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ABSTRACT

Coral reefs are facing a point of historic and critical vulnerability. With rising oceanic
temperatures, more frequent coral bleaching events are occurring worldwide. As such
there is a need for rapid, non-destructive survey techniques to gather greater and higher

definition information than that currently offered by traditional image-based systems.
The symbiotic partnership of corals with photosynthetic algae, Symbiodiniaceae, can be

exploited as these algae are primarily responsible for coral colour. Consequently by using spectral
based approaches, colour can be used as a marker for coral health. Distinguishing healthy from
impacted or diseased coral is important for colony health monitoring. Stressed or diseased corals
are frequently characterised by abnormal or diminished pigmentation in compromised tissue,
compared to healthy counterparts. Hence, spectral imaging techniques offer a highly sensitive
method for quantifying relative health. As such, these techniques could allow for quantifying coral
health non-destructively offering low-cost, high resolution data capture whilst also providing
data that can help to verify and validate spectral data sets that encompass far greater spatial
scales i.e. satellite imagery.

This project demonstrated the technique of using hyperspectral imagers to monitor wave-
lengths associated to key pigments (or markers) found within coral symbionts, which deteriorate
or are expelled as part of the bleaching process. Thermically and chemically induced bleaching
studies were conducted to understand the mechanisms of coral bleaching and the effect on pig-
ment concentrations. It was concluded that reflectance signals were more appropriate as ’health’
markers in comparison to their fluorescent counterparts. This was largely due to the difficulty in
measurement when obtaining fluorescent data in-situ.

To best suit hyperspectral imaging in the marine environment, a low-cost imager was designed,
built, tested and refined. Low-cost imagers enable the use of underwater hyperspectral imagers
without the high financial risk of submerging expensive electronics. The process of making
underwater imagers more affordable allows for a bridge to be established between high spatial
scale data sets able to be obtained by airbourne imaging, that require ground truthing, and high
resolution in situ data. Current advances in hyperspectral imaging technologies, specifically
linear variable filters (LVF), allow for off-the-shelf imagers such as digital single-lens reflex
(DSLR) cameras to be converted into hyperspectral imagers, which can reduce the cost of spectral
imagers by up to 80%. A hyperspectral imager was designed and built utilising a DSLR and LVF;
the ’Bi-Frost DLSR’. The imager performed well in tests to assess its spectral performance both
above and below the water’s surface.
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INTRODUCTION

This chapter includes work published as preprints [1, 2] and in MDPI oceans, special issue: The

Future of Coral Reefs, as part of research submitted to the international coral reef symposium

(ICRS) 2021. A Review of Current and New Optical Techniques for Coral Monitoring. MDPI

Oceans. 2022; 3(1):30-45, doi.org/10.3390/oceans3010003 [3].

G lobal climate change is the defining feature of this past decade and likely subsequent

ones to come, with current levels of atmospheric carbon dioxide at their highest in

800,000 years [4, 5]. These unprecedented levels are creating detrimental changes to the

global environment from temperature increase in the oceans, melting of the polar ice sheets, sea

level rise, extreme weather and ocean acidification to name just a few.

The world’s oceans cover approximately 70% of the planets surface. Of the vast area of

seafloor, 1% is made up of coral reefs [6], which in turn account for 25% of all marine life [7]. As

well as supporting a vast array of marine life, coral reefs are important to coastal tropical and

subtropical nations for the ecosystem goods and services they provide [8]. Coral reef protection

and longevity is therefore of significant concern to the 275 million people, living within 30 km

of a reef, who rely on these habitats for their livelihoods and food security [9]. This security

has already been severely threatened with a recent study [10] reporting that since 1950 the

global coral coverage has declined by 50% and the associated yield of fish per unit effort has

decreased by 60%. Currently Reef systems are being impacted on a global scale by a variety

of conditions, namely: “coral bleaching” [11, 12], diseases [13, 14], nutrient pollution [15] and

algal overgrowth [16], coastal engineering [17] and sedimentation [18], crown-of-thorns [19] and

sea-urchin predation [20]. Corals are particularly susceptible to environmental changes as they

have low tolerance to variations in temperature, salinity and solar radiation [21].
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CHAPTER 1. INTRODUCTION

Anthropogenic climate change has been identified as the main cause of the ongoing global

coral decline [22]. Analysis by the Intergovernmental Panel on Climate Change (IPCC) using

representative concentration pathway (RCP) models RCP4.5 & RCP8.5, indicate that as of 2020

over 90% of global reef locations will have experienced some degree of increased susceptibility to

disease and bleaching as a result of climate change [23]. Using the more conservative RCP4.5

model, studies suggest that rapid coral recovery after bleaching events may be possible up until

the year 2100 [24]. However, using a more moderate model, such as RCP6.0, indications suggest

that coral populations may only have a 50:50 chance of recovery over total collapse [24]. Under

the “business-as-usual” scenario (RCP8.5), with accelerating temperature change and recurring

bleaching, coral recovery is considered unlikely [24]. As such, by the end of the century coral reefs

may irreversibly bleach and never recover. So the monitoring and protection of these valuable

natural assets is an urgent and important endeavour.

Globally, climate-driven bleaching events have frequently coincided with El Niño–Southern

Oscillation (ENSO) events, because tropical sea surface temperatures (SST) are generally warmer

during ENSO years [25]. As an effect of global warming, SSTs during La Niña conditions are

becoming warmer than those observed during typical El Niño events 30 years ago [25]. All models

[24] indicate that as global climate change progresses, SST will continue to rise along with the

number and frequency of extreme heating events, causing increased bleaching on coral reef

systems.

While coral bleaching is most commonly associated with changes in SST [12, 26], it can also

be a response to other external factors or triggers, such as ocean acidification [27], bacterial

infection [28] or shading caused by extreme turbidity [29]. The term ‘bleaching’ refers to the loss

of the symbiont algal cells of the family Symbiodiniaceae, which are normally the main provider

of coral colour [30, 31]. The white or bleached appearance of the coral results from the calcium

carbonate exoskeleton becoming visible, since the coral tissue itself is translucent [30].

Coral disease is another of the main causes of reef degradation and has been increasing

worldwide since first studied in the 1970’s in the Red Sea [32]. It has become particularly

prevalent in the Caribbean [33, 34], but has also been increasingly recorded on other reef systems,

such as the Great Barrier Reef [13, 33, 35, 36]. Coral can be more susceptible to disease due to

other factors such as declines in water quality and fish stocks, heat stress and, more recently, to

ocean acidification driven by anthropogenic activity [37–39]. In some cases, specific pathogens

have been identified as a primary contributor [33, 40]. Visible changes associated with coral

ill-health can provide a valuable metric for monitoring of colonies. Affected corals are frequently

characterised by abnormal or decreased pigmentation in compromised tissue [41].
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There exists a trade-off in current techniques between resolution and spatial scale, this is

discussed in further detail in the next chapter. Many current assessments of ’health’ or disease

within corals require high resolution and in situ measurements, which means the spatial scale is

reduced as a result. As such techniques need to bridge the gap of obtaining high enough resolution

whilst also not sacrificing scale and crucially time. One key problem of in situ measurements

is the time and resource commitment required to survey areas in high detail. For most marine

surveys these factors are summarised by the associated cost, as more detail often results in

increased costs.

1.1 Coral

Corals are marine invertebrates in the class Anthozoa of phylum Cnidaria and often live in

sessile colonies of many individual polyps. Each polyp is a sac-like animal typically only a few

millimetres in diameter and a few centimetres in length [7]. At their base is a protective limestone

exoskeleton called a calicle (Figure 1.1). Over the course of many generations, coral colonies build

on the skeletal structure of the previous generation ultimately creating large reef structures

[42, 43].

Coral skeletons have meso- and macro-structures which are primarily for structural purposes

but also possess important optical properties. A combination of structural elements such as septa,

columella, coenosteum and chalices generate light-enhancing scattering, and modulate diffuse

and bulk scattering from the void space between them [44]. These optical properties of coral

skeletons have been shown to have a direct impact on symbiont photosynthetic performance

[44–46].

Corals primarily responsible for building modern reefs typically found between the 30o

north and 30o south latitudes [47] are hermatypic corals, belonging to the group Scleractinia or

colloquially known as Stoney corals. Hermatypic corals contain photosynthetic algae specifically

endosymbionts, smaller symbiotic cells living within a host organism. The relationship is thus,

the algae provide the corals organic nutrients, energy in the form of sugars or photosynthates. In

exchange they receive shelter and inorganic compounds (Co2) required for photosynthesis. This

form of symbiosis is considered mutualism, where both organisms gain benefits and consequently

efficient photosynthesis is the core to this relationship. Ahermatypic corals do not possess this

symbiosis [48].
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Figure 1.1: Coral Anatomy of live tissue and skeleton. Figure adapted from [7, 49].

1.2 Symbiodiniaceae

Coral symbionts belong to the dinoflagellate family Symbiodiniaceae, a genetically diverse group

with at least 15 separate lineages (clades A–H) each with multiple sub-clades [50]. Corals typically

associate with Symbiodiniaceae from the genera; Symbiodinium (formerly Clade A), Breviolum

(formerly Clade B), Cladocopium (formerly Clade C), Durusdinium (formerly Clade D) and less

frequently with other clades E-G [50–52]. It is thought that this diversity is linked with the

variety of animals that Symbiodiniaceae associate with (including coral): other members of the

phylum Cnidaria (jellyfish, anemones), molluscs, platyhelminthes (flatworms) and sponges [48].

The clades are all morphologically similar and are generally only distinguished from one another

using genetics [53]. The relationship with Cnidarians is thought to date to as early as the Triassic

period [30, 54].

Symbiodiniaceae are phototrophs that use chlorophyll to trap light and carotenoids to provide

photoprotection via non-photochemical quenching, a mechanism employed to protect against high

levels of light intensity [55, 56]. This enables corals to capture light from the wavelengths 400

nm to 520 nm [57] of the visible electromagnetic spectrum. These carotenoids include peridinin,

dinoxanthin, diadinoxanthin (Dn), diatoxanthin (Dt) and beta-carotene [58]. It is these pigments

that provide a brownish colouration to the Symbiodiniaceae and by association the colouration to

their translucent coral host [30]. Symbiodiniaceae have also been shown to generate mycosporine-

like amino acids (MMAs) that are UV absorbing and provide photoprotection or ‘sunscreening’

[59]. These MMAs are thought to be produced by the symbionts in a similar way to observed

MMA interactions observed in their terrestrial counterparts [59–61].
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In both hard and soft corals, the Symbiodiniaceae are contained within the endoderm bound

by membranes which form a vacuolar compartment, called the symbiosome [30]. The distribution

of the different clades of Symbiodiniaceae within corals are often host specific and mutualistic

[62]. However, host cnidarians can choose to expel any number of symbiont cells and take up

new ones from the surrounding environment by a process of natural selection (Figure 1.2).

The reasoning for this ‘switch’ or ‘shuffle’ of Symbiodiniaceae clades and concentrations are

often linked as a response or acclimatization to new environmental conditions [63]. This is

known as the ‘adaptive bleaching hypothesis’ (ABH) [64]. This hypothesis assumes that different

clades of Symbiodiniaceae have physiological differences that make them better suited to the

different aetiology associated with bleaching [65]. These shuffles of Symbiodiniaceae communities

as part of the ABH, are mostly recorded in studies looking at clade composition before and

after bleaching or disease episodes [62, 63, 66]. Research has since been established to help

support assumptions made by ABH, with the different clades being shown to have characteristic

properties suited to specific environments such as increased thermotolerance [67]. For example

the clade Durusdinium, has a higher thermal tolerance than that of the typically dominant clade

Cladocopium [68]. As such corals found to be harbouring symbionts of the clade Durusdinium

have superior tolerance during episodes of environmental stress [67, 69–71], thus increasing

their survivability.

5



CHAPTER 1. INTRODUCTION

Figure 1.2: The distributions of Symbiodiniaceae species comprising different ecological niches
in a coral reef ecosystem. (A) The host coral is able to expel as many symbiont cells (both
viable and necrotic) as it chooses into the water column (a). Corals pass large volumes of water
through their gastrovascular system for the purposes of respiration and waste removal. This also
introduces numerous small particles including food products and a variety of different clades
of Symbiodiniaceae spp. (b). Each clade of Symbiodiniaceae fills a differing ecological niche. (B)
These clades include abundant host-specific and host-generalist species (1), less abundant and
potentially opportunistic species (2), and non-symbiotic species closely associated with the coral’s
biome (3) and/or in other roles outside of the coral tissue (4). Figure adapted from [62].

1.3 Chlorophyll

Chlorophyll (Chl) are a collection of green pigments (Chl-a, Chl-b, Chl-C1, Chl-C2, Chl-d, Chl-f

[72], [73]) found in plants, algae and cyanobacteria. Chl are vital in the process of trapping light

and converting it to energy in the process known as photosynthesis. Chemically this can be stated

as:

6CO2 Å 6H2O Å Energy ! C6H12O6 Å 6O2

Where Chl stores light energy from the sun and uses it to drive the reaction where six carbon

atoms are separated from carbon dioxide and bonded into a single energy-rich six-carbon molecule,

glucose. Water is broken down in the process and oxygen is released. This process takes place

in a multiprotein complex called a photosystem. There are two types of these found within the
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thylakoid membrane, which are membrane bound compartments inside chloroplasts; photosystem

II (PSII) and photosystem I (PSI) [74]. The main differences between the two photosystems are

on what is oxidised and what is reduced, put simply the source of low energy electrons and where

energised electrons are delivered. In PSII, the electron is freed by splitting water and in PSI, the

electron comes from the chloroplast electron transport chain. Chl-a is prevalent in all oxygenic

organisms, with only the accessory pigments differentiating [75]. Chl-a has an absorption of 676

nm [76], which is derived from its primary electron donor in PSI known as P700. Chl also has

a fluorescence maxima of 685 nm [77] and 735 nm [78]. The 685 nm fluorescence signal can be

used to gain an understanding of the state of PSII, this is an important consideration as PSII is

accepted to be the most vulnerable part of the photosynthetic system with respect to damage from

light [79]. Another method of observing Chl in coral, is to look at the solar induced fluorescence

signal which can be detected from radiance spectral data [80]. By using certain wavelengths

called Fraunhofer lines, where the solar spectrum is attenuated, the fluorescence signal can be

isolated [80, 81]. Thus, to look at Chl-a fluorescence, the oxygen absorption band at 760 nm can

be used [82].

1.4 Cyanobacteria

Cyanobacteria, colloquially known as blue-green algae, are also symbionts known to inhabit the

outer mucus layer of corals or coral tissue itself [83]. Cyanobacteria acts in a similar capacity to

Symbiodiniaceae, producing photosynthates and in some cases fixing nitrogen [84]. Whilst the

role of this bacteria has largely been supplanted by Symbiodiniaceae, they still play an important

role in reef ecology [84]. Cyanobacteria contains so called long wavelength-absorbing pigments

within its antenna system, where light is collected. These antenna pigments collect light in the

furthest part of the spectrum (>600 nm) of all known Chl-a containing phototrophic organisms,

with fluorescence maxima range of 690 to 760 nm [85].

1.5 Fluorescent Proteins

Fluorescent proteins (FPs) are bountiful within hermatypic corals and are major determinants

of the colour diversity of corals, accounting for nearly every visible coral colour other than the

brown of the photosynthetic pigments of algal symbionts [31]. FPs can total as much as 14% of

the protein content of some coral species [86], likely due to the low energetic cost associated with

producing and maintaining them [87].

Most scleractinian coral tissue contain two primary groups of fluorophores [88]. The first

major group are photosynthetic pigments deriving from the endosymbiotic Symbiodiniaceae,

with Chl-a being the predominant pigment [89, 90]. The second group are the FPs found in the

coral animal tissue, with several different classes exhibiting typical emission peaks between 482

nm to 609 nm [88, 91, 92]. Known coral FPs [92–94] can be arbitrarily subdivided into several
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‘colour types’ as defined by Alieva [92]: cyan, shortwave green, longwave green, yellow, red and a

nonfluorescent purple-blue [31].

Cyan proteins typically have an emission peak between 485–495 nm, although variants can

occasionally be found, down to 477 nm [92].

Green FPs (GFPs) are key colour determinants in reef-building corals (class Anthozoa, order

Scleractinia) [92, 95] and are similar to that of the green fluorescent protein first described in

jellyfish (Aequorea victoria) [96]. The excitation wavelength in the GFPs is around 478–512 nm

[92]. Corals can also contain other GFP-like homologues or chromoproteins that do not fluoresce

but rather absorb light [26, 97], likely acting in a photoprotective role.

There are two known wild-type yellow fluorescent proteins with emission maxima between

525 nm and 570 nm; zoanYFP from a Zoanthidea representative (emission max 538 nm) and a

hydromedusan protein phiYFP (emission max 535 nm) [92].

Corals that fluoresce in the red wavelengths, can contain either the DsRed-type or Kaede-type

red fluorescent proteins. Kaede-type proteins are mostly associated with scleractinian corals of

suborder Faviina. Red fluorescent proteins from all other organisms studied thus far, including

other suborders of Scleractinia, all sea anemones (Actiniaria) and two more Corallimorpharia

representatives, possess the DsRed-like chromophore. DsRed proteins typically have an emission

peak between 560 nm to 589 nm and in Kaede around 574 nm [92].

The significance and exact role of these FPs is yet to be determined. Previous studies have

proposed many possible roles that FPs might play in coral communities: providing a sun screening

effect by providing a photobiological system for regulating the light environment [66]; or as a

antioxidants as part of a host stress response action; a downregulation of FPs has been noted to

occur in injured or compromised coral tissue [41]; and even to attract prey [98].

As corals are subject to high levels of background solar radiation, they have developed

defensive strategies to combat potentially damaging incidences of light [61]. FPs have been

found to be photoprotective, scattering and reflecting light [66]. It is thought that this process

works by dissipating energy at wavelengths of low photosynthetic activity (500-600 nm), as

well as reflecting visible and infrared light by FP-containing chromatophores. Bollati et al [99]

demonstrated that increases in light fluctuations in symbiont depleted bleached tissue promoted

by the reflection of incident light from the corals skeleton resulted in strong expression of the

photoprotective coral host pigments. This allows for mitigation of harmful effects of light stress

and recolonisation of symbionts. With such broad functional activity, the presence of FPs can

potentially be exploited as a proxy for measuring coral health [100].

Analysis of the natural variability in fluorescence intensity for a given species, as well as

the differences between diseased and healthy specimens, enables the development of an index

relating fluorescence to disease [101]. Research suggests that corals undergoing bleaching have a

different pigment profile due to loss of Symbiodiniaceae [102] and changes in coral-associated

pigments such as chlorophyll are predictive of coral mortality [100, 103, 104]. Though individual
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fluorescence of Symbiodiniaceae cells reveal that fluorescence intensity varies from cell to cell.

This is likely attributed to varying morphological or physiological features of the cells e.g. size of

the cell, concentration of pigment, and the thickness of the membrane layer [105, 106]. Coupled

with Chl fluorescence, GFPs could help to provide a picture of the relationship ‘status’ of coral’s

and their symbiotic partners. The ability to directly derive information related to reef "health"

parameters is complicated.

In order to derive a measurement of “health”, firstly a commonly accepted measure of health

must be established. Secondly, to successfully and quantitatively relate optical data to measured

bio-physical properties relevant to reef health [42]. Relative health of coral and algae is related

to the existence of photosynthesizing pigments, the presence and density of which are important

factors in the assessment of reef health and productivity [102]. This could then be used to monitor

detrimental coral health declines such as bleaching episodes.

1.6 Bleaching

As the effects of climate change become more prevalent corals are continuously affected by

mass bleaching events, these are events where whole reef systems are affected and large-scale

bleaching is observed. Mass bleaching events were first scientifically described in 1984 by Glynn

[107], since then 3 global bleaching events; have been described in 1998, 2010 and between the

years 2014 to 2017 [108, 109]. Studies into the recent mass bleaching event between the years

2015 and 2016, state it affected up to 75% of the globally distributed locations surveyed [25] and

was comparable in scale with that of the 1997–1998 event, where 74% of the same 100 locations

surveyed bleached again after recovery. Global large scale coral reef bleaching is most commonly

attributed to global climate change, with higher than average SSTs and high solar radiation

[21, 100, 110].

Many species of Scleractinian corals are particularly sensitive to minute variances in tem-

perature because they generally live near or in the upper tolerance threshold for temperature

[111] and so thermally induced bleaching is particularly prevalent. The primary mechanism in

thermically induced bleaching is thought to involve the photoinhibition, reduction in photosyn-

thetic capacity, of photosystem II (PSII) within the Symbiodiniaceae [112] or a disruption of the

Calvin cycle [58, 113]. It is theorised that this loss in photosynthetic production could lead to

a disruption in the transfer of photosynthates to the coral host, resulting in the expulsion of

the Symbiodiniaceae [112, 114], where they themselves are still photosynthetically competent

[12]. These disruptions also cause excess excitation energy in the light harvesting complex (an-

tennae), resulting in the rate of light excitation surpassing the amount that can be utilised in

photosynthetic processes [30]. The excess energy produced, can be dissipated as heat through

the conversion of diadinoxanthin to diatoxanthin [30, 115] or is taken up by oxygen, resulting

in the over production of reactive oxygen species (ROS) faster than can be utilised [116]. Under
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increased light conditions, the effects of this are thought to become exacerbated [117] and help to

explain why coral surfaces exposed to more light bleach first [30]. Ultimately the build-up of ROS

results in widespread damage to photosystems and denaturing of proteins. Which eventually

leads to the death of the symbiont and/or cell damage in the host, resulting in symbiont expulsion

[118]. The physical process of the removal of these cells can arise from several mechanisms,

as shown in Figure 1.3, from expulsion from the host cell (exocytosis) to complete cell death

(necrosis) [116, 119, 120].

Figure 1.3: The potential pathways of dysbiosis via cellular functions and mechanisms; (1). A
normal cell (2). In situ degradation (3). Exocytosis (4). Host cell apoptosis (5). Host cell detachment
(6). Necrosis. The symbionts die or are killed by the host and are either expelled or digested.
Figure adapted from [51, 120].

Corals, when undergoing bleaching, do not follow a uniform pattern: individual coral taxa

bleach to different extents in the same environments demonstrating a variance in reliance of

Symbiodiniaceae [121], often creating a patchy bleached appearance. This could likely be a result

of different clades of Symbiodiniaceae being harboured in different portions of the coral colony

[30]. Bleached coral, aside from the change in physical colouration also displays depressed growth

and increased mortality [7]. Bleaching is therefore considered to be a detrimental physiological

response [11]. Corals in a bleached state are also very susceptible to disease and disintegration.

In this state, rapid deterioration or even total colony death is likely to occur. However, coral

bleaching is a reversible process with recovery of coral possible as the colony retains a small

population of different clades of symbionts not expelled during bleaching. From this small number

of symbionts left, rarely enough to provide any visible colour, the coral can re-establish back to

‘normal’ levels once the stressor(s) reduce or conditions improve.
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The use of coral colour or bleaching status using traditional methods therefore provides a

delayed and final outcome response, in comparison to the potential of observing active coral

reflectance and fluorescence as expulsion occurs in real time. Bleached corals as recognised by

the human eye have experienced a 70 to >90% reduction in algal density [122], using imaging

techniques it should be possible to catch bleaching much earlier. There is a need then for new

techniques and establishment of this area as originally highlighted by Roth et al, 2013 [26],

which techniques such as hyperspectral imaging could fill. In this study thermal stress is applied

to induce the bleaching response and thus any further use of bleaching refers to this method of

induction, unless stated otherwise.
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CURRENT METHODS FOR MONITORING CORAL HEALTH

This chapter includes work published as preprints [1, 2] and in MDPI oceans, special issue: The

Future of Coral Reefs, as part of research submitted to the international coral reef symposium

(ICRS) 2021. A Review of Current and New Optical Techniques for Coral Monitoring. MDPI

Oceans. 2022; 3(1):30-45, doi.org/10.3390/oceans3010003 [3].

There are many factors relevant to the accurate monitoring of coral reefs. These may be:

biological, including abundance of coral predators, coral species composition and distri-

bution; chemical, such as pH (acidity) or the presence of nutrients; physical parameters

such as temperature and turbidity and socio-economic parameters such as marine protected

areas and fishing communities [123]. In this chapter, the current optical methods that make up

the majority of coral health assessments, ranging from underwater data collection via divers or

robots to remote sensing techniques using satellites are reviewed (illustrated in Figure 2.1).

Many current reef health survey methods employ divers as ‘observers’. The advantages of

this are that they offer a versatile set of skills for coral monitoring, being highly manoeuvrable,

adaptable and able, with training, to deliver reasonably precise results. Observers generally

record basic data, such as ‘percentage cover of live coral’, which is the most widely used metric of

coral reef condition. It is commonly used in studies that record coral reef decline and recovery

across local spatial scales [124]. A drawback is that such surveys are time-consuming and so are

often not able to prioritise disease identification and assessment [13, 34, 125, 126]. A standardised

survey for assessment of coral health requires detailed examination of all coral colonies within a

designated sample area (e.g. transects or quadrats), and so also involves lengthy and expensive

person-intensive field time [127].
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Underwater diver-generated photographic surveys employing photo-quadrats or video tran-

sects comprise the bulk of modern reef monitoring activities and may be used to record the reef

substrate over hundreds of square metres. Due to difficulties associated with conducting frequent

surveys over large areas by divers, there is an increasing use of ’robotic observers’, i.e. unmanned

underwater vehicles (UUV’s) that can be used to cover thousands of square metres [128, 129]. The

increased area coverage and data generation offered by UUV’s allows the time and human effort

otherwise required for physical measurements to be better used for processing, interpretation

and analysis of the often semi-quantitative digital data.

A major advantage of image-based surveys is that the images created provide a permanent

digital record of the habitat at the time they were taken. This reduces the dependency on in-field

coral experts and provides data that can be re-analysed retrospectively or compared directly

between repeat surveys. The following section describes diver-based optical survey techniques,

which represent the ‘classical’ approach to coral surveyance. Many of these techniques could

readily be employed using UUVs, but as yet, have found limited application in this manner. This

is principally due to the higher costs associated with the UUV’s and the additional training

required to operate them.

Figure 2.1: An overview of the current optical techniques from satellites to underwater systems.
UUV: Unmanned underwater vehicle.
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2.1 Diver-based Survey Techniques

2.1.1 RGB Imaging

Digital cameras used in digital photography detect light in three broad colour channels: red, green,

blue (RGB), centred at approximately 660 nm, 520 nm and 450 nm respectively. This enables

similar images to be taken to those perceived by the human eye, which also sees using only these

RGB channels [130]. Cameras can be employed in many coral reef surveying techniques such

as photo-quadrat sampling, in which quadrats are imaged via high resolution digital cameras.

This secures a visual record suitable for subsequent laboratory analysis as opposed to manual

in-situ coverage estimates. Imaging thus allows a reduction in diver ‘bottom time’ as compared

with non-image based surveyance. The advantage of laboratory analysis is that it allows images

to be run through machine learning software, such as CoralNet [131], which attempt to fully or

partially automate classification and benthic cover estimates. However, classification can only

be made after sufficient training data is provided to the algorithm [129, 132]. These types of

machine learning systems are still in their infancy and to-date can only effectively estimate the

cover of common coral genera.

Images can also be interpreted to provide rudimentary colour analysis. This yields outputs

similar to diver assessments undertaken qualitatively, by-eye using colour charts or wheels.

The comparison of corals against known colour hues corresponding to different concentrations

of symbionts [133] enables divers to quickly identify the extent of any coral bleaching, though

other aspects of coral health may be overlooked. Performing such surveys using traditional

digital camera (RGB) images is an improvement over the by-eye technique, since the intensity

of individual colour channels can be recorded and interpreted. For example, the intensity of the

red wavelengths has been linked to the extent of chlorophyll absorption present [134]. However,

the value of the method is limited as only 3 broad colour bands are recorded by the camera

sensor. The method can aid in preliminary assessments of bleaching, but by the point bleaching

is RGB-detectable, around 70% or more of its symbionts have been expelled [122]. A general

point to remember is that these types of survey typically only cover an individual coral colony

and may not be representative of the whole reef system. They also only provide a snapshot of

an environment and cannot be extrapolated to gain an understanding of the ongoing population

dynamics of the whole reef system.

An emerging and more advanced utilisation of RGB imaging is for the creation of three-

dimensional (3D) reconstructions of coral systems via photogrammetry. With recent advances in

photogrammetric processing this is now relatively quick and easy to conduct [135]. Photogram-

metry uses digital cameras, to take a set of overlapping images of a target area. Ideally adjacent

images should have 60-80% overlap [136]. Physical parameters can be obtained from 3D models of

coral reefs, such as surface topography, estimations of rugosity and surface area, as well as coral

cover and distribution [137]. Crucially, a wide range of additional information can be extracted
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from the same original data set, making it a useful analysis technique when image sets are

recorded. However, when using standard digital cameras, the method is still limited. Resultant

images are only sensitive to changes in for coral colour or fluorescent emissions as detected by

the three RGB channels.

2.1.2 Underwater Spectroscopic Techniques

Spectroscopic techniques can image in numerous, narrower wavelength bands across the whole

visible light spectrum and mark an improvement over simple RGB imaging. The use of spectral

data enables a more definitive discrimination between live coral, macroalgae and other photoac-

tive organisms. This is achieved using the specific spectral “signature" or “fingerprints” associated

with a certain organism or type of organism [138, 139]. It also identifies if corals are displaying a

decline from ‘normal health’ by measuring the relative intensity of the spectral signatures arising

from specific pigments associated with health, such as chlorophyll. This can be achieved by using

reference targets to correct for incident light variations, thereby normalising spectra so they can

be compared between datasets to track changes in pigment intensity and thus bleaching.

Underwater spectrometry can be achieved by using laboratory spectrometers enclosed in wa-

terproof housings, with fibre optic probes to record radiance reflectance measurements. The fibre

optic probes are held at an orthogonal angle to the solar incidence angle, approximately 0.5–1.0

cm from the target [140]. An accompanying reference measurement is required to normalise for

variations in ambient illumination. This is achieved by making a reflectance measurement from

a well characterised, white Lambertian reflectance target such as Polytetrafluorethylene (PTFE)

or a Spectralon (Labsphere, USA). The reference spectrum enables a correction function to be

applied to the data. Specialised spectrometers can also be employed for certain niche applications.

For example, pulse amplitude modulation (PAM) fluorometers specifically look at fluorescence

to determine the photosynthetic yield. Chlorophyll density can be used to determine relative

electron transport rates of photosynthetic organisms to provide a measurement of photosynthetic

efficiency [141]. This is a measure of how well chlorophyll converts light into energy and detects

compromised tissues that will be less efficient. The diving PAM I & II (Walz, Germany) are

examples of underwater fluorometers and are the most commonly used devices in studies using

this technique [12, 142, 143]. PAM devices do however have limitations. Notably, a requirement

for the sampling optical fibre probe to be held in near contact (<5 mm) with the sampled object

for a long time (> 30s) to obtain accurate readings.

Spectrometers and fluorometers are able to generate more accurate spectral data but they

also suffer from many of the same pitfalls as RGB imaging. Data acquisition is typically slow,

when used to cover a whole reef system. This is mainly due to the small sampling area of the

probes and the requirement to make point measurements. This limitation makes the technique

particularly unsuitable for large-area surveys. Additionally, multiple points are often sampled

on individual corals to obtain average spectra. However, the small number of measurements
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precludes confidence that these average spectra are truly representative of the whole organism

or a whole reef system.

Conversely, spectroscopy techniques using imagers (multispectral and hyperspectral imaging)

can generate spectra for every pixel in an image within one data acquisition. This makes the

process of data collection quicker and more efficient, thereby facilitating the collection of data sets

that are more comprehensive and representative. In turn, imagers can categorise and quantify

colour. Spectral imagers generally comprise a dispersive element (either a prism or diffraction

grating) or filter, which splits or filters incoming light into wavelengths, and an imaging detector,

such as a charged coupled device (CCD) or complementary metal–oxide–semiconductor device

(CMOS).

Multispectral imagers record data across multiple spectral bands, typically between 3 and 15

spectral bands [144]. Conversely, hyperspectral imaging records in hundreds of spectral bands,

which means data may be collected and processed across the whole visible and/or near infrared

electromagnetic spectrum with improved spectral resolution. Previously, some multispectral sys-

tems have been deployed to assess specific marine monitoring cases. These included determining

coral fluorescence using narrow bandpass filters [145] and filter wheel style imagers for classifi-

cation via spectral discrimination [146]. Other imagers have been produced for applications such

as the exploration of marine minerals and ores [147] but are not currently being used in coral

monitoring surveys [147].

