. Since O. lyellii was 

collected in natural conditions and has district morphological differences from S. 

palustre, gametophytes were trimmed, cleaned and devitalized before exposure. Using a 

Petri dish, forceps and scissors sterilized with 70% ethanol, fresh green tissue was 

removed from each gametophyte according to (Gatziolis et al. 2016). This ensured that 
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moss tissue used in this experiment was consistent and biologically active without 

potential contamination for tree bark/soil, insects or necrotic/senescent tissue typically 

found at the base of the moss patches. To remove debris from leaves and reduce initial 

metal content, trimmed O. lyellii tissue was placed into a plastic sieve (0.7cm2) and 

washed with bi-distilled water applying the same method used for the S. palustre clone, 

described here (Capozzi et al. 2016). Seven separate washes were performed using a 

shaker to agitate the mixture:  One wash for 20 min with 10mM EDTA solution (12.5 

gDW moss/L), Three washes for 20 min each with distilled water (10 gDW/L), and Three 

washes for 10 min in bi-distilled water (10 gDW moss/L). Material was then spread out 

on trays, patted dry with filter paper and placed in a drying oven. To devitalize the tissue, 

the moss was allowed to dry for 24 hours: 8hrs at 50oC, 8hrs at 80oC and 8hrs at 100oC.  

Dried material was removed and packed into mosspheres within 24hrs. Devitalization 

ensured moss element content would not be effect by biotic factors (e.g. new tissue 

growth, changes in uptake capacity). 

 Devitalized S. palustre and O. lyellii was packed into mossphere (Figure 3) using 3g 

(1.5g per hemisphere) of dry tissue and stored in individual plastic bags prior to exposure. 

Three mosspheres filled with S. palustre were installed at each site. O. lyellii was only 

installed at four of the eight sites (OES, HAR, PWB, PUM) due to the limitation of 

available moss tissue and the cumbersome, time-consuming steps needed to properly 

process the moss tissue for an experiment of this scale. Mosspheres were attached to 

polyvinyl chloride (PVC) pipes and hung at a height of two meters. Exposure took place 

over 8-week periods for total of 6 total collections over the course of the study. At the 
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end of each 8-week exposure period, mosspheres were removed from experimental 

enclosures, exposed moss tissue was removed and stored in kapak bags. Mossphere 

components were then rinse thoroughly with bi-distilled water and dried before pre-

weighed unexposed moss tissue was added and deployed for the next exposure period. 

On the same day, exposed moss tissue was dried at 40oC for 24-48 hours depending on 

the degree of tissue water saturation. Once completely dry, moss tissue was sealed in 

kapak bags to protect from bacterial or fungal growth and stored at 20oC until chemical 

analysis could be performed.  

 

2.6 Chemical analysis 

 PM filter analysis – Filter samples containing PM10 collected from particulate 

samplers each week were combined for each four-week period (four filters total) to 

ensure that trace element content within PM was in a detectable range. All four filters 

were removed from PetriSlide containers they were shipped in and placed in the same 

50ml Teflon digestion and digested as together as one sample. The microwave-assisted 

digestion method (reagents and microwave program) is the same for the moss analysis 

described later in this section. Once digestion was complete, samples were diluted in a 

25mL volumetric flask, rinsing with bi-distilled water. Flasks were filled to volume, 

capped and mixed and transferred to plastic storage bottles for subsequent analysis 

determination of element concentrations by inductively coupled plasma optical emission 

spectroscopy (ICP-OES) (iCAP 7000 series). Elements analyzed were aluminum–Al, 

arsenic–As, boron–B, barium–Ba, calcium–Ca, cadmium–Cd, cobalt–Co, chromium–Cr, 
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copper–Cu, iron–Fe, potassium–K, magnesium–Mg, manganese–Mn, molybdenum–Mo, 

sodium–Na, nickel–Ni, phosphorous–P, lead–Pb, sulfur–S, silicon–Si, strontium–Sr, 

titanium–Ti, vanadium–V & zinc–Zn. Each element can be binned into specific classes 

shown in Table 3 and how data will be group in this paper. As dictated by established 

standards, plant-essential macro and secondary nutrients are presented as % by dry 

weight, however detection limits are all calculated as mg/kg. For quality control 

purposes, method blanks and 4 quality control standards (Agilent) were analyzed for 

every ten samples during analysis. Quality control data for QCI-710 and Alpha APS-

1070 are shown in Table 4 and Ultra IQC-026 and VHG-IPCqY are shown in Table 5 

along with instrument detection limits. Most element were ≤ 10% of the expected value 

except for Cr, Cd, Mo, Na, Ni & Si. None of these elements performed well at trace 

concentrations below 200ug/L. However, Si was more accurate at higher concentrations. 

 Bulk deposition analysis – Inductively coupled plasma mass spectroscopy (ICP-MS) 

(Agilent 7800 Quadrupole) was used to determine elemental composition of bulk 

precipitation samples for 22 elements including: Al, As, B, Ba, Ca, Cd, Co, Cr, Cu, Fe, 

K, Mg, Mn, Mo, Na, Ni, P, Pb, Sr, Ti, V & Zn. For quality control purposes, four 

analytical standards (SCP science) at two different dilutions were chosen for the selected 

range and elements measured. Quality control data for EnviroMAT™ high drinking 

water standard (EP-H, Table 6), EnviroMAT™ low drinking water standard (EP-L, Table 

7), Quality control standard no. 4 (QC4, Table 8) and ICP-MS verification standard, Sol. 

A (Ver, Table 9) are presented with instrument detection limits for each element. In 

addition, an analytical blank (bi-distilled water), reagent blank (bi-distilled water + 70% 
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HNO3), a method blank (bi-distilled water collected from a rain gauge stored in the lab + 

70% HNO3), and a replicate sample were added to each set of 10 samples. Quality 

control data showed most elements were ≤ 10% expected values except for P, K, Ca, B, 

Al and Zn, which did not perform well at trace concentrations. However, these elements 

showed good reliability at higher concentrations shown in Table 7, except for Ca. Due to 

polyatomic interferences associated with using ICP-MS, Ca did not perform well below 

1000µg/L.  High ionization energies for Silicon and Sulfur resulted in poor performance 

on ICP-MS when measuring a broad range of elements and were omitted from the bulk 

deposition analysis.  

 Moss tissue analysis – Moss samples were ground into homogenous powder using a 

mill (IKA Tube mill), stored in polyethylene containers and dried at 40oC for 24hrs. Each 

sample was weighed out to 0.5g and added to a 50ml Teflon digestion vessel before 10ml 

of Trace-metal™ grade HNO3 and 2mL of TraceMetal™ grade HCL was added. 

Samples were left on a shaker overnight in a fume hood to ensure maximal HNO3-

imposed oxidation to occur at ambient temperature. The next day, samples were 

homogenized using a vortex and microwaved digested (CEM MARS 6 digestion oven) 

using the general plant digest protocol provided by CEM. Once complete, samples were 

removed from the oven and allowed to cool before 10mL of reagent grade 30% H2O2 was 

added to each tube. Using the same oven protocol, the samples were microwaved a 

second time to ensure complete digestion of the plant tissue occurred. All sample were 

diluted to a total volume of 50mL with bi-distilled water and stored in acid washed 

HDPE narrow-mouth bottles.  
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 ICP-OES (iCAP 7000 Series) was used for determination of elemental concentrations 

from moss digest including: Al, As, B, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, 

Ni, P, Pb, S, Se, Si, Sr, Ti, V & Zn. In order to control for contamination of digest 

reagents, every 10 samples were accompanied by a method blank (digest solution with no 

moss tissue). For quality control, every 10 samples were accompanied by two analytical 

standards and one replicate sample from the digest set to verify accuracy of the 

instrument. To determine element recovery from digestion, two Standard reference 

materials were used: IAEA-336 (epiphytic lichen species Evernia prunastri) standard 

reference standard (Table 10) collected in Portugal (international Atomic Energy Agency 

1999) and BCR-482 (epiphytic lichen species Pseudevernia furfuracea) standard 

reference material (Table 11) collected in Axalp, Switzerland (Community Bureau of 

Reference 1995). BCR-482 is certified for Al, As, Cd, Cr, Cu, Ni, Pb and Zn, all other 

reported element content values are not recommended reference values and is for 

information purposes. Recoveries for IAEA-336 were between 73% (P) and 118% (As) 

except for Ca (36%), Ni (45%) and Cd (65%). Recoveries for BCR-482 were between 

69% (Cd) and 98% (As) except for B (33%), Na (43%), Mo (44%) and Ca (61%). IAEA-

336 content for P, Mg, Ca, Ni, Cr, Cd and Pb are not recommended references values and 

are for informational purposes. Neither standard reference material has certified values 

for Si so recoveries are not reported.  
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2.7 Data processing 

 The Limit of quantitation of the technique (LOQT) for the moss material was 

determined for each species to control for the variation in elemental content in unexposed 

tissue (Couto et al. 2004). This is calculated as follow: xCi +1.96sCi where xCi is mean 

concentrations of the unexposed moss and sCi is the corresponding standard deviation 

(Ares et al. 2015). Criteria for initial comparison of element uptake between species was 

chosen such that 60% of all measured concentrations (i.e. 43 out of 72) for each element 

had to be above the LOQT for at least one species as used by (Capozzi et al. 2017). All 

data was analyzed using Microsoft Excel 2016 and R package version 4.0.3. Non-

parametric statistical analyses were used data appeared to be not normally distributed 

according to Shapiro-Wilk test (p<0.05). Thus, the Spearman’s rank-order correlation 

was used to determine the significance of the concentrations within species and the 

Wilcoxon matched pairs test was used to determine the significance of metal uptake 

between species. Intra-element correlation coefficients were calculated for each moss 

species using R package 'corrplot': Visualization of a Correlation Matrix (Version 0.92). 

Spearman correlation coefficients were calculated for comparing moss tissue 

concentrations to ambient PM10 concentrations and bulk deposition. 
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3. Results 

3.1 Pre-exposure moss tissue analysis 

 Element content was measured in unexposed moss tissue before installment in 

specialized moss bags (Mosspheres) to establish a baseline for accumulation for each 

element (Table 12). S. palustre moss tissue showed lower initial concertation all elements 

except for Ca, K, Mg, P and S, which fall into the plant-essential macronutrients and 

plant-essential secondary nutrients classes. Notably, Al, Ba, Fe, Na, Si, Sr and Ti were all 

many times higher in the O. lyellii, indicating the presence of soil mineral elements 

despite cleaning the moss tissue. Table 13 shows the effectiveness of cleaning O. lyellii 

tissue before exposure by comparing the percent change in element content. In all cases, 

there was a reduction in total element content in post-washed O. lyellii, except for Ba, 

Na, P and Si. However, overall reduction in element content was lower than expected, 

especially for soil mineral elements. Content of P and Na were substantially increased in 

moss tissue after washing, likely due to those elements being difficult to filter out with 

ion exchange resins.  

 

3.2 post-exposure moss tissue analysis  

 Descriptive statistics combining all sites and sampling periods are shown for O. lyellii 

and S. palustre in Table 14 and Table 15, respectively. O. lyellii was only present at four 

sites (HAR, OES, PUM, PWB; n = 72) and S. palustre was present at all eight sites 

(n=144). O. lyellii tissue concentrations were below detection limit (BDL) for Cd (n=4) 

and As (n=6). S. palustre tissue concentrations were BDL for Co (n=2), Cd (n=33), Pb 



21 

 

(n=1) and As (n=77). Fisher-Pearson Skewness for each element was calculated for both 

moss species to identify elements with high relative concentrations—a higher skewness 

would indicate more extreme values over the total range. This was also used to compare 

species to see if both species showed similar sensitivity to the same element. The total 

skewness for O. lyellii ranged from -0.4970 (Na) to 1.6098 (Ca) and the total skewness 

for S. palustre ranged from -0.1764 (Pb) to 1.0636 (Mo). Elements with the highest 

positive skewness for O. lyellii was for Ca (1.61), B (1.42), Mn (1.10), Ni (0.90) and Cu 

(0.80). Negative skewness was shown in P, Mg, S, Zn, Na, Ti, Al and Si, indicating 

extreme values represent low values. The elements with the highest positive skewness for 

S. palustre was Mo (1.06), 1.05 (Na), P (0.93), Cu (0.83) and As (0.81). The only element 

negatively skewed was Pb (10.18). Both moss species had relatively low skewness 

overall indicating that extremely high or low values did not influence to total distribution 

of tissue element concentrations. 

