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Abstract

GULL, Christopher Johannes, M.Sc., Universidade Federal de Vigosa, July A20xel Low-
Cost Chlorophyll Fluorescence Sensor for Early Detection of Environmental Pollutin.
Advisor: José Augusto Miranda Nad@o-advisor: Eduardo Gusmao Pereira.

Pollution seriously affects all living organisms as well as economiesligicedndirectly relying on
natural growth resources. Monitoring the environment for stresses in plants, causedthgtppif
necessary in order to anticipate and counteract the adverse effects before thegt maniisible
damage. Failure to constantly monitor plants results in decreased crop growth, damage to
ecosystems, health-related issues, and, ultimately, economic losses. Espediathaffected areas,
such as waste deposits, mining activities and factories, but also in and arbandareas, it is
important to acknowledge the potential environmental issues that may ariskunean activities.
Among the consequences we find acid rain, heavy metal contamination, surface ozone,ichanges
temperature, and drought, contributing to alterations in plant physiology, spéciickirophyll
content and photosynthetic efficiency. Measuring plant efficiency, thus hasitiy commercial
fluorometers, such as PAM (pulse-amplitude modulation) devices, presents a challengmssince
complexity and the measurement methods make real-time monitoring a difficult poposit
Although such devices are highecision instruments, they are merely able to provide ‘snapshots’

of small areas. This makes it difficult to understand the health of plantsamgerdreas and over
extended periods of time, frequently resulting in actions taken only afteicagmi¢hanges to plants

and productivity. One solution would be for a farmer in an area impacted logigpoto acquire
multiple of these devices and to employ a workforce dedicated solely ttontnplant health, but

this is costly and inefficient. Another solution would be to simplify theicdsvwith which to
measure, and use a multitude of these. Indeed, in this work, we focus on solvinglitampby
reducing costs and complexity, and eliminating the need for human input in the measurement
process. We propose a system of low-cost chlorophyll fluorescence sensors able toadargmr
number of individual plants at the same time and wirelessly. These sensors hadedigesd,
prototyped and built from the ground up to provide reasonable accuracy, and cdpacity
discriminating between plants subjected to stress from non-stressed plants. Whersousystem,

the CFY (chlorophyll fluorescence yield) Sensor, lacks in accuracy, it compengtt a multitude

of potential simultaneous measurements from an array of sensors within a networks Feasin,

the sensor prototype is inherently designed for wireless sensor networks (Ws8id)two species

of plants, Clusia hilariana and Paspalum densumwe have built, tested and verified our
methodologies and prototype sensors through a series of experiments. Through theservwee obs
significant results when employed in an emulated sensor network using one sensayenunider

of plants over extended periods of time. Differentiating the stressed gmugHe control group

Xi



was possible, in addition to rapid and well before any visible damage had manifested on leaves. We
conclude that it is indeed possible to not only detect plant stress using low-cost methods, but also to
do so automatically and in real-time, allowing for early-detection of pafignd providing e.g. a

farmer enough time to resolve problems before they become irreversible and costly.
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Resumo

GULL, Christopher Johannes, M.Sc., Universidade Federal de Vigosa, julho ddJp@Sensor
Novo de Baixo Custo para Fluorescéncia da Clorofila para a Deteccdo Precoce de Poluigédo
Ambiental. Orientador: José Augusto Miranda Nacif. Coorientador: Eduardo Gusmao Pereira.

A poluicdo afeta seriamente todos 0s organismos vivos, assim como economias que dependem,
diretamente ou indiretamente, de recursos naturais. O monitoramento ambiental de dstsesses
plantas, causadas pelos poluentes, é necessario para antecipar e evitar os efeitos negativos antes qu
semanifestem como danos visiveis. A auséncia de monitoramento constante das plaraasmesult
diminuicéo do crescimento das culturas, danos aos ecossistemas, problemas de sefiltledas n

contas, perdas econémicas. Especialmente ao redor das areas afetadas, como, por exemplo, depdésito:
de residuos, mineradoras e industrias, mas também dentro e ao redor das areas urpartasté im
reconhecer os problemas potenciais do meio ambiente que possam surgir por catirgdaties

humanas. Entre as consequéncias estdo chuva &cida, contaminacdo de metais pesados, 0zOnic
superficial, modificacbes de temperatura, e seca, causando alteragbes na fisiologia veget
especificamente na eficiéncia fotossintética e contetado de clorofilmedicdo da eficiéncia
fotossintética das plantas, i.e. vitalidade, usando fluorémetros comerciais tais cormsFaki!
(modulacdo de amplitude de pulso), torna-se um desafio, uma vez que custo, complexidade e os
métodos de medicdo tornam dificeis o monitoramento em tempo real. Apesar dos aparelhos
possuirem alta precisdo, podem meramente fornecer uma medi¢do “instantdnea” de areas pequenas.

Assim, torna-se dificil o entendimento da vitalidade e eficiéncia das plantgsaedes areas e
periodos longos, resultando, muitas vezes, que acfes sejam tomadas apenas apds mudancgas
significativas nas plantas e na produtividade. Uma solucdo para o produtor em &reas impactadas por
poluentes poderia ser a obtengdo de varios desses aparelhos e empregar trabatibchues d
exclusivamente para o monitoramento de salude das plantas, mas isto é caro e inefigiante. O
solucéo seria simplificar os equipamentos de medicdo, e usar varios deles. De fat@ghadiste tr

ndés nos concentramos na resolucdo deste problema, reduzindo o custo e a complexidade, e
eliminando a necessidade de intervencdo humana no processo de medicdo. Propde-se um sistema de
sensores de fluorescéncia de clorofila de baixo custo que pode monitorar, simultanea®ente e

fios, varias plantas individuais. Estes sensores foram desenvolvidos, protofipamwstruidos do

zero para dar precisdo razoavel, com a capacidade de diferenciar entre plantas submetidas a estresst
e sem estresse. Nos casos em que o sistema, 0 Sensor CFY (rendimento fluodssctaroida),

ndo possua alta precisdo, o sistema compensa em varias medi¢cdes simultaneas de uma rede de
sensores. Isto é, o protétipo do sensor €&, inerentemente, desenvolvido para ser vsdel® sm

fio (WSN). Usando duas espécies de plartssia hilarianae Paspalum densunfioi construido,

testado e verificado as nossas metodologias e 0 nosso protétipo através de dimagdeiementos.
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Baseado nisso, foram observado resultados significativos quando utilizamos esensea rede

de sensores emulado, usando um sensor Unico em varias plantas durante um longo periodo de tempo.
Foi possivel a discriminacéo entre plantas nos grupos de estresse e as do contnotenassi
descoberta rapida bem antes de danos se manifestarem nas folhas. Concluimos que é, dedhto, possi

a deteccdo da estresse nas plantas utilizando métodos de baixo custo, assifiazécim
automaticamente e em tempo real, permitindo a deteccao precoce de poluicdo e fornecendo, por
exemplo, tempo suficiente para um produtor resolver os problemas antes de elemrsentor

irreversiveis e dispendiosos.
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1. General Introduction

Monitoring the environment on a large scale is challenging using traditional flateand
methods. Due to the inability of properly accounting for environmental tipoiluit is a factor
contributing to substantial economic losses and health-related problems. Apattidrdetrimental
effects on human health (Rabl & Spadaro, 2000), research on the effectutdrgs|le.g. surface
Ozone, in Europe, Asia and the United States have demonstrated that damage ttaptasts
increased susceptibility to diseases, decreased growth, and reduced crop ayie ftsgddauzerall
& Wang, 2001), in additional to long-term effects on ecosystems (EPA, 2006). qDentg,
environmental changes lead to annual losses of tens of billions of iddlter United States alone
(Field et al, 2007; Statista, 2012).

Cost, small-scale and non-real-time measurements are factors that contribustiffir ity
for a user to understand changes and stress factors over time. Especiallys iknarga to be
susceptible to contamination from industries or mining, it is vital to moaitd understand regional
and temporal variations. Using commercial fluorometers makes such a task daunting, begause th
cannot provide real-time monitoring. Other solutions exist, but are less commannexyal and/or
cutting edge, making them costlier. Hence, there is an opportunity for innovatian sisipler
technology and novel techniques to aid e.g. farmers in tasks such as crop area selection.

This dissertation is structured as follows: the introduction summarises our guicgmdstion,
highlighting the contributions of this work. Chapters 2 and 3 constitute twosptagrhave been
submitted, and present details about the evolution of our solution focussed on issedstaelat
complexity, cost, and automation. However, while the chapters have a commoheyapphtoaches
are quite different, with the focus of Chapter 2 merely proving thé&yabil read two different
chlorophyll fluorescence (CF) signals of different intensities, whereas CBaptemsed around real-
world experiments with statistical significance in mind. Chapter 4 concthie®ork and presents

future directions.

1.1 General Biology Concepts

All plants use light for energy production through photosynthesis. Light energy is captured i
the chlorophyll pigments in leaves, where photochemical reactions use electromsstyetevated
to an excited state by photons. While leaves need sunlight for production, anieX@gssmay
cause damage to the organism, which is avoided through dissipating excess energy tfeaugh a
measurable processes. Among these we find chlorophyll fluorescence (CF) sth&ha-emission
of energy in the upper red-light spectrum, around 690-735 nm (Lichtenthaler, 1988). CEntspres
a small percentage of the overall energy used or dissipated, but can be wdrinugafiging the

photosynthetic activity of a plant.
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Kautsky & Hirsch (1931) was the first team to discover the phenomenonreasged levels
of CF upon stress in plants. The team used light stress to observe that a plant’s activity can be
quantifiedin vivowhen it is rapidly brought from the dark into the light. Prior to this, plaatl been
measuredh vitro, using destructive means, e.g. chemical, to detect problems, such as pollution. The
1931 discovery led to what is termed the Kautsky Effect, which effectivelgrides a basic
relationship between the measurable fluorescence quantum vyield (i.e. effici@orywanting light
to energy) and electron transport rate. Using modern equipment, it is possibleasure this
quantum yield by exciting a leaf with artificial light and measutirglevels of CF. Such equipment
normally measures (using red or blue light) the top (adaxial) sideawk$ where chlorophyll
pigments are in high concentration.

Further details can be found in Sections 2.3 and 3.3.

1.2 Proposed Solution

In this dissertation, we have solved the problems in question using severhpproaches
Not only have we developed hardware capable of measuring chlorophyll fluorescEnaed wer
cost, but because of the limitations when faced with non-state-of-the-art technotoggeded to
resort to unconventional methods that, while they may initially seem countéivatsolved several
problems and even improved on a number of potential issues with traditional methods. Of particula
interestis the sensor’s ability to not only measure CF, but to also distinguish between the CF emitted
from normally functioning plants and from plants suffering from effectpatiition (acid rain).
Therefore, the goal of the project has been the low-cost monitoring of enemtadrpollution that
could be useful in an array of situations.

Throughout the project, we have worked on building prototypes, testing themngeati
them with improvements, and re-testing. In total, we iterated through six protoigibea,number
of sub-iterations. All of them were based around Texas Instruments MSP430ssermontrollers
primarily the Launchpad versions. The prototyping began with a simple breadbogrdsiey only
a pair of LEDs and some transistors coupled with the sensor. Subsequent prototypes were
implemented on prototyping boards. Each sub-iteration presented minor changes tootwjqras
to correct or improve on the original idea. The fifth iteration underwent aeuofimajor corrections
and improvements before becoming the idea that we finally implemented in the sixibnitdriais
prototype was entirely designed & CAD application, and also underwent a number of sub-
iterations. The PCB that we designed was sent off for printing and then llpanaanted into a
working sensor, complete with a custom 3D-printed casing. The casing wasedesaigl printed
externally based on the requirements from our sensor. While still a prototypeetsion is ready
to be deployed into the field for large-scale testing, bearing in mind the inherent dingtati

We believe that our sensor system compares favourably to other systems arkd tmether

authors, since our solution achieves similar functionality without the compleietyy discussed in
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the following methods. A method by Lichtenthaler & Miehé (1997) used cameras and laser-induced
fluorescence to detect CF, while measuring CF in the Fraunhofer lines ypergpectral imaging
was done by Merort al.(2008). More traditional solutions also exist, such as the well-proven PAM
(pulse-amplitude modulation) fluorometers. These are examples of technologées tesed to filter
out the background radiation from the CF signal of leaves. Our contributionemfsrespractical
solution to this to avoid the need to compete with the background radiation, avbielingetd for
precision instruments and instead focussing on the application, i.estatgexnd real-time.
Additionally, emerging technologies, similar to our solution, also exist. Wiraessor
networks (WSNsjor ‘Smartcultivation management practices’ have been in use by Kameadizal.
(2017) for several years, using various types of sensors and measuring techaimieg from X-
ray to thermal imaging. The work by the team proves the importance of W&i&lern monitoring

systems.

1.3 A Low-Cost Chlorophyll Fluorescence Sensor System

This paper was submitted to the VI Brazilian Symposium on Computing Systems Enginee
(SBESC 2016) as a work-progress, where it was accepted and presented in Jodo Pessoa, Paraiba,
Brazil. We treated the topic through the view ‘@fcceptable trade-offand ‘bare essentialsWe
were seeking the best ways to measure CF using much less costly methods ctongamadon
fluorometers, while maintaining the capability of distinguishing two planith different
photosynthetic efficiencies. We also emphasised that the system had to be built usiegsbélf
components, as these are cheap, easy to find and already standardised. Essentidlig,iitlneasnt
problems of using non-customised parts that presented the challenges we needed to selifg, and
using means that were not in line with recommended or traditional methodologies. Qine of
fundamental challenges of measuring CF will always be interference from gtitesdurces. As the
CF emitted from a leaf is vastly inferior in intensity than that of uglight, methods of filtering
out the ambient interference is important.

The solution that we devised to the interference problems was first tested irtthigpe
covered in the paper, using abaxial-reading measurements, although not explicitly part of the
contribution. Prior to this, we had been using a number of other methods, such as Kexping
excitation light and sensor on different sides of the leaf. In this version, weslbacbaktructed the
first rudimentary leaf holder, using material from a carton packaging. Wssigwe designed an
experiment to test the hand-built sensor. The experiment revolved around thedomalyClusia
hilariana, which we exposed to acid rain stress to compare CF, hence photosynthetic acthaty, to
of control plants. These tests were one-off tests, thus with no repetitistatistical significance.
The latter was, however, not the aim, as we only sought to find out the raw iti@gaddithe system

in order to learn about the weak points.
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As expected, we had a number of issues with the results, primarily stemminghgom
rudimentary prototype. However, we were able to produce some conclusions based am e dat
obtained. The sensor was capable of recognising the two different statesuff, &epned the dark
adapted and light adapted state, in which a plant displays varying degrees of Chndepetie
light condition. We observed that light stressed plants were clearly éxgiaitigher fluorescence
in its maximum dark-adapted A) fluorescence (Fm’), due to lowered photochemical activity
resulting in higher proportion of energy being emitted back. Since we usedith®AM for
comparison, we were able to conclude that the influence of our chosen stressas acid (ain is
a common problem in nature), is detectable, even with our sensor system.