Underwater hyperspectral imaging (UHI) is a relatively new, emerging technology with

limited published instances to date. Current diver operated hyperspectral systems such as the

“HyperDiver” system [148], can generate hyperspectral and traditional RGB images simultane-

ously capturing synchronised high-resolution digital images, hyperspectral and topography data

[148]. The system utilises a push-broom hyperspectral imager (Pika 2, Resonon Inc., USA) with

a spectral range of 400–900 nm sampled at ¼1.5 nm resolution with 480 fixed bands and 640

spatial pixels [148].

Push broom or line scanning imaging methods acquire full spectral data, one spatial line at a

time. The line is imaged onto the entrance slit of a spectrometer, which disperses the light into

its spectral components before reaching the sensor array. The composite image is constructed by

either moving the slit across the image plane, or by moving the entire system across the scene

[149]. This is advantageous as spectral data can be gathered whilst the imager is moving, which

provides both full spectral and spatial data. Other hyperspectral systems such as ‘Full data cube

snapshot’ imagers work from fixed view points, similar to traditional RGB imagers. In this case a

push broom effect is achieved by optically scanning a linear field of view across the hyperspectral

detector within the device. The need for a stable platform and the delicate nature of the optics

involved make them generally unsuitable for use in UHI.
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UHI presents additional potential applications using an ‘objects of interest’ (OOI) identifica-

tion technique, as described by Johnsen [150], which includes: mapping and monitoring of seafloor

habitats for minerals or soft versus hard bottom; seafloor pipeline inspections to determine type of

material, cracks, rust and leakage; shipwrecks (type and state of wood, nails, rust and artefacts);

deep-water coral reefs and sponge fields for species identification, area coverage and physiological

state, and kelp forests (species identification, area coverage, physiological state and growth rates

of benthic organisms).

Current UHI technologies (outlined in Table 2.4) are generally bulky systems, which are

difficult to deploy and manoeuvre. For example, the “Hyperdiver” system [148], including all its

additional sensors and payloads, weighs ¼32 kg in air. Other sensors, specifically the tunable

LED-based underwater multispectral imaging system (TuLUMIS) and ocean vision (UHI OV),

are designed to be mounted on a UUV. The UUV provides the interface system to operate the

camera, as well as a translation platform. These are not easily deployed by a diver.

The use of UUV’s does however eliminate the limitations imposed by diver reliance. For

example, dive surveys require substantial amounts of time as there is a finite period a diver can

spend underwater, on dives this is usually dependent on air-tank capacity and depth. Subsequent

dives can be achieved through the use of multiple air-tanks but ultimately a diver will fatigue.

The corresponding issue on UUV based surveys is battery life, although multiple batteries can

be used to extend surveying time. Crucially, UUV’s do not suffer fatigue and can be deployed

longer than their human counterparts. A UUV can also cover a larger distance in a shorter

time. For example, a 120 metre squared area may take two scuba divers up to 2.5 hours [13],

equating to a surveying rate of 0.13 m2/s. Comparatively, a low-cost remotely operated vehicle

(ROV) such as BlueROV2 can achieve survey rates of 1 m2/s. A key limitation to both divers and

UUVs is repeatability and accuracy when surveying reefs because Global Positioning System(s)

(GPS) do not work underwater. Acoustic transponder networks designed for UUVs, create a

way of translating GPS coordinates underwater and thus improve repeatability and accuracy by

recording an accurate georeferenced data [135].

The use of UHI on UUV’s is currently limited, with only a few studies having been reported.

One such study [150], used a prototype UHI system for mapping the seafloor for the automated

identification of the seabed, habitats and OOI in coral reefs. Other studies [140] specifically using

hyperspectral imaging with corals, have mainly focused on coverage and benthic discrimination

with machine learning to classify corals. They have not focused on assessing health or disease.

The current generation of commercially available hyperspectral imagers are often cost prohibitive,

both to acquire and to insure for marine studies. Consequently, there exists a need for technology

development and application to study marine environments such as the surveyance of coral

health.
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2.2 Remote Sensing Techniques

Data on coral can also be gained remotely using time-lapse satellite or aerial imagery combined

with spectral discrimination. However, this approach is usually only able to discriminate between

coral colour types and broad benthic communities, and not between coral species [150]. This

section describes remote sensing techniques, which represent the more modern approach to global

coral surveyance.

2.2.1 Airborne Multi/Hyperspectral Imaging

Imaging techniques can be deployed above the water’s surface using multispectral/hyperspectral

imagers. These surveys primarily look at coral distribution. However, they are limited by low

spectral and spatial resolution and are only able to distinguish between coral, algae and sand

[140]. Aerial surveys can be undertaken using light aircraft or helicopters flying at an altitude of

approximately 150 m. Aircraft and satellites can be equipped with multispectral and hyperspec-

tral imagers. Aircraft are able to use benthic reflectance signatures to map the composition and

condition of shallow water ecosystems in higher spatial resolution than their satellite counter-

parts, albeit at the cost of lower spatial scale [151]. In bleaching surveys each reef is typically

assigned a number from zero to four, these categories are associated with bleaching severity. The

category classifications are as follows: CAT 0, <1% of corals bleached; CAT 1, 1–10%; CAT 2,

10–30%; CAT 3, 30–60%; and CAT 4, >60% of corals bleached [152]. Correction algorithms are

required to account for loss of light through factors such as atmospheric scattering and the atten-

uation coefficient of water. As such, airborne surveys still require underwater ground-truthing to

compare and validate these correction procedures [25].

The spatial resolution and cost of remote hyperspectral observations can be further improved

by using unmanned aerial vehicles (UAVs). Lightweight hyperspectral cameras deployed on

UAVs typically produce images with a spatial resolution of around 15 cm/pixel, allowing for the

identification and monitoring of individual corals [131]. In a set period, this method can cover

larger areas than diver or UUV solutions. Compared to manned aircraft, UAVs achieve higher

resolution primarily due to the lower flight altitude (30-100m) but at a smaller spatial scale. This

technique allows for rapid data of reefs for preliminary assessments. For example, a 2017 study

by Queensland University of Technology demonstrated that a UAV could photograph 40 hectares

of coral reef in approximately 30 minutes, to enable the study of coral bleaching [108].
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2.2.2 Satellite Multi/Hyperspectral Imaging

Global programs such as the coral reef watch by the national oceanographic and atmospheric

administration (NOAA), use satellite technology to observe and monitor reef conditions across all

visible reefs. Although in practice it is mainly limited to shallow reefs which are less than 25 m

deep. Satellites are used to estimate SSTs and predict the potential extent of coral reef bleaching

[109]. Temporal data can be used to monitor the effect of SST anomalies on coral [153]. During

the warmest months of the year, often a 1oC elevation above the monthly mean maximum can be

associated with bleaching events [154]. Coral Reef Watch’s HotSpot program uses these satellite

observations to give a "Satellite Bleaching Alert" or SBA [155]. Coral Reef Watch issues four

levels of SBA for 24 reef sites in the tropics [156], based on satellite near-real-time HotSpot levels.

This gives an early warning system for vulnerable coral reef systems determined by the change

in SST from the norm. The technique however, is largely speculative as there is no actual data

taken directly from the corals themselves. It should therefore be considered a top-level predictive

tool for bleaching events.

The loss of pigmented Symbiodiniaceae from corals during mass bleaching events, results

in an optical signal that can be strong enough for detection by remote sensing satellites in low

Earth orbit. Satellite systems allow the surveys to cover vast areas quickly with around 30,000

km2 acquired in a 5-hour period, with a spatial resolution of 30-60 m [157]. Other satellites such

as the European Space Agency’s Sentinel-2, is able to capture data with a 290 km field of view

with spatial resolution varying from 10 m to 60 m depending on the spectral band [89]. Satellites

equipped with multispectral cameras are able to provide data on coral con-ditions as outlined

below.

The Landsat Thematic Mapper (TM) carried by Landsats 4 and 5, has mapped the geomor-

phology of Australia’s Great Barrier Reef [158]. The Landsat TM and Enhanced Thematic Mapper

Plus (ETM+) have been used to monitor changes in groups of coral reefs [159]. More recently, a

detailed survey of the geological features and spectral characteristics of reefs near the Nansha

Islands in the South China Sea was conducted using the Landsat 8 operational land imager

(OLI) [160]. Specialised, marine focused remote sensors have also been deployed. In 2009, the

hyperspectral Imager for the Coastal Ocean (HICO) was installed on the International Space

Station [161]. HICO focused on selected coastal regions and imaged them with full spectral

coverage (380 to 960 nm sampled at 5.7 nm intervals). During its five years in operation, HICO

collected over 10,000 scenes from around the world [162], collecting data on water clarity, bottom

types, bathymetry and on-shore vegetation maps.
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Both airborne systems and instruments deployed in low-Earth orbit provide the ability to

conduct large area reconnaissance of coral reef health, albeit with a relatively poor spatial

resolution. These systems can image most global shallow reefs but are depth limited and struggle

to map deeper reefs [163] because where light absorption precludes the recognition of features

below a critical depth threshold of approximately 20 m water depth, dependent on water clarity

[164, 165]. Any spectral data taken above the water’s surface require correction for the attenuation

of light through the atmosphere and the water, which are wavelength specific. These corrections

vary due to daily conditions and water types each producing variability of the spectral diffuse

attenuation coefficient in coral reefs and adjacent waters [166]. Again, ground truthing is required

to validate the spectra used for these corrections.

2.3 Limitations of Non-Invasive Monitoring

As outlined previously, a variety of data can be collected using these different methods of

assessment to indicate coral ‘health’. Each technique generally gives multiple metrics that can be

used, as summarised in (Figures 2.2 & 2.3).

Figure 2.2: Diver Image based techniques and examples of the type of data produced from the
main techniques.
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Figure 2.3: The types of data from each type of spectral system at the different levels from
satellites to underwater systems. Image credit [167] & (Eric J. Hochberg, Bermuda Institute of
Ocean Sciences). UUV: Unmanned underwater vehicle.

The use of spectral techniques to look at other parameters, such as distinguishing between

coral species and identifying diseases and bleaching, suffer from limiting factors. These in-

clude, phenotypic plasticity in host and symbiont pigment compositions [168] and the physical

parameters of the water column [169] such as turbidity.

As a means to derive meaning from colour and its relation to bleaching, bar a simple colour

presence vs absence assessment; the exact symbiont density and chlorophyll-a content of individ-

ual coral samples need to be quantified to link to their corresponding wavelengths. Unfortunately,

this procedure is destructive. Typically, whole corals or tissue samples are removed for laboratory

analysis. Coral health is assessed based on the composition of extracted Symbiodiniaceae and

chlorophyll content [170]. Laboratory bleaching experiments allow links to be made between the

effects of bleaching and pigment intensity. These experiments link the levels of symbiont density

to spectral peaks and approximate the stage of bleaching, that can be determined using in situ

hyperspectral imagery [100]. Effective coral monitoring in this way can thus become a victim of

itself; effective identification in a plethora of sites featuring the signatures of coral bleaching,

creates an insurmountable requirement for downstream laboratory based truthing.

Nevertheless, as outlined in Tables 2.1 & 2.2, the techniques described have many features

that contribute to their overall suitability for coral monitoring including cost, spatial scale,

spectral resolution, and any additional data taken alongside sample acquisition. The choice

of instrumentation is normally governed by research requirements [171, 172]. The cost of the

instrumentation is often the most prohibitive factor in the adoption of improved sensing strategies.

For instance, to determine the global extent of coral bleaching, airborne and satellite imagers
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are best suited despite their cost and problems assessing deep reefs. However as stated, ground

truthing data would be required to validate and correct for atmospheric and aqueous attenuation

correction algorithms. For in-situ surveys which require high spectral resolution, an underwater

hyperspectral system is best suited. This provides the desired spectral resolution at a non-

prohibitive cost, whilst simultaneously gathering related supporting measurements (See Table

2.3).

Therefore, the choice of the underwater spectroscopy tool is also crucial. Each imaging

technique has a number of defining qualities and trade-offs regarding spectral range, resolution,

scale of operation, depth rating and cost. These determine their suitability and effectiveness in

any given situation.

Looking towards the future, new spectral tools will emerge to address these issues. A range

of underwater imagers identified by Liu, 2020 [147] (Table 2.4) are compared. Whilst spectral

performance and cost are key factors, other considerations should be considered. Of particular

importance is how the device is interfaced with and how portable it is.

Table 2.1: Optical techniques rated by cost, spatial scale, spatial resolution and additional data
gathered.

Technique Cost Spatial Scale Spatial
Resolution

Additional
Data
Gathered

Notes

RGB imaging
(Based on Go-
Pro)

Very Low Moderate Very High DEM Limited
spectral data
obtained

Spectrometers
(Waltz Diving
PAM)

Moderate Very Low Very High N/A N/A

Current UHI
systems
(Table 2.4)

Moderate
to High

Moderate Very High to
Moderate

N/A Often large
and
cumbersome
or designed
specifically for
UUV’s

Drone multi/
hyperspectral
imaging [131]

Moderate
to High

Moderate Moderate N/A Requires
Ground
truthing

Aeroplane
multi/
hyperspectral
imaging [140],
[173]

High High Moderate to
Low

N/A Requires
Ground
truthing

Satellite
multi/
hyperspectral
imaging [174]

Very High* Very High Low to Very
Low

SST, RGB im-
ages (Sensor
dependant)

Requires
Ground
truthing

UUV’s: unmanned underwater vehicles, SST: sea surface temperatures, DEM: digital elevation model
(Obtained from photogrammetry). * Based on total cost of building and launching into orbit.
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Table 2.2: Guide to rankings for each classification outlined in Table 2.1.

Classification Cost Spatial Scale Spatial
Resolution

Very Low <£1,000 mm-cm Km
Low <£5,000 m <100 m
Moderate <£10,000 <100 m <10 m
High >£25,000 km m
Very High >£100,000 100+ km mm-cm

Table 2.3: An outline of the different optical techniques ability to assess important criteria as
outlined by Leujak & Ormond, 2007 [172] for coral surveyance.

Criteria RGB
Imaging

Spectrometers Drone Multi/
Hyperspectral
Imaging

Aeroplane
Multi/
Hyperspectral
Imaging

Satellite
Multi/
Hyperspectral
Imaging

Damage
(Disease/
Bleaching)

Yes Yes
(Local Scale)

Yes Yes
(Mass Scale)

Yes
(Mass Scale)

Recruits Yes
(modified cam-
era)

No No No No

Number of
Colonies

Yes No Yes Yes
(Height De-
pendent)

No

Growth
Measurements

Yes No No No No

Repeatability* No No Yes Yes Yes

*Repeatability was defined as the possibility of returning to exactly the same sampling unit in future
monitoring.
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Table 2.4: A comparison of selection of underwater spectral imaging systems as outlined by Liu
et al.,2020 [148] arranged by cost.

Model Developer Spectral
Range
(nm)/
Bands

Resolution
(nm)

Imager
Tech-
nique

Depth
Rating
(m)

Cost (£)Å Notes

TuLUMIS Liu et
al. 2018
[175]

400–700 /
8

È10 Staring
array

2000 5,210 UUV
mounted

Hyper
-Diver

Chennu
et al. 2017
[148]

400–900 /
480

1.5 Push
-broom

50 20,040 Air
weight ¼
32 kg

LUMIS 2 Zawada et
al. 2010
[103]

460, 522,
582, 678 /
4

12.0–42.1 Staring
array¤

20 46,470 ¤Four
imagers
used

U185 Cubert
Gmbh

450–950 /
125

8@532 nm Snapshot 5 49,850

WaterCam Sphere
Optics

450 –950 /
138

8@532 nm Snapshot 5 49,850

UMSI Wu et
al. 2019
[176]

400–700 /
31

10 Staring 50 56,170

UHI OV Ecotone 380 –750 /
150–200

2.2–5.5 Push
-broom

2000 57,800 UUV
mounted

LUMIS: low-light-level underwater multispectral imaging system; UMSI: underwater spectral imaging
system; HyRi/ HyFi: Hyperspectral reflectance/fluorescence imager; TuLUMIS: tunable LED-based under-
water multispectral imaging system; UHI OV: Ocean Vision. (ÅCosts derived from manufacturers quotes
with the exchange rate applied on 8/10/2020.

2.4 Future Tools For Coral Monitoring?

Current optical monitoring methods use a range of different approaches to answer the overly

simplified question ‘Is this coral reef healthy?’. Due to coral reefs being physically and ecologically

complex ecosystems, each different analysis technique offers a different piece of the puzzle,

shedding light on parameters pertaining to overall reef health and status.

On the larger scale, satellites and aerial multispectral/ hyperspectral imaging provide the

greatest spatial coverage, at the tradeoff of reduced spatial resolution. For colony or reef scale

surveys, UHIs can produce high spatial resolution but cannot replace remote systems. Rather, it is

a tool to complement those assessments and provide ground truth data as to look at environments

in closer detail. Advances in UHI technology will enable the advancement of remote sensing

techniques and remote ecology both for in situ measurements of factors such as ’health’, but also

to provide ground truthing for larger data sets that encompass greater spatial scales such as the

Allen Atlas project [177].
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As discussed UHIs fill the niche between gathering high spatial resolution data, for use

in standalone surveys or as ground truthing for the larger spatial scale techniques and have

the ability to image areas not able to be surveyed by above water techniques such as deep or

topographically complex reefs. As identified, current UHI systems are often limited either by

spectral range, resolution, depth or crucially by cost. Consequently, there exists a gap in the

current market for a low-cost alternative UHI which does not jeopardise other parameters to

reduce cost.

26



C
H

A
P

T
E

R

3
HYPERSPECTRAL IMAGING

A significant amount of photophysiology has been conducted on corals, as highlighted in

the previous chapter. Much of the photo documentation of corals to date has occurred

within the visible light range, using a variety of imaging techniques from simple optics to

multi & hyperspectral imaging. This is largely due to the ease of measurement as fluorescence

measurements require in situ night diving which has higher associated risks. In order to demon-

strate the concept of a low-cost hyperspectral imager, to bridge the gap between cost and spectral

performance as highlighted in the previous chapter, an in depth understanding of these systems

and their designs was required. In this chapter an outline of the different types of imagers, how

data is obtained and the data corrections required are described.

Hyperspectral cameras traditionally work by splitting light into its principal wavelengths

using one of two techniques, diffraction grating or prism-based systems (Figure 3.1). Both systems

work by a lens system focusing incoming light through a slit and collimating the light. The light

is then dispersed into its constituent wavelengths, which are in turn focused onto a detector

array; either (i) a camera charge-coupled device (CCD) or (ii) a complementary metal-oxide-

semiconductor (CMOS). The primary difference between the two techniques, is in how the

incoming light is dispersed. Diffraction gratings work by diffraction of the light, splitting the

sample spectrum into multiple ‘Orders’. Any light that falls outside the area of the detector, is

not able to be captured and so is wasted. A grating system allows for more compact and rugged

systems, and also have a low variation of resolution with wavelength. Prisms work by refraction

of light and use all available light to focus only on the CCD, providing more sensitivity, and

generally delivering better resolution in the UV-VIS but the resolution quickly decreases with

wavelength [178].
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CHAPTER 3. HYPERSPECTRAL IMAGING

Figure 3.1: Spectrometer dispersive elements, prisms and diffraction gratings.

Hyperspectral data or image cubes (Hypercube) are sets of three-dimensional (3D) data [X,

Y, ¸ ]. In order to produce a 3D data set using 2D imagers, a number of different techniques are

employed outlined below (highlighted graphically in Figure 3.2).

Figure 3.2: The sections of the Datacube collected during a data acquisition for the different
methods of hyperspectral imaging. A) Scanning techniques (push-broom, whisk-broom and
tuneable filters). B) Windowing scanners (linear variable filters). C) Snapshot imagers. (Adapted
from [179]).
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Whisk-broom or point scanning, this technique is commonly used in passive remote sensing

satellite applications. The system functions by, tracking a mirror across the surface of the object

and reflecting light onto a spectrometer which collects data one pixel at a time.

Push-broom or line scanning, images a scene by scanning a focal slit, which focuses light,

onto an array-based (CCD or photodiodes) spectrometer. One narrow spatial line in the scene is

imaged at a time, and this line is split into its spectral components before reaching the sensor

array. Whole spectra are acquired simultaneously for every point on the line and compiled into a

hyperspectral image [180] by either moving the slit across the focal-plane of the imaging lens, or

by moving the whole system across the scene.

Tuneable filters (acousto-optic tuneable filters (AOTFs) and liquid crystal tuneable filters

(LCTFs) or wavelength scanning. This technique takes a single 2D [X, Y] image at a time, with

wavelength [¸ ] scanning over time to produce the 3rd dimension. This technique uses multiple

preselected filters and generally only applicable if the target spectrum is known [181]. However,

an AOTF could also be used to scan a larger range but with limited efficiency.

Snapshot imagers, collect the entire 3D data cube [X, Y, ¸ ] in a single integration period

without translation of the device. The snapshot imager collects the entire 3D datacube in a

single integration period without scanning, by contrast other imagers do so in multiple exposures

[182]. This is usually achieved by moving the dispersive element across the sensor internally and

so is required to be static for a period of time whilst this process takes place. The wavelength

separation mechanism often relies on dispersive or interferometric elements in combination with

several sets of collimating and reimaging optics.

Windowing imagers, obtain data by scanning the instrument across the scene in one dimension

[Y], similar to that of the push-broom, but it acquires a 2D image [X, ¸ ] in a single frame [183].

This is achieved using a linear variable band pass filter (LVF), which filters the light across the

CCD. The Delta Optical Thin Film company develop linear variable bandpass filters (LVBPF)

for mid-size and full-frame CCD/CMOS sensors (e.g. 25 mm × 25 mm or 24 mm × 36 mm). The

pass band on the filter is a function of its position on the filter as demonstrated by Figures 3.2

& 3.3. These filters offer very high transmission levels and are fully blocked, allowing no light

transmission, in the light-sensitive wavelength range of silicon-based detectors (200 nm to 1150

nm or higher) (Transmission spectra shown in Figure 3.3).

29



CHAPTER 3. HYPERSPECTRAL IMAGING

Figure 3.3: Transmission of the Delta Optics linear variable filter (LVF) for the spectral region
450 to 880 nm sampled at 10 different wavelengths [184].

3.1 Comparison of Techniques

The different techniques have advantages and disadvantages that determine their suitability

for various applications. Due to the complex nature of optics used to achieve certain techniques,

whisk-broom scanners and snapshot imagers especially, are often expensive and bulky, making

them unsuitable for deployments underwater. For use in unmanned underwater vehicles (UUV) or

handheld systems, low size, weight, power consumption, and cost are desirable [184]. Techniques

such as snapshot or wavelength scanning require the detector to be stationary for long periods of

time, which is very difficult to maintain in a marine environment. Push-broom and windowing

scanners, which require translation, are the most suitable for marine applications as they can

be translated over a reef from a distance and so cover larger areas. Due to advances in filter

technologies such as LVF and the reduction of their cost, lower cost imagers are able to be

produced. Another key advantage of this type of technology (LVF’s) is that it allows for existing

consumer products, such as a DLSR, to be converted into a hyperspectral imager. Thus, further

reducing the financial burden of submerging spectral imagers by up to 80% [1].

However, to make detailed relevant observations of environments any recorded hyperspec-

tral data requires corrections. It is important to understand the interactions and factors that

contribute to spectral data taken in different environments.
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3.2 Types of Data Collected by Hyperspectral Imaging

3.2.1 Light

Radiometric techniques such as hyperspectral imaging, measure the amount of electromagnetic

energy at all wavelengths. This is an important distinction when compared with photometry

techniques such as RGB imaging which only measure light in the wavelengths able to be observed

by the human eye.

The four basic concepts of radiometry are: radiant flux, radiant intensity, radiance and

irradiance [185]. Where radiant flux © can be defined as the radiant energy per unit of time, the

SI unit for this is Watts or W. Radiant intensity I, as the total radiant flux received by a surface

or emitted from a light source, given as Watts per steradian W/sr¡ 1. Radiance L as the amount

of light energy per unit area from a given solid angle typically given in units of Watt/sr¡ 1m¡ 2.

Radiance in this application can be defined as the amount of light seen by the sensor. Finally,

irradiance E as the radiance flux received by a target per unit area Wm¡ 2.

When light interacts with an object it can either be reflected, absorbed, transmitted, diffracted

or refracted. When imaging in water the effects of the water body on the light can be summarised

by the attenuation coefficient, which is an effect that is primarily a result of absorption and

scattering of light as it passes through the water body. This effect can be altered by the type

of water, i.e. salt or fresh, and particulates/organic molecules within the water, this concept is

expanded upon in section 3.3.2.

The main types of data collected by the hyperspectral imager in this work are outlined in the

following sections.

3.2.2 Reflectance

Reflectance imaging is a well utilised technique which looks at the interaction of light with objects

and how effective that object is at reflecting incident light. Reflectance itself can be defined as

“the investigation of the spectral composition of surface-reflected radiation, with respect to its

angularly dependent intensity and the composition of the incident primary radiation” [186].

Johnsen et al 2013 [187] describes it mathematically “as the ratio of upwelling irradiance

coming off the substrate, Eu (¸ ), normalized to the spectral downwelling irradiance incident

upon the substrate, Ed (¸ )”. Simply stated, it is the ratio of the amount of light leaving the

surface to the amount striking it. The texture of the surface of an object makes light reflect

differently, smooth surfaces will have specular reflection, (light reflected in the same direction) and

alternatively rough surfaces will have diffuse reflection (light scattered in all directions) (Figure

3.4). Reflectance imaging is a non-destructive method, (unless the sample is photo-sensitive), the

measurement can be repeated endlessly without altering the sample.
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Using reflectance as a method for recording coral health, enables us to look at wavelengths

associated with pigments. As coral symbionts provide most of the residual colour of corals and all

photosynthetic organisms have absorbance/reflectance spectra that are directly related to their

light harvesting pigments [104].

Figure 3.4: L) Specular reflection and R) diffuse reflection, where blue denotes incoming light
and orange the direction of the reflected light.(Adapted from [179]).

3.2.3 Fluorescence

Fluorescence is an alternative measurement, that can also be employed to look at fluorescent

proteins (FPs) and chlorophyll (Chl) content in coral fluorescence measurements work (or are

obtained) in a similar way to reflectance measurements. It differs in that an excitation source

needs to be used to produce a fluorescence response. Whereby, a light source is used to emit

wavelengths in the ultraviolet (UV) part of the spectrum and generally in the absence of natural

light to observe how it interacts with light emitting compounds. Fluorescence is the process

in which molecules emit light from electronically excited states created by either a physical

(absorption of light), mechanical (friction), or chemical mechanism. Fluorescence in corals is

observed when the energy is absorbed by fluorochromes, a fluorescent chemical compound that

can emit light upon light excitation. This in terms of physics occurs between the closely spaced

energy levels of excited states in different molecular orbitals, photons are promoted from a ground

state to an excited state. As the excited molecule returns to the ground state, it involves the

emission of a photon of lower energy, which corresponds to a longer wavelength than the absorbed

photon [188]. The various energy levels involved in the absorption and emission of light by a

fluorophore, are classically presented by a Jablonski energy diagram [189] (Figure 3.5).
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Figure 3.5: The Jablonski diagram [189] of absorbance, non-radiative decay, and fluorescence.
The light blue circle represents the molecule, the blue arrow the absorption of light and the green
arrow vibrational relaxation from the excited state, S1 to S0. This is a non-radiative process,
where the excitation energy is dispersed as either vibrations or heat, and where no photon is
emitted. Figure adapted from [190].

Short wavelength excitations (or higher energy photons) lead to higher electronic and vibra-

tional levels (S2, S3, etc.), which quickly lose excess energy as the fluorophore relaxes to the

lowest vibrational level of the first excited state. For example, if an object’s emission wavelength

is in the blue region of the spectrum (440-480 nm) it can be excited with UV light (405 nm). In

general, emitted fluorescent light has a longer wavelength and lower energy than the absorbed

light, this is known as the Stokes shift [191]. This shift is generally defined, as the difference

between positions of the peak excitation and the peak emission wavelengths, usually stated in

nanometres (nm) [192]. This generally means that for coral imaging a monochromatic excitation

light source, such as an LED, can be used to emit light in the UV or blue part of the spectrum.

This will excite across a wide range of the spectrum, though at some wavelengths this conversion

is more efficient, the process being known as the quantum yield [193]. Thus enabling the full

range of recorded coral FPs, as described by Alieva et al.2008 [92], to be observed.
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3.3 Corrections

A hyperspectral imager typically captures light measurements as digital counts, relative to its

own CCD, which need to be converted to a standardised unit required to compare captured

data. Firstly, dark frames were acquired to characterise the sensors dark signal. This is where

relatively small charges occur in the sensor due to thermal effects, even when the device is

not capturing photons, and are misinterpreted as light signal. Secondly by imaging a uniform

lambertian reference target (PTFE or spectralon), an incident light measurement can be made to

account for variations in illumination, intensity measurements and wavelength sensitivity.

Using the dark frames and lambertian reference target, a normalisation equation (Equation

3.1) can be used to convert the recorded digital output of the camera to units of normalised

reflectance/fluorescence in air, where NCtarget(¸ ) is the final normalised count in units of re-

flectance or fluorescence depending on the incoming light. DNtarget(¸ ) is the digital number count

from the hyperspectral camera of the target object in this case coral, as a function of wavelength.

Where Dk(¸ ) refers to spectra taken in complete darkness to account for the sensors background

residual noise such as hot pixels and DNREF (¸ ) is the digital counts of the white reflectance

target (PTFE or Spectralon) in the scene under the same illumination as the DNtarget(¸ ). The

specifics of how this data was collected and visulised is outlined in the section below.

(3.1) NCtarget(¸ ) Æ
DNtarget(¸ ) ¡ Dk(¸ )
DNREF (¸ ) ¡ Dk(¸ )

The camera can also be calibrated to record data in units of relfectance or radiance, this was

achieved through the use of an integrating sphere and a calibrated Mercury Argon light source.

A correction factor (C(¸ )) was made using the calibrated light source, which was then applied

to the dark corrected data to generate sensor calibrated data (SC(¸ )) as shown in Equation 3.2.

This calibration was only applied to data in the Oxybenzone experiment in Chapter 7.

(3.2) SC(¸ ) ÆDNtarget(¸ ) £ C(¸ )
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3.3.1 Sensor Characterisation

As discussed above, the camera required corrections to account for any dark current present

within the sensor. Data was collected to characterise the hyperspectral imager used in the

majority of experiments, the Headwall Nano (Headwall,USA). A hypercube of the dark frames

was produced as shown in Figure 3.6). By taking subset of the data through the side of the cube,

the cameras sensitivity at different bands can be observed Figure 3.7). A higher background

reading was observed, which implied the device was more sensitive in sample/band 250 correlating

to wavelength 713 nm.

Figure 3.6: 3D hypercube of dark frames of
Headwall Nano imager.

Figure 3.7: Dark frames through lines
(frames) and samples (wavelength band
number).

By taking a top-down slice of the hypercube (Figure 3.8), other camera characteristics can be

corrected for such as amp glow. Another effect is present on the sensor, ’hot pixels’. This is where

pixels on the image are significantly brighter than neighbouring pixels, caused by impurities in

the silicon [194].

To more accurately assess the effect of the amp glow present, all of the captured dark frames

(280) were averaged to give one representative frame. Both the mean frames and median frames

were plotted (Figure 3.9), to determine which method had the least noise (plotted against each

other in Figure 3.10) for use in correction calculations. This characterisation also revealed ‘hot’

pixels, these are pixels that are reading uncharacteristically high signal, likely indicating damage

or faults on the CCD.

These corrections equations were written into a corrections script as a means to deliver more

accurate colours and intensities. This enabled the data to be more representative of the coral’s

actual emission, this was especially important as the other corrections are wavelength specific.

To illustrate this point, if the camera was naturally more receptive to colours in the red end of

the spectrum, such as the signal of Chl fluorescence (685 nm), then the signal would be over

corrected for when applying the attenuation coefficient of water.
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It should be noted that each camera/sensor has its own unique characteristics, spectral

sensitivity and other effects (amp glow etc.), so these corrections would be required to be calculated

for each individual camera used in data collections.