 To compare relative sensitivity and total accumulation of elements for both moss 

species post-exposure moss tissue was paired according sampling period for each site 

where both species were present (OES, HAR, PUM, PWB). Percent of accumulation 

(PoA) was calculated for each matched pair using (Cf -C0/C0) *100 where C0 is the 

concentration of moss tissue before exposure and Cf is the concentration of moss tissue 

after an 8-week exposure period. Table 16 shows the minimum, median and maximum 

PoA calculated for each species across all sites and sampling periods. In the post 

exposure tissue of O. lyellii, only Zn met the 60% criterion used for species comparison 

reference in the data processing section. Copper was accumulated above the LOQT in 
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44% of the samples and Ca, Ni & B were accumulated in 33%, 36% & 33% of samples, 

respectively. All other elements were only present in less than 30% of all samples. Sulfur 

only accumulated in one sample and Na & P never accumulated. The highest median 

PoA for O. lyellii across all sites and sampling periods was 49% (Cu) with a total range 

from -99% (Cd; matched pair 31) to 328% (Cu; matched pair 10).  

 S. palustre met the 60% criterion for all elements expect K, Na & S – 11%, 12% & 

18% of samples respectively– and Mo & P – both in 8% of samples. For all other 

elements – Al, B, Ba, Ca, Co, Cr, Cu, Fe, Mg, Mn, Pb, Si, Sr, Ti, V & Zn – the PoA was 

positive in for than 60% of total samples and will be used for species comparison. The 

high median PoA was 15,234% (Ti) and overall PoA ranged from -74% (Mo; matched 

pair 44) and 39,120% (Ti; matched pair 69). The median PoA across all sites and 

sampling periods was 157%. Extremely high PoA was seen in S. palustre for Ti, Al, Si, 

V, Co, Cd, indicating that the tissue has high sensitivity to these elements in particular. 

PoA data for each matched pair is reported in appendix under the supplementary data 

section (Table S1 through Table S12).  

 

3.3 Species Comparison 

 It should be noted that there is an apparent absence of direct species comparison 

studies in the literature and much of the data analysis and analytical basis for comparison 

was provided by (Capozzi et al. 2017). Furthermore, the sphagnum clone used in this 

experiment was received from that same research group and has allowed for a direct 

comparison of moss element uptake in S. palustre between studies. This is particularly 
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valuable to moss biomonitor research because biotic differences between moss species 

and technical differences in methodologies make it difficult to compare bioaccumulation 

pattern across studies. 

 Correlation coefficients were calculated for each element observed in each moss 

species. O. lyellii (Figure 4) and S. palustre (Figure 5) had similar element correlations 

indicating that both species accumulated elements from the same source. The strongest 

positive correlations (above 0.6) were seen in the plant-essential macro and secondary 

nutrients as well as the soil mineral elements. In contrast, strong negative correlations 

were often associated between these groups. Spearman correlations were calculated 

comparing element tissue concentrations between species (Table 17). Elements with high 

correlations indicates both species accumulated elements similarly during each exposure 

period. Significant correlations were found for P, K, Ca, S, Fe, Ni, B, Al, Co and Pb. 

 Boxplots comparing the total distribution of post-exposure tissue concentrations are 

shown for plant-essential macronutrients (Figure 6), secondary nutrient (Figure 7), 

micronutrients (Figure 8 & Figure 9), soil mineral elements (Figure 10) and 

environmentally important trace elements (Figure 11). LOQT values calculated for each 

element is shown in addition to the Wilcoxon Z score to compare respectively: the range 

of measurements that were significantly enriched and the difference in uptake between 

the two biomonitors.  S. palustre showed a higher sensitivity and uptake capacity than O. 

lyellii in all elements used for species comparison across the whole study. Meeting the 

60% criterion, S. palustre showed significant enrichment in Al, B, Ba, Ca, Co, Cr, Cu, 

Fe, Mg, Mn, Ni, Pb, Si, Sr, Ti, V & Zn. O. lyellii was only significantly enriched in Zn 
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and to a lesser extent for Cu, Ni. The LOQT calculated from pre-exposure O. lyellii was 

always higher – except Ca – despite matched washing procedures. In some cases, LOQT 

of O. lyellii was many times higher than the Sphagnum clone, especially for elements 

associated with soil mineral elements.  For example, Al, Si, & Sr were 125x, 110x & 17x 

higher in pre-exposure tissue concentrations of O. lyellii than S. palustre. In addition, S. 

palustre was much more sensitive to most environmentally important trace elements – 

Co, Cr, Cu, Ni & Pb – though the range of tissue concentrations were much closer 

between species than with soil elements. Element uptake was significantly similar 

between species for Fe, Cu, Al, Ti, Si and Cd. 

 Bar charts comparing tissue element concentrations at sites where both species were 

present are shown for plant-essential macronutrients (Figure 12), secondary nutrient 

(Figure 13), micronutrients (Figure 14 & Figure 15), soil mineral elements (Figure 16) 

and environmentally important trace elements (Figure 17) over 6 sampling periods. 

LOQT values calculated for each element are also included to show when mean element 

concentrations were significantly enriched in moss tissue. These plots show element 

uptake for O. lyellii and S. palustre across a pollution gradient where OES has the lowest 

proximity to sources of pollution, followed by PUM, HAR and PWB with highest. It 

should be noted that HAR had the closest proximity to frequent roadway traffic, while 

PWB was closest to industrial sources. Trends in mean element S. palustre uptake 

following this gradient were seen for Fe, Ni, Zn, B, V, Al, Ba, Ti, Si, Cr, Co and Pb. 

Although significant uptake was not always seen in O. lyellii across sites, trends had a 

similar pattern to S. palustre for Fe, Ni, Zn, B, Cr and Pb. Plant essentially macro and 
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secondary nutrients showed stable concentration across sites. Both species showed high 

uptake of Ni and Cu at HAR, while only S. palustre picked up Cr and Co from the same 

site. The remaining elements did not follow any particular trend across sites and O. lyellii 

was less sensitive site-specific difference in deposition. 

 

3.4 Cross-study comparison of S. palustre 

 Unexposed tissue element concentrations in this study and the first species 

comparison study using S. palustre clone ((Capozzi et al. 2017) were found to be similar 

and consistent (Table 18). The percent deviation between studies ranged from, 11% (Fe) 

to 98% (V). Element concentrations were almost always lower in tissue used for this 

study except Pb, which was 33% higher. The PoA were compared between studies and 

showed similar range for Al, As, Ba, Fe, Sr and Zn. Higher ranges were seen in this study 

for Cr, Cu Ni and V, however Pb was had higher range in the Capozzi et al study. Lasty, 

spearman correlation coefficients were compared between both studies see if there were 

there was similar coherence between species for each study. The Capozzi et al. study 

compared the S. palustre clone to Pseudoscleropodium purum, a pleurocarpous, ground 

dwelling moss typically found in urban areas and used extensively as a biomonitor for 

heavy metals and nitrogen (Harmens et al. 2010). Similar significant correlations were 

seen for Fe, V and Zn and to a lesser extent in Al and Ni. Significant correlation for Pb 

between species in this study were much lower (0.403 vs 0.798). Correlations for Ba and 

Sr were only significant in the Capozzi study and As, Cr and Cu were not significant in 

either study.  
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3.5 Comparison to co-located deposition monitors  

 Descriptive statistics for element concentration and measurements below instrument 

detection limit for PM10 are shown in Table 21 Element concentrations in PM10 were 

almost all negatively skewed indicating that extremely high values did not occur often. 

Element concentrations were above instrument detection limit except for Mo (n=3), Fe 

(n=1), Ni, (n=5), Ba (n=1), Si, (n=1), V (n=5), Co, (n=3), Pb (n=3) and As (n=1). The 

majority of measurements BDL were at OES and many were associated with the same 

sample; these values were adjusted to 0. The highest maximum and median 

concentrations came from Si (2994 ng/m3), Na, (896 ng/m3), Fe (910 ng/m3), Na (896 

ng/m3) and Ca (607 ng/m3). Table 22 shows that the lowest concentrations of ambient 

PM10 were measured from OES (average 22.6 ± 3.05 µg/m3). The highest concentrations 

came from were measured from OHS (average 34.34 ± 3.99 µg/m3), followed by PWB ( 

average 32.49 ± 3.36 µg/m3). Table 23 shows the volume of air collected at each site 

from ARA samplers used to calculate PM10 ambient concentrations.   

 Descriptive statistics for element concentration and measurements below instrument 

detection limit for bulk deposition are shown in Table 24. Element loading for bulk 

deposition was all positively skewed with the highest from Mn (1.5101), Co, (1.4998) 

and Fe (1.4097). Several elements had measurements below detection limit including 

P(n=41), K (n=36), Ca (n=6), Mo (n=151), Mn (7), Ni (n=1), Sr (n=1), Ti (n=177), Al 

(n=10), V (n=14), Cr (n=1), Co, (n=1), Cd (n=3) and As (n=47). Although there were a 

high number non-detects, these include site associated replicate values (n=3) since 

detection limits were calculated as concentration (µg/L) before conversion to loading. In 
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addition, many measurement BDL were associated with periods of no precipitation and 

were set to 0 when loading was calculated. The highest element loading came from Ca 

(13282 kg/ha), K (11822 kg/ha), Na (4427 kg/ha), Al (2634 kg/ha) and Mg (2238 kg/ha). 

The highest median values came from Ca (1903 kg/ha), K (1042 kg/ha), Fe (790 kg/ha), 

Al (457 kg/ha) and Na (431 kg/ha). Table 25 show mean collection at each site across all 

sampling periods with lowest perception at OHS (average 819 ± 218 mL) and the highest 

at UOP (961 ± 262 mL). 

 Spearman correlation coefficients were calculated for each element for comparison 

between PM10 vs both moss species (Table 26) and bulk deposition vs both moss species 

(Table 27). These values were calculated by combining all sites and sampling periods to 

encapsulate the complete urban gradient measured by this study. Since two collection 

periods (four weeks) occurred for each deposition measurement and moss tissue was 

exposed for a full sampling period (eight weeks), correlations were calculated for both 

collection periods (CP1 & CP2) in addition to being summed for a full eight-week 

comparison (CP1+2). This was done to show if there was any temporal variation in 

correlations. For example, if an element had low correlation during the first collection 

period and a high correlation during the second collection period, this would indicate that 

the element accumulates slowly in the biomonitor.  

 Overall, S. palustre (n=144) had more significant correlations with PM10 than O. 

lyellii (n = 72). Significant correlations for S. palustre included P (0.753), S (0.558), Fe 

(0.446), B, (0.694), V, (0.453), Na (0.574), Ba (0.634), Al (0.351) and Ti (0.495) while 

O. lyellii included P (0.82), Mg (-0.726) and Ca (0.53) for CP1+2. Significant 
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correlations during CP 1 and CP2 for S. palustre included P, Cu, Zn, and Cd, O. lyellii 

included K, Zn, and Cd, but did not show significance for CP1+2. Surprisingly, in most 

cases, correlations were higher in CP1 than CP2, however Cd showed higher correlation 

during CP2. This could indicate that certain elements derived from PM10 accumulate and 

saturate quickly in moss tissues while others accumulate more slowly.  

 Significant correlations between bulk deposition and S. palustre also occurred for 

more elements than O. lyellii. Significant correlation for S. palustre included almost all 

elements except Mg, Ti, Cr, Cd and As (see Table 27 for coefficients) while O. lyellii 

included Mg (0.434), B (-0.502), Al (0.407), Cr (0.603) and Co (0.583) during CP1+2. 

All significant correlation were found for S. palustre during CP1+2 and at least one of the 

other collection period, however O. lyellii correlated with P and V only during CP2. Most 

elements for bulk deposition vs S. palustre showed higher correlation during CP2, except 

for Ca, Mn, and Pb as well as vs O. lyellii for P, Mg, V and Cr. This is the opposite trend 

seen for correlations with PM10 element concentrations.  

 Abiotic factors likely play a role in accumulation and correlations are not solely based 

on moss tissue uptake capacity. Weather data was collected at each site for the duration 

of the study and the average rainfall relative humidity and temperate is shown in Figure 

18, including dashed lines are sperate sampling periods. Deposition data was separated by 

site and sampling period to determine if correlations between biomonitors and deposition 

measurement vary spatially and temporally. The tradeoff for this analysis is that sample 

size decreases drastically, which will decrease the number of significant correlations 

unless strong correlations are found. To visualize trends between measurements type, 
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timeseries comparing element concentrations of bulk deposition, PM10 and S. palustre or 

O. lyellii separated by site can be found in the supplementary data section of appendix A 

(Figure S1 through Figure S44). 

 Spearman correlations were determined for each element for PM10 vs S. palustre 

(Figure 19) and bulk deposition vs S. palustre (Figure 20) separated by sampling period. 

The number of significant correlations increased during period 2 and 3, were lost during 

sampling period 4, increased during period 5 and decreased during period 6. There were a 

higher number of significant correlations found in S.  palustre vs. bulk deposition than 

PM10 when all sampling periods are combined. The number of significant correlations per 

sampling period followed a similar pattern to the PM10 comparison. Periods 1, 2 and 3 

had the same number of significant correlations, decrease during period 4, increased 

again during period 5 and decreased again during period 6. Spearman correlations were 

also determined for each element for PM10 vs O. lyellii (Figure 21) and bulk deposition vs 

O. lyellii (Figure 22Figure 20) separated by sampling period. The number of significant 

correlations were much lower across all sampling periods for O. lyellii (n=4) compared to 

S. palustre (n=8) for both sources of deposition. Significant correlations with PM10 

stayed mostly consistent for all six sampling periods, especially for period 3, 4, 5, and 6. 

