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Abstract

The ability to detect, measure, and locate the source of contaminants or radionuclides is of
ongoing interest. There are many techniques for modeling atmospheric transport, sampling near
sites of known contamination, and monitoring locations of interest. A widely-used tool for
identification and bioremediation comes in the form of vegetation that can serve as indicators of
recent and historic events. Large scale vegetation sampling, however, can be costly and labor-
intensive, making a non-invasive in-situ technique an attractive alternative. Laser induced
fluorescence (LIF) emission is quickly gaining efficacy as a tool to excite biologically-critical
molecules, such as chlorophyll, and thereby observe the health of plants and algae. Such
techniques are comparable to spectrophotometry, but with the potential benefit of being portable.
The technique presented here uses images collected of LIF in moss (Thuidium plicatile) using a
CMOS camera to identify the presence of different metals in healthy and impaired tissues. RGB
data from each image is recorded and used to create density histograms of each color channel’s
relative abundance of pixels where a specific color corresponds to a decimal code value ranging
from 0 to 255. Changes in these histograms correlate to shifts in chlorophyll emission and help in
the positive identification of very small tissue concentrations at nmol per cm? levels of copper,
zinc, and lead (Cu, Zn, Pb), as well as mixtures of metals. The research focuses on applications
of the technique to compare metal contamination to background levels in moss tissues as well as
to photoperiod and environmental stressors. Testing included a chlorophyll specific laser system
(Semi-conductor diode 445 nm and 462 nm) alongside a Y@:ND pulsed system (355 nm and 532

nm).



Abbreviations

CoCoBi — Color Compact Biofinder; developed by Misra et al. (2021) for future NASA missions
to remotely detect biological materials. It uses a 532nm green laser and 355nm UV laser that fire
in tandem at nanosecond pulses. It is designed to use nanosecond laser pulses with a compact
color CMOS camera as the detector to collect time-resolved images of fluroescence emission by
plant tissues.

Chl — Chlorophyll. Often used in the text to refer to chlorophyll -a, -b, a/b ratio, or total
chlorophyll content per unit area or weight of tissue.

ChlI-SL — Chlorophyll Specific Laser system; can use either a 445 nm blue laser (Chl-a specific)
or 462 nm blue laser (Chl-b specific) with or without bandpass filter (650 nm for chl-b and 670
nm for Chl-a). Uses the same CMOS camera from the CoCoBi as a detector to collect images of
fluorescence emission responses.

CMOS — Complementary Metal Oxide Semiconductor camera with transistors at every pixel
translating light to electrons using about 100x less power than a CCD camera. Though more cost
effective, they have less light sensitivity and are more susceptible to the introduction of noise.

Cu — copper

CuCl2 — copper chloride

DI — deionized water

DOE — U.S. Department of Energy

DTW — Dynamic Time Warping; method for finding the distance between two curves and
calculating the path that minimizes the cumulative distance between those points

DCV — Decimal Code Values

LIF — laser induced fluorescence; the technique of using a laser to excite particles which release
energy when they return to a stable state which appears in different wavelengths of light,
also known as fluorescence emission.

LLNL — Lawrence Livermore National Laboratory
MTYV — Consortium for Monitoring Technology and Verification (University of Michigan)
N - nitrogen

Nd:YAg — Neodynium-doped yttrium aluminum garnet crystal (Nd:Y3Als012) that is used as a
lasing medium for solid-state lasers.

NNSA — National Nuclear Security Administration
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Pb - lead
Pb(NO3)2 — lead nitrate

RGB - red-green-blue; specifically, in reference to color spectrum or decimal codes as they
pertain to red, green, and blue color channels.

SRNL — Savannah River National Laboratory
Zn - zinc

ZnCl2 - zinc chloride
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Data Availability

The code created as part of this research is open to the public for use. Though it was developed
in MATLAB® the work is translational to use in Python by using Scikit-learn’s library. A
GitHub repository has been created for the Dissertation work with individual branches for each
research chapter. At this time, all data including images have been uploaded as compressed
folders on the University Google Drive associated with ktruax@hawaii.edu. Hard copies of the
images have been stored for future use and can be provided per request should the original
versions be inaccessible. If the Google Drive is no longer active, please refer to updates on

GitHub regarding author communication and data availability.

Google Drive —
https://drive.google.com/drive/folders/1CFIU4aufgV62G XvzIM717GSxZXbcWNd?usp=drive
link

GitHub — https://github.com/KTruax/Truax PhD 2023.qit

Note on Moss Species

Thuidium plicatile is a moss species indigenous to Hawai‘i (Staples et al., 2004) and the one
chosen to be used for experimentation and observation. The specific specimen used was
collected from O‘ahu along the Wa‘ahila Ridge Trail. A frond-like species in appearance,
Thuidium plicatile is similar in appearance to the invasive Hypnum plumaeforme Wilson (Crum
& Mueller-Dombois 1968; Hoe 1974) which is not recorded as being present on O‘ahu (Staples
etal., 2004). Thuidium plicatile Mitt. and Thuidium plicatile Mitt. var. brevifolium E.B. Bartram
are more broadly recognized as synonyms of Thuidium cymbifolium Dozy & Molk (Hoe 1974;
Touw, 2001). Thuidium is the genus of moss in the family Thuidiaceae so named for the fronds
appearing to look like small cedar trees with creeping, branching and pinnate leaves. 191
accepted species names are known in the genus Thuidium with all existing in temperate to
tropical climates (The Plant List, 2013; World Flora Online, 2023). With that knowledge, if you
are encouraged to work with a moss species you do not have to rely solely upon Thuidium

plicatile as a means of conducting research as there are many other species in existence.
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1 INTRODUCTION

1.1 MOTIVATIONS FOR RESEARCH
The research is funded and motivated by the goals of the U.S. Department of Energy

(DOE) and the U.S. National Nuclear Security Administration (NNSA) to develop new
technologies that can aid in the detection or deterrence of nuclear proliferation activities. The
work has been a collaboration with the University of Michigan and National Laboratories (SRNL
and LLNL) as a part of the Consortium for Monitoring, Technology, and Verification (MTV).
The objective of this project was the development and testing of a novel remote sensing
technology applicable for the observation of biota. It was determined that this methodology
would use laser induced fluorescence (LIF) emission, from chlorophyll in living plants, and
image processing for rapid detection of heavy metal or radionuclide presence in the environment
due to mining, industry, or contamination events. The ultimate goals were to determine the
feasibility of the technique, and if successful, further develop methods for remote sensing, and
provide a baseline evaluation of the effectiveness and future applications that are possible with

current technology.

1.2 MOSS AS A BIOMONITOR OF HEAVY METAL CONTAMINATION
Metal distribution in the environment from anthropogenic sources have long been a

concern, but regulations within the last few decades have made monitoring of industry, mining,
and urban development more important. Heavy metals in high concentrations can be bound in
soil and desorb into water long after their deposition thereby making monitoring of more recent
accumulation(s) challenging (Stankovic, 2014; Norgate et al., 2007). Focusing on atmospheric
deposition of these metals of interest can help to distinguish current events in the environment
from historic ones (Berg et al., 1995; Wolterbeek, 2002; Stankovic, J.D., 2018). Biota have been
used since the 1960’s for monitoring bioaccumulation with living plant communities in impacted
areas specifically serving not only as indicators of metal toxicity and contamination, but also as
habitat health and bioremediation monitors (Tremper et al. 2004). One group of biomonitors are
mosses, which have been traditionally used to measure atmospheric deposition of heavy metals

in regions that can support growth of natural moss communities.



Mosses have long been used as cost effective monitors of environmental change because
moss are resilientt to various contamination sources, large surface to weight ratio, distribution
throughout differing environments, and simple tissue structure (Sun et al., 2009; Serbula et al.
2012; Suchara et al. 2011). Their lack of a true root system limits heavy metal accumulation to
atmospheric deposition across their photosynthetic surface (Berg & Steinnes, 1997; Degola et al.,
2014). Specific metal accumulation varies with moss surface area and molecular differences in
cell wall composition (Chakrabortty & Paratkar, 2006; Sarkar et al., 2009; Stankovi¢ et al., 2018;
Petschinger et al., 2021). Essential micro-nutrients such as Cu, Zn, and Ni are typically
preferentially taken up and incorporated into cellular structures becuase of their importance in
metabolic processes, while non-essential elements like Pb and Hg could be adsorbed as
particulate matter on the surface, bound to chelating sites in the cell wall, or absorbed and
deposited in and around cells (Vazquez et al., 1999b; Macedo-Miranda et al., 2016). Non-
essential metals are usually toxic to plants in any amount, but high levels of essential micro-
nutrients have also been shown to also alter chloroplasts and total chlorophyll content (Nagajyoti
et al., 2010; Krzestowska, 2011; Choudhury & Panda, 2005; Tremper et al., 2004; Sun et al.,
2009). High levels of Cu were consistently found across studies to cause change in chlorophyll
content and affect the ratio of Chl -a and -b (Thuidium delicatulum (L.) Mitt., Thuidium
sparsifolium (Mitt.) Jaeg., and Ptychanthus striatus (Lehm. & Linderb.); Shakya et al., 2008).
These changes in Chl have been documented using spectrophotometry, PAM (Pulse-Amplitude-
Modulation), and laser induced fluorescence (Truax et al., 2020; Truax et al., 2022).

Previous work (Truax et al., 2022) focused on developing a proof-of-concept
methodology applying image analysis of LIF response in mosses could identify Cu
contamination in those living tissues. That work specifically used the “Standoff Biofinder”
(Misra, 2018), which was a pulsed Nd:YGa dual laser system (green 532 nm excitation laser and
UV 355 nm excitation laser) fired at a nanosecond rate. It was found that differentiation of Cu
concentrations at varying pmol/cm? levels was possible based on comparison of color histograms
of treated moss to control samples. However, those levels of Cu tested would only be found in
the most contaminated sites. It was determined that future work, now presented here, would
focus on determining the best methods to improve the application of LIF to detect metal

accumulation in mosses while improving sensitivity detection to nmol/cm? levels.



1.3 LIF AND THE ROLE OF CHLOROPHYLL
Inducing fluorescence emission in chlorophyll has been used widely to evaluate plant

physiology and characterize photosynthetic efficiency (Krause & Weis, 1991; Kolber et al.,
2005). Chlorophyll content can play a large role in the ability to monitor changes within a plant
due to stressors or physiological factors (Chappelle et. al., 1984). The degree of fluorescence, or
intensity, depends on both the light source and the properties of the sample's molecular structure
(Valeur & Berberan-Santos, 2011). Of the available portable technology, pulse amplitude
modulation (PAM) is the most commonly used for leaf-level investigations, but remains
impractical for application to remote sensing (Schreiber et al. 1986; Schreiber & Bilger 1993;
Schreiber, 2004; Brooks & Niyogi, 2011; Haidekker et al., 2022). When considering alternatives,
lasers can be used to produce a broad range of wavelength excitations making lasers excellent
sources of light for inducing fluorescence emission of Chl (Valeur & Berberan-Santos, 2011;
Silvia & Utkin, 2018).

Laser induced fluorescence (LIF) emission is still a relatively new technique being
applied in the biological sciences to monitor shifts in photosynthetic physiology and chlorophyll-
a light harvesting in plants, corals, and algae (Brach, 1977; Buschmann 2007). Fluorescence
emission is induced via laser excitation beam that allows capture of the short life-time
fluorescence emission of living plant material. The laser excites molecules using electromagnetic
radiation which is absorbed and quickly released as a spontaneous emission of light at lower
energy levels but larger values for wavelength (Kinsey, 1977; Maarek & Kim, 2001). LIF offers
the ability for in-situ non-destructive measurements without the need for close-up devices, such
as PAM, or reliance on long distance satellite information. This non-invasive technique shows
promise as a complement to traditional sampling while allowing for repeated measurements of
the same habitat. In the case of this research, a CMOS camera is used in place of a spectrometer
increasing the flexibility in placement relative to the laser (side-by-side), compact size, and
reduced cost with limited loss of sensitivity. The benefits in LIF when compared with near-
infrared spectroscopy are LIF's non-destructive method, portability, and the ability to take
measurements under daylight at considerable distance (Gameiro, 2016; Garcia-Sanchez et al.,
2017; Marques de Silva, 2018; Tan et al., 2019).



1.4 OUTLINE OF DISSERTATION
The following dissertation will outline three experiments conducted to better understand

response by the moss, Thuidium plicatile, to background contaminate exposure using LIF paired
with image analysis. Original work from a Master’s Thesis (Truax et al., 2020) developed a
method to detect contaminants using LIF to observe responses by this moss to Cu treatment. The
work of this dissertation extends that foundational work to explore the feasibility of
incorporating LIF into laboratory or field work with the benefit of reducing labor and costs from
more traditional sampling and chemical analysis techniques. The second chapter focuses on
multiple stressors and metal types while also introducing new methods for comparison between
treated and untreated trials. The third chapter delves into the development and application of a
chlorophyll specific laser design, while also comparing the new system to the originally used
“CoCoBi” (Misra et al. 2021). The final chapter adapts previous techniques to new image data in
the form of individual moss fronds to better understand the natural variability of chlorophyll
response within the moss species. Finally, the major conclusions and suggestions for future

applications will be discussed.



2 LASER INDUCED FLUORESCENCE FOR MONITORING
ENVIRONMENTAL CONTAMINATION IN VEGETATION

2.1 ABSTRACT
The ability to detect, measure, and locate the source of contaminants, especially, heavy

metals and radionuclides is of ongoing interest. A common tool for contaminant identification
and bioremediation comes in the form of vegetation that can serve as indicators of recent and
historic pollution. However, large scale sampling can be costly and labor-intensive. Hence, non-
invasive in-situ techniques such as laser induced fluorescence (LIF) are becoming useful and
effective ways to observe the health of plants and algae through the excitation of organic
molecules, e.g. chlorophyll, through indirect measurement. Such techniques are comparable to
spectrophotometry but with the potential benefit of being portable. This research supports image
analysis of LIF through comparison with traditional, destructive methods to assess efficacy. The
technique presented utilizes images collected of LIF emission in moss to identify different metals
known to be present at different dosing concentrations. Analysis through image processing of
LIF response was key to positive identification of Cu, Zn, Pb, and a mixture of the metals at
nmol/cm? levels. Specifically, the RGB values from each image were used to create density
histograms of each color channel’s relative pixel abundance at each decimal code value. These
histograms were then used to compare color shifts linked to the successful identification of
contaminated moss samples. Photoperiod and extraneous environmental stressors had minimal

impact on the histogram color shift when compared to metals.

2.2 INTRODUCTION
Heavy metal contamination in the environment from anthropogenic sources has long

been a concern, and newer, more strict regulations call for frequent and rigorous monitoring.
Heavy metals in high concentrations have been shown to bind with soil and be released into
water long after their release and deposition, hence making monitoring of more recent
contaminant accumulation more challenging (Stankovic, 2014; Norgate et al., 2007). Focusing
on atmospheric deposition of these metals of interest can help to distinguish current events in the
environment from historic ones (Berg et al., 1995; Wolterbeek, 2002; Stankovic, J.D., 2018).

Observation of biota have been used since the 1960°s for monitoring metals through



bioaccumulation, with local plant communities specifically serving as habitat monitors and tests
for success of bioremediation (Tremper et al. 2004). One commonly employed biomonitor are
mosses, which have traditionally aided in the monitoring of the atmospheric deposition of heavy
metals derived from their lack of a true root system to accumulate historic contaminants from
underlying soils (Berg & Steinnes, 1997; Degola et al., 2014).

Mosses are a resilient group of genera with a simple cellular structure and are found in a
wide variety of biomes (Sun et al., 2009; Serbula et al. 2012; Suchara et al. 2011). Though
mosses are good accumulators of environmental contaminants, uptake of a specific metal
accumulation varies with moss surface area and molecular differences in cell wall composition
(Chakrabortty & Paratkar, 2006; Sarkar et al., 2009; Stankovi¢ et al., 2018; Petschinger et al.,
2021). Micro-nutrients such as Cu, Zn, and Ni are preferentially acquired and incorporated into
cellular structures because of the need in metabolic processes; non-essential elements such as Pb
and Hg may not be absorbed but adsorbed but end up trapped as particulate matter on the
surface, bound to chelating sites, or deposited outside of cells (Vazquez et al., 1999b; Macedo-
Miranda et al., 2016). Non-essential metals are usually toxic to plants in even in low levels (ppm,
nmol), but high levels of micro-nutrients have been shown to also alter chloroplasts and total
chlorophyll content (Nagajyoti et al., 2010; Krzestowska, 2011; Choudhury & Panda, 2005;
Tremper et al., 2004; Sun et al., 2009). High levels of Cu were consistently found across studies
to cause change in chlorophyll content and affect the ratio of chl -a and -b (Shakya et al., 2008).
These changes in chlorophyll have been documented in mosses and other plants using
spectrophotometry (Vernon, 1960; Jeffery et al., 1997; Han et al., 2014; Sun et al., 2021), Pulse-
Amplitude-Modulation (PAM; Schreiber, 2004; Brooks & Niyogi, 2011; Haidekker et al., 2022),
and laser induced fluorescence (LIF; Truax et al., 2022).

Though the literature denotes changes in chlorophyll level as a result of metal stress
(Nagajyoti et al., 2010; Shakya, 2008), shifts in chlorophyll content have also been documented
to occur in plants due to environmental factors (Lavrov et al., 2012; Gameiro et al. 2016; Peters
et al., 2018). Al-Radady et al. showed that physical stress can affect the efficiency of plant
tissues to retain elements (1993). Documentation of chlorophyll fluorescence has aided in the
detection of stress conditions in plants (Lichtenthaler, 1988; Subhash, 1997; Yang-Er, 2019) and
LIF techniques have been shown sensitive enough to measure N level differences in field grown

corn receiving different treatments of N fertilization (McMurtrey, 1994). Experiments have also



detected shifts in red fluorescence emission associated with severe drought (Lavrov et al., 2012)
and the effects of water stress from overwatering (Gameiro et al. 2016). Each of these parameters
are likely to affect plants during in-situ analysis making it necessary for any monitoring method
to be able to distinguish between metal induced stress and environmental effects from water
stress, drought, and nutrient introduction. Another inherent factor affecting plants is length of
photoperiod and seasonal changes (Lefsrud et al., 2006), which can differ across geographic
locations and times of year affecting plant growth and efficiency of nutrient accumulation (Peters
etal., 2018). This paper sets out to document how metal induced stress is distinguishable from
environmental variance, by testing for these features.

Laser induced fluorescence (LIF) emission is an emerging technique applied in the
biological sciences to monitor shifts in photosynthetic physiology and chlorophyll-a/-b in plants,
and algae (Brach, 1977; Buschmann 2007). In this work, fluorescence is induced via a pulsed
laser at a rate of nanoseconds to capture the short life-time fluorescence of organic material. The
laser excites molecules using electromagnetic radiation which is absorbed and quickly emitted as
a spontaneous emission of light of lower energy and of a specific wavelength (Kinsey, 1977;
Maarek & Kim, 2001). The lasers used are commonly ND:Y Ag solid state lasers that combine
lower cost with higher power efficiency. LIF offers the ability for in-situ non-destructive
measurements without the need for close-up devices, such as PAM, or reliance on long distance
satellite information that come with their own shortcomings (Manzar et al., 2019; Papenfus et al.,
2020). LIF could replace traditional sampling and allow for larger scale, repeated measurements
of the same habitat. The benefits of LIF when compared to near-infrared (near-1R) spectroscopy
are that near-IR is a non-destructive method, uses portable instruments, and can take
measurements at considerable distance under daylight without having to account for the impact
of reflectance from the angle of the sun (Gameiro, 2016; Garcia-Sanchez et al., 2017; Marques
de Silva, 2018; Tan et al., 2019).

Previous work (Truax et al., 2020) strove to develop a method to identify Cu
contamination in moss tissues using the LIF response coupled with image analysis. The effort
employed the “Standoff Biofinder” (Misra, 2018), which was a pulsed Nd:YGa dual laser system
(green 532 nm excitation laser and UV 355 nm excitation laser) fired at a nanosecond rate. It was
found that differentiation of Cu concentrations at varying umol/cm? levels was possible based on

comparison of color histograms of treated moss samples to those of control samples. However,



that proof-of-concept work was limited to testing of only one metal, Cu, at concentrations 2-3
magnitudes above common environmental levels of concern. Therefore, while it proved the
feasibility of applying LIF to metal detection in mosses, improved sensitivity would be required
to reach detection at nmol/cm? levels.

For this study, adjustments were made to the design and functionality of the laser system
to prevent power loss, improve reflectivity in the laser lens, and block unwanted wavelengths
with the addition of a short pass filter to the upgraded CMOS camera. These adjustments
improved LIF detection limits of Cu to the nmol/cm? level, well within environmental detection
levels of interest. This improved system was renamed “CoCoBi”, for Color Compact Biofinder
(Misra, 2021), and has been documented to detect 1 ppm of chlorophyll in ethanol from a single
laser pulse excitation. The unit can be used effectively from up to a 3 m distance with a field
view of 60 cm. The system can also distinguish between biofluorescence and mineral
luminescence using time-gated measurements. Further information on the improved sensitivity
of the CoCoBi versus the Biofinder for Cu, Zn, and Pb can be found in Appendix A (6.1.1).

One goal of this research was to demonstrate the applicability of the CoCoBi at
environmentally relevant (nmol/cm?) Cu levels. Efforts expanded to applying the methodology to
other metals and to observe if multiple environmental stressors, such as drought and length of
photoperiod, could affect the moss response and image analysis. Cu was used for its known
response, but Zn and Pb were also included because they are known to have been released from
industrial, mining, and highway sources (Nriagu 1996; WHO 2007). Another reason for
examining these heavy metals, specifically, arises from the frequent detection of heavy metals in

trace metal assessments conducted for environmental and public health (Wong et al., 2006).

2.3 METHODOLOGY
The research is divided into three parts based on the methods developed previously

(Truax 2022). Part one focuses on the laboratory treatment and care of the moss samples. Part
two uses LIF and captures color images of the moss response. Images were then analyzed in part

three to quantify the moss response for comparison of stressed samples to a control.



2.3.1 Laboratory Procedure
The moss Thuidium plicatile is a moss species endemic to Hawai‘i (Staples et al., 2004;

see Notes on Moss Species) and was collected along the Wa‘ahila Ridge Trail and State
Recreational Area (21.307°, -157.797°) on February 15, 2021. The forested area represents an
uncontaminated environment that sits along the Southeastern part of the Ko‘olau mountain range
beneath the Honolulu Watershed Forest Reserve. The samples were washed and cleaned of forest
litter before being placed on trays which were moved within a laboratory grow tent for
incubation. Moss samples throughout the time were kept at a temperature of 18-20°C, 50-60%
relative humidity, and 14-17 W/m? ambient light to simulate a shaded area (1400-1800 lux;
daylight = 32000 lux; overcast = 1000 lux)), with a default daylight length of 10 hours.
Experiments began in May and ran through June of 2021 for a total of 4 weeks.

Three metals of interest (Cu, Zn, and Pb) were administered individually and as a mixture
of the three metals for comparison. Three environmental stressors of interest were selected and
included drought, overwatering (drowning), and high nutrient regime. The effects of long (14
hr), short (6 hr), and dark (0 hr) photoperiods were also tested. With the inclusion of a control,
preparation of samples was conducted two weeks before experiments in May leading to the
separation of moss onto eleven different plastic trays. Each tray contained moss covering an area
of 316 cm? (7 in x 7 in) which were then placed in the grow tent. A two-week acclimation period
prior to the start of the experiment was implemented for moss physiological responses to
laboratory conditions and transplantation to trays to stabilize.

During the experimentation period, each tray of moss was removed from the tent for ~0.5
hours for treatment and imaging after which it was immediately returned. On non-treatment days
all moss (save the drought sample) were given 30 mL of distilled water (DI). DI was added on
non-treatment days to maintain a constant watering regime ensuring that any moss response
recorded was the result of experimental addition of metals, nutrients, or a stress response. The
length of the experiment was seven days total including a control day and treatment with metal
three times at increasing levels of toxicity with 48 hours between treatments. For the three
increasing levels of doses, Cu, Zn, and Pb were administered at 1, 10, and 100 nmol/cm? every
48 hours, respectively. Compounds of CuCl,, ZnCl», and Pb(NOs3), were chosen for testing. The
trial treated with the mixture of metals used the combination of the three metals at each of the

three doses. Wetting of the samples always occurred within five minutes prior to imaging.



The nutrified sample was given a single dose of nutrients on the first day of the
experiment (Miracle-Gro AeroGarden Liquid Plant Food 4-3-6; Appendix A —6.1.3). The

drought sample ceased to receive water on the first day of the experiment to watch the effect of

withholding water over the course of a week. The overwatered sample received 30 mL of DI

each morning before imaging and again before imaging 12hrs later, totaling twice as much

watering as all other samples. Photoperiods for all samples were kept at 10 hours except for the

long photoperiod (14 hrs), the short photoperiod (6 hrs), and the dark photoperiod (no light)

treatments. Each of the photoperiod samples were given one week under their new light

conditions before their first imaging. Table 2.1 outlines the treatments for each sample over the 7

days of the experiment. Only a maximum of 4 trials were run per week breaking the experiment

into three sample groups: those treated with metals, changing environmental conditions, and

finally photoperiod conditions. The control trial was imaged during the same experimental

period as the “environmental condition” group.

Table 2.1: Dosing for the 11 moss trays over 7 days separated by group. If not specified, the photoperiod

is 10hrs. All DI, individual and combined metal solutions were 30 mL.

Group Tray Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
Control B]| ]| ]| Dl DI DI Dl
Copper DI 1 nmol/cm? DI 10 nmol/cm? DI 100 nmol/cm? DI
Zinc DI 1 nmol/cm? DI 10 nmol/cm? DI 100 nmol/cm? DI
2 Lead DI 1 nmol/cm? DI 10 nmol/cm? DI 100 nmol/cm? DI
S Mix DI 1 nmol Cu/cm? | DI | 10 nmol Cu/cm? | DI 100 nmol Cu/cm? DI
1 nmol Zn/cm? 10 nmol Zn/cm? 100 nmol Zn/cm?
1 nmol Pb/cm? 10 nmol Pb/cm? 100 nmol Pb/cm?
Nutrients 4-3-6 D] DI Dl DI DI Dl
3mL
g diluted
g with 27
E mL DI
L Drought N/A N/A N/A N/A N/A N/A N/A
Flood 2xDlI 2xDlI 2xDI 2xDI 2x DI 2xDlI 2xDlI
5 T Long Dl DI Dl DI DI DI Dl
T = 14hr 14hr 1l4hr 14hr 14hr 14hr 14hr

10




Short DI ]| DI Dl Dl ]| DI
6hr 6hr 6hr 6hr 6hr 6hr 6hr

Dark DI DI DI DI Dl DI DI
N/A N/A N/A N/A N/A N/A N/A

2.3.2 Imaging using the CoCoBi
Each group of moss samples was imaged starting on day 1 to collect a baseline control

for each tray. Moss receiving metal solutions were dosed on days 2, 4, and 6 before imaging.
The nutrified sample received excess nutrients on day 1, while all other environmental group
samples maintained the same treatment throughout the 7 days of the experiment. The moss trays
were always imaged after wet deposition when applicable, and imaging was conducted every 12
hours. In the case of the overwatered sample, wetting occurred before all imaging sessions.
Imaging was conducted in 30-minute windows in order of trial number and those imaging times
were held consistent for each sample between 6 and 8 am and 6 and 8 pm.

Further details of the laser system are described in Misra et al. (2021) but in short: the
CoCoBi is a dual laser system that uses both green and UV lasers. Images were collected with
the Baumer Camera Explorer software which allows the CMOS camera to be synchronized with
the 112 ns pulses of the Nd:YAg laser. Baumer Camera Explorer allowed for the adjustment of
the camera’s exposure, gain, and time delay (Misra et al., 2018). Images were taken at 3 gain
levels (5, 10, and 15) when using both lasers. Images were also collected for the green laser and
UV laser individually and the results for each can be found in Appendix A (6.1.6-7),
respectively. The stand the CoCoBi sits on does not allow for a top down position for imaging
(90° from the horizontal plane). This results in an angle of 60° being used which allows for five
shots to be taken of the front of each moss tray (each corner and the center), and then the tray

was rotated 180° so the back of the moss could be imaged, producing 10 images in total.

2.3.3 Data Analysis

2.3.3.1 Single-color comparison
Once the images were collected, RGB (Red, Green, and Blue) pixels within each image

were extracted to create density histograms of the relative abundance of each decimal code value

from 0 to 255 for each color channel. The decimal code abundances were then normalized using

11



the total pixel count to create a percent abundance curve (Figure 2.1). Once calculated, the
profiles of these histograms were then used to assess the difference between curves (density

difference; Figure 2.1).

Difference =1 — (Y min|trial(x),control(y)|) Eq. 1

Where x represents the color intensities for the corresponding trial, and y represents the
same for the control images (Swain & Ballard, 1992). An alternative method was also used to

dynamically time warp one curve to fit another (DTW; Jekel et al., 2018).

DI+ 1,j)
D@, j) =|x(@) —y()|+min{D(i+1,j+1) Eq 2.
D(,j+1)

Where x and y represent strings of data and i and j represent the length of each string so
that D(i, j) equals the best alignment distance between all data points along the lengths of x and y
(Jekel et al., 2018). Sample images of mosses from the metal group trays before treatments and
all control sample images from the week of experimentation were included for comparison. This
experiment captured 10 images per tray per day of the experiment and had a total of 193 control
images sampled in total.

Two methods of analysis were conducted to determine performance of a control mean
against the using all individual control images. Since the pool included 193 images, we evaluated
if the added processing time of individual comparisons would produce a more robust result when
considering stress or metal identification. The developed workflow relies upon batch processing
of the individual images stored in organized folders. Functions created in MATLAB® (2021a)
access the data stored in these folders and process them to extract RGB color histograms. From

these histograms, the individual trials can be compared to the control for each day of the
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Figure 2.1: Images of moss samples (from
top to bottom) showing matching samples under
natural light and LIF with a control sample on
the left and a contaminated sample on the right.
From LIF images color histograms of the red
color channel are plotted and then compared
using the density difference method overlapping
the two curves and finding the areas of difference
(bottom plot), or using the DTW method (hot
shown) to find the minimal direction of change

needed in the x/y direction.

experiment using either the density
difference or DTW method. From these
comparisons, a trial mean, standard
deviation of the sample images, and standard
error of the trial mean can be calculated for
each day for each trial and stored in arrays
for further use. The major difference in the
organization of the data for analysis is how
images are compared between treated and
control samples.
The first method uses what is termed
here as a “master mean method” (MMM).
Put simply, all 193 control images are
processed to extract their RGB histograms
which are then stored in 3 tables based on
color. Then, the mean and standard deviation
for each decimal code value within the color
tables are found for the 193 images. These
values are then stored to be used for
comparison to all trials of the experiment as a
singular mean histogram of all control
samples. Thereby, the 10 treated moss images
collected every 12 hours for each trial can be
compared to the one control master mean
(Figure 2.2a). The second method, termed
“batch mean method” (BMM), also stores the
RGB histograms within a table but creates
another function to compare all 10 images of
a single day treated trial to all 193 images of
the control to find all possible iterations of

difference (Figure 2.2b). The mean, standard
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deviation, and standard error of the trial mean are then found after analysis is complete for the

density difference or DTW methods of comparison.

Master Mean Batch Mean
Trial Control Trial Control
AL— > BlL—s—F
‘>
1T N
B B g
i e

Figure 2.2: (A) Shows individual images of a trial collected from one session being compared to a single
master mean control. (B) Shows individual images of a trial collected from one session being compared to
multiple control images. Example MATLAB® code for density difference calculations can be found in
Appendix A (6.1.4).

Theoretically, the batch mean method should yield better specificity in differentiating
metal contamination from the natural variability of the plant. The master mean method is limited
by the already small 10-image sample pool which could allow for potential outliers to have a
larger impact on reported distribution and error. However, for real time application, the batch
mean method requires far more computational resources and could prove to have only
marginally improved results for slower processing times. Comparison of the mean and median
for both methods was used as a first check for possible outliers, with a tolerance interval of 99%
set for the observed population. Errors were also calculated to show the natural variation that
exists across all control moss samples. The mean and standard deviation for each day were used
to compare all trials to the control using a Welch’s t-test to check if two populations of images
are similar enough that we cannot reject that they are the same. The t-test was used for each color

channel for each trial in comparison to the control based on day of the trial.

2.3.3.2 Multi-color comparison
One drawback of using the density difference method to find differences between images

is that it can only be used to compare single-color histograms. It was found that DTW could be
used for both single- and two-color analysis which improved the sensitivity of detection and

separation of individual samples from each other and the control (Truax et al., 2020). Because of
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the use of the improved CoCoBi LIF system, DTW was used again for two-color analysis.
Previous work had only explored the two-color combination of red and green color channels. To
observe the possible reaction of moss to a variety of stressors, all 3 two-color combinations were
considered in this analysis (RvG, GvB, RvB).

However, even this approach does not allow for the use of all information from the three
available color channels. Thus, to improve upon previous methods and to determine if change
amongst the three color channels was due to a specific stressor, a new method was developed for
testing. Single-color differences derived using both density difference and DTW methods were
extracted for each color channel (R,G,B) for each trial image on each day of the experiment and
compared with its control. This calculated difference is represented in Eq. 3, 4, and 5 for each
color variable as Rp, Gp, and Bp, where p denotes the color histogram difference. Each
individual color difference (Rp, Gp, and Bp) was then divided by the sum of all 3 color

differences, representing the total color difference between treated and control images.

Rp
Eq. 3
G
D Eq. 4
B
D Eq.5

(RD + Gp + BD)

The resulting ratios represent the relative color change as a fraction of the total change.
This was done for all trials, including the control. The mean of each color ratio was calculated to
observe if a pattern of separation was discernable within the data. A Welch’s t-test was used to
quantitatively determine if any color ratio pattern for a given trial deviated from the control
across the 7-day experiment. Deviation from the control is only recorded as true if it exceeds a

confidence interval of 99%.