Figure 3.8: Characterisation of Headwall Nano sensor achieved by dark frames (lens cap applied)
taken over a period of time (30 seconds) with an exposure period of 200ms. The amp glow effect
can be observed along the x axis and as a strip in the first 20 bands.

Figure 3.9: L) The median dark frames and the mean dark frames (R). Samples (frames) and
bands (wavelength band number).
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Figure 3.10: The difference between mean and median dark frames (Figure 3.9) outlining the
small difference between the two averages.

3.3.2 Reflectance Corrections

Hyperspectral data taken above the water’s surface, as in the case of the Oxybenzone experiment

data (discussed in Chapter 7), required more complex corrections to firstly account for the detec-

tor’s response and then secondly the attenuation of light through water. The camera corrections

were performed as per equation 3.2 and incorporated into the total correction factor. The camera

calibrations can be rewritten as [i(¸ )D(¸ )], which is a function of the incident light (i(¸ )), incident

light and the detector response (D(¸ )) i.e. the dark current and hot pixel corrections.

The second part of the correction is to account for the light’s interaction with water, where

it attenuates the incident light by absorption, scattering and reflection. The atmosphere has a

similar effect on light but due to the short distances involved in this data this has been ignored.

There are many possible interactions of light through the mediums of air and water, as depicted

in Figure 3.11.
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Figure 3.11: The interactions of downwelling light (blue arrows) and upwelling light (green
arrows) with the waters surface and body.

In order to understand these interactions, first the optical properties of saltwater must be

observed. These properties can be divided into two classes, inherent and apparent. As defined

by Mobley [195], the inherent optical properties (IOPs) depend solely on the medium and are

independent of the ambient light field within the medium, including the absorption coefficient

and the volume scattering function. These are dependent on the dissolved/suspended material

present and the electromagnetic properties of the medium [196]. Apparent optical properties

(AOPs) depend on both the IOPs and the geometry of the lighting distribution, these include the

diffuse attenuation coefficient for irradiance k(¸ ) [195, 196].

The diffuse attenuation coefficient provides the most direct measure of the penetration of

radiant energy in ocean water [196], measuring how light dissipates with depth and its value

is expressed in units of (m¡ 1). This attenuation is a function of wavelength (¸ ), where different

wavelengths are absorbed and dissipated at different rates as shown in (Figure 3.12). Variance in

wavelengths scattering from sea water derives from three possible explanations: (i) scattering

by the water itself, i.e surface reflection (which is dependent on the sea state, i.e. waves), (ii)

scattering by particles in salt water and (iii) absorption by particles [197].
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Figure 3.12: Diffuse attenuation coefficient for irradiance (m¡ 1) plotted against wavelength
(¸ (nm) data derived from Smith and Baker 1981 [198].

In typical ocean water under a uniform light field, longer wavelengths: red, orange and yellow

penetrate to fairly shallow depths of approximately 5, 30, and 50 metres respectively [199] (Figure

3.13). While generally the shorter wavelengths: violet, blue and green can penetrate further

to the lower limits of the euphotic zone. This zone is the top most layer of the ocean, typically

extending down to 100m in the open ocean, where 70 percent of photosynthesis in the world

takes place [200]. The Euphotic zone generally extends to a depth of 100 metres. Below this is

the aphotic zone which lies between 100 and 1,000 metres, where light does not penetrate well

enough to sustain photosynthetic life [7]. As blue and green light is most available in the marine

environment, it is mostly utilised by the marine photosynthetic process. Due to the absence of red

light photosynthetic organisms, green light is required to be used. However this region, 500-600

nm, is where chlorophylls have little absorption [201] and as such have to make use of specialist

pigments (carotenoids and phycobilins) to be able to harness the available light [202].
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Figure 3.13: The transmission of the light spectrum at specific wavelengths in seawater corre-
sponding to depth at which 99% signal is absorbed. (Adapted from [199]).

In order to correct the data to account for the attenuation of light by water, Equation 3.3 was

used, where R is reflectance, Z is the depth from surface downward to the target which refers to

the downwelling irradiance, H is the bottom depth of the body of water or the depth of the sample

which refers to the upwelling irradiance, R1 is the reflectance of an infinitely deep ocean, A the

bottom albedo and finally e(¡ 2k(¸ )(H¡ Z)) refers to the absorption of light, which is an exponential

decay (vertical attenuation coefficient k) that is both wavelength (¸ ) and depth (H-Z) dependant.

This equation was originally derived for the purpose of correcting shallow water remote sensing

data primarily collected by satellites [203]. The equation (3.3) shows that the reflectance of a

water column is equal to the reflectance of the same water body in the absence of a bottom (R1 )

plus the contrast between the bottom albedo and the reflectance of the body of water denoted

by (A-R1 ), which can be a positive or negative value, that is altered by the depth of the bottom

through an exponential attenuation as represented by e(¡ 2k(¸ )(H¡ Z)).

(3.3) R(Z,H) ÆR1Å (A ¡ R1 )e(¡ 2k(¸ )(H¡ Z))
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In this project atmospheric interactions of light were ignored, as experimental data taken

above the water’s surface (i.e. the Oxybenzone experiment described in Chapter 7) were only

captured a short distance above the waters surface. For the purpose of this project, the lights

first interaction was with the water’s surface, where most of the incident light was reflected. The

light that penetrates the surface is then attenuated by the water itself.

The path of the light is as follows: it first travels through the surface of the water,and then

it propagates through the water where it is then reflected off objects (seafloor, corals). It then

travels back through the water and the waters surface back to the sensor. Due to the path of light

traveling through the water twice the vertical attenuation coefficient of water (k¸ ), which is an

exponential decay, is also applied twice as denoted by the factor of two in the exponent part of

Equation 3.3.

By taking Equation 3.3 and resolving some of the terms, a correction equation was produced to

convert the data from arbitrary units to units of reflectance and correct for the attenuation of light

in water (Equation 3.4). Where the recorded signal at the detector is a mix of the incident light

(i(¸ )) and the recorded albedo (recorded(¸ )). Other variables are also resolved such as A which is

approximated to 1 to represent the use of 100% PTFE reference target. As the optical properties

of water are known (R1 ) and k were also able to be removed. The increase in reflectance due

to the presence of a bottom can be interpreted in terms of depth only as the A is known [203].

Finally (Z) is also approximated to 1, as the objects were considered to be at the same depth and

the position of the imager was fixed (Equation 3.4).

To correct for varying incident light, a PTFE lambertian reference target was used to measure

the incident light (i(¸ )). Due to the changing incident light this correction was applied to each

data capture, where the data or recorded albedo (recorded(¸ )) was divided by the white reference

within the same scene under the same illumination (i(¸ )).

(3.4) R(¸ ) Æ
(recorded(¸ )¥ i(¸ ))

e(¡ 2k(¸ )(Z))

In order to work out the attenuation coefficient of water (k), a ‘calibration tower’ was created

(Figure 3.14A). This tower had lambertian reference targets of assumed 100% reflectant material

(white acrylic) at varying depths through the water column, in this case every 2.54 cm (1”) for a

total of 30.48 cm (12”). Each target was then highlighted as a region of interest (ROI) within the

remote-sensing software ENVI (Harris geospatial solutions, Version 5.5) (Figure 3.14B) and a

mean spectrum was obtained of the incident light at each depth, giving k(¸ )(H). Only non-shaded

areas of the targets were used when generating the spectra, examples of the raw spectra are

shown in Figure 3.14C. As all the corals samples were on the bottom of the flume, they are

assumed to be the same height thus removing H from the equation.
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Figure 3.14: A) The calibration tower comprised of 12 lambertian reference targets spaced 2.54
cm (1") apart. B) The left shows calibration tower top down in hypercube and the right shows the
regions if intrest (ROIs) placed on the tower. C) Raw spectra of select ROIS, corresponding to B.

This was then applied to the sensor and the incident light corrected data, to correct for the

signal lost by the attenuation of the water. This process aims ultimately to remove the medium

(water) from the data entirely, so the spectra are representative of the true values at the coral

level (as shown in Figure 3.15). Other derivations of the correction equation are presented in

Appendix A.1. In the laboratory experiments, as outlined in Chapter 6, the water properties were

closely monitored and the imaging distances remained constant and as such the attenuation for

water correction factor k(¸ ) was not applied to the data as it deemed to be a constant. However,

the attenuation for water correction factor k(¸ ) was applied for all other data collected in Chapter

7.

Figure 3.15: The effects of corrections on the spectral data after camera corrections (level 1, blue)
and attenuation of light in water (level 2, red) correction factor.
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3.3.3 Fluorescence Corrections

To correct the fluorescence data equation 3.4 was used, where the reflectance values were

substituted with their respective fluorescence values. It is important to convert the data into

comparable units relative to the incident light i.e. units of reflectance or fluorescence rather than

the arbitrary units measured by the imager.

However, in order to correct fluorescence data taken above the waters surface, a different

fluorescence correction Fc algorithm was required (equation 3.5). This is because the excitation

wavelength (454 nm) that travels through the water to interact with the coral is attenuated

differently to the longer wavelength, fluorescence (511 nm, 686 nm) signal that travels back.

Collected data first must be corrected in the same way as the reflectance data, correcting for

the camera and normalising units. However, to achieve a measure of the signal decay of the

excitation source, a new measurement for (k) was required. The calibration tower was once again

employed and imaged under illumination from the excitation wavelength, where the targets were

labelled as follows; the target above the waters surface (Taws), the target just below the waters

surface (Tbws) and the target at the bottom of the water body (Tbot).

(3.5) Fc Æ

"Ãs µ
Tbws(¸ )
TBot(¸ )

¶!

£
µ

TBot(¸ )
TAws(¸ )

¶#

£
Tbws(¸ )

2(TAws(¸ ))

In order to correct for the transmission of the light through the water, the equation can be

broken down into three main factors; the light present at the bottom of the water body
³

TBot(¸ )
TAws(¸ )

´
,

the vertical attenuation coefficient k(¸ )
r ³

Tbws(¸ )
TBot(¸ )

´
and the surface transmission Tbws(¸ )

2(TAws(¸ )) .
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3.3.4 Concluding Remarks

This chapter has examined the technique of hyperspectral imaging and addressed the corrections

required after data acquisition to facilitate the use of HSI in underwater applications.

In summery the key findings of this chapter were that firstly, the type of imager used will

significantly alter the type of data acquisition technique required to generate all the data to

produce hypercubes. It was concluded that pushbroom or windowing imagers would be the

most appropriate for underwater applications, as the imagers require translation in the X & Y

plane. This data collection technique has been extensively utilised in terrestrial applications

on UAVs specifically in environmental monitoring applications [204]. Push-broom imagers are

often favourable due to the low weight, compact design, simple operation and higher signal to

noise ratio afforded by the system [205]. Many of these same qualities are transferable into the

requirements of underwater technologies, with the translation instead achieved by divers or

UUV’s. Push-broom systems are able to achieve wide coverage of areas, thus making them very

suitable for seabed mapping or large-scale habitat investigations such as coral reefs [148]. As

windowing imagers collect data in a similar way to push-broom imagers, these statements are

true for both hyperspectral techniques.

Secondly, the interactions of light propagating through water vastly alters the recorded

signal and is therefore required to be corrected to account for incident light and the wavelength

specific attenuation of the water body. These corrections are critical for understanding hyper-

spectral intensity signals and inferring measurements from them, especially from an ecological

prospective.
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4
DESIGNING AND PROTOTYPING THE LOW-COST HYPERSPECTRAL

IMAGER

Traditional hyperspectral imagers often have complex optical systems and electronics

within, as reviewed in the previous chapter and as a result are often expensive. Current

commercially available imagers typically range anywhere from £12,000- £120,000. This

high associated cost makes them unaffordable for most field applications, especially in marine

environments, where risk to equipment is high. Underwater imaging is one such high-risk

application, where low-cost imagers are desirable to lower the financial risk as any leaks or direct

contact with water could render the imager and its electronics inoperable.

A number of hyperspectral imagers have been developed for use in the marine environment

as outlined in Chapter 2, Table 2.4, and typically make use of traditional techniques such as

push-broom and snapshot imaging. In this chapter, linear variable filters (LVFs) as discussed

in the previous chapter, were used to form the basis of the hyperspectral element as a system

can be made both cost effective and compact. The use of a LVF largely informed the design of

the constructed imager. To date, the use of LVFs for making hyperspectral imagers is limited,

one such known commercial system [206], described by [184], utilises a DSLR (Canon EOS 5D

Mark III) and custom software but is still cost prohibitive at $14,000. In order to design and

subsequently make a hyperspectral camera, there are a few key design considerations that have

to be taken into account, these are outlined in the subsequent sections.
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4.0.1 Aims

In this chapter, we sought to determine whether a hyperspectral camera could be developed

at a fraction of the cost of currently available alternatives without sacrificing spectral quality.

Following this, to compare the data captured with that of a commercial grade system, where

statistical tests would be used. We hypothesis that the data captured on a commercial grade

system and the data captured on the built system are comparable. Complementary to this,

could the hyperspectral system be demonstrated in marine environments and captured data be

corrected to be compared against known spectra of objects taken above the water’s surface.

4.1 Design Considerations

4.1.1 Hyperspectral Element

Hyperspectral cameras mainly consist of a traditional camera imager, CCD or CMOS sensor,

and a hyperspectral ‘element’. This element can be achieved by a range of methods outlined

in the previous chapter. As previously discussed, a linear variable visible spectrum bandpass

filter (LVFSBF) or (LVF) (LF103252, Delta Optical thin film, Denmark) was selected as the

hyperspectral element to be used in this low-cost imager due to the way in which data is obtained

(as outlined in the previous chapter) and the simplicity of the optics involved. As the LVF is a

filter, it can simply be mounted in front of an imaging array with little other alignment of optics

required.

4.1.2 Sensor Type

The hyperspectral imager requires a camera or image sensor to capture data. There are two main

sensor types: CCD and CMOS. They are both variations on similar technology used to detect

visible photons and differ in how the electrical signal from incoming light is transferred into a

digital measurement.

Each sensor contains pixels or photosites which collect incoming light, when exposed they

convert the light to charge up until either fully saturated or the exposure period ends. The

occupancy of each photosite is read as an electrical signal, which is then quantified and stored

as a numerical value. This is recorded as intensity in an image file [207]. CCD sensors work by

transporting photoelectrons through a capacitor array which act as a network of analog shift

registers. These transfer charge laterally (serial shift) one line at a time to an output, once that

line is complete vertical (parallel shift) channels shift down to the next line which preforms a

readout. Once the readout node is reached, charge-to-voltage conversion is performed to digitise

the measurement [208]. CMOS sensors operate on a single pixel basis, whereby each pixel is a

photodiode and so each pixel individually converts the charge-to-voltage [208]. This enables the

CMOS to operate at a lower electrical power and with faster readout than CCD equivalents.
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These sensors can be configured to capture either colour or monochrome information; colour

sensors have dedicated photosites for each of the primary colours, red, green and blue (RGB)

in an alternating pattern called a colour filter array (CFA) or Bayer filter/pattern (Figure 4.1).

This means that they capture colour (RGB) information but subsequently two thirds of the total

light available is lost, since any colour not matching the corresponding photosite is not recorded.

Monochrome sensors are capable of higher detail and sensitivity, due to the nonspecific photosites

which collect all available light indistinguishably (Figure 4.1). The use of a monochrome imager is

better suited for hyperspectral applications, as by using a LVF specific wavelengths are assigned

to pixels, where a colour sensor would interfere with this process.

Figure 4.1: Monochromatic sensors vs colour arrays. Monochrome sensors photosites only measure
the quantity of light, whereas colour ones work by capturing only one of three primary colours
at each photosite in an alternating pattern called a “colour filter array” (CFA) or Bayer pattern.
(Adapted from [207]).
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4.1.3 Sensor Size

The size of the sensor was also an important consideration, as it would ultimately determine

how much spectral range on the LVF was able to be utilised. The larger the sensor, the more

wavelength range would be able to be used. This is due to the wavelength range of the LVF being

spread across its length, which is based on a full frame imager and as such any sensor used

smaller than full frame will lose spectral range. Sensor sizes are typically fixed and are scaled in

comparison to that of a full frame sensor (36 x 24 mm) given in inches (shown in Figure 4.2). The

size of the sensor also affects the size of the lens required to cast light on to it.

Sensors smaller than full frame have associated crop factors, the result of which is the sensor

captures data from a smaller area than a full frame imager would using the same lens. Smaller

sensors effectively crop out the edges of the image that would be captured by a full frame imager

(36 x 24 mm) and so this should be considered. For example, when comparing an image taken on

a full frame and an APS-C of the same frame, the ASP-C crops the image at a factor of 1.5x and

so much of the exterior of the image is lost.

Figure 4.2: A graphic depicting a selection of the most common sensor sizes in relation to a ’Full
Frame’ sensor (36 mm £ 24 mm).
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4.1.4 Camera Candidates

Many different classes of monochrome cameras were considered for use in this project. However,

astronomy cameras were ultimately selected, as they are typically more sensitive to low light

conditions. Astronomy cameras are also suited to being operated remotely both in the control

interface and being able to accept non-mains based power supplies, making them for ideal for

spectral applications. The table below outlines the short-listed cameras based on our parameters

of cost, sensor size and interface options.

The Atik Horizon was selected as the camera to use in making the device, this is due to its

larger sensor size of 4/3” and built-in supported software (Atik air). This allowed for the camera

to be controlled and interfaced via a micro-computer (Raspberry pi). This was preferable, as the

camera when used in underwater applications would require a remote-control platform in order

to operate and acquire data from a long distance away.

Table 4.1: A table of the considered imagers comparing the cost, specifications and interface
method. The selected imager is greyed out.

Make Model Cost (£) Sensor
Size

Sensor
type

Mega
-pixels

Read
Noise (e-)

Interface

Starlight
Xpress

Ultrastar
Mono

804.00 2/3" CCD 14 5 USB 2.0

QHY 163M 1,199.00 4/3" CMOS 16 2.4 USB 3.0
ZWO ASI 1600MM-

PRO
1,288.00 4/3" CMOS 16 1.2 USB 2.0

Atik Horizon
Mono

1,549.00 4/3" CMOS 16 1 USB 3.0

Atik 383l
PLUS
Mono

1,659.00 4/3" CCD 8.3 7 USB 3.0

ThorLabs Quantalux 2,242.50 2/3" CMOS 2.1 1.5 USB 3.0
Atik 16200

Mono
2,979.00 APS-H CCD 16 9 USB 2.0

Thorlabs 8051M-
USB

5,098.50 4/3" CCD 8 10 USB 3.0

Charged coupled device (CCD), complementary metal–oxide–semiconductor device (CMOS), 2/3"
(8.8x6.6 mm), 4/3" (17.3x13 mm), APS-H (27.90x18.6 mm)
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4.1.5 Lens

The camera required a lens to focus light onto the sensor. A typical lens is an assembly that

contains several individual lens elements, each of these elements directs the path of light rays to

recreate the image as accurately as possible on the digital sensor. The goal of this is to minimize

aberrations, while still utilizing the fewest and least expensive elements [209]. The lens elements

also define the working distance, i.e. how far an object needs to be from the camera in order to

image it, and the back focal length, which is the distance from the rear principle plane to sensor

(As shown in Figure 4.3). The focal point of simple lens is determined by 2 factors; the refractive

index of the lens material (typically glass) and the curvature of the two surfaces of the lens.

Camera lens are often compound lens, made up of several simple lens elements in the same plane

to achieve the desired performance. A common Gaussian form of the lens equation is displayed as
1
f Æ1

o Å 1
i , where f is focal length, o is distance from the object and i is image distance.

Lenses also have an associated aperture range (f Number), which refers to the ratio of the

systems focal length and diameter. A lens usually has a number of preset f numbers the lens can

be set to, these typically reduce the size of the aperture as thus limit the amount of light able to

reach the detector. The lens selected for the project was a Navitar TV photo 75mm f1.3 lens, this

selection was due to the availability of the lens and its large size, allowing for more available

light to reach the detector.

Figure 4.3: A diagram of a lens with the camera setup. 1) Delta Optical thin film, Denmark, linear
variable filter (LVF) (LV VIS NIR Bandpass Filter HIS, LF103252). 2) Monochrome camera (Atik
Horrizon).

50



4.1. DESIGN CONSIDERATIONS

4.1.6 Marrying the Camera Elements

Once all the components were selected, the camera was assembled. In order to fit the LVF into

the camera housing, the LVF was required to be cut from its full frame size of 39.5 x 32.5mm to

a reduced imperial 4/3” size (17.3 x 13 mm). To verify the amount of spectral range that would

be lost in the cutting process, the distance between spectral lines was calculated by taking the

length of the sensor divided by its stated spectral range, giving roughly 0.09875 mm per nm

spectral lines. A total of 6mm (size difference between full frame and 4/3”) was removed from the

‘red edge’ taking the size of the filter from 39.5mm to 33.5mm. This distance was the minimum

amount required for the LVF to fit inside the camera housing, as verified by a computer aided

design (CAD) model of the device. This reduction in size gave the LVF, an approximate new

spectral range of 450 nm to 789.24 nm across the filter. The camera sensor itself only accounts

for total of 24mm, and so the device had a range of 237 nm (450-687 nm). This allowed for all

coral reflectance and fluorescence emission spectra as previously stated by Alieva et al., 2008

[92] to be imaged and recorded.

The LVF was mounted on the detector, 4644 pixels x 3506 pixels (16 Mp), with a 3D printed

holder, as shown in Figure 4.4. This part was constructed first, by replicating the dimensions of

the camera and its components in a CAD program (Fusion 360, Autodesk, USA). Then a filter

holder was designed to fit over the sensor circuit board and hold the filter securely, directly above

the sensor. The effective filter transmission and spectral profile depend on the distance between

the detector and the filter, filter bandwidth, and f number of the lens, so mounting the LVF as

close as possible to the sensor was desirable [184, 210]. The LVF was able to be mounted flush to

the protective glass slip of the sensor.

The whole camera assembly was large with the lens attached, so to image vertically down-

wards, a 90o mirror (mirror lens, Polaroid, USA) was added to allow the camera to be mounted

horizontally. Thus, making the footprint of the device more manageable and enable its use either

in a handheld device or on an ROV without being too cumbersome. The full camera assembly was

modelled in CAD to check fitting. A benchtop clamp was made for testing as shown in Figure 4.5.

Figure 4.4: A CAD rendering of the filter
holder assembly on top of the Atik horizon. Figure 4.5: Mk.1 hyperspectral camera

design.
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4.2 Prototype Mk.1: Atik Horizon

The initial design idea was to mount the camera assembly under a remotely operated vehicle

(ROV) (BlueROV2, BlueRobotics, USA) as a payload. As a result, the camera required an interface

to enable remote control of data capture and storage. The Atik Horizon camera was connected

to a Raspberry Pi (RPi) (model 3B) running the Atik Air operating system (OS), which enabled

the remote operation of the camera from a PC. This type of connection is typically achieved over

a WiFi or Ethernet connection. In an underwater application these are not well suited as WiFi

does not work underwater and ethernet connections operate at too short distances. By using an

interface board (Fathom-x, BlueRobotics, USA) developed for ROVs, the ethernet connection was

able to be transferred across a pair of single twisted wires, extending the range to hundreds of

meters and able to be run along one of the spare data lines within the ROVs tether.

Figure 4.6: A simplified circuit diagram for the hyperspectral camera MK.1

As shown in Figure 4.6, the electronics were setup with the Atik Horizon data lines connected

to the RPi via USB, which in turn were connected to the Fathom-x interface via a short ethernet

cable. Power to the electronics was provided by a 14.5V lithium polymer (LiPo) battery,which

was also used to power the ROV. Universal battery eliminator circuits (UBEC) were used to

downregulate the incoming voltage to 12V for the camera and 5V for the RPi. The Fathom-x

interface boards were then connected to one another via a pair of twisted copper wires, and by

USB to a top-side PC. Using this set up, the RPi and camera were able to be controlled directly

from the PC by remote login using a secure shell protocol (SSH).

During benchtop testing, the Atik camera performed adequately when connected directly

to a computer via USB3.0. However, when the camera was configured as described above, the

interface boards could not maintain a sufficiently high bandwidth required to save images across

the virtual network. These memory buffer limitations also restricted the capture speed of the

camera to a few frames per second (Fps). This restriction in Fps means the camera would not

be able to provide a sufficient rate of image capture required for spectral imaging, making the

prospects of surveys near impossible. Whilst the hardware of the sensor (Panasonic MN34230 4/3"
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CMOS sensor) does allow for much faster read speeds, there exists an imposed software limitation

in the Atik Horizon OS intended to improve stability. This meant the system Operability was

hitting a ‘bottleneck’ in the camera’s capabilities, and so a new camera was required to be selected

that did not suffer this limitation.

4.3 Prototype Mk.2: ZWO 1600

In the second iteration of the prototype, the ZWO 1600mm camera was used. This camera

contained the same sensor as the Atik but without the software limit on frame rate. The sensor

was able to deliver images at 14.7 Fps at full resolution (4656 x 3520), and up to 124.5 Fps

at lower resolutions (320 x 240). Due to the sensor being the same size, all components and

modifications for the previous iteration of the camera could be reused. Due to the camera being a

different manufacturer, the proprietary software for the Atik camera was no longer viable and so

a new interface was required to be made for the ZWO.

The RPi was also replaced with a NanoPi M4 (NPi) as it incorporated a faster processor, more

memory and crucially had 4 USB3.0 ports that would allow for faster data transmission between

the camera and the NPi. The ZWO 1600mm had pre-existing linux support and so could also be

run off a NPi. A simple interface version of the camera’s PC software was developed using the

manufacturers software development kit (SDK) to make a simple graphical user interface (GUI)

to view and control the camera with only a few virtual and physical controls. The use of physical

buttons added flexibility and extra functionality to the design; enabling it to either be used

on UUV’s or handheld by a diver, using the exact same software with only minor adjustments

to the hardware. For testing, the camera was developed into a handheld diver-based system,

which meant upon powerup of the NPi by switch, it automatically launched the GUI ready for

image collection. A second switch was connected to act as the imaging capture switch. An ’if ’

statement, a conditional argument in coding, was used in the software to determine if the switch

was engaged. Once the switch was engaged, the camera would capture data until the switch was

disengaged. The images were simultaneously saved onto a solid-state drive (SSD) attached to the

NPi during the data capture stage.

4.4 Waterproof Housing

For either scuba or ROV mounted applications, a waterproof casing to protect the electronic

components was required. The principle for designing the case was to use BlueRobotics (BR)

components wherever possible, as these are already waterproof and pressure tested to a depth

of 100m so are more than suitable for shallow water reefs (>20m). The case was designed in

CAD, as all components could be modeled and preassembled in the correct dimensions. Some

components had to first be replicated in CAD as no preexisting models were available, for example

the Atik and ZWO cameras. Other components such as BR parts, had preexisting 3D models
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readily available. These were imported into CAD. Components such as the electronics sleds were

designed from scratch and 3D printed for use in the final design.

The first iteration of the case (Figure 4.7A) was designed using the Atik Horizon camera

and the 6” enclosure series from BR, with a custom cap piece to allow for a camera viewing

window. This design contained a lot of unused airspace and so would have been very buoyant.

Subsequently, a redesign was deemed necessary. The second iteration (Figure 4.7B) utilised

the smaller 4” tube series from BR, to eliminate the excess air in the system. Thus, reducing

buoyancy and allowing for a sleeker design that could either be handheld or mounted to an ROV.

This design encompassed a round electronics sledge, a structure in which electronics could be

mounted to and held in position, with a shoulder for the camera to be held in place and RPi,

hard-drive and fathom-x board to be mounted on flat platforms. The end cap was also redesigned

to fit the 4” tube and to be form fitting to the 90o mirror mount on the camera (Figure 4.7B & C).

The end cap was then exported from CAD and test fitted after 3D printing. Once finalised, this

part was machined from Delrin for added strength and waterproofing since 3D printed (filament)

objects are not watertight. The window design was also improved with the addition of an O-ring

groove to ensure a leak proof window interface. A 4” enclosure clamp was used to secure the tube

to either to the base of the ROV or to the payload skid. In version 2.1 (Figure 4.7C), the sled was

redesigned to accommodate the ZWO camera which has a shorter body length than the Atik, this

design was the final iteration which was used in the ROV mounted system.

V2.5 or diving version (Figure 4.7E); the camera housing needed to be held and operated by

a diver and so the design of version 2.1 was slightly modified. 4” enclosure clamps were added

to allow a battery tube to be mounted below the main electronics tube. These clamps contained

mounting points that allowed for plates to be connected to provide support and an additional

mounting point for the battery clamp. The mounts also allowed for a plate with a handle attached

to be added to give the diver a grip point. An additional clamp was 3D printed to mount the LED’s

(lumen light pods, BlueRobotics), allowing for the angle and position to be adjusted. Switches

were added to spare ports on the end cap of the electronics tube and to the battery tube, to allow

the operator to turn power on to the whole system. Additional switches were used to initiate

taking data and to turn on the excitation LEDs. Brass rods were also used to provide additional

support, as the camera cap was too heavy to simply be held by the O-ring seal. The brass rods

allowed both ends of the electronic tube to be held in place using the caps as mounting points,

using 3D printed brackets (Figure 4.7E).
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Figure 4.7: The iterations of the prototype device and associated waterproof housings designed
on Autodesk Fusion 360. A) Version 1. B) Version 2. C) Version 2.1. D) ROV mounted (Version
2.1). E) Diving platform (Version 2.5).

4.5 MK.2 Prototype Testing

The camera (Mk.2.5) was field tested underwater in Bermuda during the second year of the PhD

project (2019) after it had been assembled and bench-testing at the University of Bristol. Test

dives to collect data of a survey location were conducted on Hogg reef, Bermuda (Location shown

in Chapter 7, Figure 7.7). This data was personally collected. The aims of the test were twofold,

firstly to check the hardware i.e. no leaks from the underwater housing and secondly to collect

hyperspectral data of live corals in situ and in doing so, gain experience of how best to deploy the

camera system. The waterproof case performed as expected with no leaks and was also naturally

slightly negatively buoyant, so was easy to handle and operate.

Upon extended use of the camera in field experiments, the device displayed an error when

saving images. The error was believed to derive from an overload of the memory buffer register, a

‘buffer overflow’. When saving the camera data, the program would overrun the buffer’s boundary

and overwrite adjacent memory locations. This error resulted in multiple images being saved to
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one file location, creating banding of multiple different images being saved as one file (Figure

4.8A). As the camera’s sensor (CCD) saved images in single registers typically one row at a time

with a refresh rate of fractions of a second, this may have contributed further to this error as data

was not able to be read and saved quickly enough to be stored as individual files. Consequently,

the software was attempted to be ’debugged’ to try to resolve the issue but unfortunately it

was not able to be resolved during the short time of the Bermuda field-trip. This issue was not

observed in initial testing, as it only flagged when the camera was run at full frames for longer

periods of time.

Subsequently, the reconstruction algorithm (Photoscan, Agisoft) could not achieve correct

photo alignment. This process is further detailed in section 4.6.2. As the images saved by the

camera were essentially corrupted, the reconstruction processes used to stitch the images resulted

in errors and subsequently the reconstruction processes was unable to generate usable hypercubes

as shown in Figure 4.8B.

Figure 4.8: A) Sample image gathered from the Mk.2 prototype of a marker stick. B) The
subsequent reconstruction produced from the images collected. C) The expected reconstruction
made using an RGB DSLR.

This issue may have been resolved by the implementation of a fail-safe within the software

to make sure each image was saved correctly before moving onto the next image. Faster and

more powerful processors on the micro-PC would also have enabled faster saving of images

and potentially clearing the memory buffer before it had a chance to ’overflow’. These solutions

however, would have required significant time to be spent rewriting and developing code than

the project allowed for.
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4.6 Prototype Mk.3: Bi-Frost DSLR

Consequently an alternative design was devised to overcome this fatal error, by using a DSLR

camera as the basis for the hyperspectral imager. This removed any software issues as commercial

grade DSLR’s have camera operating systems preinstalled. These types of imagers are already

widely used by marine scientists for use in photo-quadrats and photogrammetry techniques. This

has the added benefit that the primary user audience, are already familiar with operating and

using the cameras. Also due to existing underwater applications, waterproof housings for most

makes and models of camera are widely commercially available.