Significant correlations with bulk deposition increased from period 1 to 2, decreased 

during period 3, increased to the highest number during period and decreased during 

period 5 and 6.  

 Spearman correlations were determined for each element for PM10 vs S. palustre 

(Figure 23) and bulk deposition vs S. palustre (Figure 24) separated by site. The number 
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of significant correlations for PM10 were highest for HUM followed by UOP and lowest 

at PUM. Significant correlations for bulk deposition were highest for UOP followed by 

HAR and lowest for PFD. Spearman correlations were also determined for each element 

for PM10 vs O. lyellii (Figure 25) and bulk deposition vs O. lyellii (Figure 26) separated 

by site. The number of significant correlations for PM10 were highest for PWB followed 

lowest at PUM. Significant correlations for bulk deposition were highest for PWB and 

lowest for OES. Spearman correlations were also determined for each element. Overall, 

there was likely not a big enough sample size to compare O. lyellii by site or sampling 

period.  
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4. Discussion 

4.1 O. lyellii as an active biomonitor 

 The primary aim of this study was to test the effectiveness of using the epiphytic 

moss O. lyellii as an active biomonitor and present an in-depth analysis to inform readers 

about best practices when considering the use of moss biomonitors in urban 

environments. Previous studies that use O. lyellii have only measured atmospheric 

pollutants from in situ moss tissue – passive biomonitoring (Donovan et al. 2016; Jovan 

et al. 2021). Although this method successfully identified previously unknown sources of 

pollution in city of Portland, it still not well understood how to relate moss tissue 

concentrations to local atmospheric deposition or human exposure. This statement is not 

made to discount previous studies, in fact, subsequent testing in areas of concern revealed 

that the high levels of Cd and Pb were validated by the Oregon department of 

environmental quality (Burghard et al., 2016). Clearly, O. lyellii is an effective tool for 

informing where traditional air quality instrumentation could be installed for further 

study, but the purpose of the research outlined in this thesis was to examine if moss 

biomonitors such as O. lyellii might have utility as a direct proxy for human exposure. 

Using an active biomonitor has been shown to increase the sensitivity and reliability of 

element tissue concentration by allowing for the establishment of a baseline signal in the 

moss before exposure and devitalization removes potential biotic effects (Ares et al. 

2012). By implementing this technique with O. lyellii, we can improve our understanding 

of exchange dynamics in the moss tissue and develop more informative methods for moss 

biomonitor studies.  
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 The first step typically used for preparing an active moss biomonitor is to collect in 

situ moss followed by cleaning and devitalization of the tissue. Table 13 shows that 

washing O.lyellii was successful for most elements in reducing tissue concentrations, 

except for P, Na and to a lesser extent Ba and Si. This is not surprising as both P and Na 

are difficult to remove using ion exchange resins and was likely absorbed by the moss 

during the washes. Interestingly, soil mineral elements had the least amount of change 

from washing, potentially due to larger soil particles staying adhered to moss surfaces. 

Overall, cleaned tissue showed a reduction in baseline concentrations which was used to 

determine Percentage of accumulation (PoA) during exposure periods. Percentage of 

accumulations is simply a way to determine relative element enrichment in moss tissue 

when compared initial tissue concentrations using the formula using (Cf -C0/C0) *100 (see 

methods for full description). 

 Calculating PoA is a useful measurement because it can be used to clearly interpret 

the absolute change in tissue concentrations before and after exposure. Table 16 shows 

the range of PoA seen across four sites (OES, HAR, PUM, PWB) and sampling periods. 

Median values for most elements are positive, indicating that positive accumulation 

occurred more often than negative accumulation—or leaching. P and Na never 

accumulated at any site and this is likely due to the accumulation of these elements 

during the washing protocol. Since tissue concentrations in these elements were enriched 

before exposure, they were much more likely to leach out of tissues than accumulate. For 

all other element, accumulation occurred at some point during the experiment, especially 

Cu, which had the highest maximum accumulation of the elements measured. Most 
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median PoA values were positive, meaning that many elements accumulation in over half 

of the samples collected. Aside from P and Na, elements that did not accumulate in more 

than half of the samples were K, Cd, S, Mn, B and As, although last four were only 

slightly negative. These results show that O. lyellii can be used as an effective 

biomonitor, giving quantitative information about environmental deposition over 8-week 

exposure periods. The moss wasn’t sensitive enough show accumulation across all sites 

and sampling periods, but element did accumulate when background concentrations were 

more often than not in most cases.   

 In addition to examining elemental accumulation using PoA, a statistical approach 

was also used to determine significant enrichment of an element in moss tissues by 

calculating the limit of quantitation of the technique (LOQT). This approach is similar to 

three sigma method used for determining limits of analytical instruments. The LOQT is 

used to calculate the noise of the moss material by accounting the variance around the 

mean using the formula xCi +1.96sCi (see data processing section for full description). 

The LOQT for O. lyellii is shown in Table 12 for each element. The LOQT can be 

compared to the total distribution of the moss biomonitor measurements for each element 

in Figure 6 through Figure 11 and can be compared to the mean concentrations across 

sites in figure 12 through Figure 17. In all cases, the median tissue concentrations for O. 

lyellii were below the LOQT except for Zn, which showed significant accumulation for 

more than 60% of the total measurements. Mean tissue concentrations were significantly 

enriched in Zn for PUM, HAR and PWB showing the expected trend along the pollution 

gradient. Uniquely, significant enrichment of B was seen at PWB and significant 
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enrichment of Ni was seen al HAR. These results show that O. lyellii is particularly good 

at accumulating Zn across a pollution gradient, but not for the other elements. In fact, 

many elements are just as likely to leach out of the tissue than accumulate; this result 

could be a consequence of devitalization of the tissue and may not reflect exchange 

dynamics of living O. lyellii. Despite the generally low sensitivity for most elements, 

significant accumulation was still observed at sites that have a particularly high 

background for an element. Past measurements at HAR have shown high concentrations 

of Ni in the environment and O. lyellii as an active biomonitor is capable of picking up 

that signal from the area over an 8-week exposure period.  

 It should be noted that the results using the LOQT is not a foolproof way to measure 

determine the effectiveness of a moss species as a biomonitor. The purpose of this 

analysis is to better understand how the variability of element concentrations in the initial 

moss tissue may affect sensitivity to environmental deposition and should be viewed as a 

supplement to the PoA measurements. O. lyellii did show accumulation of many elements 

more often than not, however high variance in the unexposed tissues make that 

accumulation difficult to quantify. This data is probably more useful for comparing 

performance of different moss species – discussed in another subsection – than an 

absolute determination of a species effectiveness as a biomonitor. This is why it was 

important include co-located measures of deposition, which will be discussed later in this 

chapter.  

Ideally, an active biomonitor would show positive accumulation across all elements, 

however, this was not the case for O. lyellii. The study was set up to capture the 
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heterogeneity of pollution in the urban environment, thus sites were not selected 

specifically for high pollution per se. OES, for example, was selected because of its 

relatively clean pollution background. In addition, not all sites will have equal amounts of 

element deposition across the gradient used in this experiemnt. Multiple types of 

comparisons are used in this study in order to fully explore the usefulness of the O. lyellii 

as an active biomonitor. Although sensitivity was relatively low and significant 

accumulation did not occur consistently across the elements, this does not necessarily 

suggest that devitalized O. lyellii does not hold important information about the 

surrounding environment. For example, Gatziolis et al., 2016 measured in situ O. lyellii 

from a comparable Portland study location and observed Ni tissue concentrations to be 

43.5 mg/kg compared to 1.82 mg/kg measured at the same location. Although the 

previous study showed a much higher Ni concentration in the surrounding environment, 

the active biomonitor showed similar elevation of Ni outside the normal distribution of 

concentrations measured at all other sites (Figure 14). Other factors could effect to 

difference in tissue concertation including, exospores time, residency time of elements in 

tissue, effects of devitalization and timing of collection. This study took place 2 years 

after elevated Ni concentration were confirmed in their area and the lower concentration 

could be a result of cleanup effort. Regardless, compared to the screening method 

employed by the previous study, the active biomonitor was able to pick up the same high 

Ni background with much lower sensitivity and a much lower exposure time. Although 

this active biomonitoring technique could be refined, O. lyellii appears to be a good 

active biomonitor capable of identifying high pollution areas around the city and also 
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provide unique information about exchange dynamics that cannot be determined with in 

situ measurements alone.   

 

4.2 S. palustre clone analysis 

 This is the first American study to utilize a S. palustre clone specifically selected for 

its high element uptake capacity and consistency in absorption, especially for Pb (Anna 

Di Palma et al. 2019). Sphagnopsida is a class of extremely important organisms for 

ecosystems and the earth’s climate, creating peatlands that uptake and store much of the 

world’s carbon (Clymo and Hayward 1982). Within Sphagnopsida, the genus Sphagnum 

has been shown to have high cation exchange capacity and is most commonly used moss 

for active biomonitoring (Clymo 1963; Ares et al. 2012). Because of the widespread use 

of sphagnum, extensive research has been done to establish axenic in vitro cultures of 

Sphagnum grown from single spores (Beike et al. 2015). There are two major advantages 

of developing these cultures: 1) culturing allows for tissue to be grown from a single 

spore in bioreactors quickly and in large amounts and 2) using single genotype grown in 

a controlled environment means all tissue share the same genetic, physiological and 

environmental background. The S. palustre clone used in this experiment was specifically 

selected for an active biomonitor materials and is a major step forward for standardizing 

the moss active biomonitors technique. Even further efforts have been implemented to 

characterize the moss on a molecular level and determine the bio-surface properties 

associated with metal uptake (Di Palma et al. 2016; Di Palma et al. 2019),  Here we 
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discuss the performance of this S. palustre as a “gold standard” under matched conditions 

with O. lyellii.  

 The S. palustre clone in this experiment was received from the University of  

Santiago de Compostela in Spain and is the same clone previously used in other moss 

biomonitor experiments (Capozzi et al. 2017; Anna Di Palma et al. 2019). The moss 

tissue came pre-cleaned and Table 12 shows that the moss had an extremely low baseline 

tissue concentrations, especially for soil elements. Because this moss was grown in a 

bioreactor, baseline tissue concentrations could be kept to a minimum. Notably, Na was 

very high in initial tissue concentrations, which may be due to the same factors that 

affected O. lyellii.  Table 16 shows that positive accumulation in most elements across 

the entire study. P, K, S, Mo, Na and As were more likely to leach out of tissues, while 

the rest of the element were more likely to accumulate based on median values. S. 

palustre showed substantial accumulation of soil elements and most environmentally 

important elements, especially Co, Cd and Cr. The highest accumulation was seen for Ti, 

Al and V and accumulation was about 1000% at all times. These elements are common 

soil minerals and indicate that S. palustre is extremely efficient at capturing soil particles 

from the atmosphere. In addition, S. palustre always accumulated Cu and Zn, a common 

transportation pollutant, likely from brake-wear. Common products of industrial 

practices, Cr, Co and Cd were also accumulated showing S. palustre has a high 

sensitivity to common sources of urban pollution. 

 The LOQT was below median values for most elements except P, K, S, Mo, Na and 

As. These results indicate that S. palustre has a high sensitivity to elements across each 
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site and sampling periods and can provide a substantial amount of quantitative 

information. In addition, S. palustre trends across sites that follow the expected pollution 

gradient for Fe, Zn, V, Ba, Al, Ti and Si. S. palustre also picked up uniquely high 

pollution for Ni Cr, and Co at HAR as well as B and Zn at PWB. Clearly, S. palustre can 

provide an abundance of quantitative deposition data across the city with 8-week 

exposures, even for OES where the pollution background is relatively low. This is in part 

due to the low initial tissue concentration, which led to an LOQT not much higher than 

the mean concentration of the unexposed tissues. Primarily, these results show that all the 

work that went into developing the S. palustre clone led to a biomonitor material with 

remarkable ability to accumulate elemental deposition, especially for environmentally 

important heavy metals. These results show that S. palustre performs as an ideal active 

biomonitor, truly exhibited qualities of a “gold standard” and is sensitive enough to 

capture the heterogeneity of the urban environment.  

 

4.3 Species comparison: O. lyellii vs S. palustre 

 The primary purpose of including S. palustre in this experiment was to have a 

standard to compare O. lyellii under matched conditions. One of the most common 

criticisms of moss biomonitor research is that it is difficult to compare results across 

studies in a meaningful way. A species comparison using standardized tissue can be a 

useful way to overcome this limitation since this analysis will give context to exchange 

dynamics throuhg direct comparison. O. lyellii and S. palustre showed very different 

responses as active biomonitors. Ideally, an active biomonitor will always accumulate an 
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element in response to environmental deposition. Unsurprisingly, the S. palustre out 

performed O. lyellii in both sensitivity and total uptake capacity during the course of the 

study. In fact, Zn was the only element met the 60% criterion (outlined in the methods 

section) for both species compared to S. palustre meeting that criterion for all elements 

except P, S, Mo, Na, K and As. These results show the stark difference between the two 

mosses and helps in understanding what limitations exist with O. lyellii. Concentrations 

measured from O. lyellii represent accumulation across a population compared to S. 

palustre, which consists of a single individual. Initial tissue concentrations certainly play 

a role in why accumulation was difficult to determine in O. lyellii, however, the high 

variation seen in the blank material could be a result of genetic differences rather than 

specifically environmental differences. 