2.4 RESULTS

2.4.1 Analysis method comparison and parameter optimization
As a first step, images from trials treated with metals were compared to the control

images collected every 12 hours to assess what laser settings and which image analysis method,

15



master or batch mean method, provided the best sensitivity for stressor identification (to see a
comparison of 12 hour response and 24 hour response see Appendix A -6.1.5). In Figure 2.3, LIF
images were processed for each metal tested using the density difference method against both the
control master mean method (MMM) and batch mean method (BMM). Apparent from all tests is
that all treated trials show larger differences on the days of treatment. All three colors show
similar trends in their response whether using MMM or BMM. However, comparison across
these two methods show slight, but important differences. For example, some 0-day controls
show significant difference from control mean when using MMM, while this does not occur with
BMM. This phenomenon in MMM is undesirable as it may produce some false positive
interpretation. Use of the MMM shows good separation from the control when identifying
exposure to the combination of metals, but is much less consistent for Pb and Cu, and, overall,
the least effective in identifying Zn exposure. Identification of Zn using LIF is only reliable
when using the 355 nm UV laser. For all other metals, results obtained using a combination of
both lasers appear similar to those produced from just using the 532 nm green laser (consistent
with Truax et al., 2020), except for Cu, where the green laser plots seem to have a decrease in
sensitivity. These plots and further analysis of similarities and differences of results using the
green and UV lasers individually can be found in Appendix A (6.1.6-7). All gains used with both
lasers (5, 10, 15) provide good results, though the lower gain level of 5 may introduce less noise
by reducing oversaturation in the images. And while a gain of 5 may reduce oversaturation of
the images collected, a gain of 10 appears to show better sensitivity and further separation from
the control samples when attempting to identify all metals tested (Figure 2.3). The blue color
channel appears to have the best separation from the control for identifying dosing of each metal,
with green being the next best, followed by red.

In comparison to the density difference method, single-color DTW analysis (Figure 2.4)
applied to the same data (both laser; gain of 10) appears very similar to the density difference
profiles but are more muted and less separated from the control. The plots of MMM and BMM
approaches are similar to each other and lack distinction for all but the mixture of metals
regardless of laser type. The DTW technique does have one benefit in being highly effective for
identifying the presence of a combination of metals. Though single-color DTW application failed
to effectively identify individual metal response, two-color DTW analysis (Figure 2.5) proved

not only to have distinct levels of separation from the control for each metal but also good
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separation at environmentally relevant levels. Due to it using two colors for the analysis a gain
of 5 was favored to limit the potential for increased oversaturation in the data. As with the
density difference method, MMM and BMM have similar profiles, with BMM showing better
sensitivity when compared to the control. Of the combinations of color channels tested, red
versus green and green versus blue produced the best separation of metal exposure from the
control. As with density difference, profiles are similar between images taken with both lasers
and just the green laser, but with both lasers having better separation when compared to the

control. The lowest gain tested with UV (15) shows useful profiles as well, but just as with the

green laser, it does not perform better than both lasers at any gain level except when considering

Zn. Further discussion of Zn results using UV can be found in Appendix A (6.1.7).
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Figure 2.3: Single-color density difference comparison of images of mosses treated with metals to the control. Plots are sorted first by
analysis method and then by color (R,G,B) using a master mean (MMM; A, B, and C) or batch control method (BMM; D, E and F). X-axis for all
figures is in time (days) and the y-axis is the difference between images of metal treated and control moss as determined by individual colors.
Purple (metal mix), yellow (Pb), blue (Cu), and orange (Zn).
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Figure 2.4: Single-color DTW comparison of images of mosses treated with metals to the control. Plots are sorted first by analysis method
and then by color (R,G,B) using a master mean (MMM; A, B, and C) or batch control method (BMM; D, E and F). X-axis for all figures is in time
(days) and the y- xis is the difference between images of metal treated and control moss as determined by individual colors. Purple (metal mix),
yellow (Pb), blue (Cu), and orange (Zn).
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Figure 2.5: Two-color DTW comparison of the metal group to the control. Plots are sorted first by analysis method and then by color
(R,G,B) using a master mean (MMM; A, B, and C) or batch control method (BMM; D, E and F). X-axis for all figures is in time (days) and the y-
axis is the difference between images of metal treated and control moss as determined by individual colors. Purple (metal mix), yellow (Pb), blue

(Cu), and orange (Zn).
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After reviewing the metal identification results using single- and two-color analysis
methods, it was determined that use of BMM for single-color density difference analysis and
two-color DTW provided the best separation of differences from the control for metal
identification. Of the lasers and gains compared (Figures 2.3-5), single-color analysis using the
density difference method was most effective when employing both lasers at a gain of 10. Two-
color analysis using DTW was found optimal with both lasers at a gain of 5. The optimized
analysis methods and laser parameters were applied to evaluate the effect of the two
environmental stressor groups tested during 7-day experiment: environmental stressors and
variable photoperiod. A Welch’s t-test was applied to each color channel in each trial compared
to the control for each day of the experiment to observe if significant difference in images from
stressed plants and control could be statistically determined. This is done in addition to
determining if a trial deviates from the confidence interval of the control throughout the course

of the experiment.

2.4.2 Single color analysis using Density Difference
Experimental testing of three stress groups (metals contamination, environmental stress,

and photoperiod length) using images collected from both lasers at a gain of 10 (Figure 2.6;
Appendix A - 6.1.8) reveal that in R and G colors of images of mosses affected by environmental
stressors show little deviation from the control sample. Long periods of overwatering or of
excess nutrients resulted in a RGB profile change, but results of mean and variance show the
results either fall within the control’s natural variation or slightly rise above the 99% confidence
interval. When comparing the three color channel results, R appears the least separated from the
control when observing metals with G having the greatest deviation. However, the green color
channel also shows an increasing deviation from the control for over-wetting and nutrients
eventually over time crossing the control 3o threshold that is not present in the red color channel.
The blue color channel shows the same deviation for over-wetting, with nutrients showing a
consistent separation from control after the moss received a single dose. Drought appears to have
the least deviation from the control until the final day of the experiment, and prolonged testing
would be needed to determine a response representative of in-situ seasonal drought conditions.
The effects of photoperiod length seem to have a greater separation of images from

control than environmental stressors, with shorter photoperiod having the least deviation in red
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and green color channels (Figure 2.7 panels G, H, 1). Long and dark photoperiods have similar

deviations for red and green color channels, but a larger separation from the control is apparent

in the blue channel (Figure 2.61). The blue color channel also appears most responsive to all

metal treatment days during the experiment (days 1, 3, and 5; Figure 2.6C). Photoperiod and

metals were not tested together therefore it is uncertain how their profiles would be presented if

both occurred simultaneously. It is unknown if the profiles would respond with the same degree

of difference from the control causing the metal and photoperiod stressors to overlap and be

indistinguishable. The alternative is that the degree of difference from the control for both

stressors would combine to create a larger separation, with the profiles stacking to create a new

profile that would be distinct from metal or photoperiod individually.
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Figure 2.6: Single color density difference using BMM analysis for all color channels of images
taken using both lasers, of metal, environmental, and photoperiod trials with the control mean and
confidence intervals included.
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The Welch t-test results in Figure 2.7 (Table in 6.1.8) suggest that image processing
using the blue color channel presents statistically significant deviation from the control for all
stressor types. Statistically significant difference between both the green and blue channels from
the control can be found in Cu profiles for each treatment day and for Zn on the first day of
dosing. Lead shows separation in all color channels on all dosing days whereas the mixture of
metals shows separation every day after the first dose in all color channels. Over-wetting,
drought, and nutrients have lower “t” values when using the red color channel and only separate
from the control on some days in blue and green color channels. As observed visually in Figure
2.6, the t-test confirms that photoperiod length profiles could negatively interfere with metal
identification by overlapping with similar statistical difference when compared to the control in

all color channels.
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Figure 2.7: Welch t-test results of single color density difference values (Figure 6) for all color
channels of images taken using both lasers, of metal, environmental, and photoperiod trials with the t-
value included.

2.4.3 Two color analysis using DTW
Figure 2.8 (Table in 6.1.8) shows the profiles for images processed using the two-color

DTW analysis using both lasers at a gain of 5. All environmental and photoperiod stressors are
mostly bound within the natural variation of the control. It is apparent that the presence of metal
can be revealed through statistical difference in all of the color combinations (RvG, RvB, or
GvB) with the exception of Zn. Zn shows deviation only in GvB but this overlaps with trends
observed in environmental or photoperiod tests. Cu differs from controls in RvG and RvB, and
the mixture of metals will show deviation in all three colors. Environmental and photoperiod
stressors almost always show only one two-color deviation (save for day 5). It is hinted that the
shorter and dark photoperiods may deviate in GvB while the long photoperiod in RvG. These
results would suggest that use of both lasers is still the most optimal for metal detection.
Between single-color density difference analysis and two-color DTW, DTW proves to provide
clear identification of metals without interference due to environmental or photoperiod effects.
The mixture of metals is easy to observe and separate out from the individual metal doses. There
does appear to be an initial response on the first treatment day (day 1) for Pb, Cu, and the
mixture of metals, but Cu is more distinguishable in GvB whereas Pb stays constant in its profile
throughout the color combinations. The most significant observation that can be made is that the
environmental and photoperiod profiles do not show large variation and only minimally separate
from the control if at all. Deviation is more likely in the RvB and GvB for environmental
stressors, while photoperiod may be more pronounced, though slightly, in RvG and GvB. This
could indicate that environmental stressors are more likely to be distinguishable through the blue
color channel while photoperiod can be identified using the green color channel. Metals can be
identified regardless of color channel and will present with a similar profile which is not

observed with the other stressor types.
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Figure 2.8: Two-color DTW using BMM analysis for all color channels of images taken using both
lasers, of metal, environmental, and photoperiod trials with the control mean and confidence intervals
included.

The Welch’s t-test was also applied to the two color DTW values and can be seen in
Figure 2.9 (Table in 6.1.8). From the plotted profiles it can be observed that use of DTW is more
effective than density difference at minimizing the observed deviation of environmental or
photoperiod stressors from the control. The nutrients appear to deviate in RvB and GvB while
the long photoperiod deviates in RvG and GvB. Again, we see the presence of deviation for
environmental stressors when the blue color channel is present and in photoperiod treatments
when the green color channel is present. This method is quite effective for delineating between a
mixture of metals and individual metal profiles. However, it might be difficult to determine if a
stressor was caused by nutrients or Cu. Lead and Zn are almost impossible to identify.
Therefore, this approach may be best applied when trying to determine if there is a presence of

multiple metals within a given sample.
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Figure 2.9: Welch t-test results of two color DTW values (Figure 2.8) for all color channels of
images taken using both lasers, of metal, environmental, and photoperiod trials with the t-value included.

2.4.4 Multi-color ratios as a means of stressor determination

Multi-color analysis has the potential to capture the relationship between all color

channels and is hypothesized to be at least as valuable as two-color analysis for individual metal

differentiation. A contribution from each color to the overall image change in comparison to a

control can be expressed as a fraction or percent of a single-color change within the sum of all

color changes. We also derived this ratio for the control by applying BMM using the 10 images

collected each day for the control sample taken during the 7-day experiment and comparing it to

the total number of control images (193) as was done with the other trials. The color fraction

relationship is shown as bar graphs on Figure 2.10 (6.1.8), which shows the results for each trial

from the density difference analysis of both lasers at a gain of 10. The short and dark
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photoperiods, high nutrient regime, and over-wetting all show a similar pattern of increasing

fraction of contribution from red (lowest), to green, and finally to blue (highest). The long

photoperiod and the control show even contribution from all three colors. The long photoperiod

does appear to have a slightly larger contribution from green while the control has a slightly

larger contribution to the overall image change from the blue color. With time, the images for the

drought treatment change from green to red dominated change, while blue color change

contribution stays about the same. The metal profiles are the most distinct, with Zn showing the

largest change contributed by blue color and decreasing red contribution. Pb and Cu start with

red color change domination, which shifts over time to green and blue. The mixture of metals

maintains a higher contribution from change in the green channel and is distinct from all other

trials.
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Figure 2.10: Use of color ratios from density difference (both lasers) analysis to compare the 11

trials using BMM. Values used are listed in Appendix A (6.1.8) and calculated from dividing individual

color channels (R,G,B) by the sum of their difference from the control.
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Plotting these ratio values (Figure 2.11; 6.1.8) confirm that the highest fraction of green
and blue channel contribution to overall change is associated with metal contamination of Cu,
Pb, and the mix. Zn only deviates in the blue channel which heavily overlaps with all
photoperiods and environmental stressors except over-wetting, which is most similar to the
control and the long photoperiod which may interfere with metal identification. These results are
more straight forward than the one-color analysis using the density difference method, but both

show valuable information that combined could make separation between stressor types easier.
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Figure 2.11: Plotted ratios of density difference for individual color fraction of the total difference.
Values match those found in Figure 2.10.
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2.5 DISCUSSION
The presented experiments illustrate that with carefully tailored methodology (laser

combination, gain setting, and color analysis method), it is possible to use LIF to identify metal
contamination in moss at environmental levels (nmol/cm?) even when compared to plants put
under environmental stress. From the various settings tested, the system using both lasers proved
to have the best sensitivity to all metals compared to just the individual lasers. All tested gain
levels produced comparable results, but images produced at lower gain levels may be preferable
to ensure that oversaturation and the addition of noise are reduced in the collected images. All
analysis (Figures 2.3-5) demonstrates that the BMM approach of using individual images that are
compared to a batch of control measurements is more effective than using MMM when
comparing trials to the mean of the control. The former method produces better separation of
images of treated samples from the images of control samples. As for the applicability of R, G,
and B colors, the blue color channel appeared to be the most sensitive in providing separation
from not only the control, but also from individual dosing days when observing the metal group.
The red channel was the least sensitive, but this is theorized to result from the overlap between
trials associated with natural chlorophyll fluorescence (red). Therefore, separation in green and
blue color channels proves to be very useful for the identification of metal contamination.

Using both lasers, capturing images at a gain of 10, and using BMM for single color
density difference analysis allows for detection of multiple stressors. The parameters are not
sensitive to environmental stressors but photoperiod in Figure 2.6 showed major overlap with
individual metals which could create difficulty in identification. Metals and photoperiod were
not tested on the same sample so it is uncertain if they would have additive effects. T-test
confirms that the photoperiod length could cause interference with any metal identification, but
the metals themselves have a 2 or 3 color deviation from the control on dosing days. When
considering color ratios, green channel separation from the control is associated with Cu and Pb
metal contamination (Figure 2.10 and 2.11). Zn is difficult to discern as it overlaps with the
elevated blue channel which is more consistent with environmental or photoperiod stressors.
Using a Welch t-test combined with color ratios makes it possible to distinguish the type of
stressor present (metal, environmental, photoperiod) when using DTW with two-color analysis,

but lacks enough specificity to distinguish individual metals.
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Single-color DTW analysis (Figure 2.4) had muted profiles with similar distributions
seen with the density difference analysis, but single color DTW lacked clear distinction between
stressors and the control. Due to the lack of differentiation between metal trials, single-color
DTW was not used for comparison of environmental or photoperiod stressors as it was deemed
the results would prove to be inconclusive. The only case where single-color DTW is
recommended may be when attempting to distinguish whether a single metal or multiple metals
are present in a given sample. Therefore, single-color DTW was not explored in the same depth
as single-color density difference or two-color DTW analysis.

Two-color DTW results shown in Figure 2.8 have environmental and photoperiod
profiles that rarely deviate from the natural variation of the control. However, plotting the t-test
values for each two-color combination proved useful in separating a combination of metals from
other stressor types (Figure 2.9). Much as with density difference we can observe that
photoperiod and environmental stressors mostly only deviate in one of the two-color
combinations. Zn is still difficult to identify, though a RvG and GvB combined deviation may be
an indicator of Zn presence. Repeated experiments would be needed for validation. Cu shows
early deviation in RvG and RvB at lower treatment levels and at higher dosing deviates instead
in the RvB and GvB. This is distinct from Pb and the mixture of metals which deviate from the
control in all color combinations. Because of their similar deviation it is possible that identifying
Pb from the mixture of metals would be difficult and understanding of the response of other
metal combinations is unknown at this time.

The levels of metals used for treatments were well within the range detectable in areas of
concern like industrial, mining, or roadway sites. From the metals tested, Pb has the strictest
environmental limits based on international guidelines to protect human health (Table 2.2). Pb is
toxic and shows a strong response in moss regardless of the experimental settings and analysis
methods. Zinc on the other hand could only be detected at a much higher threshold, which may
hint that larger doses are needed for plants to be affected but the difficulty in detecting the
treatment levels of Zn tested are acceptable as they are low enough to not be of concern to public
health. It is also important to note that though there may be a particular concentration of metal
accumulated in soil or solution that does not mean a 100% uptake will occur in any given plant.

Our focus was mainly on atmospheric deposition, though overland transport can be administered
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through wet or dry deposition. Values for measured accumulation documented by EPA ambient

air quality monitoring programs or via studies into vegetation have been compiled into Table 2.3.

Table 2.2 — Natural or international guidelines for metal content in soil, water, and air

Cu Zn Pb
Soil 50-140 mg/kg 10-300 mg/kg 5-30 mg/kg
Water - - 10 Ig/L
.001-.06 mg/L
(uncontaminated)
Air - - 0.5 Ig/m?
4-20 mg/g (dust)
Lowest Level Tested | 0.34 mg/m? - -
Highest Level Tested | 34 mg/m? - -

*Bardi, 2010; WHO, 2007; Serbula, 2008

Table 2.3 — Examples of measured wet and dry deposition values for Cu, Zn, and Pb

Wet Deposition

Reston, Virginia
(Conco et al., 2004)

Cu Zn Pb

0.49-2.2 mg/m2/yr 2.41 mg/m2/yr 1.06 mg/m2/yr
New Jersey Gary, Indiana Gary, Indiana
(Reinfelder et al., 2005) (Willoughby, 1995) (Willoughby, 1995)
0.70 mg/m?/yr 2.20 mg/m?/yr

Chicago, Illinois
(Vermette et al., 1995)

1.06 mg/m?/yr
Chicago, Illinois
(Colman et al., 2001)

0.8%0.7 mg/m?/yr
Urban China
Pan and Wang (2015)

4.7 mg/m?lyr
Hong Kong, China
Pan and Wang (2015)

14.6 mg/m?/yr

(Paode et al, 1998)

Singapore

Pan and Wang (2015)

Dry Deposition

Cu Zn Pb

3.65 mg/m?/yr 1.10 mg/m2/yr
Michigan Michigan

(Paode et al, 1998)

21.9 mg/m?/yr
Chicago, Illinois
(Paode et al, 1998)

25.55 mg/m2/yr
Chicago, Illinois
(Paode et al, 1998)

Based on these reported values, detection of Pb and Cu are assumed to be possible with

this technique. Some of the treatment levels represent a yearly deposition inventory that would
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match a single dose administered in our experiment. However, previous work has shown the
single dose or cumulative treatments provide similar results (Truax et al., 2022). Consideration
would then need to be given to a plant, such as moss, that would have a long enough life span to
monitor long term accumulation as well as the potential to record inputs from more recent
events. Many of these values (mg/m?; mg/L) provide a baseline level from which to assume
anthropogenic contamination in industrialized, urban areas, or near highways. Mixtures of metals
are easy to identify but the metals themselves will continue to prove to be difficult to identify. It
is recommended that other metals, combinations, and overlaps between metals and other
stressors should be further explored to better understand the LIF response recorded in mosses.
Other studies have implemented comparison to transpiration or photosynthetic rate which would
help confirm that stress is being induced via any one trial tested (Lichtenthaler et al., 1990;
Buschmann, 2007; Marques da Silva, 2018). It would also help to gauge how much stress a
particular moss might be under before, during, and after experimentation.

There are several studies looking at the impact of environmental stressors on the health
and response of plants. These responses can be highly variable based on the type of vegetation
and the environmental factors at play in a particular ecosystem. Vascular plants often have more
complex responses to stress than more simplistic nonvascular plants like mosses. Understanding
how each may respond through changes in photosynthetic efficiency could greatly improve the
broad application of the LIF technique (Swoczyna et al., 2022). Even amongst taxonomically
close species like bryophytes, there can be drastic differences in response to temperature and
precipitation directly affecting pigment and health (Rastogi et al., 2020; Swistowski et al.,
2021a). Though there are numerous studies looking at the resiliency and benefit of using moss as
bioaccumulators and the time of accumulation, but there are far fewer that question natural
environmental factors that could impact plant health outside of agriculture. The only consistent
metrics appear to be based on water availability which appear to more greatly impact moss than
even the harshest of climates (Malenovsky et al., 2015; Swistowski et al., 2021b). There could
be room for experiments that lead to a better understanding of the effect such conditions may
have on photosynthetic rate and plant capacity for metal accumulations in the case of
bioremediation.

With respect to metal location within plant tissues, it is possible in future work to explore

chlorophyll concentration and potential a/b ratio changes. This could help to inform if shifts in
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captured fluorescence color in images are due to stress, metals, or both. If Zn is sequestered into
lipid structures instead of within chlorophyll itself, then that would have a direct impact on the
fluorescence response recorded. Pairing these methods with a more chlorophyll specific laser
system could also help document if changes are specific to different metals and aid in the
understanding of active organic reactions in addition to plant health (i.e., microbial activity;
Segura et. al, 2009; Chaudhry et al., 2021). Future work aims to explore the impact of these
stressor specifically to chlorophyll-a and -b in order to better understand plant response through
LIF. Continued use of the density difference and DTW methods will be key to measuring
differences from control samples and monitoring the effectiveness of the technique moving

forward.

2.6 CONCLUSION
After testing several types of stressors in mosses and capturing the results via images of LIF,

distinctions can be made between heavy metal stress, environmental stressors, and changes in
photoperiod. Use of both the UV and green lasers is still the optimal when used with density
difference and DTW analysis. Density difference is best used for single-color analysis with t-test
verification of deviation from the control. DTW is most effective for two-color analysis and clear
separation of metals from other stressors. Three color analysis using ratios and raw difference
values allows us to separate out individual metals from each other or distinguish between similar
responses between stressor types observed using density difference or DTW. Further exploration
of the combined effect of photoperiod with metal stress is of interest. Metal identification at
nmol/cm? levels is possible, though Zn and Cu are more difficult to distinguish at 1 nmol/cm?
which is within acceptable environmental background levels for those metals. Pb and a mixture
of metals, however, can be detected at such low thresholds which are a high risk compared to Zn
and Cu. The detection limits documented in this research are still within the range of levels
known to impact plant and human health and could be used as a tool for early detection
monitoring. Future work strives to adapt the technique for field use for multiple types of
vegetation to monitor the environmental health of plants and to aid in the detection of

contaminate sources.
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3 COMPARISON OF TWO LASER SYSTEMS TOWARD AN
IMPROVED TECHNIQUE USING LIF TO MONITOR
CHLOROPHYLL RESPONSE IN MOSS

3.1 ABSTRACT
Laser induced fluorescence (LIF) is an emerging technique for studying a broad spectrum

of organic processes. Previous work has been successful in using LIF (CoCoBi; Nd:Y Ga pulsed
laser system) to identify metal contamination and environmental stress in mosses. However,
there are several metabolic processes in plants that can result in a fluorescence response as a
result of metal contamination or other changes in chlorophyll content. To better understand these
responses the research set out to compare two laser systems, the CoCoBi and a newly developed
Chl-SL, to determine which was best for identifying the presence of Cu at environmentally
relevant levels. The Chl-SL has two blue lasers (445 and 462 nm) to excite moss samples at the
peak absorption for chl-a and -b. Both laser systems employ a CMOS camera to capture the short
lifetime fluorescence as images that are then processed for comparison to a control trial. Three
trays of moss were dosed with increasing levels of Cu (1, 10, and 100 nmol/cm?) and fronds
were collected from each to conduct metal and chlorophyll extraction for validation of LIF
results. As expected, the CoCoBi has a more variable result from image analysis while both the
Chl-A and Chl-B lasers perform better. Image analysis compared with chlorophyll content
revealed a decrease in chl a/b ratio at the time of dosing when using higher doses of Cu. This
would support that metal stress has an initial impact on chlorophyll response and that it can be

documented using LIF.

3.2 INTRODUCTION
Excess levels of heavy metals in the environment are a continuing concern to the health

of ecosystems and human populations (Giannakoula et al., 2021). High concentrations of
essential metals (Cu, Zn, etc.) can be just as toxic as non-essential heavy metals (Pb, Hg, etc.)
leading to negative physiological response and growth inhibition in plants (Vazquez et al.,
1999a; Nagajyoti et al., 2010; Krzestowska, 2011; Heckathorn et al., 2004; Hall, 2002). These
metals can continue to accumulate in the environment over time, creating higher risks of

contamination in soil and water and thus a need for remediation (Stankovic, 2018; Norgate et al.,
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2007; Zhang et al., 2018). Copper (Cu) is one such essential micronutrient that exists naturally in
the environment but is also used for industrial and agricultural purposes (Nagajyoti et al., 2010;
Giannakoula et al., 2021). High concentrations of Cu can be toxic to plants, and though
necessary for metabolic processes can cause damage to cellular structures in excess (Heckathorn
etal., 2004; Hall, 2002; Rocchetta & Kiipper, 2009).

Many methods rely on chlorophyll monitoring as an indicator of plant health, as
chlorophyll is considered the most important acceptor and emitter of visible light energy through
the photosynthetic processes (Chappelle et al., 1985). Use of fluorescence offers an opportunity
to monitor plant stress and metal contamination through effects on biochemical and
physiological effect that directly impact photosynthetic efficiency. This efficiency is determined
through measurement of fluorescence, where energy transfer to chlorophyll occurs due to the
compact nature of chloroplast structure (Chappelle et al., 1984). Fluorescence is defined as the
short lifetime emission of light due to absorption of a wavelength followed by an emission
returning a molecule to its ground energy state (Chappelle et al., 1985; Fedotov et al., 2019;
Lakowicz, 2006; Jameson, 2014). Changes due to stress may result in a significant decrease in
chlorophyll content and activity, and, therefore, result in observable changes to fluorescence
response (Chappelle et al., 1984; Hedimbi, Singh, & Kent, 2012).

Truax (2022) and others (Lakowicz, 2006; Jameson, 2014; Yang-Er et al., 2019) show
that metals can bind to chlorophyll and produce specific fluorescence signatures. However, other
proteins within plants can also incorporate or be affected by metals, and fluoresce within the
visible region (Jameson, 2014; Chappelle et al., 1985), leading to the potential for multiple
signatures to be recorded depending on the type and wavelength of the laser used to induce
emission. Previous work used the Color Compact Biofinder (CoCoBi; Misra et al. 2021) due to
its sensitivity in detecting the short lifetime fluorescence of pigments in living systems. Though
effective in determining the presence of contamination in vegetation (Truax et al., 2022), the
CoCoBi’s strength of detecting a broad range of organic molecules using two pulsed lasers fired
at nano second rates (355 nm UV and 532 nm Green) means color changes likely result from
other pigments or molecular interaction and not just limited to chlorophyll response (Gunther et
al., 1991; Jeffrey et al., 2003). It is hypothesized that a better metal to chlorophyll specificity and

determination of contaminant presence could be achieved using imaging targeted specifically
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towards changes in chlorophyll-a and -b. Thus, the development and testing of a new system that
focuses on chlorophyll absorption bands could aid LIF research.

Experimentally induced fluorescence emission by chlorophyll has long and widely been
used to evaluate plant physiology and characterize photosynthetic efficiency through electron
transport (Krause & Weis, 1991; Kolber et al., 2005). The degree of fluorescence, or intensity,
depends on the properties of the molecular structure (Valeur & Berberan-Santos, 2011). Of the
available technology, pulse amplitude modulation (PAM) is the most commonly used, but
remains impractical for application to remote sensing at a distance (Schreiber et al. 1986;
Schreiber & Bilger 1993; Schreiber, 2004; Brooks & Niyogi, 2011; Haidekker et al., 2022).
Lasers can be used to produce a broad range of wavelengths making them excellent sources of
light for inducing fluorescence. Semiconductor diodes have become increasingly popular due to
their broad application and low cost compared to pulsed solid state or gas-tube systems (Valeur
& Berberan-Santos, 2011; Silvia & Utkin, 2018).

Chlorophyll content and photosynthetic efficiency can play a large role in the use of LIF
and the ability to monitor changes associated with stressors or physiological factors (Chappelle
et. al., 1984). Israsena Na Ayudhya et. al. (2015) conducted experiments using ferns to
demonstrate the primary absorption bands for chlorophyll-a and -b. The higher absorption bands
are typically used in red or near-IR (650-710 nm) but the corresponding emission bands are light
sensitive and require close proximity to the sample of interest (Buschmann, 2007). We propose,
instead, to use the lower (blue) wavelengths of 445 nm and 462 nm (Chl-a and -b) presented by
Israsena Na Ayudhya et al. (2015; Brach et al., 1977), which will produce emissions in the
visible red region (650 nm for Chl-b and 670 nm for Chl-a) and can be documented with the
same CMOS camera previously used with the CoCoBi (Misra et al., 2021). These blue
wavelengths have been historically used in both pulsed and continuous forms to study
chlorophyll photosynthetic efficiency (Kolber et al., 2005).

Previous research was focused on determining if the new image analysis techniques when
paired with the CoCoBi could be effective in identifying stress in moss (Truax et al., 2022).
More specifically, if the methods could be used to delineate a specific stressor type (metals,
environmental, photoperiod) or metal (Cu, Zn, Pb, Mix). It was possible using a combination of
techniques to delineate metal contamination at environmentally relevant levels (nmol/cm?) from

other stressor types. In some cases, it was even possible to identify contamination as Cu or Pb.
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However, responses from the plants exposed to Zn or other stressor types produced similar
deviation from the control and lead to the desire to create a system that may be more chlorophyll
specific to determine if it can improve the sensitivity, link changes in chlorophyll to metal
treatment, and limit the contributing biological factors found in a variety of plant types.

The objective of the current research was to determine the best laser wavelengths for use
in monitoring chlorophyll response to the addition of excess Cu at environmentally relevant
levels (nmol/cm?) for inducing changes in plant response. Previous literature suggests that
increasing metal exposure results in decreasing Chl-a/b ratios in moss (Shakya et al., 2008).
Hence the hypothesis in this work is that changes in plants observed by chlorophyll specific LIF
techniques will be correlated with copper and chlorophyll levels measured directly after their
extraction from plants. The work also allows for further expansion of previous by using the same
moss species and Cu treatment levels to prove the reproducibility and mechanism of the LIF
technique paired with image processing methods. Color histograms are produced from the
collected images of LIF and compared to a control to determine if statistical deviation from an
untreated control plant is present in a given sample. Chemical analysis of chlorophyll-a and -b
content, as well as metal accumulation within the plant were conducted to validate any observed

analytical trends found in each of the laser systems tested.

3.3 METHODOLOGY
This work builds on previous work and complements LIF by the direct evaluation of

treated moss by chemical analysis of chlorophyll and Cu after their extraction from the plants.
This work helps validate the findings in Truax 2022 using the CoCoBi, and applies methods
developed in Truax 2020 to compare the evolution of the different laser systems used (Standoff
Biofinder — Misra et al., 2018; CoCoBi — Misra et al., 2021). The research is divided into four
parts with the first focused on laboratory treatment and cultivation of the moss samples. Part two
uses LIF to capture color images of the moss response to various treatments from part one. Part
three includes chemical analysis of chlorophyll and Cu extracted from the treated moss samples.
Finally, in part four, LIF images are processed to quantify moss response to observed absorbed

Cu concentrations and respective measured chlorophyll levels.
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3.3.1 Laboratory Cultivation and Cu Treatment
The moss collected for experimentation, Thuidium plicatile, is an endemic moss species

to Hawai‘i (Staples et al., 2004; see Notes on Moss Species) and can be found on the island of
O‘ahu along the Wa‘ahila Ridge Trail and State Recreational Area (21.307°, -157.797°). The
shaded area sits along the Southeastern part of the Ko‘olau mountains and represents an
uncontaminated environment where the species can be found year-round. After collection, moss
samples were washed and cleaned of forest litter before being placed on three different trays
each covering an area of 587 cm? (7in. x 13in.). These trays were then placed within a laboratory
grow tent with an average temperature of 18-20°C, 50-60% relative humidity, and 14-17 W/m?
ambient light (1400-1800 lux), with a day length of 10 hours. Two weeks were allotted for plant
acclimatization to the grow tent before beginning experiments.

The experiment was run over a 72-hour period with each moss tray being imaged every 8
hours. The first 24-hour period included no Cu treatments in order to record a baseline control
for each tray before dosing. At the 24-hour mark (or time 0) each tray received a single dose of
Cu with the Tray 1 receiving 1 nmol/cm?, Tray 2 10 nmol/cm?, and the Tray 3 100 nmol/cm?.
Moss response was then monitored by LIF for another 48 hours. A wire grid was constructed to
divide the moss trays into 10 equal partitions from which multiple images could repeatedly be
taken of the same sample space on a given moss tray. After imaging, a single frond and a pair of
fronds were selected once a day (every 24 hours starting with the control) from each of the 10
partitions on each moss tray. The single frond was imaged and then underwent chlorophyll
extraction (3.3.3.1). The pair of fronds underwent the sequential elution technique (SET) for
metal extraction (3.3.3.2). Once fronds had been imaged, the trial tray was returned to the grow

tent accounting for no more than half an hour of time away from the grow tent.

3.3.2 Laser Systems and LIF Technique
This study compares LIF using the CoCoBi (Misra et al., 2021) and a newly designed

chlorophyll specific laser system (Chl-SL). Both systems use the same CMOS camera that is
integrated with the Baumer Camera Explorer software which allows the user to control camera
settings and capture images for later analysis. The CoCoBi is a pulsed Nd:YGa dual laser
system (green 532 nm excitation laser and UV 355 nm excitation laser) fired at a nanosecond
rate (112 ns). The Chl-SL system uses two semi-conductor diode lasers at the 445 nm and 462

nm wavelengths (these are continuous). The CoCoBi has integrated time synchronized pulses
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which allow it to image at any time of day, while the new system prototype does not have this
feature. In order to keep comparisons fair between the two units, imaging was only done in the
dark. With the caveat that if successful, the Chl-SL system can be improved by the addition of
the pulsed feature hence daytime use.

A diffuser was tested on all systems to spread the laser beams into a uniform illumination
across the surface of the moss sample. But the filters with the CoCoBi did not allow enough light
through for effective image analysis. Thus, the filters are only employed with the new laser
system. The new system also has the option of using band pass filters at the 650 nm and 670 nm
wavelengths to capture emission specific to Chlorophyll-a and -b. These band pass filters
heavily limit the fluorescence signatures to a 10 nm wide range of light on the spectrum that are
received by the camera sensors. By limiting the wavelengths of light that are measured we can
ensure that the received signal is associated with a chlorophyll emission and not another
biological reaction. Figure 3.1 shows an image of the CoCoBi and new Chl-SL side by side.

Figure 3.2 shows each of the lasers and filter options.