However, one key drawback of using a DSLR and LVF in combination, is that colour pixels

are present on a standard DSLR CCD. Monochrome DSLRs are preferable but more expensive in

comparison to their colour counterparts. Consequently, the decision was made to take an RGB

DSLR (Nikon D5100), which is a low cost camera (£300) that has a large sensor size (ASP-C) and

high resolution (16 mega-pixels), and convert it to a monochrome sensor in a process outlined

below.

4.6.1 Conversion Process

In order to convert the DSLR, first the CCD sensor was removed and converted into a monochrome

detector, by removing the Bayer filter matrix. This was achieved by dismantling the DSLR

following online guides [211, 212]. Once disassembled, the CCD circuit board was removed and

isolated so it could be worked on separately.

The CCD was protected by two layers, a hot mirror (infra-red (IR)) filter and protective glass

cover slip, that needed to be removed in order to convert the sensor. First, the IR filter was

removed by desoldering its connectors from the main circuit board. The IR filter was then lifted

off and removed along with the rubber aligner, used to center the filter on the CCD.

The protective glass slide mounted on the sensor could then be accessed and removed. This

was held in place with an adhesive. The adhesive was weakened by heating the cover slide with

a heat gun at 295-300oC. The glue, once sufficiently heated, changed colour from transparent

to a milky white colour, noting a denaturing of the glue. Once the glue was fully denatured, the

cover slip was removed by running a scalpel blade around the edge of the sides and then carefully

prying the glass up from the corner. Once the glass was removed, the surface of the CCD sensor

was accessible. The CCD was connected to the circuit board by small gold wires which were

extremely fragile and easily breakable, so extra care was taken from this point onwards. If any of

these wires are disrupted, they can short circuit the board or break rendering the CCD totally

inoperable.

The CCD was coated in a layer of micro lenses and then a Bayer filter array. To physically

remove these layers, two approaches could be taken; either a tool could be used to scratch away

the layers or solvents could be used to dissolve the silicone-based layers. The second approach
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was used, utilising cotton buds and acetone as the solvent. By soaking the buds in acetone, then

slowly rubbing the sensor surface, the layers could be removed slowly. Due care was taken not to

disturb the gold wire connections towards the edge of the sensor. Once both layers were removed,

as denoted by a gold mirror-like finish on the sensor, it was rebuilt and the rubber guide used to

hold the IR was replaced. The ‘red’ edge of the LVF was aligned with the original mounting point

for a filter on the rubber guide, with the other side requiring a minor modification to accommodate

for the remainder of the filter. As the LVF was of a similar thickness to the original IR filter, the

CCD could be slotted back into the camera frame with no further modifications. The camera was

then reassembled, and its operation tested to ensure full working order.

This conversion process also removed the microlens array, which focuses light onto each pixel,

meaning the finished result would suffer from a slight loss of sensitivity. To use the modified

DSLR, images would need to be saved in raw format, so as not to lose any pixel intensity and

remove the algorithm for working out colours from the Bayer matrix. Using the cameras video

capture, allowed for a faster frame rate (up to 24 Fps) to be achieved compared to continuous or

burst shooting. The individual frames from the video were extracted for use in the reconstruction

software.

4.6.2 Generating Bi-Frost Hypercubes

The raw images were initially processed using a commercially available photogrammetry solu-

tion (Photoscan, Agisoft) to generate 3D point clouds from the 2D Bi-Frost images. To briefly

summarise the process, the software takes 2D images and first rotates, transforms and aligns the

images in 3D space by using points of interest or features on the image, matching them between

each subsequent image. The process then uses a trigonometry based algorithm to work out a 3D

elevation from the difference of the angles of the same point between two images.

This approach was used in order to mitigate problems, as previously identified in airbourne

imaging [213]. The problem arises from the fact that different spectral bands are recorded

sequentially by the filter and as the sensor moves over the scene, the spectrum estimation

assumes that the radiance received from the scene is independent of the viewing angle of the

imager [213]. This assumption can result in additional errors in spectral reconstruction such as

illustrated in Figure 4.9, where the 3D nature of objects can produce shadowing effects. At camera

position 1, the blue edge of the camera is obscured, by contrast at camera position 2 the red edge

is obscured. This creates shadowed areas where a complete spectrum is not obtained. Due to the

linear movement of the imager, parallax errors occur when looking at objects as different bands

view the scene at varying angles creating spectral artifacts, as a 3D object is constructed on a 2D

plane. This issue can be mitigated by computing the 3D point-cloud as proposed in later sections.

As per standard photogrammetry implementations, the software (Photoscan, Agisoft) initially

aligned the images by finding matching points with neighbouring images. It was observed that

as long as broadband illumination sources were used, such point matching was still possible
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despite the presence of the LVF. Solar illumination was found to be a sufficient broadband

illumination source for successful point matching. Conversely, if illumination sources with sharp

spectral features were used, the rapid changes in intensity with wavelength would often prevent

successful point matching between images. This was most often observed when scenes were

illuminated with gas discharge lighting, as shown in Figure 4.10. Once the images were aligned

and positioned in relative space, a set of 3D points representing the scene could be estimated.

Figure 4.9: Airbourne spectral imaging problems. A) Shadowing, where grey areas represent
incomplete spectra due to obscuring of points by 3D objects. B) The parallax effect, where camera
positions see objects at different angles creating spectral artifacts. The dashed arrow depicts the
scanning direction.

Figure 4.10: Effects of fluorescent lighting on LVF. Emission lines can clearly be seen which
presents reconstruction issues. A) Colour image & B) monochrome image.

A spectrum was then estimated for each 3D point sequentially. After the software verifies

that a particular point can be observed within the field of view (FOV) of a camera, the pixel

coordinates that the point was imaged upon are calculated. The horizontal pixel coordinate

defines the relevant spectral wavelength as determined by the lateral position of the LVF.
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The spectral intensity is simply recovered from the pixel intensity upon which the point was

imaged. By iterating through aligned images, a series of spectral measurements were realised.

Finally, a simple linear interpolation was used to estimate the intensity for any wavelengths

that were not observed directly. This procedure was then repeated for each 3D point, until all 3D

points within the scene had an associated spectrum.

The procedure requires the full filter length to pass over area/object and therefore the edges

of the scene do not cover the full spectral range, as the filter has not passed completely over that

area of the scene. This effect is shown in bottom images of Figure 4.11. The middle of the scene is

shown in false colour, RGB bands are arbitrarily defined for interpretation of data, as this area of

the hypercube has a full spectrum associated with it.

Figure 4.11: A brief overview of the process of hypercube formation using linear variable filter
(LVF). A) Starting with the LVF scanning then assigning CCD pixel locations to wavelength
bands (B) and finally generating spectral data (C).

A problem with the current processing procedure, is that although a point may fall within the

FOV of an aligned image, it is not possible to determine whether it is a visible or obscured point.

Therefore, in some cases, some points may be attributed spectral measurements incorrectly. This

currently prevents the imaging of complex 3D scenes limiting the scope to 2.5D, a 2D graphical

projection simulating the appearance of being 3D. Future refinements to the processing procedure

will utilize a 3D mesh of the scene and conduct simple ray tracing to determine the visibility of

each point.
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4.6.3 Calibrating the Bi-Frost Imager

The data hypercubes generated require an accurate, calibrated wavelength range to be applied.

The position of the LVF relative to the sensor dictates the spectral range of the camera (Figure

4.12A). The cut LVF was placed over the Nikon D5100’s sensor, such that as much of the working

range was mounted over the sensor whilst also providing a sufficient amount of filter to mount

on the rubber filter guide. Due to the cut made previously (section 1.1.16), the spectral range of

the LVF was shorter than the length of the sensor (as highlighted in Figure 4.12 B & C).

Figure 4.12: A schematic of the linear variable filter (LVF) and its spectral data position. The
filtering starts 9 mm from the edge of the filter as stated from the manufacturer. A) Full frame
filter with the position of spectral filtering over a length of 25mm, giving a range of 450-850
nm. B) The dimensions of cut filter including its new spectral length of 22.75nm giving a range:
450-814 nm). C) The cut filters position on the Nikon CCD (dashed box), giving a final spectral
range of 450-789 nm.

Therefore, the spectral range was measured to determine the wavelength of each pixel. This

was achieved by initially imaging a reference target with a known spectrum with multiple sharp

peaks such as a fluorescent light. This was then imaged on the ‘Bi-Frost’ DSLR by imaging a piece

of white paper, illuminated by domestic fluorescent lighting. The spectrum was therefore expected

to be characteristic of fluorescent tubes containing mercury vapour. A calibrated reference

spectrum [214] was used to compare against.

Spectral data from the Bi-Frost DSLR was obtained by plotting the mean pixel values taken

from a raw image taken by the camera, where the white reference was covering the whole FOV.

The recorded and database spectra were then compared in Matlab (Mathworks, Version 2020b).

Figure 4.13A shows the raw spectra as recorded by the imager and the reference spectra (Figure

4.13B), due to the unique spectral characteristics of fluorescent lighting, clear identifying peaks

were observed. In order to calculate the full spectral range of the DSLR, the predominant peaks

were identified and assigned to the pixel numbers of the DSLR. The peaks used were 487 nm

(Terbium line) (pixel number 1645), 546 nm (Mercury line) (pixel number 2246) and 612 nm

(Europium line) (pixel number 2960).
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Figure 4.13: Wavelength calibration and comparison. A) The raw DSLR image with spectrum in pixel numbers. B) The reference spectrum
of the 2634K fluorescent lamp [214]. C) The corrected DSLR spectrum plotted against the known reference.
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These were then used to plot the relationship between wavelength and pixel number (Figure

4.14), as the filter is linearly variable the trend is also linear giving a value of (0.09498 ±

0.00164nm per pixel).

As shown in Figure 4.14 the relationship can be written as;

Wavelength(W(¸ )) ÆWavelength to pixel £ Pixel number(Pn)Å Intercept

W(¸ ) Æ0.09498£ Pn Å 331.44041

Using this equation and the total number of pixels on the CCD (4928), the total range of the

filter was calculated as 331.44 to 799.20 nm. The value for the full width half maxima of the LVF

is 4% at 450 nm, giving a value of 18 nm. Subsequently, as stated in Nyquist theorem, the signal

must be sampled at more than twice the highest frequency and so at x10 this gives a value of 1.8.

The number of spectral bands was determined in the software by taking the horizontal resolution

of the camera (1920) and then dividing it by five to make the resolution 384 pixels. This was then

further reduced with spectral binning of two to get 192 bands, this gave the final approximate

measurement sensitivity less than the stated Nyquist value of 1.1 nm per pixel.

This calculated range was then implemented into the hypercube code to generate accurate

wavelengths for all future spectra. Due to the positioning of the filter on the sensor, the range drops

below the stated range of the LVF and so any data recorded under 450 nm will be disregarded.

Figure 4.14: A plot of wavelength against the position of the fluorescent light peaks relative to
their pixel number on the CCD (Figure 4.13A). Used in the DSLR filter range calibrations.
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4.6.4 Characterising the Sensor

As stated in the corrections section, the hyperspectral imager captures light measurements as

digital counts. The gain of the analogue to digital conversion needs to be known, to allow for

comparisons with other sensors and datasets.

The CCDs generally have different artifacts across sensors, and so this would have to be

performed for all individual Bi-Frost DSLR’s developed using this technique. The prototype

camera’s sensor was characterised using the cameras dark frames (Figure 4.15), as described in

the previous chapter (characterising Headwall Nano).

Figure 4.15: The dark frames for the Bi-Frost DSLR, highlighting the amp glow and ’hot’ pixels
which were used to characterise the sensor.

4.6.5 3D Data

A key advantage of using photogrammetry software for spectral data reconstruction, means that

digital elevation models (DEMs) are produced. This allows for 3D data to be established for a

scene, as well as full spectral data.

Having access to 3D information alongside spectral data, taken in one data collection event,

can be a powerful asset for analysis of environments and scenes. When applied in marine

applications, this data allows for 3D reconstructions of a coral reef to help to gain understandings

about the reef topography, habitat distribution, as well as spectral information which can be used

in classification or health determinations [100]. This type of 3D topography data with spectral

data can be used, as shown in Figure 4.16, to look at the structure of architectural buildings and

analyse the materials used to construct it.
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Figure 4.16: The hypercube reconstruction (A) and the digital elevation model (DEM) of the same
scene (B). Taken in the same series of images of the Royal Fort gatehouse, Bristol.

4.7 Prototype Excitation Source System

In order to study coral fluorescence an excitation source was required. This source was required

to be able to emit a sufficient photon intensity to excite a ‘strong’ fluorescent response, overcoming

the absorption of light at specific wavelengths in water (as described in Chapter 3) and be fully

waterproof. As previously discussed, in an effort to gain the best excitation wavelength for a

broad spectrum of coral emissions, the use of deep blue or UV light emitting diodes (LEDs) was

preferable.

Previous work (Trimby et al. 2016), used a UV light source ‘payload’ on an ROV over a live

reef in Aitutaki, in the Cook Islands. The research revealed that natural coral fluorescence could

be successfully excited and observed using simple LEDs, filters and an RGB camera. However,

the project identified flaws in this type of technique, as the survey data showed the intensities of

coral fluorescence were often unable to be quantified. This was due to the ROV moving too fast

over the coral and not allowing enough time for the camera to focus.

Using this research as a guide, an initial prototype UV light source payload was constructed

and tested (Figure 4.17). The light source was built using commercially available off-the-shelf

(COTS) components such as aquarium (RGB) LED light bars and LiPo batteries. The emission

wavelengths of the RGB LEDs were measured using a small benchtop spectrometer (Flame,

Ocean Insight, USA) with the ‘red’ LED at 590-660 nm with peak of 630 nm, the ‘green’ LED at

470-580nm with peak of 581 nm and finally the ‘blue’ LED at 420-480 nm with peak of 446 nm

(Figure 4.18).
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Figure 4.17: Light rig prototype to act as an underwater coral excitation source.

Figure 4.18: The emission wavelengths of the RGB LEDs were measured on spectrometer (Flame,
Ocean Insight, USA) as: red (590-660 nm) with peak of 630 nm, green (470-580 nm) with peak of
581 nm and blue (420-480 nm) with peak of 446 nm.
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The device was then tested on corals at the Sealife London Aquarium. The blue (420-480 nm)

LED was able to provide excitation, but the intensity of fluorescence was too weak to produce a

sufficiently bright signal to be captured. This effect was likely due to quantum yield, where a low

number of photons were emitted and as a result a low number were absorbed. Despite some coral

samples displaying visible excitation under blue light, the use of UV LEDs was deemed to be

more appropriate for use in the final payload. This is because they would provide higher energy

photons and so excite the entire visible light spectrum as per the principle demonstrated by the

classic Jablonski diagram (outlined in Chapter 3). Thus, covering a wider range of fluorescence

characteristics.

A second prototype was developed to make use of more powerful LEDs. Firstly to achieve

this, UV torches and LED light boards were explored as potential options. The final selection

for use in the prototype was a custom light-pod based on the BR “lumen subsea light”. To test

both options of light, Blue and UV, two sets of boards were constructed to make a set of lights in

each colour class. The lumen light traditionally emits a ‘cool’ white light (6200K) (XLamp MK-R,

Cree), this was replaced with an array of UV (405nm) (LTPL-C034UVH405, Digikey) and royal

blue (448nm) (XPGDRY-L1-0000-00501, Digikey) LEDs.

The prototype board was developed in collaboration with BR, to make a blank board (with no

LEDs) to attach to the existing electronics inside the lumen subsea pod. The blank board allowed

for the custom wavelength LEDs to be soldered on as shown in Figure 4.19. These lights produced

sufficient power to elicit measurable fluorescence responses in corals over distances of up to 1m.

Figure 4.19: The UV lumen light pod prototype made in association with BlueRobotics.
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4.8 Conclusion

As shown in this chapter, many of the design considerations were taken into account when

developing the various prototype systems. The use of rapid prototyping techniques and electronics,

enabled rapid progress to be achieved between design iterations. Crucially, the failings of the

first two prototype cameras provided substantial value in making and designing bespoke code

to run the imagers in Python. However, ultimately this code and imager was not used. The

fundamental design of the imager was also altered, to better suit the needs of researchers who are

the intended ‘final’ user. The use of UUV mounted hyperspectral imagers, offer several distinct

advantages: stability when imaging, the ability to utilise underwater positioning systems, longer

and potentially faster survey times. However, these advantages come at increased financial cost

and the reality of most research centres is that trained divers are already readily available where

UUV’s are not. This, along with the integrated software of DSLR cameras was the key reasoning

to switch the design to be more diver ‘friendly’. The final prototype is similar in design to that of

a commercially available system [206] but with the distinct difference in the type of imager used

and the software by which hypercubes are generated. The exact way in which the cameras were

manufactured also likely differs but this is difficult to validate since the commercial imager is

protected by intellectual property copy-write. Crucially, the imager developed in this chapter was

able to be produced at a significantly reduced cost versus any commercial counterpart.

The developed device is also ideally situated amongst the existing underwater hyperspectral

imagers highlighted in Table 2.4, with the closest comparable system in terms of spectral range

and imaging technique being the "Hyperdiver" [149]. Whilst the Hyperdiver boasts more spectral

bands and higher resolution than the camera developed in this chapter, it is also 4times as

expensive and around 30times as heavy (in air). The camera developed herein therefor provides

a more cost effective alternative, which is also easier to deploy due to its light weight and compact

design.

With the final prototype built, the camera was thoroughly tested and calibrated in the

laboratory. This process is outlined in the next chapter.
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Current comparable underwater hyperspectral imaging (UHI) systems, as identified in

Chapter 2 [149], typically utilise commercial grade imagers within their design and as

such calibration and validation measurements are not required to be carried out, as

they are performed by the manufacturers. Current reliance on commercial systems for UHI

contributes to the limited uptake of the technique in this field, where cost is the most prohibitive

factor [3]. If low-cost alternatives can be produced with comparable data acquisition, the high

cost entry requirement for UHI could be drastically reduced.

To validate and demonstrate the prototype Bi-frost imager, laboratory tests were conducted

against calibrated light sources and imagers for the purpose of data comparisons. This approach

of validation has precedence within the literature, where a similar device was validated in this

way [215]. Whilst other similar devices exist in the literature [184, 215], they are designed

for terrestrial applications and as such have not yet been used in marine environments. A

key element of the Bi-Frost imager’s design was to specifically be able to image in underwater

applications, as such tests were also conducted in underwater environments to test the robustness

of the data acquisition.

Finally, to demonstrate the full capability of the technology in the field, a best practice

guide was devised to allow existing or new users to make the most of the technology (Appendix

A.4). By working out the practical parameters and imaging capabilities of the Bi-Frost system,

parameters such as working distances and speeds of translation can be given to provide the best

reconstructions possible. Ultimately, enhancing the quality of spectra data produced.
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5.1 Aims

In this chapter, experiments were conducted to determine whether the data quality of the Bi-Frost

DSLR was comparable to that of a known commercial grade imager and laboratory calibrated

samples. We then sought to capture spectral data of objects in an underwater environment to

demonstrate the Bi-Frost’s suitability for marine applications. We hypotheses there will be no

significant difference between the data captured on the Bi-Frost imager and reference spectra.

5.2 Proof of Principle and Comparison Against a

Commercial-grade Hyperspectral Imager

In order to test the effectiveness of the converted DSLR, generated hypercubes were compared

against a commercially available hyperspectral camera (IQ, Specim, Finland). The Specim IQ is a

snapshot hyperspectral imager with a spectral range of 400-1000 nm with a spectral resolution of

7 nm. Comparison datasets were established by imaging the same test scene using both cameras

and taking associated spectra of a selection of objects within the scene to use as comparisons.

Spectra were analysed in ENVI (Harris geospatial solutions, Version 5.5), using the region of

interest (ROI) tool to select areas/ regions within the scene of distinct colour to compare against.

5.2.1 Materials and Methods

The scene used in the comparison was that of a white reference target and a set of highlighter-

pen cases, selected for their distinct bright colours. Ideally these would have been calibrated

targets but due to COVID-19 lockdown, access to lab materials was heavily restricted and so

experiments were conducted at home. As demonstrated in the previous chapter, the Bi-Frost

DSLR was calibrated using a fluorescent light source. In order to accurately draw comparisons,

the Specim IQ’s spectral calibration, performed by the manufacturer, was required to be verified.

The verification was achieved by imaging the same calibration light source, fluorescent lighting.

As shown in Figure 5.1, the main peaks recorded by the Specim IQ were within 2 nm of the

known values and so the manufacturers calibration was verified. The main peaks used were at:

436.6 nm (Mercury line), 487 nm (Terbium line), 546 nm (Mercury line) and 612 nm (Europium

line) as recorded by the calibrated reference spectrum [214].

The Specim IQ is a snapshot imager and so required a fixed static platform for imaging, this

was achieved using a camera tripod. The Bi-Frost DSLR is a windowing imager and so follows a

similar method to that used by push-broom imagers. The Bi-Frost DLSR was scanned across the

scene in a linear fashion, to keep the camera in the same plane. Due to the nature of windowing

imagers, in order to capture spectral data across the whole spectral range, the data acquisition

was started one full frame before and after the scene.
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The scene was illuminated using two halogen light rigs (750 plus, Arrilite, Germany) to give

light across the whole visible spectrum, and imaging was conducted from 1m away as illustrated

in Figure 5.2.

Figure 5.1: A side-by-side comparison of a fluorescent light spectrum as recorded by the Specim
IQ camera (Left) and a laboratory reference sample (Right) [214].

Figure 5.2: The DSLR data collection method, where the imager is scanned across the scene one
full frame either side in a linear motion
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The raw data captured from the Bi-Frost DSLR was then run through the reconstruction

process, outlined in Section 4.6.2 of Chapter 4, to generate a hypercube. The hyperspectral data

from both imagers, Bi-Frost & Specim, were then analysed in ENVI and ROIs were generated for

each of the targets (highlighters). From the ROIs an average spectrum was obtained and used in

the statistical comparisons.

To compare the data qualitatively, a Pearson’s correlation coefficient (PC) test was conducted

to compare the spectra obtained by the two imagers. PC is a linear comparison method frequently

used in pixel to pixel correlation and also used in Raman spectroscopy to compare similarities

between datasets [216, 217]. This comparison can only be achieved by comparing data with an

identical number of wavelength points. Pearson’s correlation coefficient has be conducted using

the following equation;
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Where r is Pearson’s coefficient, n is the number of spectral points in each spectrum, xi is

the recorded spectrum and yi is the reference spectrum. A perfect match between the two data

sets will return a value of rÆ1 and dissimilar data will return a value closer to rÆ0. It should be

noted that data requires pre-processing (removing outliers) before comparison as the test will

fail under the influence of baseline fluctuations and as such should not be used for automated

spectral matching.

The data was also compared using the root mean square error (RMSE), this tests returns

the average distance between reference values and recorded values in a dataset. RMSE can be

defined as Equation (5.2), where yi represents the reference data and xi the observed or recorded

values. In order to relate the RSME values to the data it was normalised using Equation (5.3),

where the minimum and maximum values of the reference dataset were used.

(5.2) RMSE Æ
q X

(yi ¡ xi)2 ¥ n

(5.3) NormRMSE Æ
RMSE

(Max(value) ¡ Min(value))
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5.2.2 Data

Figure 5.3: Hypercube reconstructions of highlighters (A) Specim IQ (snapshot) & (B) Bi-Frost
DSLR.

Figure 5.4: Comparison of highlighter colours imaged on Specim IQ (snapshot) & Bi-Frost DSLR.

Table 5.1: Statistical comparisons, relative root square error (RMSE) and Pearson’s correlation
coefficient (R) values and significance (P) for spectral similarity between the Bi-Frost DSLR and
the snapshot hyperspectral imager (Specim, IQ).

Colour Normalised RMSE Pearson’s correction coefficient
R P

Coral 0.04 0.98 1.81x10¡ 71

Blue 0.28 0.96 5.74x10¡ 60

Pink 0.12 0.98 3.29x10¡ 73

Orange 0.06 0.98 2.43x10¡ 72

Green 0.21 0.97 6.48x10¡ 64

Yellow 0.11 0.97 6.89x10¡ 61
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In order to draw comparisons between the two cameras data, depicted visually in Figure 5.3

and graphically in Figure 5.4, the spectra were compared quantitatively and qualitatively. The

spectral range of the Snapshot camera was 400 to 1100 nm at ¼2.89 nm intervals and the working

range of the DSLR camera was 450 to 700 nm at ¼18 nm. The snapshot data was aligned in

MATLAB (Mathworks, version 2020b) using an interpolation script with the wavelengths of the

Bi-Frost DSLR, giving both imagers a final range of 450-700 nm.

The spectral similarity was measured by calculating a Pearson’s correlation coefficient, used

to provide a measure of the linear correlation of two datasets or R value as shown in Table 5.1. All

of the recorded R values were found to indicate a strong correlation between the datasets, thus

providing a high confidence in the spectral data achieved by the Bi-Frost imager. The colours

coral, pink and orange were the most strongly correlated, both giving a value of r(190) = 0.98,

p = < 0.01. Blue was found to be the least correlated, however this was still considered to be

strongly correlated r(190) = 0.96, p = < 0.01. The normalised RMSE values, Table 5.1, showed

that the relative error of data points between the two spectra was low for most of the colours

with the exception of the blue and green which yielded a result of RSME = 0.28. These statistical

comparisons showed that the data recorded between the imagers was not significantly different

in spectral shape but intensity varied by as much as 28%. Changes in intensity are expected as

conditions will vary slightly between data captures, whether this be an effect of the amount of

incident light or a change in distance of the imager from the target.

The drawback of the Bi-Frost however, is that when looking at a spectrum containing sharp

emission peaks such as those found in the fluorescent light data (Figure 5.1) the DSLR was not

able to resolve them as clearly. This effect was also observed in the comparison with the Specim

IQ camera where peaks were not observed such as in the ’coral’ colour (Figure 5.4). This is a

result of the LVF system having a resolution of ± 4% at the centre wavelength, giving a spectral

resolution of around 18 nm at 450 nm [218], where the commercial grade systems resolution is

7nm. Due to the reduced resolution of the LVF the camera was not able to resolve individual

complex sharp peaks present in the fluorescent light data where peaks were found in close

proximity to one another. One example of this is the secondary peak at 578 nm, which merged

into the shoulder of the 610 nm peak but can be seen in the snapshot data as two separate peaks

(Figure 5.1). Given this inability to separate fine peaks, the DSLR is therefore not suitable for

looking at or identifying objects/substances with spectral signals comprised of many narrow peaks.

However, the DSLR is still applicable to coral survey applications due to the broad reflectance

and fluorescence peaks observed in coral spectra.
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5.3 Proof of Principle: Underwater Hyperspectral Imaging (UHI)

As stated in previous sections, UHI can present challenges as light absorption and scattering

are much stronger than in air, with different wavelengths of light being attenuated at different

rates dependent on depth. Using saltwater attenuation as an example, the water molecules,

dissolved salts, organic substances, and suspended particulates, all create a negative effect on the

penetrating light [198]. The variance in wavelength scattering from salt water derives from three

possible explanations; (i) scattering and reflection at the water/ air interface (sea state variable),

(ii) scattering and or (iii) absorption by particles within the body of water [219]. The technique is

also prone to traditional underwater optical challenges, such as water turbidity, the presence of

suspended particles of sand/silt/detritus in the water body which increase scattering, and the

refraction of the water-glass interface [135].

Due to the wavelength specific attenuation of light, the field of view of the imager makes a

significant difference because each wavelength sees the target with a different pathlength. It is

therefore especially important that every part of the scene is scanned by the entire filter, so that

the spectral information is present at each pixel so it can be mapped. This is particularly impor-

tant when generating the distances between the imager and object/scene, an action performed by

the Agisoft software, which are used in the correction algorithms as outlined in Chapter 3.

5.3.1 Materials and Methods

In order to validate this technique for underwater use, the Bi-Frost imager was placed in an

underwater case (product 6801.51, Ikelite, USA) and was used to image objects in a swimming

pool to demonstrate successful spectrally accurate underwater reconstructions. Images were

taken by swimming in double raster pattern as shown by Figure 5.5, the double raster pattern

was used to ensure the reconstruction process had sufficient overlap and coverage [135, 136] as

well as sufficient spectral information to generate full and complete hypercubes.

Figure 5.5: The raster pattern swimming pattern, used in the methodology for collecting under-
water hyperspectral data.
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Due to COVID-19 lockdown restrictions on leisure centres and swimming pools, the testing

was conducted in a private swimming pool with limited access. Ideally this test would have been

conducted multiple times and in a larger environment.

The objects of interest used in these tests were children’s pool toys, as they were bright,

bold distinctive blocks of colour allowing for comparisons to be made quickly and effectively.

Colour spectra were derived from regions of interest (ROIs) selected of the objects in spectral

processing software (ENVI V5.5, Harris Geospatial), average spectra were then generated for use

in comparisons.

The spectral data between 450-700 nm, the visible range of the camera, was compared

statistically using the PC test outlined in section 5.2.1.

5.3.2 Lighting Conditions

Lighting conditions especially in shallow environments, must be optimised. In direct sunlight any

ripples on the water’s surface scatters the light. These wave-focusing effects over the target scene

create problems with the reconstruction software as these are considered as ‘features’, which are

assumed to be permanent i.e. not moving or changing. The software can often return a complete

reconstruction under these conditions, however the digital elevation models (DEM(s)) contain

inaccuracies such as 3D peaks from where the ripples are considered as mountainous structures

in an otherwise flat environment (Figure 5.6). This warps the scene, making any 3D information

of any real points of interest skewed and therefore unusable.

Lighting conditions can be influenced by a number of factors, such as cloud cover, atmospheric

composition, sea/water state (roughness of waves) and the elevation of the sun with respect to the

water’s surface; these all combine to determine the quantity and quality of light [220]. Spectral

imaging is best done under ‘flat’ or ‘even’ lighting, where the sun is preferably at a ¼45o angle

to the water or obscured by cloud cover, giving a uniform light. This means no or few scattering

rays are present, enabling the best possible conditions for reconstructions. It is also important

to consider that lighting conditions remain constant throughout the scene during the imaging

process, as varying light conditions will not enable accurate data corrections to be made. As a

reference target is used for corrections, lighting conditions are required to be uniform across both

the scene and the target.
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Figure 5.6: Images of light scattering and its effect on reconstructions. A) Image from the DSLR
hyperspectral camera. B) Image from GoPro colour camera. C) 3D reconstruction of images under
lighting conditions where scattering patterns are present.

5.3.3 Initial Testing

In order to create accurate reconstructions using the photogrammetry software (Photoscan,

Agisoft), especially underwater, a balance is required to be struck, between parameters within

the reconstruction algorithm. In order to ’stitch’ one image to the next the software uses points

of interest, areas on the image that are distinct such as sharp lines/edges of objects, these are

matched then together with the same points on other images using two main parameters: key

point limit and tie points. The key point (Kps) limit is the upper limit of points of interest (or

feature points) on every image to be taken into account during the alignment process and tie

points (Tps) limit, the upper limit of matching points from the Kps to match or tie one image to

another.

During the initial tests, a problem quickly arose as the floor of the pool was plain white

in colour and largely featureless, making reconstruction more difficult for the software. Thus,

creating a balance to be made in the software settings between of the total number of matching

images used, which in turn changes the amount of overlap present between images. When using

the maximum number of images, the hypercube reconstruction process often yielded a ’bad’

reconstruction with high spectral data and the use of less images yielded a better reconstructions

but with less spectral data present. Due to the recording method of taking video and extracting

individual frames, the number of images used in a reconstruction is determined within the script

used to create the hypercubes. Varying tests were conducted on datasets to run different amounts

of images i.e. every frame and every 2nd /3rd /4th frame etc. Running every frame resulted in

slow data processing and ultimately resulted in spectral data not being able to be applied to the

generated mesh as shown in Figure 5.7A. It was found that every 3rd and 4th frame reconstructed

better scenes, but lacked enough spectral data to give full information across the scene (as shown

in Figure 5.7).
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Figure 5.7: A graphical representation of a 2D slice of the Hyperspectral reconstructions produced
using every frame (645 images) (A), every second (386 images) (B), third (257 images) (C) and
forth frame (193 images) (D). Outlining the trade-off between number of images used and the
resulting spectral resolution produced by the software. Where false colour was used to visualise
the spectral data, solid bands of colour represent areas of incomplete spectral data. The data
collected for every frame (A), was not able to be constructed as a hypercube hence the lack of
colour but was able to generate a digital elevation model (DEM) which is shown here.