As a workin-progress, the main contribution of the first article was, therefore, prowvading
rudimentary sensor system with which we could study the capabilities of the mymmttant
components and hardware. Using this knowledge, we were able to continue researching and

improving our solutions and methods.

1.4 Early Detection of Pollution Using a Low-cost Chlorophyll
Fluorescence Sensor System

This paper will be submitted to the internationalrial ‘Computers and Electronics in
Agriculture’. It is based on experiments with two different revisions of the same prototype concept,
where revision A was hand-built and revision B was manufactured. This papertsepvege the
feasibility of the sensor system as a complete solution to autonomous envirommaaritiating. We
achieved this by using one sensor on multiple plants to simulate a network of sensors.

The sensor systems concept described in this paper is aimed at testing thecgairatehe
overall capability of providing simple and reliable measurements. This system providptete
wireless autonomy using very low-powered components able to function for weekd ieho
battery. Indeed, the major contribution of this paper, as well as dissertatisnbuilding and
verifying a complete sensor node suited for simple deployment in the field, cemjletuser-end
data management software.

Due to the complexity, our sensor system is, in fact, divided into two partertber stself,
and the data handling and wireless loT node. It was decided that the best apprdaalseasvery
light and small sensor, while keeping all other communication and power masidgsrom the
leaf being measured. As such, we have the CFY Sensor tethered to an IoT module thiaugh ser
communication, fom stable connection. This also means that a user could be free to choose their
own communication platform for use with our CFY Sensor.

Another major contribution of this paper is the official introductminabaxial-surface
measurements. Abaxial leaf surfaces are the inferior part of leavebeisgdé of the leaf facing
away from sunlight (as opposed to adaxial leaf surfaces facing towards the sus)nandally

shielded from direct sunlight. In addition to attenuating this radiation, abaxiabehan CF,
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particularly in thicker leaves, will respond quicker to photosyntheticiefity changes than in
adaxial surfaces. Since our sensor works best with thicker kind of leaves, beittgrabssure near
the stomata makes sure that we can more closely follow a plant’s ability to assimilate carbon
(Gaastra, 1959), which is a direct response to inefficient photosynthesisesmsd Stnce our focus
lies heavily on being able to detect stress before visual symptameeitainly of added value to be
able to measure the immediate responses of plants rather than waiting flacthaf €0, variations
to reach all parts of a leaf. Although the CFY Sensor receives a lower CF sitintdeninherently
lower chlorophyll content in abaxial surfaces, we believe that the tradejofitified. Through the
obtained results in the second paper, we discovered that the amount of CF is stdfidieding
discrepancies in stressed and non-stressed plants.

Indeed, the results we obtained from the 9-day long laboratory experiment wi@F&ur
Sensor and with the Mini-PAM revealed that even with our relatively middstireatment, a clear
difference could be observed with both sensors. In addition to this, we were able t@® @bserv
recovery in all stressed plants, measured using both sensors. This is alsbdd fire accuracy of
the sensor, since we cowddeboth a decline in photosynthetic production as well as a subsequent
recovery in the stressed plants.

Statistical analysis also became fundamental at this stage. For a good ahalgsipetiment
needed statistically relevant data, meaning we carried out experiment on sdéaetahjh
repetitions. Five plants from the spediaspalum densumiere chosen for both the stress and control
group, totalling ten plant§.his species is commonly used in the revegetation of iron mining areas.
During the one-and-a-half-week experiment, the plants had already respondedttesthavishin
the first few days. For the obtained data; swrried out Cochran’s Q and Bartlett’s test for
homogeneity of variance, Lilliefors normality test, the Tukey test, and assign and correlation
analysis. We also studied the data graphs, in which clearly significant data pased on the
standard error was observed.

The Tukey tests revealed a number of interesting conclusions. Since we haletdwn
different Tukey tests, due to different amounts of data points between th&&ér and Mini-
PAM, the most interesting results stem from the data analysis of the &®6rSesults. Here, we
were able to see significant data within a matter of days after beginning tivatémp of acid rain,
and well before any visual symptoms began manifesting. The comparison of statmpidiabsice
between the two sensors also confirmed that both measured similar CF variationth aichilar
significance when comparing treatment and control. While not explicitly a caorelséhis does
provide a type of a correlation.

The regression and correlation analyses revealed the relationship between tod etz
by the Mini-PAM and the CFY Sensor. Since we did not measure adaxial surfaces with our sensor

system, we have approximately twice the amount of data points for the Mini-PAdvefdtre, we



1. General Introduction

also obtained two different correlations. Plotting the raw data from theSeR¥or (abaxial) against
that of the adaxial data of the Mini-PAM yielded the highest correlation.

We also did a few preliminary real-life tests with the sensor inighe ih order to test the
sensor system’s capability for continuous measurements in outside a laboratory. Plotting and
analysing the data from two plants with different photosynthetic efficierasyconclusive, in that in

most cases, the stressed plant exhibited a lower quantum vyield (efficiency).

1.5 Contributions
The main contributions of this work can be summarised as follows:

1. Low-cost sensor node prototype for measuring chlorophyll fluorescence in plants,
using off-the-shelf materials;

Alternative measurement techniques using abaxial leaf surfaces;

3. Sensor nodes enable real-time, remote and autonomous monitoring for large areas and
long periods of time, and the use of wireless sensor networks (WSNjderdata,
statistics and data mining, aiding in prediction;

4. Early-detection of stress factors caused by environmental pollution, for preventing

damage to plants and crops, providing recommendations for action;
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2.1 Abstract

Chlorophyll fluorescence (CF) yield is a well-known method of measuring pleaith.
Currently, many solutions exist for measuring CF, but the application methods arexamgptosts
are high. We propose a solution in which we utilise off-the-shelf components incadabfé
package, which is able to measure CF. The prototype that was built demonstratedtyhef abil
discriminating between stressed and non-stressed plants, and shows potentibdwasost
fluorometer. As the focus is less on accuracy and more on relative results atidscopens up the
possibility of using multiple sensors in a wireless sensor network j\WBRhis paper, we explain
the underlying methodology and its relation to known methods, and verify the systemsifillness

as a low-cost CF sensor.

2.2 Introduction

Plant health is an important aspect in a broad sense. Whether we considerusgrazult
environmental issues, monitoring the conditions are not only useful, but indesdargcén the US
alone, each year environmental factors cause the loss of tens of billions of dollars in the agricultura
sector (Fieldet al, 2007; Statista, 2012), and much could be improved in this regard. In 1931,
Kautsky and Hirsch were the first to outline a non-invasive technique fouunmeaplant health
using chlorophyll fluorescence (CF) (Nickelsen, 2015). Not only can CF be measuredt withou
harmful effects, but it is a well-known and well-tested method providing rolarstarning. As such,
countless studies have been done on how to best measure the chlorophyll actadtytf@reof) in
a wide range of species and conditions, using many methods of exciting the chlorophyill.

The methods have been utilised in the development of products that quickly and Bccurate
allow a user to gauge the environment through plants, enabling near-immediate aectiarent
optimise e.g. the efficiency for a farmer. However, existing solutionsFan€asurements generally
have a few common problems, such as complexity, user-friendliness and cost. As most fluerometer
available on the market are based on the deep understanding of plant physiology acdssepy
we have products that are able to tell us a wide range of parameteexceoergtely and precisely.
However, this leads to users needing not only a deep understanding of the equipnasd, thet
physiology of plants, before understanding whether or not there is a problem.

In this paper, we propose an alternative solution. Our objective is to filter out all the “nice to
haves” and provide a system in which we are able to quickly, and using low-cost methods, monitor
and understand plant health without a deep know-how. This means finding acdeptiEbtfs that
aim to emulate somewhat the professional systems, but using alternative resources anesechni
As this brings with it its compromises, we need to justify the losses\ewbeing of a low-cost

nature, it also opens up the possibilities for automated monitoring and wirebess setworks
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(WSNs). The working method exploits induced CF, i.e. when an artifigletl $ource is used as a
cause of excitation. The amount of reflected light at a certain wavelenggmasured, and further
analysis reveals the physiological state of the plant. The simplicityoandost of the proposed
system strive to achieve accuracy in terms of relative presence of stress in plants.

The contribution of this paper is an innovative, environmental, and socially relelaidgrso
in terms of alternative, low-cost methods of stress detection in pldmse$ult of this is a prototype
using off-the-shelf components, demonstrating sufficient discrimination between stadseoi-
stressed plants.

This paper is structured as follows: Section 2.3 covers the basics of chloeomhigl systems
that provide the ability to measure CF; Section 2.4 studies related worksvhjpdmthis paper is
based; Section 2.5 describes how we designed and built our prototype sensor; 23 ctimtyses

the results obtained by the prototype; and finally, Section 2.7 concludes this paper.

2.3 Background
In this section, we will cover the important considerations when building a flucFantes
vital to understand the mechanics of fluorescence and how these relate &trpks)tso that the

designing of the sensor system and interpretation of data are appropriate.

2.3.1 Photosynthesis and Fluorescence

Photosynthesis occurs in various parts of a leaf. Of interest to us are the gteatesynd the
chlorophyll types. Typically, fluorometers focus on photosystem Il (PSIl) and chldi@pt@hl.a),
since PSIl is the first stage in photosynthesis. Chl.a is present in PSII afaalisms that produce
oxygen, and is the dominating pigment (Cambell & Farrell, 2009; Zude, 2009). The pigraent is
electron donor, and as such, plays a vital importance in photosynthesis and in the gauging
fluorescence.

Plant leaves absorb light in the visible light spectrum (Harbinson & Rosengvist, 2003), but of
particular importance are the blue and red wavelengths due to the high absorptiom pibake
spectra (Lamberst al, 2008). Fluorometers generally exist in two variants: blue and red watreleng
excitation. The blue spectrum generally incites a higher fluorescence (Zude, 2009 ,saictl, at
can be beneficial to use the former. Indeed, this is what we focus on in thisggapershall discuss
in Section 2.5.

Upon light excitation, a leaf will re-emit absorbed light in the reibregyenerally in the 660-

800 nm spectrum, peaking at around 690 nm and 735 nm (Jones & Vaughan, 2010). This relationship
between CF and efficiency is approximately inversely proportional (Lichtent92), and is

therefore a powerful technique for monitoring plant health (Shultz & Hoffman, 2016).
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2.3.2 The Kautsky Effect
In 1960, Kautskyet al. (1960) described a mechanisnthe Kautsky Effect- where the

reaction centre of PSII has a low efficiency due to the reduction of electreptascbetween PSI|
ard PSI. The result of this is the closing of reaction centres wherebyrtieattyiexcited electrons
fall back to ground state and emit energy, among others, as fluorescehasy peaund a second
(the other competing factors being heat and the process or photosynthesis). coftimlle until
the first electron carrier manages to pass the electron onto the next &uriag this time, CF
gradually falls as PSIl becomes increasingly more efficient in two wagdyFthe electron carriers
become more efficient, causing an increase in electrons that are able to move gnt¢oniesl
photochemical quenching (PQ). The second factor is the increase in efficiency obmession,
termed non-photochemical Quenching (NPQ) (Heinz Walz GmbH, 1999). These factortheause
gradual decrease in CF as the photosystem acclimates (Maxwell & Johnson, 2000). Stguve 1
a graphical representation of the two adaptation states as well as the foyabaseters that can
be measured to calculate efficiency (yield).

2.3.3 Quantum Yield

In the striving for understanding plant health, it is important to uratedsvhat quantum yield
(QY) means for a plant. Since QY is a direct indicator of a plant’s ability to photosynthesise, it means
that as long as a plant photosynthesises effectively, the loss as heat or ChhsHouwldIn other
words, the re-emission of absorbed light is low when the electron transportaldptthe electron
transport chain (Kautskst al, 1960).

In the dark-adapted state (DAS), the plastoquinone pool in the electron trangiortech
oxidises, providing a reference point for absolute minimum and maximum CF @l&uohnson,
2000). This is achieved after tens of minutes devoid of light in the leaf@abeameasured (Baker
& Ort, 1992). This means that we are able to obfifabsolute minimum fluorescence) afd
(absolute maximum fluorescence), from which we can calculate the maximum quaitym,yF,,,

of photosystem Il (1).

(1)

where k= Ry — Fo.

Likewise, there is a light-adapted state (LAS), where the maximum CF in the presence of
light, Fn’, will be lower due to a higher photosynthetic efficiency, and where the steady-state
fluorescenceF;, provides a ground-level for CF in the presence of light. Using above parameters,

we can calculate the light-adapted quantum yiéld, (2).
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F},—F;
Cpgyy = TR (2)
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Figure 1: Fluorescence emission in dark and light-adapted leaveKdiisky Effect describes a phenomenon whereby
the maximum fluorescence in dark (Famd maximum fluorescence in light adapiét: ') leaves will differ vastly upon
applying a saturation pulse (SP). The measuring light (ML) is appligdtge the minimum CF (FO) and steady state
CF (Ft). Non-photochemical quenching (NPQ) and photochemical quen@P®) are a result of increased PSII
efficiency. This diagram was adapted from works by Kautsky et al. (}98@)e & Weis1991)and Lichtenthaler &
Miehé (1997).

2.4 Related work

The general use for commercial fluorometers is gauging stress in plants. Kastlay
(2008)describe some typical factors such as heat and heavy metal contamination in thegoil, w
influence a plant’s ability to maintain productivity. The authors used varying concentrations of heavy
metals, subsequently measuring the plants’ responses through UV light excitation and measurements
in the far-red light spectrum. The results manifested as an increase in childtopiescence, which
iS an appropriate response to a decrease in photosynthetic efficiency. Since responses can be
measured through CF before external signs manifest, Kanehal:&2008)used this as early stress
detection.

Various methods for exciting the chlorophyll exist. Ultraviolet light is comgnogéd, as well
as infrared and white light. Modern equipment frequently use LED light sources, bat som
applications also apply ultra-bright Xenon lights (Buschmann & Lichtenthaler, 1998;ceapiag
& Govindjee, 2004). These methodologies go deep into aspects of planhgesgn order to
precisely and accurately understand the reactions. Some go so far as to apply varyioigliipes

sources and even varying types of light pulses in order to minimise approximatiooseandr
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underestimations. Loriauat al, (2013) used such a technique, known as multi-phase flash in order
to correct for underestimation of maximum light-adapted quantum yield.