 Percent of accumulation of elements over time differed substantially between the two 

moss species. Median values were almost always higher in S. palustre and minimum 

values in O. lyellii were negative for every element. Maximum PoA of S. palustre was 

almost always higher for each element – except K and Ca – especially for soil elements 

and heavy trace metals. P and K did not accumulate well in either species, which make 

sense considering plant tissue was devitalized before deployment. There was also weak 

accumulation in Mg, Ca and S as negative median values for these elements indicate 

leaching occurred more often than accumulation in tissues. both species had comparable 

ranges for Mo, Na and As. Aside from Na, soil mineral elements always accumulated in 

S. palustre and median PoA was many times higher. The difference in drastic PoA is in 

part due to the high initial concentrations of soil mineral element in O. lyellii. the range of 
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PoA for element Cr, Co, Cd and Pb were also higher in S. palustre indicating a higher 

sensitivity to heavy metals. The data might suggest that the high initial concentrations in 

O. lyellii may have reduced the overall uptake capacity of the O. lyellii. In other words, a 

higher proportion of the surface area in O. lyellii was unavailable for particles to adhere 

to compared to S. palustre.  Although ranges are substantially different, negative PoA 

seen in O. lyellii indicate that tissue concentrations may be equilibrating with the 

surrounding environment. This would mean that accumulation of elements in O. lyellii 

may not be directly related to deposition, but absolute concentrations may better reflect 

patterns of deposition in the surrounding environment. Examining associations between 

elements within moss tissue can be used to help determine pollution sources. Strong 

positive correlations between elements suggest that element originated from the same 

source. Element associations for both species are presented for O. lyellii (Figure 4) and S. 

palustre (Figure 5) and show similar patterns of correlations. Correlations between P and 

K were high in both species as well as plant-essential micronutrient elements. This is 

unsurprising considering that there is a natural abundance of these elements in plant 

tissues. There were also high correlations between Mn and Fe in both species. Both 

species also show high correlations between soil mineral elements indicating that both 

species accumulated soil particles from the atmosphere. S is a combustion product of 

sulfur containing fuels and showed correlations above 0.5 for P, K, Mo, Zn and Na for 

both species and Mg for only O. lyellii. Mo and Zn could be related to vehicular emission 

from brakes pads and tires (Zechmeister et al. 2005). Elements measured in this study 

that are commonly emitted from industrial source worldwide include As, Cd, Cr, Co, Cu 
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Mn, Ni, Pb, Zn and V (Jozef M. Pacyna and Elisabeth G. Pacyna 2001). Of these, both 

mosses showed high positive correlations between Cr, Co, Cu, Mn and V. Uniquely, O. 

lyellii showed a strong correlation between Cu and Cr. These correlations could be 

evidence of accumulations from industrials sources, however these metals call also be 

found in soil background concentrations of the Portland basin (Dietz 2013).  

 Limit of quantitation of the technique (LOQT) was calculated by measuring cleaned, 

unexposed moss tissue for each species. The LOQT method is similar to how quantitation 

limits are calculated for instrumental analysis. The is an inherent noise associated with 

material that is related to the variation of element concentrations. The lower the variation 

around the mean, the lower the noise and the easier it is to determine a quantifiable 

number. Applying this method to moss tissue is a useful approach that gives a statistical 

basis for quantifiable accumulation. The LOQT for each species can be seen as horizontal 

in lines in Figure 6 through Figure 11 in comparison to the total distribution of moss 

tissue concentrations across the entire study. The criterion for species comparison was 

arbitrarily set such that 60% of all measures needed to be above the LOQT in at least one 

species. S. palustre met this criterion for all elements except P and S. O. lyellii only met 

the criteria for Zn. It should be noted that this criterion is used for the basis of a species 

comparison analysis and does not necessarily reflect that quality of information in 

relation to environmental deposition. These results simply emphasize that in most cases, 

these species are not directly relatable and exhibit difference exchange dynamics. These 

values will be compared to direct measures of deposition to gain a clearer understanding 

of the relationship for each species. 
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 The Wilcoxon test showed significant distributions of elements were significantly 

different for between species for all elements except Fe, Cu, Al, Ti, Si and Cd. This 

suggests that both species have similar responses to the presence of soil mineral elements, 

but do not for other elements. Interestingly, despite O. lyellii almost never accumulating 

Cd, both species showed an even distribution in tissue concentration across sites and 

sampling periods. 

 In addition to looking at total distribution across the entire study, mean concentrations 

of both species were compared across the four experimental sites (OES, HAR, PUM, 

PWB) to determine if similar trends in accumulation were observed. Of these four sites, 

OES is expected to always have the lowest moss concentrations since it also had the 

lowest pollution background throughout the study followed by PUM, HAR and then 

PWB, which had the highest pollution background. Mean concentrations along with the 

LOQT for both species are compared across sites in Figure 12 through Figure 13. Similar 

trends in accumulation were observed for both species for multiple elements including 

Ni, Cu, Zn, and B despite mean concentrations being below the LOQT. S. palustre 

showed trend along the gradient for multiple elements showing that metal uptake is 

sensitive enough to reflect the urban pollution gradient. Both species revealed particularly 

high Ni concentrations at HAR. As mentioned earlier, comparable measurements at HAR 

revealed high concentration of Ni at that sight two-year prior. Although there was not 

significant accumulation in O. lyellii both species showed an elevated level of Cr and Co 

at HAR as well, which were also found to be elevated in this area of Portland two years 

prior. The source of this pollution was determined to be associated with a nearby metal 
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fabrication company (Precision Castparts), in which Ni, Cr and Co were commonly used 

in metal alloys (Public Health Division, Oregon Health Authority, Public Health Division 

2020). This is direct evidence that O. lyellii can be successfully be used as an active 

biomonitor to identify point sources of anthropogenic pollution. 

 It is clear from this comparison that exchange dynamics between both species are 

very different and O. lyellii is less sensitive overall to element deposition under matched 

conditions. However, this moss species comparison also shows that, despite the lack of 

significant accumulation over this study duration, O. lyellii can still provide useful 

information about the surrounding environment. Under matched conditions, S. palustre 

outperforms O. lyellii in accumulation for almost all elements. Comparing the maximum 

PoA for both species (Table 16), value for S. palustre were much higher expect for K and 

Mo, for which values are comparable. This is especially apparent for most soil mineral 

elements and heavy metals where accumulation in S. palustre substantially higher. 

Methodological changes may improve the information obtained from O. lyellii. Adjusting 

the washing protocols and increasing exposure times would likely improve element 

accumulation in the tissues and lead to higher sensitivity. The devitalization process may 

also cause O. lyellii more harm than S. palustre, outweighing the benefits gained by 

halting biological activity. In the cation exchange process, most element accumulation 

primarily occurs via functional organic groups, such as polyuronic acid, located in cell 

walls (Blagnytė and Paliulis 2010). The devitalization process could impact these 

functional groups depending on the species and result in a reduction of the cation 

exchange capacity. Previous studies of show that living O. lyellii can have a high uptake 
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capacity in polluted areas (Gatziolis et al. 2016; Donovan et al. 2016). While that may be 

due in part to longer exposure, it cannot be ruled that living tissue (unlike devitalized 

tissue used here) may also be involved in facilitating the high accumulation observed as 

well. Adjustments to the devitalization protocol or removing it all together should be 

tested with O. lyellii to better determine the effects of this pretreatment on accumulation 

and sensitivity. Overall, these species do not prove a one-to-one comparison and reveal 

just how species-specific differences may impact the performance of active moss 

biomonitors. Although S. palustre is much more useful in terms of providing quantitative 

information about element uptake, this does not necessarily translate to a better 

correlation with atmospheric element deposition. To investigate this, each moss species 

was compared to direct measures of deposition co-located at each site. 

 

4.4 Cross study comparisons  

 Concentrations measured in this studied were compared to (Capozzi et al. 2017)) 

using the same S. palustre clone. This is the first study utilizing the S. palustre clone in 

the United States and the first effort to compare the performance of this specific 

biomonitor between two long-term urban field studies. Pre-exposure tissue concentrations 

showed consistent low concentrations for elements measured between the two studies. 

Mean elemental concentrations in this study were found to be slightly lower, however 

these differences are minimal when considering the range of accumulation observed in 

post-exposure tissue. PoA between studies showed a similar range, though should be 

noted that our exposure time were two weeks longer and our studies covers a much 
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smaller spatial distribution. Zero or negative Poa was seen in both studies for As, Cr and 

Ni, which could indicate that S. palustre clone does not hold on to these metals well 

under certain conditions. The rest of the elements always accumulated in studies, except 

for Zn, which showed a small negative accumulation at -6%. There were similar ranges 

of accumulation from soil mineral elements, however PoA for V was many times higher. 

The is likely due to the lower initial concentration determined in this study, but also 

indicates that Portland may have high V from emission or soil particulates. Higher PoA 

of Cr, Cu and Ni may be evidence of industrial emission since the study focused only on 

urban areas. The (Capozzi et al. 2017)) paper showed stronger correlations between S. 

palustre and Pseudoscleropodium purum than with O. lyellii, which is not surprising 

since P. purum is more similar to S. palustre in structure and, unlike O. lyellii had much 

lower initial elemental concentrations. Regardless, both species comparisons showed 

significant correlations for Al, Fe, Ni, Pb, V and Zn, but not for Ba or Sr. this suggests 

that all three species accumulate deposition for the same metals.  However, O. lyellii 

clearly has a distinct  mechanism of exchange and response for Ba and Sr. 

 

4.5 Species comparison to bulk deposition 

 The most common measurement used to understand the relationship between moss 

biomonitors and environmental deposition is bulk deposition. Although most studies do 

not generally reveal strong correlations between the two measurements (Fernández et al. 

2015), it is still a useful tool for understanding element exchange dynamics in mosses, 

especially for species that have not been used for active biomonitoring. There are also 



46 

 

many different methods to collect and compare overall rates of bulk deposition and much 

effort was put into this experiment design to mitigate the impacts from extraneous 

variables. Although high correlations would, of course, be the most useful for using moss 

to predict bulk deposition, any correlation, or even no correlation, can still give valuable 

information about how a particular moss species may exchange elements with their 

environments. It should be noted that when comparing deposition data, S. palustre was 

deployed at all 8 sites, while O. lyellii was only deployed at 4 sites due to limitations in 

available moss tissue. Because of this, comparisons of S. palustre had a larger sample 

size and represents a higher spatial resolution across the city.  

 Spearman’s correlations between bulk deposition and both moss species are shown in 

Table 27 for all elements. Spearman’s correlations were used to determine correlations 

and coefficients are based on monotonic relationships rather than linear relationships. To 

increase overall deposition measurements, two 4-week collection periods were summed 

to represent the full 8-week exposure (CP1+CP2). Correlations were also calculated for 

collection period individually to see if there were any differences in the timing of 

measurements (refer to table 2 for detailed information on collection periods for each 

deposition measurement). Significant positive correlations between O. lyellii and the 8-

week bulk deposition sum (CP1+CP2) was found for Mg, Al, Cr, and Co with the 

strongest correlations seen in Cr and Co. Significant positive correlations appeared in S. 

palustre for Ca, Mn, Fe, Ni, Cu, Zn, V, Sr, Ba, Al, Co and Pb, the highest of which were 

shown for Ba and Fe. Overall, O. lyellii did not show strong correlations between soil 

mineral elements and bulk deposition compared to results from S. palustre, which shows 
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significant correlation for each element except Na. This is not surprising considering that 

O. lyellii had high initial concentrations of soil mineral elements, likely from localized 

growth impacts on tissue concentration or because a greater background of larger soil 

particles adhered to these field-collected tissues. S. palustre, however, exhibited very low 

initial tissue concentrations and was able to accumulate soil mineral elements and show 

greater sensitivity than O. lyellii. These results indicate that both species can provide 

information related to bulk deposition across all sites and sampling periods. S. palustre 

correlates with more elements, but O. lyellii shows comparable correlations with S. 

palustre for Co and uniquely correlates with Mg and Cr. Both species are able to provide 

some useful information about heavy metals in bulk deposition. Despite O. lyellii not 

showing significant accumulation with these elements, strong correlations were found 

which suggests that measurable accumulation isn’t solely an indicator of a good 

biomonitor. Ultimately, a biomonitor is more useful if it reflects deposition in the 

environment than just having a high cation uptake capacity. Despite the low relative 

accumulation of Cr, O. lyellii was found to have a high significant correlation with Cr 

and S. palustre did not. These results suggest that O. lyellii is uniquely suited for 

determining Cr from bulk deposition and is a species-specific ability.  