. N
Figure 3.1: Bottom left (1) shows the CoCoBi and middle right (2) shows the Chl-SL allowing a direct
comparison of the size and flexibility of set-up of both systems. Chl-SL is more compact and represents a
transition towards a lighter more mobile LIF system. Both lasers are connected to a computer using the

Baumer Camera Explorer software to capture images.
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Figure 3.2: Images of the same moss sample taken by various combinations of laser systems as
follows: (A) CoCoBi using both lasers. (B) the Green 532 nm CoCoBi laser. (C) The CoCoBi 355 nm
laser. (D) Chl-a 445 nm laser without a filter. (E) Chl-a laser with 670 nm Chl-a bandpass filter. (F) Chl-a
laser with 650 nm Chl-b bandpass filter. (G) Chl-b 462 nm laser without a filter. (H) Chl-b laser with 670
nm Chl-a bandpass filter. (I) Chl-b laser with 650 nm Chl-b bandpass filter.

Each tray of moss was divided into 10 sections using a wire grid. Samples were imaged
starting day 1 (time =-24 hours) to collect a baseline control for each tray. Metal dosing occurred
24 hours later on day 2 before imaging (time=0). The moss trays were always imaged after wet
deposition when applicable (every 24 hours). When not dosed with metal, moss trays were only
given 50 mL of DI. Imaging was conducted every 8 hours in 30-minute windows in order of trial
number. Imaging times were held consistently for each sample between 5-8 am, 1-4 pm, and 9-
12 pm. Images were collected by integrating the Baumer Camera Explorer software with the
CMOS cameras paired both the CoCoBi and the Chl-SL. Images (Figure 3.2) were collected

using just the 532 nm green laser, just the 355 nm UV laser, and both lasers in tandem for the
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CoCoBi. The Chl-SL collected images using the 445 nm laser with no filter, 445 nm with the
650 nm filter, 445 nm with the 670 nm filter, 462 nm laser with no filter, 462 nm with the 650
nm filter, and the 462 nm with the 670 nm filter. The 650 nm band pass filter corresponds to the
maximum emission peak for chlorophyll-b while the 670 nm band pass filter corresponds to
chlorophyll-a (Israsena Na Ayudhya et al., 2015). Preliminary testing was conducted to
determine optimal camera settings to streamline sampling to a single image per laser and/or filter

combination limiting each of the 10 collected sample areas on a tray to having 9 images each.

3.3.3 Chemical Analysis
To assess the actual metal uptake and chl changes in the plants corresponding to the

observed LIF results, traditional chemical analysis was also conducted. Chlorophyll and metals
were extracted from moss fronds every 24 hours after laser imaging throughout experimentation
(starting at time 0). Metal concentrations absorbed by the plants were measured using the
sequential elution technique (Pérez-Llamazares et. al., 2010) followed by ICP-MS analysis (ICP-
MS, Thermo-Fisher Element 2, University of Southern Mississippi Center for Trace Analysis).
Chlorophyll extraction from a single frond (Hu et. al., 2013) was followed by spectrophotometry
(Hewlitt Packard Diode Array Spectrophotometer; Caesar et. al., 2018) allowing for the

measurement of Chl-a and -b in DMF.

3.3.3.1 Sequential Elution Technique (SET)
The effectiveness of the Cu treatment was assessed by the direct measurement of Cu

inventory in moss. After imaging each day, 10 pairs of fronds were removed from each tray
corresponding to the 10 imaged areas of the treated moss. The fronds were each cut 2 cm from
the tip, weighed, and then leached using a sequential elution technique (SET) to extract metal
from the surface of moss as well as its extra- and intracellularly bound Cu content (Brown &
Wells, 1988; Vazquez et. al., 1999a). Frond pairs were shaken in 10 mL of DI for 30 seconds to
remove any unbound metals. The fronds were then removed from the DI water, dried, and
immersed in 10 mL of 10 mM ethylenediaminetetraacetic acid (EDTA) solution (Pérez-
Llamazares et. al., 2010). Fronds were submerged and shaken in EDTA solution for 45 minutes.
The process was then repeated in a fresh fraction of 10 mL of EDTA for 30 minutes. The two
EDTA fractions were combined for extracellular Cu analysis. Samples were then blotted dry,

weighed, then dried in a furnace at 50°C for 24 hours before cooling for 24 hours in a desiccator.
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The dry weight of cooled fronds was recorded and, finally, samples were submerged in 10 mL of
IM HNO:s for 30 minutes of shaking to induce partial digestion and release of intracellular Cu
fractions.

All samples were then analyzed for copper content (DI, EDTA, and HNO3). The
individual DI water, EDTA, and nitric acid fractions were analyzed for Cu concentration using a
sector-field inductively coupled plasma—mass spectrometer (ICP—MS, Thermo-Fisher Element 2)
at the University of Southern Mississippi Center for Trace Analysis (CETA). A self-aspirating
nebulizer (Elemental Scientific, Omaha, NE, USA) with low-flow (100 uL/min) and Teflon
spray chamber was utilized. Cu-63 was determined in medium resolution and calibration was
conducted using external standards made in 0.16 M ultrapure nitric acid. These were then
checked against standard reference waters from the U.S. Geological Survey. There was also an
in-house consistency standard measured to ensure a sensitivity check, long-term stability, and
instrumental drift correction. Cu analysis was also conducted for solution blanks of DI, EDTA,

and HNOs and time 0 control non-treated fronds to determine baseline Cu concentrations.

3.3.3.2 Chlorophyll Extraction Method
To assess chlorophyll content and physiological response a protocol used for chlorophyll

extraction in water lettuce was adapted for the moss samples (Moran & Porath, 1980; Porra,
2002; Inskeep & Bloom, 1985). After imaging, 10 single fronds were removed from each tray
corresponding to the 10 imaged areas of the treated moss. Each moss frond was measured from
the tip to a distance of 2 cm at which point they were cut with a sterilized razor blade. The
samples were then weighed before being placed within a plastic sample tube. Once all fronds
were measured and weighed, 2 mL of DMF (N-Dimethylformamide) was added to each sample.
Initial testing showed that 1 mL DMF was needed for each cell layer of a sample, and the moss
species was deemed be 2 cell layers thick (Petschinger et al., 2021). DMF is more effective at
limiting the continued degradation of chlorophyll than ethanol or acetone, and can be used (when
kept cold) for longer periods of time after extraction is initially conducted (Porra, 2002; Hu et.
al., 2013).

Samples were then capped, wrapped in aluminum foil, and immediately placed within a
cooler with ice packs to limit the amount of light exposure. All samples were given 48 hours

before they were measured by spectrophotometry for Chl-a and -b using a 1 mL cuvette. The
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cuvette was washed with DMF before 1mL of DMF was used to calibrate the spectrophotometer
(Hewlitt Packard Diode Array Spectrophotometer). Measuring of samples was then conducted
with cuvette cleaning and recalibration process conducted every 30 samples. Altogether 120
samples were analyzed using values of E%%32 and E546-8 collected for each frond and used to
determine Chl a (Eq. 1), Chl b (Eq. 2), and Chl a+b (Eq. 3) at pg/ml levels (Porra, 2002). These
were then adjusted for per mg wet weight of the original frond. Because fronds were

immediately put into DMF after weighing a dry weight is not available.

[Chl a] = 12.00 E®638 — 3,11 E646:8 Eq.1
[Chl b] = 20.78 E6*68 — 4,88 F6638 Eq.2
[Chl a + b] = 17.67 E6*68 + 7.12 (6638 Eq.3

3.3.4 Data Analysis

3.3.4.1 Single-color comparison
As with Truax 2022, RGB (Red, Green, and Blue) pixels were extracted from each image to

create density histograms based on decimal code value from 0 to 255 for each color channel. These
histograms were then normalized using total pixel count to create percent abundance curves. These curves
were then used to calculate the difference between treated samples and the control by either using the

density difference method found in Eq. 4.

Difference =1 — () min|trial(x),control(y)|) Eq. 4

where x represents the color intensities for the corresponding trial, and y represents the same for
the control images (Swain & Ballard, 1992). Or, difference can be calculated using dynamic time
warping to fit one curve to another (DTW):

D@+ 1,j)
D(i,)) =|x() —y(D|+min{ DI+ 1,j+1) Eq.5
D(i,j+ 1)

where x and y represent strings of data and i and j represent the length of each string so that D(i,j)
equals the best alignment distance between all data points along the lengths of x and y (Jekel et

al., 2018). Sample images of moss from the metal group trays before treatments and all control
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sample images from the week of experimentation were included for comparison. The 10 images
collected from each tray were batch processed by comparing them to all of the collected control

images (30).

3.3.4.2 Multi-color comparison

Both density difference and DTW can be used to compare single-color histograms, but
only DTW can be used for two-color analysis which has been shown to improve contaminant
detection and separation of individual samples from the control (Truax et al., 2022). All two-
color combinations (RvG, GvB, RvB) were calculated for the collected images. A mean and
standard deviation to 3¢ were determined for the control and used to compare if any color
channel shows a significant deviation from the control’s variability. A Welch’s T-test was also
applied to quantitatively confirm that any one sample population effectively deviated from the

control.

3.4 RESULTS

3.4.1 Comparison of image analysis methods
Initial analysis of images collected using the CoCoBi are compiled in Figure 3.3 which

shows method of analysis by single- or two-color comparison. Though images were collected
using the green and UV lasers independently (Appendix B — 6.2.1; tables 6.2.2), using both
lasers in tandem continues to provide the most consistent response when observing Cu using LIF
in moss. The three analysis methods (density difference, single color DTW, and two color
DTW) are in good agreement, with single color DTW (Figure 3.3 D-F) showing a narrower
range for natural variability in the control for all color channels when compared to density
difference (Figure 3.3 A-C). DTW shows Tray 1 as the only sample with deviation from the
control at time 0 when Cu treatment was administered and later at time 40 hours. However, Tray
2 and Tray 3 do not show any deviation from the control even though they have higher metal
doses. This may indicate that the organic response is not Cu or chlorophyll specific, or is the
result of metal interaction with lipid or protein structures, or that this laser system is not suitable

for consistent detection of the plant response to Cu dosing. Two-color DTW (Figure 3.3 G-1)
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matches the results of the single-color analysis, and confirms the consistent response between all

color channels. All tables corresponding to figures can be found in Appendix B (6.2).
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Figure 3.3: Comparison of moss response to both lasers of the CoCoBi using three image analysis
methods: (A-C) single-color density difference, (D-F) single-color DTW, and (G-1) two-color DTW.
Images were collected every 8 hours over three days. Control images were collected for the first 24 hours.
At time 0 three Cu treatments were given at 1 nmol/cm? for Tray 1 (blue), 10 nmol/cm? for Tray 2 (red),
and 100 nmol/cm? for Tray 3 (yellow).

Figure 3.4 is a comparison of the same analysis methods using the Chl-A laser (445 nm)
with the Chl-B bandpass filter (650 nm). Results using the Chl-A laser with the Chl-A filter and
with no filter can be found in Appendix B (6.2.1). Results from the Chl-A filter are comparable
to the Chl-B filter but with less separation from the control. Use of no filter introduces a broader
spectrum of light resulting in acceptance of all fluorescence wavelengths to the camera including

those that may not be chlorophyll specific. Of the three analysis methods, the density difference
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(Figure 3.4 A-C) shows the largest range of natural variability for the control and only a clear
response to Cu in Trays 2 and 3 in the blue color channel. Single color DTW (Figure 3.4 D-F)
condenses the control variability range allowing for observed response of Tray 2 and Tray 3 in
all three color channels. Though the blue color is again the most prominent with significant
deviation from control, the green shows response at both the 0 and 24 hour marks while red
shows a response at 24 but only above the 26. Two color DTW (Figure 3.4 G-I) provides nice
separation from control in multiple color combinations, but shows no separation of Tray 1 which
is a low dose of Cu that would exist in natural background levels. However, the deviation at the

higher doses at 10 and 100 nmol/cm? is significant.
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Figure 3.4: Comparison of moss response to the Chl-A laser (445 nm) with the Chl-B filter (650
nm) of the Chl-SL system using three image analysis methods: (A-C) single-color density difference, (D-
F) single-color DTW, and (G-1) two-color DTW. Images were collected every 8 hours over three days.
Control images were collected for the first 24 hours. At time 0 three Cu treatments were given at 1
nmol/cm? for Tray 1 (blue), 10 nmol/cm? for Tray 2 (red), and 100 nmol/cm? for Tray 3 (yellow).
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As with the Chl-a laser, Figure 3.5 shows comparison using the Chl-b laser (462 nm)
with the Chl-b bandpass filter (650 nm) (corresponding analysis of the Chl-a filter and no filter
are located in Appendix B). Profiles of all three analysis methods using Chl-b are similar to the
Chl-a laser results (Figure 4), but show no deviation from the control above 26 except at dosing
of Cu at time 0 in trays 2 and 3. Density difference (Figure 3.5 A-C) again has a larger range for
control variability and shows dips in each tray at the 0 and 24 hours which could be indicative of
natural day/night cycling. This is not apparent in single color DTW (Figure 3.5 D-F) which only
varies from the control in the blue color channel. Two color DTW (Figure 3.5 G-1) supports
single color analysis of the blue color channel impact on profiles, but unlike Chl-a there is no

deviation from the control of tray 1 in any of the profiles.
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Figure 3.5: Comparison of moss response to the Chl-B laser (462 nm) with the Chl-B filter (650
nm) of the Chl-SL system using three image analysis methods: (A-C) single-color density difference, (D-
F) single-color DTW, and (G-1) two-color DTW. Images were collected every 8 hours over three days.
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Control images were collected for the first 24 hours. At time 0 three Cu treatments were given at 1
nmol/cm? for Tray 1 (blue), 10 nmol/cm? for Tray 2 (red), and 200 nmol/cm? for Tray 3 (yellow).

3.4.2 Comparison of CoCoBi and Chl-SL results
When observing the results of each laser system, analysis in the blue color channel

reveals the best and most consistent separation of Cu dosed moss images from the control. Thus,
we can compare the individual lasers and analysis methods to each other to observe any
similarities or differences in Figure 3.6. The lack of separation from the control of images
collected with the CoCoBi (Figure 3.6 A,D,G) is more prominent when compared to the
chlorophyll specific laser wavelengths with only the lowest dosed (1 nmol/cm?) Tray 1 showing
separation from the control. The Chl-A and Chl-B lasers (both using the B-filter) are in good
agreement with Trays 2 and 3 deviating at the time of dosing (time 0). This may confirm that the
response recorded by the CoCoBi regardless of analysis method is not Cu or chlorophyll
specific. The profiles of Chl-A (Figure 3.6 B,E,H) and ChI-B (Figure 3.6 C,F,l) are similar
between all analysis methods with the clearest separation between the two lasers’ results in the
two color DTW analysis. Difference determined by single color DTW is more difficult to
identify, but it is clear in two color DTW that statistically significant deviation from the control

only occurs in Trays 2 and 3 at the time of Cu dosing when using the Chl-A or B lasers.
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All Lasers Compared - Blue or RvB Color Channels
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Figure 3.6: Comparison of 3 laser systems (CoCoBi — A,D,G; Chl-A - B,E,H; Chl-B - C,F,1) and 3
analysis methods (density difference — A,B,C; single color DTW — D,E,F; two color DTW — G,H,I) in the
blue or RvB color channel. Images were collected every 8 hours over three days. Control images were
collected for the first 24 hours. At time O three Cu treatments were given at 1 nmol/cm? for Tray 1 (blue),
10 nmol/cm? for Tray 2 (red), and 100 nmol/cm? for Tray 3 (yellow).

To provide validation and specificity to the results in Figure 3.6, a Welch T-test was used
to compare all analysis methods by a common metric (t-value) and a potential to provide
separation between individual Trays (Figure 3.7). The CoCoBi t-values show more separation
from the control than observed in Figure 3.6, yet the patterns are inconsistent between analysis
methods and further underline the non-specificity of the CoCoBi system. The density difference
has more subtle deviation from the control with separation at time 0 when looking at Tray 3.
However, all Trays show better separation the longer time passes from Cu treatment. Both DTW
methods are punctuated with numerous and, perhaps unspecific, moss response which do not

match dosing at time 0 or any day-night cyclical pattern. When looking at the Chl-A and Chl-B
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lasers results while using the Chl-B filter, they are again in good agreement between analysis
methods. However, the Chl-A results show higher Tray 3 response than Tray 2 for both single
color analysis methods, while Chl-B only shows this for density difference. When using two-
color DTW the Chl-A laser appears to show larger separation between trays and some low-level
detection 24 hours after dosing. Chl-B could be just as useful regardless of analysis method and
provides the ability to determine levels of Cu treatment for detection when using both simple

analysis and when comparing t-value results.
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Figure 3.7: Moss tray images compared to the control and validated using a Welch t-test plotted
as shown. Time starts at the initial dosing (time Q) and continues 48 hours) to compare the 3 laser systems
(CoCoBi — A,D,G; Chl-A - B,E,H; Chl-B — C/F,I) and 3 analysis methods (density difference — A,B,C;
single color DTW — D,E,F; two color DTW — G,H,1) in the blue or RvB color channel.
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3.4.3 Metal and Chlorophyll Extraction
It is clear that the CoCoBi is outperformed by the more consistent results shown by the

Chl-SL lasers. The results of the two color DTW analysis using RvB for Chl-A and Chl-B lasers
were used to compare to the chlorophyll and metal extraction results. Mean and standard
deviation for these values can be found in Table 3.1 (chlorophyll extraction) and Table 3.2
(metal extraction). Figure 3.8 compares both Chl-SL lasers with use of the Chl-B filter to the
chlorophyll extraction results of chlorophyll a/b ratio. Plots of chl-a, chl-b, and total chl can be
found in Appendix B (6.2) due to their similarity to chlorophyll a/b ratio. Most of the image
analysis results show the points clustered below the 0.2 DTW difference level with only the Cu
dosed Tray 2 and 3 at time O separated at the top for all plots. Between Chl-A and Chl-B lasers,
the most significant difference is the clustering of values on non- dosing days. 24-hour Tray 3
results fall above the control for the Chl-A laser, while the control sits above the same sample in
the Chl-B laser results. Of each of the chlorophyll extraction values, a/b ratio shows the greatest
distinction between possible metal dosing levels, however all results have a broad standard
deviation which may result from higher variability in individual frond absorption of Cu.
Nevertheless, it is clear that Tray 2 and 3 chl a/b ratios at time 0 plot on the lower end of the ratio
ranges and are the only results that are significantly different from the control using LIF.

Table 3.1: Results from chlorophyll extraction. Values shown are the mean and standard deviation of 10
fronds collected every 24 hours for each tray including the control. These on Chl-a (nm) and Chl-b (nm)
measurements taken with a spectrophotometer and calculated by using the equations detailed in (Porra,
2002). Each value is adjusted for by weight (mg) of a 2 cm section of frond measured before chlorophyll
extraction.

Tray 1 Chla Chlb Total Chl Chl a/b Ratio

Control | 3.983+-0.731 | 1.542+-0.277 | 5.526+-1.007 | 1.710+-0.569
0 2.432+-0.839 | 0.989+-0.360 | 3.425+-1.187 | 0.852+-0.465
24 3.391+-1.339 | 1.279+-0.485 | 4.670+-1.822 | 1.218+-0.572
48 2.366+-0.872 | 0.871+-0.329 | 3.238+-1.200 | 1.182+-0.395

Tray 2

Control | 4.081+-1.582 | 1.536+-0.593 | 5.616+-2.174 | 1.381+-1.341
0 3.332+-1.218 | 1.371+-0.473 | 4.703+-1.690 | 1.093+-0.558
24 3.247+-0.959 | 1.210+-0.369 | 4.458+-1.326 | 1.121+-0.231
48 3.904+-1.589 | 1.442+-0.579 | 5.346+-2.167 | 1.365+-0.914

Tray 3

Control | 3.474+-2.089 | 1.310+-0.807 | 4.784+-2.895 | 1.357+-0.509
0 2.295+-0.771 | 0.905+-0.291 | 3.201+-1.059 | 0.714+-0.207
24 2.209+-1.124 | 0.819+-0.422 | 3.029+-1.544 | 1.184+-0.316
48 3.204+-1.634 | 1.184+-0.656 | 4.390+-2.289 | 1.656+-0.545
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Table 3.2: Results from metal extraction. Values shown are of the mean and standard deviation of the wet

and dry weight of pairs of fronds. 10 sets of fronds for each tray were collected and Cu extracted using

SET every 24 hours. Values are adjusted to account for weight (g) of moss pairs and shown in nmol/g and

mg/kg levels.
Total Cunmol/g Total Cumg/kg
ww std dw std dw std
Tray 1
Control 56.91 23.11 259.61 79.77 0.0164 0.0051
0 89.32 23.95 295.78 -11.76 0.0188 0.0008
24 63.09 15.82 274.84 -12.71 0.0175 0.0008
48 76.17 14.12 275.42 -22.66 0.0175 0.0014
Tray 2
Control 28.14 6.73 114.96 -31.06 0.0073 0.0020
0 162.09 54.71 1321.33 469.21 0.0834 0.0298
24 186.70 73.85 1108.80 230.38 0.0705 0.0146
48 244.30 63.80 1205.04 314.53 0.0766 0.0200
Tray 3
Control 25.36 443 121.36 -18.93 0.0077 0.0012
0 1881.11 444.89 13525.22 | 3581.74 0.8595 0.2277
24 1859.52 862.25 11349.63 | 4483.73 0.7212 0.2849
48 1636.30 475.54 9723.26 3238.96 0.6179 0.2058
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Figure 3.8: Chlorophyll extraction results as Figure 3.9: Metal extraction results and

a/b ratio, compared to two color DTW results dry weight of 10 pairs of fronds collected
from images collected using the Chl-A (top) and every 24 hours compared to Chl-A and Chl-
Chl-B lasers (bottom) using the B filter. (Total B two color DTW results.

Chl, chl-a and -b can be found in Appendix B

Two color DTW analysis was also compared to Cu values taken from metal extraction for
moss dry weight (Figure 3.9; wet weight in Appendix B — 6.2.4). The distributions of metal
content for both laser wavelengths are similar with slight variation of the control and Tray 1
when observing DTW versus total metal content (hmol/g). Interestingly, there appears no direct
correlation between DTW analysis and metal results for samples analyzed 24 and 48 hours after
dosing. Both Tray 2 and 3 samples collected after Cu dosing at time O are well separated at the
top of the plots from the rest of the images. However, the same Cu levels can be seen with lower
DTW for samples collected from Trays 2 and 3 at 24 and 48 hours after dosing. It seems that the
LIF response is immediate and short-term without long-term effects even though Cu content in
the plants stays elevated (Cu does not get eliminated or otherwise removed from plants). When
plotting metal results against chlorophyll values in Figure 3.10 (dry weight), some trends appear.
Tray 3, most notably, has consistently lower chlorophyll values while also having the highest
metal content. The plots do not show a direct correlation between doses of metal and chlorophyll
change but both metrics could be useful for understanding plant response as chlorophyll is
affected by metal content. Metal does appear to have an impact on initial chlorophyll response
with lower chl-a and -b at the time of dosing (time 0 symbols highlighted by black outline) with
a quick return to a more normal range seen in the control samples. Even with overlap in Cu

content between Tray 1 and the control this shift can be observed.
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Figure 3.10: Chlorophyll extraction versus metal extraction dry weight collected every 24 hrs.
Time 0 samples are marked with a black circle.

3.5 DISCUSSION
Comparison of the laser systems regardless of image analysis method has confirmed that

the use of a laser wavelength more suited for maximum chlorophyll absorption, and therefore
emission, is preferable to the broad organic application of the previously used CoCoBi (Figure
3.3). Both the Chl-A (445 nm; Figure 3.4) and Chl-B (462 nm; Figure 3.5) blue lasers tested in
this work showed consistent response at time of metal dosing whether using the single color
density difference or DTW, or two color DTW analysis. Using either laser without a filter tends
to introduce indistinct observations of moss response that cannot be directly linked to
chlorophyll. 1t is recommended that use of either the Chl-A (670 nm) or Chl-B (650 nm)

bandpass filter be utilized to limit measurement of fluorescence wavelength to those in the red
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spectrum associated with chlorophyll response. Of the filters used, the B filter appears to narrow
the range of the control moss natural variability when compared to the A filter.

Of the three image analysis methods (Figure 3.6), all are in good agreement when it
comes to observing the Cu dose administered at time 0 for Trays 2 and 3 which have toxicity
levels above what would naturally be found in environmental background. When comparing
single color analysis, DTW has more statistical deviation from the control than the density
difference regardless of the laser used. DTW is not only preferred for its single color analysis,
but also for two color analysis which enhances the results sometimes recorded in two different
color channels. Of the color channels used (R,G,B), the blue color channel consistently showed
the highest response with occasional signatures separating from the control in the green color
channel when using the Chl-A laser. Though there was a small response recorded 24 hours after
dosing, it is assumed to be a delayed metabolic process due to the high level of Cu from the
treatment to moss on Tray 3. Two color DTW provides better separation from the control with
less variability than single color DTW, allowing for definitive identification when using RvB.

Use of the blue color channel and RvB allowed for comparison and validation that both
Chl-A and Chl-B lasers outperform the CoCoBi when it comes to identifying immediate changes
in chlorophyll content after dosing. It also made it much easier to compare the chlorophyll
specific lasers and their subtle differences. When applying a Welch t-test (Figure 3.7) it is also
observed that the Chl-A consistently identifies each tray in order of its toxicity when using single
color analysis. The Chl-B results could be seen as preferrable because the only response recorded
is at the time of Cu dosing and thus no other response could be interpreted over the course of the
experiment. It is greatly separated from the other two trays, but shows promise in being able to
separate out toxicity levels by degree of two-color DTW difference from a control.

Both lasers were compared to metal and chlorophyll extraction results (Figures 3.8-9;
Tables 3.2-3) and show clear separation of the Tray 2 and 3 two color DTW results from all
other values at the time of Cu treatment. It can be seen more prominently how using the Chl-B
laser with the B filter results in all other samples collected staying below the DTW control
threshold. Even though the data distribution and degree of variation from Chl-A laser results are
similar, DTW values overlap with the control making it more difficult to discern any patterns. It
can be noted for both lasers that the higher toxicities are shifted towards lower a/b ratio values

with Tray 3 presenting with lower sample variability than other trials. The control appears to
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have the broadest range of chl a/b ratios of all moss observed. It could be stated that high
deviation in DTW from the control would match lower chl a/b ratios (or any metric), but we
cannot state that a lower chl a/b ratio is indicative of Cu toxicity or metal response.

Moss dry weights were collected for metal analysis and compared to the chlorophyll
specific lasers. As with chlorophyll extraction, distribution of the data appears similar and it is
clear to see the separation of the DTW values at time 0 for Trays 2 and 3. However, the degree of
metal contamination does not appear to correlate to the recorded moss response at times 24 and
48. All Tray 3 samples collected are very high in Cu, but only the initial dose shows any
separation from the other samples when looking at DTW. This is the same for tray 2 samples
even though their mean Cu content is 10x lower. They are both quite separate from Tray 1 and
the control, and yet we cannot state that the recorded response is directly related to the level of
metal present in a moss sample. We can however, observe that the level of Cu within a moss
stays roughly the same over time from a singular dose.

Finally, metal and chlorophyll extractions results were compared to each other to look for
possibility of correlation. It is observed that Trays 2 and 3 are clearly separated from all other
samples, clustering within their own groups. When comparing chlorophyll metrics, it becomes
apparent that all show the same lower shift correlating to higher toxicity that was observed when
comparing chlorophyll content to DTW results. It confirms that there may be a relationship
between increased Cu toxicity and decreased a/b ratio. To visualize this with image analysis
using the Chl-B laser, the data was combined in Figure 3.11. What results is a delineation
between the dosing time 0 and all other samples with a clear relationship with lower a/b ratio.
Therefore, it can be expected that a large DTW deviation from the control will be associated with
an initial dosing event but not a historical one when using moss and Chl-SL systems. Figure 3.11
could also be interpreted to indicate that there is a large range of chl a/b ratios in healthy plants,
but the ratio could actually increase if a high level of Cu is bioavailable within the plant.
Meaning, initial Cu toxicity could cause a stress response and shift to reduction in chlorophyll-a,

but long-term toxicity may actually improve chl-a production in the case of Cu.
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It is recognized here that 12 data points make it challenging to definitively make broad
claims about the application of the Chl-SL beyond the promise that is shows for detecting initial
events of metal pollution. Of the data presented, each is representing 10 fronds or frond pairs
analyzed for chlorophyll or Cu content. Previous work had great success in imaging moss mats
to assess potential for the presence of metals in a given sample. However, to better understand
the impact of chlorophyll content or individual metal absorption the broad variability of the
fronds themselves must be better understood. Perhaps this will reveal more trends than the 12
data points presented in this work. Future work should focus on a more complete understanding

of moss response variability and its impacts on the LIF technique.

3.6 CONCLUSION
The work presented set out to compare two laser systems, the CoCoBi and Chl-SL, to

determine which was best for identifying the presence of Cu at environmentally relevant levels
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while focusing on chlorophyll response in plants. Three trays of moss were dosed with
increasing levels of Cu (1, 10, and 100 nmol/cm?) and fronds were collected from each to
conduct metal and chlorophyll extraction. Results showed that both laser wavelengths used as
part of the Chl-SL (445 and 462 nm) showed consistent moss response at the time of dosing.
The CoCoBi, however, was more variable and appeared to respond to metabolic processes
separate from chlorophyll. Though the Chl-a and Chl-b lasers performed similarly regardless of
analysis method, the Chl-b laser showed only deviation at the time of dosing. It is recommended
that the Chl-b bandpass filter (670 nm) be used regardless of laser type to reduce the recorded
natural variability of the control. All analysis methods in the blue color channel were highly
effective, but single and two color DTW provides better specificity than the density difference
method. A Welch t-test allows for better separation of individual trials and enhances the
effectiveness of two color DTW. It is not possible to say the metal content is directly linked to
deviation of DTW from the control, but initial dosing does appear to cause a shift in chlorophyll
a/b ratio. Long term metal content could result in a higher a/b ratio by comparison. A larger
DTW value is also associated with lower a/b ratio, but a/b ratio does not guarantee deviation
from the control. Work will continue to look at individual fronds to understand if their response
to Cu toxicity follows the same observed results found looking at moss mats. Testing with other

metals and plant species is also of great interest.
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4 EXPLORING NATURAL VARIABILITY OF CHLOROPHYLL AND
CuU UPTAKE IN MOSS USING LIF

4.1 ABSTRACT
Chlorophyll has long been used as a natural indicator of plant health and photosynthetic

efficiency. Laser induced fluorescence (LIF) is an emerging technique for understanding broad
spectrum organic processes and has more recently been used to monitor chlorophyll response in
plants. Previous work has focused on developing a LIF technique for imaging moss mats to
identify metal contamination with the current focus shifting towards application to moss fronds
and aiding sample collection for chemical analysis. Two laser systems (CoCoBi a Nd:YGa
pulsed laser system and the Chl-SL with two blue continuous semiconductor diodes) were used
to collect images of moss fronds exposed to increasing levels of Cu (1, 10, and 100 nmol/cm?)
using a CMOS camera. The best methods for preprocessing of images was conducted before
analysis of fluorescence signatures were compared to a control. The Chl-SL system performed
better than the CoCoBi with dynamic time warping (DTW) proving the most effective for image
analysis. Manual thresholding to remove lower decimal code values improved data distributions
and proves whether using one or two fronds in an image. Higher DTW difference from the
control correlates to lower chlorophyll a/b ratios and higher metal content indicating that LIF
with the aid of image processing can be an effective technique for identifying Cu contamination

shortly after an event.

4.2 INTRODUCTION
Bryophytes have long been used as bioindicators of heavy metal accumulation in the

environment due to various anthropogenic sources (Bates, 1992; Jiang et al., 2018). Of the
species commonly used, mosses are the most widely distributed across differing elevations and
climates. Mosses have a simple non-vascular structure, lacking true roots enabling them to
accumulate most of their nutrients from the atmosphere (Aboal et al., 2010; Bidwell et al., 2019).
Because they are often only one or two cell-layers thick, mosses have a high ion exchange
affinity due to their lack of a protective epidermis leading to absorption of both inorganic and

organic compounds (Gjengedal & Steinnes, 1990; Gonzalez & Pokrovsky, 2014). When
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compared to vascular plants, mosses consistently prove more effective in metal accumulation
(Jiang et al., 2018). The use of moss for environmental sampling has been validated through
chemical analysis (Nagajyoti et al., 2010; Stankovic et al., 2014) and proved to be valuable for
large-scale surveys (Szczepaniak & Biziuk, 2003; Ram et al., 2015) by being capable of
absorbing nutrients and contaminants directly from the atmosphere.

A good bioindicator is defined as an organism that can successfully provide new
information about the quality of a given environment (Van Dobben et al., 2001) while also
capable of monitoring potential pollutants and their temporal and spatial distributions (de
Temmerman, et al., 2005). To be an effective biomonitor, a plant species must be capable of
detecting changes over time in the environment and help in source identification (Kuang, et al.,
2007). Because mosses can be found on every continent and over a vast array of ecosystems,
they are uniquely capable of surviving in harsh and often highly polluted areas (Wang, et al.,
2008; Cui et al., 2009). Mosses also benefit from being a species that can withstand repeated
sampling and potential to provide annual growth segments for continuous monitoring of both
recent and historical heavy metal accumulation (Ceburnis et al., 2002; Van Dobben et al., 2001;
Wang et al., 2008; Dragovi¢ and Mihailovic, 2009).

However, the accumulation of heavy metal pollutants can occur through several different
mechanisms depending on the moss species and physiological mechanisms for ionic exchange.
Some particulates can become trapped on the surface of cells due to negatively charged anionic
sites, others are incorporated into cellular walls, while higher affinity metals are more likely to
be used in metabolic processes within the cell itself (Van Dobben et al., 2001; Blagnyté &
Paliulis, 2010). Metal retention efficiency has been documented to decrease in the order of Cu >
Pb > Ni > Zn, with Cu and Pb showing the strongest correlation between metal concentration and
atmospheric deposition (Rosman, et al., 1998; Ceburnis et al., 1999). Pb’s toxicity even in small
doses is well known for its potential health concerns both to humans and the environment, but
even an essential micronutrient like Cu can be harmful in high concentrations (Heckathorn et al.,
2004; Hall, 2002; Rocchetta & Kiipper, 2009). Because of its high affinity and need for use in
metabolic processes, Cu provides a key example of metal behavior to best understand and
document physiological response. Though mosses are more cost effective than atmospheric
collectors and able to accumulate wide ranges of heavy metals (Gatziolis et al., 2016; Rai, 2016;

Jiang et al., 2018), the sampling and chemical analysis can be laborious and time consuming. We
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propose that environmental sampling could be expedited by the addition of remote sensing using
laser induced fluorescence (LIF).