Some studies have also succeeded in correlating photosynthesis and carbon fixatiors(Edward
& Baker, 1993; Gentet al, 1989), but with the conclusion that this may not always be correct,
depending on the situation, making it difficult to universally correlat®uvagparameters with carbon
fixation (Fryeretal., 1998).

The differentiation between causes of stress is, however, difficult in sa@e ¢Hgh salinity
in water and absence of water, for instance, lead to similar physiological regpandant, whereas
the stresses caused by shading and limitation or excess amounts of water causgealzienside
differences (Bote & Struik, 2011; Stockle & Dugas, 1992). Thus, the nature ofdhs iself can
be ambiguous. Furthermore, literature in the field of CF mainly discusses the tmicavsingle
type of stress is present. The effect of multiple types of stress and their influgran CF is yet to

be researched.

2.5 Methodology

In this section, we discuss how we determined the proposed sensor setup, taking into account
the basic concepts that need to be considered in the quantification of diGhi.eource type,
wavelength, duration, and light source intensity (Bstrgl, 2002). Here, we also discuss the test

setup used in the experiments.

2.5.1 Sensor Setup

Modern industrial fluorometers are able to distinguish characteristics anchtalcatameters
related to CF beyond simply the determination of quantum vyield; however, our fooow-onst
and simplicity strive to narrow down the design of the proposed system exclusigegntoim yield
monitoring. In this regard, all decisions taken during the design and constructienieant
maximising the potential of the available hardware.

In order to reduce cost, many of the components used are complete packages or embedded that
only require a small amount of external components. Also taking into consideratiom powe
requirements, we have done research into the best choices for ligatiemaburces. The following

component choices have been made based on certain requirements.

2511 LEDs

As the light intensities should be sufficient to saturate the photochemistry, the ohbght source

is of particular interest to us. According to Strasgeal, (1988), blue light has a higher excitability

on chlorophyll than red or white light, yielding the ability of saturating the syssang less power.

This tends to shift the emission spectrum somewhat (Lanebeits 2008), but for our purposes, it

is advantageous, as the fluorescence emission spectra becomes broader, making de@g€tion of

easier, particularly with low-cost methods.
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Another reason to use blue LEDs is the fact that excitation and emissios easily separated
using low-cost filters. In the event of IR excitation light, the filteaibgity is more crucial, requiring
precision filters that we cannot afford. In our prototype, we use narrow-wavelength 470 nm Luxeon
Rebel blue LEDs (Lumileds, San Jose/CA, USA).

251.2 Sensor

The sensor Texas Instruments OPT101lthat we use is a monolithic photodiode containing
a transimpedance amplifier. As the package is complete, no external conditioning igmlgssen
necessary in order to function. The spectral response of the sensor ranges fromt@aA.00 nm,
with its highest response between 700 and 950 nm, and is therefore an optsmedaethis project
as CF is measured in the red/infrared spectrum.

In addition, photodiodes possess high linearity in its input-output transfer functiash, whi
together with its typically fast response, makes it an appropriate chotbe filesign of the proposed
system (Texas Instruments, 2015). The disadvantage of using a complete packageiss ldsst |
flexible.

25.1.3 Filters

Filters are necessary, despite the sensor being less sensitive in the lonelregider to
minimise measurement of reflected UV light or light from other undesigid $ources, light is
filtered through two cut-off filters. These filters are primary agdl primary green filters (Paton

Hawksley, Bristol, UK), and are used in tandem in order to shape the response curve appropriately.

25.1.4 Microcontroller

The UV LEDs and the sensor are both connected to the microcontroller that vilghigse.
device is a low-cost Launchpad MSP430G2553 (Texas Instruments, Dallas/TX, USA), featuring two
16-bit timers and a 10-bit analogtedigital converter (ADC). We have programmed one of the
timers to pulse-width modulate (PWM) the LEDs in order to control the imyefrecessary for
obtaining the various parameters mentioned in Section 2.3). The microcontroller is alsailskspons
for acquiring the signal from the sensor and converting it into values that we can send \ia aerial
computer for processing and analysis.

The firmware is programmed in C using IAR Embedded Workbench. The timers are
programmed to turn the light source on and off, i.e. modulate the light agpebpfor the different
types of measurements, over the course of sampling. The device is in a low+{adevapart from
when we take readings, as initiated by a serial connection interrupt. The AB& masits data
directly to the serial handler, thus we store no values on the device. We sbrdalN data to a PC
for analysis, and no analysis is done in the microcontroller itself.

2515 Software
In order to receive and process the data, we have designed a simple prodrarusér

interface in the C# language. This program receives serial data and convertsibintation that
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we can analyse graphically. The software also commands the microcontroller to exemuie v

types of measurements with predefined sampling times and PWM.

2.5.2 Prototype

The prototype, CFY Sensor, in Figure 2 and Figure 3, is built atop the microamtusihg
prototyping boards and through-hole components (except the LEDs). At the bigtttm
microcontroller, on top of which the prototyping shield is mounted, containingeth®or, sensor
housing and the transistors. On top of this board are the filters, and at the top, there is another board
with the LEDs. This board has a cutout hole to let fluorescence emission reaelngbe passing
through the filters immediately beneath. On this board, a leaf holder hasnoeated, which was

constructed from cardboard.

1))
_Elil (S ¢

Filters
> Infrared !

P ‘ sensor

v

Figure 2: A simplified overview of the chlorophyll fluorescence sensortgpatoln the actual prototype, the
microcontroller is located on its own circuit board.

The prototype was built to test leaves for Chlorophyll Fluorescence in a oedtroll
environment, placing leaves directly on top of the sensor setup. The LEDs are PWM driven through
two transistors controlled by a timer in the microcontroller, and thex tadso synchronises the ADC,
such that conversions are done on positive edges of the signal. This means that thedig/fitqual
the LEDs should, in theory, be synchronised with the readings. We do not empleyfiltee LEDs
themselves, as they are narrow-spectrum light sources, as defined in Secti@n2\rHthe filters

in use are placed atop the sensor (and below the LEDs) enabling UV light to reashdeawemitted
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IR light to pass through the filters. In order to shield the seneor $tray-light, there is a small
housing built around the sensor, with a small opening right above the sensor.
The microcontroller is powered directly off of the USB bus, and the operatioltad& of the

entire prototype is 3.3V, as the this is the microcontroller’s reference voltage. As such the LEDs are

also operated at 3.3V.

Figure 3 Prototype with and without leaf. (A) Leaf holder. (B) Leaf. (C) Shield wittosemd transistors. (D)
Microcontroller board. (E) Opening above sensor for fluorescence from(lEaBlue LED. (G) Optical filters.

2.5.3 Test Setup

We have done two different types of tests using the prototype. These tests batlyaimget
the sensor’s viability under laboratory conditions. We have carried out teslosia hilariang a
Crassulacean Acid Metabolism (CAM) plant. We have chosen this species due to iigtgeosit
environmental changes, which can serve as early stress warning for otree(fpaeirat al, 2008).

An important consideration is the fact that fluorescence manifesiaidy in different types
of plants, thus individual and physiological characteristics of a plant (sucheasaiaur, shape,
etc.) used for the CFY sensor validation do not significantly influence the supatharet al,
2008).

The saturation pulse (SP) for our system is around R2&dl m-2s-1, while the measuring
light (ML) for light and dark adapted are about 1200 anduBf] m-2s-1, respectively. The
saturation pulse is sufficient, as literature has shown intensity as BOV asol m-2s-1to be ample
(Kancheva et al., 2008). Many fluorometers have SP intensities of many theusalnd-2s-1, but
the low-power requirements of the proposed system dictate that we not use such high intensities.

Since the yields we obtain may not be very accurate, the direct comparisafiessional
equipment is rather limited; however, the aim is not accuracy, but relative comparisoetsvden
leaves with different stresses, it is possible to observe a differer€E, ithen the sensor works
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sufficiently well to monitor leaf stress. Hence, the data we obtain does nesaelyereflect the true
values we would obtain with professional fluorometers. Indeed, the yield calculailbhe very
different due to our sensor system’s insensitivity to low-level fluorescence measurements, as we shall
discuss in the Section 2.6. Nonetheless, we shall first discuss the experimaptal set

253.1 Sensor verification
In order to test the sensor’s viability as a fluorometer, we have carried out tests on leaves in
both DAS and LAS. This means subjecting leaves to various lighting conditions in ood¢aito
the various parameters used for calculating yield. For DAS and LAS, we adaptesl teahe
appropriate light conditions for 20 and 10 minutes, respectively, before taking measurements.
The experiments were done in a laboratory under controlled lighting. Both measurearents w
done using the three different excitation light intensities specified previdnsDAS, we use a
measuring light (ML) of very low intensity to obtain a fluorescence that is weaklgnced by the
ML (as low as possible, within our sensor’s range), whereas the saturation pulse (SP) aims to saturate
the photosystem and induce a high level of CF. From this, we can calculate maximumiggeld us
Equation (1). LAS uses the same maximum intensity, but a brighter steadyegtate bbtainFs.
From this, we can calculate the DAS vyield using Equation (2). A graphical reptesemf the
results can be seen in Figure 4.

253.2 Stress measurements

The Clusia hilarianaleaves were subjected to at least 6 hours of exposure to acidic solutions
of pH 2.11 and pH 3.45. For both stresses, we used five leaves each, totalliegveen The
experiments were carried out in a laboratory in the presence of artflietabgcent tube) light. The
leaves were tested in succession by inserting the leaves into theefikdwblder seen in Figure 3

(A). The excitation time was 1 second, including ML and SP.

2.6 Results
This section analyses the data obtained by the two experimental astgimed in Section
2.5.

2.6.1 Sensor Verification

When verifying the sensor, we measured CF on the same leaf and without any céteesisal
The results can be seen in Figure 4, and highlight the differences in fluorescerd® am@LAS.
The aim was to test if a significant difference could be observed between tbtatesusing the
current setup, and indeed, we can observe a relatively large difference.

It is possible to observe a strong difference betwgetmaximum fluorescence) and,’
(maximum fluorescence in the presence of light). The quantum yields we observe hesolela
to light-stress. The maximum QY is noticeably higher for the same leafjdhe DAS than in LAS,

but the latter is not a good true measure for photosynthetic activityf,Jibexpectedly high, and
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higher tharF,,’, since the leaf is fullpxidisedin its dark-adapted state (Baker & Ort, 1992), causing

low efficiency (see Section 2.3 heF,is very low, as it is only weakly excited by the ML (measuring
light).

CFY Calculations
800 Dark-adapted
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Figure 4: CF plot response from sensor system software on sensor verification dmebleth dark (until first pegk
around sample 435) and light adapted state. For both measurementspitbheaturation pulse is used to obtain Fm and
Fm’, but to obtain F0 (sample 0~320), a very low-intensity, ideally non-photosynthetically imiytght is used, while
Ft (sample 435~570) uses a more intense excitation light. This graphpieal tesponse of the Kautsky Effect,
demonstrating varying degrees of CF at two different light adaptataiassof the same plant undergoing brief light
stress.
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Figure 5 Experimental results from Mini-PAM and CFY Sensor,eoting Fm’, the maximum fluorescence in light-
adapted leaves, with margin of error. It is possible to observe a higher Gbati devices in the leaves that had been
exposed to a more acidic solution (pH 2.11).
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2.6.2 Stress Measurements

In Figure 5, we have charted the maximum fluorescence measured with both our benchmark
fluorometer, the Mini-PAM (Heinz Walz, Effeltrich, Germany), as well ashwitr prototype, the
CFY Sensor. The reason that we have chosen to anBlysis because it shows the most
characteristic changes in relation to stress, as discussed in Section 2.38. #es roted in the
comparison graph, in all but one case, our sensor indicates a higher CF (thus, lowengffictbrec
leaves that had been exposed to a more acidic solution. Due to constraints with ourtisensor
differences in maximum CF between the stressed and non-stressed leaves is legisloéstititan

with the Mini-PAM; however, it is still possible to discriminate between them.

2.7 Conclusion

In this paper, we proposed an alternative, low-cost method of measuring chlorophyll
fluorescence. As common fluorometers have their strengths and weaknesses, sordoes ou
fluorescence sensor. The prototype we built and tested presents a potential leap forwarchip reduci
costs and focussing on the essentials of stress measurements, in such a thayctmpromises
introduced can be overcome by understanding what aspects of the system is reliable amrigh in
Naturally, in this paper, we have worked solely in a laboratory and in dedtexivironments, but
the results we have obtained show promising signs that could be exploited on a laerge esca
wireless sensor networks.

The prototype uses off-the-shelf components, featuring near-complete packages that need
basic interfacing. The choice of LEDs and sensor was important to this pegesiimplicity and
power requirements had precedence, as long as it was within functional paranddéisnaily,
the choice of filters and methods of inciting fluorescence were also basedvwouprworks and
well-known methods used by professional fluorometers.

The results obtained showed positive outcomes in a number of aspects. Firstly, we evere abl
to clearly distinguish a leaf in its dark-adapted state from its light-adapted equivalent. Sebendly, t
stress tests showed a noticeable decrease in efficiency in the leaves betrhsubjected to a more
acidic solution. This manifested as an increase in fluorescence, indirectlglipgomformation
about the electron transport efficiency, and, therefore, rate of photosynthesis.

Future work involves better signal conditioning and improved methods of inciting
fluorescence, in such a way that we get closer to the real values that would normally be obtained by
a professional fluorometer. Further studies are also necessary with langéessal he necessity of
additional sensors might also be considered, such as ambient temperature and light sensors, as these
factors are known to cause differences in fluorescence depending on, among otimee, dfielay,
temperature and location (shade, direct sunlight) (Bote & Struik, 2011; W&tz GmbH, 1999;

Willits & Peet, 2001), and may need to be accounted for using multiple sensor data.
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We envision a use case for this type of sensor system, where we employ a oétivese
over large areas, and monitor both local clusters and a network as a whole constantbr dong
periods of time. The data could be statistically analysed and long-term changesaba&rnings
about potential problems could thus be provided, without user intervention.
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3. Early Detection of Pollution Using a Low-Cost

Chlorophyll Fluorescence Sensor System

3.1 Abstract

Environmental pollution is a serious issue that affects all organisms diweatigirectly. Our
actions in nature affect everybody, leading to health problems and even thdifesg\dtlitionally,
pollution causes losses in businesses directly relying on natural ressudesas agriculture, with
decreased production and increased losses from e.g. acid rain, global warming ancetedavy ine
contributions of our work include constructing and verifying a low-costreplyll fluorescence
(CF) sensor node capable of early detection of environmental pollution through plioetisy
efficiency using non-destructive and novel measures. Our results indicatieetisansor prototype
is capable of autonomously measuring CF, at a fraction of the price and commexitstred to that
of commercial equipment. These solutions are typically both expensive and do at¢ apeeal-
time, making it difficult to monitor large areas and predict or detegironmental problems. Indeed,
stress detection before visual symptoms is a challenge using traditional metidogs, lzelieve that
it is possible to automate the processes using low-cost and emerging technatogiel as large-

scale implementation.