 

4.6 Species comparison to PM10  

 A useful measurement of environment deposition relevant to human exposure and 

associated health risks is PM10. These coarse particulates have an aerodynamic diameter 

≤ 10µm, can penetrate deep into lung tissue, and with chronic exposure can result in 
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adverse health effects. In Portland, O. lyellii has already been used as a proxy to human 

exposure, but no study to our knowledge has ever directly measured the correlation 

between environmental PM10 and metal accumulation by an active moss biomonitor 

under matched conditions. Bulk deposition collectors capture particles in the wet 

deposition and sedementing particulates that land in the container. The major limitation 

of this type of measurement is that fine particulates are typically not captured because 

they are less likely to deposit into the collector or are easily dislodged from the collector 

by wind gusts. Previous studies have showed that moss surfaces entrap particulate matter, 

over 95% percent of which are particles in the inhalable fraction (PM ≤ 10µm) (Tretiach 

et al. 2011; Anna Di Palma et al. 2017). Although indirectly, moss biomonitors have been 

correlated to heavy metals in particulate matter associated with traffic, agriculture and 

industry (Spagnuolo et al. 2013; Limo et al. 2018; Betsou et al. 2021). In addition, moss 

biomonitors were shown to coincide with mathematical models of air pollution, including 

PM10 (Svozilík et al. 2021). Thus, measuring PM10 alongside active biomonitors will give 

us a direct measurement of particles often missed by bulk deposition and is much more 

informative in context to human exposure. 

 Spearman’s correlations between both species and PM10 on O. lyellii and PM10 are 

shown in table 27. For the full 8-week sum (CP1+CP2), O. lyellii showed significant 

positive correlations with P, Ca, and B while S. palustre showed significant positive 

correlations with P, K, S, Mn, Fe, Cu, Zn, B, V, Na, Ba, Al and Ti. Both species had a 

high correlation between P, B and PM10 and although not always significant with O. 

lyellii, K as well. P, K and B are all found in high concentrations in soils and both species 
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appear to accumulate these from coarse particulate matter as opposed to bulk deposition 

where all three of those elements were negatively correlated. S. palustre had high 

correlations between PM10 and soil mineral elements, especially Na and Ba. Interestingly, 

Ni did not show significant correlations with PM10 even though Ni showed high 

accumulation in both mosses at HAR. In fact, Ni concentration did not appear to be 

abnormally in PM10 or bulk deposition measurements at that site. Further, only weak 

correlations (~0.4) were observed between Ni content and bulk dep in S. palustre. Taken 

together, these results suggests that Ni may be primarily deposited to the moss 

biomonitors as particles larger than PM10.  

 From a biological perspective, the relationship between P and K in in both mosses 

show a similar trend. Both mosses show high significant correlations with PM10 for P 

(above 0.7) and to a lesser K. However, these patterns flip in bulk deposition, showing a 

significant negative correlation in both species. Both of these elements are considered 

essential nutrients for plants and this may be the first evidence that mosses primary 

receive these nutrients the coarse particle deposition. This pattern is particularly 

interesting for O. lyellii as it is an epiphytic moss with no direct contact with soils.  

 Looking at the trends seen across the four sampling sites compared in this study, an 

interesting pattern is seen with S. palustre for B, Zn, V, Mn, Fe, Ba and Ti. each of these 

metals show a similar trend across sites with increasing proximity to traffic. All of these 

elements can be associated with stone faction and binder found in assault (Lindgren 

1998). Although these metals can be found in other sources of deposition, such as soil 

crust degradation and industrial processes, many of these elements show similar 
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correlations with PM10 in S. palustre. These results indicate that moss biomonitors may 

be especially suited for monitoring human exsposure to roadway derived pollutants. 

 

4.7 Collection period and weather patterns 

Comparing the correlations across different collection periods shows that metal 

uptake for each element is different for both species and both deposition measurements. 

Moss tissue concentrations and both deposition measurements showed that correlations 

were almost always better during CP2 than CP1 (Table 26). In some cases, significant 

positive correlations were only seen during CP2 and were lost when both collection 

periods were added together. There was a positive correlation between bulk deposition 

and O. lyellii for V during CP2, but not for CP1. Positive correlations were also seen 

between O. lyellii and PM10 for K and Zn during CP2 but not CP1. Both species showed 

a significant correlation for Cd with PM10, during CP2, but not CP1.  This highlights the 

importance of taking into account variability in weather patterns during periods of 

exposure. The relationship between elements derived from dry and wet deposition is 

complicated and is one of the most difficult challenges to overcome in moss biomonitor 

research. These results highlight that complicated relationship by showing that there may 

be an inverse relationship between accumulation in moss tissue between wet and dry 

deposition. Not just rain events, but the intensity of rain events probably play the biggest 

role in this relationship because dry particles are more easily removed from moss surface 

the harder it rains. Additional complications arise since each region or city will have 

different weather patterns. To improve consistency of tissue concentrations, the type of 
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deposition should first be considered and exposure periods should be synced up with the 

weather patterns. Measure of dry deposition, for example, could improve with shorter 

exposure times and during dry periods.  

To determine any effects from seasonal patterns correlations were determined by 

separating data by site or by sampling period. The limitation of this analysis is that it 

lowers the sample size and makes it harder to identify significant correlations. Weather 

data is shown in figure 18 to show seasonal variation across sampling periods. A typical 

Portland trend is seen where the summer is dry and precipitation steadily increases during 

the fall, continues through the winter and start to decrease in the spring. Notably, 

sampling period 1 is the driest and sampling period 3 and 4 was the wettest. An important 

distinction is that sampling period 3 had multiple smaller rain events while sampling 4 for 

had to two rain events during the season that much more intense. Strong rain events were 

found to reduce the number of significant correlations in S. palustre with PM10 and bulk 

deposition. This suggests that elements in moss tissues leach at the highest rates during 

storms and may reduce their reliability as a biomonitor. Interestingly, a similar pattern 

was not observed for O. lyellii, which could indicate that this species is better at retaining 

elements during a storm event. This could be another feature of an epiphytic moss that 

has more to lose from heavy rainfall, however, high initial tissue concentrations make O. 

lyellii less reliable for this type of analysis.  
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4.8 Conclusion 

 This study presents an in-depth analysis of O. lyellii as an active biomonitor in 

comparison with an emerging “gold standard” moss biomonitoring clone and with direct 

atmospheric deposition measurements. This is the first American study to use the S. 

palustre clone and tests its performance against another species in a fine scale urban 

landscape. In addition, this is the first study to test active moss biomonitors as a proxy for 

human exposure through PM10. The first aim of this study was to assess the usefulness of 

O. lyellii as an active biomonitor. The results here confirm that O. lyellii does accumulate 

elements in tissue in areas with high levels of pollution and that these values can provide 

quantitative information about atmospheric deposition in those areas. This can be seen 

clearly for Ni as O. lyellii significantly accumulated this element at HAR throughout the 

experiment. The next aim was to assess the performance of O. lyellii as an active 

biomonitor by comparing it to an S. palustre clone under matched field conditions. 

Unsurprisingly, S. palustre outperformed O. lyellii in uptake capacity for all elements and 

had a much higher sensitivity to element deposition, potentially due to lower initial tissue 

concentrations and differences in absorptivity kinetics. These results show that the two 

species may have completely different cation exchange dynamics and respond differently 

as an active biomonitor. More research needs to be done to determine better cleaning 

methods for O. lyellii to reduce initial tissue concentrations and to see if devitalization 

may negatively impact element uptake in the tissues.  

 Importantly, this study is one of the first we are aware of to attempt to link moss 

biomonitors with both bulk deposition and PM10. Our high-resolution S. palustre clone 
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showed a greater number of significant positive correlations with both measures of 

deposition, suggesting this species is useful for determining multiple sources of 

deposition. Overall, tissue concentrations in O. lyellii also showed significant correlations 

with bulk deposition, though to a lesser degree than S. palustre, and especially for the 

environmentally important heavy metals Cr and Co. These results may, in part, help to 

explain the previous success of using this moss species to identify important 

neighborhood-scale patterns of Cr and Co accumulation from industrial pollution 

(Gatziolis et al. 2016). These results, plus the observation that soil particles may be a key 

source of element exposure in moss biomonitors suggests that there are likely to be long-

term and persistent exposure from legacy pollutants, despite cleanup efforts (Oregon 

Health Authority, 2020). This highlights the need to consider best practices for sediment 

and dust/dirt abatement and dust control in neighborhoods with legacy exposures.   

 As researchers work to refine the robustness of moss-based biomonitoring studies, 

results from this work identified the importance of monitoring weather patterns and the 

negative effect they can have on the effective of biomonitors. The data also suggests that 

O. lyellii may be better at retaining metals during heavy rainfall, but more tested is 

needed to confirm this. The results found in the study will greatly improve our 

understanding of the information provided by O. lyellii tissue concentrations and provides 

an active biomonitor approach which, once improved, can provide direct quantifiable 

element concentrations related to environmental deposition and human exposure. These 

finding will be applied to results from a much larger associated study that includes 

additional moss treatments in an ultimate effort to calibrate O. lyellii as a cheap 
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alternative for the quantification of urban-based pollution.  Results from these 

complimentary studies will further explore the role of additional moss treatments 

including the utility of in situ measurements (passive biomonitor) and reciprocal 

transplants in studying the relationship between metal exposure and metal accumulation 

in O. lyellii.  Overall, results from this study will broadly inform moss biomonitor 

research and help push the moss biomonitor technique in a reliable and widely-used 

methods for measuring pollution, especially with respect to establishing robust and 

reproducible sampling methodologies that can be deployed in urban landscapes.   

 As previously mention, this study is a part of a larger experiment to further calibrate 

O. lyellii as a biomonitor. This study highlights its use an a active biomonitor, but other 

moss treatments were employed to broaden our understanding of the relationship between 

tissue concentrations and environmental pollution. Future work will focus on comparing 

this data to in situ measurements of O. lyellii collected from the same locations and 

reciprocal transplant to better understand the long-term exchange dynamics of this 

species. O. lyellii is abundant and well distributed throughout Portland, OR and other 

cities in the Pacific Northwest. Because of this, O. lyellii will continue to be used in this 

region as a low-cost pollution biomonitor. Further work should include active biomonitor 

to some degree as it will give unique information about surrounding deposition with in a 

fixed timescale. One of the major limitations seen in this study is that even with co-

located deposition measurements, it is difficult to discern the source of the elements 

found in the moss tissue. Overall, this study attempts to consolidate many techniques 

seen across moss biomonitoring literature and present a unified approach to analyzing a 
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potential moss biomonitor species.  This research can be used as a guideline for research 

or organizations that aim to employ this technique, but don’t know where to start. 

Improvements still need to be made to this technique to improve our understanding of 

how quantitative data from moss tissue can be applied to directly to air pollution, 

however, this research shows that the utilization of moss biomonitors can be a reliable 

proxy for human exposure.
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Figures and Tables 

 

 

 

 

 

 

 

 

Figure 1. Map of experimental sites in Portland, OR. Rhombus marker represent sites with low (OES) and 

high (PWB) urban pollution backgrounds. Square markers represent sites with close proximity of high to 

moderate traffic (ERL, PFD, UOP). Circle marker represent sites with close proximity to moderate to low 

traffic (HES, BSP, OHS). Site map was made using an online ArcGIS mapping tool, https://esri.com 
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Figure 2. Comparison of filter weights for continuous and intermittent PM10 sampling. The white bar 

represents filter weights measured from a single filter every 24 hours. The gray bar represents seven 

different filters that were measured at 24, 48, 72, 96, 120, 144, 168, 192 hours.  



60 

 

 

 
                                               Figure 3. Mossphere design and assembly 
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Table 3. Element name and units used for moss tissue concentrations 

presented in this study. Class column is used to organize elements 

based on likely relationships in plant tissues. 

Element Symbol Class 

Phosphorus P (%) Plant-essential 

macronutrients Potassium K (%) 

Magnesium Mg (%) 
Plant-essential 

secondary nutrients 
Calcium Ca (%) 

Sulfur S (%) 

Molybdenum Mo (mg/kg) 

Plant-essential 

micronutrients 

Manganese Mn (mg/kg) 

Iron Fe (mg/kg) 

Nickel Ni (mg/kg) 

Copper Cu (mg/kg) 

Zinc Zn (mg/kg) 

Boron B (mg/kg) 

Vanadium V (mg/kg) 

Sodium Na (mg/kg) 

Soil mineral elements 

Strontium Sr (mg/kg) 

Barium Ba (mg/kg) 

Aluminum Al (mg/kg) 

Titanium Ti (mg/kg) 

Silicon Si (mg/kg) 

Chromium Cr (mg/kg) 

Environmentally 

important trace 

elements 

Cobalt Co (mg/kg) 

Cadmium Cd (mg/kg) 

Lead Pb (mg/kg) 

Arsenic As (mg/kg) 
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Table 12. Mean elemental concentrations with standard deviation in unexposed moss 

tissue shown as mg/kg (n= 20) and LOQT shown as mg/kg (n=20) for both species. 