Use of chlorophyll fluorescence to evaluate plant physiology and characterize
photosynthetic efficiency has long been used to determine vascular structure and metabolic
processes (Krause & Weis, 1991; Kolber et al., 2005; Valeur & Berberan-Santos, 2011). Lasers
can be used as a primary source for inducing fluorescence in plants (Valeur & Berberan-Santos,
2011; Silvia & Utkin, 2018) to monitor chlorophyll content and monitor changes due to metal or
environmental stress (Chappelle et. al., 1984; Israsena Na Ayudhya et. al., 2015; Yang-Er et al.,
2019). Changes in chlorophyll can be documented by shifts in the short lifetime fluorescence
emission of light corresponding to the absorption of laser wavelength by a molecule during its
ground energy state (Lakowicz, 2006; Hedimbi, Singh, & Kent, 2012; Jameson, 2014; Fedotov et
al., 2019). It has been documented in the literature that metals can bind to chlorophyll and
protein structures to produce specific fluorescence signatures (Jeffrey et al., 1995; Lakowicz,
2006; Jameson, 2014; Yang-Er et al., 2019).

Success using LIF has been recorded in previous work using the Color Compact
Biofinder (CoCoBi; Misra et at., 2018; Misra et al., 2021; Truax et al., 2022) which uses two
nanosecond pulsed lasers fired in tandem (355 nm UV and 532 nm Green) to detect a broad
range of organic molecule responses using a CMOS camera. However, the low selectivity of
that technique does not allow for direct identification of the process responsible for the
fluorescence response. Thus, a chlorophyll specific laser system (Chl-SL) was developed that
focuses on chlorophyll absorption by using laser wavelengths of 445 nm and 462 nm (Chl-a and
-b) which produce emissions in the visible red region (650 nm for chl-b and 670 nm for chl-a)
and can be documented with the same CMOS camera previously used with the CoCoBi (Misra et
al., 2021; Israsena Na Ayudhya et al., 2015).

Previous work (Truax et al., 2022) has focused on image analysis of moss mats using
LIF. To better understand chlorophyll and metal content this study will instead shift to individual
frond analysis and sample preparation techniques to determine the effectiveness of LIF of both
the CoCoBi and ChI-SL on a smaller scale. As with any plant, moss fronds can have a high level
of variation in chlorophyll content and therefore fluorescence response even amongst healthy
samples. To effectively evaluate and compare images collected using LIF, more traditional

chemical analysis of chlorophyll and metal extraction with all be used for validation. It is
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expected that the technique can help provide identification of Cu contamination within moss
samples and find correlation to chlorophyll content and metal accumulation while creating a
methodology that is reproducible. The ultimate goal is to provide a method of sampling
individual fronds that are highly representative of a contaminated moss mat identified using LIF
in the environment. We recognize that LIF is limited in its specificity compared to traditional
destructive techniques of metal content analysis, but through this study we demonstrate that LIF
can help to find and sample target areas in a way that complements traditional bioassay

approaches through targeted sampling at potential contaminated sites.

4.3 METHODOLOGY
The work adapts the methods developed in previous studies (Truax et al., 2020; Truax et

al., 2022) on moss mats and applies them to individual moss fronds that were collected, imaged,
and used for chemical analysis of chlorophyll and Cu content. The research is divided into four
parts with the first focused on laboratory treatment and cultivation of the moss mats from which
individual fronds were later collected. Part two uses LIF of the CoCoBi and Chl-SL to capture
color images of moss frond response to various Cu treatments. Part three details the chemical
analysis procedures for chlorophyll and Cu extracted from each frond or frond pair. Finally, LIF
images of fronds are processed to quantify moss response to observed absorbed Cu

concentrations and corresponding measured chlorophyll levels.

4.3.1 Laboratory Cultivation and Cu Treatment
Thuidium plicatile, is an endemic moss species to Hawai‘i (Staples et al., 2004; see Notes

on Moss Species) and can be found on the island of O“ahu along the Wa‘ahila Ridge Trail and
State Recreational Area (21.307°, -157.797°). The moss has been consistently used in previous
work (Truax et al., 2022) for its known response to LIF and uncontaminated environment along
the Southeastern part of the Ko‘olau mountains. Moss mats were collected, taken to the lab, and
rinsed and cleaned of forest litter before being divided onto three trays each covering with an
area of 587 cm? (7in. x 13in.). The trays were then placed within a laboratory grow tent which
maintained an average temperature of 18-20°C, 50-60% relative humidity, and 14-17 W/m?
ambient light (1400-1800 lux), with a day length of 10 hours. An acclimatization period of two

weeks was allotted before beginning tests.

62



The experiment was conducted over 72-hours allowing for collection of moss fronds
from each tray to be imaged every 24 hours (4 in total). A wire grid was constructed to divide the
moss trays into 10 equal partitions from which frond samples were selected for imaging and later
chemical analysis. The first 24-hour frond sampling was used to record normal control response
for each tray before Cu treatments. At the 24-hour mark (or time 0) each tray received a single
dose of Cu with Tray 1 receiving 1 nmol/cm?, Tray 2 10 nmol/cm?, and Tray 3 100 nmol/cm?.
Fronds were collected within 10 minutes of Cu dosing and chemical analysis began within 30
minutes of Cu dosing. Frond collection, imaging, and chemical analysis were repeated for the
next two 24-hour intervals (24 hours and 48 hours after Cu dosing). A single frond and pair of
fronds were collected from each of the 10 partitions on each tray of moss. The single frond was
imaged and then underwent chlorophyll extraction (4.3.3.1). The pair of fronds underwent
sequential elution technique (SET) for metal extraction (4.3.3.2). Once fronds were imaged, the
trial tray was returned to the grow tent accounting for no more than half an hour of time outside

of the grow tent.

4.3.2 Laser Systems and LIF Technique
Two laser systems were used to record LIF response in the moss fronds. Both systems

have been tested to evaluated LIF in moss mats, but neither have been utilized for documenting
moss frond response. The CoCoBi (Misra et al., 2021) and a newly designed chlorophyll specific
laser system (Chl-SL) both use the same CMOS camera which can be integrated with the
Baumer Camera Explorer software allowing the user to control camera settings and capture LIF
images for later analysis. The CoCoBi is a pulsed Nd:YGa dual laser system (green 532 nm
laser and UV 355 nm laser) fired at a nanosecond rate (112 ns). The Chl-SL system uses two
semi-conductor diode lasers at the 445 nm and 462 nm wavelengths which are continuous. The
CoCoBi has integrated time synchronized pulses which allows it to image at any time of day,
while the new system prototype does not have this feature. In order to keep methods for
comparison even between the two units, imaging was only done in the dark.

A diffuser was mounted on each laser system to provide uniform illumination across the
surface of the moss sample. Filters can be used with the CoCoBi to limit the wavelength passing
to the sample to either the green or UV laser. The Chl-SL has the option of using a Chl-A

bandpass filter (670 nm) or a Chl-B bandpass filter (650 nm) to capture emission specific to
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chlorophyll-a and -b. These bandpass filters heavily limit the fluorescence signatures to a 10 nm
wide range of light on the spectrum that are received by the camera sensors. By limiting the
wavelengths of light that are measured we can ensure that the received signal is due to a
chlorophyll emission and not another organic reaction. Figure 4.1 shows images of the same

moss frond collected using both laser systems with all possible filter options.

CoCoBi

(E) Chl-A Filter (F) Chl-B Filter

b/

Chl-A Laser

o & o
-

(G) No Filter (H) Chl-A Filter (I) Chi-B Filter

Chi-B Laser

Figure 4.1: (A) Shows CoCoBi using both lasers. (B) Shows only the Green 532 nm CoCoBi laser. (C)
The CoCoBIi 355 nm laser. (D) Chl-A 445 nm laser without a filter. (E) Chl-A laser with 670 nm Chl-A
bandpass filter. (F) Chl-A laser with 650 nm Chl-B bandpass filter. (G) Chl-B 462 nm laser without a
filter. (H) Chl-B laser with 670 nm Chl-A bandpass filter. (I) Chl-B laser with 650 nm Chl-B bandpass
filter.

Each tray of moss was divided into 10 sections using a wire grid from which a single
frond and pair of fronds were selected. Samples were placed between two glass plates taped to

allow only a 2-cm wide gap to remain visible. Fronds were carefully placed between these glass
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plates with the tip of the sample at the top of the 2-cm window and placed over a black oxidized
aluminum sheet. After imaging, the same 2-cm section was cut off for chemical analysis. A
control baseline for each tray was collected on the first day of the experiment. Metal dosing
occurred 24 hours later (at time 0 on day 2) with repeated imaging on days 3 and 4 (24 and 48
hours after dosing). Moss trays were always imaged after wet deposition and when not dosed
with metal trays were only given 50 mL of DI. Imaging of moss fronds was conducted every 24
hours in 30-minute windows in order of trial number followed by a 30-minute window for
chemical analysis to begin. Imaging times were held consistently for each sample between 1-4
pm. Images were collected by integrating the Baumer Camera Explorer software with the CMOS
cameras paired both the CoCoBi and the Chl-SL. Images were collected using just the 532 nm
green laser, just the 355 nm UV laser, and both lasers in tandem for the CoCoBi. The Chl-SL
collected images using the 445 nm laser with no filter, 445 nm with the 650 nm filter, 445 nm
with the 670 nm filter, 462 nm laser with no filter, 462 nm with the 650 nm filter, and the 462
nm with the 670 nm filter. The 650 nm band pass filter corresponds to the maximum emission
peak for chlorophyll-b while the 670 nm band pass filter corresponds to chlorophyll-a (Israsena
Na Ayudhya et al., 2015). Preliminary testing was conducted to determine optimal camera
settings to streamline sampling to a single image per laser and/or filter combination limiting each

of the 10 collected sample areas on a tray to having nine images each (Figure 4.1).

4.3.3 Chemical Analysis
To assess LIF results, Cu uptake and changes in chlorophyll were measured using

traditional chemical analysis. Chlorophyll and metals were extracted from moss fronds every 24
hours after laser imaging throughout experimentation (starting at time 0). Metal concentrations
absorbed by the plants were measured after using the sequential elution technique (Pérez-
Llamazares et. al., 2010) followed by ICP-MS analysis (ICP—MS, Thermo-Fisher Element 2,
University of Southern Mississippi Center for Trace Analysis). Chlorophyll extraction of a single
frond (Hu et. al., 2013) was followed by spectrophotometry (Hewlitt Packard Diode Array

Spectrophotometer; Caesar et. al., 2018) allowing for the measurement of Chl-a and -b.

4.3.3.1 Sequential Elution Technique (SET)
At the start of the experiment 10 pairs of fronds were selected from each of the three

moss trays corresponding to 1 of the 10 grid sections. After imaging, the top 2 cm from the tip of
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the fronds cut, weighed, and leached using the sequential elution technique (SET) to extract
metal from the surface of moss as well as its extra- and intracellularly bound Cu content (Brown
& Wells, 1988; Vazquez et. al., 1999a). Frond pairs were shaken in 10 mL of DI for 30 seconds
to remove any unbound metals. The fronds were then removed, dried, and immersed in 10 mL of
10 mM ethylenediaminetetraacetic acid (EDTA) solution (Pérez-Llamazares et. al., 2010).
Fronds were submerged and shaken in EDTA solution for 45 minutes followed by another 30
minutes in a fresh fraction of 10 mL of EDTA. The two EDTA fractions were combined for
extracellular Cu analysis. Samples were then blotted dry, weighed, and then dried in a furnace at
50°C for 24 hours before cooling for 24 hours in a desiccator. The dry weight of cooled fronds
was recorded and, finally, samples were submerged in 10 mL of 1M HNOs for 30 minutes of
shaking to induce partial digestion and release of intracellular Cu fractions.

All samples were then analyzed for copper content (DI, EDTA, and HNO3). The
individual DI water, EDTA, and nitric acid fractions were analyzed for Cu concentration using a
sector-field inductively coupled plasma—mass spectrometer (ICP—MS, Thermo-Fisher Element 2)
at the University of Southern Mississippi Center for Trace Analysis (CETA). A self-aspirating
nebulizer (Elemental Scientific, Omaha, NE, USA) with low-flow (100 puL/min) and Teflon
spray chamber was used. Cu-63 was determined in medium resolution and calibration was
conducted using external standards made in 0.16 M ultrapure nitric acid. These were then
checked against standard reference waters from the U.S. Geological Survey. There was also an
in-house consistency standard measured to ensure a sensitivity check, long-term stability, and
instrumental drift correction. Cu analysis was also conducted for solution blanks of DI, EDTA,

and HNO:s to determine baseline Cu concentrations.

4.3.3.2 Chlorophyll Extraction Method
Protocol used for chlorophyll extraction in water lettuce was adapted to determine

chlorophyll content for moss samples (Moran & Porath, 1980; Porra, 2002; Inskeep & Bloom,
1985). 10 individual fronds were collected from the 10 grided areas on each tray after imaging.
Moss fronds were cut 2 cm from the tip with a sterilized razor blade before being weigh.
Samples were then placed within a plastic sample tube and 2 mL of DMF (N-
Dimethylformamide) was added to each sample. Initial testing showed that 1 mL DMF was

needed for each cell layer of a sample, and the moss species was deemed be 2 cell layers thick
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given volume needed for full chlorophyll extraction within 48 hours (Petschinger et al., 2021).
DMF is more effective at limiting the continued degradation of chlorophyll than ethanol or
acetone, and can be used (when kept cold) for longer periods of time after extraction is initially
conducted (Porra, 2002; Hu et. al., 2013).

Samples were then capped, wrapped in aluminum foil, and immediately placed within a
cooler with ice packs to limit the amount of light exposure before finally being placed within a
freezer. After 48 hours, each sample was measured by spectrophotometry for chl-a and -b using a
1 mL cuvette. The cuvette was rinsed with DMF before 1mL of DMF was used to calibrate the
spectrophotometer (Hewlitt Packard Diode Array Spectrophotometer). Measuring of samples
was then conducted with cuvette cleaning and recalibration between every 30 samples.
Altogether 120 samples were analyzed using values of E®%3® and E®46-2 collected for each frond
and used to determine Chl a (Eg. 1), Chl b (Eq. 2), and Chl a+b (Eq. 3) at ug/ml levels (Porra,

2002). These were then adjusted for per mg wet weight of the original frond.

[Chl a] = 12.00 E®638 — 3.11 E646:8 Eq.1
[Chl b] = 20.78 E6*68 — 4,88 6638 Eq.2
[Chl a + b] = 17.67 E646:8 4 7.12 (6638 Eq.3

4.3.4 Data Analysis

4.3.4.1 Image Preprocessing
Previous work with moss masses required minimal to no preprocessing of images

collected using LIF due to the sample filling the full view of the CMOS camera. Moss fronds,
however, are collected with a black background creating a large number of decimal code values
at or near 0 (black). To assess the LIF response of a given frond and compare it to other frond
samples requires that only the pixels associated with moss be considered. Two approaches were
taken and will be compared for both effectiveness at capturing changes in images of moss fronds,
and to determine their computational demand. The first is a manual method of thresholding that
removes decimal code values (DCV) at intervals of 5 starting at 0 and increasing to 10% (25) of
the available decimal code values (256) regardless of color channel.

The second method applies automatic thresholding which either can be applied to each

color channel or can be applied to a grayscale version of the original LIF image. Previous work
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has seen great benefit from working with color images and comparing plant response in all three
color channels (R,G,B). Intuitively, it is expected that a grayscale image will produce less viable
results. Automatic thresholding or multi-thresholding relies upon segmentation of light and dark
regions within an image and benefits from contrasts between high and low intensities. High
counts of pixels will create a distinct peak when displaying the image as a histogram. If these
high abundance pixel regions are bound by DCV of low counts then the image can be segmented
into classes defined by the high pixel count peaks. Each peak correlates to a range of DCV
within the image so that a noisy or complex image may be difficult to segment. An image with
only two or three peaks are much easier to identify and remove the peak we would associate with
the background (low DCV). Single color or grayscale histograms of an image work best with this
method to evaluate for variances in the foreground and background pixels based on DCV (Otsu,
1979; Zhang & Hu, 2008; Bangare et al., 2015). The variance within the foreground and
background pixels helps to establish a threshold of high and low pixel values within the image.
Once this threshold is found, the image can be shifted to binary where all pixels below the
threshold are given a value of 0 and pixels above the threshold are given a 1. As such, pixels
recoded at O can be removed from the data set while those with a 1 are retained (Bangare et al.,
2015).

The challenge of using thresholding for image segmentation is that it is highly dependent
on the difference between pixel intensities. Shadows, poor resolution images, and boundary
regions can all cause valuable data to be lost or accidentally included because of uncertain
delineation for a given threshold (Otsu, 1979). The fronds provide high contrast with their dark
background and it is expected that thresholding will prove beneficial for this type of data.
Though masks can be created, thresholding does not require them to classify pixels within an
image but the option is available as are multiple thresholds within a given image (Zhang & Hu,
2008; Bangare et al., 2015). Because the established methodology of image analysis (Truax et
al., 2022) already uses color histograms for comparison, thresholding either manually or
automatically should prove effective. already collected from the sample LIF images used for

density difference and DTW comparison.
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4.3.4.2 Single-color comparison
After preprocessing, analysis of LIF in moss fronds was done by extracting RGB (Red, Green,

and Blue) pixels from each image to create density histograms based on decimal code value for each color
channel. These histograms were then normalized using the total pixel count to create percent abundance
curves. These curves were then used to calculate the difference between treated samples and the control

by either using the density difference method found in Eq. 4

Difference =1 — (3 min|trial(x),control(y)|) Eq. 4

where x represents the color intensities for the corresponding trial, and y represents the same for
the control images (Swain & Ballard, 1992). Or, difference can be calculated using dynamic time
warping to fit one curve to another (DTW):

D(i+1,j)
D(i,)) =|x() —y()|+min{ DI+ 1,j+1) Eq.5
D(i,j+ 1)

where x and y represent strings of data and i and j represent the length of each string so that D(i,j)
equals the best alignment distance between all data points along the lengths of x and y (Jekel et
al., 2018). Sample images of moss fronds were compared to control images collected for each
tray 8, 16, and 24 hours before Cu dosing. These are included in the results as negative values

before time 0 (dosing).

4.3.4.3 Multi-color comparison

Both density difference and DTW can be used to compare single-color histograms, but
only DTW can be used for two-color analysis which has been shown to improve contaminant
detection and separation of individual samples from the control (Truax et al., 2022). All two-
color combinations (RvG, GvB, RvB) were calculated for the collected images. A mean and
standard deviation to 3o were determined for the control and used to compare if any color
channel shows a significant deviation from the control’s variability regardless of analysis

method.
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4.4 RESULTS

4.4.1 Preprocessing Approach Comparison
To evaluate the benefits of using either manual or automatic thresholding in

preprocessing of frond images, 10 control images from Tray 3 were compared to all 30 control
images of fronds collected from all three trays. Figure 4.2 shows single color comparison
analysis using density difference and DTW to compare the same images with no alteration (0
pixels removed; 0 DCV), images with removal of pixels in ranges of DCV at intervals of 5 (5,
10, 15, 20, 25), images with automatic thresholding for each color channel (TH), and images
converted to grayscale before automatic thresholding is applied (MLT). The expectation is to see
little difference among the controls but the results reveal that density difference performs more
poorly when any level of thresholding is applied, but is most impacted by automatic thresholding
which would result in varying number of DCV removal between each image. When manually
removing DCV, 10-25 perform approximately the same with slight increases in separation
between frond samples with increasing DCV removal. Separation between samples is not
necessarily negative, but control samples are expected to be in a narrower range of difference,
which would optimally mean less variability in the control, hence easier separation of metal
dosed samples. At the same time 0 DCV removal results in less difference in images due to their

similarly black background.
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Figure 4.2: (A) Shows 10 density difference results of Tray 3 control images compared to all samples
within the control (Tray 1, 2, and 3) while (B) shows DTW results for the same data. Manual
thresholding was applied to compare the effect of analysis techniques. Decimal code values were
removed in increments of 5 from 0 to 25 for manual thresholding. Automatic thresholding (TH and
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MLT) adjusted the decimal code removal on an image-by-image basis. All results are for the blue color
channel, while MLT shows results of a grayscale version of the original image.

Single color DTW performs much better which is likely due to it being less affected by a
fixed comparison of the x-axis of image histograms. This is most notable when looking at the
distribution of points at TH and MLT. Where these were the worst performing methods for
density difference, they are quite good by comparison and outperform the high manual
thresholding levels. It is interesting to observe that in both cases the 0 and 5 DCV removal have
a narrow range for control images. In this case, being too narrow could be a result of too many
pixels located in lower DCV which skews the data distribution by given too much emphasis in
curve fitting to the more abundant regions dominated by the black background. This can be
compared in Figure 4.3 showing color histograms of 0, 10, 20 DCV removed, and automatically
set threshold (TH) images. With 0 DVC removed histogram profiles of all three color channels
are dominated by low DCVs. At the removal of 10 DVC we see profiles for all three colors
including their full peak curve. After removal of 20 DVC both red and blue color channels still
include their full DCV curve associated with the frond, but green is cut off right before its peak.
TH is similar to 20 with the green channel being cut short. To preserve all color channels for
analysis and comparison it was decided that frond images would be manually thresholded at 10
DCV. The results are reasonably in agreement at this threshold for both single color analyses.
Another reason for manually thresholding is due to automatic thresholding being very
computationally demanding and taking 6-10 times longer to process the same number of images
without the potential for only minimal improvement in comparison of treated and untreated
samples. Though MLT performs well with DTW and is not computationally demanding, it
requires a grayscale version of the image and thus makes multi-color comparison impossible to

perform.
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Figure 4.3: The four plots show histograms of the same image with varying number of decimal
code values removed ranging from 0, 10, 20, and an automatic threshold (TH) at 30.

4.4.2 Comparison of LIF approaches applied to fronds
Analysis of fronds was limited initially to comparing only those images from which

chlorophyll was extracted (single fronds). Pairs of fronds imaged for metal extraction were
withheld from this initial analysis to be used for validation of the technique at a later step. Fronds
were imaged using both laser systems (CoCoBi and Chl-SL) with results for all color channels
and all analysis methods shown for the CoCoBi in Figure 4.4. The CoCoBi consistently shows
better results when using the green and UV laser in tandem though results for the lasers used
individually can be found in Appendix C (6.3). When considering analysis methods, two color
DTW shows no deviation from the control at any point during the experiment save one control
sample for Tray 1. Both single color analysis methods show a deviation in the red and blue color
channels 24 hours after metal dosing for Tray 3 with no deviation in the green color channel. Of

these methods, density difference appears to perform least well, as expected (4.5.1) with several
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samples from all three trays deviating from the 3 ¢ confidence interval of the control when
looking at the red color channel. The blue color channel only deviates in Tray 3 24 hours after
dosing. Single color DTW is in good agreement indicating that the CoCoBi may be measuring a
metabolic response to the introduction of Cu 24 hours after the initial dosing. However, when
further inspecting images collected with the CoCoBI, the blue channel response appears linked to
a change in the tips of the fronds which could indicate a growth response in the moss and not

being specific to chlorophyll fluorescence.
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Figure 4.4: Comparison of moss response to both lasers of the CoCoBi using three image analysis
methods: (A-C) single-color density difference, (D-F) single-color DTW, and (G-1) two-color DTW.
Images of fronds were collected every 24 hours over three days. At time 0 three Cu treatments were
given at 1 nmol/cm? for Tray 1 (blue), 10 nmol/cm? for Tray 2 (cyan), and 100 nmol/cm? for Tray 3
(magenta).

When using the Chl-A laser, application of the Chl-B filter improved image analysis

results for all methods by providing better separation from the control samples and between trays
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(Figure 4.5). Chl-A laser results with no laser and with the Chl-A filter can be found in Appendix
C. Again, it can be observed that results using density difference are varied between color
channels and between trays, and time since Cu dosing. The blue color channel is the most
representative of the deviation expected of Cu dosing with clear separation using both single
color and two color analysis methods with only the higher dosed Trays 2 and 3 separating from
the control. There is almost no deviation in single color DTW for red and green color channels,
but two color DTW reveals good separation from the control at time 0 and some separation of
individual fronds from Trays 2 and 3 at 24 hours after dosing. The results here, however, are still
muddled when considering red channel results, especially for two color analysis of red versus

green (RvG) where there is separation from the control by some samples before dosing occurs.
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Figure 4.5: Comparison of moss response to the Chl-A laser (445 nm) with the Chl-B filter (650
nm) of the Chl-SL system using three image analysis methods: (A-C) single-color density difference, (D-
F) single-color DTW, and (G-1) two-color DTW. Images of fronds were collected every 24 hours over
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three days. At time 0 three Cu treatments were given at 1 nmol/cm? for Tray 1 (blue), 10 nmol/cm? for
Tray 2 (cyan), and 100 nmol/cm? for Tray 3 (magenta).

The Chl-B laser with application of the Chl-B filter improves upon the results in Figure
4.5 regardless of analysis method. It can be seen in Figure 4.6 that the density difference method
still shows wide variability between samples and separation from the control 3 ¢ before and after
Cu dosing. However, it does show a change in the same distribution of points when comparing
the blue color channel to red and green. Again, single color DTW performs better, but still has a
few samples that deviate from the control in each of the color channels. The separation at the
time of dosing (time 0) is well represented in the blue color channel while the red and green
show an outlier from the general population results. Two color DTW shows good separation in
both GvB and RvB for Trays 2 and 3. It also appears to show separation between the two dosing
levels in GvB with Tray 3 samples slightly higher than those of Tray 2. There are still a few
responses 24 and 48 hours later, but the initial Cu dosing is well separated and distinguishable
from these perhaps prolonged metabolic processes. Though quite similar, the Chl-B laser with
Chl-B filter (Figure 4.6) may provide slightly better specificity to individual frond response than
observed with the Chl-A laser with Chl-B filter (Figure 4.5).
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Figure 4.6: Comparison of moss response to the Chl-B laser (462 nm) with the Chl-B filter (650
nm) of the Chl-SL system using three image analysis methods: (A-C) single-color density difference, (D-
F) single-color DTW, and (G-1) two-color DTW. Images of fronds were collected every 24 hours over
three days. At time 0 three Cu treatments were given at 1 nmol/cm? for Tray 1 (blue), 10 nmol/cm? for
Tray 2 (cyan), and 100 nmol/cm? for Tray 3 (magenta).

In Figure 4.7, all blue color channel or two color RvB results from each of the laser
systems (Figures 4.4-6) are compiled for direct comparison. The 24 hour response after Cu
dosing recorded by the CoCoBi is especially prominent here for Tray 3, but not well documented
using the chlorophyll specific lasers. The Chl-A and Chl-B results show differing ranges for
healthy chlorophyll response, but are in good agreement for separation at the time of Cu dosing
(time 0). Upon closer inspection, Chl-A regardless of analysis method shows tightly condensed
ranges for Tray 2 and 3 results at time 0 while Chl-B shows better separation from the control 3
o for both DTW analysis of single and two colors while also showing good separation between

individual fronds. Regardless of laser, density difference performs poorly when compared to
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DTW even if overall distributions of points are similar. In Figure 4.8 Chl-A laser results of two
color DTW are plotted to compare manual thresholding at 10 DCV and automatic thresholding.
Automatic thresholding is in good agreement with manual method results, but show less
separation from the control. Due to the computational demand and marginal observed
improvement in analysis results, manual thresholding at 10 DCV is deemed to outperform
automatic thresholding at this time. Because Chl-B results have better separation between

individual frond samples, it’s two color DTW results will be compared to chlorophyll and metal

extraction.
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Figure 4.7: Comparison of 3 laser systems (CoCoBi — A,D,G; Chl-A - B,E,H; Chl-B - C,F,1) and 3
analysis methods (density difference — A,B,C; single color DTW — D,E,F; two color DTW — G,H,I) in the
blue or RvB color channel. Images of fronds were collected every 24 hours over three days. Attime 0
three Cu treatments were given at 1 nmol/cm? for Tray 1 (blue), 10 nmol/cm? for Tray 2 (cyan), and 100
nmol/cm? for Tray 3 (magenta).
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Figure 4.8: Comparison of two color DTW image analysis results using manual thresholding at 10
decimal code values and automatic thresholding for the Chl-B laser fitted with the Chl-B filter.

4.4.3 Comparison of LIF analysis to Chl-SL and SET fronds
Before comparison to chemical analysis results, two-color DTW was also applied to

images collected of pairs of fronds for metal extraction. Figure 4.9 shows a visual comparison of
how images look for a single frond collected for chlorophyll extraction and a pair of fronds
collected for metal extraction. Figure 4.10 applies two-color DTW to images collected for both
chemical analysis techniques for both the Chl-A and Chl-B lasers while using the Chl-B filter.
There are subtle differences between images of single and pairs of fronds, but overall, the
distribution of samples is very similar regardless of laser or number of fronds within the image
analyzed. Pairs of fronds may show less separation between individual samples when compared
to single fronds, but their degree of difference using two color DTW is in the same area. The
range of the control is more similar between the Chl-A and Chl-B laser when observing frond
pairs, but is minimally shifted when comparing single versus pairs for the Chl-B laser. These
results give us confidence that the technique of two color DTW applied to images that have
undergone thresholding of 10 DCV is repeatable for future samples, and easily adaptable to

samples of different shapes and sizes.
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(A) Chl Extraction

(B) SET

Figure 4.9: (A) Shows an LIF image collected of a single frond that later underwent chlorophyll
extraction while (B) shows an LIF image of a pair of fronds that underwent metal extraction.
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Figure 4.10: Comparison of two color DTW RvB results for both the Chl-A and Chl-B lasers with
Chl-B filter when applied to single fronds from chlorophyll extraction and pairs of fronds collected for
metal extraction (SET).



4.4.4 Chlorophyll Extraction and SET Results
Table 4.1 shows results of chlorophyll extraction for single fronds collected over the 72

hours of the experiment, while Table 4.2 shows Cu concentrations for both wet and dry weight.
It should be noted that while chlorophyll content was measured for all fronds, only 5 samples
from each tray collected before Cu dosing (control) were sent for metal analysis via ICP-MS (15
in total). In Figure 4.11, two color RvB DTW results are plotted against Chl a/b ratio for
individual fronds while Figure 4.12 shows DTW analysis plotted against Cu dry weight values
(nmol/g) for pairs of fronds. Plots of chl-a and -b, total chlorophyll, and chl versus metal content
can be found in Appendix C. Chlorophyll results show a more compacted distribution of points
when using the Chl-A Laser. Though Chl-B data is sparser there is still clear separation for
samples not collected on the same day of Cu dosing. Samples collected on non-dosing days all
stay below 0.5 difference and all none deviating points are below 0.3. There does appear to be
correlation between a lower chl a/b ratio and Cu dosing with Tray 3 almost all below 1 in Figure
4.11, but the broad distribution of points appears between 0.5 and 3. Metal analysis results show
the same clear separation above 0.7 DTW difference for samples collected after Cu dosing, but
metal content does not appear directly correlated with deviation from the control in DTW. The
control samples are clustered within the same region, with some deviation by Tray 2 and 3 at 24
and 48 hours after dosing. However, there are several Tray 3 samples collected 24 hours after
dosing that still have high Cu content but are not observed to deviate. Therefore, it is possible to
estimate that contamination is present in a given frond based on DTW, but high Cu levels

separate for the initial dosing event do not correlate to high DTW difference.
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Table 4.1: Results from chlorophyll extraction. Values shown are for 10 fronds collected every 24 hours from each tray including a control. These on Chl-a (nm)

and Chl-b (hm) measurements taken with a spectrophotometer and calculated by using the equations detailed in (Porra, 2002). Each value is adjusted for by

weight (mg) of a 2 cm section of frond measured before chlorophyll extraction.