Keywords: pollution, sensor, chlorophyll fluorescence, low-cost, real-time

3.2 Introduction

The effects of environmental pollution range from inconvenient to detrimental. The
monitoring of the environment is therefore vital to all organisms and stemsy. As the effects of
pollution are detectable before visual symptoms and damage, the possibility of usiegashe
biosensors is an interesting option that has already been used for decades in entatcsunal
agricultural monitoring using various methods and technologies. This allows us to spotEntial
or currently used area in order to select or determine its suitability for crops.

Monitoring plant health can be done through non-destructive chlorophyll fluorescence
measurementKautsky & Hirsch (1931) was the first team to realise that plants shomeased
fluorescence upon external light stimuli on dark-adapted plants, and thatdheséence varies with
chlorophyll content and photosynthetic activity of a plant. Contrast this mvile traditional
methods, whereby chlorophyll content measurements dondiro cause irreversible changes,
meaning that plants using this destructive method are no longer in their stdteadnd habitat.

Therefore, the team’s discovery has been crucial, as it has paved way for all modern equipment that
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employs non-destructive measuring techniques. Indeed, the technological advancements have
resulted in measurement equipment that can monitor plant health and activity rapidtyyiand

Today, we have a large assortment of commercial fluorometers at our disposalehas
with all professional equipment, there can be a steep learning curve, not tomiegiti costs and
complexity (Flexaset al, 2000; Lichtenthaler & Miehé, 1997; Meroei al, 2008). This can be
beneficial in a traditional setup, but as technology advances, our methods Heringatdata
progresses concomitantly. With the increasingly more capable low-powered hartierareed for
advanced computing systems is becoming less necessary, and with the rapid grotettmetf of
Things (loT), the need for manually monitoring plant health diminishes. Among the challig
could benefit from using such technology and infrastructure, we find environmentabrimanin
urban regions (Lambrechts and Sinha 2016; Mcletah 2016), pollution sensing in industrial areas
(Cagr1 & Hancke, 2013; Kumar, 2004; Saha et al, 2017), air pollution impacts (Clarke, 1997; Izuta,
2017), automation and precision in agriculture (Barcelo-Ordihas 2013; Gutiérreet al 2014;
Lichtenberget al.2015; Parlet al. 2011), and other abiotic stress factors (Cohen, Alchanatis, Meron,
Saranga, & Tsipris, 2005; Tuteja & Gill, 2016). In all scenarios, the monitofiegvironment is
generally labour-intensive and expensive, and this presents a challenge that we cangaceauter
technology that has become available and economically feasible in the past decauig &®hen,
2017; Perera, 2017).

The contributions of this paper are providing a low-cost sensor prototype andgpitsvi
feasibility. The prototype provides a complete platform, including hardware and sgfferadoing
in vivo measurements on plants. Our contributions extend to proving the feasibilitgnef
conventional methods of measuring chlorophyll fluorescence using abaxial leaesuiinderside),
with adaxial surface measurements being the traditional method. Hence, this wotk aimplify
and automate chlorophyll fluorescence measurements using a low-cost fluorescence sensor system.

The objective of this work is to develop and verify a low-powered sensor node atalaitor
environmental pollution through photosynthetic efficiency using chlorophyll flueres detection.
Bearing in mind the low-cost factor, our solution does, by design, forego timg eedige technology
that can be found in commercial equipment. However, our goal is to test andhatifye sensor
node can sufficiently differentiate between plant affected and not affecstress, such as pollution
and to do so early on before this begins to manifest in the physiology of plantatTend, we
performed experiments comparing and verifying the capabilities of our prototypesssirel
fluorescence sensor, the ‘CFY Sensor’ (chlorophyll fluorescence yield sensor), against a commercial
fluorometer, the Mini-PAM (Heinz Walz, Effeltrich, Germany). Our experiments orPlaspalum
densunplants, using acid rain simulation as the stressor, revealed, througticstiadinalysis, that
our sensor has potential in stress detection.

This paper is structured as follows: Section 3.2 introduces the paper; Section 8¢5 adbdi

background necessary for understanding chlorophyll fluorescence and its role inimgeplsunt
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health; Section 3.4 covers the design and functionality of our prototype sensor; Section 3.5 explains
the experimental setup; In Section 3.6, we analyse the results obtained by both seiSsmtson

3.7, we outline a general algorithm for detection stress based on provided data; In B8ctien
discuss the significance of our results; and finally, Section 3.9 concludes this paper.

3.3 Background

In this section, we present the underlying mechanics of plant physiology. Aspthibro
fluorescence is based on a non-destructive probing, we expect externally obseryairiseses
Indeed, chlorophyll fluorescence (CF) has long been a preferred and accurate mettudtéoing

plant health.

3.3.1 Photosynthesis and Fluorescence

Plants absorb light throughout the photosynthetically active radiation (B#dRjrum (400-
700 nm) (Jones & Vaughan, 2010). However, the blue and red spectra are mainly used in
photosynthesis, while green is reflected, as plants exhibit absorption maxima in the 430 and 660 nm
region (Walker, 1992). Of particular importance is the lower-end of the liglttrape where
wavelengths are short and carry a high amount of energy that can cause energy excess.
Fluorescence occurs mainly in the chloroplay(chl.a.) pigments of photosystem Il (PSII).
As it is the dominant pigment, important to oxygen-producing organisms imadjeite responses
are a useful measure of plant activity and health. At any given point, plants wilkawitya small
amount of fluorescence peaking at around 690 nm and 735 nm (Lichtenthaler, 1988) anddt ar
0.6-3% of the absorbed light (Krause & Weis, 1991) due to a sub-100% light quantaiautilisat
(Bjorkman & Demmig, 1987). This can become affected during stress, as we sliadl wuthe
following subsections. The approximately inversely proportional relationship bet@Eeand
photosynthetic efficiency (CQassimilation) can then be exploited for non-invasive measurements

of physiological condition (Lichtenthaler, 1992; Papageorgiou & Govindjee, 2004).

3.3.2 The Kautsky Effect

Kautsky & Hirsch (1931) were the first to describe that plants disglegn increased
fluorescence level upon being dark-adapted followed by intense light iroadibater, Kautskyet
al. (1960) was also the first team to outline the basic relationship betweeoreteatisport rate and
fluorescence yield.

Termed the Kautsky Effect, the phenomenon stems from the chlor@pt@til.a) pigments
in photosystem Il. This response was proven to be a defence mechanism in resjigimsmduced
oxidative damage. CF is thus a result of the reduction of electron axcbptween photosystems Il
and | due to closed PSII reaction centres. This causes Chl.a pigments, previously &evetied
singlet excited state, Chl.a*, to fall back to ground state, since ithan excess in absorbed energy

that cannot be used in photosynthesis or sufficiently dissipated by heatagrtierefore cause
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damage to leaves. Quenching, which occurs in competing photochemical (gP) and non-
photochemical (NPQ) forms, is responsible for reducing the amount of fluoresasredeaf
gradually becomes more photosynthetically efficient through increased eleatsdrt rate (ETR).
Therefore, in a healthy leaf, the amount of gP and NPQ gradually causes a decrease in CF as a plant
adapts to light, but in stressed or damaged plants, this behaviour willedsigaificantly. This
difference can be quantified using light pulses to briefly saturate the photstiyefiiller et al.

2001), as further elaborated upon in the next subsection. Figure 6 demonstrates theBfmatsky

i.e. the varying intensities of CF in dark-adapted (DA) and light-adapted€b®gs, upon applying

a measuring light (ML) and a light-stress saturating pulse (SP), as welloags the theoretical

estimations of quenching.

Dark-adapted Light-adapted

Fm ...................................................
NPQ

| SR

gP
SP
Fo T
SP
T St
ML ML

Figure & The Kautsky Effect demonstrated through dark and light-adapted leeédhence emission. Leaves adapted to
the light conditions will exhibit different responses to light pulses tratrofidark-adapted leaves. The saturation pulse
(SP) is applied briefly to both types of measurements in ordénddn Fm and Fm’, hence separating NPQ (non-
photochemical quenching) and gP (photochemical quenchihg)neasuring light (ML) measures FO and Fs. This
diagram was adapted from works by Kautsky et al. (1,96@use & Weis1991)and Lichtenthaler & Miehé (19R.

3.3.3 Gauging Efficiency

The plant responses will vary depending on the photosynthetic activity. The \ataptation
states and light-induced reactions can be described through the quantum yield (8Yis Th
calculated separately for dark and light-addpeaves. As a plant’s ability to photosynthesise
effectively is reflected in the yield, we can quickly and with simple smeaments understand a
plant’s current condition. This means that with efficient photosynthesis, a plant emits low amounts
of fluorescence, and QY reflects the proportion of light absorbed by kghyll in PSII, from
which the electron transport rate can be calculated (Maxwell & Johnson, 2000).

As there are two competing factors in the process of quenching, we neednateliome of

these factors while minimally influencing the other. Bradbury and Baker (1981) wicll ghd
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Horton (1984) devised a method for transiently eliminating the effect obgiemnical quenching

on CF, so that fluorescence due to only one factor can be measured. This methodeldsaiimg

one factor (qP), and is important forvivo measurements, as photochemically reducing chemicals
(e.g. herbicides) are unfeasible in non-destructive measurements. From this, we cavaabtasn
fluorescence parameters.

In the DA state, we are able to measure the absolute minimum and maximunmheCF. T
minimum CF, I, is the base-level fluorescence of the plant in complete absence of actini€hight
maximum CF, F, is the fluorescence in the complete absence of photochemical quenching, i.e. no
photosynthesis. This re-oxidation of the plastoquinone pool in the electron transport chiaén occ
after 10-20 minutes in the absence of light. The result is that wheuratisag light occurs, we obtain
the potential maximum gquantum efficiency/H, i.e. resulting from only changes in NQP efficiency
(Kitajima & Butler, 1975). This value decreases upon exposure to stressd Basobtained

fluorescence, we can calculate the maximum quantum yield of a leaf or plant using Equation (1).

Fv _ Fm_FO

Fm Fm W

where k= - F.

In the LA state, we obtaingFor the steady-state CF, whilg’Fepresents the maximum
fluorescence, both in the presence of light. Will be lower than Fr, due to increased levels of NPQ
and gP through increased PSII efficiency (see Figure 6), whildllFbe higher than fdue to a
higher number of closed PSII reaction centres. From the measurements, weutatechke effective
PSII quantum yield inA state Qpsi= AF/Fr’) (Gentyet al. 1989) using Equation (2).

Fyn—Fy

Dpgyr = F @)

Furthermore, it is possible to calculate the qP, or the fraction of open reacttcgsagpon
strong light excitation, using the DA parameters and the Oxborough-Baker apgtiori. However,
this is out of the scope of our research; for further information, reféret works of Baker and
Oxborough (1997) and Baker and Oxborough (2004).

3.4 Prototype Development & Design
The entire sensor system is based around microprocessors from Texas Instruments. We chose
these due to their relative ease-of-use while maintaining access tedelMidatures, as well as low-

cost. We use two different platforms: one for the sensor, and one for the wiratiesaNe do this
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because the sensor itself will be attached to leaves and needs to be veandrtiglit. The other
microprocessor, found in the loT module, is more complex, and is housed in a sepagtéhenit
base of the plant. This unit also contains the Li-Po battery to power both platforms, andecould
extended to include energy-harvesting devices. We utilise serial communication bédtevéen t
platforms.

3.4.1 CFY Sensor

Our CFY Sensor, which is responsible for the measurements, is based ardemds
Instruments microcontroller, with a sensor, a pair of high-intensity LEDs, RAMP, voltage
regulators, LED driver and optical filters; listed below. It should be nibtetwo revisions exist,
Rev. A and Rev. B, of which the former was hand-built on a prototyping diérd wooden casing,
while the latter is a prototype designed and printed on a PCB with a 3D-printéd gdagtg. Both
revisions use the same principle and equivalent components, with the excetie.BD driver,
which drives six LEDs in Rev. A, while only two LEDs in Rev. B (using a higheeat); eFigure

7 for a comparison.

Figure 7: CFY Sensor Rev. A (right) and Rev. B. (without casinglserg)t

3.4.1.1 Microcontroller
The Texas Instrumentss-bit, 16MHz MSP430G2553 is a microcontroller with two user-
configurable timers, interrupts, 10-bit ADC and PWM capability, among other. PNutsaus to
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vary the average light intensity of the LEDs, and to pulse-amplitude mediéalight in an attempt
at differentiating background radiation from fluorescence signals.
34.1.2 LEDs

We use LEDs of type Luxeon Rebel Blue (1A max current), since the blue spectnameis
energetic than the traditionally used red spectrum, allowing for lower-poweresi udtiy a higher-
energy wavelength (Zude, 200@s{urther explained in Section 3.5

In Rev. A, we use six LEDs limited to 20mA each.

In Rev. B, we use a pair of LEDs limited to 75mA each.
3.4.1.3 Sensor

The sensor is Texas Instruments OPT101 monolithic photodiode package containing a
transimpedance amplifier. Thensor’s spectral response ranges from 300 nm to 1100 nm, with peak
response between 700 and 950 nm, which is within the wavelength that we fdoughenCFY
Sensor (see below).
34.14 Optical filters

Three different filters are used in the sensor system: primary red, pgnegry (both by Paton
Hawksley) and a heat absorbing filter (Schott KG1 in Rev. A, and KG3 in Rev. B dueroved
heat absorption). In Figure 8 is a graph with all three filter responsesnipariype of bandpass
filter in the upper red spectrum. Naturally, overall transmissiorbeilbwer with the number stacked

of filters.
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Figure 8: Three filters superimposed to form a bandpass filter atrat@00-750. The heat-absorbing filter curve
represents the transmission characteristics for Schott KG3.

34.15 LEDdriver
Rev. A uses a CAT4238 high efficiency 10 LED boost converter for driving ddsliEseries

at a maximum of 30mA per LED, directly controlled through PWM.
Rev. B uses a Texas Instruments LM3405 constant current buck regulator for LEDa, wit
total maximum output of 1A. The current can be directly controlled by PWM. ThedtE®r is

used with two LEDs in parallel.
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34.16 Voltageregulators
The sensor system uses two 150mA Texas Instruments LP3985 ultra-low dropow voltag
regulators. One is used exclusively for the LED driver, while the other feedssthef the system.

In the prototypes, the LED current is limited by the voltage regulators.