In order to aid the reconstruction process in the pool environment, a sheet of high-density

polyethylene (HDPE) with a marked grid was used as a base for the images by providing

additional reference points for the software to stitch. Additional images were taken of the objects

on the grid background and reconstructed.

Figure 5.8: Above water reconstruction of objects (A), with a similar scene with same objects im-
aged underwater (B). A yellow metal box was added to the underwater scene to help demonstrate
the 3D reconstruction. The 3D information produced by reconstruction (B) shown in (C).
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In order to gain comparative data, objects were imaged above the water’s surface under

natural lighting conditions (sunlight) (Figure 5.8A). These same objects were then imaged below

the water’s surface (Figure 5.8B) and a correction was applied to account for the attenuation of

light through water.

As previously explained in the correction section in Chapter 2, light as it interacts with water

is first lost at the water’s surface as a result of scattering and the remaining light that penetrates

the water’s surface is then attenuated by the water itself, as it passes through the medium, which

is both wavelength and depth dependant. As such a correction for both factors was required to

account for these effects. This was achieved by first recording the attenuation factor of the water

using a calibrated target of known reflectance, this was achieved by imaging the target both

above the water’s surface and below it, at a known depth. By comparing the target’s spectra, data

was gathered about how the light signal was attenuated by the water. In this example because all

the objects were at roughly the same water depth, a single target was placed on the bottom of the

pool. Using this target, it was assumed that all the objects used were the same height and same

distance from the imager. In a marine environment with objects at varying depths, a tower of

targets (targets placed at different heights on a structure) would be used. This would enable the

correction to also account for height (Z), thus changing the amount of water between the imager

and the object, altering the attenuation.

In this instance as imaging took place below the water’s surface, a variation of Equation 3.4

(in Chapter 3) was used (Equation 5.4). The attenuation coefficient of water or k was derived as

shown in Equation 5.5, where UWr represents the underwater white reference target spectra

and ABWr, the white reference target spectra above the water’s surface. Here it is assumed that

the underwater objects are at the same height and so height (Z) was set to 1 in the equation. The

attenuation coefficient (k), which is a wavelength dependant factor, was produced and compared

against known values [221, 222] as shown Figure 5.9. The slight variation in the recorded value

for (k) against the literature [221, 222] is due to the literature values measuring (k) in ’pure’

water, where our value is in chlorinated water. The transmission of water’s surface interface was

also taken into account, where T is equal to the transmission of light through water as denoted

by the refractive indices of air (1 denoted by n1) and water (1.33 denoted by n2) (Equation 5.6)

[219]. As this experiment was conducted in a swimming pool the value for pure water was used,

in experiments using saltwater this value should be changed to 1.34. The raw spectra taken

above and below the water’s surface was compared as shown in Figure 5.10. The correction was

then applied to the spectra of the targets and then compared against the above water spectra of

the same objects as shown in Figure 5.11.
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Figure 5.9: A comparison of absorption coefficients (aw) of water as a function of wavelength (¸ )
and depth (m), where the shorter wavelengths (violet, blue and green) are weakly absorbed and
longer wavelengths (red) are highly attenuated. Data taken from [198, 221].
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Figure 5.10: A comparison of the white reference targets spectra taken above and below water’s
surface.

Figure 5.11: The spectra of objects taken above and below the water’s surface after correction
algorithm was applied to account for attenuation of light in water as denoted by the blue line
marked correction.

Table 5.2: Statistical comparisons, relative root square error (RMSE) and Pearson’s correlation
coefficient (R) values and significance (P) when comparing spectra shown in Figure 5.11.

Colour Normalised RMSE Pearson’s Correction coefficient
R P

Yellow Torpedo 0.04 0.92 4.34x10¡ 07

Red Torpedo 0.10 0.90 5.18x10¡ 18

The Pearson’s correlation coefficient R values (Table 5.2) show that the data, presented in
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Figure 5.11, was highly correlated to the known spectra taken above the water’s surface indicating

the overall shape of the spectra is not significantly different from one another. As evidenced by

the data (Figure 5.11), particularly the ’red torpedo’ spectra after 650 nm, the spectra increases

marking a distinct change from the known spectra. This effect is due to a lack of light detected at

these wavelengths in the underwater white reference target used in the red torpedo data, likely

as a result of incomplete spectral reconstruction. The quality of the reconstruction likely also

accounts for the signal noise observed in the yellow torpedo data. The realtive RSME results

(Table 5.2) show that the highest error between the data sets was 10% as seen in the red torpedo

data, likely this is attributed solely to the deviation after 650 nm.

A consideration that is important to note is that the correction assumes the light field remains

consistent as the imager scans over an environment. Any changes during imaging especially in

shallow water drastically alter the intensity and as such will result in poor data reconstruction

and correction.

Underwater testing also revealed that the reconstruction software (Agisoft, Photoscan) strug-

gles to stitch images with few physical features suitable as reference points. Environments with

featureless textures such as pool liners present a real challenge to stitching and a target such

as a checkered board should be used to help aid the process. Within a reef environment, there

are many unique features presented by corals/rock formations and so in this environment the

software should be able to derive sufficient reference points as shown in Chapter 7.

5.3.4 Fluorescence Reconstructions

As demonstrated, the Bi-Frost DSLR can reconstruct reflectance datasets with relative ease and

accuracy. Especially under uniform lighting conditions were the filter is evenly illuminated across

all wavebands. In order to determine its effectiveness with non-uniform illumination sources

such as those used in fluorescence measurements, data was collected of coral fluorescence excited

by 440 nm LEDs. Due to the spectral banding on the LVF and the reconstruction process used to

develop hyperspectral data, non-uniform data could cause the reconstruction process to struggle

or fail as each image only has a small working area of illumination. This drastically reduces

the number of points of interest (or feature points) able to be identified and used in the imaging

matching process. This process is crucial as it will ultimately determine the success and quality

of the hypercubes produced.

Whilst some hyperspectral data was produced using non-uniform lighting, it is not a reliable

method as most attempts fail in the stitching phase of the reconstruction. This is simply because

not enough points were able to be matched between images. As the filter scans across the non-

uniformly lit scene, parts of it will not have any information as there is no light at that wavelength

effectively reducing the cameras FOV.
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Due to this, the Bi-Frost imager is not recommended for fluorescence imaging. Simply put,

under non-uniform illumination the images taken by the DSLR are not reliable for use in the

reconstruction method used to generate hypercubes. To this end, the imager was not used to

collect fluorescence data in either the laboratory or field experiments.

5.4 Optimising Survey Techniques

To best maximise the effectiveness of the Bi-frost DSLR with regards to data collection, optimisa-

tions must be achieved to give a ‘best practices’ in terms of camera and operator considerations.

The quality and coverage of a hyperspectral survey, is largely dependent on the number of

images and sufficient overlap to generate good coverage of a survey area. To work out what

distance a delivery platform needs to be from a target, first the angle of view (AOV) of the camera

must be ascertained as well as its field of view (FOV) at various heights and how different

mediums affect this such as in air (Equations 5.7 & 5.8) and water (Equations 5.9 & 5.10).

(5.7) Angle of view (AOV ) Air Æ2£ arctan
µ

h
2 f

¶

(5.8) Field of view (FOV ) Air Æ2s £ tan
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AOV
2

¶
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sin

³
2£ arctan

³
h

2 f

´´
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(5.10) Field of view (FOV )Water Æ2s £ tan
µ

AOV water
2

¶

Where s is the focus distance, h is the frame dimension, f is the focal length, RI is the

refractive index of pure water (1.333) or saltwater (1.338 [at atmospheric pressure and between

24-99oC]) [223]. This enables us to apply various values for ‘s’ to work out the operating distances

of the camera as well as how much area is covered at each height. These calculations enable the

overlap distances to be worked out to ensure sufficient overlap not only for the reconstruction

but for the spectral information. Figure 5.12 shows the correlation between the distance from

the sensor and the FOV for the Bi-frost DSLR, both in air and in pure water. The difference

between the FOV generated for the two refractive indices is around 20cm at 10m and so in order

to account for the changes in salinity (both in salt content and temperature) pure water has been

used as the baseline.
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With the FOV established, the area covered by each frame at various distances can be

achieved to give an idea of coverage (Figure 5.13). With FOV we can calculate the speed at which

the delivery platform should move at, as well as the distance between the transects in order to

maximise the coverage and ensure the best quality spectral data.

Figure 5.12: A plot of the field of view (FOV) of the Bi-Frost DSLR at various distances in both
the medium of air and water.

Figure 5.13: The underwater field of view (FOV) and its associated area at different distances
using a 35mm lens on the Bi-Frost DSLR.
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In order to work out the forward overlapping between images, vital for reconstruction strength

Equation 5.11 was used, the equation was rearranged to generate the inter-photo distance (dint),

the distance between each image to the next (Equation 5.12). The inter-photo distance was

achieved by first calculating the average speeds of a diver in 3 categories (slow, medium and fast)

[224] and an arbitrary distance (10m) for the transects. These speeds could be recalculated on

the basis of a specific underwater vehicle or diver, but for the purposes of demonstration they

have been used to represent the average speeds able to be achieved by a human diver.

(5.11) Overlap Æ2h £ tan
µ

AOVWater
2

¶
¡ dint

(5.12) dint Æ2h £ tan
µ

AOVWater
2

¶

[1 ¡ ! ]

A high degree of overlap is required when using LVF’s as this directly impacts the quality of

the spectral data. As such LVF surveys require significantly more overlap with around 80-99%

overlap compared to the 60-80% [136] overlap used in basic RGB photogrammetry surveys. The

higher overlap is achieved by using the video mode on the Bi-Frost camera, which allows for 24Fps

to be achieved. This provides an overlap of above 95%, even when the imager is translated at

the fastest swimming speed. The side overlap or sidelap, was calculated using the recommended

overlap distances proposed by Drap, 2012 [225] of between 20-40% and Equation 5.12, where ! is

the overlap fraction (i.e. 20% overlap, then ! =0.2). This gives us the minimum distance required

between the transect lines, to achieve sufficient sidelap for the photogrammetry software. Using

these equations, a table was constructed (Table 5.3) to give the FOV, overlap and sidelap at

depths to 10m in 1m intervals, the standard depths likely to be encountered in shallow water

coral reef imaging.
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Table 5.3: Field of view (FOV), overlap and sidelap at different heights and speeds.

Distance
to tar-
get (m)

FOV
Length
(m)

FOV
Width
(m)

FOV
Diago-
nal (m)

Overlap
Slow
Speed
(0.26
m/s)

Sidelap
mini-
mum
Dis-
tance
(20%)

Overlap
Medium
Speed
(0.51
m/s)

Sidelap
stan-
dard
Dis-
tance
(30%)

Overlap
Fast
Speed
(0.78
m/s)

Sidelap
High
Dis-
tance
(40%)

1.00 0.51 0.34 0.62 98.05 0.27 96.10 0.24 94.14 0.20
2.00 1.02 0.68 1.24 99.02 0.54 98.05 0.47 97.07 0.41
3.00 1.54 1.02 1.86 99.35 0.81 98.70 0.71 98.05 0.61
4.00 2.05 1.35 2.47 99.51 1.08 99.02 0.95 98.54 0.81
5.00 2.56 1.69 3.09 99.61 1.35 99.22 1.18 98.83 1.02
6.00 3.07 2.03 3.71 99.67 1.62 99.35 1.42 99.02 1.22
7.00 3.59 2.37 4.33 99.72 1.90 99.44 1.66 99.16 1.42
8.00 4.10 2.71 4.95 99.76 2.17 99.51 1.90 99.27 1.62
9.00 4.61 3.05 5.57 99.78 2.44 99.57 2.13 99.35 1.83
10.00 5.12 3.38 6.19 99.80 2.71 99.61 2.37 99.41 2.03

Table 5.4: Speeds in meters per second and frame rates used in overlap calculations.

Speed Speed (m/s) Distance (m) Time taken
(s)

Number of
images (25
Fps)

Image per
(m)

Slow 0.26 10.00 38.46 961.54 0.01
Medium 0.51 10.00 19.61 490.20 0.02
Fast 0.78 10.00 12.82 320.51 0.03

5.5 Concluding Remarks

This chapter demonstrates the potential of the Bi-Frost imager as when compared to a commercial

grade system the Bi-Frost camera captured comparable data, whilst costing a fraction of the

price. The data captured was found to be not significantly different from spectra obtained on the

commercial system (r = >0.96). The key differences observed between the data sets were as a

result of the Bi-Frost system not being able to resolve narrow peaks as it has a lower spectral

resolution than the commercial system.

Comparisons against other known LVF based systems [184, 215] described in the literature

were not possible, as the articles focus primarily on the development of the filter technologies as

a pose to imagers made using them. Both studies did not compare to known spectra statistically

opting for a ’by eye’ approach.

However, the imagers are able to be compared more subjectively by comparing their relative

resolutions, range and cost. The system described in the Song et al., 2020 [215] was reported to

have a spectral resolution of 4.53 nm, which is higher than the Bi-Frost but the cost of the Song

et al., 2020 imager was not disclosed so cost comparisons were not able to be made. It should be
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noted this device is a snapshot imager and as such it would be reasonable to expect a higher cost

due to the intricate electronics required for internal translation. The DSLR system described

in the Renhorn et al., 2016 [184] paper contains the same LVF used in our imager and as such

will have comparable spectral qualities. Conversely, the process used to generate spectral data is

significantly different as is the cost, where the Bi-Frost is ¼1/3rd as expensive.

Underwater testing and comparison of data also found no significant difference between data

taken above and below the water’s surface (r = >0.90). The ’red torpedo’ data did however show

differences in intensity at < 650 nm after correction, this was likely a result of changing light

fields between and during measurements. It is then important moving forward to ensure both

comparison datasets are captured simultaneously.

Underwater testing also showed that when using the imager, especially in shallow water

environments, the imager would be best used in flat light conditions ideally in cloudy weather or

when the sun is at a low angle (¼45o) to the water (morning or afternoon). If imaging when the

sun is high, the wave conditions will play an important factor creating more or less scattering

depending on the sea state. Other parameters such as the methodology used (including speed and

distance) necessary to record the best data were also explored in this chapter, this information

will help to inform future reef survey techniques.

The results presented are promising for coral reef imaging applications as the Bi-Frost has

been shown to have comparable data acquisition to a high-end commercial system. The camera

was also able to capture comparable underwater spectra, whilst being more a more affordable

system than current existing systems outlined in Chapter 2.
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6
LABORATORY EXPERIMENTS

In this chapter, hyperspectral imaging was used to determine whether the coral bleaching

response could be accurately monitored using colour as an indicator. As coral’s symbiotic

partner Symbiodiniaceae contains the pigments Peridinin, Diadinoxanthin and Chlorophyll,

it is hypothesised that the spectral signals associated with these pigments, outlined further in

section 6.1.6, will decrease at the same rate when undergoing bleaching as the Symbiodiniaceae

is expelled. Studies on coral spectral reflectance [226–228] indicate that signals associated with

chlorophyll, in the red part of the spectrum, are able to provide an insight into coral degradation.

Furthermore studies on coral fluorescence [26, 229, 230], have shown that changes in the response

of GFP signal are known to be quick when exposed to light and thermal stress. These studies

using reflectance and fluorescence spectra primarily focus on single spectral markers or broad

signal areas. Current literature does not look at a combination of these signals. In this study we

will look at a series of key wavelengths that are associated with key pigments found within corals

and their symbionts. It is hypothesised that spectral signals associated with key pigments in the

refelctance and fluorescence spectra will significantly decrease as temperature increases.

The data in this chapter was primarily gathered using commercial grade hyperspectral

imagers (Specim, IQ & Headwall, Nano) to best characterise the response of the corals throughout

the bleaching process.

The preliminary experimental data was published in the Journal of Spectral Imaging, Hyper-

spectral Imaging as a Tool for Assessing Coral Health Utilising Natural Fluorescence. Volume 8

Article ID a7 (2019), doi: 10.1255/jsi.2019.a7 [100]. The following chapter represents an expanded

account of this published work.
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6.1 Materials and Methods

To gain an understanding of the intricate coral bleaching process and the mechanisms for

colour loss, the basic experimental materials and methods used were consistent. Parameters

that remained constant throughout the experiments such as water conditions and temperature

treatment are outlined below. Experiments that deviated from the core materials and methods

have additional sections to outline these differences.

6.1.1 Coral Samples

All coral samples used in these laboratory experiments were obtained from the Sealife London

Aquarium, where they were cultured. Coral species were selected based on their availability

by the aquarium. Many of the corals used in the laboratory experiments were originally larger

specimens and so to gain more samples, were split into smaller fragments or “frags”. This was

achieved by taking bone cutter pliers (14cm Bone Cutters, Liston) and cutting the skeleton into

smaller pieces, therefore creating biological replicates for the experiments. These frags were then

split into 3 equal groups: the 1st group underwent a bleaching treatment, the 2nd group remained

in a control tank and the 3rd group was the pretreatment group, where cells were counted prior

to treatment. The control and bleaching treatment periods between each experiment varied and

are outlined in each experiment specifically, after which the cells were counted.

In order to determine Symbiodiniaceae concentration, the endodermal cell layer needed to be

separated from the skeleton. A water flosser was used (Portal Oral Irrigator, Morpoint, China),

which concentrates a jet of water to remove coral tissue from the skeleton. The coral samples were

first removed from the aquarium tanks and rinsed in sterile seawater (SSW). Then the method

for measurement of Symbiodiniaceae concentration in the coral tissue proposed by Ben-Haim

[231] was used. The blastate (removed coral tissue) quantity was recorded including the 50 mL of

SSW used to strip the tissue. This was then decanted into a 15 mL Eppendorf tube and placed in

a centrifuge (Vanguard V6500, Hamilton Bell, USA). The sample was then spun at 3400 rpm for

3 mins until the heavier Symbiodiniaceae cells had settled into a solid compress at the bottom

of the tube. The excess liquid was then drained off and the puck resuspended in 5 mL of SSW,

then pipetted into a haemocytometer (Marienfeld, Germany) for cell counting. Cell counts were

repeated 8 times for each coral sample.

The use of the haemocytometer allowed for the calculation of the number of cells per mm2,

counts were then normalised to unit of area of corals. The surface area of the corals was deter-

mined using mobile 3D scanning software (EyeCue Vision Technologies LTD, Qlone, China) which

output a 3D render (.stl) of the coral sample. The stl file was loaded into a 3D analysis software

(Netfabb 2019, Autodesk, USA) which provided measurements of the 3D model including the

surface area calculation used to determine the aforementioned number of cells per coral surface

area (mm2).
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6.1.2 Water Treatment

The water used to populate the tanks was tap water, treated with chemicals (Prime treatment,

Seachem) to remove ammonia and chlorine. This was then combined with Reef Salt (Synthetic

Reef Salt, Aqua One, UK) at a ratio of 1kg of salt to 25 litres (L) of water. The water was mixed

in 25L ‘jerry cans’ using a pump with an air stone attached to thoroughly mix the water for a

period of 24 hours. Salinity was checked using a hydrometer (Tetratec, USA), which measures

the specific gravity of a liquid. The accepted salinity range for aquaria as per the manufacturer is

1.020 to 1.024 which corresponds to ¼28 ¡ 32 parts per thousand (ppt) or number of grams per

salt per kilogram of saltwater. The salinity was adjusted as necessary, either by the addition of

treated fresh water to lower salinity or reef salt to increase it.

The conditions of both tanks were monitored for parameter changes such as salinity, phos-

phates, and nitrates. These tests were conducted weekly using a Reef Test Kit (reef master test

kit, API, USA). All tests were conducted according to the respective methods outlined in the test

kit instruction manual. The water was treated regularly with a bacteria supplement and algae

reducing chemicals (prevent algae, API, USA). Corals were fed once a week with 2 grams of food

(Reef food, Nano, UK) throughout the whole experimental period.

Routine water changes were conducted on the tanks, once every two weeks with 10-15L of

water replaced each time. The aim of this was twofold, to reduce salinity as at higher temperatures

water had evaporated creating a more saline environment and to supply fresh nutrients.

6.1.3 Temperature Regime

The laboratory system was designed to provide reproducible temperature treatments under

recirculating conditions for a diversity of species of scleractinian corals. The system consists of

two tanks (Aqua One, NanoReef, 35L aquarium L33 x W33 x H33 cm) fitted with integrated life

systems, (Mariglow 15w LED light unit, NanoSkin 40 skimmer, 55W glass heater and 200L/hr

pump, filter media; sintered glass and sponge). The temperature was maintained by a 55W glass

heater and was monitored by two independent digital thermometers (RisePRO, thermometer)

with a resolution of 0.1oC, placed at the top and bottom of the tank.

For the experimental conditions, the two tanks were operated on different temperature

regimes. The coral samples representing each treatment group (control and bleach) were placed

into their respective tanks, at a baseline temperature of 24oC. In the experimental tank, the water

temperature was increased by 2oC each week, by adjusting the temperature of the 55W glass

heater. This slow ramped temperature increase was applied to allow the samples to acclimatise

to each new temperature. Increasing the temperature too rapidly without intervals would create

irreversible damage and ultimately kill the coral. This technique also allowed for more data to be

gathered on incremental changes occurring during bleaching events.

91



CHAPTER 6. LABORATORY EXPERIMENTS

The coral was imaged using the hyperspectral camera (outlined below) around three times

during each week in the temperature range 24-28oC, which represents the normal tempera-

ture range of coral, where bleaching is not expected to occur. At 30oC, the ‘typical’ bleaching

temperature, imaging was undertaken daily.

6.1.4 Hyperspectral Imaging

Corals samples were imaged using a commercial grade push-broom hyperspectral camera (Nano,

Headwall, USA) with a spectral range of 400-1000nm in 270 bands. As described in chapter

3, line scanning imagers such as the Headwall required translation to acquire data. This was

achieved using a motorised 360o rotational stepper motor stage.

The hyperspectral imager and rotational stage were mounted to a tripod and coral samples

were imaged in two light conditions (from 40cm away) as shown in Figure 6.1. White light was

used for reflectance measurements and blue light for fluorescence, (spectra outlined in Figure 6.2

[100]). The hyperspectral data collected by the Headwall camera and simultaneously compiled

into a hypercube by the cameras internal software. The hypercube was then loaded into ENVI

(Harris geospatial solutions, Version 5.5) for analysis. This enabled the coral reflectance and

fluorescence emission spectra to be observed and quantified by associating intensity values to the

spectral peaks identified below (section 6.2.5).

Figure 6.1: Experimental setup for hyperspectral imaging, where the imager was rotated on
a 360o stage scanning the full width of the tank (as shown by scanning path). Imaging was
conducted twice per tank; reflectance imaging under white light and fluorescence under blue
light, this is then repeated for both the experimental and control tanks.
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Figure 6.2: A combined spectrum of the LED emission wavelengths, (Blue light peak 448nm),
spectrum taken on a spectrometer (Flame, Ocean Insight, USA).

Traditionally hypercubes give a spectrum per pixel as shown in Figure 6.3. However, in order

to gather spectral data that is representative of the whole coral sample, the region of interest

(ROI(s)) tool in ENVI was used. The ROI tool was manually traced around the perimeter of each

coral sample and used to select and group all pixels within. The ROIs were then used to generate

average spectra of all pixels, generating an average spectrum per coral. This enabled average

condition across the whole coral sample to be assessed, where often thousands of individual

spectral points make up the sample. For data analysis, the coral spectra were exported from

ENVI and loaded into Matlab (Mathworks, Version 2020b) where the data was processed and the

incident light and the attenuation of light in water were corrected for.
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Figure 6.3: A hypercube loaded in ENVI where the spectrum for each pixel is quantifiable.

6.1.5 Data Corrections

Matlab was used to generate a script to gather and analyse all data from each experiment. First

data and key variables were loaded into the script. Coral data was initially organised by day,

where it was first converted to units of reflectance by using a white light correction as outlined in

Chapter 3, to allow for comparison across datasets. The corrected spectra were then grouped by

sample through time, giving a matrix of intensity values at every wavelength for each sample

period. Marker wavelengths associated with pigments (described below) were then subsampled to

make an additional matrix of intensity at the specific wavelengths through time. For each species

used in the experiments, an average spectrum was generated from all samples. These values

along with standard error of the mean were used to generate time resolved data sets (outlined

below).

6.1.6 Marker Wavelengths

Specific wavelengths were selected, which each gave an insight into different coral processes and

functions that could be used as a metric for health. The wavelengths used as markers in ‘health’

determinations in reflectance were; 574 & 607 nm representing the peaks of accessory pigments

Peridinin and Diadinoxanthin [57], 676nm Chlorophyll (Chl) absorption [76], 760 nm represented

a mix of the Chl oxygen absorption band [82] and Cyanobacteria [85]. In fluorescence; 511 nm

GFP fluorescence [26, 92] and 685 nm Chl fluorescence [77, 78].
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In order to directly derive this type of cell data, tissue samples would have been required to be

taken periodically throughout the course of the experiment. This would not have been practical

as it would cause the number of samples in each treatment group to decrease or corals to undergo

additional stress and damage, thus introducing bias. Consequently, despite these assumptions

the data is able to provide a useful indication of overall cell conditions through the course of the

treatment, and to a greater degree than intensity measurements alone.

6.1.7 Statistical Analysis

The cell data was compared statistically using an analysis of variance (ANOVA) test. This is a

statistical test to determine the extent to which an independent variable is a major component of

variability.

A Bonferroni post hoc analysis was also used in conjunction with the ANOVA test used in

the group cell data comparisons. This post hoc test was used to allow for multiple independent

statistical tests to be conducted between the treatment groups at the same time [232]. The test

states that the significance or p-value for each test must be equal to an alpha or significance level

(typically 0.05) divided by the number of tests performed, thus reducing false positive significance

values.

Statistical comparisons made between wavelength intensity, were conducted using a repeated

measures ANOVA test (rANOVA). This is an extension of the ANOVA test; which is the qualitative

independent variable or repeated measure factor is a within-subjects factor and the variable by

which sample are measured is the dependant variable. The within-subjects factor in this instance

is the treatment the samples are exposed to, for example the temperature and control treatment

groups and the dependant variable in these experiments is time. The rANOVA assumes the

following conditions: normality of residuals or error by time point and data sphericity and the

variances of the differences between all combinations of the related conditions or time points

are equal. The wavelength data was found to violate the assumption of sphericity and therefore,

a Greenhouse–Geisser correction was used to adjust the degrees of freedom (df) and F value

accordingly.

The results of both types of ANOVA are displayed as (F (1.665, 6.658) = 7.075, p = 0.025).

Where the F (1.665, 6.658) signifies the degrees of freedom (df) of the variable group followed by

the df of its error. The F value (7.075) is a ratio between the two square means of the comparison

datasets. The p value represents the significance of the F value and is considered significant if

the value is below the 0.05 threshold used to give 95% confidence.

6.1.8 Error Bars

The error bars on the graphs were produced using the standard error of the mean (SEM) value.
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6.2 Hyperspectral Imaging of Coral: Proof of Concept

In order to verify that coral fluorescence could be excited and imaged by hyperspectral imagers,

a preliminary assessment was undertaken by imaging a selection of live corals at the Sealife

London Aquarium. This experiment was conducted as an initial validation of the technique and

its suitability looking at coral samples.

6.2.1 Materials and Methods

Coral samples of a range of different species were used to gather typical responses of fluorescence,

across a broad range of emission spectra. The corals were designated individual identifying

numbers, which correlate to Table 6.1 and Figures 6.4 & 6.5. The samples were imaged as per

the method described in section 6.1.4. To elicit the fluorescence response, the aquariums UV LED

light bars (Aqua Illumination, Hydra 52 HDs) were used, with a peak emission maxima at 400

nm.

Table 6.1: Coral samples used in preliminary data taken at Sealife London Aquarium.

Coral Sample Species Coral Sample Species
C1 Seriatopora sp. C13 Montipora verrucosa
C2 Montipora digitata C14 Montipora capricornis
C3 Euphyllia glabrescens C15 Montipora verrucosa
C4 Euphyllia glabrescens C16 Montipora capricornis
C5 Montipora sp. C17 Montipora confusa
C6 Sarcophyton sp. C18 Echinopora lamellosa
C7 Montipora verrucosa C19 Montipora capricornis
C8 Montipora capricornis C20 Montipora capricornis
C9 Montipora capricornis C21 Echinopora lamellosa

C10 Montipora capricornis C22 Montipora capricornis
C11 Montipora digitata C23 Montipora capricornis
C12 Acropora simplex
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Figure 6.4: A false colour image slice from the hypercube of the coral test tank at Sealife London
Aquarium, corals numbers correspond to the spectral data presented in Table 1.1. Colours set at
R:627 G:503 B:436.

Figure 6.5: A top down RGB photomosaic of the coral test tank at Sealife London Aquarium,
corresponding to the hyperspectral image shown in Figure 6.4.
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6.2.2 Results

Figure 6.6: A combined plot of spectra generated from hypersectral data generated from regions
of interest, highlighting all fluorescence visible on the hypercube image as shown in Figure 6.4.

6.2.3 Discussion of Preliminary Testing

As shown in Figure 6.6, the spectra of the corals selected from the data indicated that the

corals mostly contained FPs fluorescing in the cyan or green wavelengths (¼ 445-516 nm). The

primary peaks were used to indicate the FP emission and its respective colour group. Corals

that fluoresced in cyan, as classed by Alieva et al. 2008 [92], were as follows; C1 (459 nm) and

C2 (445 nm). Those that fluoresced in the green were C3 (481-501 nm), C4 (503 nm), C6 (481

nm), C9 (481-494 nm), C10 (490 nm), C11 (481 nm), C14 (481 nm), C15 (496 nm), C16 (469 nm),

C17 (519 nm), C18 (492 nm), C19 (492-496 nm), C21 (496 nm) and C23 (496-516 nm). Some of

the corals did not exhibit any fluorescence such as; C5, C7, C12, C13, C20 and C22. As such

these non-fluorescent corals, provided a suitable control for the comparison of fluorescent vs

non-fluorescent coral spectral profiles.

The spectral data obtained also revealed that some samples exhibited a distinctly weaker

secondary emission peak, suggesting the presence of dual colour fluorescence. This was observed

most notably in sample C2, which displayed a main peak at 445 nm (cyan) and a weaker one

at 510 nm (green). Other samples exhibited wide emission peaks, indicating the same dual

fluorescence in similar colour bands not able to be distinguished from one another by the imager.

The presence of CHL-a fluorescence at 685 nm could also be distinguished, this signal was notably

weaker than that of the FPs. This preliminary trial of the experimental set-up was used as the

basis to validate the use of hyperspectral imaging for subsequent experiments.
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6.3 Experiment 1

6.3.1 Aims

This experiment sought to provide further insight and establish the validity of hyperspectral

imaging as a tool to detect signal loss, in both reflectance and fluorescence, during the coral

bleaching process.

6.3.2 Materials and Methods

Six different species of corals were selected, based upon their differing morphologies and type

to gain a broad understanding of bleaching response. Two samples of each coral species were

used; Sarcophyton glaucum (SGLA), Merulina ampilata (MAMP), Echinopora lamellose (ELAM),

Acropora millepora (AMIL), Montipora digitata (MDIG), and Montipora capricornis (MCAP)

(shown in Figure 6.7). The experiment was set up as per the laboratory bleaching method outlined

in the materials and methods section.

The temperature regime was as follows, with day 0 corresponding to 24oC, days 1-7 to 26oC

and days 8-13 to 28oC. Hyperspectral imaging was conducted every day. bleaching as detected by

eye was established after 14 days at which point the experiment was concluded.

Figure 6.7: L) The sample corals for the preliminary bleaching experiment under white light
illumination. R) shows coal fluorescence illuminated under 440nm blue lights. Numbered to
identify the species, (1) Sarcophyton glaucum (SGLA), (2) Merulina ampilata (MAMP), (3)
Echinopora lamellosa (ELAM), (4) Acropora millepora (AMIL), (5) Montipora digitata (MDIG),
(6) Montipora capricornis (MCAP).
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6.3.3 Results

The two individuals of ELAM exhibited two main fluorescence peaks (as shown by Figure 6.8), a

peak at 514nm (GFP) which was visible by eye under UV conditions and a secondary peak 685

nm (Chl fluorescence) not visible by eye. These same peaks were observed in the MDIG samples

(Figure 6.9). The peaks are clearly visible pre-bleaching and are diminished post bleaching.

Temperature stress affected intensity of marker wavelengths within the coral samples in

both reflectance and fluorescence measurements (Figures 6.9 & 6.10). A majority of the marker

wavelengths displayed an overall increase in intensity as temperature was increased.