Chl-a Chl-b Total Chla/hb Chl-a Chl-b Total Chla/hb Chl-a Chl-b Total Chla/b
Tray 1 /mg /mg Chl/mg permg | Tray 2 /mg /mg Chl/mg permg | Tray 3 /mg /mg Chl/mg  per mg
Cont 1 4.526 1.714 6.241 1585 | Contl 3.121 1.204 4.324 1.463 | Contl 2.214 0.853 3.068 0.763
Cont 2 4.112 1.609 5.722 1.163 | Cont2 4576 1.672 6.248 1.841 | Cont2 2.738 0.974 3.712 1.102
Cont 3 4.662 1.806 6.468 2.797 | Cont3 2.773 1.043 3.816 0.519 | Cont3 5.369 2.025 7.395 2.299
Cont 4 3.250 1.193 4.443 1574 | Cont4 7.293 2.751 10.044  3.432 | Cont4 5.131 1.920 7.050 1.473
Cont5 3.355 1.319 4.674 1.364 | Cont5 2.934 1.123 4.058 1.104 | Cont5 3.711 1.403 5.115 1.659
Cont 6 2.525 1.028 3.552 1.505 | Cont 6 3.998 1.488 5.486 1.118 | Cont 6 9.147 3.505 12.652  2.295
Cont 7 4.226 1.615 5.841 2.763 | Cont7 3.174 1.183 4.357 0.703 | Cont7 2.278 0.882 3.160 1.330
Cont 8 5.012 1.928 6.940 1.659 | Cont8 4.185 1.608 5.793 0.875 | Cont8 3.920 1.601 5.521 1.314
Cont 9 4.484 1.770 6.253 1.240 | Cont9 3.907 1.453 5.360 1.381 | Cont9 2.705 0.974 3.679 1.478
Cont 10 4.434 1.711 6.146 2.255 | Cont 10 7.278 2.735 10.014  5.027 | Cont 10 1.870 0.680 2.549 0.755
T0-1 1.206 0.476 1.682 0.780 [ TO-1 2.273 0.926 3.199 0.638 [ TO-1 1.836 0.830 2.665 1.030
TO-2 2.477 0.930 3.407 0.652 [ TO-2 1.707 0.701 2.408 0.606 | TO-2 1.615 0.650 2.265 0.574
T0-3 3.395 1.268 4.663 0.673 [ TO-3 3.953 1.614 5.567 0.710 [ TO-3 2.533 1.016 3.549 0.598
TO-4 3.682 1.641 5.324 0.896 | TO-4 4.240 1.725 5.966 2.081 [ TO-4 2.111 0.859 2.970 0.842
T0-5 2.219 1.177 3.396 0.798 [ TO-5 5.225 2.129 7.354 2191 [ TO-5 3.441 1.344 4.785 1.042
TO-6 1.689 0.619 2.308 0.577 [ TO-6 5.779 2.248 8.027 0.918 [ TO-6 4.022 1.509 5.531 1.026
TO-7 3.561 1.435 4.996 1288 | TO-7 2.881 1.140 4.021 0.735 [ TO-7 1.754 0.628 2.382 0.610
TO-8 2.339 0.943 3.282 0.889 [ TO-8 2.877 1.227 4.104 1426 | TO-8 2.915 1.177 4.092 0.564
T0-9 1.809 0.731 2.540 0.570 [ TO-9 3.632 1.554 5.186 1359 | T0-9 1.810 0.698 2.508 0.590
T0-10 3.429 1.351 4.780 2192 | T0-10 2.849 1.245 4.095 1482 | TO-10 1.999 0.745 2.744 0.533
T24 -1 2.640 0.992 3.632 1792 | T24-1 3.702 1.354 5.056 1642 | T24-1 3.520 1.385 4.905 1.474
T24 -2 3.615 1.332 4.947 1144 | T24-2 2.681 0.998 3.679 1.238 | T24-2 5.275 1.926 7.201 1.621
T24 -3 3.551 1.389 4.940 0.635 | T24-3 2.152 0.784 2.936 0.995 | T24-3 1.799 0.742 2.542 0.607
T24 -4 2.755 1.065 3.819 0.871 | T24-4 2.626 1.043 3.669 1.054 | T24-4 2.161 0.792 2.952 0.964
T24-5 2.348 0.892 3.240 2.005 | T24-5 2.702 0.981 3.682 1399 | T24-5 2,777 1.056 3.833 1.129
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T24 -6 4.465 1.756 6.221 0.636 | T24-6 2.525 0.945 3.470 0.794 | T24-6 1.498 0.549 2.047 1.581
T24 -7 4.559 1.709 6.268 1427 | T24-7 3.311 1.188 4.499 0971 | T24-7 1.677 0.596 2.272 1.294
T24-8 6.657 2.401 9.059 2490 | T24-8 4.602 1.652 6.254 1174 | T24-8 1.712 0.668 2.380 0.954
T24 -9 1.710 0.632 2.341 1.183 | T24-9 4.462 1.729 6.191 0977 | T24-9 1.812 0.606 2.419 1.128
T24-10 3.957 1.480 5.437 1.186 [ T24-10 5.013 1.936 6.949 1191 [ T24-10 1.770 0.623 2.393 1.556
T48-1 3.472 1.248 4.721 1.042 | T48-1 2.278 0.842 3.120 0.790 | T48-1 3.160 1.087 4.246 2.463
T48 -2 3.517 1.366 4.883 1219 | T48-2 3.055 1.088 4.143 1279 | T48-2 2.013 0.680 2.693 1.346
T48-3 2.692 1.003 3.696 1251 | T48-3 4.375 1.672 6.047 0.561 | T48-3 6.490 2.480 8.970 1.415
T48-4 1.996 0.752 2.748 0.987 | T48-4 8.229 3.007 11236  3.755 | T48-4 3.291 1.265 4.556 1.702
T48-5 2.413 0.868 3.281 2.236 | T48-5 3.986 1.475 5.461 1201 | T48-5 2.946 1.123 4.070 1.347
T48-6 2.091 0.762 2.853 0.985 | T48-6 3.117 1.206 4.323 1434 | T48-6 2.559 0.867 3.426 2.726
T48-7 2.889 1.005 3.894 1326 | T48-7 3.473 1.269 4.742 1526 | T48-7 6.746 2.636 9.383 1.876
T48-8 3.817 1.434 5.251 1499 | T48-8 4.453 1.666 6.119 0.964 | T48-8 3.498 1.307 4.806 0.801
T48-9 2.055 0.783 2.839 1.133 | T48-9 3.218 1.168 4.386 2727 | T48-9 2.642 1.082 3.724 2.134
T48-10 0.733 0.262 0.995 0.681 | T48-10 5.311 1.919 7.231 1523 [ T48-10 1.785 0.644 2.429 1.651
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Table 4.2: Results from metal extraction. Values shown are of wet and dry weight of pairs of fronds. 10
sets of fronds for each tray were collected and Cu extracted using SET every 24 hours. Values are
adjusted to account for weight (g) of moss pairs and shown in nmol/g and mg/kg levels.

Tray 1 WW dw Tray 2 ww dw Tray 3 ww dw

Control 1 0.135 0.657 Control 1 0.073 0.270 | Control 1 0.027 0.169
Control 2 0.047 0.232 Control 2 0.028 0.147 Control 2 0.043 0.261
Control 3 0.049 0.215 Control 3 0.023 0.129 | Control 3 0.040 0.107
Control 4 0.058 0.258 Control 4 0.037 0.218 | Control 4 0.042 0.290
Control 5 0.050 0.358 Control 5 0.034 0.233 [ Control 5 0.030 0.201
TimeO0-1 0.090 0.304 | TimeO-1 0.210 1524 | TimeO-1 2.124 14.470
Time 0 - 2 0.113 0.409 | TimeO-2 0.261 2.136 | TimeO0-2 2.258 11.109
TimeO0-3 0.126 0.524 | Time0-3 0.099 0.965 | TimeO-3 1.351 11.039
Time0-4 0.079 0.352 | Time0-4 0.176 1.061 | Time0-4 2.106 13.178
TimeO0-5 0.098 0.387 | Time0-5 0.286 2420 | TimeO0-5 1.593 12.760
TimeO0-6 0.084 0.390 | Time0O-6 0.069 0434 | TimeO0-6 1.613 10.272
TimeO0-7 0.060 0.346 | TimeO-7 0.180 1648 | TimeOQ-7 2.065 15.628
TimeO0-8 0.185 0.480 | Time0O-8 0.133 1.094 | Time0-8 0.989 8.377
Time0-9 0.059 0.334 | Time0-9 0.121 1195 | Time0-9 2.396 18.085
Time 0 - 10 0.108 0.275 | Time0-10 0.195 1578 | Time0-10 2.426 21.176
Time 24 -1 0.135 0531 | Time24-1 0.173 0.790 | Time24-1 2.047 12.101
Time 24 - 2 0.083 0.387 | Time24-2 0.184 0.891 | Time24-2 0.894 6.601
Time 24 - 3 0.068 0331 | Time24-3 0.122 0.965 | Time24-3 3.789 18.376
Time 24 - 4 0.059 0.337 | Time24-4 0.207 1541 | Time24-4 1.480 10.655
Time 24 -5 0.095 0.355 | Time24-5 0.158 1.458 | Time24-5 1.495 7.566
Time 24 - 6 0.032 0.251 | Time24-6 0.426 1.659 | Time24-6 2.727 19.670
Time 24 - 7 0.063 0279 | Time24-7 0.199 1.103 | Time24 -7 2.184 12.659
Time 24 - 8 0.067 0.356 | Time24-8 0.236 1.400 | Time24-8 0.696 5.298
Time 24 -9 0.050 0.367 | Time24-9 0.170 1370 | Time24-9 2.138 13.261
Time 24 - 10 0.088 0.399 | Time?24-10 0.101 0.753 [ Time?24-10 1.254 8.152
Time 48 -1 0.091 0.457 | Time48-1 0.181 1.022 | Time48-1 2.285 13.269
Time 48 - 2 0.101 0.358 | Time48-2 0.233 1.148 | Time 48 - 2 0.983 6.900
Time 48 - 3 0.058 0.361 | Time48-3 0.188 1114 | Time 48 - 3 2.035 11.327
Time 48 - 4 0.056 0.276 | Time48-4 0.440 2323 | Time48-4 1.148 6.357
Time 48 -5 0.089 0.289 | Time48-5 0.214 1199 | Time48-5 1.719 10.314
Time 48 - 6 0.127 0.408 | Time48-6 0.208 1254 | Time 48 -6 1.722 5.176
Time 48 - 7 0.064 0.297 | Time48-7 0.257 0.760 | Time48-7 2.124 10.785
Time 48 - 8 0.063 0.333 | Time48-8 0.242 1.107 | Time 48 -8 1.814 14.474
Time 48 -9 0.098 0.361 | Time48-9 0.249 1.470 | Time48-9 0.755 5.778
Time 48 - 10 0.124 0.457 | Time 48 - 10 0.339 1.497 | Time 48 - 10 1.886 13.694

83



-

o Tray 1
Tray 2 |
08 i © Tray3 |

o o o
o

© © o 2 o ©
G O N 0 O

Two Color DTW
»

Two Color DTW

o
w

Chl-A Laser
Chl-A Laser

- ©

»:

<

e o
- e = N

o
©
e
o

| . 0.8 0.8
Q -

(7] 0.7 Q 0.7¢
© B = I
—l e 0.6 (] e 0.6
m ol

1 004 m 00.4H
5 Foa T T3]

0.2 " &) 0.2 i
1

o
-
o

o
o

o
@

) 1 2 3 4 5 10 15 20
Chl a/b Ratio nmol/g Cu (dry)

Figure 4.11: Chlorophyll extraction results of  Figure 4.12: Metal extraction results of
chl a/b ratio, compared to two color DTW results Cu dry weight of fronds collected every 24

from images collected using the Chl-A (top) and hours compared to Chl-A and Chl-B two
Chl-B lasers (bottom) using the B filter. (Total color DTW results.

Chl, chl-a and -b can be found in Appendix B)

Because chlorophyll and metal extraction are both destructive processes, it was not
possible in this case to analyze the same fronds for both chlorophyll and Cu content. However,
an attempt was made in Figure 4.13 to make a rough comparison using single frond results and
matching Cu extraction values to the already plotted Chl a/b ratio. What results is a clear
separation of points below and above 0.5 two color DTW difference. Those above 0.5 were
fronds collected from Trays 2 and 3 on the same day as Cu dosing while all other data below 0.5
were either collected before dosing (control) or after dosing (24 and 48 hours later). Though the
amount of Cu absorbed by the fronds is quite variable their response using DTW is consistent.
Most notable would be that the shift in Chl a/b ratio to below 1 is correlated to this high initial
Cu dose, while over time the moss shifts to a higher Chl a/b ratio. In fact, the Tray 1 and Tray 2
Cu doses could prove beneficial to long term moss health by increasing chlorophyll production.

At this time, DTW applied to image analysis appears valuable to being able to detect Cu
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contamination within moss frond sample shortly after a pollution event, but is less valuable after
24 hours. Though degree of DTW cannot specify the level of contamination it can indicate a
minimum threshold and range of contamination above the background since no Tray 1 samples
deviated through the experiment. DTW was also able to help document correlation to shift in

chlorophyll content due to the introduction of metal.
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Figure 4.13: (A) Chl-B laser results (x-axis) compared to chlorophyll extraction results of a/b ratio (y-
axis) and dry weight metal extraction (z-axis). (B) Shows the same data with a logarithmic scale for Cu.

4.5 DISCUSSION
Previous work applied image analysis of LIF image strictly to moss mats that filled the

full view of the CMOS camera utilized in both the CoCoBi and Chl-SL. Though the CoCoBi has
been successful in determining the presence of Pb and delineating the moss reaction to metal
versus environmental stressors, it’s application towards other metals such as Cu and Zn have
been inconsistent with the level of metal dosing. Thus, the Chl-SL system was developed for
testing if more chlorophyll specific lasers such as the Chl-A (445 nm) and Chl-B (462 nm) used
in this work would prove to be better at detecting Cu contamination above environmental
background. Techniques for single- and two color image analysis were also applied here to moss
fronds to aid in determination if moss mat techniques could be used for targeted sampling of
moss fronds that would be representative of identified contamination and aid in complementing
of more traditional chemical analysis through chlorophyll and metal extraction.

To achieve image analysis, preprocessing of images was necessary to remove the

dominant pixel counts at low decimal code values (DCV) which are a result of the black
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aluminum oxide sheets that are used as a non-reflective background during the experiment.
Several manual and auto thresholding levels were applied to the images and then evaluated by
single color analysis for their effective removal without loss of valuable fluorescence
information from frond samples. It was determined that a thresholding and removal of the first
10 DCV vastly improved results of DTW which is a technique not impeded by changes in x or y-
axis and only concerned with finding the best fit between two curves. Density difference
however was greatly impacted, which lead to similar distributions of data when compare to
single and two color DTW, but poor separation when compared to control fronds. Though auto
thresholding shows promise, it ultimately was far too computationally demanding when applied
to multiple color channels for the potentially minimal benefit of better sample identification of
Cu dosing. Using a grayscale version of the image for thresholding is not as computational
demanding, but limits the use of multiple color channels for evaluation without any improved
results for Cu dosing identification.

When comparing the different laser systems, the Chl-SL performs better than the CoCoBi
whether using the Chl-A or Chl-B laser. Density difference performs poorly regardless of laser
or filter systems in use, but both single and two color DTW perform well. Use of the Chl-B filter
with either Chl laser provides a better separation of frond samples from time 0 at Cu dosing than
without a filter or with the Chl-A filter. This is most likely because it is best at capturing the
maximum absorption of Chl-B reaction to metal stress while also overlapping with the more
dominant Chl-A absorption and emission region (Israsena Na Ayudhya et al., 2015). Though
both lasers perform well, the Chl-B laser may offer the potential to separate out not only an event
of metal contamination above background levels, but also to distinguish between individual
levels of contamination. Whether applied to single fronds or pairs of fronds, the lasers when
fitted with the Chl-B filter and with images preprocessed to remove the first 10 DCV are
effective at detecting fronds immediately after Cu dosing using single or two color DTW
analysis.

Evaluation of chlorophyll and metal analysis when compared to DTW results for both
Chl lasers shows distributions of fronds into to sections. In the first section are those DTW
images of fronds that deviated from the control at the time of Cu dosing and the second are all
other samples. In the case of chlorophyll a/b ratio, DTW difference above 0.5 correlates to the

initial Cu dose with Tray 2 samples below and a/b ratio of 2 and all Tray 3 samples with the
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higher dose of 100 nmol/cm? falling below an a/b ratio of 1. This would indicate that the intial
Cu dose may result in moss fronds responding with either a decrease in chl-a, an increase in chl-
b, or both. It can be noted that a lower a/b ratio (2 or lower) can be expected of images collected
that produce a DTW difference above 0.5. However, a lower a/b ratio is still present in
uncontaminated samples and thus a separation of samples based solely on chlorophyll a/b ratio is
not possible. Similarly, metal analysis reveals separation of Trays 2 and 3 from all other samples
based on their Cu levels, but only those samples collected on the Cu dosing day deviate in DTW
above 0.5. Tray 3 values at 24 and 48 hours after dosing still have high levels of Cu content and
yet do not deviate from the control when observing DTW analysis of images. Thus, DTW
deviation can help to determine a threshold of Cu contamination soon after an event, but will not
detect metal contamination already present in the plant.

It is considered a success that techniques previously only applied to moss mats have been
adapted and proven here to be applicable to individual fronds as well. It is believed that the
single or two color DTW analysis can be used for analysis of any fluorescence response to aid in
evaluation and determination of difference from a control sample. More-over, the removal of the
first 10 DCV for RGB images appears as useful if not more than automatic thresholding with the
benefit of being computationally much faster to complete. The ability to test the manual
thresholding on single fronds and validate its effectiveness when applied to pairs of fronds gives
us confidence that the technique can be used for any sample where the background may
contribute a dominant number of pixels. More testing is needed for application to backgrounds
that are not uniform or may have depth challenges. It is believed that automatic thresholding
could aid with such data sets, but must be improved before feasibly applied for reasonable
evaluation time. If information for multiple colors is not needed or desired, the automatic
thresholding should be quite useful and efficient if the provided image is in grayscale.

Future work would like to further validate the results in this research and also explore the
response of moss to other metals of interest with the new Chl-SL system. Application to other
plant types, specifically aquatic or vascular plants is of great interest to understand differences in
fluorescence signature between species. It could also be of interest to explore if the specific
levels of chl-a and chl-b can be determined within a given image collected with LIF. At this
time, the image processing technique have proved useful in validating that LIF can be used to

identify Cu contamination shortly after an event without confusing it for background level or
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historic events. The technique, with limited modification through image preprocessing, can be

used on either moss mats or moss fronds with valuable results.

4.6 CONCLUSION
The work compared LIF and image processing techniques previously used only on moss

mats to evaluate chlorophyll and Cu content on moss fronds with the intent to develop a method
to complement more traditional laboratory measurements. Manual thresholding was necessary as
an image preprocessing step by removing the first 10 decimal code values of each color channel
(RGB). Both single and two color DTW analysis to compare images to the control were effective
at identifying samples immediately after Cu dosing. When compared to chlorophyll extraction,
the higher DTW difference of time 0 Cu dosed fronds correlated to lower chlorophyll a/b ratios.
Metal content above the dosing level of 10 nmol/cm? were also disguisable at time 0 using DTW.
However, high metal content and low chlorophyll a/b ratios do not correspond directly to DTW
difference. But, DTW difference does correlate to lower chlorophyll a/b ratios and higher metal
content. Future work should re-assess preprocessing techniques and apply them to other plant
and leaf types to understand various fluorescence response. The methodology of LIF paired with
DTW image analysis is validated through comparison to chemical analysis to identify immediate
moss response of Cu dosing. As the results of identification using DTW are only tied to high
metal toxicity and changes in chlorophyll the technique could prove useful as an aid for field and

laboratory work as an initial indicator of metal contamination.
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5 CONCLUSION

5.1 SUMMARY
The dissertation’s focus was on the development and testing of a novel remote sensing

technology for potential application in the field for monitoring metal contamination in the
environment through using LIF to measuring changes in moss response. The work continued
building on the methodology outlined in Truax et al. (2022) and was adapted for use with
different metals, environmental stressors, and sample sizes. Because the LIF technique captures
fluorescence via a CMOS camera, the need for determination of the best image processing
techniques with wide application became one of the primary focuses of the work. It was also
important to compare the different LIF systems used over the course of the research to
understand which wavelengths would prove most effective when observing chlorophyll changes
in plants.

Chapter 2 was dedicated to testing the newly improved CoCoBi and its sensitivity levels at
the nmol/cm? level for multiple metals and environmental stressors. As with the Master’s
research (Truax et al., 2020) use of both lasers in tandem proves the most effective application
for image collection and analysis. Batch processing of images helped to increase the volume of
data collected from a limited number of samples with minimal computational demand. Use of the
density difference method of single color analysis and DTW for two-color analysis proved best
for either separating metals from environmental stressors or separating metals from changes in
photoperiod. Development of three-color analysis using ratios helped to confidently identify
metals from other stressor types. Most notably by showing deviation in more than one color
channel for metal contamination by Pb and a mixture of metals, versus only deviation in the blue
color channel for other stressor types. Zn and Cu were less consistent and understanding their
response is important since they are essential nutrients to plants.

Chapter 3 strove to compare two laser systems and see if it were possible to validate response
previously recorded by the CoCoBi in Chapter 2 when using the same Cu dosing experiment.
The CoCoBi was compared to the Chl-SL with traditional chemical analysis included to
determine if the fluorescence responses observed by either system were linked to chlorophyll
response. The CoCoBi was inconsistent in its results with limited deviation from the control. In

contrast, the Chl-SL lasers tested (445 nm and 462 nm) performed very well with similar
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response at the time of Cu dosing regardless of the analysis method used for comparison.
Regardless of the laser used, it is recommended that the 670 nm bandpass filter be used to reduce
the signal received by the CMOS camera. Of the analysis methods, both single and two color
DTW provide better specificity than density difference. The blue color channel was the most
responsive to change corresponding to Cu dosing. Results of chemical analysis compared to
DTW reveal that high Cu content and low chl a/b ratio are associated with observed deviation
from the control. However, high Cu content and/or low chl a/b ratio do not guarantee deviation
from the control.

Chapter 4 took interest in applying image processing techniques that would allow for
previous methodologies to be translated to use with individual moss fronds instead of the
previously tested moss mats. Manual thresholding proved as a necessary image preprocessing
step needed to remove the first 10 DCV from each color channel within the image. Regardless of
the degree of thresholding density difference proved an ineffective method when applied to moss
fronds. However, both single and two color DTW were effective at identifying samples shortly
after Cu dosing. Those samples with the initial Cu dose of 10 nmol/cm? or more were easily
distinguished from other samples. As with Chapter 3, DTW deviation from the control correlated
very well with high Cu content and low a/b ratio, but these factors do not guarantee a detectable
fluorescence responds. It is believed that the manual thresholding methods could easily be
applied to other sample shapes and types with similar results.

Review of the presented work provides only a sample of the potential that LIF and image
processing have to aid in understanding metabolic response in plants. With multiple
wavelengths, there have been success in metal identification, stressor identification, and
understanding of plant response to metal exposure. Though the long-term response to heavy
metal contamination may not be monitored through LIF, a recent change in the environment
could easily be detected. The remote sensing and non-destructive nature of the methodology
allows for repeated monitoring of the same sample or habitat. Though its specificity towards
level of metal contamination is only above the background, the promise of LIF as an aid in
reducing the need for laborious sample collection is there. The small size and cost of the Chl-SL
could make it well suited as a hand held, laboratory, or future drone technology for monitoring

plant health and environmental contamination.
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5.2 FUTURE WORK
Many of the techniques presented are relatively new due their combination together in trying

to understand complex processes. With each answer that was uncovered through the
experiments, several more questions followed. If the work were to continue within the scientific
community, there are several future paths that could be explored. The combined effect of
photoperiod and metal stress is of interest. Climate or season were not fully explored and could
vary vastly depending on species. With that, only one bryophyte was explored as part of this
work, but there are many out there with varying responses, chlorophyll content, and metal uptake
as bioaccumulators. Though not presented here, work with vascular plants and water ferns has
been conducted with success both in hydroponics and soil substrate. However, these were not as
robust in their testing and offer more questions about fluorescence response, the role of soil
chemistry, nutrient cycling, and metal accumulation in various plant structures. Though the
CoCoBi was less effective for use with moss, it was valuable for detecting metal contamination
versus environmental stressors. It was also very good at detecting the presence of Pb. The Chl-
SL performed well and has been applied to multiple vegetation types with promising results.
However, the current laser setup is small and low power limiting its optimal working range
within 2 m. For adaptation to drone deployment, more powerful units will be required which
could lead to a higher payload than desired. The fast nature of the analysis means real-time
application is possible, but was not integrated into the work as of yet. Though currently all
available code is in MATLAB, it is quite translational to Python with plans of shifting the work

over for more accessibility.
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6 APPENDIX

6.1 APPENDIX A

6.1.1 Comparison of images collected using the Biofinder and the CoCoBi
Figure A.1 shows images captured of Cu dosing response in moss using the Biofinder

(umol/cm?) and the CoCoBi (nmol/cm?) for comparison. Figure A.2a shows a plot comparing
moss treated with Cu at nmol/cm? Cu to a control sample using the CoCoBi and analyzed with
the methods from Truax et al. (2020) over a 48-hour period. Dosing was determined based on the
previous single dose response using the Biofinder at 1.5 pumol/cm?. Three treatment levels, each
one exponentially lower than the previous concentration (150, 15, 1.5 nmol/cm?), were tested
using the CoCoBi and their separation from the control is shown in Figure A.2b. 15-150
nmol/cm? Cu doses are easily identified, but 1.5 nmol/cm?, which would fall within background

environmental levels, overlaps with the control images.

Figure A.1: Image A shows moss with 1.5 mmol/cm? Cu dose collected using the Biofinder. Image B
shows moss with 0.15 mmol/cm? Cu dose collected using the CoCoBi. While both show a red
biofluorescence of chlorophyll, the red response is more pronounced when using the CoCoBi at a lower
Cu dose.
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Figure A.2: Plot A displays Cu treated moss at different nmol/cm? Cu levels and a control sample (DI
only) using images collected from the CoCoBi. Note the clear separation between Cu treated moss from
the control. Plot B reveals that separation at 15-150 nmol/cm? is clearly distinguishable from the control,

but 1.5 nmol/cm?would be more difficult to identify though well within normal environmental levels.

6.1.2 Preliminary testing to characterize Pb and Zn response in moss
Preliminary exploration of the response of Pb and Zn in moss using LIF was conducted

as a part of the research conducted in Truax et. al. (2020), but has never been published. The
results of the 96-hour experiment show metal content in Table A.1 where Pb had an increasing
absorption over time, while Cu and Zn remained either constant with dose or decreased slightly.
Figure A.3 displays images of Cu, Pb, and Zn treated moss with analysis for each color channel
compared to a control over 48 hours after dosing of each metal. Pb does not separate from the
control to the same degree as Cu,but is distinguishable. Zn on the other hand is only
distinguishable upon dosing and observing the blue channel. The results of the work showed
promise in detecting and identifying different metals and could benefit from the greater

sensitivity of the CoCoBI, thus becoming a focal point of the research presented as part of this
work.

Table A.1: Total dose accumulation over 48 hours after first treatment of moss using Cu, Pb, and Zn
measured in zmol/g dry weight for dosing at 1.5 zmol/cm? levels. Values represent total metal
accumulated in two fronds sampled from moss masses. Metal extraction was conducted using the
sequential elusion technique (SET) to separate out the surface, extra-, and intracellular accumulated
metals (Brown and Wells, 1988; Vazquez et. al., 1999a; Pérez-Llamazares et al., 2010). Each reported
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value is represented by 1 pair of fronds except the Cu 0 and 48 hour which were comprised of 3 pairs of

fronds.
Time Cu Pb Zn
0 hour (1st dose) 70.46 £13.5 70.8 154.2
24 hours 61.99 167.5 108.7

48 hours (2nd dose)

169.78 + 13.9

194.8
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Figure A.3: The first column represents the image analysis of the response of moss to a 1.5 umol/cm?
dose of Cu over 48 hours when compared to a control samples. The second column is the response of

moss to a 1.5 umol/cm?dose of Pb over 48 hours. The third column is the response of moss to a 1.5

umol/cm?dose of Zn over 48 hours. The first row shows images of moss exposure using the Biofinder.
The second row represents analysis using the red color channel. The third row is the green color channel,
and the final row is the blue color channel.

6.1.3 Miracle-Gro Nutrients

Miracle-Gro AeroGarden Liquid Plant Food 4-3-6

Total Nitrogen ..........ccooviiiiiiiiiinnn.n. 4%
1% Ammoniacal Nitrogen
3% Nitrate Nitrogen

Available Phosphate (P,O,) ................ 3%
Soluble Potash(K,O) .................oo... 6%
Calcium (Ca) ..oovvveiiiiiiiiii i 1%
Magnesium (Mg) ........ccoveiiiiiiiinnn 0.5%

0.5% Water-Soluble Magnesium

Derived from:
Potassium Nitrate, Calcium Nitrate, Mono Potassium Phosphate, Ammonium Nitrate,
Magnesium Sulfate

6.1.4 Density Difference Code
n = 10 Trial Images
J(:,1) = Master Mean

len = size(n);

lenT = len(1l,2);

arrayRt = zeros(lenT,256);
for i = 1l:length (n)

compare = sum(min(j(:,1),n));
end

x = 10 Trial Images

y = 193 control images

Ml = min(size (X)) ;

M2 = min(size(y))

C = cell (M1,M2);

form = 1:1:M1;
for j = 1:1:M2
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C{m,3j} = sum(min(x(:,m),y(:,3)));
end
end

6.1.5 Comparison of 24 vs 12-hour plots of data

Previous work by Truax et al. (2022) documented images of moss response to Cu
treatment using LIF every 24 hours, which allowed for clear documentation of color changes in
moss appearing within minutes of dosing with the metal. In the current study imaging was
performed every 12 hours and Figure A.4 shows plots of moss difference from control after
being treated with metals over the 7 days of the experiment for all color channels and comparing
profiles of metal response at both 24-hour and 12-hour intervals. Both plots show clear
indication of increased color change in the moss on treatment days, but the 12-hour plots show a
more nuanced response also indicating in some instances that the response at the 12-hour mark
after treatment is still elevated but subsides by 24 hours. The response at 12 and 36 hours
represent the beginning and end of photoperiod. For each instance, hour 24 after dosing,
however, is the lowest recorded response and happens to correlate to after the night cycle or
period of sustained darkness. Only the 12-hour results are presented in the main body of the
paper, while 24-hour results are used throughout the Appendices to show general trends.
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Figure A.4: Comparison of density difference analysis using images collected every 24 hours (top)
and every 12 hours (bottom) for each color channel.
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6.1.6 Notes on gain level and methods used when collected images with Green Laser
Images were taken at 3 gain levels (5, 10, and 15) for just the green laser. Five shots were

taken from the front of the moss tray (each corner and the center), and then rotated 180° so the

back of the moss could be imaged, producing 10 images in total.

MASTER BATCH

Den Red Den Green Den Blue Den Red Den Green Den Blue

B S S S S

Figure A.5: Single-color density difference comparison of images of mosses collected using only the
Green Laser (532 nm) treated with metals to the control. Plots are first sorted vertically by gain (5, 10,
and 15), then by analysis method (MMM - left or BMM - right), and finally by color (R,G,B). X-axis for
all figures is in time (days) and the y-axis is the density difference between images of metal treated and
control moss as determined by individual colors. Purple (metal mix), yellow (Pb), blue (Cu), and orange
(Zn).

MASTER BATCH
DTW Red DTW Green DTW Blue DTW Red DTW Green DTW Blue

Temsos)

Figure A.6: Single-color DTW comparison of images of mosses collected using only the Green Laser
(532 nm) treated with metals to the control. Plots are first sorted vertically by gain (5, 10, and 15), then by
analysis method (MMM - left or BMM - right), and finally by color (R,G,B). X-axis for all figures is in
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time (days) and the y-axis is the density difference between images of metal treated and control moss as
determined by individual colors. Purple (metal mix), yellow (Pb), blue (Cu), and orange (Zn).
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Figure A.7: two-color DTW comparison of images of mosses collected using only the Green Laser (532
nm) treated with metals to the control. Plots are first sorted vertically by gain (5, 10, and 15), then by
analysis method (MMM - left or BMM - right), and finally by color (R,G,B). X-axis for all figures is in
time (days) and the y-axis is the density difference between images of metal treated and control moss as
determined by individual colors. Purple (metal mix), yellow (Pb), blue (Cu), and orange (Zn).

6.1.7 UV Laser Summary

6.1.7.1 Notes on gain Level and methods used when collecting images with UV Laser
Images were taken at 3 gain levels (15, 30, and 45) for just the UV laser. Five shots were

taken from the front of the moss tray (each corner and the center), and then rotated 180° so the

back of the moss could be imaged, producing 10 images in total.

6.1.7.2 Results of Batch processing for UV Laser
The benefit of batch processing is most observable when reviewing its application to UV

LIF images. The master mean comparison is consistent with the match mean in its results for Zn
identification but can only be interpreted for all metal identification at the highest treatment
level. Batch processing on the other hand shows clear peaks for all color channels and metals.
Previous work did not find a significant impact in using just LIF images of UV response (Truax
etal., 2020), which was assumed to result from UV being more applicable to hydrocarbons and

microbe detection. The observed profiles of Zn from the UV plots may indicate a secondary
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process of metal interaction with protein or lipid structure, or batch processing may have helped
to reveal subtle differences that the CoCoBi now picks up on due to the introduction of the short
pass filter to the camera used for imaging. Regardless of the color channel, each metal presents a
peak at time of dosing when compared to the control using the density difference method. There
are instances where the UV laser at a gain of 30 fails to detect lower thresholds of metals that
could fall within the natural environmental background which could be useful for delineating

between higher and lower detection limits.
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Figure A.8: Single-color density difference comparison of images of mosses collected using only the UV
Laser (355 nm) treated with metals to the control. Plots are first sorted vertically by gain (5, 10, and 15),
then by analysis method (MMM - left or BMM - right), and finally by color (R,G,B). X-axis for all
figures is in time (days) and the y-axis is the density difference between images of metal treated and
control moss as determined by individual colors. Purple (metal mix), yellow (Pb), blue (Cu), and orange
(Zn).
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Figure A.9: Single-color DTW comparison of images of mosses collected using only the UV Laser (355
nm) treated with metals to the control. Plots are first sorted vertically by gain (5, 10, and 15), then by
analysis method (MMM - left or BMM - right), and finally by color (R,G,B). X-axis for all figures is in
time (days) and the y-axis is the density difference between images of metal treated and control moss as
determined by individual colors. Purple (metal mix), yellow (Pb), blue (Cu), and orange (Zn).

MASTER BATCH
RvG RvB GvB RVG RvB GvB
Lol T e ST B el e
30U 2 Do P B 2 S
45U M A~ ,_ A e

Timaisors)

Figure A.10: Two-color DTW difference comparison of images of mosses collected using only the UV
Laser (355 nm) treated with metals to the control. Plots are first sorted vertically by gain (5, 10, and 15),
then by analysis method (MMM - left or BMM - right), and finally by color (R,G,B). X-axis for all
figures is in time (days) and the y-axis is the density difference between images of metal treated and
control moss as determined by individual colors. Purple (metal mix), yellow (Pb), blue (Cu), and orange
(Zn).

6.1.7.3 Results of UV Laser Density Difference analysis for environmental and
photoperiod
Though the UV laser images captured at a gain of 30 appeared useful for identification of

metals, Figure 10 reveals the UV laser was also capable of assessing environmental and
photoperiod stressors regardless of color channel. UV appears less sensitive to long
photoperiods, but performs poorly when attempting to identify differences between other
photoperiods or environmental stressors. Though a peak is present at the time of metal dosing,
the profiles cannot be statistically distinguished from photoperiod or environmental stressors.
UV proves useful in the identification of Zn, but its inability to distinguish between other
stressors types limits UV application. It also raises the question of potential secondary processes
of metal interactions with plants with lipid or protein structures. Because the CoCoBi is designed

as a broad-spectrum detector for biologicals and organics more processes than just
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photosynthesis and chlorophyll may be responding to the laser wavelengths being utilized. The
possible explanations are numerous and would require further exploration. Review of the t-test
results in Table A.2 in regards to the UV data confirms that stressors types are likely to be

indistinguishable.
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Figure A.11: Single color density difference using BMM analysis for all color channels of images
taken just the UV laser, of metal, environmental, and photoperiod trials with the control mean and
confidence intervals included.

Table A.2: Welch's t-test applied to the density difference analysis values for images collected using the
UV laser at a gain of 30. Columns are separated into trial, then by color channel (red, green, blue). The
left column shows the t-value for the trial while the right column shows the t-value for the control for
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each day. Cells shaded in grey represent t-values that exceed the critical t-value to be considered similar
to the control.