In Figure 9 is a high-level overview of the complete sensor system concept, angré Jig
is a photograph of Rev. B sensor system prototype. See Appendix A for a detailed ovethiew of

electronic circuit.

Blue LEDs Cloud

Micro-
controller |

Computer

loT loT
module module

Figure 9: A simplified overview of the setup concept. The sensor system is comgfatehytai@ed and only requires
power and serial communication with an 10T (internet of things) modulembldele is responsible for triggering
periodic measurements, as well as transmitting this data to an off-site locatiere another loT module transfers data
to a PC over USB. The data can then be processed and stdheddioud for access by other devices.

The sensor system is programmed to carry out various types of measurementsyivith var
frequencies, PWM duty cycles and duration. Since we need to determine the quantimbgid
dark-adapted and light-adapted leaves, the sensor needs to be programmed accortlagly. Ta

outlines the various parameters.
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Table 1: Frequency and timing parameters for sensor. These parametersoméigured in the microcontroller to achieve
the desired combination of excitation light intensities and pulsatidums. The duration is based on standard measurement
timings of common fluorometers. The rest of the parameters were abttireigh testing using a professional
photo/radiometer (Delta Ohm HD2102.2, Caselle di Selvazzano, Italy).

Measurement| Frequency | Duty cycle Pulse duration (ps) Duration (ms)
Fo 100 Hz 1% 100 750
Fm, Fw’ 4 KHz 80% 200 750
Fs 400 Hz 8% 200 40,000 + 750*

*Steady-state CF is first pre-adapted with a constant 40-second light potséhen measured over 750 ms.

All of the parameters have been adjusted to maintain a 100 or 200 p$opweypes of
measurements. This is 1-2 orders of magnitude higher than what a commercial PAivhéisor
uses (typically less than 10 us), but as we use low-cost components, we areblmiteat both the
microcontroller and IC components are capable of. While commercial PAM fluorometers use very
short pulses and high frequencies to achieve modulation and saturation light, we ese low
frequencies and longer pulses to reach a similar result. Since this resh#doss of modulation
efficacy, we have devised an alternative method of measuring the fluorescemoaiimges the
influence of background radiation, as described in Section 3.4.4.
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Figure 10: CFY Sensor prototype Rev. B without casing and optical filtersd@s$ign is stacked to allow sensor and

LEDs to be separated vertically by optical filters. Note that Rev. A is edbeidk@tical, but unoptimised. (A) PCB

cutout opening above sensor for received CF from leaf. (B) Blue LED. (691Sén) Amplifier. (E) MSP430G2553
microcontroller. (F) voltage regulator. (G) LED driver.

3.4.2 loT Platform

The data collected by the sensor is communicated via serial to the 10T (irtkthimgs)
module. This platform contains an ARM Cortex-M3 based TI CC2538 system-onsd@), (with
a 12-bit ADC, 2.4GHz and sub-GHz IPv6-compatible radio, real time clock, aotbeg. This
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platform uses the open-source Contiki OS for 10T, utilising the C langdegthis is a complete
platform, all communication and protocols are managed by the device as &@dMadnd we are
able to take advantage of APIs (application protocol interfaces) to communieatéLoWPAN
(IPv6 over low power wireless personal area network), as well as credtenatesrks for use in
wireless sensor networks (WSN). This is of particular importance, as WSNdlyypmzer large
areas where many sensors are unable to directly communicate with a sink node or restr Homw
our prototype, we have not implemented this, as we have been testing on a limited scale.

The data received from the sensor is sent to the sink node over UDP (user datagram protocol)
and broadcasting protocols. As such, for testing, we have not implemented mesh networking nor
advanced features such as TCP or cryptosecurity. Such features are reladiwédyaehl or update
in future improvements. However, we do employ data management, real-time cloakiptater
voltage and temperature sensors, timeout timers, and management of the radios. In the next
subsection, we outline the finite state machine that has been employed in ordée ta t

measurement, process and transmit the data.

3.4.3 Sensor System Behaviour

In this section, we describe the finite state machine (FSM) that is used rtol toatsystem

behaviour of a sensor node. Figure 11 shows an FSM diagram.

Figure 11: Finite state machine diagram of the sensor system.

3.4.3.1 Standby
State SO is the low-powered mode where no measurements and no data transmissions take

place. No processes are running except for periodical radio activity checkiglZat The system
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waits for an interrupt from radio, timer or button. Consequently,ishédso the final state after a

measurement.

3.4.3.2 Measurements

States S1-S3 are responsible taking a measurement, depending on what command was
received either over radio (from master) or from its own timer interrupt. If fimenrupt was fired,
we need to check the time (S1); if 18 <t < 6, then notify S2 to tdke Feasurements; else, notify
S2 to take ®ps; measurements. If we received a command over radio, then relay this dir€fy to
Sensor (skip S1), given that it is a valid command. During the measurement (S3) by the CFY Sensor
the IoT module will stay awake and wait for data from CFY Sensor, or timeout and go baspto sl
if sensor is disconnected or faulty.

3.4.3.3 Save and transmit data

The final states (S4-S6) are responsible for storing and transmitting datdafBhfrom CFY
Sensor transmits, over serial, to the 10T module, which, subsequently, stores the tkgh in f
memory, if applicable, and transmits the data wirelessly over 6LoWPAN (IPveEREr802.15.4)

to master or sink node.

3.4.4 Abaxial CF Measurements

Since background radiation is much larger than the fluorescence signal we carirobtain
leaves, one must resort to PAM, other advanced methods, or find new solutioppd&e using
abaxial surface CF measurements, i.e. the underside of leaves, facing away from sstéghtof
adaxial surfaces directly exposed to sunlight. This method has not been applied deleaves
generally contain a lower concentration of chlorophyll in abaxial surfaces,imgsunltlower CF
during measurements compared to that of adaxial surfaces. However, this fisnaih sgution for
our purposes, as it allows us to mount the sensor upside-down, i.e. on the undersideadfaind
away from excess light that interferes with measurements. This can beedchiwug a small
chamber that is open at the top. The chamber attaches to leaves, leavingaheofdpaves exposed
to natural light, while the bottom part of the leaf (partially) stighe sensor. The chamber houses
all the necessary electronics for measuring abaxial €fFigure 12 for a CAD model of the sensor
and its housing.

Abaxial measurements also provide a number of benefits, especially in thicker leaves. As t
stomata are located in these surfaces; SOnitially absorbed by the neighbouring chlorophyll
before reaching chlorophyll closer to adaxial surfaces (Gaastra, 1959). This thaf abaxial
chlorophyll responds faster to stresses induced by e.g. pollutants, as we are miyrealpdiag
biochemical and light capturing efficiency. As a result of our solutivass symptoms become
detectable at an earlier stage while the background radiation is attenuated. We therefore hielieve tha

abaxial measurements show real potential within our scope for autonomous monitoring.
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Figure12: A CAD model of Rev. B prototype with its casing that is attached on @ix@bburfaces of leaves. (A) Case
opening for LED excitation light to leaf, and fluorescence from ([B3fPCB cutout opening above sensor for received
fluorescence signal. (C) Blue LED. (D) Sensor.

3.5 Experimental setup
3.5.1 CFY Sensor

CFY Sensor Rev. A measures steady state fluorescegcan(F light-adapted maximum
fluorescence (F) at 145 pmol ms! and 730 pumol rfs? intensities, respectively (we omit light
intensities for dark-adapted measuremeg#s@l F, as these were not carried out). Rev. B measures
Fo at 9 umol r#s?, K at 115 pmol nis?, and both | and .’ using 1260 pumol m? s? of light. The
system is configured to automatically measure plant activity every hour when set to gulitngsam

The light-adapted parametes Was obtained during 0.75 seconds after a 40-second steady-
state adaptation time, after which the sensor measured’tiering another 0.75 seconds. The same
procedure is applied to dark-adapted measurements, with the omission of a 40-second steady stat
light. From the measured parameters, we can calculate the effective quantwsnpyésiidusly
elaborated on in Section 3.3.

The blue wavelength was chosen for the sensor systta blue colour is one of two regions
in the absorption spectrum of chlorophgll The light absorption in leaves is also higher at this
wavelength than in the red spectrum. In addition, the blue spectrum is more enardieticin
maintaining low-power consumption while enabling a high level of excitation.eTéier some
limitations of using blue light instead of red light, most notably intyjpes of parameters that are
possible to measure. However, the basic parameters needed for yield calcoéatibesdone more
efficiently in the blue spectrum, and, as such, is advantageous for our application.
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Note that all experiments except tests in the field (greenhouse) were carriechguCE¥i

Sensor Rev. A prototype.

3.5.2 Mini-PAM

The Mini-PAM (Heinz Walz, Effeltrich, Germany) fluorometer was configured to measure,
dark-adapted state, the minimum)(Bnd maximum fluorescencenFusing a red measuring light
(650nm) of 0.15 pumol st and a saturating light of >5000 pmoksh for 0.8 seconds. For LA
measurements, the plants were exposed to red light with a calibrated indérd€80 pmol nis?t
for 40 seconds to achieve, Followed by saturating light to obtain.F All plant measurements,
except in DA state, were carried out for both adaxial and abaxial sufiad28.leaves, we only
made adaxial measurements.

From the measured parameters, we can calculate the effective quantum yields previously
elaborated on in Section 3.3. Due to the use of red excitation light in theP®M, the device is
capable of measuring and calculating additional parameters not possible wisenimgda the blue
spectrum, for example, the minimum fluorescence level in the presence @ffigtn our tests, \&

have disregarded all non-comparable parameters and calculations.

3.5.3 Plants

In our experiment, we used tRaspalum densuoir (Poaceae) Panicoideae. This family of
monocotyledonous flower plargramineag is tolerant to soil with elevated iron content, playing an
important role in the revegetation of areas impacted by iron mining (Souza, 2016).

3.5.3.1 Experimental conditions

The experiment was set up in small greenhouses at Universidade Federal de Cgogaus
Florestal (19°53'08.9"S e 44°25'02.2"W). TRaspalum densurseedlings were obtained from
original matrices at said campus. The experiment took place in March 2017, withiorendit
approaching winter with lower temperatures and less overall sunlight, which lowers plants’
photosynthetic activity and potentially results in additional stress causdardsy temperature
differences. This may influence the results to a certain degree, although alsmiynifoross all
plants, but because all measurements were taken under similar conditions for figBAMiand
CFY Sensor, this factor can be disregarded.

For the seedlings, tillers collected from the matrices were separated anthtriusgdirectly
into five-litre vases, containing a 1:2 proportion of soil and manureplHms were cultivated in a
greenhouse for three months, watered daily and acclimatised before the start of the experiments.
3.5.3.2 Experimental design

Two experiments were set up to test the CFY Seadaboratory test using CFY Sensor Rev.
A, andafield test using CFY Sensor Rev. B. The laboratory test was designed to patader

comprehensive analysis, while the field test was designggtotade an idea of the sensor’s
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capabilities in the real world and in the field. The latter was time-cesdrisince one sensor had to
be used on multiple plants over long periods of time.

A total of tenPaspalum densuplants were used during the 9-day laboratory experiment with
CFY Sensor Rev. A. The experiment was set up in a randomised block design with tweriteat
and five repetitions for each species. The two treatments consisted of expoplagtht simulated
acid rain of pH 2.3, with a pH 6.5 exposure as control.

For the control solution, deionised water was used, while diluted sulphuric a&@ujH
constituted the acid rain solution. The choice for this composition is dilee tiact that it is the
naturally most abundant constituent of acid rain. For the solution application,itae2@dnual
sprayer (Jacto Clean XP20) was used together with a Teejet (XR11002)tip,caltbrated average
application of 700 ml (0.2 gallons) minThe plants were subjected to daily treatments (between
7am and 8am) for one minute, and measured daily on fully expanded leaves throughout the
experiment using the Mini-PAM and the CFY Sensor.

For the field test, two plants were used, with measurements each spanning 4Qirhours
succession) using CFY Sensor Rev. B. Prior to the test, 20 plants had been previously $abjected
heat and light stress for a month, having initially been acclimatedlitedh sunlight for more than
two months. Two plants were selected based on their measured plant activityhediigitPAM,
of which one indicated normal activity (i.e. good light and heat acclimatisatioignother indicated
lower activity (i.e. poor acclimatisation, thus high stress). The testnigrzdied to be a real-world
test on two plants of different activity, using the CFY Sensor Rev. Bhewxperiment was limited

by the availability of multiple sensor nodes, which means statistical analysis is nbtegossi

3.5.3.3 Statistical analysis

We recorded a total of nine days using our CFY Sensor and eight days usingitiAMi
Each measurement session (day) contains ten measurements in two treatment gioeash an
parameter test contains a maximum of 90 data points.

Every experiment followed a randomised block design with two pH rain diomksolutions
(pH 6.5 and 2.3), with five repetitions per treatment. The data was grouped intwisiglo-garcels,
with each parcel representing the time of sampling. All data was subjectealrtalgsis of variance,
and the means were compared using Tukey’s test at 5% probability using the statistical analysis
software, SAEG 9.1-UFV (Fundacao Arthur Bernardes, UFV, Vicosa, 2007). Prior to thg t€sk
all data sets were checked for their homogeneity of variance (Cochran’s Q and Bartlett’s tests) and

normality (Lilliefors test).

3.6 Results

The focus of the research and results of the present work is on validatinggbe ssetem,
mainly using Rev. A prototype. As such, the experiments carried out have been focussed on

comparing the CFY Sensor system to that of our reference equipment (Mini-PAart@lilar
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interest were statistical analyses (correlation, Tukey test) and earlydstes8on observation by
comparing stress-treated plants with control plants, of which the latter was donethetlaboratory
and in the field.

For practical reasons when using the CFY Sensor, we measured only the abaxiablead surf
Since we have used the Mini-PAM to gauge CF in both adaxial and abaxial surfaces, veeaagsum
correlation and statistical significance within and betwea@nprototype sensor’s abaxial readings
and readings from the Mini-PAM to be indicative of a functioning abaxial-mieassensor. See

Appendix B for detailed statistical analysis of the CFY Sensor data.

3.6.1 Tukey test

For the analyses, we carried out Tukey tests after the initial tests (de® Se6), which
showed good homogeneity of variance and good normality.

In our Tukey test analysis, we found that the effect of treatment vs. date for both CFY Sensor
and Mini-PAM had high significance for all parameters, and hence we analyse this datdsfor
and Opg1.