Figure 6.8: Normalised spectrum highlighting the difference in fluorescence signal of ROIs of
Echinopora lamellosa (ELAM) pretreatment and post bleaching (Right). (Left) An Enhanced
spectrum of emisson peaks at 514nm (GFP) and 685nm (Chl fluorescence) pretreatment and post
bleaching.
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Figure 6.9: Raw & corrected reflectance spectra and spectra of key wavelengths of Montipora
digitata (MDIG) over time imaged under white light in experiment 1. The average intensity at
each wavelength per day of treatment is presented, where the temperature regime is represented
as the blue section corresponding to 24oC, green to 26oC and yellow to 28oC.

Figure 6.10: Raw & corrected fluorescence spectra and spectra of key wavelengths of Montipora
digitata (MDIG) over time imaged under blue (440 nm) light in experiment 1. The average
intensity at each wavelength per day of treatment is presented, where the temperature regime is
represented as the blue section corresponding to 24oC, green to 26oC and yellow to 28oC.
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6.3.4 Discussion

During the aclimatisation period before the start of experimental treatments, a nitrate spike in

the water samples was observed. This rapid increase of phosphate triggered the bleaching process

in a selection of the coral samples within the tank, including both ELAM samples. Whilst this

was not the intended method to induce bleaching, it resulted in the same outcome. Hyperspectral

data was taken before and after the event as shown in Figure 6.8, consequently this gave a

preliminary insight into the differences in spectra before and after a bleaching event.

Whilst some of the samples bleached earlier than anticipated and no heat treatment or

prolonged imaging could be conducted, this provided an insight into the technique and highlighted

the need for careful monitoring of the water quality.

The remainder of unaffected corals, namely a single sample of Montipora digitata (MDIG),

was used to undergo the thermal treatment, as per the original experimental aim. It is important

to note that the primary stressor used to bleach the coral in this experiment was increased

temperature. However, other stressors likely also aided in this process such as the previously

described phosphate spike.

Whilst water conditions were monitored weekly, a spike in nitrate levels during week two of

the thermal treatment was observed (see Appendix Table A.2). This was mitigated with a partial

water change and further treatment of the water. However, the bleaching response is largely

consistent across most stressors resulting in the same outcome of Symbiodiniaceae expulsion

from the host coral, which was the aim of the experiment. The use of smaller aquaria in the

experiment resulted in increased instability in water quality, as smaller changes in physical or

chemical properties resulted in significant effects on the water condition. Therefore, the use of

larger aquaria or a sump tank, which is an additional tank used for filtering, would result in

more tolerance to changes in water properties. However, these solutions come at additional cost

and space, both of which were limited and as such proved to be prohibitive.

The white light spectrum (Figures 6.9) provides an idea of pigments within the coral tissue

which can be seen to be increasing in intensity, which is counter intuitive to the perceived

bleaching response. The observed trend is indicative of previous studies indicating that higher

temperatures (up to a certain level) can enhance metabolic processes such as calcification and

coral growth [116]. On day 13, the levels of accessory pigments Peridinin and Diadinoxanthin

(574nm, 607nm) and Chl absorption (676nm) appear to decrease. This decrease was ascribed

to the temperature threshold for bleaching being reached, indicating the imminent loss of

Symbiodiniaceae. The trend depicted by the Chl-a oxygen absorption band and Cyanobacteria

(760 nm), was distinct from the other wavelengths with an immediate decrease followed by two

subsequent peaks, ultimately resulting in an overall decrease by day 13. This appears to be

indicative of an active response by the coral and its Symbiodiniaceae community to try to combat

the temperature increase, by increasing photosynthetic rate to produce energy. Ultimately, the

corals temperature threshold was exceeded resulting in cell expulsion.
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The use of the blue light source (spectra illustrated in Figure. 6.2) enabled the observation of

different fluorescence signatures emitted by the primary constituents’ FPs and Symbiodiniaceae

Chl. The FP signal (Figure 6.10) gave an indication of the various FPs that make up the coral’s

symbiotic community. The intensity of the fluorescence signals observed was typically significantly

weaker in comparison to the excitation light source. The GFP emission throughout the experiment

follows the pattern observed by the reflectance data, with a noted decrease from start to end. The

Chl fluorescence marked a steady decrease as Chl containing Symbiodiniaceae were expelled,

this trend was more exaggerated in the reflectance data (676 nm).

Hyperspectral data presents a number of opportunities to gather information about the health

of the coral. Using the markers (as outlined in section 6.2.5), direct observations can be made on

the major constituents of coral symbionts. Measurements into Chl reveal estimates of the amount

of Symbiodiniaceae present within the coral tissue and a metric for the amount of bleaching that

has taken place. Whereas, observations into FPs provide insight into the defensive mechanisms

employed by coral against stressors such as the proposed role of FPs as a sunscreen effect for

regulating the light environment [66]. Therefore, by measuring the intensity of the excitation

source reflected by the coral, inferences can be made into the number of FPs present in the coral

tissues. Using a combination of these ‘markers’, coral ‘health’ assessments and bleaching status

can be made non-invasively.
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6.4 Experiment 2: Montipora Spp.

6.4.1 Aims

The following experiment sought to contextualise the bleaching process in terms of cell density

loss relative to the recorded light reflectance or fluorescence intensity, as such cell data was

taken of corals before and after the heat treatment. Data taken before treatment represents the

pretreatment group and data collected after, the bleach and control groups. A number of studies

were conducted on the species Montipora to further study the response of coral samples spectral

profiles in response to the bleaching process and are outlined below.

6.4.2 Materials and Methods

The coral species used in this experiment were: experiment 2.1 used 9 total frags (C1-9) of

Montipora digitata (MDIG), experiment 2.2 used 18 total frags (C1-18) of Montipora capricornis

(MCAP), experiment 2.3 used with 12 total frags (C1-12) Montipora confusa (MCON), experiment

2.4 used Montipora confusa (MCON) with 6 frags (C1-6) and finally in experiment 2.5 12 frags of

Montipora capricornis (MCAP) were used. These frags were then randomly split into the three

treatment groups, pretreatment, control and bleach, as outlined previously in section 6.1.1.

All the experiments followed the same temperature regime and was as follows, with day 0

corresponding to 24oC, days 1-7 to 26oC, days 8-14 to 28oC and finally days 15-22 to 30oC.

In experiment 2.1 hyperspectral data was gathered at the start and end of the first 2 weeks,

as well as an additional collection in the middle of week 2. Imaging was conducted every day in

the final week, until the samples bleached after a total of 17 days at which point the experiment

was concluded. To better capture the initiation point of the bleaching process, the rate of imaging

was increased to daily rather than incrementally through the week in experiments 2.2-2.5

Experiment 2.4 & 2.5 used a different hyperspectral camera, the snapshot hyperspectral

imager (Specim, IQ). As outlined in Chapter 3, snapshot imagers do not require translation and

so the imager was mounted directly to a tripod without the rotational stage. The samples were

imaged from the same distance as previous experiments in order to keep parameters the same.

To determine Symbiodiniaceae concentration, the water picking method was employed along

with 3D scans of the corals for cell surface area measurements (Figures 6.13) as outlined in the

materials and methods section 6.2.1.
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Figure 6.11: The 3D reconstructions of the corals produced by Qlone app. Corals numbered left
to right starting at top left. With Montipora digitata (MDIG) samples C1-C6 in experiment 2.1,
Montipora capricornis (MCAP) samples C1-C18 experiment 2.2, Montipora confusa (MCON)
with 12 total frags (C1-12), experiment 2.3, Montipora capricornis (MCAP) samples C1-C12
experiment 2.4 and Montipora confusa (MCON) with 16 total frags (C1-6) experiment 2.5.
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6.4.3 Results

6.4.3.1 Symbiodiniaceae Cell Density

The final cell counts observed in experiment 2.1 (Figure 6.12), represent an a-typical trend from

what was expected.

All the samples on the first day of treatment, as represented by the pretreatment cell counts

(1.49 £ 103), were at a similar rate to that of the bleached group (1.33 £ 103) at the end of the

thermal treatment. However, the control group was significantly higher (2.37£ 103) at the end of

the experiment likely due to the fact the samples were able to recover in a stable environment.

The data for experiment 2.2 (Figures 6.12) showed the expected trend with the pretreatment

group having the highest cell density and intensity (excluding the clear outlier in stressed

group, sample 3). Experiment 2.3 (Figure 6.12) showed the expected trend of the control and

pretreatment groups being roughly similar with the stressed group displaying lower cell counts.

The final experiments (2.4 & 2.5) cell counts (Figure 6.12), revealed significantly lower cells

observed in the control groups, when compared to the pretreatment group.

Comparisons were made on the effectiveness of the treatments on Symbiodiniaceae cell counts

(Figures 6.16-6.18), using one-way analysis of variance (ANOVA) tests.

In experiments 2.2 & 2.5, the ANOVA result showed a significant difference in mean cell

count loss observed across the 3 groups (F (2, 15) = 9.262, p = 0.002) & (F (2, 9) = 4.470, p =

0.045) respectively. Bonferroni post hoc tests showed that in experiment 2.2, the bleach group was

significantly different to the pretreatment (F(2,15) = 9.262, p = 0.002) but not when compared to

the control group (p=0.189). However in experiment 2.5, the bleach group was found to be not

significantly different when compared against the control (F(2,9)=4.470, p = 0.059). A significant

difference was also observed between the control and pretreatment groups (F(2,15) = 9.262, p =

0.110) in experiment 2.2 but this was not reflected in experiment 2.5.

Conversely in experiments, 2.1, 2.3 & 2.4, no significant difference was found in the mean cell

loss observed across the 3 groups (F (2, 6) = 4.907, p = 0.055), (F (2, 9) = 2.469, p = 0.140) & (F (2,

3) = 2.465, p = 0.233) respectively. Bonferroni Post hoc tests showed that in all experiments, the

bleach group was not significantly different to that of the pretreatment or control group. There

was also no significant difference observed between the control and pretreatment groups.
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Figure 6.12: Symbiodiniaceae density from Montipora digitata (MDIG) samples C1-C6 in experiment 2.1, Montipora capricornis (MCAP)
samples C1-C18 experiment 2.2, Montipora confusa (MCON) with 12 total frags (C1-12) experiment 2.3, Montipora capricornis (MCAP)
samples C1-C12 experiment 2.4 and Montipora confusa (MCON) with 16 total frags (C1-6) experiment 2.5. The colours denote treatment
group with blue corresponding to the bleach treatment, orange to the control and green to the pretreatment.
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6.4.3.2 Reflectance Spectra

The raw and corrected reflectance spectra of the final data collections of each sample arranged

by treatment group (Figures 6.13-6.17) show the differences observed in the profile of the coral

spectral signal at each stage in the treatment process. As shown in the data (Figures 6.13-6.17)

the peaks at 450 nm & 500-600 nm are removed from the raw to corrected spectra, these peaks

represent the emission peaks of the light source used.

Reflectance measurements of wavelengths associated with the key pigments Peridinin

and Diadinoxanthin (574nm and 607nm) (Figures 6.13-6.17), were compared statistically us-

ing a rANOVA test. The interaction between time and treatment was found to be signifi-

cant in experiments in Peridinin measurements in all experiments (F (1.665, 6.658) = 7.075,

p = 0.025), (F(3.422,34.225) = 4.666, p = 0.006) and (F(1.674,10.046) = 4.819, p = 0.039),

(F(1.831,3.663) = 15.269, p = 0.017), except for experiment 2.5 where it was found to not be

significant (F(1.458,8.747) = 0.654, p = 0.497). This same trend was also observed in the Diadi-

noxanthin data.

The Chl absorption (676nm) (Figures 6.13-6.17) response, was similar to that of Peridinin

and Diadinoxanthin signals with a significant effect observed in time £ treatment across all

experiments with the same exception of experiment 2.5 which was found to be not significant

(F(1.539,9.236) = 0.868, p = 0.424). The same interaction was found to be significant in the

Cyanobacteria and Chl oxygen absorption band signal (760 nm) in all experiments except

experiment 2.4 (F(1.581,3.161) = 3.839, p = 0.142).

The factor of time was found to be significant across all experiments and wavelengths.
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Figure 6.13: Raw & corrected reflectance spectra and reflectance of key wavelengths of Montipora
digitata (MDIG) over time imaged under white light in experiment 2.1. The average intensity at
each wavelength per day of treatment is presented, where the temperature regime is represented
as the blue section corresponding to 24oC (the control stayed at this temperature throughout),
green to 26oC, yellow to 28oC and red to 30oC.

Figure 6.14: Raw & corrected reflectance spectra and reflectance of key wavelengths of Mon-
tipora capricornis (MCAP) over time imaged under white light in experiment 2.2. The average
intensity at each wavelength per day of treatment is presented, where the temperature regime is
represented as the blue section corresponding to 24oC (the control stayed at this temperature
throughout), green to 26oC, yellow to 28oC and red to 30oC.
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Figure 6.15: Raw & corrected reflectance spectra and reflectance of key wavelengths of Montipora
confusa (MCON) over time imaged under white light in experiment 2.3. The average intensity at
each wavelength per day of treatment is presented, where the temperature regime is represented
as the blue section corresponding to 24oC (the control stayed at this temperature throughout),
green to 26oC, yellow to 28oC and red to 30oC.

Figure 6.16: Raw & corrected reflectance spectra and reflectance of key wavelengths of Mon-
tipora capricornis (MCAP) over time imaged under white light in experiment 2.4. The average
intensity at each wavelength per day of treatment is presented, where the temperature regime is
represented as the blue section corresponding to 24oC (the control stayed at this temperature
throughout), green to 26oC, yellow to 28oC and red to 30oC.
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Figure 6.17: Raw & corrected reflectance spectra and reflectance of key wavelengths of Montipora
confusa (MCON) over time imaged under white light in experiment 2.5. The average intensity at
each wavelength per day of treatment is presented, where the temperature regime is represented
as the blue section corresponding to 24oC (the control stayed at this temperature throughout),
green to 26oC, yellow to 28oC and red to 30oC.
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6.4.3.3 Fluorescence Spectra

The raw and corrected fluorescence spectra of the final data collections of each sample arranged

by treatment group (Figures 6.18-6.22) show the differences observed in the profile of the coral

spectral signal at each stage in the treatment process. As shown in the data (Figures 6.18-22)

the peak at 450 nm was removed, which corresponds to the emission peak of the UV light source

used.

In the GFP and Chl fluorescence signals (Figures 6.18-22), a reduction in signal across both

groups over the course of the experiment was observed. The effect of treatment and time was

found to not be significant in GFP signal across all experiments except in experiment 2.2 where

the effect was significant (F(2.749,27.486) = 30.28, p = 0.0001). The response of Chl fluorescence

was found to not be significant in all experiments except 2.2 and 2.3 (p = 0.001).

The factor of time was found to be significant across all experiments and wavelengths.

Figure 6.18: Raw & corrected fluorescence spectra and fluorescence of key wavelengths of Mon-
tipora digitata (MDIG) over time imaged under blue (440 nm) light in experiment 2.1. The average
intensity at each wavelength per day of treatment is presented, where the temperature regime is
represented as the blue section corresponding to 24oC (the control stayed at this temperature
throughout), green to 26oC, yellow to 28oC and red to 30oC.
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Figure 6.19: Raw & corrected fluorescence spectra and fluorescence of key wavelengths of Mon-
tipora capricornis (MCAP) over time imaged under white blue (440 nm) in experiment 2.2. The
average intensity at each wavelength per day of treatment is presented, where the temperature
regime is represented as the blue section corresponding to 24oC (the control stayed at this
temperature throughout), green to 26oC, yellow to 28oC and red to 30oC.

Figure 6.20: Raw & corrected fluorescence spectra and fluorescence of key wavelengths of Mon-
tipora confusa (MCON) over time imaged under blue (440 nm) light in experiment 2.3. The
average intensity at each wavelength per day of treatment is presented, where the temperature
regime is represented as the blue section corresponding to 24oC (the control stayed at this
temperature throughout), green to 26oC, yellow to 28oC and red to 30oC.
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Figure 6.21: Raw & corrected fluorescence spectra and fluorescence of key wavelengths of Mon-
tipora capricornis (MCAP) over time imaged under blue (440 nm) light in experiment 2.4. The
average intensity at each wavelength per day of treatment is presented, where the temperature
regime is represented as the blue section corresponding to 24oC (the control stayed at this
temperature throughout), green to 26oC, yellow to 28oC and red to 30oC.

Figure 6.22: Raw & corrected fluorescence spectra and spectra of key wavelengths of Montipora
confusa (MCON) imaged under blue (440 nm) light in experiment 2.4. The average intensity at
each wavelength per day of treatment is presented, where the temperature regime is represented
as the blue section corresponding to 24oC (the control stayed at this temperature throughout),
green to 26oC, yellow to 28oC and red to 30oC.
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6.4.4 Discussion

These experiments showed that thermal stress has differing effects on marker wavelengths

associated with key pigments. In this study, reflectance measurements found that there was a

majority significant effect on the signals at 574 nm, 607 nm and 676 nm between the treatment

groups indicating the potential of these pigments to be used as coral health indicators. The

presented data also helps to validate previous studies that indicate that reflectance spectra of

’healthy’ corals vs bleaching or bleached corals are spectrally distinct [233].

In Fluorescence measurements, GFP signal declined in all experiments, this is inline with

previously reported echinoderm studies where GFPs have been stated to be highly reactive in

response to stressors [26, 103, 111, 234]. One such study observed rapid reductions, thought to

be as a result of GFPs acting in an antioxidant role leading to its depletion in times of stress [26].

However, in this study the effects of thermal stress on GFPs were only found to be significant

in experiment 2.2. This indicates the corals were stressed to an extent, where the expulsion of

GFPs occurred irrespective of temperature treatment.

The cell data provides further insight into the state of corals prior to treatment. As shown

in Figures 6.16-6.18 the cell counts observed in each group varied. The expected trend would

be pretreatment and control groups having the highest cell counts and the bleach group the

lowest. However as demonstrated in Figures 6.14, the bleach treatments didn’t always follow this

trend. This is indicative of natural resilience displayed by corals that did not bleach within the

temperature treatment and coral bleaching occurring in the control treatment [120]. The latter

supports the conclusion that a number of the coral samples were likely undergoing stress upon

arrival from transport which is particularly prevalent in experiments 2.1, 2.4 & 2.5 (Figure 6.12).

The number of coral samples able to be obtained was limited in experiments 2.4 & 2.5,

due to the condition of the coral upon arrival. COVID-19 travel rules restricted non-essential

travel and so corals were transported via delivery courier. This resulted in samples arriving in

significantly poorer condition, with many samples bleached and/or without water. This resulted

in low survivability of specimens to frag, severely limiting the number of samples able to be used,

this was especially evident in experiment 2.5 where only two samples per group were able to be

salvaged.

As shown by the data, bleaching was able to be observed from a spectral stand point and the

data collected was able to detect bleaching from the outset of the experiments. The wavelengths

associated with key pigments were able to be isolated and monitored from the hyperspectral data,

thus indicating the validity of the method for use in coral ’health’ assessments. Whilst some of

the data showed unexpected outcomes, it does highlight the effect of natural variance and the

errors that are introduced in small sample sizes. This type of error could be reduced by the use

of larger sample sizes, however coral samples were obtained based on availability from Sealife

London Aquarium.
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6.5 Experiment 3: Echinopora lamellosa (ELAM)

6.5.1 Aims

This experiment sought to build from the previous experiments. More replicates were used to

acquire further evidence of the relationship of the wavelengths associated with key pigments,

the bleaching response and to reduce the errors associated with small sample sizes. Additional

evidence aided in indicating a uniform detection response for different types of Hermatypic corals.

The use of different genera also allowed for a picture of the spectral bleaching behavior to be

established, furthering our understanding of a ‘typical’ response.

6.5.2 Materials and Methods

The coral species used in experiment 3 was Echinopora lamellosa (ELAM) with 36 total frags

(C1-36) (3D reconstructions shown in Figure 6.23). These frags were split into treatment groups

as outlined in section 6.1.1, with 12 samples in each treatment. A second experiment was intended

to be run but the samples arrived in poor condition, with bleaching already prevalent and so were

not used.

The conducted experiment was terminated early due to the COVID-19 pandemic, as all non-

essential experiments were required to cease as per university policy. The control and bleaching

treatments lasted 1-week in total, the temperature was only able to be increased from the starting

temperature of 24oC (day 0) to 26oC (days 1-7) in the experimental tank. The coral had however

bleached, likely due to water quality issues or induced stress from the fragging process. While

this experiment did not follow the usual lab procedure/methodology, the coral samples were

imaged routinely, and cell data collected over the course of a bleaching episode. Consequently,

this dataset contributes to the larger picture of hyperspectral coral ‘health’ assessments and so

was included in this body of work.
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Figure 6.23: The 3D reconstructions of the corals Echinopora lamellosa (ELAM) with 36 total
frags (C1-36) in experiment 2.3 produced by Qlone app. Corals numbered left to right starting at
top left.

6.5.3 Results

6.5.3.1 Symbiodiniaceae Cell Density

A one-way ANOVA was used to compare the effectiveness of the treatments on final Symbiodini-

aceae cell counts (Figure 6.26). There was a significant difference in mean cell count loss observed

across the 3 groups (F (2, 33) = 5.162, p =0.011). The Bonferroni Post hoc test revealed that the

bleach group was significantly different when compared against the control (p= 0.013). There

was no significant difference observed between control and pretreatment groups (p= 0.067).
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Figure 6.24: Symbiodiniaceae counts Echinopora lamellosa (ELAM) with 16 total frags (C1-36). experiment 4. The colours denote
treatment group with blue corresponding to the bleach treatment, orange to the control and green to the pretreatment.
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6.5.3.2 Reflectance Spectra

The Peridinin and Diadinoxanthin (574 nm and 607 nm) signals (Figure 6.25), showed significant

differences in the response to the heat treatment (F(1,22) = 12.546, p = 0.002), (F(1,22) = 13.298,

p = 0.001) as well as in the interaction between treatment and time (F(1.769,38.924) = 10.533, p

= 0.0001), (F(1.787,29.320) = 11.007 , p = 0.0001).

The Chl absorption signal at 676nm (Figure 6.25), showed the same decrease at day 1 followed

by steady increase mirroring the response of the chloroplasts (574 & 607 nm). As reflected in the

rANOVA, where treatment (F(1,22) = 25.038, p = 0.0001) was found to be a significant factor as

was the interaction between the two (treatment and time) (F(1.986,43.684) = 11.312, p = 0.0001).

The oxygen absorption band (Chl-a fluorescence) and Cyanobacteria signal at 760 nm (Figure

6.25), showed a gradual decrease in intensity in the bleach group to day 6 where it increased

again. The interaction between time and treatment was found to be significant (F(2.277,50.084)

= 12.313, p = 0.0001).

The factor of time was found to be significant across all experiments and wavelengths.

Figure 6.25: Raw & corrected reflectance spectra and reflectance of key wavelengths of Echinopora
lamellosa (ELAM) over time imaged under white light in experiment 3. The average intensity at
each wavelength per day of treatment is presented, where the temperature regime is represented
as the blue section corresponding to 24oC (the control stayed at this temperature throughout),
green to 26oC, yellow to 28oC and red to 30oC.
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6.5.3.3 Fluorescence Spectra

The GFP fluorescence data (Figure 6.26), showed a decrease in both bleaching and control groups

at similar rates. The factor of treatment was found to not be significant (F(1,22)= 2.046, p =

0.167), as was the interaction between treatment and time (F(2.582,56.808) = 1.587, p = 0.208).

However, time was revealed to be a significant factor (F(2.582,56.808) = 91.900, p = <0.0001).

Chl fluorescence reduced in both treatment groups and resulted in no significant difference

between the treatments (F(1,22)= 0.389, p = 0.539) being observed. The interaction between

treatment and time (F(3.357,73.847) = 2.544, p = 0.056) was also found to not be significant.

Figure 6.26: Raw & corrected fluorescence spectra and fluorescence of key wavelengths of Echino-
pora lamellosa (ELAM) over time imaged under blue (440 nm) light in experiment 2.1. The
average intensity at each wavelength per day of treatment is presented, where the temperature
regime is represented as the blue section corresponding to 24oC (the control stayed at this
temperature throughout), green to 26oC, yellow to 28oC and red to 30oC.
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6.5.4 Discussion

This experiment showed the ability of the method to be scaled up by using more replicates to

generate more statistically robust data.

In the reflectance spectral data (Figure 6.25), changes in wavelength intensity associated

with the key pigments found at 574nm, 607nm, 676nm and 760nm were found to be significantly

different between treatments, with the latter pigment (676 nm) having direct ties to the photo-

synthetic efficiency of the symbionts [134]. Thus providing further evidence of the suitability of

reflectance wavelengths for markers and help to validate the claim that reflectance signals are

able to provide a more consistent overall health assessment over fluorescence signals [235]. The

data also showed a decrease in intensity around day 1 followed by a steady increase. We speculate

that this is indicative of a ‘fight or flight’ response, to generate more chloroplasts (Diadinoxanthin)

thus increasing energy production through photosynthesis to help to combat stressors. Previous

studies suggest that this could be verified by the use of photosynthetic activity measurements

[226].

The significant difference observed in the Chl absorption wavelength (676 nm) between

treatment groups (F(1.986,43.684) = 11.312, p = 0.0001), indicates that a selective harbouring of

photosynthetic symbionts and expelling non-photosynthetic ones such as fluorescent proteins

could be taking place. This is supported in previous literature [67–71] looking at the idea of the

adaptive bleaching strategy (ABS).

This selective process could also indicate the coral values the production of energy from

Symbiodiniaceae over additional benefits offered by other symbionts such as sunscreening from

FPs [26, 66] as evidenced by the decline observed in the GFP data (Figure 6.26). This selective

behaviour was also observed in the previous experiments and within other coral species in this

study. It can therefore be concluded that this is not an isolated response but rather a coordinated

one, expressed by all corals to try to ensure better survivability when facing stressors. The

selective response enables the corals to expel any non-essential functions or symbionts and

enable full focus of its resources towards the production of energy via photosynthesis. This is

achieved by selectively harbouring Symbiodiniaceae clades that are more photosynthetically

efficient.
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6.6 Experiment 4: Bi-Frost DSLR comparison

6.6.1 Aims

The following experiment sought to further act as validation of the Bi-Frost imager, developed in

Chapters 4 and 5. The Bi-Frost camera was used to capture coral reflectance during the bleaching

process, this data capture was undertaken alongside the Specim IQ used in experiment 3.

By comparing the data captured by the two imagers, the performance and spectral quality

of the Bi-Frost system were assessed. Due to the complex spectra exhibited by coral, the data

collected provided an excellent test of the robustness of the spectral reconstruction software

(outlined in chapter 4, section 4.6.2). It is hypothesised that there is no significant difference

between the spectra captured by the two imagers.

6.6.2 Materials and Methods

The coral samples used were the same as in experiment 4 outlined in the previous section, with

the only difference being the imager used. The Bi-Frost system was used in conjunction with the

Specim IQ and are directly comparable, as both data acquisitions were taken under the same

conditions with regards to lighting and samples. The data collected was corrected and analysed as

outlined in the methods section 6.1.5. The temperature regime used was outlined in the previous

experiment (3).

As the Bi-Frost imager is a windowing imager, it was scanned across the tanks in a linear

fashion by hand from around 30cm away from the tank. In order to image the whole scene, the

data acquisition was started before the beginning of the tank and stopped after the end of the

tank, allowing for a full frame either side.

6.6.3 Results

An ANOVA was used to determine any significant differences between the data collected by the

two imagers. The cells through time data was used to compare between each wavelength value

and associated treatment group.

When comparing the data values as recorded by the two imagers, a rANOVA statistical test

was used. The recorded values for all the wavelengths for both treatment groups were found to

not be significantly different between the two imagers with the exception of 574 nm in the bleach

groups (F(1,6) = 0.188, p = 0.680). The rest of the results are as follows: 574nm control (F(1,6)

= 6.549, p = 0.043) 607nm bleach group (F(1,6) = 8.692, p = 0.026) and control group (F(1,6) =

27.605, p = 0.002), 676nm bleach group (F(1,6) = 46.563, p = <0.0001) and control group (F(1,6)

= 89.56, p = <0.0001) and finally the 760nm bleach group (F(1,6) = 237.839, p = <0.0001) and

control group (F(1,6) = 5320.85, p = <0.0001).
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Figure 6.27: Raw & corrected reflectance spectra and reflectance of key wavelengths of Montipora
capricornis (MCAP) over time imaged under white light in experiment 4 using the Bi-Frost
DSLR. The average intensity at each wavelength per day of treatment is presented, where the
temperature regime is represented as the blue section corresponding to 24oC (the control stayed
at this temperature throughout), green to 26oC, yellow to 28oC and red to 30oC.

Figure 6.28: Experiment 4 comparison of Montipora confusa(MCON) reflectance spectra of key
wavelengths over time in both control and bleach treatment groups collected by the Specim IQ
and Bi-Frost DSLR. The temperature regime is represented as the blue section corresponding to
24oC (the control stayed at this temperature throughout), green to 26oC and yellow to 28oC.
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6.6.4 Discussion

Statistical tests found the spectra obtained by the Bi-Frost DSLR were not significantly different

from data captured by the commercial grade Specim imager, in all but one wavelength group (574

nm bleach). Thus, the null hypothesis can be accepted as the majority of data captured was not

significantly different.

The error found between the two datasets was likely a result one one of two factors. Firstly,

the bandwidth of the Bi-Frost imager was 18 nm so peaks would be braoder when compared

to that of the Specim which has a bandwidth of 7 nm. Secondly, the variable distance of the

DSLR imager from the tanks, as the linear translation required for imaging was done by hand

in contrast to the fixed position of the tripod used by the Specim. This error derives from the

correction assumptions made, that the imagers position relative to the tank remained constant.

Whilst this assumption was true in the case of the static imagers, Headwall Nano and Specim

IQ, it is not always true of the Bi-Frost as moving by hand resulted in distance variations and

therefore path length. The variations in distance ultimately change the amount of attenuation by

the water occurring to the spectra as described in chapter 3. Whilst it would have been assumed

to be negligible, clearly it has an effect on the spectra as observed in the data. However as

shown by the majority of wavelengths, this effect ultimately created no significant difference

between the measurements made by the different imagers. This suggests a high confidence in the

spectral data collected by the Bi-Frost system, when compared to that of its calibrated commercial

counterparts. The Headwall camera is also scanned, but in a pivoting motion where the imager’s

path length is an arc across the data capture (as shown in Figure 6.4). As such the path length

varies from the edges of the hypercube to the middle, where the distance is the shortest, this

however is consistent. As it is a result of the arc scan and so does not create an observable effect

as the path length from the imager to each coral between images is unchanged.

This experiment helps to validate the Bi-Frost imager as a tool for in situ measurements.

Although in situ studies measuring spectral reflectance [42, 236] are not a new concept, the tools

used in previous studies were often cost prohibitive [134]. Indeed, underwater hyperspectral

imagers, as outlined in Chapter 2, also fall into this category. As such low-cost hyperspectral

imagers such as the Bi-Frost could provide a solution to underwater spectral measurements.
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6.7 Experiment 5: Comparison of Coral Bleaching as Detected by

RGB and Hyperspectral Imagers

6.7.1 Aims

This experiment sought to enable a determination to be made of the suitability of using the red

channel of RGB imaging as a useful measure for assessing coral bleaching, which represents a

more traditional field tool for assessing coral health by colour as outlined in Chapter 2. Obser-

vations made with respect to images and bleaching state by ‘eye’ were performed according to

subjective measurements. These measurements are intended to highlight the fault of this method,

whereby subjective assessments made by an individual and a second independent observer may

draw slightly different conclusions.

6.7.2 Materials and Methods

To draw comparisons between data obtained from RGB imaging and hyperspectral imaging, two

RGB image datasets were taken using data collected from the laboratory bleaching experiments.

The Specim IQ snapshot hyperspectral imager collected a separate RGB image on its 5 Mpix

viewfinder camera for each acquisition as well as generating the hypercube. This is used in part

to help focus the hyperspectral imager and provide a base layer for overlaying spectral data on

a conventional RGB image. A secondary data set was used to give the best-case scenario of a

calibrated narrow bandwidth RGB imager, using data collected from the Headwall Nano from

experiment 2.3 with three user defined bands (R:640nm, G:549nm, B:489nm). The RGB images

were then exported and loaded into ENVI, where ROIs (previously used to define individual

corals in the hypercube data) were used to measure average intensity of corals at the three bands

(RGB).