Copper Zinc
day red green blue red green blue
0 6.88 174 | 535 174 | 270 175 | 140 1.74 | 224 1.77 | 224 1.77
1 3.57 1.76 196 179 | 025 179 | 692 178 | 589 182 | 589 1.82
2 0.93 1.73 | 011 177 | 073 178 | 752 176 | 599 1.81 | 599 181
3 4.63 176 | 459 176 | 488 177 | 961 179 | 753 182 | 7.53 1.82
4 2.04 1.74 | 273 175 | 301 176 | 795 178 | 645 182 | 6.45 1.82
5 6.47 179 | 637 180 | 661 178 | 9.79 179 | 6.73 182 | 6.73 1.82
6 1.06 1.73 | 243 174 | 342 176 | 7.29 179 | 6.06 1.82 | 6.06 1.82
7 0.32 1.75 166 178 | 249 178 | 513 176 | 466 180 | 466 1.80
Lead Mix
day red green blue red green blue
0 11.96 18 | 786 178 | 786 1.78 (1164 181 | 7.77 1.81 | 7.77 1.81
1 5.52 1.73 | 247 176 | 247 176 | 406 1.74 | 0.69 1.74 | 0.69 1.74
2 5.07 1.73 186 176 | 1.86 1.76 | 477 174 | 172 177 | 1.72 1.77
3 2.02 1.74 | 0.v6 175 | 0.76 1.75 | 042 1.74 | 440 1.79 | 440 1.79
4 1.44 173 | 083 1.75 | 083 175 | 148 174 | 132 178 | 1.32 1.78
5 2.07 1.73 109 175|109 175 | 155 173 | 581 178 | 581 1.78
6 0.60 174 | 146 175 | 146 175 | 331 1.74 | 563 1.77 | 5.63 1.77
7 0.93 174 | 024 176 | 024 176 | 143 174 | 408 178 | 408 1.78
Wet Dry
day red green blue red green blue
0 5.66 177 | 359 178 | 359 1.78 | 252 174 | 448 1.80 | 448 1.80
1 5.66 177 | 359 178 | 359 1.78 | 252 174 | 448 1.80 | 448 1.80
2 7.23 175 | 425 178 | 425 178 [ 220 1.74 | 426 1.80 | 426 1.80
3 7.67 1.76 | 526 1.79 | 526 1.79 | 1.28 1.73 | 4.05 1.77 | 405 1.77
4 6.32 174 | 488 1.77 | 488 177 | 0.68 1.74 | 1.77 178 | 1.77 1.78
5 8.73 176 | 5,72 180 | 572 180 | 154 174 | 064 179 | 0.64 1.79
6 6.65 177 | 501 178 | 501 178 ( 0.39 1.77 | 058 1.80 | 058 1.80
7 6.52 1.75 | 471 177 | 471 177 | 2321 178 | 047 1.80 | 0.47 1.80
Nutrients Long
day red green blue red green blue
0 2.30 174 | 294 177 | 294 177 | 055 174 | 1.87 1.77 | 1.87 1.77
1 4.92 174 | 508 181 | 503 181 ( 055 1.74 | 187 1.77 | 1.87 1.77
2 7.21 174 | 592 180 | 592 180 ( 054 174 | 134 179 | 134 1.79
3 8.41 174 | 743 179 | 743 179 | 3.62 175 | 417 1.80 | 4.17 1.80
4 6.38 174 | 606 180 | 606 180 ( 1.35 1.75 | 230 1.80 | 2.30 1.80
5 8.27 174 | 626 180 | 6.26 1.80 | 228 1.74 | 250 1.78 | 250 1.78
6 6.13 175 | 583 180 | 583 180 ( 026 1.77 | 053 1.80 | 053 1.80
7 4.46 174 | 446 178 | 446 178 [ 155 176 | 0.74 180 | 0.74 1.80
Short Dark
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day red green blue red green blue

0 3.72 1.75 | 403 177 | 403 177 | 356 174 | 437 175 | 437 1.75
1 3.72 1.75 | 403 177 | 403 177 | 356 174 | 437 175 | 437 1.75
2 5.76 1.75 | 510 178 | 510 178 | 435 175 | 487 175 | 487 1.75
3 7.30 1.75 | 670 178 | 670 178 | 533 174 | 6.35 176 | 6.35 1.76
4 5.50 1.75 | 493 177 | 493 177 | 452 174 | 512 178 | 5.12 1.78
5 6.21 174 | 545 180 | 545 180 | 482 174 | 495 176 | 495 1.76
6 4.68 1.76 | 447 179 | 447 179 | 3.79 174 | 435 1.76 | 435 1.76
7 3.41 1.74 | 324 178 | 324 178 | 3.78 174 | 417 1.77 | 417 1.77

Review of color channel ratios for the UV laser at a gain of 30 using the density

difference method, proves to be just as muddled as Figure A.12 and Table A.3. In Figure A.12 it

becomes clear that the green color channel is the most dominate in all of the trials. The control

does appear to have a lower blue channel values and some of the metals appear to have lower red

channel values, but each is difficult to discern from one another at first glance. Results

comparing the trials to the control’s 3¢ for each color channel (Table A.3) reveals that the blue

channel is the most reliable for detecting deviation from the control. However, the blue channel

shows deviation in all trials but the over wetting. Only Pb and the mixture of metals show

deviation in the green channel. Therefore, if wanting to detect Pb or a mixture of metals in the

environment, use of just the UV laser would be advisable. It cannot be recommended for use

with other metals or monitoring environmental or photoperiod stressors based on these results.
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Figure A.12: Use of color ratios from density difference (UV laser) analysis to compare the 11 trials
using BMM. Values used are listed in Table A.2 and calculated from dividing individual color channels
(R,G,B) by the sum of their difference from the control.
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Table A.3 Values plotted in Figure A.12 and calculated from density difference analysis of images collected using a UV laser at a gain of 30.

Shaded cells are values that exceed 3o confidence interval for the control (statistically different).

Copper Zinc Lead Mix
day red green blue red green blue red green blue red green blue
0 0.156 0.171 0.149 0.423 0.490 0.466 0.074 0.105 0.099 0.080 0.124 0.107
1 0.278 0.330 0.257 0.566 0.614 0.555 0.180 0.303 0.226 0.221 0.372 0.290
2 0.314 0.384 0.310 0.553 0.606 0.537 0.176 0.301 0.219 0.194 0.310 0.231
3 0.456 0.541 0.478 0.575 0.620 0.552 0.263 0.404 0.322 0.340 0.526 0.443
4 0.422 0.516 0.440 0.589 0.638 0.576 0.296 0.436 0.358 0.304 0.452 0.372
5 0.516 0.649 0.596 0.602 0.652 0.595 0.285 0.443 0.385 0.406 0.634 0.571
6 0.422 0.543 0.495 0.606 0.652 0.589 0.401 0.495 0.428 0.498 0.655 0.585
7 0.358 0.499 0.463 0.544 0.614 0.567 0.335 0.421 0.369 0.423 0.598 0.539
Wet Dry Nutrients Control
day red green blue red green blue red green blue red green blue
0 0.534 0.539 0.425 0.460 0.566 0.495 0.456 0.518 0.471 0.379 0.403 0.267
0.534 0.539 0.425 0.460 0.566 0.495 0.532 0.585 0.508 0.379 0.403 0.267
2 0.551 0.549 0.421 0.413 0.542 0.487 0.563 0.605 0.527 0.344 0.380 0.274
3 0.543 0.556 0.439 0.371 0.520 0.472 0.579 0.626 0.552 0.326 0.375 0.271
4 0.571 0.594 0.489 0.330 0.470 0.443 0.580 0.630 0.555 0.354 0.400 0.286
5 0.590 0.620 0.527 0.306 0.420 0.400 0.607 0.642 0.563 0.352 0.395 0.282
6 0.598 0.627 0.527 0.365 0.409 0.396 0.596 0.651 0.574 0.378 0.431 0.315
7 0.595 0.628 0.523 0.437 0.413 0.394 0.538 0.615 0.553 0.370 0.431 0.342
Long Short Dark
day red green blue red green blue red green blue
0 0.397 0.476 0.406 0.492 0.558 0.523 0.524 0.582 0.527
1 0.397 0.476 0.406 0.492 0.558 0.523 0.524 0.582 0.527
mean per
2 0.361 0.432 0.356 0.512 0.582 0.535 0.536 0.594 0.546 | color combo
3 0.431 0.515 0.437 0.543 0.607 0.557 0.547 0.611 0.562 mean 3 sigma
4 0.397 0.487 0.408 0.531 0.598 0.560 0.539 0.602 0.552 red 0.360 0.414
5 0.419 0.496 0.404 0.537 0.610 0.562 0.551 0.610 0.563 green 0.402 0.460
6 0.369 0.451 0.356 0.538 0.602 0.547 0.553 0.613 0.557 blue 0.288 0.364
0.318 0.402 0.328 0.495 0.565 0.530 0.539 0.607 0.554
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6.1.7.4 Discussion of UV laser application
The same techniques used with just the UV laser at a gain of 30 were found to be much

less conclusive. Figure displays photoperiod as similar to the control, but environmental
stressors have more separated profiles, and reverse of the density difference for both lasers at a
gain of 10. Though metal profiles are difficult to distinguish, UV could be a better indicator of
plant health as a monitor of metal contamination. It is assumed that the UV is revealing other
biological processes besides those occurring with chlorophyll. However, more work would need
to be done to research the possible interactions if they can be effectively determined or
controlled in the laboratory. The t-test could be used to determine Pb or the mixture of metals
due to deviation occurring in both the green and blue color channels. Ratios are less useful here
with deviation for all stressors occurring in the blue channel. It is recommended that use of just
the UV laser only be utilized when determining if a contaminant is comprised of single or

multiple metals.

6.1.7.5 All gains tested using both lasers for metal stress

MASTER BATCH

Den Red Den Green Den Blue Den Red Den Green Den Blue

Figure A.13: Single-color density difference comparison of images of mosses collected using both lasers
treated with metals to the control. Plots are first sorted vertically by gain (5, 10, and 15), then by analysis
method (MMM - left or BMM — right), and finally by color (R,G,B). X-axis for all figures is in time
(days) and the y-axis is the density difference between images of metal treated and control moss as
determined by individual colors. Purple (metal mix), yellow (Pb), blue (Cu), and orange (Zn).

106



MASTER BATCH
DTW Red DTW Green DTW Blue DTW Red DTW Green DTW Blue

. SENA N

108 - ] ff
AR ::

158 NN

Figure A.14: Single-color DTW comparison of images of mosses collected using both lasers treated with
metals to the control. Plots are first sorted vertically by gain (5, 10, and 15), then by analysis method
(MMM - left or BMM - right), and finally by color (R,G,B). X-axis for all figures is in time (days) and
the y-axis is the density difference between images of metal treated and control moss as determined by
individual colors. Purple (metal mix), yellow (Pb), blue (Cu), and orange (Zn).

MASTER BATCH
RvG RvB GvB RvG RvB GvB

Figure A.15: Two-color DTW comparison of images of mosses collected using both lasers treated with
metals to the control. Plots are first sorted vertically by gain (5, 10, and 15), then by analysis method
(MMM - left or BMM - right), and finally by color (R,G,B). X-axis for all figures is in time (days) and
the y-axis is the density difference between images of metal treated and control moss as determined by
individual colors. Purple (metal mix), yellow (Pb), blue (Cu), and orange (Zn).
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6.1.8 Tables associated with Figures in Main Text

Table A.4: Values for all trials calculated from using the Density Difference batch method of comparison to the control for single color analysis.
Shaded cells represent those that deviate from the 3o interval for the control trial.

Copper Zinc Lead Mix
day red green blue red green blue red green blue red green blue
0.0 0.154 0.134 0.084 | 0.107 0.110 0.163 | 0.147 0.106 0.081 | 0.149 0.136 0.104
1.0 0.125  0.171
15 0.110  0.152 0.177  0.142
2.0 0.131 0.120 0.103 | 0.106 0.134 0.199
2.5 0.131 0.120 0.103 | 0.115 0.149
3.0 0.146 0.114 0.124
3.5 0.146 0.120  0.170
4.0 0.118 0.164 0.197 0.111 0.156
4.5 0.164 0.197 0.148
5.0 0.133
5.5 0.126  0.188 0.160
6.0 0.113  0.165 0.147 0.180 0.197
6.5 0.120  0.182 0.152 0.157 0.180
7.0 0.194 0.107 0.170 0.127 0.139 0.161

Nutrients Over Wetting Drought Control
day red green red green blue red green red green blue
0.0 0.144 0.179 0.158  0.181 0.201 | 0.118 0.195 0.127 0.128 0.141
1.0 0.186 0.158 0.181 0.201 | 0.118 0.195 0.127 0.128 0.141
15 0.151 0.162 0.188 0.123 0.190 0.140 0.139 0.159
2.0 0.134 0.166 0.170  0.189 0.104 0.142 0.141 0.140 0.142
2.5 0.167 0.200 0.201 0.115 0.175 0.202 | 0.182 0.168 0.177
3.0 0.173 0.111 0.145 0.174 0.151 0.155 0.162
35 0.109 0.157 0.195 | 0.168 0.160 0.162
4.0 0.105 0.122 0.147 0.146 0.154 0.164
4.5 0.112 0.162 0.204 0.140 0.154 0.175
5.0 0.104 0.124 0.165 | 0.161 0.166 0.164
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55
6.0
6.5
7.0

Long

green blue

red

green

Short
blue

0.179 0.186  0.185
0.148 0.161 0.176
0.127  0.147 0.176
0.138 0.147 0.166

red green blue
mean 0.148 0.152 0.164
1 sig 0.167 0.168 0.178
2 sig 0.185 0.184 0.192
3sig 0.203  0.200 0.206

Table A.5: Welch's t-test applied to the density difference analysis values for images collected using both lasers at a gain of 10. Columns are
separated into trial, then by color channel (red, green, blue). The left column shows the t-value for the trial while the right column shows the t-
value for the control for each day. Cells shaded in grey represent t-values that exceed the critical t-value to be considered similar to the control.
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Copper Zinc Lead Mix
day red green red green blue red green blue green blue
0.0 1.06 1.73 0.23 1.74 175 103 178 | 082 174 | 082 174 | 099 177 | 1.03 174 1.74 1.75 0.45 1.77 | 0.45 1.77
1.0 1.73 1.73 1.74 | 0.11 1.75 1.74 1.74 1.73 1.74 1.74 1.73 1.74 1.74
1.5 1.75 1.73 173 | 1.08 177 | 055 174 | 055 1.74 | 058 1.78 1.75 1.75 1.74 1.58 1.74 1.58 1.74
2.0 0.44 1.76 0.86 1.75 174 | 156 177 | 0.20 174 | 0.20 1.74 | 0.26 1.79 1.75 1.75 1.73 1.74 1.74
25 1.78 1.75 1.74 - 1.77 | 0.77 174 | 0.77 174 | 0.71 174 1.74 1.74 1.74 1.75 1.75




Faszl| 174

3.0 0.15 1.75 . 1.73 1.74 . 1.78 | 1.22 1.74 | 1.22 174 1.74 1.74 1.76
35 0.75 1.75 1.74 1.74 - 1.77 | 043 173 | 043 173 | 1.32 173 1.74 1.74 1.75
4.0 1.03 1.76 | 041 1.73 175|132 177 | 0.07 174 | 0.07 1.74 | 049 1.73 1.74 1.74 1.75
4.5 0.96 1.75 1.74 1.48 1.74 | 0.30 1.75 - 1.74 - 1.74 | 033 1.74 1.74 1.74 1.73
5.0 1.49 1.74 1.73 174 | 097 175 | 172 174 | 1.72 174 . 1.74 1.74 1.74 1.74
5.5 0.88 1.74 1.74 174|170 175 | 010 173 | 010 1.73 176 | 1.10 173 | 1.10 1.73 1.79
6.0 1.40 1.74 1.74 174|129 177 | 019 175|019 175|001 176 | 075 173 | 075 1.73 1.74
6.5 1.74 1.77 174 | 033 173 | 162 174 | 162 174 | 115 174 | 048 174 | 048 174 1.74
7.0 1.73 1.73 175|124 177 | 088 176 | 088 176 | 039 174 | 026 174 | 026 174 1.73
Nutrients Over Wetting Draught
day red red reen blue red reen blue
0.0 0.79 1.75 1.73 | 1.08 1.74 1.74 1.74 | 039 174 1.74 1.74
1.0 - 1.74 1.75 | 1.08 1.74 1.74 1.74 | 0.39 174 1.74 1.74
15 031 174 174 | 061 173 | 1.72 174 | .72 174 | 059 175 | 1.73 174 | 1.73 174
2.0 027 174 173 | 092 174|170 174 | 170 174 | 163 177 | 007 173 | 0.07 173
25 049 1.75 173 | 048 174 | 167 174 | 167 174 178 | 025 1.73 | 0.25 1.73
3.0 040 1.74 174 | 0.70 1.74 1.73 1.73 177 | 032 174 | 0.32 1.74
35 0.07 174 174 | 116 1.73 1.73 1.73 176 | 013 1.74 | 013 1.74
4.0 037 1.73 1.74 1.73 1.73 1.73 177 | 1.24 173 | 1.24 173
45 1.74 1.74 1.74 1.73 1.73 1.75 1.74 1.74
5.0 130 1.73 174 | 043 174 1.74 1.74 1.78 1.74 1.74
55 093 174 174 | 115 174 1.73 1.73 1.79 1.74 1.74
1.73 1.74 1.73 1.73 1.73 1.79 1.76 1.76
1.75 1.75 1.74 1.74 1.74 177 | 1.37 174 1.74
1.74 1.73 1.73 1.74 1.74 175 | 122 178 | 1.22 178
Short Dark
red reen blue red reen
1.75 1.75 . 1.74 1.74 1.74 1.74 1.74
1.75 1.75 1.74 1.74 1.74 1.74 1.74
1.77 1.74 | 053 1.74 1.73 1.73 | 0.57 1.76 1.75
1.74 174 | 1.48 174 1.75 1.75 1.79 1.75
1.79 1.77 | 015 1.75 1.74 1.74 | 094 1.78 1.78
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Table A.6: Values for all trials calculated from using the DTW batch method of comparison to the control for two color analysis. Shaded cells

3.0 120 1.76 1.75 175 | 1.27 174 1.73
1.78 1.74 174 | 050 1.74 1.73
1.74 1.73 1.73 1.74 1.73
1.74 1.73 1.73 1.74 1.73
1.75 174 174 | 1.00 1.76 1.75
1.79 1.75 175 | 057 175 1.74
1.78 1.76 1.76 1.73 1.74
1.80 1.76 1.76 1.80 181
1.76 1.77 1.77 1.75 1.76

represent those that deviate from the 3o interval for the control trial.

1.73
1.73
1.73
1.73
1.75
1.74
1.74
181
1.76

0.10

0.56

0.71

1.80
1.76
1.79
177
1.78
1.78
1.78
1.75
1.81

1.75
1.76
1.75
1.76
173
1.74
1.75
1.74
1.77

1.75
1.76
1.75
1.76
1.73
1.74
1.75
1.74
177

red green blue

mean | 1.75 1.74 174
20 1.79 1.77 1.76
30 1.81 174 177

Copper Zinc Lead Mix
day rv rvb gvb rvg rvb gvb rvg rvb gvb rvg rvb gvb
0 _ 0189 | 0138 0138 0141 | 0145 0159 0.165 | 0134 0139 0.141
1 0.196 0.136  0.143 0.148
15 0.160 0.153 0.163 0.140 0.153 0.156 0.142 0146 0.154 | 0.150 0.146 0.157
2 0.139 0.137 0.148 0.134 0.136 0.140 0.134 0.134 0143 | 0.155 0.147 0.152
25 0.138 0.140 0.150 0.132 0.140 0.145 0.154  0.152 0.155
3 0.131 0.139 0.146 0.142 0142 0.146
3.5 0.150 0.160 0.173 0.140 0.151 0.160
4 0.145 0.143 0.158 0.130 0.137 0.140
45 0.159 0.157 0.166 0.144 0.160
5 0.142  0.156
55 0.145  0.155
6 0.140 0.151 0.162
6.5 0.136 0150 0.157 | 0.150 0.158
7 0.162 0.169 0.193 0149 0455 0.163 | 0.136 0.139
Nutrients Over Wetting Drought Control
day rvg rvb gvb rvg rvb gvb rvg rvb gvb rvg rvb gvb
0 0.148 0.149 0.158 0.149 0.146 0.151 0.144 0.146  0.148 ’ 0.133 0.142 0.143‘
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1 0154 0165 0163 | 0149 0146 0151 | 0144 0146 0148 | 0133 0142 0.143
15 | 0145 0156 0163 | 0150 0155 0156 | 0.43 0.145 0.158 | 0128 0130 0.130

2 0156  0.157 m 0.48 0145 0152 | 0150 0.150 0.149

25 | 0.144 0139 0141 0146 | 0126 0136 0.133

3 0.152 0147 0151 0156 | 0150 0.149 0151 | 0146 0.56 0.151

35 | 0.144 0150 0458 0161 | 0141 0140 0145 | 0130 0139 0.138

4 0.152 0144 0150 0154 | 0145 0142 0138 | 0142 0153 0.150

45 | 0.176 0151 0167 0165 | 0131 0135 0141 | 0138 0142 0.139

5 | 0161 0155  0.167 | 066 0160 0161 | 0135 0143 0.138

55 | 0171 0143 0135 0147 | 0157 0156 0.155

6 0.152 0.160 0155 0135 0155 | 0139 0.146 0.146

65 | 0.159 0.157 0141 0145 0150 | 0136 0141 0.142

7 0.154 0.157 0.161 0149 0152 0.149

Long Dark

day rvg rvb gvb rvg rvb gvb rvb

0 0162  0.164

1 0162  0.164

15 | 0149 0151  0.163 0.161 0.163

2

25 0157 0.162

3 0149 0151  0.159

35 0.155 0.161

4 0167  0.162

45 | 0157  0.155 0.162

5 0140 0.158 RVG RVB GVB
55 0.167 mean 0.139 0.145 0.143
6 1sig | 0148 0153 0.151
6.5 2sig | 0157 0160 0.158
7 3sig | 0166 0.168 0.165
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Table A.7: Welch’s t-test applied to the DTW analysis values for images collected using both lasers at a gain of 5. Columns are separated into
trial, then by color channel (red, green, blue). The left column shows the t-value for the trial while the right column shows the t-value for the

control for each day. Cells shaded in grey represent t-values that exceed the critical t-value to be considered similar to the control.

113

Copper Zinc Lead Mix
day rvg rvb gvb rvg rvb gvb rvg rvb gvb rvg rvb gvb
0.0 155 176 | 096 176 | 1.21 175 | 017 174 | 015 173 | 009 173|038 174 | 050 175 | 0.62 175 0.02 1.73 | 0.13 173 | 0.08 1.73
1.0 206 175 | 179 174 | 167 174 | 010 173 | 006 174 | 019 174 | 257 176 | 187 175 | 217 175 3.66 177 291 176 | 347 176
15 107 174 | 081 174 | 114 173 | 050 173 | 095 174 | 099 174 | 047 174 | 052 174 | 077 174 0.84 1.73 | 063 173 | 1.04 1.74
2.0 035 174 | 046 173 | 005 173 | 055 173 | 052 173 | 032 174|056 173 | 055 173 | 020 173 0.19 174 | 0.12 174 | 0.10 1.73
25 047 173 | 017 173 | 067 174|021 173|020 173 | 049 173 | 104 173 | 068 173 | 0.84 173 2.71 176 | 204 174 | 237 1.75
3.0 052 174 | 063 174 | 015 174|013 173 | 050 174 | 0.18 174 | 182 174 | 136 173 | 163 173 5.35 1.78 | 442 177 | 511 1.77
35 08 173 | 092 173 |13 173 | 044 174 | 052 173 |08 173 | 119 174 | 069 173 | 093 173 3.87 1.77 | 343 176 | 3.69 1.77
4.0 014 173|038 173 | 031 174|043 174|063 173 | 039 174 | 020 173 | 007 174 | 016 174 1.61 175 | 1.12 174 | 1.73 174
4.5 083 174 | 063 174 | 108 174 | 021 174 | 075 174 | 111 173 | 011 174 | 003 174 | 027 174 1.90 174 | 166 173 | 231 1.74
5.0 172 173 | 203 173 | 256 174 | 029 174 | 057 174 | 1.09 174 | 047 173 | 035 173 | 0.60 1.74 6.20 1.79 | 5.64 178 | 6.67 1.78
55 0.45 1.74 1.00 1.74 1.74 1.75 0.53 1.73 0.07 1.73 | 0.45 1.73 0.58 1.74 | 0.65 1.74 | 0.25 1.73 3.69 1.78 | 382 178 | 470 1.78
6.0 136 173 | 137 173 | 207 174 | 002 174 | 023 174 | 061 1.73 | 182 | 1.75 | 1.62 174 | 194 175 4.11 177 | 399 177 | 488 1.78
6.5 1.53 1.73 1.63 1.73 | 223 | 1.74 | 0.01 1.74 | 0.37 1.74 | 0.54 1.74 | 0.50 1.74 | 0.62 1.74 | 0.77 1.74 2.88 1.75 | 325 175 | 3.75 1.76
7.0 0.45 1.73 | 0.64 1.73 145 1.74 | 0.03 1.73 0.12 1.74 | 0.52 1.73 0.48 1.73 | 0.53 1.74 | 0.14 1.73 2.15 175 [ 245 174 | 313 1.76
Nutrients Over Wetting Draught
day vg rvb gvb rvg rvb gvb rvg rvb gvb
0.0 058 173 | 030 174 | 060 174 | 065 174 | 017 174 | 029 174 | 042 173 | 017 173 | 018 1.74
1.0 083 174 | 095 173 | 078 174 | 065 174 | 017 174 | 029 174 | 042 173 | 017 173 | 018 1.74
15 073 174 | 111 174 | 133 174 | 094 174 | 105 174 | 105 174|061 174 | 063 174 | 1.06 1.74
2.0 023 174 | 030 174 | 076 174 | 060 174 | 083 174|084 174 | 005 173 | 019 173 | 010 1.74
25 074 174 | 143 174 | 146 174 | 184 173 | 170 173 | 180 173 | 049 173 | 021 173 | 050 1.74
3.0 025 174 | 052 174 | 056 174 | 006 174 | 020 174 | 017 174 | 013 173 | 025 174 | 001 174
35 060 174 | 103 173 | 115 173 | 083 174 | 084 173 | 094 173 | 041 173 | 006 173 | 027 173
4.0 042 174 | 094 174 | 191 174 | 008 174 | 010 174 | 015 174 | 011 174 | 037 1.74 | 044 173
4.5 135 173 | 209 173 | 228 174 | 050 174 | 105 174 | 098 174 | 026 173 | 029 173 | 0.06 1.74
5.0 1.07 174 | 157 173 | 215 173 | 083 174 | 099 173 | 123 174 | 098 174 | 060 174 | 0.75 1.73



55 057 173 | 131 174 | 173 174 | 053 174 | 153 175 | 173 175 | 049 174 | 089 174 | 029 174

6.0 049 174 | 114 173 | 148 174|080 173 |09 173 | 110 173 | 049 174 | 038 174 | 031 174

6.5 084 174 |13 173 | 152 173 | 077 174 | 103 174 | 120 173 | 019 174 | 013 174 | 029 174

7.0 019 174 074 174139 173|031 173|076 173 | 100 173 | 045 173|106 174 | 077 173

Long Short Dark

day rvg rvb gvb rvg rvb gvb rvg rvb gvb

0.0 107 173 |08 173 | 101 173 | 082 174|112 174 | 113 174 | 105 173 | 166 173 | 179 173

1.0 107 173 |08 173 | 101 173 | 082 174 | 112 174 | 113 174 | 105 173 | 166 173 [ 179 173

15 082 173 | 08 174 | 123 173 |09 174 | 134 174 | 131 174 | 125 173 | 121 174 | 120 174

2.0 110 174 | 110 173 | 121 173 | 002 174 | 067 174|080 174|030 174 | 072 174 | 103 174

25 176 174 | 145 174 | 155 174 | 072 173 | 09 173 | 113 174|063 173 | 028 183 | 0.36 1.83

3.0 012 174 | 020 174 | 027 174 | 045 174 | 077 174 | 112 174 | 097 173 | 152 173 | 182 173

35 192 174 | 165 174 | 181 174 | 048 173 | 071 173|091 173 | 166 173 | 087 174 | 112 173

4.0 09 173|036 173 | 082 173|054 174|080 174 | 113 174 | 020 173 | 097 173 | 128 173

4.5 068 173 | 055 174 | 107 173 | 017 174 | 083 174 | 125 173 | 033 173 | 091 174 | 117 173

5.0 208 175 | 176 | 174 | 217 174 | 018 173 | 0.64 174 | 101 174 | 078 173 | 162 1.74 | 1.98 1.73

55 1.20 1.75 1.04 1.74 144 174 | 043 1.73 045 1.74 | 0.79 1.73 0.04 1.74 | 0.47 1.73 | 0.79 1.73 g rvb gvb
6.0 18 175 | 140 174 | 1.70 174 | 145 174 | 202 173 | 215 | 173 | 043 173 | 133 173 | 162 174 mean 174 174 174
6.5 197 174 | 141 173 | 1.60 174 | 075 174 | 107 174 | 126 173 | 053 174 | 023 174 | 030 174 20 175 175 174
7.0 115 174 |08 173 | 119 174 019 174 | 030 174 061 173|002 173|128 173 | 146 174 30 175 176 1.75
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Table A.8: Ratio values plotted in Figures 8 and 9 calculated from density difference analysis of images collected using both lasers at a gain of
10. Shaded cells represent values that exceed the 3o confidence interval for the control and therefore are statistically different.

Copper Zinc Lead Mix
day red green blue red green blue red green  blue red green  blue
0 0.415 0.359 0.226 | 0.281 0.289 ' 0.430 | 0440 0.317 0.242 | 0.382 0.351 0.267
1 0.335 0.345 0.320 | 0.239 0.329 ' 0432 0.329 | 0.368 0.303 | 0.320 ' 0.380 0.300
15 0.335 0.345 0.320 | 0.230 0.318 | 0.452 | 0.472 0.284 0.244 | 0.296 @ 0.390 0.314
2 0.370 0.338 0.292 | 0.250 0.316 | 0.434 | 0414 0.318 0.268 | 0.313 | 0.391 0.297
2.5 0.370 0.338 0.292 | 0.242 0.315 ' 0.443 0.316 | 0.357 0.327 | 0.316 = 0.373 0.310
3 0.249 0.349 0.401 | 0.275 0.300 | 0.425 0.317 | 0.363 0.321 | 0.307 | 0.372 0.322
3.5 0.249 0.349 0.401 | 0.229 0.325 | 0.446 @ 0.314 | 0.364 0.322 | 0.314 | 0.369 0.318
4 0.246 0.342 0.411 | 0.231 0.323 | 0.445 | 0.266 & 0.372 0.362 | 0.295 | 0.380 0.325
4.5 0.246 0.342 0.411 | 0.230 0.341 | 0.429 @ 0.274 | 0371 0.355 | 0.290 & 0.378 0.332
5 0.247 0.364 0.389 | 0.223 | 0.345 0432 0.299 | 0.364 0.337 | 0.289 | 0.374 0.337
5.5 0.247 0.364 0.389 | 0.224 0.333 | 0443 0.270 | 0.346 @ 0.384 | 0.277 | 0.377 0.346
6 0.255 0.363 0.382 | 0.223 0.325 | 0452 @ 0.281 0.343 0.376 | 0.282 | 0.374 0.344
6.5 0.255 0.363 0.382 | 0.219 0.334 | 0447 0.310 0.322 0.368 | 0.273 | 0.365 0.362
7 0.263 0.360 0.377 | 0.216 0.343 | 0440 | 0.296 0.326 0.377 | 0.265 | 0.361 0.373
Nutrients Over Wetting Drought Control
day red green blue red green blue red green  blue red green  blue
0 0.262 0.325 0.413 | 0.293 0.335 0.372 | 0.224 | 0.372 0404 0.321 0.323 0.357
1 0.270 0.330 0.400 | 0.293 0.335 0.372 | 0.224 | 0.372 0404 0.321 0.323 0.357
15 0.254 0.324 0.421 | 0.280 0.325 0.395 | 0.230 | 0.357 0.413 0.320 0.317 0.363
2 0.250 0.310 0.440 | 0.291 0.325 0.384 | 0.250 0.340 | 0.410 0.334 0.330 0.335
2.5 0.263 0.315 0.422 | 0.300 0.332 0.369 | 0.234 | 0.356 0.410 | 0.345 0.319 0.336
3 0.260 0.316 0.425 | 0.284 0.337 0.379 | 0.259 0.337 | 0.404 | 0.322 0.332 0.346
3.5 0.255 0.323 0.422 | 0.287 0.334 0.379 | 0.236 0.341 | 0423 | 0.342 0.327 0.331
4 0.251 0.318 0.430 | 0.278 0.339 0.383 | 0.281 0.325 0.394 | 0.315 0.332 0.354
4.5 0.270 0.338 0.392 | 0.269 0.332 0.399 | 0.235 0.339 | 0.427 | 0.299 0.328 0.373
5 0.270 0.325 0.405  0.266 0.334 0.400 | 0.264 0.316 | 0.420 | 0.328 0.338 0.334
55 0.259 0.343 0.398 | 0.279 0.334 0.387 | 0.270 0.300 | 0.431 | 0.325 0.338 0.337

115



6 0.251 0.323 0.426 | 0.272 0.339 0.389 | 0.300 0.280 | 0.420 | 0.305 0.332 0.363

6.5 0.263 0.338 0.400 | 0.266 0.339 0.395 | 0.316 0.271 | 0.413 | 0.283 0.327 0.390

7 0.258 0.338 0.405 | 0.272 0.344 0.384 | 0.340 0.252 | 0408 | 0.306 0.326 0.368

Long Short Dark

day red green blue red green blue red green  blue

0 0.291 0.354 0.354 | 0.256 0.325 | 0.420 0.272 0.336 0.391

1 0.291 0.354 0.354 | 0.256 0.325 | 0.420 0.272 0.336 0.391

15 0.277 0.352 0.371 | 0.254 0.322 = 0.423 | 0.241 0.336 | 0.423

2 0.317 0.352 0.331 | 0.261 0.330 ' 0.409 0.267 0.332 0.401

2.5 0.324 0.353 0.323 | 0.267 0.326 & 0.407 | 0.241 | 0.346 0.413

3 0.280 0.360 0.361 | 0.260 0.332 | 0408  0.278 0.331 0.391

3.5 0.314 0.352 0.333 | 0.265 0.325 | 0.409 | 0.245 0.338 | 0.417

4 0.303 0.359 0.338 | 0.259 0.336 | 0.406 | 0.264 0.330 0.406

4.5 0.272 0.363 0.366 | 0.262 0.333 | 0.405 | 0.248 0.344 0.408

5 0.310 0.363 0.328 | 0.258 0.333 | 0409 | 0.266 0.333 0.401

5.5 0.322 0.358 0.320 | 0.269 0.330 0.402 | 0.237 0.337 | 0.426 red green  blue
6 0.324 0.365 0.311 | 0.268 0.332 0.400 | 0.263 0.334 0.403 | mean | 0.319 0.328 0.353
6.5 0.335 0.362 0.303 | 0.289 0.335 0.376 | 0.229 0.338 | 0433 | 2sig | 0.351 0.340 0.386
7 0.326 0.360 0.314 | 0.273 0.329 0.397 | 0.267 0.330 | 0.404 | 3sig | 0.367 0.346 0.403
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6.2 APPENDIX B
6.2.1 Image Analysis Results for all laser wavelengths and comparison methods

6.2.1.1 CoCoBi Single and Dual Laser

CoCoBi - Density Difference
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Figure B.1: Comparison of moss response to all lasers of the CoCoBi using single-color
density difference image analysis. Images were collected every 8 hours over three days.
Control images were collected for the first 24 hours. At time 0 three Cu treatments were given
at 1 nmol/cm? for Tray 1 (blue), 10 nmol/cm? for Tray 2 (red), and 100 nmol/cm? for Tray 3
(yellow).
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Figure B.2: Comparison of moss response to all lasers of the CoCoBi using single-color DTW
image analysis. Images were collected every 8 hours over three days. Control images were
collected for the first 24 hours. At time 0 three Cu treatments were given at 1 nmol/cm? for
Tray 1 (blue), 10 nmol/cm? for Tray 2 (red), and 100 nmol/cm? for Tray 3 (yellow).
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Figure B.3: Comparison of moss response to all lasers of the CoCoBi using two-color DTW
image analysis. Images were collected every 8 hours over three days. Control images were
collected for the first 24 hours. At time 0 three Cu treatments were given at 1 nmol/cm? for
Tray 1 (blue), 10 nmol/cm? for Tray 2 (red), and 100 nmol/cm? for Tray 3 (yellow).
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6.2.1.2 Chl-A Laser Results with and without filters
Chl-A - Density Difference
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Figure B.4: Comparison of moss response to all filter options on the Chl-A laser using single-
color density difference image analysis. Images were collected every 8 hours over three days.
Control images were collected for the first 24 hours. At time 0 three Cu treatments were given

at 1 nmol/cm? for Tray 1 (blue), 10 nmol/cm? for Tray 2 (red), and 100 nmol/cm? for Tray 3

(yellow).
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Figure B.5: Comparison of moss response to all filter options on the Chl-A laser using single-
color DTW image analysis. Images were collected every 8 hours over three days. Control
images were collected for the first 24 hours. At time 0 three Cu treatments were given at 1
nmol/cm? for Tray 1 (blue), 10 nmol/cm? for Tray 2 (red), and 100 nmol/cm? for Tray 3
(yellow).