The groupings indicate particular significance in early stages ot ptagss in the R
fluorescence. The maximum LA fluorescence was significantly higher already onaftday
treatment application. Throughout the test, the consistency fluctuates,dauteisally significant
until the 3" day. Similarly, for Emeasurements, significant mean differences are found until day 5,
but not significant until day 3. However, for ®psy, we find significant means only for the two initial
days after treatment application. Additionally, the statistical anadysyseld revealed that the effect
of date, on its own, on the means was significant. The comparison of means on thef effgct
shows that we obtained significantly different results from the seconagdycontinued until the
6" day with respect to day 1. After day 7, the means are insignificantly different with resgagt
1, and we conclude that the treatment group of plants had recovered.

These observations are important for the following reasons. We see that [ioisaimt to
analyse not only yield, but also the individual fluorescence components. Additjiaghalg results
demonstrate that early plant stress detection can be measured with statisticalrsigniéican with

a low-cost CF sensor.

3.6.2 Regression and Correlation

As we are interested in knowing how accurate the CFY Sensor is compared to the Mini-PAM,
other interesting aspects are regression and correlation analyses. The giglohuéte CFY Sensor
and the Mini-PAM are scatterplotted, from whichd@n be calculatedrrom this data, we can also
calculate the Pearson and Spearman correlation. In Figure 13, we see two plots, each congparing
set of data (abaxial) from the CFY Sensor to each of two datasets (abaxial aat) afléhxé Mini-
PAM.
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(A) CFY Sensor vs. Mini-PAM - adaxial/light adapted (B) CFY Sensor vs. Mini-PAM - abaxial/light-adapted
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Figure 13: Scatter plots of yield calculations for each plant over the coursalay$. Some outliers have been removed
from the datasets that include both stress and control plant measuref#gr@sY Sensor abaxial vs. Mini-PAM
adaxial; (B) CFY Sensor abaxial vs. Mini-PAM abaxial.

From the data of Figure 13 (A), there is ah d&® 0.669 (log-transformedy Spearman
correlation of 0.741, and a Pearson correlation of 0.818. From the data of Figure 13 (B), we obtain
an R of 0.543 (log-transformed), a Spearman correlation of 0.622 and a Pearson correlation of 0.781.
We can observe that the correlation of the data from the CFY Sensor abaxial aRAMiadaxial
is notably higher than when compared to Mini-PAM abaxial, and may be attributedhter hig
accuracy in the measurements by the Mini-PAM in adaxial surfaces. In both casesgmbeng
some outliers, we obtain strong correlations for measurements in both adaxial and abazés.surfa
The linear regression’Rf each is lower, since the relationships do not appear linear, but monotonic
nonetheless.

Additionally, given enough data, it is possible to plot the averages of data gainpled from
the two groups per day, and obtain a somewhat linear relationship, as shown in Appéruis C.

could also further improve Spearman and Pearson correlations.

3.6.3 Stress Detection

As early stress detection is frequently the aim of fluorescence measuremecrdre
particularly interested in our sensor’s response to changes in CF. Naturally, the measurements done
with the CFY Sensor are expected to be less sensitive to small changestithtoe Wiini-PAM.
However, observable results were still obtained with both sensors only a femtdeay®itreatment
application. Of interest to us are/fr, and ®ps; (DA and LA state quantum yield, respectively; see
Section 3.3.3
3.6.3.1 Laboratory test results

In Figure 14 (A) we can see the abaxial QY response using CFY Sensor Rev. A, anden Fig
14 (B-D), we can see the adaxial and abaxial responses using the Mini-PAM. Noteetlage
differences in QY at the beginning of the tests are due to a number of reasordirB&®AM and

CFY Sensor had changes in light intensity calibrations carried out during the first few daiygy caus
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significant ®ps; decreases for CFY Sensor and increases for Mini-PAM. This affects the
measurements proportionally, i.e. both stress and control QY change proportiorcal another

with the calibration changes, and therefore does not invalidate the results. Another difference is due
to the fact that not all measurements were possible to do simultaneousiingrbat changing light
conditions and light adaptation state of the plants differed somewhat between individua
measurements.

Based on the QY calculations, we can make a few important observations. We nofite tha
all LA measurements, the stressed plants started showing decreased photosynthetic efftbiancy
one day after treatments were applied. Subsequently, the QY of stressed plants tesgaser, and
eventually levelled out with the QY of the control plants. In the DA measureta&atsby the Mini-

PAM, we notice a stronger contrast and an undefined recovery. As/Ehe(dark-adapted QY) is
affected more significantly than ®pg (light-adapted QY), this is to be expected.

(A) CFY Sensor abaxial - LA (B) Mini-PAM adaxial - LA
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Figure 14: QY measurements plotted using average values and standard error. Nate e one more data point
(day) for the CFY Sensor. (A) CFY Sensor measurements indicate an immediatgutitum yield, thus
photochemical efficiency, upon applying acid rain treatment to stresgg(B), (C) Measurements from Mini-PAM for
light-adapted adaxial and abaxial measurements also indicate an immediagasie in efficiency. (D) Dark-adapted

adaxial measurements indicate a more pronounced difference betweeadstedsontrol plants.

In order to confirm the quantum yield results, we analyse these using canfusices A

confusion matrix has four possible outcomes: true positive (TP), falstved§iP), true negative
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(TN), and false negative (FN). We carry out a confusion matrix analysid fmuatatasets above
in the following manner: complete datasets,day. 1-final, and for the datasets in which we know
that stress affected the plants (displayed in parenthesis), where subsequést géat recovery,
and day 1, i.e. prior to acid rain application, can be excluded. Note thgpalats for one day is
missing from the Mini-PAM measurements. The matrices are based on comparisceenhbetw
QY and the average QY of the opposite group, for example: day 1 stress QY data goitdyl

control QY average. Table-2Table 5 show the four confusion matrices corresponding to Flgure

Table 2: Confusion matrix for CFY Sensoabaxial LA for day 1-9 (day 3).

n =88 (n =50) N’ [predicted] P’ [predicted]
N [actual] TN =24 (17) FP =21 (8)
P [actual] FN =18 (8) TP =25 (17)

Table 3 Confusion matrix for Mini-PAM- adaxial LA for day 1-8 (day 2-4).

n=380(n=420) N’ [predicted] P’ [predicted]
N [actual] TN =19 (12) FP =21 (8)
P [actual] FN =18 (5) TP =22 (15)

Table 4 Confusion matrix for Mini-PAM abaxial LA for day 1-8 (day 2-4).

n =80 (n = 40) N’ [predicted] P’ [predicted]
N [actual] TN =11 (8) FP =29 (12)
P [actual] FN =27 (9) TP =13 (11)

Table 5 Confusion matrix for Mini-PAM adaxial DA for day 1-8 (day 2-4).

n =80 (n = 40) N’ [predicted] P’ [predicted]
N [actual] TN = 31 (17) FP =9 (3)
P [actual] FN =13 (5) TP = 27 (15)

3.6.3.2 Fieldtestresults

Limited field tests (in a greenhouse) have been carried out using CFY Sensor(Revoilly
experiment carried out with this revision). Since the current availability of sensor noelssicsad
to only one unit, the tests could not be carried out simultaneously. Nonetheteisspdritant to note
that the differences in plant activity are still observable betile=itwo plants, particularly during
the night when both plants were dark-adapted. In Figure 15 is a graph withtited &iod the stressed

plant, where it is possible to observe that for both light and dark-adapted measurements, the healthy
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plant generally exhibited a higher quantum yield (photosynthetic efficiency in LA state, oiglotent
maximum efficiency in DA staje

40-hour continuous: Control vs. stressed plant (Clusia)
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Figure 15: Field test using CFY Sensor Rev. B on two plants with different photasyatttevity. Measurements by the
system were automatically taken every hour, although some measuremetttsesntedue to technical problems with the
prototype. Due to stress, it is possible to observe a decrease in bathir(&) as well as @psi (B), relative to the
healthy plant, throughout the monitoring process.

We confirm the results above by analysing the data using confusion matifive foomplete
dataset for the 40-hour experiments (in total 80 data points). Again, we cdoepasen raw QY
and the average QY of the opposite group, but separated into LA and DA, for example: LA/day 1
stress QY data point 1 vs. LA/day 1 control QY average, or DA/day 1 streska@Ypoint 6 vs.
DA/day 1 control QY average. The confusion matrix in Table 6 corresponds to dhgresénted in
Figure 15.

Table 6: Confusion matrix on 40-hour experiment with CFY Senadaxial LA and DA using two plants: control (no
stress, 40h) and stressed (40h).

n =280 N’ [predicted] P’ [predicted]
N [actual] TN=34 FP =6
P [actual] FN=3 TP =37

3.7 Plant-Stress Detection Algorithm
In this section, we outline a high-level algorithm able to distinguish batdege from stressed

and non-stressed plants. Further details are reserved for future work.
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There are two methods in which we could detect issues with plants. One wouladve &n
established base-level for healthy plants, which may be diffe@stablish due to the CFY Sensor
design, as CF signal selectivity is lower than that of general fluorométexther method would
be to form a cluster-oriented algorithm for recognising when one or more plaateewindividually
(cluster from historical data), in sub-groups or large clusters, begin exhibitargges in QY (or
other parameters) to that of the general populafidre possibility also exists that the entire
population might undergo changes due to pollution, which should also be taken into account. Given
pre-defined clusters of sensor nodes (using various local sink nodes with theiat@lite nodes),
the proposed method could be simplified. Figure 16 presents an overview of the proposédnalgorit

for recognising plants undergoing stress, reflecting that of the results in this paper.

Overall mean varies
Yes between overall No
andfor individual
measurements/days?

Yes Cluster datapoints Overall variation Mo

Mo Yes
~—— according to means; caused by ™,
clusters found? temperature or light?

Likely normal; no

action.

h 4 Y
Carry out Tukey test | ng Flag or advice for Mo |Historical data shows
on means; significant * potenfial long-term significant

differences found? problems. discrepancies?
Yes Yes

h 4 h
Warn about imminent impraﬁgémntp;t:;gﬂs
problems with plants. wiith plants.

Figure 16: Proposed algorithm for evaluating plant stress using raw or processedTdwalata from all plants and
recent individual historical data is clustered to form potential physicalsatieat can be identified as affected by
pollution or other stress factors. Data may also be treated as one largfercchanging over time to indicate large-scale
effect of pollution. Four different outcomes are present: no action, ftggptential problems, predict potential imminent
problems, and take immediate action.
3.8 Discussion
The results confirm that our low-cost sensor effectively measures CF. Inoaddie

statistical analyses have proven that the CFY Sensor not only is able to distzib@tween stressed
and non-stressed plants, but also do so before the onset of any visual symptoms. tgienconf
matrices confirm the reliability of the sensor system, showing majority poséives and true

negatives for the CFY Sensor, both for lab and field experiments. In fact, the resultsdotyatime
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CFY Sensor were better than that of the Mini-PAM, according to ouriexpais. The feasibility of
a low-cost sensor has therefore been proven successful, with results consibtématvof other
authors using similar stress factors and methodologies (G#takr2014; Kanchevat al, 2008).

However, contrary to the work of other authors, we do not employ state-aftttezhnology.

A lot of existing research on the topic of monitoring chlorophyll fluoresctrtwe on maximising
accuracy and precisida marginally improve the systems. Among the technologies used in thee stri
for increasingly improved measuring techniques we find charge-coupled device ¢a@Bas for
laser-induced fluorescence (LIF) (Lichtenthaler & Miehé, 1997) and hyperspectral inuegiigg
Fraunhofer lines (Merorét al, 2008).However, using a multi-spectral CCD camera (coupled with
a laser) requires computational power for analysis, complicating wireless aoig @ployment.
Other relatively complex setups require frequency-induced pulse-amplitude modulatioM}FIPA
using laser technology (Flexas al, 2000) or field-programmable gate arrays (FPGA) (Jaramillo-
Fernandeet al, 2015), of which the latter is also not suitable for actual monitoring of ipdsaith,
being aimed solely at the research of best-practices of measurement methodologies.

The authors of these papers use high-precision or experimental equipment to fyntbee im
both measurements and measurement methodology, which, in turn, becomes costly and something
that requires trained personnel to use and analyse. This is not optimal ferageavser who may
have little knowledge in this field. The implementation most similar to outsaisof a Japanese
team. Since 2009, Kameok# al. (2017)has been using WSNs in ‘smart cultivation management
practices’. Their use of networked sensors certainly confirms that such technology has potential,
although the sensors used by the team included a range of sensor types, froitudtesgence to
thermal imaging. Similarly, they also provide a wireless infrastructurl witdatabase and
management.

We have solved the problems of ambient light interference in a much simpleraatidgbr
manner than that of other authors, who have e.g. turned to technologies such as nacalaetre
spectrometers to separate CF signals from other light sources. Througtonventional
measurement methodology using abaxial leaf surfaces, we avoid the need for insteas syhile
augmenting the possibilities for early detection of stress. This solution dreeredts our work apart
from that of many existing works, using a non-competing approach, where we dtiengpt to
completely overcome the ambient interference, and instead attenuate it to thdévee sensor
system can handle. The fact that we have been able to simplify existing methodsbtdirieng
useful data proves that simpler systems like ours may find a use as aatig#errethod aiming to
continuously and autonomously, and with little prior knowledge of the system, provifié use
information to a user.

As a result, our findings open up possibilities for employing many sensor motfesfield,
using wireless sensor networks. WSNs have the strength of multiple simultanapliagaoints,

enabling us to potentially do statistical analysis and data mining on a multitpéetsf in order to

39



3. Early Detection of Pollution Using a Low-Cost Chlorophyll Fluorescence Sensor System

discover deviating individual or population behaviour over short or long-#ymsing individual
plant data that we can relate to other plants and over time, we docessaely need to know the
exact chlorophyll content or carbon assimilation of plants in order te w@hclusions about plant
stress, as we have proven in this paper using one sensor on multiple plantsaTtak contrast
with traditional methods, where plant health has a well-known definition, i.e. can wessak
symptoms of pollution on leaves, and do the measurements on a specific plant inlkbiaegethan-
normal chlorophyll content? An interesting benefit of this approach could be mappingadtsi and
pollution around om polluted areas. In addition to environmental monitoring, this could be used in
determining the suitability of an area for crop growth. We therefore behatv¢he possibilities for
a low-power, low-cost sensor has a lasting potential in an array of scenati@ing pollution
monitoring and agricultural activities.

In Table 7, is a compiled list of high-level differences between the CFY Senscelaredi r
systems. As our contributions focus on low-cost, low-power, simplicity and ditgl/abis possible
to observe strengths, especially in terms of cost, where we expect each sensor nodestotbast |
US$100, whereas common fluorometers may cost several thousand dollars per unit, making
acquiring of multiple devices a costly proposition. This leads to poor sigi@pit non-real-time
measurement capability. The energy consumption of the CFY Sensor is expected (after
optimisations) to be low enough to operate for several months on a Li-Py batiadefinitely with
energy harvesting technology.