Using these, the intensity data with increasing time was generated using the RGB imagers, to

compare what they were able to detect in terms of colour change relative to that of a hyperspectral

imager. Previous studies [134] indicate the red channel in RGB images is highly correlated to

the approximate Chl content present in corals, once corrections for light attenuation have been

accounted for. Here a PTFE white reference correction was used, as outlined in Chapter 4. The

other colour bands, blue and green, have not been correlated with great effect to other known

pigments within corals and so were excluded from this comparison.

In order to gain a perspective of changes in cell density within coral samples throughout

the experiment, cell estimations were made based on cell density recorded at the end of the

treatment. These were then related to the intensity measurements made at 676 nm (chlorophyll

absorption) each data collection event.

By taking the final cell density measurement and dividing it by the final intensity recorded,

an average intensity per cell was obtained. This was then used to ascertain approximate cell

counts through time. This method does however heavily assume the following conditions, that
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cells contain standard levels of pigment and that each cell provides uniform intensity. Using

the cell count data reported above, the relationship between the red channel intensity and

Symbiodiniaceae cell counts were assessed.

6.7.3 Specim RGB Image Results

The ‘by eye’ approach looking at the RGB images, reveals extensive bleaching from day 1 but

some patches of healthy (red) tissue can be seen (Figure 6.29 & 6.30) which is mostly no longer

visible by day 3 and 4. The RGB data (Figure 6.31L) shows a stable level of signal with little

fluxuation from day 1 to day 10. In contrast, hyperspectral data (Figure 6.31R) shows a slight

increase followed by a marked decline from day 7 to day 10. This was also observed in the RGB

images, where there was a clear shift from whiter bleached look to a brown colouration.

Figure 6.29: RGB images of the corals undergoing the bleach treatment in experiment 2.4.
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Figure 6.30: RGB images of the coral samples C1-4 through time, enhanced from Figure 6.61.
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Figure 6.31: Experiment 5 RGB red colour channel (640nm) from RGB images over time and
Chlorophyll wavelength (676nm) from Hyperspectral data. The temperature regime is represented
as the blue section corresponding to 24oC (the control stayed at this temperature throughout),
green to 26oC and yellow to 28oC.
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6.7.4 Headwall Nano Hypercube RGB Results

The RGB data shows only a notable colour change by at least day 2 (Figure 6.32-33). An overall

increase in intensity was observed in the RGB data at 640 nm (Figure 6.34L), this in turn

corresponded to an increase in symbiodiniaceae cell density.

In contrast to the RGB images, the data gathered by the hyperspectral imager showed a

change by day 1 (Figure 6.34R), with a marked decrease followed by a steady increase.

Figure 6.32: RGB images of the corals undergoing the bleach treatment in experiment 2.3.
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Figure 6.33: RGB images of the coral samples C13-18 through time, enhanced from figure 6.65.
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Figure 6.34: Experiment 3 Comparison of RGB red colour channel (640nm) from RGB images
over time and Chlorophyll wavelength (676nm) from Hyperspectral data.The temperature regime
is represented as the blue section corresponding to 24oC (the control stayed at this temperature
throughout) and green to 26oC.

6.7.5 Discussion

This experiment showed that using the RGB colour band analysis approach, similar responses

can be observed between the two imaging techniques. However, parts of the spectrum are crucially

different. The use of more accurate hyperspectral imaging reduces the error in the measurement

as depicted in Figure 6.34R. This would be more evident in corals that appear red in colour as

due to the broadness of the red band in RGB imagers, signals would be indistinguishable from

one another. Thus, due to the broad colour band used the data would over estimate the level of

signal attributed to chlorophyll.

While RGB imagers remain a relatively cheap solution to providing quick data on “coral

health”, they are only able to do so in a limited capacity. However, this kind of approach marks a

key improvement over similar studies [133, 237, 238] that used coral colour as a rough indicator

of chlorophyll density using colour charts [134], which are ultimately subjective measurements.

The limits introduced with RGB imaging are largely due to RGB bands varying in wavelengths

from camera to camera and are also often very broad in spectral range, resulting in spectral peaks

of similar wavelengths becoming intertwined. Additional research would need to be conducted

to find out how this is affected when corals display colours close to that of the signal trying

to be obtained, such as red corals and Chl. As such colour signals from various pigments with

similar wavelengths will appear as one signal on an RGB imager. In contrast, the key benefit

of hyperspectral imagers is that these signals can be discriminated from others of similar
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wavelength, due to the higher number of narrower spectral bands present. For example, the

wavelength 685nm (Chl fluorescence) can be isolated and used accurately to look at the amount

of signal attributed by Chl pigments. In order to achieve similar measurements a traditional

imager could fitted with a 685nm band-pass filter, limiting the data it is able to capture. This

technique could also be used to look at multiple wavelengths by the use of a filter wheel, however

this would require multiple data captures and to know the position of the spectral peaks.

As with all imagers in underwater applications, correcting for the attenuation of light by

water is a complex issue as outlined in chapter 3. This is made slightly more complex when

correcting in RGB imagers as the whole spectrum is not obtained, as it is in hyperspectral

imaging. As such, more complex solutions are required to correct and remove the effect of water

(attenuation coefficient). One such proposed solution is the Sea-thru method as proposed by

Akkaynak & Treibitz, 2019 [239], whereby computer vision was used to calculate values for each

factor that affects the images such as backscatter and attenuation coefficient. The method makes

use of a colour reference, often used in traditional photography to correct for different lighting

conditions. However whilst novel, this method is still in its infancy and currently requires very

substantial computing resources to enact. Even with corrected images the overall method of

using RGB images is still limited by the number of colour channels available, making most

spectral information essentially lost. The ability to select narrow emissions of various pigments

in multispectral and hyperspectral imagers provides far greater accuracy and understanding of

spectral analysis of “coral health” and bleaching detection using colour.
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6.8 Concluding Remarks

This study showed that the use of hyperspectral imaging is a viable technique for assessing coral

health using maker wavelengths associated with key pigments found within corals and their

symbionts. This work builds on previous work [233] that spectra of corals differ based on their

bleaching state and these can be distinguished using spectroscopic techniques.

The wavelength markers chosen represent key processes or parts of the coral, as shown in this

study they respond to thermal stress in varying ways. The responses of the wavelengths associated

with pigments found within coral symbionts, Peridinin, Diadinoxanthin and Chlorophyll [57,

76], were found to be strongly linked in all experiments. The signal at 676 nm is particularly

important as it corresponds to the photosynthetic efficiency of the symbionts [134]. Previous

studies [133, 237, 238] have used this signal and the use of colour to inform tools for looking at

corals in situ. The limitations of this previous work is that comparing colours by eye or indeed

RGB imaging is a subjective measurement [133] which is improved by spectroscopic techniques

which remove the subjectivity. A number of further studies [42, 102, 236] used spectral reflectance

signals to infer chlorophyll pigment content and as such, this work builds on the idea outlined

from these studies that spectral signals are able to be correlated to pigment density.

As highlighted by previous studies [26, 41, 66, 97, 98], FPs play a crucial role in the bleaching

response within coral tissues from ‘sun screening’, wavelength conversion and total absorption.

As corals are subject to high levels of background solar radiation they have developed various

defensive mechanisms to combat potentially damaging incidences of solar radiation [61], the so

called ‘sunscreen’ effect. FPs have been found to be photoprotective by scattering and reflecting

light [66]. It is thought that this process works by dissipating energy at wavelengths of low photo-

synthetic activity (500-600 nm), as well as reflecting visible and infrared light by chromatophores

within the FP’s [66]. As corals undergo bleaching, these natural defences begin to breakdown as

the Symbiodiniacea producing the MMAs are expelled along with the symbiont’s photoprotective

FPs.

Laboratory based optical experiments provide the best-case scenario for studying light in-

teractions as a dark room eliminates most additional sources of light, bar the excitation source.

The level of excitation is also constant due a fixed height and intensity of the light source above

the coral. The ability to fix these factors means normal parameters and considerations such

as attenuation coefficient of water are also fixed. Meaning they are not required to be used in

normalisation across the data sets as it remains constant in both reflectance and fluorescence

measurements. This means that by using the method of imaging through the glass sides of the

tank, the effect of the water was able to be considered consistent. However when imaging through

the water’s surface, considerations for the effect of the water’s surface would also need to be

accounted for. The distance between the imager and the tank was also fixed (in experiments

using Nano headwall and Specim IQ). However due to the imaging method of using a pushbroom

imager and rotational stage, variations may have been introduced as images taken at the edges

133



CHAPTER 6. LABORATORY EXPERIMENTS

of the scene will have a longer path length and different angle than those in the middle of the hy-

percube. This could be resolved with the use of a linear stage with accurate and smooth scanning

capabilities, these however are significantly more expensive than their rotational counterparts

and hence were not used in this body of work.

The use of smaller aquaria for the bleaching studies resulted in a handful of spikes in the

water quality within the experimental and control tanks, most notably in experiments 2.1 & 2.2

(Appendix A.2). These changes in water condition were largely due to the small volume size of

the aquaria used. Any minute changes in parameters, such as, the amount of phosphate and/or

nitrates in the water had a greater effect as less water was available to dissipate the insoluble

compounds. Whereas in large aquaria, a more significant build-up would be required to have the

same effect. The use of larger aquaria or sump tanks however, was prohibitive in both their cost

and space in this project. The effect of these changes in the small tanks used in the experiment

could help to explain why corals in the control treatment bleached. This would be a particularly

important factor when solely exploring if a treatment such as temperature causes bleaching

in coral. In contrast, the aim of these experiments was to see if the technique of hyperspectral

imaging could detect the bleaching response.

A number of additional considerations and assumptions were used within the experimental

process and as such are outlined below: due to the impact of COVID-19 and related government

restrictions, experiments 4 & 5 were affected and were both concluded earlier than anticipated

due to national lockdowns. The data collected indicated that bleaching had already started

to occur but the process was not fully complete as detected by eye, the typical experimental

conclusion. Therefore, they have been included in this body of work. More specifically due to

COVID restrictions, samples in Experiment 5 had to be couriered via a delivery service rather

than by hand. This resulted in samples arriving in poorer condition than expected with most

samples already undergoing stress as concluded from the experimental data. These events

could not have been predicted or mitigated against, but the data collected was still valuable to

help support the larger body of work. These pre-stressed samples allowed for a HSI study of

progressive bleaching in great detail to occur.

The 3D surface area technique used in this study for cell count surface area normalisation,

was largely reliant on the quality of the reconstruction of the 3D mesh. If sufficiently high

resolution is not achieved, the microstructures of the coral’s skeleton (i.e. the septa and costae)

and finer features cannot be generated and the method is prone to error. For example, in the case

of the plate corals, Symbiodiniaceae cells are not found on the underside of the plates but this

area is accounted for in surface area measurement. As such, this provides an overestimation of

the surface area of the sample. However in this study, the error was considered negligible, as

the surface area measurement was used in a normalisation calculation to generate an average

number of Symbiodiniaceae cells per mm2 across all the samples in each group. The samples

were also only compared to others of the same type. Therefore, all samples would be uniformly

134



6.8. CONCLUDING REMARKS

subject to a systematic error, such errors could contribute to the observed nonlinear trends of

cell density to surface area, compounding inaccuracies introduced by the reconstruction of whole

coral fragments.

The use of linking intensity and cell counts in experiment 5 allowed for the contextualisation

of cell counts through time, a measure unobtainable via non-destructive methods. This data

gave an insight into the link between intensity of the wavelength 676 nm, which has been

correlated with chlorophyll absorption [76, 134] and as such the cellular response of the coral

throughout the bleaching process. The method however, introduced systematic error deriving

from the assumption made that each cell had uniform pigment intensity, which through natural

variation in cell size and pigment content is known to be incorrect. Secondly, the assumption was

also made that each cell was completely visible and not being masked by any overlapping cells

which have the potential to block a cells spectral signal by vertical or horizontal overlap. Despite

these assumptions, the cells through time method of data visualisation gave an approximate

insight into cell response and the bleaching process on a relative to cell counts that is not normally

accessible through non-destructive techniques. This type of data analysis is likely not applicable

to in situ reef studies unless additional measurements of pigment concentration in a multitude of

coral species pigment samples are able to be taken to serve as ground-truthing data.

Symbiodiniaceae clade compositions within coral communities play a hugely important role

in the bleaching process, as illustrated in the experiments with wavelengths associated with

pigments contained within the symbionts (Chl, Peridinin, Diadinoxanthin). The measurement

of these pigments gave a direct insight into the presence and condition of the Symbiodiniaceae

which in turn indicates the status of the bleaching process. The compositions of different clades

of Symbiodiniaceae are complex and afford corals various benefits such as symbionts with an

increased thermal tolerance [68]. Whilst knowing exact compositions of the Symbiodiniaceae

within the coral samples would provide further insight into the bleaching response, clades are

only distinguishable by genetic studies [53, 240]. The studies required to gather such information

are expensive and outside the scope of this work. The technique is also not applicable within

most in situ studies as it requires an invasive technique to gather data, requiring a tissue sample

containing sufficient DNA and RNA.

The coral species used in these experiments represent a large geographic range with Mon-

tipora and Echinopora species present in the Red Sea, the western Indian Ocean and the southern

Pacific Ocean. As well as having a vast distribution Montipora spp are the second most species

rich coral genus superseded only by Acropora [241]. Thus, indicating that the trends demon-

strated are representative of the typical response of a majority of corals found in most of the

major global coral ’hot spots’. Future experiments could be conducted to cover the other major

coral genus’ to verify that their response is inline with data recorded in these experiments.
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When considering the use of spectral measurements in the field, the data presented herein

indicates the use of reflectance as the more appropriate bleaching indicator. This is because

reflectance imaging can reveal physiological information required to make assessments without

the need for fluorescence measurements as well. As shown in fluorescence data specifically in GFP,

it is a highly reactive marker to understanding physiological condition [41] but imaging within

the marine environment on live reefs adds substantial further complications to the imaging

process. Firstly, as described in Chapter 4, a powerful excitation source is required to elicit a

strong enough fluorescence response for imaging, especially when the whole system is submerged.

Secondly, the practicalities of collecting fluorescence data in the field is more complex than

reflectance measurements. This is largely due to the fact that imaging has to be conducted in low

light or night-time conditions, when deploying divers or robots is more complicated and has a

higher associated risk.

These laboratory studies gave an insight into how the technique of hyperspectral imaging

could be employed in situ and this is explored further in the following chapter.

136



C
H

A
P

T
E

R

7
EXPERIMENTAL FIELD DATA AND LONG-TERM MAPPING PLANS

In this chapter, the techniques and methods of ulitlising hyperspectral imaging and marker

wavelengths as outlined in the previous chapter were applied to field applications. Hy-

perspectral imaging was conducted on coral samples in outdoor flumes in Bermuda to

investigate the potential effects of Oxybenzone on coral communities, the principal component of

sunscreens. This sought to investigate the suitability of the technique when other stressors are

applied to corals. The techniques were then applied to in situ reefs to firstly validate the Bi-Frost

hyperspectral system and also validate the technique of underwater hyperspectral imaging for

coral monitoring and highlight its applications.

7.1 The Use of Hyperspectral Imaging to Observe the Effects of

Oxybenzone (Benzophenone-3) on Corals at Concentration

Levels Observed on Bermudan Reefs

The principal active component used in sunscreens currently, is a UV filter chemical called

Oxybenzone (Benzophenone-3 or BP3). The chemical BP3 is currently found in over 3,500

sunscreen products and can enter the marine environment in one of two ways; from wastewater

outlets or directly from swimmers and bathers entering the water [242]. With an estimated

maximum of 14,000 tons of sunscreen, containing anywhere between 1 -10% of BP3, entering

reef waters annually [243], it is important to properly understand its effect (if any) on corals and

their algal symbionts.
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Previous experiments [243, 244] have concluded BP3 is a harmful contaminant that can cause

“rapid” bleaching at certain exposure concentrations. These conclusions, the Downs study [243] in

particular, have directly led to policy makers in Hawaii (and other places) to enact laws banning

all sales of sunscreens containing BP3 in an effort to reduce reef contamination.

To simulate the effects of BP3 on reefs the Danovaro study [244] used ‘nubbings’ (small

cuttings) of coral in self-contained plastic bags mounted on buoys, where aliquots of sunscreens

were added at quantities of 10, 33, 50, and 100¹ g/L. In comparison, the Downs study [243]

exposed corals to the chemical in a laboratory environment using coral larval cells in “PTFE-

Telfon microplates”. However the levels used in the Danovaro study represent particularly high

concentrations of BP3, especially when considered that the system was closed. The closed system

means there was no flow of water occurring in the experimental setup, so effectively samples

were hyper-exposed to these potential contaminants. Furthermore, the estimates for the amount

of sunscreen present in the water were based on hypothetical estimates and not recorded levels

from the coastal waters surrounding reefs. In contrast, the Downs study used concentration

figures based on actual measurements taken from the coastal waters of Hawaii. But suffered the

same experimental design flaw in that the type of artificial environment used did not accurately

represent the conditions seen on reefs and as a result in both studies corals were subjected to an

unrealistic exposure to BP3.

The methodology used in the Downs study also used a constant 24-hour exposure period, this

added bias as the report stated swimmers were mostly responsible for the introduction of BP3

to the reefs. However, swimmers are not in the water 24-hours a day and so overnight lower

concentrations would be expected. Over a 24-hour period, the pollutants would also be diluted

and rapidly dispersed over the course of the night as no new sources of the chemical would

be entering the water body. The method utilised in the Downs study therefore only represents

spikes in the concentrations when bathers are in the water and is not representative of the true

concentrations seen on reefs.

In order to improve on the shortcomings of these methods and build on the research about the

chemicals effect on coral reefs, more realistic reef-like conditions were created. The present study

sought to observe the effect of BP3 in concentrations observed around Bermuda, using flume

tanks to more accurately reproduce reef conditions akin to these recorded for Bermuda’s reefs.

To assess the ecological status of the coral, the spectral signal was used to derive a coral

bleach state as proposed by [233]. Specific wavelengths associated with key pigments were used

to make determinations as outlined in Chapter 6 (6.1.6). As discussed in section 6.8, the use of

specific wavelengths such as 676 nm associated with Chlorophyll have previously been used to

determine density and derive health [42, 102, 236]. This chapter, along with the previous chapter,

builds on this work whilst also incorporating more wavelengths associated with other key coral

symbionts.
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The use of hyperspectral imaging enabled the measurement of reflectance and fluorescence

emissions from the coral tissue and its contained symbionts. Reflectance measurements gave an

insight into the true colour of the pigment as well as its intensity measurement. This provided

an insight into the corals physiology and when compared to a known ‘healthy’ spectrum was

able to indicate the level of bleaching that has occurred [233]. Reflectance and fluorescence

measurements enabled monitoring of coral symbionts mainly FPs, accessory pigments and Chl

to determine a bleaching status as outlined in Chapter 6. Previous data (unpublished) (Table

7.1) conducted on behalf of the Bermudan government, catalogued water samples from popular

beaches and diving spots across the island in the height of tourist season. This dataset was

used to inform the BP3 concentrations used in this study, based on the observations made in

Bermudan waters.

Table 7.1: Oxybenzone levels recorded at 4 locations around Bermuda during the height of tourism
season (August) and during daylight hours.

Site Name Site Depth (m) Sample Depth (m) Oxybenzone Concentration (ng L¡ 1)
6 Aug 13 Aug 20 Aug 27 Aug

Hog Breaker Reef 7.5 6.5 89 110 100 100
Snorkel Park 1.5 1 120 120 3,300 210

Horseshoe Bay Beach 3.5 0.05 12,000 140 610 1,900
Horseshoe Bay Reef 5 4.6 290 160 240 150

7.1.1 Aims

This experiment sought to investigate coral bleaching using a different type of stressor, a chemical

stress as a opposed to the thermal one demonstrated in Chapter 6, to determine whether the

chemical Oxybenzone had an significant effect on Bermudan corals. It is hypothesised that there

is no significant effect of Oxybenzone on coral health at levels observed in Bermudan waters.

This work also sought to build on previous unpublished work and data collected by BIOS.

7.1.2 Materials and Methods

Wild coral samples were collected from Three Shoals’ reef (Bermuda) in accordance with local

government rules and regulations. The coral colonies were dislodged from the substrate or

separated from larger colonies using a hammer and chisel. In order to gain a representative

sample of the most abundant corals in Bermudan waters as based on local expertise, 5 samples (¼

20cm in diameter) of each of the following species were taken: Porites astreoides (PAST), Diploria

labyrinthiformis (DLAB), Pseudodiploria strigosa (PSTR), Montastraea cavernosa (MCAV) and

Orbicella franksi (OFRA). These corals also represent the predominate coral species found in

much of the Caribbean with the notable absence of acropora [245].
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The experiment was conducted twice using new corals each time to produce more reliable

results, at the beginning of each experiment corals samples were split into two groups; the control

and experimental treatment. They were then placed into two separate flume tanks, the control

or flume 1 (F1) and the experimental flume 2 (F2). Each experiment contained a mix of coral

species split across the two tanks, with a total of 19 coral samples in each flume for the first run

and 24 samples in the second. Each flume was filled with approximately 868 Litres of unfiltered

seawater, pumped directly from the sea. The water was also kept at a constant temperature of

28oC, by the use of chillers (Teco, TK1000). To simulate the flow of water over the coral, electric

motors (BlueRobotics, T200 Thrusters) were used to induce a constant current at a rate of 9-10

cm per second, across the 24-hour period for a total of 12-14 days (experiments concluded earlier

due to storms).

To simulate dispersal of BP3 by the surrounding waters,the flumes water intakes were

partially opened at night (10pm local time) to introduce fresh saltwater and closed again at first

light (6am local time).

The experimental tank (F2) was dosed each morning (10am local time) with 240 µg of BP3,

diluted into 1 litre of filtered seawater. This gave an overall concentration of 0.3 µg/L, the highest

value measured near the seafloor in the vicinity of a reef recorded at Horseshoe Bay on 6th Aug

2018. The diluted BP3 was then added to the flume tank gradually, near the motor to ensure an

even spread through the water column.

The hyperspectral imager (Nano, Headwall, USA) was suspended above the flume using

cinderblocks and a slider rail (XT95-2000, Thorlabs, USA). The headwall was mounted to the

rail using a custom case (6” series enclosures, BlueRobotics, USA). The experimental setup is

depicted in Figure 7.1. Hyperspectral imaging was conducted twice daily, once when the sun was

at a low angle to the water in the flumes (2pm local time) and again at sundown (9pm local time).

This was done throughout the course of the treatment to collect reflectance and fluorescence data

respectively.
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Figure 7.1: A CAD model of the flume tank experimental setup. Both flumes were identical in
construction.

In order to correct for the incident light in reflectance and fluorescence measurements,

reference targets were used (Spectralon SRT-02-050, Pro-lite, USA, and Polytetrafluoroethylene

(PTFE)). These are calibrated at 10% and 100% reflectance respectively. Multiple PTFE targets

were arranged into a tower with targets present at every inch from the waters surface to the

bottom of the tank. Fluorescence measurements required an alternative light source, a 440nm

LED (custom lumen light pod, BlueRobotics, USA) was used and was suspended from the

hyperspectral camera case at an angle (Approx. 45o) to limit reflectance at the water surface.

The reflectance data was corrected as outlined in section 3.3.2 and fluorecence data corrected as

outlined in section 3.3.3 of Chapter 3.

In order to draw comparisons between the experimental flume and control flume, key wave-

lengths in reflectance and fluorescent spectra were used to identify key wavelengths within corals

as outlined in chapter 6 section 6.2.6. Statistical comparisons made between pigment intensity

were conducted using a repeated measures analysis of variance (rANOVA) test, as outlined in the

previous chapter’s materials and methods section. For statistics representing groups of individual

corals, the smallest significance value was used to indicate the lowest significance value achieved

by all tests represented.
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7.1.3 Data

Table 7.2: Species present in each flume for oxybenzone experiment 1.

Flume 1 Flume 2
Coral ID Species Coral ID Species

1 PAST Porites astreoides 1 PSTR Pseudodiploria strigosa
2 PSTR Pseudodiploria strigosa 2 PSTR Pseudodiploria strigosa
3 OFRA Orbicella franksi 3 MCAV Montastraea cavernosa
4 DLAB Diploria labyrinthiformis 4 OFRA Orbicella franksi
5 PSTR Pseudodiploria strigosa 5 PAST Porites astreoides
6 MCAV Montastraea cavernosa 6 MCAV Montastraea cavernosa
7 OFRA Orbicella franksi 7 DLAB Diploria labyrinthiformis
8 MCAV Montastraea cavernosa 8 DLAB Diploria labyrinthiformis
9 DLAB Diploria labyrinthiformis 9 DLAB Diploria labyrinthiformis

10 PSTR Pseudodiploria strigosa 10 DLAB Diploria labyrinthiformis
11 PAST Porites astreoides 11 MCAV Montastraea cavernosa
12 OFRA Orbicella franksi 12 PAST Porites astreoides
13 PSTR Pseudodiploria strigosa 13 PSTR Pseudodiploria strigosa
14 PSTR Pseudodiploria strigosa 14 PAST Porites astreoides
15 DLAB Diploria labyrinthiformis 15 OFRA Orbicella franksi
16 OFRA Orbicella franksi 16 OFRA Orbicella franksi
17 MCAV Montastraea cavernosa 17 DLAB Diploria labyrinthiformis
18 OFRA Orbicella franksi 18 OFRA Orbicella franksi
19 DLAB Diploria labyrinthiformis 19 PSTR Pseudodiploria strigosa
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Table 7.3: Species present in each flume for oxybenzone experiment 2.

Flume 1 Flume 2
Coral ID Species Coral ID Species

1 MCAV Montastraea cavernosa 1 MCAV Montastraea cavernosa
2 DLAB Diploria labyrinthiformis 2 PSTR Pseudodiploria strigosa
3 PAST Porites astreoides 3 PAST Porites astreoides
4 DLAB Diploria labyrinthiformis 4 OFRA Orbicella franksi
5 OFRA Orbicella franksi 5 MCAV Montastraea cavernosa
6 PSTR Pseudodiploria strigosa 6 DLAB Diploria labyrinthiformis
7 PAST Porites astreoides 7 MCAV Montastraea cavernosa
8 OFRA Orbicella franksi 8 PAST Porites astreoides
9 PSTR Pseudodiploria strigosa 9 PSTR Pseudodiploria strigosa
10 PSTR Pseudodiploria strigosa 10 DLAB Diploria labyrinthiformis
11 PAST Porites astreoides 11 OFRA Orbicella franksi
12 DLAB Diploria labyrinthiformis 12 DLAB Diploria labyrinthiformis
13 MCAV Montastraea cavernosa 13 PSTR Pseudodiploria strigosa
14 PAST Porites astreoides 14 PAST Porites astreoides
15 DLAB Diploria labyrinthiformis 15 PSTR Pseudodiploria strigosa
16 OFRA Orbicella franksi 16 PAST Porites astreoides
17 DLAB Diploria labyrinthiformis 17 OFRA Orbicella franksi
18 MCAV Montastraea cavernosa 18 MCAV Montastraea cavernosa
19 PAST Porites astreoides 19 SSID Siderastrea siderea
20 OFRA Orbicella franksi 20 DLAB Diploria labyrinthiformis
21 PSTR Pseudodiploria strigosa 21 PAST Porites astreoides
22 MCAV Montastraea cavernosa 22 DLAB Diploria labyrinthiformis
23 PSTR Pseudodiploria strigosa 23 PSTR Pseudodiploria strigosa
24 MCAV Montastraea cavernosa 24 MCAV Montastraea cavernosa
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7.1.3.1 Reflectance data EX.1

As shown by the data the trends observed in the reflectance data in experiment 1 at wavelengths

574nm, 607mn and 676nm (Figure 7.2) were closely linked and follow very similar overall

patterns in both flumes. In flume 1 (Figure 7.2), three distinct peaks were observed coinciding

with days 4, 5, 8 and in flume 2 days 2, 4, 8 with a significant trough at day 6. However for the

wavelengths 574 and 607 nm, attributed to the accessory pigments Peridinin and Diadinoxanthin,

the effect of BP3 treatment was found not to be significant in all species (574 nm p= >0.519 and

607 nm p= >0.457). The wavelength attributed to Chl absorption (676 nm) was also found to not

have been significantly affected by the BP3 treatment across all species (p = >0.457).

The data of the spectral peak associated with Chl-a oxygen absorption and Cyanobacteria at

760 nm, found that the effect of the BP3 treatment was not significant in all species (p = >0.457).

The data (Figure 7.2) in flume 1 showed a decreased from day 1 to day 2 and then remained

fairly stable from day 2 to 11. In contrast, flume 2 presented with two peaks at day 5 and day 9.

The peak at day 5 was observed in the PAST and OFRA samples, whilst the peak at day 9 was

observed in PSTR, MCAV and OFRA. This could indicate a delayed response in upregulation of

either Chl-a oxygen absorption or Cyanobacteria in MCAV and PSTR which did not peak at day

5. However, the OFRA samples displayed a peak at both days indicating a significant increase in

pigment had occurred. This behaviour was not exhibited in the control flume so is considered to

be an effect of conditions within the experimental flume tank.

Figure 7.2: Raw & corrected reflectance spectra and reflectance of key wavelengths over time
in experiment 1. The average intensity at each wavelength per day of treatment is presented in
both control (F1) and experiment (F2) treatment groups.
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7.1.3.2 Fluorescence data EX.1

At the GFP emission wavelength (511 nm) the effect of treatment was found not to be significant

in all species (p=>0.57), except for in MCAV (F(1,4) = 24.69, p = 0.008) and OFRA (F(1,7) = 24.816,

p = >0.0001). This indicates that BP3 likely had an effect on GFP emission or the levels of GFP

present within certain corals. Further analysis could be undertaken into this effect through the

use of cell data and a fluorometer to accurately assess fluorescence protein density.

However, the rANOVA statistical tests also revealed that the BP3 treatment had a significant

effect on Chl fluorescence with all coral species returning a significance value under the threshold

for significance (p= <0.05); DLAB (F(1,7) = 1063.14, p= <0.0001), MCAV (F(1,7) = 295.866, p =

>0.0001), OFRA (F(1,7) = 575.819, p= >0.0001), PAST (F(1,3) = 170.126, p = 0.001) and PSTR

(F(1,7) = 235.924, p = >0.0001). This trend was likely due to an error in correcting the data,

where wavelengths in the far red are too heavily corrected for when considering the attenuation

coefficient. This effect was clearly present. For example, at day 5 in both flumes (Figure 7.3)

negative fluorescence was observed. The effect seen could also be as a result of poor data collected

on day 5, where the illumination from the excitation source could have been different to other

days.

Figure 7.3: Raw & corrected fluorescence spectra and fluorescence of key wavelengths over time excited
by blue (440nm) light in experiment 1. The average intensity at each wavelength per day of treatment
is presented in both control (F1) and experiment (F2) treatment groups.
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7.1.3.3 Reflectance data EX.2

The reflectance data in experiment 2 followed a similar response across all wavelengths at 574nm,

607nm, 676nm and 760nm (Figure 7.4). In the Peridinin (574 nm) and Diadinoxanthin (607

nm) wavelength data in flume 1, three peaks were observed at day 2, day 5 and finally day 8.

In chlorophyll absorption (676 nm) and the Chl-a oxygen absorption/ Cyanobacteria (760 nm)

pigment in flume 1, intensity decreased initially then followed the same trend displayed by the

rest of the wavelengths. The trends observed in the experimental flume (F2) contain two of the

three same observed peaks at day 2 and 5 but they are not as distinct. Crucially the final peak at

day 8 is not observed in the experimental flume with the opposite trend observed. However in all

reflectance pigment data, the effect of BP3 treatment was found to not be significant (p = >0.063).