  Mean ± std err  LOQT 

Element  O. Lyellii  S. palustre  O. Lyellii  S. palustre 

P 0.14 ± 0.01 0.16 ± 0.01  0.16 0.18 

K 0.30 ± 0.02 1.08 ± 0.03  0.33 1.15 

Mg 0.10 ± 0.01 0.101 ± 0.004  0.11 0.11 

Ca 0.18 ± 0.04 0.27 ± 0.02  0.25 0.32 

S 0.06 ± 0.01 0.08 ± 0.004  0.07 0.08 

Mo 0.35 ± 0.07 2.90 ± 0.26  0.49 3.41 

Mn 17.01 ± 5.49 6.56 ± 0.51  27.77 7.55 

Fe 557.33 ± 122.00 96.08 ± 12.22  796.45 120.04 

Ni 0.62 ± 0.15 0.45 ± 0.07  0.92 0.59 

Cu 5.85 ± 1.61 1.52 ± 1.10  9.01 1.88 

Zn 12.21 ± 1.70 9.62 ± 0.57  15.54 10.73 

B 1.33 ± 0.18 0.23 ± 0.12  1.68 0.46 

Na 1988.29 ± 556.67 1793.87 ± 122.90  3079.35 2034.75 

Sr 31.97 ± 2.15 1.85 ± 0.08  36.19 2.00 

Ba 39.37 ± 7.07 0.39 ± 0.15  53.23 0.69 

Ti 60.11 ± 15.16 0.03 ± 0.07  89.82 0.17 

Al 447.77 ± 106.05 3.59 ± 1.27  655.62 6.08 

Si 801.69 ± 216.63 7.30 ± 3.50  1226.28 14.16 

V 1.92 ± 0.44 0.006 ± 0.009  2.79 0.02 

Cr 1.68 ± 0.42 0.08 ± 0.08  2.51 0.24 

Co 0.27 ± 0.05 0.007 ± 0.009  0.37 0.02 

Cd 0.08 ± 0.07 0.002 ± 0.004  0.21 0.01 

Pb 1.50 ± 0.45 0.40 ± 0.26  2.38 0.91 

As 0.29 ± 0.12 0.20 ± 0.12  0.52 0.44 
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Table 13. Mean element content (mg/kg) of pre-wash O. lyellii 

(n=8) and post-wash O. lyellii (n=20) for 24 elements. 

Element 
Pre-wash O. 

Lyellii 

Post-wash O. 

Lyellii 

Percent 

Change 

P 0.01 ± 0.02 0.14 ± 0.01 1300% 

K 0.94 ± 0.34 0.30 ± 0.02 -68% 

Mg 0.18 ± 0.04 0.10 ± 0.01 -44% 

Ca 0.42 ± 0.06 0.18 ± 0.04 -57% 

S 0.08 ± 0.02 0.06 ± 0.01 -25% 

Mo 1.45 ± 2.92 0.35 ± 0.07 -76% 

Mn 27.67 ± 3.70 17.01 ± 5.49 -39% 

Fe 664.57 ± 104.56 557.33 ± 122.00 -16% 

Ni 3.34 ± 6.78 0.62 ± 0.15 -81% 

Cu 7.32 ± 1.42 5.85 ± 1.61 -20% 

Zn 27.75 ± 3.77 12.21 ± 1.70 -56% 

B 6.86 ± 3.31 1.33 ± 0.18 -81% 

Na 288.95 ± 70.33 1988.29 ± 556.67 588% 

Sr 39.04 ± 6.22 31.97 ± 2.15 -18% 

Ba 37.39 ± 6.45 39.37 ± 7.07 5% 

Ti 81.46 ± 10.24 60.11 ± 15.16 -26% 

Al 477.79 ± 60.36 447.77 ± 106.05 -6% 

Si 749.89 ± 115.90 801.69 ± 216.63 7% 

V 2.43 ± 0.39 1.92 ± 0.44 -21% 

Cr 2.14 ± 1.62 1.68 ± 0.42 -21% 

Co 0.39 ± 0.06 0.27 ± 0.05 -31% 

Cd 0.11 ± 0.03 0.08 ± 0.07 -27% 

Pb 3.12 ± 0.34 1.50 ± 0.45 -52% 

As 0.34 ± 0.17 0.29 ± 0.12 -15% 
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Table 16. Minimum, median and maximum percent of accumulations in O. lyellii (O) 

and S. palustre (S) for all sites and sampling periods.  

  Min Median  Max Min Median  Max 

Element O O O S S S 

P -69% -36% 0% -59% -43% 42% 

K -55% -33% 70% -65% -40% 60% 

Mg -37% 8% 29% 1% 42% 97% 

Ca -22% 14% 113% 6% 55% 103% 

S -31% -5% 13% -23% -6% 67% 

Mo -37% 8% 69% -74% -45% 45% 

Mn -32% -3% 68% 21% 103% 315% 

Fe -37% 9% 85% 67% 237% 674% 

Ni -34% 29% 193% -54% 45% 834% 

Cu -22% 49% 328% 82% 346% 1033% 

Zn -8% 38% 82% 21% 94% 280% 

B -53% -1% 247% 5% 214% 1611% 

Na -94% -49% -17% -64% -44% 64% 

Sr -30% 6% 25% 32% 147% 466% 

Ba -16% 4% 42% 242% 917% 2704% 

Ti -73% 14% 109% 3675% 15234% 39120% 

Al -56% 11% 58% 1486% 5300% 11987% 

Si -96% 5% 58% 407% 4138% 9284% 

V -42% 6% 73% 3774% 12196% 28219% 

Cr -49% 12% 91% 0% 1294% 4370% 

Co -33% 14% 129% 566% 2160% 10359% 

Cd -99% -17% 187% -100% 798% 9164% 

Pb -64% 21% 117% 52% 253% 730% 

As -98% -1% 152% -100% -8% 220% 
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Figure 4. Correlation matrix of element concentrations in post-exposure O. lyellii. Colors represents 

correlation coefficient thresholds set at 0-0.2 (light grey), 0.2-0.6 (dark grey), and 0.6-1.0 (black). The same 

colors scheme is used for negative correlation coefficients.  
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Figure 5. Correlation matrix of element concentrations in post-exposure S. palustre. Colors represents 

correlation coefficient thresholds set at 0-0.2 (light grey), 0.2-0.6 (dark grey), and 0.6-1.0 (black). The same 

colors scheme is used for negative correlation coefficients. 
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Table 17. Spearman correlation coefficients 

for elements concentrations in O. lyellii and 

S. palustre. *p < 0.05, **p < 0.01, ***p < 

0.001., n = 72.  

Element 
Spearman 

coefficient 

P 0.904*** 

K 0.672*** 

Mg -0.156 

Ca 0.408* 

S 0.561** 

Mo 0.271 

Mn -0.116 

Fe 0.412* 

Ni 0.438* 

Cu 0.245 

Zn 0.400* 

B 0.665*** 

V 0.474* 

Na -0.129 

Sr 0.055 

Ba -0.009 

Al 0.489* 

Ti 0.370 

Si 0.355 

Cr 0.386 

Co 0.562** 

Cd 0.145 

Pb 0.403* 

As -0.087 
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Figure 6. Boxplots of post-exposure moss tissue concentration (mg/kg) for plant-essential macronutrients 

across all matched pair sites (HAR, OES, PUM, PWB) and all sampling periods for O. lyellii (white) and S. 

palustre (grey), n=72. LOQT is represented by the dashed black line (O. lyellii) and the grey (S. palustre). 

Boxes show median, 1st and 3rd quantiles; whiskers show ±1.5 x Interquartile range (IQR). Significance of 

accumulation was calculated from Wilcoxon matched pair test (top-right). 

*p < 0.05, **p < 0.01, ***p < 0.001.  
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Figure 7. Boxplots of post-exposure moss tissue concentration (mg/kg) for plant-essential secondary 

nutrients across all matched pair sites (HAR, OES, PUM, PWB) and all sampling periods for O. lyellii 

(white) and S. palustre (grey), n=72. LOQT is represented by the dashed black line (O. lyellii) and the grey 

(S. palustre). Boxes show median, 1st and 3rd quantiles; whiskers show ±1.5 x Interquartile range (IQR). 

Significance of accumulation was calculated from Wilcoxon matched pair test (top-right). 

*p < 0.05, **p < 0.01, ***p < 0.001.  
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Figure 8a. Boxplots of post-exposure moss tissue concentration (mg/kg) for plant-essential micronutrients 

(Mo, Mn, Fe & Ni) across all matched pair sites (HAR, OES, PUM, PWB) and all sampling periods for O. 

lyellii (white) and S. palustre (grey), n=72. LOQT is represented by the dashed black line (O. lyellii) and the 

grey (S. palustre). Boxes show median, 1st and 3rd quantiles; whiskers show ±1.5 x Interquartile range 

(IQR). Significance of accumulation was calculated from Wilcoxon matched pair test (top-right). 

*p < 0.05, **p < 0.01, ***p < 0.001.  
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Figure 9. Boxplots of post-exposure moss tissue concentration (mg/kg) for plant-essential micronutrients 

(Cu, Zn, B &V) across all matched pair sites (HAR, OES, PUM, PWB) and all sampling periods for O. 

lyellii (white) and S. palustre (grey), n=72. LOQT is represented by the dashed black line (O. lyellii) and the 

grey (S. palustre). Boxes show median, 1st and 3rd quantiles; whiskers show ±1.5 x Interquartile range 

(IQR). Significance of accumulation was calculated from Wilcoxon matched pair test (top-right). 

*p < 0.05, **p < 0.01, ***p < 0.001.  
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Figure 10. Boxplots of post-exposure moss tissue concentration (mg/kg) for soil mineral elements across all 

matched pair sites (HAR, OES, PUM, PWB) and all sampling periods for O. lyellii (white) and S. palustre 

(grey), n=72. LOQT is represented by the dashed black line (O. lyellii) and the grey (S. palustre). Boxes 

show median, 1st and 3rd quantiles; whiskers show ±1.5 x Interquartile range (IQR). Significance of 

accumulation was calculated from Wilcoxon matched pair test (top-right). 

*p < 0.05, **p < 0.01, ***p < 0.001.  
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 Figure 11. Boxplots of post-exposure moss tissue concentration (mg/kg) for environmentally important 

trace metals across all matched pair sites (HAR, OES, PUM, PWB) and all sampling periods for O. lyellii 

(white) and S. palustre (grey), n=72. LOQT is represented by the dashed black line (O. lyellii) and the grey 

(S. palustre). Boxes show median, 1st and 3rd quantiles; whiskers show ±1.5 x Interquartile range (IQR). 

Significance of accumulation was calculated from Wilcoxon matched pair test (top-right). 

*p < 0.05, **p < 0.01, ***p < 0.001.  
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Figure 12. Bar charts showing post-exposure moss tissue concentration (mg/kg) for plant essential 

macronutrients separated by site for O. lyellii (white) and S. palustre (grey). n=72. LOQT is represented by 

the dashed black line (O. lyellii) and the grey (S. palustre). All six sampling periods are combined for each 

mean. Bars represent mean concentration and the error bar show standard deviation. 
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Figure 13 Bar charts showing post-exposure moss tissue concentration (mg/kg) for plant essential 

secondary nutrients separated by site for O. lyellii (white) and S. palustre (grey). n=72. LOQT is represented 

by the dashed black line (O. lyellii) and the grey (S. palustre). All six sampling periods are combined for 

each mean. Bars represent mean concentration and the error bar show standard deviation. 
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Figure 14. Bar charts showing post-exposure moss tissue concentration (mg/kg) for plant essential 

micronutrients (Mo, Mn, Fe, Ni) separated by site for O. lyellii (white) and S. palustre (grey). n=72. LOQT 

is represented by the dashed black line (O. lyellii) and the grey (S. palustre). All six sampling periods are 

combined for each mean. Bars represent mean concentration and the error bar show standard deviation. 
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Figure 15. Bar charts showing post-exposure moss tissue concentration (mg/kg) for plant essential 

micronutrients (Cu, Zn, B & V) separated by site for O. lyellii (white) and S. palustre (grey). n=72. LOQT 

is represented by the dashed black line (O. lyellii) and the grey (S. palustre). All six sampling periods are 

combined for each mean. Bars represent mean concentration and the error bar show standard deviation. 
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Figure 16. Bar charts showing post-exposure moss tissue concentration (mg/kg) for soil mineral elements 

separated by site for O. lyellii (white) and S. palustre (grey). n=72. LOQT is represented by the dashed 

black line (O. lyellii) and the grey (S. palustre). All six sampling periods are combined for each mean. Bars 

represent mean concentration and the error bar show standard deviation. 
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Figure 17 Bar charts showing post-exposure moss tissue concentration (mg/kg) for environmentally 

important trace elements separated by site for O. lyellii (white) and S. palustre (grey). n=72. LOQT is 

represented by the dashed black line (O. lyellii) and the grey (S. palustre). All six sampling periods are 

combined for each mean. Bars represent mean concentration and the error bar show standard deviation. 
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Table 18. Comparison of unexposed tissue element concentrations in 

S. palustre clone determined for this study (n=20) and the Capozzi et 

al. study (n=10).  