Table 7: Comparison between CFY Sensor and common oroftdite-art solutions, such as Mini-PAM and discussed
work by other authors. This table estimates factors based on types of tggtumsd, available information, and empirical
data. Accuracy is based on established methods, and is loosely compar#ideCFY Sensor, since methodologies differ.

CFY Sensor Related (general)
Cost Low High — very high
Power Very low Medium- very high
Accuracy Medium Very high
Complexity Low — medium High — very high
Salability Very high Low — medium
Real-time Very high Very low— low

3.9 Conclusion

Our sensor system prototype, the CFY Sensor, is the main contribution of this paper. It
designed to provide easy and independent operation for extended periods of time. Wzl dloisiev
through focussing on the essentials of fluorometry, while adopting new, low-poweetewibgy
and methods not used or uncommon to the field. Contrast this with commercial fluorometers, which

are not only expensive, but generally also require that a user take manual measuneanieis,
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which can be time-consuming and costly. We believe that our solution can resoWeatk points
of commercial fluorometers, and provide real-time monitoring with the atulidgtect pollution and
plant stress before the onset of damage, using low-cost methods.

In order to verify our sensor prototype, we set upnavivo experiment with théaspalum
densumin which we compared results from the CFY Sensor to those of the MMi-B&ing the
two sensors on multiple plants over several days (and in a controlled envirprnessentially
emulating a sensor networkve verified our sensor prototygecapability of distinguishing stressed
plants from non-stressed ones. This has been demonstrated by means of statidyisas, where
both sensors were able to identify stresses and plant recovery ina &stiion and with similar
significance.

Naturally, our approach comes with its limitations as well, due to itscist-nature and
inherent accuracy restrictions. However, as we aim for different typescasurements ana
differentmodus operandithere are interesting possibilities in this approach. For example, the fact
that we can potentially gather a multitude of simultaneously collected data points fromoek rof
these sensors, means that large data and data mining is pessitieplementation which is largely

non-existent with traditional methods of measuring, using handheld fluorometers.
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4. General Conclusion

In this dissertation, we set out to find solutions to problems that are inhereaditmnal
techniques of measuring plant and environmental health. Among these, we idenstiezhdo
complexity, which ultimately lead to productivity and economic losses fromigiegfties and
problems stemming from pollution. In the search for new ideas and concepts, waceerevith
challenges that had to be met with unconventional solutions. Among the challenge€kver
selectivity, dealing with limitations of low-cost components, low-power reqénts, and accuracy.
Throughout the development, we focussed on means of achieving similar performanceoto that
commercial equipment, at a fraction of the cost at an estimated $100 perugnit e non-state-
of-the-art approach, our ideas had to be based around acceptable compromises, such as lowered, but
sufficient, sensitivity to CF, and measuring this in non-standard areas afabafxleaves. The
contributions of our work allow for new methods of meeting demands in an incigakénganding
world of environmental monitoring and agricultural production.

Our proposed sensor system makes monitoring of large areas possible meagealrice the
system relies on low-powered, wireless and automated measurements that do not iritle fiéaatw
growth. This is of special interest to those who directly rely on natsalrces for production, such
as farmers. Using traditional fluorometers (such as Mini-PAM-type deviE®s) only expensive
per unit, but require a user to manually gauge the photosynthetic efficiency onat pldime. The
use of these devices as real-time and large-scale monitoring systems becfeasible, as they
provide mere 'snapshots' of small areas with data that must be analysed in ‘tiomerezdusing
further inaccuracies. While commercial equipment like these provide very pesadsaccurate
measurements, it also becomes clear that these, in turn, possess limitationsithdtecsoived with
further improvements in precision.

The results obtained throughout the evolution of the CFY Sensor show that not onlg can
measure chlorophyll fluorescence, but also do so with statistical significartmathllaboratory and
real-world tests, the results show that there is a real potential, even in the ntb#toge have
devised, which do not follow common approaches, such as adaxial measurements and the use of red
wavelength excitation light. While our sensor system may not be able to obtain an exhaustive list of
parameters, it can, however, provide a high-level understanding of changes in plant physiology.

The added advantage of our work is that all of this was achieved using compfétéky-
shelf components and concrete methods. This means that this solution is not efotuntsipt, but
rather something which is achievable today and with minimal additional efforssichswe believe
that this system can achieve its large-scale goal of monitoring and even detadiyngigns of

pollution contamination in soils in and around regions susceptible to this.
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4. General Conclusion

4.1 Final Considerations

The monitoring of plant chlorophyll fluorescence and environmental pollution will always be
challenging. Since there are so many factors playing a role, soluti@gsuracy in both time and
plant physiology measurements must be met with their respective trade-offs. Weéhkhaworder
to accurately measure plant physiology, we need precision equipment, but this reffitfenglito
use as real-time monitoring systems on a large scale. Solutions to this prad&nomthe other
hand, forego the high-precision technology and instead rely on large data from mamgdgsion
sSensors.

The CFY Sensor provides an answer to this, but being of a low-cost nature, we must
understand its limitation. As a single sensor unit, it will not be udefaliuse each sensor node is
dependent on other nodes in a (wireless) sensor network. As discussed in Chibptegason for
this is because we do not know the exact state of a single plant (absolute cgnbitomsist instead
rely on comparing and analysing statistical differences between plants over ar&agnd over
time, and discover discrepancies between plants (relative conditions) parabuifferences on the
population in its entirety. Hence, the strength of our solution lies in the quanttgppanecessarily

in the quality of the measurements.

4.2 Future Work

Future work on the sensor solution will need to address issues with sensitiditCF
selectivity. While the sensor system is able to function in non-controlled environrtdatstill
susceptible to issues with distinguishing background radiation from the fluoressigmals,
especially under intense light conditions. Improvements to the electronic andaplagsign of the
sensor, as well as optical filtering, will further enhance the sensor without sighifast addition.

Finding a baseline fluorescence for healthy plants could also be interesting, gsaitrita
more rapid stress detection. For this, it may be necessary to combine data fromnsitrs;, sach
as temperature, light intensity and humidity sensors. Future work also needs to inalttileer
measurements from multiple sensor nodes mounted on several plants, which we were oaatyle t
out. To accompany this, appropriate machine learning or automated statistical analydi® must

implemented, as data has been hitherto analysed manually and offline.

43



5. References

Baker, N. R., & Ort, D. R. (1992l.ight and Crop Photosynthetic Performan¢d. R. Baker & H.
C. Thomas, Eds.). Amsterdam, Netherlands: Elsevier.

Baker, N. R., & Oxborough, K. (1997). Resolving chlorophyll a fluorescence images of
photosynthetic efficiency into photochemical and non-photochemical components -
calculation of qP and Fv’/Fm’ without measuring Fo’. Photosynth Re$4, 135-142.

Baker, N. R., & Oxborough, K. (2004 hlorophyll a Fluorescence: A Signature of
PhotosynthesigN. R. Baker & K. Oxborough, Eds.) (19th ed.). Dordrecth: Springer.
Barcelo-Ordinas, J. M., Chanet, J. P., Hou, K. M., & Garcia-Vidal, J. (2013). A survey lefsaire

sensor technologies applied to precision agriculfrecision Agriculture 801-808.

Berg, J. M., Tymoczko, J. L., & Stryer, L. (200Zhe Calvin Cycle and the Pentose Phosphate
Pathway(5th ed.). W. H. Freeman & Co.

Bjorkman, O., & Demmig, B. (1987). Photon yield of O2 evolution and chlorophyll fluorescence
characteristics 77K among vascular plants of diverse oriBiasta 170, 489-504.

Bolhar, H. R., Long, S. P., Baker, N. R., & Lechner, E. G. (2008). Chlorophyll Fluorescence as a
Probe of the Photosynthetic Competence of Leaves in the Field: A Review of Current
InstrumentationFunctional Ecology3, 497-514.

Bote, A. D., & Struik, P. C. (2011). Effects of shade on growth, production and quality of coffee
(Coffea arabica) in Ethiopidournal of Horticulture and ForestrB(11), 336-341.

Bradbury, M., & Baker, N. R. (1981). Analysis of the slow phases of the in vivo chlorophyll
induction curve. Changes in the redox state of photosystem Il electron acceptors and
fluorescence emission from photosystems | and8itichimica et Biophysica Acté835, 542-
551.

Buschmann, C., & Lichtenthaler, H. K. (1998). Principles and characteristics of multi-colour
fluorescence imaging of plant®ournal of Plant Physiology 52, 297-314.

Cagri, G. V., & Hancke, G. P. (Eds.). (201®)dustrial Wireless Sensor Networks: Applications,
Protocols, and Standard8oca Raton: CRC Press.

Cambell, M. K., & Farrell, S. O. (2009piochemistry(6th ed.). Belmont, Canada: Thomson
Brooks/Cole.

Cetner, M. D, Pietkiewicz, S., Podlaski, S., Wisniewski, G., Chotyj, D., Lukasik, 1., & Kalaji, H.

M. (2014). Photosynthetic Efficiency of Virginia Mallow (Sida Hermaphrodita (L.) Rusby)
under Differentiated Soil Moisture Conditiorist. J. of Sustainable Water and
Environmental Systen&(2), 89-95. https://doi.org/0.5383/swes.06.02.010

Clarke, A. G. (Ed.). (1997)ndustrial Air Pollution Monitoring Dordrecht: Springer Netherlands.

44



5. References

https://doi.org/10.1007/978-94-009-1435-3

Cohen, Y., Alchanatis, V., Meron, M., Saranga, Y., & Tsipris, J. (2005). Estimation of leaf water
potential by thermal imagery and spatial analy®isirnal of Experimental Botan§6(417),
1144-1152.

Edwards, G. E., & Baker, N. R. (1993). Can $CO_2$ assimilation in maize leaves be predicted
accurately from chlorophyll fluorescence analy$tédtosynthesis Researdv, 89-102.

EPA. (2006) Air Quality Criteria for Ozone and Related Photochemical Oxidamashington,

DC. Retrieved from https://cfpub.epa.gov/si/si_public_record_report.cfm?direntryid=149923

Field, C., Mortsch, L., Brklacich, M., Forbes, D., Kovacs, P., Patz, J., ... Scott, M. (2007). Climate
change 2007: Impacts, adaptation and vulnerabil@gmbridge, United Kingdom.

Flexas, J., Briantais, J.-M., Cerovic, Z., Medrano, H., & Moya, I. (2000). Steady-State and
Maximum Chlorophyll Fluorescence Responses to Water Stress in Grapevine Leaves: A New
Remote Sensing SysteRemote Sen. Envirqrtt.3, 283-297.

Fryer, M. J., Andrews, J. R., Oxborough, K., Blowers, D. A., & Baker, N. R. (1998). Relationship
between $CO_2$ assimilation, photosynthetic electron transport, and active $O_2$%
metabolism in leaves of maize in the field during periods of low temper&iarg.
Physiology 116, 571-580.

Gaastra, P. (1959). Photosynthesis of crop plants as influenced by light, carbon dioxide,
temperature, and stomatal diffusion resistaMexdedelingen van de Landbouwhogeschool Te
Wageningen59(13), 1-68.

Genty, B., Briantais, J. M., & Baker, N. R. (1989). The relationship between the quantum yield of
photosynthetic electron transport and quenching of chlorophyll fluoresd&incaimica et
Biophysica Acta99((1), 87-92.

Gutiérrez, J., Villa-Medina, J. F., Nieto-Garibay, A., & Porta-Gandara, M. A. (2014). Automated
irrigation system using a wireless sensor network and GPRS mtgEE Trans. Instrum.
Meas, 63(1), 166-176.

Harbinson, J., & Rosenqvist, E. (2008  introduction to chlorophyll fluorescendd. R. DeEll &

P. M. A. Toivonen, Eds.). New York, USA: Springer.

Heinz Walz GmbH. (1999, August). PHOTOSYNTHESIS YIELD ANALYZER MINI-PAM:
Portable Chlorophyll Fluorometer. Retrieved from
http://www.walz.com/downloads/manuals/mini-pam-I1I/MINIP_1EB.pdf

Hwang, K., & Chen, M. (2017Big-Data Analytics for Cloud, IoT and Cognitive Computing
Wiley.

lzuta, T. (Ed.). (2017)Air Pollution Impacts on Plants in East AsiBokyo: Springer.
https://doi.org/10.1007/978-4-431-56438-6

45



5. References

Jaramillo-Fernandez, A. A., de Jesus Romero-Troncoso, R., Duarte-Galvan, C., Torres-Pacheco, |.,
Guevara-Gonzalez, R. G., Contreras-MedinaM., ... Millan-Almaraz, J. R. (2015). FPGA-
based chlorophyll fluorescence measurement system with arbitrary light stimulation
waveform using direct digital synthesMeasurement’5, 12-22.

Jones, H. G., & Vaughan, R. A. (201Remote Sensing of Vegetation: Principles, Techniques, and
Applications(2nd ed.).

Kameoka, S., Isoda, S., Hashimoto, A., Ito, R., Miyamoto, S., Wada, G., ... Kameoka, T. (2017). A
Wireless Sensor Network for Growth Environment Measurement and Multi-Band Optical
Sensing to Diagnose Tree Vig&@ensors217(5), 966. https://doi.org/10.3390/s17050966

Kancheva, R. H., Borisova, D. S., & lliev, I. T. (2008). Chlorophyll fluorescence as a plant stress
indicator. InProceedings of the 5th National Conference, Space Research InsRussian
Academy of Sciencégp. 301306). Moscow: Azbuka-2000 Ltd.

Kautsky, H., Appel, W., & Amann, H. (1960). Die fluoreszenzkurve und die Photochemie der
Pflanze.Biochem 7332, 227-292.

Kautsky, H., & Hirsch, A. (1931). Neue Versuche zur Kohlensaureassimilation.
Naturwissenschaftei9, 964-964.

Kitajima, M., & Butler, W. L. (1975). Quenching of chlorophyll fluorescence and primary
photochemistry in chloroplasts by dibromothymoquinddiechimica et Biophysica Acta
376(1), 105-115.

Krause, G. H., & Weis, E. (1991). Chlorophyll Fluorescence and Photosynthesis: The Aasics.
Rev Plant Physiol Plant Mol Bip#i2, 313-349.

Kumar, A. (Ed.). (2004)industrial Pollution & ManagemeniNew Delhi: APH Publishing
Corporation.

Lambers, H., Chapin, F. S., & Pons, T. L. (20@88ant Physiological Ecolog{2nd ed.). New
York, USA: Springer.