121



Chi-A - DTW
RvG GvB RvB

Blank

A Filter

B Filter

04 / /
03 /
02 f=s ST o paes T T e P s : /
= e . B e s e e i

=20 -10 L] 10 20 30 40 -20 -10 L] 10 20 30 40 -20 -10 o 10 20 30 40
Time(days) Time(days) Time(days)

Figure B.6: Comparison of moss response to all filter options on the Chl-A laser using two-
color DTW image analysis. Images were collected every 8 hours over three days. Control
images were collected for the first 24 hours. At time 0 three Cu treatments were given at 1
nmol/cm? for Tray 1 (blue), 10 nmol/cm? for Tray 2 (red), and 100 nmol/cm? for Tray 3
(yellow).
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6.2.1.3 Chl-B Laser Results with and without a filter

Chl-B - Density Difference
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Figure B.7: Comparison of moss response to all filter options on the Chl-B laser using single-
color density difference image analysis. Images were collected every 8 hours over three days.
Control images were collected for the first 24 hours. At time O three Cu treatments were given

at 1 nmol/cm? for Tray 1 (blue), 10 nmol/cm? for Tray 2 (red), and 100 nmol/cm? for Tray 3

(yellow).
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Figure B.8: Comparison of moss response to all filter options on the Chl-B laser using single-
color DTW image analysis. Images were collected every 8 hours over three days. Control
images were collected for the first 24 hours. At time 0 three Cu treatments were given at 1
nmol/cm? for Tray 1 (blue), 10 nmol/cm? for Tray 2 (red), and 100 nmol/cm? for Tray 3
(yellow).
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Figure B.9: Comparison of moss response to all filter options on the Chl-B laser using two-
color DTW image analysis. Images were collected every 8 hours over three days. Control
images were collected for the first 24 hours. At time 0 three Cu treatments were given at 1
nmol/cm? for Tray 1 (blue), 10 nmol/cm? for Tray 2 (red), and 100 nmol/cm? for Tray 3
(yellow).
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6.2.2 Tables corresponding to Appendix 6.2.1 Figures

6.2.2.1 CoCoBi Comparison Results

Table B.1: Comparison of moss response to all lasers of the CoCoBi using single-color density difference image analysis. Images were collected
every 8 hours over three days. Control images were collected for the first 24 hours. At time 0 three Cu treatments were given at 1 nmol/cm? for

Tray 1, 10 nmol/cm? for Tray 2, and 100 nmol/cm? for Tray 3. Light gray shading indicates a 2 sigma deviation from the control. Dark gray
shading indicates a 3 sigma deviation from the control.

CoCoBi Density Difference Results - Both Lasers

Tray 1 Tray 2 Tray 3
Time (hrs) | Red Green Blue | Red Green Blue | Red Green Blue Red Green Blue
-24 0.089 0.076 0.059 | 0.132 0.102 0.120| 0.123 0.092 0.102 | Mean
-16 0.090 0.076 0.060 | 0.108 0.091 0.101| 0.152 0.114 0.140 | 0.112 0.092 0.093
-8 0.092 0.088 0.066 | 0.126 0.095 0.118| 0.114 0.097 0.105
0 0.116 0.1127 0.087 | 0.117 0.081 0.106 | 0.099 0.071 0.069 | 2 Sigma
8 0.100 0.085 0.066 | 0.128 0.096 0.119| 0.084 0.062 0.055 | 0.153 0.114 0.147
16 0.089 0.080 0.063 | 0.105 0.072 0.089| 0.105 0.088 0.071
24 0.095 0.083 0.066 | 0.371 0.201 0.570| 0.101 0.079 0.065 | 3 Sigma
32 0.086 0.072 0.062 | 0.126 0.101 0.120| 0.104 0.069 0.071 | 0.173 0.125 0.174
40 0.132 | 0.130 0.105| 0.070 0.059 0.062| 0.086 0.068 0.059
48 0.124 | 0.129 0.095| 0.089 0.068 0.080| 0.082 0.076 0.055
CoCoBi Density Difference Results - Green Laser
Tray 1 Tray 2 Tray 3
Time(hrs) | Red Green Blue | Red Green Blue | Red Green Blue Red Green  Blue
-24 0.099 0.088 0.098 | 0.152 0.131 0.165| 0.155 0.134 0.150 | Mean
-16 0.089 0.081 0.082|0.124 0.105 0.134|0.154 0.128 0.170 | 0.125 0.109 0.128
-8 0.096 0.090 0.090| 0.147 0.119 0.164|0.135 0.122 0.141
0 0.112 0.108 0.098 | 0.136 0.106 0.153 | 0.122 0.097 0.114 | 2 Sigma
8 0.101 0.089 0.089 | 0.140 0.113 0.156| 0.102 0.086 0.098 | 0.176 0.148 0.193
16 0.092 0.083 0.079 | 0.104 0.080 0.116 | 0.107 0.096 0.095
24 0.096 0.094 0.078 | 0.107 0.088 0.120| 0.126 0.113 0.122 | 3 Sigma
32 0.098 0.091 0.088 | 0.126 0.102 0.133|0.121 0.104 0.111 | 0.201 0.167 0.225
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40 0.121 0.126 0.107 | 0.088 0.073 0.096 | 0.110 0.098 0.104
48 0.111 0.117 0.088 | 0.096 0.084 0.092 | 0.093 0.089 0.086
CoCoBi Density Difference Results - UV Laser
Tray 1 Tray 2 Tray 3
Time(hrs) | Red Green Blue | Red Green Blue | Red Green Blue Red Green Blue
-24 0.064 0.049 0.050 | 0.102 0.098 0.088| 0.072 0.067 0.069 | Mean
-16 0.053 0.049 0.047 | 0.121 0.113 0.092 | 0.159 0.108 0.104 | 0.090 0.081 0.074
-8 0.060 0.074 0.065| 0.133 0.101 0.084 | 0.104 0.100 0.093
0 0.095 0.102 0.072 | 0.086 0.065 0.068 | 0.044 0.056 0.050 | 2 Sigma
8 0.075 0.063 0.042 | 0.109 0.083 0.069 | 0.052 0.051 0.046 | 0.159 0.128 0.112
16 0.073 0.065 0.048 | 0.109 0.074 0.060 | 0.057 0.055 0.057
24 0.060 0.052 0.054 | 0.106 0.102 0.100| 0.037 0.046 0.040 | 3 Sigma
32 0.454 0.136 0.124 | 0.110 0.091 0.091 | 0.059 0.058 0.052 | 0.194 0.152 0.131
40 0.083 0.085 0.066 | 0.074 0.062 0.055| 0.050 0.053 0.048
48 0.084 0.084 0.057 | 0.085 0.066 0.067 | 0.040 0.049 0.043

Table B.2: Comparison of moss response to all lasers of the CoCoBi using single-color DTW image analysis. Images were collected every 8 hours

over three days. Control images were collected for the first 24 hours. At time 0 three Cu treatments were given at 1 nmol/cm? for Tray 1, 10

nmol/cm? for Tray 2, and 100 nmol/cm? for Tray 3. Light gray shading indicates a 2 sigma deviation from the control. Dark gray shading indicates

a 3 sigma deviation from the control.

CoCoBi Single Color DTW Results - Both Lasers

Tray 1 Tray 2 Tray 3

Time Red Green Blue Red Green Blue | Red Green Blue Red Green Blue
-24 0.061 0.056 0.059 | 0.058 0.048 0.052 | 0.057 0.045 0.047 | Mean

-16 0.060 0.051 0.058 | 0.050 0.045 0.048 | 0.059 0.051 0.055| 0.059 0.050 0.055
-8 0.086 0.078 0.085 | 0.050 0.041 0.047 | 0.058 0.047 0.049

0 0.110 | 0.102 0.114 | 0.057 0.045 0.049 | 0.057 0.053 0.057 | 2 Sigma

8 0.072 0.065 0.076 | 0.061 0.047 0.051 | 0.050 0.051 0.054 | 0.079 0.071 0.077
16 0.061 0.054 0.064 | 0.053 0.048 0.048 | 0.070 0.061 0.065

24 0.068 0.057 0.065 | 0.378 0.181 0.591 | 0.060 0.057 0.063 | 3 Sigma
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32 0.061 0.054 0.059 | 0.052 0.050 0.053 | 0.050 0.045 0.048 | 0.089 0.082 0.089
40 0.136 | 0.116 0.136 | 0.052 0.049 0.050 | 0.060 0.055 0.056

48 0.118 | 0.105 0.122 | 0.047 0.045 0.046 | 0.070 0.064 0.065

CoCoBi Single Color DTW Results - Green Laser
Tray 1 Tray 2 Tray 3
Time Red Green Blue Red Green Blue | Red Green Blue Red Green Blue

-24 0.081 0.089 0.124 | 0.069 0.075 0.109 | 0.074 0.077 0.103 | Mean
-16 0.072 0.077 0.114 | 0.064 0.069 0.097 | 0.067 0.074 0.108 | 0.072 0.078 0.111
-8 0.094 0.102 0.142 | 0.066 0.069 0.105 | 0.067 0.075 0.103

0 0.109 0.121 0.175 | 0.062 0.068 0.095 | 0.068 0.071 0.099 | 2 Sigma

8 0.086 0.093 0.146 | 0.063 0.067 0.096 | 0.067 0.076 0.097 | 0.090 0.098 0.137
16 0.076 0.080 0.127 | 0.061 0.068 0.088 | 0.080 0.089 0.115

24 0.083 0.089 0.136 | 0.067 0.075 0.096 | 0.076 0.084 0.115 | 3 Sigma

32 0.076 0.083 0.119 | 0.062 0.072 0.095 | 0.072 0.081 0.112 | 0.099 0.107 0.149
40 0.135 | 0.149 0.202 | 0.065 0.069 0.099 | 0.074 0.084 0.110

48 0.122 | 0.137 0.185 | 0.068 0.078 0.102 | 0.081 0.092 0.120

CoCoBi Single Color DTW Results - UV Laser
Tray 1 Tray 2 Tray 3
Time Red Green Blue Red Green Blue | Red Green Blue Red Green Blue

-24 0.061 0.065 0.063 | 0.047 0.060 0.056 | 0.056 0.064 0.061 | Mean
-16 0.065 0.074 0.070 | 0.050 0.062 0.058 | 0.079 0.076 0.081 | 0.062 0.070 0.067
-8 0.084 | 0.103 0.098 | 0.066 0.067 0.061 | 0.057 0.067 0.067

0 0.136 | 0.139 0.113 | 0.054 0.058 0.057 | 0.067 0.086 0.080 | 2 Sigma

8 0.078 0.087 0.076 | 0.048 0.061 0.058 | 0.055 0.068 0.064 | 0.085 0.095 0.093
16 0.072 0.086 0.078 | 0.049 0.059 0.057 | 0.056 0.068 0.064

24 0.069 0.072 0.062 | 0.095 | 0.116 0.107 | 0.065 0.081 0.074 | 3 Sigma

32 0.342 0.094 | 0.149 | 0.057 0.065 0.066 | 0.056 0.073 0.068 | 0.096 0.107 0.105
40 0.119 0.120 0.098 | 0.048 0.062 0.060 | 0.058 0.071 0.069

48 0.126 0.127 0.102 | 0.050 0.057 0.055 | 0.067 0.080 0.073
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Table B.3: Comparison of moss response to all lasers of the CoCoBi using two-color DTW image analysis. Images were collected every 8 hours

over three days. Control images were collected for the first 24 hours. At time 0 three Cu treatments were given at 1 nmol/cm? for Tray 1, 10

nmol/cm? for Tray 2, and 100 nmol/cm? for Tray 3. Light gray shading indicates a 2 sigma deviation from the control. Dark gray shading indicates
a 3 sigma deviation from the control.

CoCoBi Two Color DTW Results - Both Lasers

Tray 1 Tray 2 Tray 3
Time RvG GvB RvB RvG GvB RvB RvG GvB RvB RvG GvB RvB

-24 0.111 0.098 0.108 | 0.103 0.099 0.108 | 0.099 0.091 0.103 | Mean

-16 0.098 0.087 0.103 | 0.093 0.092 0.097 | 0.107 0.105 0.112 | 0.103 0.096 0.107
-8 0.141 0.117 0.146 | 0.087 0.086 0.094 | 0.099 0.094 0.104

0 0.171 0.146 0.177 | 0.096 0.093 0.104 | 0.106 0.108 0.111 | 2 Sigma

8 0.115 0.102 0.125| 0.101 0.097 0.109 | 0.099 0.105 0.103 | 0.133 0.115 0.136
16 0.095 0.086 0.099 | 0.099 0.096 0.099 | 0.127 [ 0.124 0.133

24 0.114 0.100 0.116 | 0.404 0.762 0.696 | 0.113 0.118 0.120 | 3 Sigma

32 0.111 0.101 0.113 | 0.098 0.101 0.102 | 0.093 0.092 0.096 | 0.147 0.124 0.151
40 0.203 0.173 0.216 | 0.099 0.099 0.101 | 0.112 0.111 0.115

48 0.176 0.150 0.184 | 0.089 0.090 0.091 | 0.130 [ 0.127 0.133

CoCoBi Two Color DTW Results - Green Laser
Tray 1 Tray 2 Tray 3
Time RvG GvB RvB RvG GvB RvB RvG GvB RvB RvG GvB RvB

-24 0.160 0.193 0.188 | 0.141 0.181 0.176 | 0.148 0.176 0.174 | Mean
-16 0.129 0.159 0.160 | 0.131 0.163 0.159 | 0.138 0.178 0.172 | 0.141 0.175 0.172
-8 0.158 0.188 0.191 | 0.132 0.169 0.167 | 0.139 0.174 0.166

0 0.171 0.201 0.203 | 0.127 0.160 0.154 | 0.135 0.167 0.164 | 2 Sigma

8 0.140 0.169 0.173 | 0.127 0.160 0.155| 0.141 0.172 0.163 | 0.163 0.196 0.193
16 0.126 0.152 0.153 | 0.128 0.155 0.148 | 0.166 0.201 0.192

24 0.146 0.164 0.162 | 0.140 0.169 0.161 | 0.156 0.197 0.188 | 3 Sigma

32 0.151 0.183 0.179 | 0.132 0.164 0.154 | 0.150 0.189 0.180 | 0.174 0.207 0.204
40 0.201 0.242 0.239 | 0.132 0.166 0.162 | 0.156 0.191 0.181

48 0.176 0.207 0.204 | 0.144 0.177 0.168 | 0.170 [ 0.210 0.198

CoCoBi Two Color DTW Results - UV Laser
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Tray 1 Tray 2 Tray 3

Time RvG GvB RvB RvG GvB RvB RvG GvB RvB RvG GvB RvB
-24 0.121 0.123 0.117 | 0.107 0.116 0.104 | 0.119 0.125 0.117 | Mean

-16 0.090 0.101 0.090 | 0.112 0.120 0.109 | 0.154 0.158 0.160 | 0.118 0.125 0.116
-8 0.113 0.128 0.108 | 0.132 0.128 0.127 | 0.124 0.134 0.124

0 0.170 0.161 0.150 | 0.112 0.116 0.112 | 0.152 0.166 0.147 | 2 Sigma

8 0.097 0.101 0.090 | 0.108 0.119 0.106 | 0.123 0.132 0.119 | 0.151 0.154 0.153
16 0.094 0.105 0.090 | 0.108 0.117 0.106 | 0.124 0.132 0.121

24 0.105 0.119 0.107 | 0.211 0.223 0.202 | 0.145 0.155 0.139 | 3 Sigma

32 0.555 0.240 0.565 | 0.121 0.131 0.123 | 0.129 0.142 0.124 | 0.168 0.168 0.172
40 0.143 0.135 0.128 | 0.110 0.122 0.108 | 0.130 0.140 0.127

48 0.156 | 0.144 0.136 | 0.107 0.112 0.105| 0.147 0.153 0.140

6.2.2.2 Chl-A Laser Comparison Results

Table B.4: Comparison of moss response to all filter options for the Chl-A laser using single-color density difference image analysis. Images were

collected every 8 hours over three days. Control images were collected for the first 24 hours. At time 0 three Cu treatments were given at 1
nmol/cm? for Tray 1, 10 nmol/cm? for Tray 2, and 100 nmol/cm? for Tray 3. Light gray shading indicates a 2 sigma deviation from the control.

Dark gray shading indicates a 3 sigma deviation from the control.

Chl-A Laser Density Difference Results — Blank

Tray 1 ‘ Tray 2 Tray 3

Time(hrs) | Red Green Blue | Red Green  Blue Red Green Blue Red Green  Blue
-24 0.128 0.119 0.118 | 0.157 0.147 0.147 | 0.140 0.142 0.131 | Mean

-16 0.229 0.225 0.224 | 0.404 0.271 0413 | 0.185 0.141 0.162 | 0.188 0.164 0.177
-8 0.193 0.191 0.188 | 0.219 0.174 0.199 | 0.2147 0.120 0.131

0 0.150 0.153 0.145| 0.096 0.090 [0.689 | 0.101 0.111 [ 0.716 | 2 Sigma

8 0.204 0.199 0.198 | 0.176 0.153 0.162 | 0.096 0.125 0.093 | 0.347 0.260 0.348
16 0.238 0.242 0.236 | 0.215 0.196 0.203 | 0.116 0.127 0.106

24 0.186 0.197 0.185| 0.132 0.125 0.124 | 0.137 0.174 0.140 | 3 Sigma

32 0.179 0.1v8 0.174| 0.178 0.145 0.161 | 0.106 0.118 0.098 | 0.426  0.308 0.433
40 0.205 0.210 0.203 | 0.186 0.168 0.174 | 0.097 0.121 0.093
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48 ‘ 0.188 0.196 0.185] 0.177 0.153 0.161 | 0.109 0.143 0.112
Chl-A Laser Density Difference Results - A Filter
Tray 1 Tray 2 Tray 3
Time(hrs) | Red Green Blue | Red Green Blue | Red Green Blue Red Green  Blue
-24 0.112 0.098 0.085|0.191 0.176 0.162 | 0.146 0.132 0.117 | Mean
-16 0.253 0.238 0.213 | 0.248 0.232 0.215| 0.260 0.246 0.233 | 0.209 0.194 0.178
-8 0.233 0.217 0.201| 0.307 0.290 0.275| 0.211 0.196 0.184
0 0.190 0.171 0.154| 0.160 0.184 [0.546 0.119 0.125 [0.580 | 2 Sigma
8 0.247 0.228 0.203 | 0.235 0.218 0.201 | 0.127 0.117 0.109 | 0.323 0.306 0.288
16 0.281 0.264 0.239 | 0.284 0.271 0.254| 0.163 0.152 0.139
24 0.226 0.213 0.190 | 0.189 0.172 0.156 | 0.110 0.099 0.087 | 3 Sigma
32 0.230 0.212 0.197 | 0.241 0.226 0.213| 0.146 0.133 0.121 | 0.381 0.363 0.343
40 0.249 0.232 0.206 | 0.257 0.243 0.228 | 0.141 0.128 0.116
48 0.221 0.204 0.178 | 0.245 0.229 0.211 | 0.119 0.108 0.093
Chl-A Laser Density Difference Results - B Filter
Tray 1 Tray 2 Tray 3
Time(hrs) | Red Green Blue | Red Green Blue | Red Green Blue Red Green Blue
-24 0.081 0.041 0.031|0.151 0.081 0.057 | 0.103 0.044 0.031 | Mean
-16 0.194 0.090 0.050 | 0.193 0.113 0.079 | 0.178 0.122 0.091 | 0.156 0.086 0.058
-8 0.185 0.097 0.058 | 0.225 0.143 0.098 | 0.157 0.106 0.070
0 0.133 0.050 0.030 | 0.090 0.078 [0.616 | 0.090 0.052 | 0.622 | 2 Sigma
8 0.186 0.085 0.050 | 0.164 0.087 0.058 | 0.102 0.049 0.047 | 0.243 0.150 0.104
16 0.234 0.113 0.062 | 0.218 0.130 0.085 | 0.119 0.051 0.043
24 0.180 0.086 0.056 | 0.137 0.066 0.046 | 0.117 0.049 0.028 | 3 Sigma
32 0.174 0.095 0.066 | 0.170 0.099 0.061 | 0.100 0.055 0.052 | 0.286 0.181 0.126
40 0.198 0.087 0.049 | 0.190 0.112 0.074 | 0.100 0.046 0.034
48 0.165 0.072 0.057 | 0.172 0.099 0.069 | 0.100 0.054 0.047

Table B.5: Comparison of moss response to all filter options for the Chl-A laser using single-color DTW image analysis. Images were collected
every 8 hours over three days. Control images were collected for the first 24 hours. At time 0 three Cu treatments were given at 1 nmol/cm? for

131



Tray 1, 10 nmol/cm? for Tray 2, and 100 nmol/cm? for Tray 3. Light gray shading indicates a 2 sigma deviation from the control. Dark gray

shading indicates a 3 sigma deviation from the control.

Chl-A Laser Single Color DTW Results - Blank

Tray 1 Tray 2 Tray 3
Time(hrs) | Red Green Blue Red Green Blue Red Green Blue Red Green Blue
-24 0.177 0.111 0.115 | 0.137 0.086 0.092 | 0.198 0.125 0.130 | Mean
-16 0.184 0.121 0.137 | 0.491 0.201 0.384 | 0.180 0.093 0.108 | 0.187 0.106 0.125
-8 0.157 0.090 0.103 | 0.154 0.083 0.090 | 0.149 0.084 0.103
0 0.140 0.087 0.092 | 0.144 0.084 | 0.684 | 0.165 0.090 | 0.758 | 2 Sigma
8 0.150 0.104 0.096 | 0.153 0.095 0.096 | 0.156 0.100 0.101 | 0.394 0.177 0.300
16 0.169 0.103 0.103 | 0.152 0.101 0.103 | 0.136 0.089 0.091
24 0.150 0.096 0.090 | 0.128 0.085 0.085 | 0.216 0.140 0.140 | 3 Sigma
32 0.155 0.090 0.093 | 0.154 0.094 0.099 | 0.149 0.097 0.097 | 0.497 0.212 0.387
40 0.157 0.105 0.100 | 0.138 0.094 0.098 | 0.142 0.095 0.094
48 0.170 0.109 0.111 | 0.136 0.091 0.089 | 0.166 0.110 0.107
Chl-A Laser Single Color DTW Results - A Filter
Tray 1 Tray 2 Tray 3
Time(hrs) | Red Green Blue Red Green Blue Red Green Blue Red Green Blue
-24 0.251 0.144 0.193 | 0.163 0.093 0.114 | 0.236 0.130 0.169 | Mean
-16 0.212 0.116 0.165 | 0.177 0.100 0.129 | 0.198 0.124 0.153 | 0.201 0.115 0.150
-8 0.183 0.103 0.138 | 0.208 0.126 0.160 | 0.197 0.104 0.141
0 0.179 0.102 0.123 | 0.177 0.103 | 0.813 | 0.190 0.092 | 0.857 | 2 Sigma
8 0.191 0.104 0.140 | 0.167 0.090 0.126 | 0.181 0.096 0.134 | 0.254 0.146 0.194
16 0.199 0.099 0.154 | 0.184 0.082 0.151 | 0.169 0.091 0.117
24 0.181 0.104 0.127 | 0.159 0.092 0.115 | 0.272 0.153 0.205 | 3 Sigma
32 0.178 0.107 0.131 | 0.189 0.115 0.128 | 0.184 0.103 0.127 | 0.280 0.162 0.216
40 0.190 0.114 0.146 | 0.161 0.081 0.120 | 0.167 0.091 0.118
48 0.195 0.117 0.137 | 0.154 0.084 0.123 | 0.184 0.105 0.137
Chl-A Laser Single Color DTW Results - B Filter
Tray 1 Tray 2 Tray 3
Time(hrs) | Red Green Blue Red Green Blue Red Green Blue Red Green Blue
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0.119
0.095
0.078
0.078
0.086
0.090
0.081
0.077
0.087
0.089

0.094
0.083
0.070
0.072
0.073
0.075
0.075
0.073
0.082
0.077

0.028
0.025
0.021
0.025
0.023
0.023
0.026
0.022
0.029
0.023

0.073
0.083
0.079
0.080
0.076
0.090
0.071
0.081
0.080
0.076

0.068
0.072
0.078
0.106
0.066
0.075
0.071
0.075
0.067
0.067

0.022
0.023
0.030
0.693
0.020
0.023
0.026
0.023
0.022
0.023

0.108
0.079
0.074
0.097
0.087
0.075
0.135
0.082
0.077
0.091

0.087
0.078
0.071
0.114
0.081
0.077
0.111
0.076
0.074
0.090

0.025
0.025
0.021
0.698
0.029
0.030
0.031
0.024
0.023
0.032

Mean
0.086 0.077 0.024

2 Sigma
0.117 0.094 0.030

3 Sigma
0.132 0.102 0.032

Table B.6: Comparison of moss response to all filter options for the Chl-A laser using two-color DTW image analysis. Images were collected

every 8 hours over three days. Control images were collected for the first 24 hours. At time 0 three Cu treatments were given at 1 nmol/cm? for

Tray 1, 10 nmol/cm? for Tray 2, and 100 nmol/cm? for Tray 3. Light gray shading indicates a 2 sigma deviation from the control. Dark gray

shading indicates a 3 sigma deviation from the control.

Chl-A Laser Two Color DTW Results - Blank

Tray 1 Tray 2 Tray 3
Time(hrs) | RvG GvB RvB RvG GvB RvB RvG GvB RvB RvG GvB RvB
-24 0.312 0.212 0.316 | 0.210 0.177 0.215 | 0.289 0.254 0.290 | Mean
-16 0.363 0.340 0.372 | 0.607 0.560 0.756 | 0.242 0.200 0.257 | 0.293 0.246 0.309
-8 0.328 0.283 0.342 | 0.221 0.173 0.225 | 0.218 0.186 0.236
0 0.282 0.222 0.295 | 0.211 | 0.737 0.633 | 0.227 | 0.797 0.687 | 2 Sigma
8 0.320 0.303 0.294 | 0.232 0.191 0.233 | 0.232 0.201 0.230 | 0.527 0.479 0.625
16 0.304 0.298 0.290 | 0.232 0.204 0.236 | 0.211 0.179 0.211
24 0.292 0.246 0.290 | 0.201 0.170 0.201 | 0.312 0.279 0.307 | 3 Sigma
32 0.314 0.269 0.334 | 0.230 0.193 0.233 | 0.224 0.194 0.223 | 0.644 0.596 0.782
40 0.301 0.256 0.291 | 0.216 0.191 0.219 | 0.215 0.189 0.215
48 0.316 0.256 0.312 | 0.213 0.180 0.209 | 0.247 0.216 0.242
Chl-A Laser Two Color DTW Results - A Filter
Tray 1 Tray 2 Tray 3
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Time(hrs) | RvG GvB RvB RvG GvB RvB RvG GvB RvB RvG GvB RvB
-24 0.378 0.323 0.528 | 0.245 0.207 0.272 | 0.331 0.299 0.379 | Mean
-16 0.370 0.289 0.450 | 0.261 0.229 0.300 | 0.304 0.277 0.345| 0.312 0.271 0.367
-8 0.354 0.307 0.399 | 0.304 0.286 0.361 | 0.287 0.245 0.334
0 0.329 0.266 0.404 | 0.270 | 0.888 0.774 | 0.272 | 0.917 0.775 | 2 Sigma
8 0.326 0.248 0.397 | 0.248 0.216 0.286 | 0.262 0.230 0.312 | 0.400 0.343 0.515
16 0.338 0.249 0.400 | 0.251 0.233 0.329 | 0.253 0.208 0.284
24 0.322 0.242 0.390 | 0.243 0.207 0.269 | 0.360 0.358 0.445 | 3 Sigma
32 0.359 0.322 0.404 | 0.276 0.243 0.303 | 0.270 0.230 0.308 | 0.444 0.380 0.588
40 0.342 0.256 0.404 | 0.229 0.202 0.275 | 0.251 0.209 0.283
48 0.345 0.260 0.418 | 0.225 0.206 0.271 | 0.269 0.242 0.319

Chl-A Laser Two Color DTW Results - B Filter

Tray 1 Tray 2 Tray 3

Time(hrs) | RvG GvB RvB RvG GvB RvB RvG GvB RvB RvG GvB RvB
-24 0.145 0.090 0.097 | 0.142 0.090 0.095 | 0.195 0.112 0.133 | Mean
-16 0.205 0.111 0.145 | 0.155 0.095 0.106 | 0.157 0.102 0.104 | 0.165 0.101 0.112
-8 0.197 0.110 0.137 | 0.157 0.108 0.109 | 0.144 0.092 0.095
0 0.140 0.080 0.097 | 0.186 | 0.773 0.748 | 0.211 | 0.788 0.770 | 2 Sigma
8 0.203 0.105 0.147 | 0.142 0.085 0.096 | 0.168 0.109 0.116 | 0.212 0.119 0.149
16 0.231 0.123 0.164 | 0.164 0.098 0.113 | 0.152 0.107 0.106
24 0.177 0.104 0.126 | 0.142 0.097 0.097 | 0.246 0.142 | 0.167 | 3 Sigma
32 0.192 0.116 0.130 | 0.156 0.098 0.103 | 0.158 0.099 0.106 | 0.236 0.128 0.167
40 0.183 0.105 0.129 | 0.148 0.090 0.103 | 0.151 0.097 0.100
48 0.166 0.100 0.116 | 0.142 0.090 0.099 | 0.181 0.122 0.123

6.2.2.3 Chl-B Laser Comparison Results

Table B.7: Comparison of moss response to all filter options for the Chl-B laser using single-color density difference image analysis. Images were

collected every 8 hours over three days. Control images were collected for the first 24 hours. At time 0 three Cu treatments were given at 1
nmol/cm? for Tray 1, 10 nmol/cm? for Tray 2, and 100 nmol/cm? for Tray 3. Light gray shading indicates a 2 sigma deviation from the control.
Dark gray shading indicates a 3 sigma deviation from the control.
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Chl-B Laser Density Difference Results - Blank

Tray 1 Tray 2 Tray 3
Time(hrs) | Red Green Blue Red Green Blue Red Green Blue Red Green Blue
-24 0.117 0.109 0.110 | 0.149 0.136 0.140 | 0.1127 0.114 0.112 | Mean
-16 0.206 0.206 0.204 | 0.192 0.175 0.183 | 0.205 0.154 0.184 | 0.169 0.150 0.159
-8 0.187 0.181 0.182 | 0.224 0.179 0.207 | 0.161 0.127 0.147
0 0.146 0.133 0.138 | 0.130 0.107 | 0.618 | 0.114 0.108 | 0.640 | 2 Sigma
8 0.189 0.183 0.185 | 0.179 0.149 0.166 | 0.106 0.100 0.098 | 0.242 0.213 0.229
16 0.227 0.222 0.224 | 0.222 0.193 0.209 | 0.129 0.122 0.120
24 0.182 0.182 0.182 | 0.147 0.125 0.136 | 0.101 0.111 0.095 | 3 Sigma
32 0.179 0.164 0.170 | 0.175 0.139 0.159 | 0.116 0.108 0.107 | 0.279 0.245 0.264
40 0.200 0.199 0.198 | 0.194 0.168 0.181 | 0.111 0.107 0.101
48 0.179 0.180 0.178 | 0.209 0.183 0.197 | 0.111 0.127 0.108
Chl-B Laser Density Difference Results - A Filter
Tray 1 Tray 2 Tray 3
Time(hrs) | Red Green Blue Red Green Blue Red Green Blue Red Green Blue
-24 0.111 0.101 0.095 | 0.165 0.156 0.148 | 0.182 0.175 0.168 | Mean
-16 0.221 0.214 0.204 | 0.216 0.207 0.199 | 0.240 0.230 0.227 | 0.195 0.186 0.179
-8 0.211 0.201 0.195 | 0.248 0.238 0.232 | 0.206 0.199 0.195
0 0.156 0.143 0.137 | 0.151 0.168 | 0.509 | 0.121 0.128 | 0.528 | 2 Sigma
8 0.218 0.207 0.196 | 0.226 0.216 0.210 | 0.141 0.133 0.129 | 0.275 0.265 0.259
16 0.250 0.241 0.229 | 0.267 0.260 0.256 | 0.165 0.158 0.150
24 0.208 0.200 0.192 | 0.175 0.163 0.156 | 0.097 0.088 0.082 | 3 Sigma
32 0.225 0.215 0.210 | 0.227 0.219 0.215 | 0.146 0.138 0.133 | 0.314 0.305 0.299
40 0.221 0.213 0.202 | 0.230 0.222 0.218 | 0.145 0.137 0.132
48 0.197 0.189 0.177 | 0.243 0.234 0.228 | 0.125 0.118 0.108
Chi-B Laser Density Difference Results - B Filter
Tray 1 Tray 2 Tray 3
Time(hrs) | Red Green Blue Red Green Blue Red Green Blue Red Green Blue
-24 0.101 0.065 0.036 | 0.137 0.074 0.042 | 0.113 0.065 0.029 | Mean
-16 0.193 0.119 0.063 | 0.178 0.108 0.063 | 0.163 0.109 0.065 | 0.152 0.096 0.053
-8 0.181 0.112 0.060 | 0.187 0.132 0.077 | 0.144 0.108 0.065
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0
8
16
24
32
40
48

0.120
0.205
0.213
0.174
0.165
0.190
0.164

0.063
0.122
0.133
0.105
0.114
0.116
0.096

0.031
0.058
0.073
0.055
0.065
0.057
0.051

0.093
0.163
0.211
0.128
0.160
0.178
0.191

0.066
0.100
0.145
0.067
0.120
0.108
0.119

0.643
0.060
0.089
0.043
0.085
0.058
0.068

0.096
0.102
0.128
0.090
0.103
0.103
0.107

0.055
0.062
0.071
0.062
0.058
0.067
0.058

0.651
0.034
0.043
0.055
0.033
0.050
0.039

2 Sigma

0.215 0.142
3 Sigma
0.246 0.166

0.083

0.098

Table B.8: Comparison of moss response to all filter options for the Chl-B laser using single-color DTW image analysis. Images were collected
every 8 hours over three days. Control images were collected for the first 24 hours. At time 0 three Cu treatments were given at 1 nmol/cm? for

Tray 1, 10 nmol/cm? for Tray 2, and 100 nmol/cm? for Tray 3. Light gray shading indicates a 2 sigma deviation from the control. Dark gray

shading indicates a 3 sigma deviation from the control.