Element This study 

(United States) 

Capozzi et al. (2017) 

study (Spain/Italy) 

Percent 

deviation 

Al 3.59 ± 1.27 16 ± 3.54 78% 

As 0.20 ± 0.12 0.3 ± 0.07 33% 

Ba 0.39 ± 0.15 0.65 ± 0.11 40% 

Cr 0.08 ± 0.08 0.52 ± 0.04 85% 

Cu 1.52 ± 1.10 1.94 ± 0.67 22% 

Fe 96.08 ± 12.22 108.35 ± 13.49 11% 

Ni 0.45 ± 0.07 2.25 ± 1.4 80% 

Pb 0.40 ± 0.26 0.3 ± 0.07 33% 

Sr 1.85 ± 0.08 2.2 ± 0.26 16% 

V 0.006 ± 0.009 0.25 ± 0.12 98% 

Zn 9.62 ± 0.57 17.05 ± 3.46 44% 

 

Table 19. Comparison of percentage of accumulation per element in S. palustre clone 

determined for this study (n=72) and the Capozzi et al. study (n=30). 

  This study (United States) Capozzi et al. (2017) study (Spain/Italy) 

Element Min Median Max Min Median Max 

Al 1486% 5300% 11987% 663% 2966% 10194% 

As -100% -8% 220% -67% 0% 433% 

Ba 242% 917% 2704% 421% 1332% 2963% 

Cr 0% 1294% 2921% -4% 160% 804% 

Cu 82% 346% 1033% 19% 137% 570% 

Fe 67% 237% 674% 85% 296% 899% 

Ni -54% 45% 834% -51% -16% 100% 

Pb 52% 253% 730% 33% 417% 4233% 

Sr 32% 147% 466% 59% 196% 401% 

V 3774% 8926% 26937% 0% 260% 1100% 

Zn 21% 94% 280% -6% 99% 387% 
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Table 20. Comparison of Spearman correlation 

coefficients per element for S. palustre clone vs O. lyellii 

determined in this study (n=72) and S. palustre clone vs 

Pseudoscleropodium purum in the Capozzi et al. study 

(n=30). 

Element This study 

(United States) 

Capozzi et al. (2017) 

study (Spain/Italy) 

Al 0.489* 0.682*** 

As -0.087 0.006 

Ba -0.009 0.532** 

Cr 0.386 0.282 

Cu 0.245 0.044 

Fe 0.412* 0.468** 

Ni 0.438* 0.572*** 

Pb 0.403* 0.789*** 

Sr 0.055 0.515** 

V 0.474* 0.499** 

Zn 0.400* 0.404* 
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Table 22. Mean ambient PM10 concentrations (ug/m3) determine for each site across six sampling 

periods with mean and standard error. 

Site 1 2 3 4 5 6 
Mean ± std 

err 

OES 36.42 23.84 22.83 17.87 15.32 19.32 22.6 ± 3.05 

UOP 36.37 29.36 29.03 19.86 20.40 24.24 26.55 ± 2.57 

PUM 40.03 32.57 28.81 19.88 21.26 26.98 28.25 ± 3.05 

HUM 49.79 34.34 26.03 19.62 18.89 27.70 29.39 ± 4.69 

HAR 45.47 33.53 34.76 24.51 22.22 26.96 31.24 ± 3.49 

PFD 50.01 34.46 29.90 24.89 26.73 28.30 32.38 ± 3.77 

PWB 47.05 35.06 30.63 22.91 27.56 31.71 32.49 ± 3.36 

OHS 50.16 37.93 32.17 21.69 27.67 36.41 34.34 ± 3.99 

 

Table 23.Total collection volume (L) from ARA PM samplers for each site across six sampling periods 

with mean and standard error. 

Site 1 2 3 4 5 6 
Mean ± std 

err 

OES 1274.26 1031.58 1368.79 1321.13 1344.18 1105.07 1241 ± 52 

UOP 1307.80 1346.65 1261.92 1321.27 1343.10 1345.11 1321 ± 12 

PUM 1327.96 1203.78 1119.61 1321.31 1325.43 1337.08 1273 ± 34 

HUM 1251.09 1189.55 1351.84 1320.60 1279.97 1213.90 1268 ± 23 

HAR 1167.90 1308.00 1174.06 1288.18 1285.92 1344.27 1261 ± 27 

PFD 1276.40 1335.36 1314.00 1320.86 1343.87 1344.54 1323 ± 10 

PWB 1295.43 1340.30 1346.97 1321.13 1301.99 1344.41 1325 ± 8 

OHS 1326.93 1336.13 1262.61 1290.83 1343.53 1175.71 1289 ± 24 

 



94 

 

 

 

 

 

 

T
ab

le
 2

4
. 

D
es

cr
ip

ti
v

e 
st

at
is

ti
cs

 o
f 

el
em

en
t 

co
n

ce
n

tr
at

io
n

s 
in

 b
u

lk
 d

ep
o

si
ti

o
n

 (
k

g
/h

a)
 f

o
r 

al
l 

si
te

s 
an

d
 s

am
p

li
n

g
 

p
er

io
d

s.
  

E
le

m
en

t 
M

in
im

u
m

 
M

ax
im

u
m

 
M

ea
n

 
M

ed
ia

n
  

F
is

h
er

-P
ea

rs
o

n
 

S
k

ew
n

es
s 

co
ef

fi
ci

en
t 

S
am

p
le

s 
b

el
o

w
 

d
et

ec
ti

o
n

 l
im

it
 

P
 

2
.5

5
9
9
 

2
3

1
0

.1
7

7
9

 
1

9
8

.9
4

9
5

 
2

4
2

.6
9

2
1

 
1

.0
4

3
2
 

4
1
 

K
 

0
.0

0
0
0
 

1
1

8
2
1

.8
7
1

4
 

7
9

8
.2

6
6

0
 

1
0

4
2

.1
6

4
5

 
0

.5
2

0
6
 

3
6
 

M
g

 
3

6
.2

6
6

8
 

2
3

3
8

.1
9

6
4

 
3

0
1

.0
8

3
9

 
3

2
2

.6
1

2
8

 
1

.3
3

3
0
 

0
 

C
a
 

2
1

.7
6
6

0
 

1
3

2
8
2

.4
8
7

7
 

1
2

5
1

.4
4

6
3

 
1

9
0

3
.0

8
7
7

 
1

.2
2

8
6
 

6
 

S
 

--
 

--
 

--
 

--
 

--
 

--
 

M
o

 
0

.0
0

8
2
 

1
0

.6
7
2

6
 

0
.2

5
2
1
 

0
.7

8
0
5
 

0
.5

5
0
4
 

1
5

1
 

M
n

 
0

.1
9

6
0
 

2
0

6
.3

8
1

9
 

3
4

.0
5
6

9
 

4
2

.7
3
5

4
 

1
.5

1
0
1
 

7
 

F
e 

1
4

.5
7
0

4
 

4
6

3
8

.1
8

8
9
 

6
0

7
.2

9
0

0
 

7
9

0
.0

9
9

5
 

1
.4

0
9
7
 

0
 

N
i 

0
.2

3
7
0
 

7
2

.7
2
5

6
 

3
.1

8
5
6
 

5
.8

0
1
8
 

0
.7

0
5
3
 

1
 

C
u

 
1

.5
6

4
2
 

1
1

9
.7

6
4

2
 

1
8

.5
2
1

9
 

1
8

.5
9
2

1
 

1
.3

3
0
9
 

0
 

Z
n

 
4

.4
5

7
8
 

5
3

9
.8

0
0

6
 

9
4

.2
9
2

2
 

1
0

2
.6

7
8

7
 

1
.2

8
1
5
 

0
 

B
 

0
.8

1
1
0
 

5
9

.2
1
9

6
 

5
.4

5
1
0
 

6
.1

3
6
3
 

0
.8

6
9
9
 

0
 

V
 

0
.0

0
1
6
 

2
0

3
.4

4
7

6
 

2
.3

2
4
9
 

1
4

.6
4
6

3
 

0
.3

6
6
7
 

0
 

N
a 

1
6

5
.7

1
7

3
 

4
4

2
6

.7
1

3
7

 
6

0
6

.3
6

4
2

 
4

3
1

.8
6

3
7

 
0

.7
6

5
2
 

1
 

S
r 

0
.3

6
4
9
 

1
2

8
.3

9
8

2
 

9
.8

0
4
9
 

1
6

.3
4
0

8
 

1
.1

0
2
6
 

0
 

B
a
 

0
.6

2
8
6
 

2
0

2
.0

3
0

9
 

1
9

.0
8
6

9
 

2
5

.7
1
4

7
 

1
.2

5
4
8
 

1
7

7
 

A
l 

5
.3

9
6
1
 

2
6

3
3

.9
1

8
8

 
3

5
2

.7
5

4
0

 
4

5
7

.1
0

7
1

 
1

.4
0

8
2
 

1
0
 

T
i 

0
.0

0
0
0
 

1
2

0
.7

8
9

5
 

1
4

.7
5
8

3
 

2
0

.8
8
7

7
 

1
.2

6
1
5
 

--
 

S
i 

--
 

--
 

--
 

--
 

--
 

1
4
 

C
r 

0
.0

0
0
0
 

1
8

.6
5
3

4
 

1
.7

3
8
7
 

2
.6

4
1
4
 

1
.0

7
5
3
 

2
4
 

C
o

 
0

.0
2

1
9
 

3
.5

1
8
3
 

0
.5

5
5
9
 

0
.6

6
3
3
 

1
.4

4
9
8
 

1
 

C
d

 
0

.0
2

2
4
 

3
.8

2
5
2
 

0
.4

7
9
5
 

0
.5

4
2
2
 

1
.1

2
1
6
 

3
 

P
b

 
0

.1
9

2
3
 

3
1

.9
0
2

9
 

4
.9

4
7
2
 

6
.4

5
2
5
 

1
.4

0
4
4
 

0
 

A
s 

0
.0

0
0
0
 

2
.0

3
7
1
 

0
.2

9
8
4
 

0
.3

1
3
2
 

0
.9

1
4
7
 

4
7
 

 



95 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 25. Total bulk deposition collector volume (mL) measured for each site across six sampling 

periods with mean and standard error. 

Site 1 2 3 4 5 6 
Mean ± std 

err 

OHS 10 855 1450 1448 837 311 819 ± 218 

PFD 14 923 1586 1580 866 390 893 ± 234 

OES 0 1012 1726 1377 1011 284 901 ± 243 

PUM 3 923 1690 1497 974 337 904 ± 242 

PWB 17 958 1725 1542 1045 337 937 ± 248 

HAR 12 1047 1695 1512 1073 342 947 ± 244 

HUM 44 953 1707 1682 984 372 957 ± 251 

UOP 19 885 1674 1782 1063 344 961 ± 262 
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Table 26. Spearman correlation coefficients for element concertation in ambient PM10 

(ng/m3) compared to O. lyellii and S. palustre for two 4-week measurement periods.  *p < 

0.05, **p < 0.01, ***p < 0.001., n =72 (O. lyellii) and n= 144 (S. palustre). CP1 is the first 

4-week collection period and CP2 is the second 4-week collection period. CP1+2 combines 

both collection periods to match 8-week moss exposure. 

  O. Lyellii S. palustre 

Element CP1 CP2 CP1+2 CP1 CP2 CP1+2 

P 0.82*** 0.671*** 0.756*** 0.753*** 0.670*** 0.733*** 

K 0.263 0.411* 0.368 0.262 0.486*** 0.491*** 

Mg -0.726*** -0.605** -0.711*** -0.141 -0.054 -0.114 

Ca 0.530** 0.730*** 0.656*** 0.061 0.147 0.111 

S 0.243 0.227 0.283 0.558*** 0.591*** 0.644*** 

Mo -0.234 0.266 0.075 -0.034 -0.017 0.01 

Mn 0.249 -0.089 0.044 0.221 0.355* 0.296* 

Fe 0.375 0.017 0.223 0.446** 0.474*** 0.471*** 

Ni -0.033 0.297 -0.035 0.127 0.159 0.057 

Cu 0.244 0.016 0.216 0.18 0.403** 0.357* 

Zn -0.007 0.415* 0.282 0.267 0.545*** 0.427** 

B 0.397 0.560** 0.668*** 0.694*** 0.529*** 0.777*** 

V 0.293 0.084 0.157 0.453** 0.318* 0.446** 

Na -0.22 -0.049 00.01 0.574*** 0.686*** 0.713*** 

Sr 0.008 0.065 0.044 0.102 0.125 0.135 

Ba -0.065 -0.410* -0.287 0.634*** 0.587*** 0.679*** 

Al 0.254 -0.097 0.114 0.351* 0.189 0.304* 

Ti 0.361 -0.044 0.178 0.495*** 0.352* 0.477*** 

Si 0.054 0.186 0.202 0.281 0.103 0.278 

Cr 0.050 0.170 -0.047 0.075 0.157 0.008 

Co -0.123 -0.054 -0.152 0.168 0.106 0.112 

Cd 0.140 0.416* 0.298 0.024 0.302* 0.199 

Pb 0.206 0.033 0.110 0.096 0.176 0.12 

As -0.002 0.070 0.067 -0.127 -0.028 -0.072 
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Table 27. Spearman correlation coefficients for element concertation in ambient bulk 

deposition (kg/ha) compared to O. lyellii and S. palustre for two 4-week measurement 

periods.  *p < 0.05, **p < 0.01, ***p < 0.001., n =72 (O. lyellii) and n= 144 (S. palustre). 