Lambrechts, J., & Sinha, S. (201B)icrosensing Networks for Sustainable Citi€s. C.
Mukhopadhyay, Ed.) (Vol. 18). Cham: Springer International Publishing.
https://doi.org/10.1007/978-3-319-28358-6

Lichtenberg, E., Majsztrik, J., & Saavoss, M. (2015). Grower demand for sensor-controlled
irrigation. Water Resources Reseay&fi(1), 341-358.
https://doi.org/10.1002/2014WR015807

Lichtenthaler, H. K. (1988). Chlorophyll Fluorescence Signatures as Vitality IndicatorastFor
Decline Research. In H. K. Lichtenthaler (Edjpplication of Chlorophyll Fluorescence in
Photosynthesis Research, Stress Physiology, Hydrobiology and Remote §gnsiAg
149).

46



5. References

Lichtenthaler, H. K. (1992). The kautsky effect: 60 years of chlorophyll fluorescence arducti
kinetics.Photosynthetica27(1-2), 45-55.

Lichtenthaler, H. K., & Miehé, J. A. (1997). Fluorescence imaging as a diagnostic tool for plant
stressTrends in Plant Scien¢g(8), 316-319.

Loriaux, S. D., Avenson, T. J., Welles, J. M., McDermitt, D. K., Eckles, R. D., Riensche, B., &
Genty, B. (2013). Closing in on maximum yield of chlorophyll fluorescence using a single
multiphase flash of sub-saturating intensiRiant, Cell and Environmen86, 1755-1770.

Mauzerall, D., & Wang, X. (2001). Protecting agricultural crops from the effects of tropospheric
ozone exposure: reconciling science and standard setting in the United States, Europe, and
Asia. Annual Review of Energy and the Environm26t 237-268.

Maxwell, K., & Johnson, G. N. (2000). Chlorophyll fluorescence - a practical glodenal of
Experimental Botanyb1(345), 659665.

McLean, D. D., Jensen, R. R., & Barrie, E. (201&han Sustainability: Policy and Praxi§J. D.
Gatrell, R. R. Jensen, M. W. Patterson, & N. Hoalst-Pullen, Hdikban Sustainability:

Policy and PraxisSpringer International Publishing. https://doi.org/10.1007/978-3-319-
26218-5

Meroni, M., Rossini, M., Picchi, V., Panigada, C., Cogliati, S., Nali, C., & Colombo, R. (2008).
Assessing Steady-state Fluorescence and PRI from Hyperspectral Proximal Sensing as Early
Indicators of Plant Stress: The Case of Ozone ExpoSeresors8, 1740-1754.

Mdller, P., Xiao-Ping, L., & Niyogi, K. K. (2001). Non-Photochemical Quenching. A Response to
Excess Light EnergyRlant Physiologyl1254), 1558-1566. https://doi.org/http://dx.doi.org/
10.1104/pp.125.4.1558

Nickelsen, K. (2015). Explaining Photosynthesis: Model of Biochemical Mechanisms 1830
(pp. 94-95). Dordrecht, Netherlands: Springer.

Papageorgiou, G. C., & Govindjee (Eds.). (20@%lorophyll a Fluorescence: A Signature of
PhotosynthesisAdvances in Photosynthesis and Respirati®th ed.). Dordrecht: Springer.
Park, D. H., Kang, B. J., Cho, K. R., Shin, C. S., Cho, S. E., Park, J. W., & Yang, W. M. (2011). A
study on greenhouse automatic control system based on wireless sensor nWeirearkers.

Commun.56(1), 117130.

Pereira, E. G., Oliva, M. A., Kuki, K. N., & Cambraia, J. (2008). Photosynthetic changes and
oxidative stress caused by iron ore dust deposition in the tropical CAM tree Clusia hilariana.
Trees 23(2), 277285. https://doi.org/10.1007/s00468-008-0275-y

Perera, C. (2017pensing as a Service for Internet of Things: A Roadiisiped.). Lulu.com.

Quick, W. P., & Horton, P. (1984). Studies on the induction of chlorophyll fluorescence in barley

protoplasts. In. Factors affecting the observations of oscillations in the yield of chlorophyll

47



5. References

fluorescence and the rate of oxygen evolufmm 361370). Proc RSoc London, Ser B.

Rabl, A., & Spadaro, J. (2000). Public health impact of air pollution and implications for tigy ener
systemAnnu. Rev. Energy Envirqr25, 601-627.

Saha, J. K., Selladurai, R., Coumar, M. V., Dotaniya, M. L., Kundu, S., & Patra, A. K. (Eds.).
(2017).Soil Pollution - An Emerging Threat to Agricultui®ingapore: Springer.
https://doi.org/10.1007/978-981-10-4274-4

Shultz, H. R., & Hoffman, M. (2016¥rapevine in a Changing Environment: A Molecular and
Ecophysiological PerspectivéH. Gerds, M. M. Chaves, H. M. Gil, & S. Delrot, Eds.). West
Sussex, UK: John Wiley & Sons Ltd.

Souza, A. E. (2016RRespostas morfofisioldégicas em plantas expostas a estresses abioticos
decorrentes da exploracdo de minério de fetdaiversidade Federal de Vicosa. Retrieved
from http://www.locus.ufv.br/handle/123456789/7794

Statista. (2012). major global crop losses due to drought in 2012, by region (in billion u.s. dollars).

Stockle, C., & Dugas, W. (1992). Evaluating canopy temperature-based indices for irrigation
schedulinglrrigation Science13(1), 31-37.

Strasser, R. J., Schwarz, B., & Eggenberg, P. (12g8)lication of Chlorophyll Fluorescence in
Photosynthesis Research, Stress Physiology, Hydrobiology and Remote.SEn$ing
Lichtenthaler, Ed.). Dordrecht, Netherlands: Kluwer.

Texas Instruments. (2015). OPT101 Monolithic Photodiode and Single-Supply Transimpedance
Amplifier. Retrieved from http://www.ti.com/lit/ds/symlink/opt101.pdf

Tuteja, N., & Gill, S. S. (Eds.). (2016)biotic Stress Response in Planigeinheim: Wiley.

Walker, D. (1992)Remote Sensing of Solar-Induced Chlorophyll Fluorescé&red.).
Oxygraphics Limited.

Willits, D. H., & Peet, M. M. (2001). Measurement of Chlorophyll Fluorescence as a Heat Stress
Indicator in Tomato: Laboratory and Greenhouse ComparidoAsner. Soc. Hort. Sgi.

126(2), 188-194.

Zude, M. (Ed.). (2009)0ptical Monitoring of Fresh and Processed Agricultural Crops

Contemporary Food Engineering Seri€RC Press.

48



A. Detailed View of the Electronic Circuit

A.1 CFY Sensor Main Board

The PCB design is dual-layer, with all components except the sensor mounted on the same
side. The CFY Sensor uses two 150mA ultra-low dropout voltage regulators, an instri@mentat
amplifier, a constant-current LED driver, the Texas Instruments MSP430G2553 microcoatrdller
circuit for SpyBi-Wire programming. The system operates on a fixed 3.3V. Figure 17 shows both

sides of the main PCB. Figure 18 and Figure 19 show the schematics of the CFY Sensor main PCB.

1-TDO,TDI

) 5-GND
®) < iestuee

(o)
(o) @J@

(e) (0) (0 [0}

Figure 17: Top and bottom view of CAD-rendered main PCB.

49



A. Detailed View of the Electronic Circuit

= MSP430,5chDoc®

]
1.0
Uz
P1OTAICLE/ACLE/AOCAD PLOTALD
LT P11 TA G UCACRXDUCADSOMUALICAL PLLTALL T
pL: - T P1.2TAG 1L UCANTHDUCANSIMDAYCAY. P2ATALL
P1 ADCIOCLE A3 VREF-VEREF-'CA3 CAOUT P23TALD |2
PLITAQD s feb P YAMELE UCBOSTE UC ADCLE/ A VREF+ VEREF+CAYTCR. B2 4TAL D |- .
e L4 PLETACCUCBOCLE UCACSTE ASCASTMS P1STALY oLt
= ] ?1.6{1M.1:‘mmm&0m@msm1mm PLEINITADL
P17/ATCATCACUTUCEOSIMOUCEOSDA TDOTOL P27XOUT
RSTHMISEWTDIO I AT SEWTDIC
ﬁf _SESTSBWICE 17, TRemsEWTCK
e Ll pvee piss (20
Les e MEM G SPWI0R §
10 p¥ 0.1 uF =
(€500
= = LED
G GhD PLETADL . oo
- PLO =
BUTALE canrs S 3B ]
B20TAL B
it Vin
P2ATALD SalLED i Pz
= Fleader 1 .
B4 e T
RSTAIM mgnm = e e
T/ NBAY,
ei0 - P - = oD PURUART
TESTSBUTCE | qop e N — Feader 2
= W
>
E SI'T- Mask Level | Clear
BZ Voltage reguiator.SchDoc *
o Vin +33 m
TTAG us
oo SBWIDIO s
W N ouT
R —y Tex SBWICK ey o
s =i i 1
413 GND cl2
A = 10 nF
LP3985MMI5-3 3/N0PB
R7
A ‘l"_;;L D = D
©7 GiD ’
TE?““ PSITAG Vin LDH+3 I
22DOTDL [ 5] us T
SBWIDIO | 4 I’— il VPP lim ot B2 i
~ - Hendar 152 el e mye [ Cli
1 S 1uF
500 o GND Cl4 k
- 10 uF
— LP39835-3,3 NOFB
GID
Spy Bi-Wire 2-wire TTAG satup ¥ e P D Gi‘D "
€ > £ >
 Editor | :ﬁ 2PV | Mask Level Clear | Editor | OB | Mask Level | Clear

Figure 18: CFY Sensor main PCB schematics.
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Figure19: CFY Sensor main PCB schematics (continued).
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A. Detailed View of the Electronic Circuit

A.2 CFY Sensor LED Board

The LED PCB is dual-layer with all components mounted on the top-side. It hadsgi+
powered Luxeon Rebel Blue LEDs that flank the PCB cutout that aligns above thecd¢hsanain
PCB. The LEDs have custom heat-dissipating elements to protect from overheating2Bighows
CAD renders of the LED PCB. Figure 21 shows the schematics.

LED board
Rev B
(@)

Figure 20: Top and bottom view of CAD-rendered LED PCB.
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B. Tables of Statistics- Detailed Analysis

In these statistical analyses, we only show the results for the CFY Sensor (Rev. A).

B.1 Homogeneity of Variance: Cochrans Q and Bartlett

The Cochran tests are significant, with the critical values of chi-scatai®o and 5%
probability being much larger than the test statistics (see Table 8). This suggests that the parameter
are homogenous in their variances (i.e. contain no outliers), thus rejecting thgothesis, and is
therefore fit for Tukey tests. The parameters were, however, not significant accottied@totlett
tests. All critical chi-square values were lower than the corresponding tedtuidues, thus failing

to disprove the null hypothesis, indicating an unequal variance among the samples.

Table 8: Cochran and Bartlett statistical tests on homogeneity of variaiticelate (degrees of freedom=8) as the effect
using data from CFY Sensor.

Parameter Test Test statistic | Crit.Val. (¢=0.05) | Crit.Val. (¢=0.01)
Fm’ Cochran 0.3877 > >

Fm’ Bartlett 35.7724 15.507 20.090

Fs Cochran 0.4346 > >

Fs Bartlett 41.0772 15.507 20.090

QY Cochran 0.4372 > >

QY Bartlett 38.2634 15.507 20.090

B.2 Normality Test: Lilliefors

Fm’ is a significant parameter according to the Lilliefors test, but Fs andr@Wot significant
for a=0.05. For 0=0.01, the values are very close, and we therefore assume significance of all values
at this critical value of chi-square, as there are a few outliers present in the data. Tiezseveue
likely caused by measuring errors or plant response that could be attribuf@ctars such as
temperature or position in greenhouse with respect to light source, amel flct that plants can
respond differently under the same circumstances. (See Table 9

Table 9: Lilliefors tests on normality of data with sample size n=90, usingfidaeCFY Sensor.

Parameter Test statistic Dn,a (0=0.05) Dn,a (0=0.01)
Fm’ 0.0801 0.093 0.109
Fs 0.1159 0.093 0.109
QY 0.1139 0.093 0.109

B.3 Tukey Test

The groupings indicate particular significance in early stages of plant stress in the Fm’
fluorescence. The maximum LA fluorescence was significantly higher already oneftday
treatment application. Throughout the test, the consistency fluctuates, lemeiglfy significant

until the 8" day. Similarly, for Fs measurements, significant mean differences are found until day 5,
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B. Tables of Statistics Detailed Analysis

but not significant before day 3. Howevery fbPSII, we find significant means only for the two

initial days after treatment application. (See Table 10.)

Tablel0: Tukey test on individual parameter grouping with respect to ddytraatment, using 95% confidence to test for
significant differences of means on data from CFY Sensor.

Day Fm’-C Fm’-T FsC FsT ®PSII-C ®PSII-T
1 354.4 492.8 238.4 313.6 321.4 393.4
A A A A

2 358.0 374.8 282.2 335.2 214.2 104.6
A A A A A B

3 528.6 337.6 402.4 272.8 242.6 188.8
A B|A B|A A

4 499.2 460.4 362.8 343.8 274.0 251.2
A A A A A A

5 497.6 374.8 361.2 272.8 274.8 267.8
A B|A BlA A

6 445.8 365.8 326.8 264.4 267.4 270.6
A A A A A A

7 420.4 401.8 298.2 270.4 290.2 322.8
A A A A A A

8 452.8 444.4 3214 310.4 289.4 298.4
A A A A A A

9 476.8 452.0 321.6 299.4 323.8 333.20
A A A A A A

Additionally, the statistical analysis on yield revealed that the affatzdte, on its own, on the

means was significant. In Table 11, we see the grouping information on 10 measupEmeats

using 95% confidence interval.

Tablell Tukey test on daily @PSII means, using CFY Sensor data.

Day Mean Grouping
1 357.4 A

9 328.5 AB

7 306.5 ABC

8 293.9 ABC

5 271.3 BCD

6 269.0 BCD

4 262.6 CD

3 215.7 DE
2 159.4 E

55



C. Regression Analysis on Average Fluorescence Values

In Figure 22 are the regression analyses using the average log values instead of the individual
data points. Using average values, the correlations have improved by 15.4% and 15.8%, rgspectivel
compared to plotting and calculating With raw values.

(A) CFY Sensor vs Mini-PAM - adaxial (average)
255
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245 A

240 +
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2.30 +

2.25 T T T T T T T
2.38 2.40 242 244 2.46 248 2.50 2.52 2.54

CFY Sensor

(B) CFY Sensor vs Mini-PAM - abaxial (average)
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Figure 22: Log-transformed average yield for all plants over the course of rags. ¢A) CFY Sensor abaxial vs.
Mini-PAM adaxial; (B) CFY Sensor abaxial vs. Mini-PAM abaxial.
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