Chl-B Laser Single Color DTW Results - Blank

Tray 1 Tray 2 Tray 3
Time(hrs) | Red Green Blue Red Green Blue Red Green Blue Red Green Blue
-24 0.115 0.117 0.108 | 0.087 0.081 0.069 | 0.112 0.115 0.104 | Mean
-16 0.106 0.096 0.085 | 0.090 0.085 0.074 | 0.119 0.110 0.104 | 0.102 0.098 0.088
-8 0.095 0.095 0.084 | 0.098 0.098 0.090 | 0.101 0.088 0.080
0 0.094 0.091 0.081 | 0.102 0.082 | 0.650 | 0.107 0.090 | 0.666 | 2 Sigma
8 0.092 0.085 0.075 | 0.097 0.085 0.071 | 0.087 0.087 0.073 | 0.123 0.122 0.114
16 0.100 0.092 0.079 | 0.091 0.082 0.067 | 0.087 0.082 0.071
24 0.092 0.093 0.079 | 0.081 0.075 0.063 | 0.108 0.119 0.100 | 3 Sigma
32 0.095 0.094 0.081 | 0.088 0.083 0.073 | 0.091 0.090 0.077 | 0.134 0.135 0.128
40 0.109 0.106 0.094 | 0.084 0.073 0.061 | 0.085 0.087 0.071
48 0.104 0.104 0.091 | 0.086 0.073 0.064 | 0.095 0.095 0.079
ChlI-B Laser Single Color DTW Results - A Filter
Tray 1 Tray 2 Tray 3
Time(hrs) | Red Green Blue Red Green Blue Red Green Blue Red Green Blue
-24 0.243 0.125 0.168 | 0.148 0.082 0.102 | 0.261 0.156 0.223 | Mean
-16 0.185 0.097 0.140 | 0.152 0.084 0.104 | 0.197 0.116 0.132 | 0.189 0.105 0.136
-8 0.165 0.088 0.116 | 0.192 0.109 0.138 | 0.189 0.108 0.134
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0 0.161 0.088 0.109 | 0.154 0.088 | 0.686 | 0.160 0.082 | 0.700 | 2 Sigma
8 0.159 0.087 0.112 | 0.165 0.080 0.116 | 0.149 0.081 0.101 | 0.262 0.149 0.206
16 0.183 0.090 0.136 | 0.174 0.075 0.129 | 0.145 0.080 0.099
24 0.160 0.093 0.111 | 0.137 0.073 0.088 | 0.196 0.106 0.139 | 3 Sigma
32 0.173 0.102 0.122 | 0.169 0.092 0.108 | 0.156 0.088 0.106 | 0.298 0.172 0.242
40 0.180 0.101 0.138 | 0.155 0.072 0.100 | 0.145 0.081 0.097
48 0.172 0.100 0.121 | 0.153 0.071 0.101 | 0.153 0.086 0.106

Chli-B Laser Single Color DTW Results - B Filter

Tray 1 Tray 2 Tray 3

Time(hrs) | Red Green Blue Red Green Blue Red Green Blue Red Green Blue
-24 0.128 0.106 0.039 | 0.078 0.070 0.025 | 0.129 0.105 0.035 | Mean
-16 0.111 0.088 0.035 | 0.082 0.076 0.028 | 0.104 0.085 0.030 | 0.103 0.085 0.031
-8 0.098 0.080 0.028 | 0.101 0.084 0.030 | 0.103 0.080 0.031
0 0.080 0.073 0.027 | 0.082 0.086 | 0.691 | 0.093 0.093 | 0.698 | 2 Sigma
8 0.110 0.096 0.033 | 0.098 0.072 0.027 | 0.082 0.074 0.028 | 0.136 0.108 0.039
16 0.108 0.083 0.033 | 0.099 0.081 0.034 | 0.073 0.070 0.027
24 0.085 0.080 0.030 | 0.068 0.070 0.029 | 0.118 0.106 | 0.043 | 3 Sigma
32 0.095 0.086 0.032 | 0.085 0.084 0.035 | 0.083 0.074 0.026 | 0.153 0.120 0.043
40 0.110 0.085 0.031 | 0.073 0.068 0.029 | 0.078 0.074 0.028
48 0.097 0.085 0.032 | 0.075 0.071 0.029 | 0.085 0.084 0.034

Table B.9: Comparison of moss response to all filter options for the Chl-B laser using two-color DTW image analysis. Images were collected

every 8 hours over three days. Control images were collected for the first 24 hours. At time 0 three Cu treatments were given at 1 nmol/cm? for

Tray 1, 10 nmol/cm? for Tray 2, and 100 nmol/cm? for Tray 3. Light gray shading indicates a 2 sigma deviation from the control. Dark gray

shading indicates a 3 sigma deviation from the control.

Chl-B Laser Two Color DTW Results - Blank

Tray 1 Tray 2 Tray 3
Time(hrs) | RvG GvB RvB RvG GvB RvB RvG GvB RvB RvG GvB RvB
-24 0.198 0.175 0.186 | 0.163 0.148 0.153 | 0.224 0.217 0.213 | Mean
-16 0.195 0.184 0.185 | 0.170 0.157 0.161 | 0.226 0.213 0.219 | 0.197 0.185 0.188
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-8 0.235 0.235 0.224 | 0.193 0.186 0.185 | 0.185 0.166 0.177
0 0.186 0.173 0.176 | 0.182 | 0.699 0.718 | 0.195 | 0.723 0.739 | 2 Sigma
8 0.186 0.175 0.175 | 0.179 0.155 0.160 | 0.172 0.159 0.158 | 0.244 0.240 0.235
16 0.203 0.192 0.189 | 0.169 0.147 0.156 | 0.167 0.152 0.156
24 0.192 0.181 0.174 | 0.153 0.136 0.142 | 0.224 0.218 0.207 | 3 Sigma
32 0.226 0.218 0.212 | 0.167 0.154 0.159 | 0.177 0.165 0.165 | 0.268 0.268 0.258
40 0.209 0.196 0.193 | 0.154 0.133 0.143 | 0.169 0.156 0.154
48 0.194 0.178 0.177 | 0.156 0.136 0.148 | 0.186 0.173 0.172
Chi-B Laser Two Color DTW Results - A Filter
Tray 1 Tray 2 Tray 3
Time(hrs) | RvG GvB RvB RvG GvB RvB RvG GvB RvB RvG GvB RvB
-24 0.363 0.295 0.523 | 0.218 0.184 0.245 | 0.363 0.378 0.443 | Mean
-16 0.311 0.228 0.375 | 0.223 0.187 0.247 | 0.293 0.247 0.312 | 0.289 0.248 0.340
-8 0.323 0.278 0.374 | 0.271 0.247 0.316 | 0.277 0.241 0.313
0 0.292 0.232 0.372 | 0.228 | 0.749 0.614 | 0.226 | 0.757 0.622 | 2 Sigma
8 0.274 0.209 0.328 | 0.234 0.195 0.272 | 0.217 0.182 0.243 | 0.388 0.360 0.511
16 0.302 0.216 0.345 | 0.234 0.204 0.293 | 0.216 0.179 0.240
24 0.283 0.220 0.335 | 0.202 0.161 0.221 | 0.266 0.244 0.316 | 3 Sigma
32 0.355 0.322 0.395 | 0.245 0.200 0.264 | 0.229 0.193 0.256 | 0.438 0.416 0.596
40 0.316 0.236 0.364 | 0.217 0.172 0.247 | 0.215 0.178 0.238
48 0.301 0.233 0.361 | 0.213 0.172 0.245 | 0.224 0.192 0.256
Chi-B Laser Two Color DTW Results - B Filter
Tray 1 Tray 2 Tray 3
Time(hrs) | RvG GvB RvB RvG GvB RvB RvG GvB RvB RvG GvB RvB
-24 0.210 0.101 0.162 | 0.147 0.095 0.102 | 0.235 0.140 0.164 | Mean rmean 0.195
-16 0.217 0.139 0.159 | 0.158 0.104 0.110 | 0.189 0.114 0.134 | 0.195 0.117 0.139
-8 0.251 0.148 0.179 | 0.185 0.114 0.131 | 0.183 0.111 0.133
0 0.177 0.095 0.131 | 0.168 | 0.747 0.739 | 0.186 | 0.761 0.757 | 2 Sigma
8 0.240 0.145 0.169 | 0.169 0.099 0.124 | 0.156 0.102 0.109 | 0.259 0.153 0.189
16 0.222 0.157 0.158 | 0.179 0.115 0.132 | 0.144 0.097 0.100
24 0.199 0.123 0.144 | 0.138 0.099 0.097 | 0.224 0.149 0.161 | 3 Sigma
32 0.254 0.153 0.180 | 0.169 0.119 0.119 | 0.157 0.100 0.108 | 0.291 0.1712 0.213
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6.2.3 Tables corresponding to Figures in Main Body

Table B.10: Comparison of moss response to all analysis method using both lasers of the CoCoBi. Images were collected every 8 hours over three
days. Control images were collected for the first 24 hours. At time 0 three Cu treatments were given at 1 nmol/cm? for Tray 1, 10 nmol/cm? for
Tray 2, and 100 nmol/cm? for Tray 3. Light gray shading indicates a 2 sigma deviation from the control. Dark gray shading indicates a 3 sigma
deviation from the control.

CoCoBi Density Difference Results - Both Lasers

Tray 1 Tray 2 Tray 3

Time(hrs) | Red Green Blue Red Green Blue Red Green Blue Red Green Blue
-24 0.089 0.076 0.059 | 0.132 0.102 0.120 | 0.123 0.092 0.102 | Mean
-16 0.090 0.076 0.060 | 0.108 0.091 0.101 | 0.152 0.114 0.140 | 0.112 0.092 0.093
-8 0.092 0.088 0.066 | 0.126 0.095 0.118 | 0.114 0.097 0.105
0 0.116 0.117 0.087 | 0.117 0.081 0.106 | 0.099 0.071 0.069 | 2 Sigma
8 0.100 0.085 0.066 | 0.128 0.096 0.119 | 0.084 0.062 0.055 | 0.153 0.114 0.147
16 0.089 0.080 0.063 | 0.105 0.072 0.089 | 0.105 0.088 0.071
24 0.095 0.083 0.066 | 0.371 0.201 0.570 | 0.101 0.079 0.065 | 3 Sigma
32 0.086 0.072 0.062 | 0.126 0.101 0.120 | 0.104 0.069 0.071 | 0.273 0.125 0.174
40 0.132 | 0.130 | 0.105 | 0.070 0.059 0.062 | 0.086 0.068 0.059
48 0.124 | 0.129 | 0.095 | 0.089 0.068 0.080 | 0.082 0.076 0.055

CoCoBi Single Color DTW Results - Both Lasers

Tray 1 Tray 2 Tray 3

Time(hrs) | Red Green Blue Red Green Blue Red Green Blue Red Green Blue
-24 0.061 0.056 0.059 | 0.058 0.048 0.052 | 0.057 0.045 0.047 | Mean
-16 0.060 0.051 0.058 | 0.050 0.045 0.048 | 0.059 0.051 0.055 | 0.059 0.050 0.055
-8 0.086 0.078 0.085 | 0.050 0.041 0.047 | 0.058 0.047 0.049
0 0.110 [ 0.102 0.114 | 0.057 0.045 0.049 | 0.057 0.053 0.057 | 2 Sigma
8 0.072 0.065 0.076 | 0.061 0.047 0.051 | 0.050 0.051 0.054 | 0.079 0.071 0.077
16 0.061 0.054 0.064 | 0.053 0.048 0.048 | 0.070 0.061 0.065
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24 0.068 0.057 0.065 | 0.378 0.181 0.591 | 0.060 0.057 0.063 | 3 Sigma
32 0.061 0.054 0.059 | 0.052 0.050 0.053 | 0.050 0.045 0.048 | 0.089 0.082 0.089
40 0.136 | 0.116 0.136 | 0.052 0.049 0.050 | 0.060 0.055 0.056
48 0.118 [ 0.105 0.122 | 0.047 0.045 0.046 | 0.070 0.064 0.065
CoCoBi Two Color DTW Results - Both Lasers
Tray 1 Tray 2 Tray 3
Time(hrs) | RvG GvB RvB RvG GvB RvB RvG GvB RvB RvG GvB RvB
-24 0.111 0.098 0.108 | 0.103 0.099 0.108 | 0.099 0.091 0.103 | Mean
-16 0.098 0.087 0.103 | 0.093 0.092 0.097 | 0.107 0.105 0.112 | 0.103 0.096 0.107
-8 0.141 0.117 0.146 | 0.087 0.086 0.094 | 0.099 0.094 0.104
0 0.171 0.146 0.177 | 0.096 0.093 0.104 | 0.106 0.108 0.111 | 2 Sigma
8 0.115 0.102 0.125 | 0.101 0.097 0.109 | 0.099 0.105 0.103 | 0.133 0.115 0.136
16 0.095 0.086 0.099 | 0.099 0.096 0.099 | 0.127 | 0.124 0.133
24 0.114 0.100 0.116 | 0.404 0.762 0.696 | 0.113 0.118 0.120 | 3 Sigma
32 0.111 0.101 0.113 | 0.098 0.101 0.102 | 0.093 0.092 0.096 | 0.147 0.124 0.151
40 0.203 0.173 0.216 | 0.099 0.099 0.101 | 0.112 0.121 0.115
48 0.176 0.150 0.184 | 0.089 0.090 0.091 | 0.130 | 0.127 0.133

Table B.11: Comparison of moss response to all analysis method using the Chl-B Filter with the Chl-A laser. Images were collected every 8 hours

over three days. Control images were collected for the first 24 hours. At time 0 three Cu treatments were given at 1 nmol/cm? for Tray 1, 10

nmol/cm? for Tray 2, and 100 nmol/cm? for Tray 3. Light gray shading indicates a 2 sigma deviation from the control. Dark gray shading indicates
a 3 sigma deviation from the control.

Chl-A Laser Density Difference Results - B Filter

Tray 1 Tray 2 Tray 3
Time(hrs) | Red Green Blue Red Green Blue Red Green Blue Red Green Blue
-24 0.081 0.041 0.031 | 0.151 0.081 0.057 | 0.103 0.044 0.031 | Mean
-16 0.194 0.090 0.050 | 0.193 0.113 0.079 | 0.178 0.122 0.091 | 0.156 0.086 0.058
-8 0.185 0.097 0.058 | 0.225 0.143 0.098 | 0.157 0.106 0.070
0 0.133 0.050 0.030 | 0.090 0.078 | 0.616 | 0.090 0.052 | 0.622 | 2 Sigma
8 0.186 0.085 0.050 | 0.164 0.087 0.058 | 0.102 0.049 0.047 | 0.243 0.150 0.104
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16 0.234 0.113 0.062 | 0.218 0.130 0.085 | 0.119 0.051 0.043
24 0.180 0.086 0.056 | 0.137 0.066 0.046 | 0.117 0.049 0.028 | 3 Sigma
32 0.174 0.095 0.066 | 0.170 0.099 0.061 | 0.100 0.055 0.052 | 0.286 0.181 0.126
40 0.198 0.087 0.049 | 0.190 0.112 0.074 | 0.100 0.046 0.034
48 0.165 0.072 0.057 | 0.172 0.099 0.069 | 0.100 0.054 0.047
Chl-A Laser Single Color DTW Results - B Filter
Tray 1 Tray 2 Tray 3
Time(hrs) | Red Green Blue Red Green Blue Red Green Blue Red Green Blue
-24 0.119 0.094 0.028 | 0.073 0.068 0.022 | 0.108 0.087 0.025 | Mean
-16 0.095 0.083 0.025 | 0.083 0.072 0.023 | 0.079 0.078 0.025 | 0.086 0.077 0.024
-8 0.078 0.070 0.021 | 0.079 0.078 0.030 | 0.074 0.071 0.021
0 0.078 0.072 0.025 | 0.080 | 0.106 0.693 | 0.097 | 0.114 0.698 | 2 Sigma
8 0.086 0.073 0.023 | 0.076 0.066 0.020 | 0.087 0.081 0.029 | 0.117 0.094 0.030
16 0.090 0.075 0.023 | 0.090 0.075 0.023 | 0.075 0.077 0.030
24 0.081 0.075 0.026 | 0.071 0.071 0.026 [ 0.135 0.111 0.031 | 3 Sigma
32 0.077 0.073 0.022 | 0.081 0.075 0.023 | 0.082 0.076 0.024 | 0.132 0.102 0.032
40 0.087 0.082 0.029 | 0.080 0.067 0.022 | 0.077 0.074 0.023
48 0.089 0.077 0.023 | 0.076 0.067 0.023 | 0.091 0.090 0.032
Chl-A Laser Two Color DTW Results - B Filter
Tray 1 Tray 2 Tray 3
Time(hrs) | RvG GvB RvB RvG GvB RvB RvG GvB RvB RvG GvB RvB
-24 0.145 0.090 0.097 | 0.142 0.090 0.095 | 0.195 0.112 0.133 | Mean
-16 0.205 0.111 0.145 | 0.155 0.095 0.106 | 0.157 0.102 0.104 | 0.165 0.101 0.112
-8 0.197 0.110 0.137 | 0.157 0.108 0.109 | 0.144 0.092 0.095
0 0.140 0.080 0.097 | 0.186 | 0.773 0.748 | 0.211 | 0.788 0.770 | 2 Sigma
8 0.203 0.105 0.147 | 0.142 0.085 0.096 | 0.168 0.109 0.116 | 0.212 0.119 0.149
16 0.231 0.123 0.164 | 0.164 0.098 0.113 | 0.152 0.107 0.106
24 0.177 0.104 0.126 | 0.142 0.097 0.097 | 0.246 0.142 | 0.167 | 3 Sigma
32 0.192 0.116 0.130 | 0.156 0.098 0.103 | 0.158 0.099 0.106 | 0.236 0.128 0.167
40 0.183 0.105 0.129 | 0.148 0.090 0.103 | 0.151 0.097 0.100
48 0.166 0.100 0.116 | 0.142 0.090 0.099 | 0.181 0.122 0.123
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Table B.12: Comparison of moss response to all analysis method using the Chl-B Filter with the Chl-B laser. Images were collected every 8 hours

over three days. Control images were collected for the first 24 hours. At time O three Cu treatments were given at 1 nmol/cm? for Tray 1, 10

nmol/cm? for Tray 2, and 100 nmol/cm? for Tray 3. Light gray shading indicates a 2 sigma deviation from the control. Dark gray shading indicates
a 3 sigma deviation from the control.

Chl-B Laser Density Difference Results - B Filter

Tray 1 Tray 2 Tray 3
Time(hrs) | Red Green Blue Red Green Blue Red Green Blue Red Green Blue
-24 0.101 0.065 0.036 | 0.137 0.074 0.042 | 0.113 0.065 0.029 | Mean
-16 0.193 0.119 0.063 | 0.178 0.108 0.063 | 0.163 0.109 0.065 | 0.152 0.096 0.053
-8 0.181 0.112 0.060 | 0.187 0.132 0.077 | 0.144 0.108 0.065
0 0.120 0.063 0.031 | 0.093 0.066 | 0.643 | 0.096 0.055 | 0.651 | 2 Sigma
8 0.205 0.122 0.058 | 0.163 0.100 0.060 | 0.102 0.062 0.034 | 0.215 0.142 0.083
16 0.213 0.133 0.073 | 0.211 0.145 0.089 | 0.128 0.071 0.043
24 0.174 0.105 0.055 | 0.128 0.067 0.043 | 0.090 0.062 0.055 | 3 Sigma
32 0.165 0.114 0.065 | 0.160 0.120 0.085 | 0.103 0.058 0.033 | 0.246 0.166 0.098
40 0.190 0.116 0.057 | 0.178 0.108 0.058 | 0.103 0.067 0.050
48 0.164 0.096 0.051 | 0.191 0.119 0.068 | 0.107 0.058 0.039
Chl-B Laser Single Color DTW Results - B Filter
Tray 1 Tray 2 Tray 3
Time(hrs) | Red Green Blue Red Green Blue Red Green Blue Red Green Blue
-24 0.128 0.106 0.039 | 0.078 0.070 0.025 | 0.129 0.105 0.035 | Mean
-16 0.111 0.088 0.035 | 0.082 0.076 0.028 | 0.104 0.085 0.030 | 0.103 0.085 0.031
-8 0.098 0.080 0.028 | 0.101 0.084 0.030 | 0.103 0.080 0.031
0 0.080 0.073 0.027 | 0.082 0.086 [ 0.691 | 0.093 0.093 | 0.698 | 2 Sigma
8 0.110 0.096 0.033 | 0.098 0.072 0.027 | 0.082 0.074 0.028 | 0.136 0.108 0.039
16 0.108 0.083 0.033 | 0.099 0.081 0.034 | 0.073 0.070 0.027
24 0.085 0.080 0.030 | 0.068 0.070 0.029 | 0.118 0.106 | 0.043 | 3 Sigma
32 0.095 0.086 0.032 | 0.085 0.084 0.035 | 0.083 0.074 0.026 | 0.153 0.120 0.043
40 0.110 0.085 0.031 | 0.073 0.068 0.029 | 0.078 0.074 0.028
48 0.097 0.085 0.032 | 0.075 0.071 0.029 | 0.085 0.084 0.034

Chl-B Laser Two Color DTW Results - B Filter
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Tray 1 Tray 2 Tray 3

Time(hrs) | RvG GvB RvB RvG GvB RvB RvG GvB RvB RvG GvB RvB
-24 0.210 0.101 0.162 | 0.147 0.095 0.102 | 0.235 0.140 0.164 | Mean rmean 0.195
-16 0.217 0.139 0.159 | 0.158 0.104 0.110 | 0.189 0.114 0.134 | 0.195 0.117 0.139
-8 0.251 0.148 0.179 | 0.185 0.114 0.131 | 0.183 0.111 0.133
0 0.177 0.095 0.131 | 0.168 | 0.747 0.739 | 0.186 | 0.761 0.757 | 2 Sigma
8 0.240 0.145 0.169 | 0.169 0.099 0.124 | 0.156 0.102 0.109 | 0.259 0.153 0.189
16 0.222 0.157 0.158 | 0.179 0.115 0.132 | 0.144 0.097 0.100
24 0.199 0.123 0.144 | 0.138 0.099 0.097 | 0.224 0.149 0.161 | 3 Sigma
32 0.254 0.153 0.180 | 0.169 0.119 0.119 | 0.157 0.100 0.108 | 0.291 0.171 0.213
40 0.213 0.128 0.155 | 0.142 0.097 0.102 | 0.152 0.102 0.105
48 0.201 0.119 0.146 | 0.147 0.100 0.103 | 0.169 0.118 0.118

Table B.13: Moss tray images compared to the control and validated using a Welch t-test Time starts at the initial dosing (time 0) and
continues 48 hours to compare the 3 laser systems (CoCoBi, Chl-A, and Chl-B with all 3 analysis methods (density difference, single color
DTW, and two color DTW) in the blue or RvB color channel.

Tray 1 CoCoBi - Both Lasers Chl-A w/ B Filter Chl-B w/ B Filter

(Tr:rr];‘i DD DTW-1 DTW-2 DD DTW-1 DTW-2 DD DTW-1 DTW-2
0 022 174 | 1241 180 | 957 177 | 052 174 | 280 173 | 009 173 | 067 174 | 817 180 | 278 1.79
8 017 175 | 585 178 | 529 175 | 005 175 | 491 173 | 010 174 | 016 175 | 064 177 | 0.74 174
16 054 174 | 592 | 1.76 | 1203 174 | 035 173 | 247 173 | 152 174 | 057 174 | 366 177 | 125 175
24 040 174 | 1.83 | 178 | 478 173 | 091 174 | 209 174 | 304 176 | 127 174 | 583 179 | 163 179
32 075 174 | 038 174 | 476 174 | 013 174 | 289 | 174 | 111 173 | 002 174 | 126 175 | 123 175
40 135 173 | 860 175 | 818 180 | 060 174 | 542 180 | 060 175 | 036 174 | 206 177 | 1.39 175
48 095 173 | 1861 178 | 877 178 | 035 173 | 581 | 173 | 252 174 | 072 173 | 480 175 | 165 177

Tray 2 CoCoBi - Both Lasers Chl-A w/ B Filter Chl-B w/ B Filter

(TA?S DD DTW-1 DTW-2 DD DTW-1 DTW-2 DD DTW-1 DTW-2
0 2608 179 | 281 175 | 015 174 | 354 | 1.75 | 367.40 1.82 | 2605 1.74 | 611 175 | 368.10 1.83 | 22.75 1.74
8 304 | 183 | 274 175 | 050 173|118 175 | 568 | 179 | 038 173 | 203 176 | 064 174 | 051 174
16 300 174 | 080 178 | 022 174|162 175 | 441 178 | 012 173 | 146 175| 321 176 | 003 173
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24 110 176 163 | 1508 175 | 085 175 | 378 | 180 | 010 173 | 088 175 179 | 021 173
32 181 175 | 021 174|100 174| 055 173 | 011 174 1.74 179 | 032 174
40 1.73 176 | 032 174 [ 286 174 | 464 | 180 | 021 174 . 174 | 073 178 | 084 174
48 | 006 176 176 | 068 175|041 174 | 168 178 | 014 174 | 042 174 181 | 003 174
Tray 3 CoCoBi - Both Lasers Chl-A w/ B Filter Chl-B w/ B Filter

(Trl:::; DD DTW-1 DTW-2 DTW-1 DTW-1

0 177 181 | 041 174 1.74

8 177 | 073 175 | 033 177 1.76

16 1.74 181 | 171 174 1.74

24 | 107 174 182 | 084 174 173

32 1.74 176 | 058 177 175

40 173 177 | 062 173 1.74

48 | 057 174 182 | 134 173 1.73
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6.2.4 Additional Metal and Chlorophyll Plots

6.2.4.1 Two color DTW versus wet Metals
ﬂ.B' T T ) T

0.7}

ok e
o (=2}
T T

Two Color DTW
=
B

Chl-A Laser

=
n

Two Color DTW
[=] (=]
[ B

Chl-B Laser

o
o

]

B

e
—
&

500 1000 1500 2000 2500 3000
nmollg Cu (wet)

=
"

Figure B.10: Metal extraction results and wet weight of 10 pairs of fronds collected every 24 hours
compared to Chl-A and Chl-B two color DTW results.
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6.2.4.2 Chl versus two color DTW

0.8

Chl-A Laser
5 DpCHuDIW

:
|

o
®

< Gont
- Tray 1

07 Tray 2
(7] o Tray 3
s
(]
- Eas
o s

04
= 3
£ Zoa
o -

02

01 — — —

1 2 3 4 5 6 0 05 1 15 2 25 0 [ 1 15 2 28 3 2 3 4 5 [ 7 8
chi-A ChiB Chl aib Ratio Total Chl

Figure B.11: Chlorophyll extraction results as Total Chl, chl-aand -b , and chl a/b ratio, compared to
two color DTW results from images collected using the Chl-A (top) and Chl-B lasers (bottom) using the
B filter.

6.2.4.3 Chl versus Cu wet weight
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Figure B.12: Chlorophyll extraction versus metal extraction wet weight collected every 24 hrs.
Time 0 samples are marked with a black circle.

3.5

3

-0.5

-1

1.5

T

T

4 Cont

4 Tray 1
- Tray 2
4 Tray 3

|

|

3

Chl A

3.5

Figure B.13: Chl-a moss content versus chl-b moss content over the duration of the experiment.

Black circles represent each moss tray at time 0 when dosed with Cu.
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6.3 APPENDIX C
6.3.1 Image Analysis Results for all laser wavelengths and comparison methods

6.3.1.1 CoCoBi Single and Dual Laser

CoCoBi - Density Difference
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Figure C.1: Comparison of moss response to all lasers of the CoCoBi using single-color
density difference to compare all color channels (R,G,B). Images of fronds were collected
every 24 hours over three days. At time 0 three Cu treatments were given at 1 nmol/cm? for
Tray 1 (blue), 10 nmol/cm? for Tray 2 (cyan), and 100 nmol/cm? for Tray 3 (magenta).
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Figure C.2: Comparison of moss response to all lasers of the CoCoBi using single-color DTW
to compare all color channels (R,G,B). Images of fronds were collected every 24 hours over
three days. At time 0 three Cu treatments were given at 1 nmol/cm? for Tray 1 (blue), 10
nmol/cm? for Tray 2 (cyan), and 100 nmol/cm? for Tray 3 (magenta).
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Figure C.3: Comparison of moss response to all lasers of the CoCoBi using two-color DTW to
compare all color channels (R,G,B). Images of fronds were collected every 24 hours over three
days. At time 0 three Cu treatments were given at 1 nmol/cm? for Tray 1 (blue), 10 nmol/cm?

for Tray 2 (cyan), and 100 nmol/cm? for Tray 3 (magenta).
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6.3.1.2 Chl-A with and without filter

Chl-A - Density Difference
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Figure C.4: Comparison of moss response to all filter options for the Chl-A laser using single-
color density difference to compare all color channels (R,G,B). Images of fronds were
collected every 24 hours over three days. At time 0 three Cu treatments were given at 1
nmol/cm? for Tray 1 (blue), 10 nmol/cm? for Tray 2 (cyan), and 100 nmol/cm? for Tray 3
(magenta).
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Figure C.5: Comparison of moss response to all filter options for the Chl-A laser using single-
color DTW to compare all color channels (R,G,B). Images of fronds were collected every 24

hours over three days. At time 0 three Cu treatments were given at 1 nmol/cm? for Tray 1
(blue), 10 nmol/cm? for Tray 2 (cyan), and 100 nmol/cm? for Tray 3 (magenta).
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Figure C.6: Comparison of moss response to all filter options for the Chl-A laser using two-
color DTW to compare all color channels (R,G,B). Images of fronds were collected every 24
hours over three days. At time 0 three Cu treatments were given at 1 nmol/cm? for Tray 1
(blue), 10 nmol/cm? for Tray 2 (cyan), and 100 nmol/cm? for Tray 3 (magenta).
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6.3.1.3 Chl-B with and without filter
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Figure C.7: Comparison of moss response to all filter options for the Chl-B laser using single-
color density difference to compare all color channels (R,G,B). Images of fronds were
collected every 24 hours over three days. At time 0 three Cu treatments were given at 1
nmol/cm? for Tray 1 (blue), 10 nmol/cm? for Tray 2 (cyan), and 100 nmol/cm? for Tray 3
(magenta).

154



Chl-B - DTW
RED GREEN BLUE

0.9
LR
o7
0.6

o
05 B - m e e e epemmmmmmeetemmmem————an

047" N 1 L8 H : i

Blank

02
01

LU e e (S |

07,
06"
050

A Filter

oo

i 8 § i 3 i g
0.4 i $ 1 T + i

: 3 H e i i L ]
0.3 : . i t . i ' {
02 1t 1 g 1 i1

0.1

0.8

0.7

7 . |
06l { ' I
0.5

04

B Filter

0.3

r F
0z} . ) 5] i : i
k] ]

........................

0.1 i

=20 <10 o 10 20 30 40 50 =20 -10 L] 10 20 30 40 50 =20 «10 o 10 20 30 40 50
Time (hrs) Time (hrs) Time (hrs)

Figure C.8: Comparison of moss response to all filter options for the Chl-B laser using single-
color DTW to compare all color channels (R,G,B). Images of fronds were collected every 24
hours over three days. At time 0 three Cu treatments were given at 1 nmol/cm? for Tray 1
(blue), 10 nmol/cm? for Tray 2 (cyan), and 100 nmol/cm? for Tray 3 (magenta).
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Figure C.9: Comparison of moss response to all filter options for the Chl-B laser using two-
color DTW to compare all color channels (R,G,B). Images of fronds were collected every 24
hours over three days. At time 0 three Cu treatments were given at 1 nmol/cm? for Tray 1
(blue), 10 nmol/cm? for Tray 2 (cyan), and 100 nmol/cm? for Tray 3 (magenta).

6.3.2 Chlorophyll and Metal Results
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Figure C.10: Chlorophyll extraction results of Total Chl, chl-a and -b, and chl a/b ratio,
compared to two color DTW (RvB) results from images collected using the Chl-A (top) and
Chl-B lasers (bottom) using the B filter.
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Figure C.11: Metal extraction results of Cu wet weight of fronds collected every 24 hours
compared to Chl-A and Chl-B two color DTW results.
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