CP1 is the first 4-week collection period and CP2 is the second 4-week collection period. 

CP1+2 combines both collection t periods to match 8-week moss exposure. 

  O. Lyellii S. palustre 

Element CP1 CP2 CP1+2 CP1 CP2 CP1+2 

P -0.251 -0.542** -0.399 -0.121 -0.463*** -0.382** 

K -0.221 -0.137 -0.175 -0.301* -0.2 -0.291* 

Mg 0.221 0.574** 0.434* 0.23 0.14 0.189 

Ca -0.141 0.385 0.073 0.449** 0.333* 0.468*** 

S -- -- -- -- -- -- 

Mo 0.141 0.014 0.063 -0.382** -0.565*** -0.55*** 

Mn -0.012 0.355 0.092 0.53*** 0.383** 0.628*** 

Fe 0.349 0.303 0.343 0.494*** 0.616*** 0.671*** 

Ni -0.064 0.035 -0.011 0.324* 0.413** 0.43** 

Cu -0.169 0.15 -0.051 0.372** 0.484*** 0.462*** 

Zn -0.285 0.136 -0.089 0.269 0.675*** 0.521*** 

B -0.431* -0.433* -0.502* -0.398** -0.405** -0.436** 

V 0.119 0.517** 0.298 0.336* 0.648*** 0.605*** 

Na -0.132 0.025 -0.042 -0.698*** -0.687*** -0.704*** 

Sr -0.127 -0.088 -0.104 0.314* 0.303* 0.374** 

Ba -0.233 -0.178 -0.197 0.6*** 0.783*** 0.786*** 

Al 0.298 0.507* 0.407* 0.361* 0.604*** 0.588*** 

Ti -0.338 0.221 -0.169 0.037 0.372** 0.279 

Si -- -- -- -- -- -- 

Cr 0.289 0.658*** 0.603** 0.281 0.276 0.259 

Co 0.523 0.521** 0.583** 0.414** 0.634*** 0.597*** 

Cd -0.099 0.058 -0.043 0.209 0.084 0.158 

Pb -0.049 0.268 0.108 0.485*** 0.409** 0.464*** 

As 0.112 0.347 0.194 0.011 0.027 0.077 
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Figure 18. Time series showing rainfall (mm), relative humidity and temperature (°C) across 

all sites for the duration of the experiment. Dashed line indicates the duration moss exposure 

for each sampling period.  
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Figure 19. Spearman correlation coefficients comparing PM10 (ng.m3) to S. palustre tissue 

concentration (mg/kg) for each element separated by sampling period. Grey boxes depict grouping of 

elements by class and red boxes represent significant correlations (p≤0.05), n=8.  
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Figure 20. Spearman correlation coefficients comparing bulk deposition (mg/kg) to S. palustre tissue 

concentration (mg/kg) for each element separated by sampling period. Grey boxes depict grouping of 

elements by class and red boxes represent significant correlations (p≤0.05), n=8. 
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Figure 21. Spearman correlation coefficients comparing PM10 (ng.m3) to O. lyellii tissue concentration 

(mg/kg) for each element separated by sampling period. Grey boxes depict grouping of elements by 

class and red boxes represent significant correlations (p≤0.05), n=4. 
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Figure 22. Spearman correlation coefficients comparing bulk deposition (mg/kg) to O. lyellii tissue 

concentration (mg/kg) for each element separated by sampling period. Grey boxes depict grouping of 

elements by class and red boxes represent significant correlations (p≤0.05), n=4. 
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Figure 23. Spearman correlation coefficients comparing PM10 (ng.m3) to S. palustre tissue 

concentration (mg/kg) for each element separated by location. Grey boxes depict grouping of 

elements by class and red boxes represent significant correlations (p≤0.05), n=6. 
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Figure 24. Spearman correlation coefficients comparing bulk deposition (mg/kg) to S. palustre tissue 

concentration (mg/kg) for each element separated by location. Grey boxes depict grouping of 

elements by class and red boxes represent significant correlations (p≤0.05), n=6. 
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Figure 25. Spearman correlation coefficients comparing PM10 (ng.m3) to O. lyellii tissue concentration 

(mg/kg) for each element separated by location. Grey boxes depict grouping of elements by class and red 

boxes represent significant correlations (p≤0.05), n=6. 
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Figure 26. Spearman correlation coefficients comparing bulk deposition (mg/kg) to O. lyellii tissue 

concentration (mg/kg) for each element separated by location. Grey boxes depict grouping of elements by 

class and red boxes represent significant correlations (p≤0.05), n=6. 
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Figure S1. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and S. palustre tissue 

concertation (mg/kg) for phosphorous separated by site over 6 sampling periods. The y-axis is log 

transformed for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 

values from no precipitation during that period. 
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Figure S2. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and O. lyellii tissue 

concertation (mg/kg) for phosphorous separated by site over 6 sampling periods. The y-axis is log 

transformed for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 

values from no precipitation during that period.  
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Figure S3. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and S. palustre tissue 

concertation (mg/kg) for potassium separated by site over 6 sampling periods. The y-axis is log 

transformed for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 

values from no precipitation during that period. 
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Figure S4. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and O. lyellii tissue 

concertation (mg/kg) for potassium separated by site over 6 sampling periods. The y-axis is log 

transformed for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 

values from no precipitation during that period. 

K 



128 

 

 

Figure S5. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and S. palustre tissue 

concertation (mg/kg) for magnesium separated by site over 6 sampling periods. The y-axis is log 

transformed for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 

values from no precipitation during that period. 
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Figure S6. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and O. lyellii tissue 

concertation (mg/kg) for magnesium separated by site over 6 sampling periods. The y-axis is log 

transformed for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 

values from no precipitation during that period. 
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Figure S7. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and S. palustre tissue 

concertation (mg/kg) for calcium separated by site over 6 sampling periods. The y-axis is log transformed 

for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 
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Figure S8. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and O. lyellii tissue 

concertation (mg/kg) for calcium separated by site over 6 sampling periods. The y-axis is log transformed 

for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 
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Figure S9. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and S. palustre tissue 

concertation (mg/kg) for molybdenum separated by site over 6 sampling periods. The y-axis is log 

transformed for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 

values from no precipitation during that period. 
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Figure S10. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and O. lyellii tissue 

concertation (mg/kg) for molybdenum separated by site over 6 sampling periods. The y-axis is log 

transformed for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 

values from no precipitation during that period. 
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Figure S11. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and S. palustre tissue 

concertation (mg/kg) for manganese separated by site over 6 sampling periods. The y-axis is log 

transformed for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 

values from no precipitation during that period. 
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Figure S 12. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and O. lyellii tissue 

concertation (mg/kg) for manganese separated by site over 6 sampling periods. The y-axis is log 

transformed for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 

values from no precipitation during that period. 
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Figure S13. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and S. palustre tissue 

concertation (mg/kg) for iron separated by site over 6 sampling periods. The y-axis is log transformed for 

visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 
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Figure S14. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and O. lyellii tissue 

concertation (mg/kg) for iron separated by site over 6 sampling periods. The y-axis is log transformed for 

visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 
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Figure S15. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and S. palustre tissue 

concertation (mg/kg) for nickel separated by site over 6 sampling periods. The y-axis is log transformed for 

visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 
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Figure S16. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and O. lyellii tissue 

concertation (mg/kg) for nickel separated by site over 6 sampling periods. The y-axis is log transformed for 

visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 
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Figure S17. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and S. palustre tissue 

concertation (mg/kg) for copper separated by site over 6 sampling periods. The y-axis is log transformed 

for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 
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Figure S18. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and O. lyellii tissue 

concertation (mg/kg) for copper separated by site over 6 sampling periods. The y-axis is log transformed 

for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 
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Figure S19. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and S. palustre tissue 

concertation (mg/kg) for zinc separated by site over 6 sampling periods. The y-axis is log transformed for 

visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 
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Figure S20. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and O. lyellii tissue 

concertation (mg/kg) for zinc separated by site over 6 sampling periods. The y-axis is log transformed for 

visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 
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Figure S21. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and S. palustre tissue 

concertation (mg/kg) for boron separated by site over 6 sampling periods. The y-axis is log transformed for 

visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 
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Figure S22. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and O. lyellii tissue 

concertation (mg/kg) for boron separated by site over 6 sampling periods. The y-axis is log transformed for 

visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 
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Figure S23. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and S. palustre tissue 

concertation (mg/kg) for vanadium separated by site over 6 sampling periods. The y-axis is log transformed 

for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 
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Figure S24. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and O. lyellii tissue 

concertation (mg/kg) for vanadium separated by site over 6 sampling periods. The y-axis is log transformed 

for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 
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Figure S25. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and S. palustre tissue 

concertation (mg/kg) for sodium separated by site over 6 sampling periods. The y-axis is log transformed 

for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 
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Figure S26. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and O. lyellii tissue 

concertation (mg/kg) for sodium separated by site over 6 sampling periods. The y-axis is log transformed 

for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 
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Figure S27. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and S. palustre tissue 

concertation (mg/kg) for strontium separated by site over 6 sampling periods. The y-axis is log transformed 

for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 
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Figure S28. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and O. lyellii tissue 

concertation (mg/kg) for strontium separated by site over 6 sampling periods. The y-axis is log transformed 

for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 
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Figure S29. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and S. palustre tissue 

concertation (mg/kg) for barium separated by site over 6 sampling periods. The y-axis is log transformed 

for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 

Ba 



153 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S30. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and O. lyellii tissue 

concertation (mg/kg) for barium separated by site over 6 sampling periods. The y-axis is log transformed 

for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 

Ba 



154 

 

 

Figure S31. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and S. palustre tissue 

concertation (mg/kg) for aluminum separated by site over 6 sampling periods. The y-axis is log 

transformed for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 

values from no precipitation during that period. 
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Figure S32. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and O. lyellii tissue 

concertation (mg/kg) for aluminum separated by site over 6 sampling periods. The y-axis is log 

transformed for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 

values from no precipitation during that period. 
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Figure S33. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and S. palustre tissue 

concertation (mg/kg) for titanium separated by site over 6 sampling periods. The y-axis is log transformed 

for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 
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Figure S34. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and O. lyellii tissue 

concertation (mg/kg) for titanium separated by site over 6 sampling periods. The y-axis is log transformed 

for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 

Ti 



158 

 

 

Figure S35. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and S. palustre tissue 

concertation (mg/kg) for chromium separated by site over 6 sampling periods. The y-axis is log 

transformed for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 

values from no precipitation during that period. 
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Figure S36. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and O. lyellii tissue 

concertation (mg/kg) for chromium separated by site over 6 sampling periods. The y-axis is log 

transformed for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 

values from no precipitation during that period. 
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Figure S37. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and S. palustre tissue 

concertation (mg/kg) for cobalt separated by site over 6 sampling periods. The y-axis is log transformed for 

visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 
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Figure S38. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and O. lyellii tissue 

concertation (mg/kg) for cobalt separated by site over 6 sampling periods. The y-axis is log transformed for 

visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 
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Figure S39. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and S. palustre tissue 

concertation (mg/kg) for cadmium separated by site over 6 sampling periods. The y-axis is log transformed 

for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 
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Figure S40. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and O. lyellii tissue 

concertation (mg/kg) for cadmium separated by site over 6 sampling periods. The y-axis is log transformed 

for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 
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Figure S41. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and S. palustre tissue 

concertation (mg/kg) for lead separated by site over 6 sampling periods. The y-axis is log transformed for 

visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 
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Figure S42. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and O. lyellii tissue 

concertation (mg/kg) for lead separated by site over 6 sampling periods. The y-axis is log transformed for 

visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 
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Figure S43. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and S. palustre tissue 

concertation (mg/kg) for arsenic separated by site over 6 sampling periods. The y-axis is log transformed 

for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 
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Figure S44. Timeseries showing Bulk deposition (mg/kg), ambient PM10 (ng/m3) and O. lyellii tissue 

concertation (mg/kg) for arsenic separated by site over 6 sampling periods. The y-axis is log transformed 

for visual comparison and OES bulk deposition for sampling period 1 are omitted due to 0 values from no 

precipitation during that period. 
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