Figure 7.4: Raw & corrected reflectance spectra and reflectance of key wavelengths over time in
experiment 2. The average intensity at each wavelength per day of treatment is presented in both
control (F1) and experiment (F2) treatment groups.
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7.1. THE USE OF HYPERSPECTRAL IMAGING TO OBSERVE THE EFFECTS OF
OXYBENZONE (BENZOPHENONE-3) ON CORALS AT CONCENTRATION LEVELS

OBSERVED ON BERMUDAN REEFS

7.1.3.4 Fluorescence data EX.2

The observed signal at the wavelengths for GFP (511 nm) and Chl fluorescence (685 nm) (Figure

7.5) showed a significant peak at day 4 observed across both flumes and in all species. In the

following species DLAB, PAST and PSTR the effect of BP3 on GFP was found to be significant (p

= >0.048) and in the other species MCAV and OFRA it was found to not be significant (F(1,8) =

4.926, p = 0.057) & (F(1,5) = 3.720, p = 0.112) respectively. As with in experiment 1, the effect of

BP3 was found have had a significant effect on chlorophyll fluorescence (685 nm) in all species (p

= >0.0001), with the exception of OFRA which was found to not be significantly affected (F(1,5) =

6.460, p = 0.052).

Figure 7.5: Raw & corrected fluorescence spectra and fluorescence of key wavelengths over time excited
by blue (440nm) light in experiment 2. The average intensity at each wavelength per day of treatment
is presented in both control (F1) and experiment (F2) treatment groups.
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7.1.4 Discussion & Conclusion

To conclude, the rANOVA statistical tests across both runs revealed that there was not any

significant effect of BP3, at the levels recorded in Bermudan waters, on corals as observed by

the majority of key wavelengths related to coral health. However, the fluorescence data does

suggest that BP3 had a significant effect on chlorophyll fluorescence and to a lesser extent GFP

fluorescence. This could be as a result of both the GFPs and BP3 having a similar role in reflecting

away harmful UV radaition, if BP3 is able to be uptaken in the corals cells and work as it does

in human tissue the coral’s GFPs would be redundant. More likely this is a result of the coral

undergoing the typical bleaching stress response in relation to the Oxybenzone and as such

GFPs are expelled as they have been shown to be highly reactive [26, 103, 111, 234]. To further

investigate this, additional tests would need to be conducted. Specifically, the quantity/quality

of fluorescence could also be recorded by taking cell data and analysing it using fluorometers to

improve the accuracy of measurements. In a previous study [243], the chemical was shown to

be a genotoxicant to corals, whereby Oxybenzone disrupts the skeletal growth of coral causing

ossification of the planula [243], the coral larva and as such has an adverse affect on coral

spawning.

Despite the errors highlighted, there was a high confidence in the spectral data points of each

coral. This was due to each sample being made up of thousands of individual data points, which

produced an average spectrum per coral. Whilst there maybe slight variance in different parts of

the coral, as bleaching or cell degradation is not a uniform response, one overall representative

spectrum can rapidly give us an indication into the colony’s ‘health’ as a whole. One of the

problems with traditional spectroscopy measurements, i.e., using handheld spectrometers, is the

use of only a few data points to generate an overview of a whole coral sample. This approach

does not accurately represent what is happening outside of a few localised points. Hyperspectral

imaging is therefore substantially more representative than any point sampling conducted using

spectral measurements, due to the collection of thousands of individual spectral samples across

the coral.

The data presented in this study suggests that under simulated reef conditions BP3 at the

concentrations levels observed in Bermuda had no significant impact on the health or survivability

of its inhabitant corals. This directly contradicts the conclusions presented by both the Downs

[243] and the Danovaro study [244], who both agreed Oxybenzone presented a threat to coral

reef communities. However despite the results found in this study, it is not suggested that BP3 is

a safe chemical to be entering coastal waters as it has been shown to have potential effects on

other marine organisms [246–248]. More research would be required into whether or not BP3 is

able to be taken up by corals and in what quantity and at what point does the chemical become

toxic or hazardous where an observable health affect can be observed. The observed responses

could also be linked with a combination of stressors that may influence one another.
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7.2. A TECHNICAL AND ECOLOGICAL DEMONSTRATION OF BI-FROST DSLR ON
BERMUDAN CORAL REEFS

7.2 A Technical and Ecological Demonstration of Bi-Frost DSLR

on Bermudan Coral Reefs

To further complement the demonstration of the Bi-Frost DSLR imager outlined in Chapter 4,

we sought to collect data of coral spectra on live reefs in Bermuda. However, due to COVID-19

restrictions international travel was suspended by national lockdowns and international travel

guidance. Hence, data was collected by a collaborator Dr. Eric Hochberg of the Bermuda Institute

of ocean science (BIOS).

7.2.1 Aims

The following experiment sought to validate the Bi-Frost DSLR technology and methodology in

real scenarios and on live reefs in Bermuda. Two research questions were posed to determine the

key validation goals, outlined below:

• Can bottom reflectance be retrieved in shallow water?

• Can the collected bottom reflectance be used to track changes in reflectance over time?

7.2.2 Materials and Methods

7.2.2.1 Hyperspectral Data Collection

Firstly, to answer the question of whether bottom reflectance could be accurately retrieved, reefs

were selected to be imaged and transects conducted to collect data. Secondly, to answer the

question of whether the data obtained would enable any meaningful physiological conclusions

into coral ‘health’, the reefs were required to be imaged repeatedly, in a minimum of monthly

intervals.

Hyperspectral Imaging was conducted using the Bi-Frost DSLR hyperspectral camera,

mounted in a waterproof case (Ikelite, USA) carried by a diver. Hyperspectral data was ac-

companied by RGB images, taken with an additional camera (Hero 6, GoPro, USA) mounted in

the same plane as the DSLR. These RGB images were used to aid in the reconstruction process,

to account for any stitching issues that may have occurred in the spectral data.

7.2.2.2 Survey Area

To demonstrate the technique, an arbitrary 10x10 m area of reef was selected to be imaged from a

distance of four metres. Using Tables 5.4 & 5.5 in Chapter 5, the distances and FOV calculations

were used to define the parameters of the survey. These parameters included; medium diver

swimming speed at 0.51 metres per second or 1 knot, giving an overlap of 99.02% and a standard

sidelap of 40%, dictating that each transect was required to be spaced 0.95 m from the next. With
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the spacing details established, a transect plan for the survey area was devised as shown in

Figure 7.6.

To enable full spectral information to be generated of the survey area, the camera was required

to start and finish imaging one full frame before and after the survey area. For maximum coverage,

two ‘mow the lawn’ or Raster pattern surveys were used, one vertically across the site and one

horizontally. The individual transects were identical, with the second rotated and adjusted to

account for the field of view (FOV) of the camera (Figure 7.6).

The study areas selected were Hog reef and John Smith reef in Bermuda, as shown in Figure

7.7. These reefs were selected mainly due to their accessibility and to coincide with other ongoing

field research at BIOS. The reefs selected also represent an area within the lagoon with lower

coral cover ¼10 ¡ 30% and an area of fringe reef with high coral cover ¼50 ¡ 70% as identified in

Figure 7.7.

Figure 7.6: Survey plan (10 x10 m) with ’mow the lawn’ or raster pattern survey transects and
spacing to accounting for field of view of the camera (left: grey, right: orange).
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Figure 7.7: A map to show the reef survey locations in Bermuda along with percentage coral cover using data from [249].
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7.2.2.3 Corrections

To make corrections to the raw spectrum as outlined in Chapter 3, a variable depth target

calibrator (VDTC) was used. This consists of five white reference targets set at different heights

on a PVC pipe structure, shown in middle of Figure 7.8. By knowing the height of each target,

calculations for a value for the attenuation coefficient (k) and backscatter (bb) of the water were

devised. These are vital in order to gain the ‘true’ spectrum at the coral level and making different

(or repeat) surveys comparable to one another, with normalised units of measurement.

7.2.2.4 Spectral Classification

To gather data on benthic habitat coverage, automatic spectral classification was used in ENVI

(Harris geospatial solutions, Version 5.5).

Spectral classification was conducted using training data in the form of three ROIs created

from areas of basic benthic habitat type such as substate (sand/rock), hard coral and soft coral, as

previously defined by Hochberg, 2000 [139]. A further two reference ROIs were used to classify

the void, areas outside of the reconstruction, and the white reference target. The algorithm used

for classification was a minimum distance classifier, which uses the mean of each ROI class and

calculates the Euclidean distance from each unknown pixel to each class. The pixels are then

assigned an ROI class based on the nearest class with no thresholding. During the classification

process the data was smoothed by applying a kernel size of 3, which removes speckling noise and

a minimum aggregate size of 9 to remove small regions of less than 9 pixels.

7.2.2.5 Area and Volume Calculations

To calculate data on the area and volume of corals, the digital elevation model (DEM) produced

in the reconstruction process was used. First the data was loaded into Metashape (Professional

edition, Agisoft), where the model was scaled using the scale bar function. This was achieved by

first selecting two marker points on the orthomosaics. These points corresponded to the start

and end of an object with a known distance, in this instance the white reference target was used.

Using the two points, a scale bar was created, and its properties were changed to reflect the true

distance between the points (30 cm). The DEM was then recalibrated to reflect the new scaling.

Once the DEM was in the correct scale, ROIs were selected of the corals previously highlighted

in the spectral analysis and 3D data was ascertained from the properties of the ROIs.
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7.2.3 Hogg Reef Data

The results of the experiment described in section 7.2.1 are shown graphically below. Discussion

of these results with reference to these figures follows in section 7.2.2.1.

Figure 7.8: Hyperspectral data of Hogg reef presented in user defined bands red: 640 nm, Green
549 nm and Blue 471 nm (Top). Hyperspectral data with the regions of interest highlighted
(Bottom).

153



C
H

A
P

T
E

R
7.

E
X

P
E

R
IM

E
N

T
A

L
F

IE
L

D
D

A
T

A
A

N
D

L
O

N
G

-T
E

R
M

M
A

P
P

IN
G

P
L

A
N

S

Figure 7.9: Corrected reflectance spectra of corals highlighted as ROI’s in Fig 7.8 at Hogg Reef, Bermuda.
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Figure 7.10: Spectral classification of hyperspectral data at Hogg reef, Bermuda into 3 habitat classes (hard corals, soft corals, sand/rock)
and to identify the white reference.

Table 7.4: Percentage coverage of types of benthos at Hogg reef Bermuda based from ENVI classification shown Figure 7.10.

Class Pixel count Percentage Coverage
Hard Coral 30358 25.437
Soft Coral 25358 21.248
Sand/Rock 57513 48.191

White Reference 6116 5.125
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Figure 7.11: Birdseye view projection of the digital elevation model (DEM) for Hogg reef generated during the spectral reconstruction.

Table 7.5: Perimeter and area of the ROIs at Hogg reef, Bermuda based from DEM shown Figure 7.11.

Label Perimeter (cm) Area (cm² )
ROI #4 52.661 1.531
ROI #5 75.334 3.753
ROI #6 74.829 3.693
ROI #7 83.132 2.530
ROI #8 61.629 2.361
ROI #9 23.221 0.350
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7.2.3.1 Discussion

As shown, the data from the Bi-Frost DSLR can be utilised in many ways to generate reef data to

help to characterise the reef and its associated health.

Firstly, spectral data can be extracted from multiple spectral points on the corals using ROIs

to generate spectral signatures for individual colonies (Figures 7.8 & 7.9). By using spectral

signatures of benthic habitat types such as hard coral, soft coral and sand/rock, simple classi-

fications of the survey area were generated (Figure 7.10). As shown by the data, this is not a

perfect solution as some small areas are clearly misidentified i.e., the white reference which has

been identified in several areas outside of where the targets were situated. This technique can be

further improved by the use of more training data, as the larger the database of collected spectra

to use the more accurate the classification will become.

From these simple classifications however, a percentage cover was generated in terms of a

percentage of the total survey area (Table 7.4). This type of data is important to understanding

population dynamics and shifts over time. The use of spectral discrimination is unable to distin-

guish coral species from another, this is due to Symbiodiniaceae being the primary constituent of

coral colour. As all corals contain Symbiodiniaceae, the spectral signatures are indistinguishable

from one another at the species level, meaning the simple indexing process, as demonstrated, can

outline generic coral coverage but is not able to determine specific coral species.

During the spectral reconstruction process a DEM was produced of the scene (Figure 7.11),

this can be utilised to look at topographic measurements such as a measure of rugosity and

surface area. Using the DEM data, the coral ROIs previously isolated for spectral data were

characterised to provide surface area and volume measurements. These measurements can be

used to determine important factors such as rate of growth, when compared across time scales.

The use of topographic measurements is limited by the photogrammetry software’s ability to

reconstruct 3D information of objects. Thick static objects are the easiest to reconstruct as they

have more reference points that are able to be identified and used, in contrast thin objects have

less due to the reduced surface area of the object. The reconstruction of the white reference tower

in figure 7.11 illustrates this, as the targets are only 2 mm thick they have only been partially

reconstructed. This technique is also not able to reconstruct dynamic moving objects, such as soft

corals, because they move in the water. This causes the reference points to move and so matching

them between one image to the next is more difficult.

The volume measurements from this method were found to not be reliable (Table 7.5), as

when the point cloud of the aligned points of interest is made into a DEM it is done so as a hollow

plate rather than a solid model. Meaning that the DEM is essentially two shells of the surface

topography with a set thickness between the two layers, so features for the purpose of volume

analysis the corals are not solid objects and will give misrepresentative results. Using additional

3D processing software, this could be remedied in the near future to fill the model appropriately.

However, this was not achieved in this study as it is a demonstration of the RAW data produced
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by the imager.

When optimised, this technique would enable volumetric analysis to be conducted on coral

colonies to chart changes for use in growth rates in hard corals or monitoring damage from

storms, for example.

7.2.4 John Smith Reef Data

The results of the experiment described in section 7.2.1 are shown graphically below. Discussion

of these results with reference to these figures follows in section 7.2.3.1.

Figure 7.12: Hyperspectral data of John Smith reef presented in user defined bands red: 640 nm,
Green 549 nm and Blue 471 nm (Top). Hyperspectral data with the regions of interest highlighted
(Bottom).
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Figure 7.13: Corrected reflectance spectra of corals highlighted as ROI’s in Fig 7.12 at John Smith Reef, Bermuda.
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Figure 7.14: Spectral classification of hyperspectral data at John Smith reef, Bermuda into 3 habitat classes (hard corals, soft corals,
sand/rock) and to identify the white reference.

Table 7.6: Percentage coverage of types of benthos at John Smith reef, Bermuda based from ENVI classification shown Figure 7.14

Class Pixel count Percentage Coverage
Hard Coral 46875 30.180
Soft Coral 81835 52.689
Sand/Rock 22951 14.777

White Reference 3657 2.355
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Figure 7.15: Digital elevation model (DEM) of John Smith reef generated during the spectral reconstruction.

Table 7.7: Perimeter and area of the ROIs at John Smith reef, Bermuda based from DEM shown Figure 7.15.

Label Perimeter (cm) Area (cm² )
ROI #5 20.813 0.315
ROI #6 17.252 0.189
ROI #7 23.843 0.323
ROI #8 12.381 0.113
ROI #9 17.962 0.222
ROI #12 17.043 0.207
ROI #13 30.294 0.630
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7.2.4.1 Discussion

A second reef was imaged and analysed using the same techniques used on Hogg Reef, to further

demonstrate the analysis methods previously outlined on a different reef type.

As shown in Figures 7.12 & 7.13, a hypercube was again generated of an area of reef and

corrected spectra obtained from it. This further demonstrates and answers the first question

posed in the experimental outline of ’Can bottom reflectance be retrieved in shallow water?’

The spectral data was again used to make training data ROIs of benthic habitat and reference

types as previously described. In this instance however, the classification was able to classify the

white reference mostly correctly with only a small outlying region labelled incorrectly (Figure

7.14). The data as before identified the flaws of the technique, with large areas misidentified

as soft coral. This is likely due to shadowing as the soft corals are darker than the hard corals

and due to the limited number of classifiers darker areas of reef are closest to the spectra of soft

corals. This could be mitigated by changing the acceptance threshold of the classification matrix.

The DEM of the data generated as shown in Figure 7.15, gives an idea of the topography

of the reef. Using the scaled DEM, the ROIs identified in the spectral data were again used to

generate perimeter and area measurements of the corals (Table 7.7).

The data sets used in this brief study were subsets from much larger data sets, this was due

to smaller data sets being able to be generated and processed more rapidly. In contrast, larger

data sets are significantly slower to process. Largely this was an effect of the current iteration

of the reconstruction code used to convert images to hyperspectral data being not as efficient

as it could be, in terms of coding functions and processes. The code relies on using BlueCrystal,

the University of Bristol’s supercomputer, which has not yet been optimised to run on the latest

version of the Agisoft software (Metashape). This is because the current operating system does

not meet the requirements to run the software and so the older less efficient program Agisoft

Photoscan has to be used. Due to time constraints due to the COVID pandemic, smaller subsets

were selected to give an idea of the effectiveness of the technique as the larger data sets of the

whole reefs currently would take significantly longer just to process.

The data collection for this experiment was significantly delayed due to the restrictions

imposed by COVID-19. Field trips were originally planned for the summer of 2020 and were

rescheduled for early 2021, both of which were cancelled due to travel restrictions set by both the

UK government and the University of Bristol.

The data was instead collected by Dr. Eric Hochberg, but due to Bermuda’s own restrictions,

lockdowns and social distancing measures, the number of opportunities to collect data was

significantly reduced. Due to the limited amount of data, the second question posed on whether

changes in bottom reflectance could be monitored was not able to be answered. As in order to

conduct these health assessments, the same area of reef would need to be imaged multiple times

with an interval of at least a month.
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The use of spectral discrimination for identifying benthic habitats, was used as an example of

the type of data processing that is able to be achieved using the Bi-Frost DSLR system. As shown

in the data (Figures 7.10 & 7.14), the technique was not very effective as large regions were

misidentified. This was largely due to the limited training data used to inform the classification.

The classification process could be substantially improved by using larger training data sets,

which for the best results would be a large database made up of hundreds of spectral profiles. As

this type of data collection is still in its infancy, only a limited dataset was available to generate

the spectral discriminations.

As stated in the Hogg reef discussion, the use of the DEM for volumetric calculations of reef

features requires additional processing to be achieved accurately. However, perimeter and area

measurements were able to be obtained with no additional data processing; which is a positive

first step.

7.2.5 Conclusion

To conclude, the raw data collected by the Bi-Frost imager over live reefs were able to be processed

into hypercubes and spectral data was sub-sampled successfully. The data was processed in

a number of other ways to provide further insight into the overall condition of reefs. This

demonstrates that the camera is a suitable tool for use in marine surveying applications and is

especially suited to coral reef monitoring. These techniques build on techniques demonstrated

in the literature, where Hochberg & Atkinson [139, 250], demonstrated the use of spectral

discrimination from airbourne data. The preliminary hyperspectral data in our studies showed

this could be achieved using the Bi-Frost imager. The advantages of the Bi-Frost system are that

more data points are available in comparison to using handheld spectrometers, which are only

able to capture spectra from small sample points. However, a more extensive spectral library

of spectra would be required for this technique to be accurate and applicable to multiple reef

systems.

The future aim is to repeat survey these two reef systems to obtain some time resolved data

of the same areas. In achieving this we would be able to demonstrate and test the efficiency

of ’change detection’ algorithms that could be used to quantify reef health over extended time

periods.
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7.3 Long-Term Monitoring of a Reef System Using the Bi-Frost

DSLR

To demonstrate and evaluate the potential uses of the Bi-Frost system as part of a large-scale

long-term reef monitoring operation, the following hypothetical scenario has been designed. The

scenario demonstrates the different types of data able to be collected by the imager and explained

in terms of how they could provide benefit to ecological assessments.

Reef monitoring in order to gain a metric of reef ‘health’ is a complex problem made of many

constituents, for example coral cover/ distribution, coral condition, fish populations and macro

algae cover. In order to make these assessments, a number of techniques and tools are employed

to answer this broader question.

The Bi-Frost DSLR can be employed in a number of roles to help answer this question as

shown in previous sections. Firstly, it can be used in the manner presented in the experimental

chapter of this project to look at coral wavelengths in order to ascertain a bleaching metric.

However, to effectively study live reefs over extended time periods or indeed to derive long-term

meaning from pigment data, the reefs would need to be imaged multiple times over a time frame

of at least a year. This would enable the creation of baselines, to account for seasonal variation

in pigments and life-cycles of the corals [115, 122, 251]. With baselines in place, any significant

changes outside of seasonal variation could be detected and coral condition could be monitored in

close to real time. The versatility of the Bi-frost technique enables additional information to be

gathered to help establish other key factors and data sets for use in reef assessments such as:

(i) Spectral data obtained from the system can be used to provide classifiers for benthic biotope

mapping as described in the previous section.

The simple benthic types could also be expanded to include additional groupings as identified

by Hochberg et al. [252] which include; fleshy brown, green and red algae; non-fleshy encrusting

calcareous and turf algae; bleached, blue- and brown-mode hermatypic coral; soft/gorgonian coral;

seagrass; terrigenous mud; and carbonate sand. However, in order to achieve these more complex

groupings an extensive library of spectra would need to be used to be able to form accurate

classifications. It is also important to note that spectral discrimination is not able to identify and

classify individual coral species, this is due to Symbiodiniaceae being the primary constituent

of coral colour and corals often displaying non- uniform colour across the species. The spectral

data however, could be used in combination with colour photography and 3D morphology data to

narrow down possible species enough for an identification to be made.

Here the example of using spectral data to look at corals has been extensively discussed but

the technique is also able to look at other sessile organisms such as sponges and macroalgae. The

same spectral information is obtained that can aid in species identification, area coverage and

physiological state [150].
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(ii) Reef structure or rugosity, the state of ruggedness or irregularity of a reef [253], a

commonly used measurement by marine ecologists to identify areas of high rugosity on the reef,

which offer increased cover for reef fish from predation and more places for the attachment of

sessile organisms such as invertebrates, algae and corals [16, 254, 255]. Rugosity specifically

refers to the roughness of the substrate, for which a higher rugosity allows corals to attach to

substrate more easily. Thus, the coral is able to settle in prime spots of the reef with optimal

lighting conditions and away from the sediment on the seafloor, which can negatively impact the

coral. A measurement of a reef ’s rugosity can be obtained by using the DEM produced during the

Bi-Frost’s data processing.

The raw data obtained by the Bi-Frost imager is typically in video format, which could also

be used as a video transect survey for looking at fish species and abundance. By analyzing the

video for any fish that swim into the camera’s FOV and recording them, insights into the fish

community ‘health’ could be obtained over multiple data collections. The one limitation of this, is

that data recorded by the camera is in monochrome and so any fish colouration would be difficult

to detect or use as an identifying feature.

By establishing the baseline of reefs as stated previously, short-scale events could also begin

to be monitored for example damage from isolated meteoric events such as storms/hurricanes.

Storm events generate damage in different forms from turbidity increase, to salinity alterations

and mechanical damage to reef topography [256]. The ability to quickly assess reef damage could

be a vital asset for mitigation.

To maximise the effectiveness of the Bi-frost system, the surveys would be carried out by a

delivery platform (divers or ROV, dependent on availability and conditions). The survey method

in either case would be the same, in order to survey on the reef scale the delivery platform would

conduct a ‘mow-the-lawn’ or raster style pattern as outlined in Figure 7.16. The pattern would

need to be repeated both parallel and perpendicular to the survey site, to achieve maximum

coverage. If looking at individual coral colonies, a single pass transect could be used as shown in

Figure 7.16.
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Figure 7.16: The survey method for Bi-frost DLSR hyperspectral imager, can either be conducted
in ‘lawn mower’ approach [257] for reef scale surveys or a single line pass for colony scale surveys,
to ensure sufficient coverage data should be recorded before and after the target survey area. In
order to correct for the attenuation coefficient of water a variable depth target calibrator (VDTC)
(a series of white references at different depths) or a single white reference (only for correcting
against incident light where variable depth is not considered) is required when imaging with
Bi-Frost DSLR.

An important consideration when establishing the type of survey is the delivery platform,

and as explained above the system can be deployed in a variety of manners. For example, the

Bi-Frost system could be mounted on UAV’s or drones for covering larger survey areas with

moderate spatial scale and resolution (Chapter 2, Table 2.1). Though this technique largely relies

on ground truthing data so, for ease, only underwater approaches have been used for comparisons.

The current underwater delivery platforms that can therefore be utilised are simply, either

human divers or unmanned underwater vehicles (UUVs). In order to maximise and optimise

potential surveys, a decision tree was devised of when and where each delivery system would

be more appropriate. It is also important to consider limiting factors, such as the budget of the

project. The use of UUV’s often includes additional costs incurred, a low-cost ROV such as BR

BlueROV2 is around £5,000 and requires additional training to become proficient in its use. It

could be argued that divers require training and qualifications at a similar (or greater) cost

to become proficient, however the assumption is made that these costs are often not factored

into a project and are usually undertaken independently of research institutions. The primary

decision to use robots (UUVs) or divers after cost considerations is area coverage. This is a

major consideration for a diving operation as large reefs often cannot be feasibily surveyed by
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divers to conduct in a meaningful time frame or would require a very large team of divers and

equipment. Figure 7.17, outlines an example decision tree that could advise as to the use of

one delivery technique over the other. In very shallow reefs for example, an ROV would not be

appropriate as often they have no collision avoidance and spatial awareness so would likely inflict

unnecessary damage to the reef where a diver would not. Considerations for additional hazards

need to be taken into account such as in strong currents or on deep reefs of over 30m in depth,

where divers would have added risk or difficulty and a robot would not. For example, robots do

not tire or suffer decompression sickness and hence are suited for deep or large area surveys.

Robots can also perform automated survey paths using predefined and waypoint-based maps,

pre-installed into the robot. With the use of underwater GPS systems, automated area surveys

can be done with high levels of repeatability and accuracy that would be difficult to achieve as a

diver. Consequently, current available hardware to enable shallow marine GPS for UUVs comes

at an additional cost, often comparable to the cost of the robot itself (based on the water linked

system available from BlueRobotics).

Figure 7.17: A simplified decision tree for using divers or unmanned underwater vehicles (UUVs)
based on area coverage and additional considerations.
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The use of multiple UUV’s could facilitate more efficient repeat surveyance of reef systems,

where multiple robots could be manged and overseen by a single human supervisor. UUV’S also

offer the benefit that the captured colour video could be coupled with object recognition artificial

intelligence (AI) to give real-time or near real time population studies of reef systems.

7.4 Concluding Remarks

To conclude, the Bi-Frost system along with effective survey methods for its repeated deployment

would be an extremely simple and capable tool when used to make long-term assessments about

coral reef environments. This builds on the research conducted taking spectral measurements

in situ [42, 102, 149, 236, 258] and research conducted using hyperspectral imagers above

the water’s surface [173, 259, 260] but with the key distinction that the technology used was

significantly less expensive than imagers previously utilised, highlighted in Chapter 2.

The technology presented in this study could also be further applied to different marine

applications suited to the use of spectral and 3D data sets. For example, there is currently great

interest in the robotic harvesting of metal-containing nodules on the sea floor of predominately

deep ocean areas, at depths of up to 5000 m. From a mining prospective, the instrumentation

could make it easier to prospect the location of these polymetallic nodules and other high value

ores [150].

Moreover, the approach has a high potential for habitat mapping and environmental monitor-

ing, e.g. in terms of fauna characterisation and distribution [150, 261, 262], which are also of high

importance for environmental management in future mining areas [263–267]. Provided a broader

exploration technique is applied first to identify areas of interest for high-resolution surveys, the

UHI may become a promising tool for high-resolution seafloor exploration and monitoring.

As shown in the field demonstration of the Bi-Frost system, the types of data processing able

to be achieved from one data set are numerous. Each of the different processing techniques helps

to provide a piece of the puzzle, that is the ‘health’ or status of an environment. As illustrated in

the previous section, the making of a survey plan for a long-term monitoring program for a reef

is a difficult process. It is made especially more complex by the sheer number of variables, that

determine the types of survey or technique that should be used when making ‘health’ or status

measurements. The Bi-Frost DSLR system, has been demonstrated to be a capable tool in its own

right but should be used in conjunction with existing best practises and tools to further enhance

our understanding of marine ecosystems.
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Corals are complex organisms that form a foundational support for marine ecosystems

across the globe. Rapid ocean warming and acidification combined with increasing pol-

lution means that the resilience and survivability of coral colonies is increasingly fragile,

and hence deriving metric for health assessments is extremely important. Bleaching as described

in Chapter 1, is among the most pressing issue facing coral reef communities now and for the

projected future. The mechanisms that cause coral bleaching are numerous, but the bleaching

response of corals is largely uniform resulting in a loss of coral colour. As such the use of colour

as a determining factor, has been shown to be an effective metric throughout the course of this

project.

Hyperspectral imaging within the marine environment, as discussed in the literature review

(Chapter 2), is a new and emerging field of technology development and implementation. As

discussed previously, the majority of studies occur above the waters surface using drones [131,

260, 268], aeroplanes [25, 140, 151, 259] and satellites [109, 153, 154, 158, 159] and as such

struggle to achieve high spatial resolution or to image deep or complex reefs [163] but encompass

far greater spatial scales than in situ studies. To date the application of underwater hyperspectral

technology for marine applications and specifically in a monitoring capacity is not yet widely

implemented. Largely, this is due to the current inaccessibility of hyperspectral imagers for use in

hazardous environments as a result of the high associated cost. Due to this, a gap in the research

exists for using low-cost underwaterhy perspectral imagers to characterise marine ecosystems to

complement and expand on data taken above the waters surface.

Hyperspectral imaging has been shown in this body of work to be able to distinguish and

isolate the representative spectral peaks of key wavelengths associated with pigments found

within corals. The spectral peaks revealed insights into the health and functions within corals
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that were used to make physiological assessments.

The primary bleaching method used in the experimental studies was thermal stress, this

provided an easily replicable method to draw comparisons across multiple species and datasets.

The use of temperature as the primary stressor is also analogous to the primary stressor facing

coral reefs in the oceans; warming driven by climate change. The experimental method was

however not without limitations. A significant number of experiments conducted, revealed that

coral samples obtained from the Sealife London Aquarium were likely already undergoing

bleaching upon delivery to the laboratory at Bristol. This was a difficult factor to mitigate against,

as once the bleaching process begins, corals lose colour and deteriorate rapidly. This total loss of

pigment can occur in the space of hours or a single day. Once corals undergo bleaching, the process

to recovery is relatively very slow by comparison. The use of small volume aquaria, as used in

the experimental method, also meant that keeping conditions optimal for corals was extremely

difficult. This was reflected in the numerous spikes in phosphate level observed throughout

experiments, detailed in section A.2 of the Appendix.

The key findings of the experiments indicated that each marker’s wavelength enabled a

specific part of the coral’s physiology to be monitored. With marker wavelengths, Chl absorption

(676 nm), oxygen absorption band (760 nm), accessory pigments Peridinin (574 nm) and Diadi-

noxanthin (607 nm) relating specifically to the corals symbiotic partner Symbiodiniaceae. These

markers enabled a direct insight into the bleaching status of corals and most importantly, do so

nondestructively.

The data presented in this body of work, builds on previous literature [42, 102, 236] of using

spectral signals to ascertain physiological assessments. These studies predominately focused on

the ’red edge’ of the spectrum, where the signal has been associated with chlorphyll. This study

encompassed additional signals such as the those associated with Peridinin and Diadinoxanthin

which are not normally employed in studies. The reflectance data presented herein has also

provided further validation of the use of colour as a metric for assessments on corals in situ as

previously highlighted by [133, 237, 238].

The data collected on green fluorescent proteins (GFPs), reflected previous literature [26,

41, 66, 97, 98] reporting a high level of reactivity against stressors. GFP intensity was observed

to decrease dramatically when stress was applied to corals, both thermically and chemically

(Chapters 6 & 7 respectively). The use of Chl-a fluorescence however, did not offer any additional

insights beyond those taken in reflectance measurements of Chl absorption.

The research presented in this thesis, indicates that among the most useful of the marker

wavelengths to monitor were the ones able to be observed in reflectance spectra. The reflectance

at wavelengths associated with key pigments found within coral are more useful than their

fluorescent counterparts, largely due to the ease of measurement. Reflectance measurements are

able to be made under artificial white light or natural sunlight, making spectra especially simple

to record. In contrast, fluorescence measurements offer valuable data at the expense of more
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difficult data capture. In order to best utilise fluorescence, a powerful light source is required.

Firstly, to excite the fluorophores and secondly to overcome the attenuation of the light through

the water, as described in Chapters 3 & 4. Fluorescence measurements are simple to conduct in

well controlled laboratory environments but do not translate well to in situ surveys. The best

survey conditions are at night due to lower light levels. However, night dives with humans or

robots are inherently more complex and higher risk than daytime surveys and so are far less

preferable.

A significant part of the research conducted in this project was focused around understanding

commercial analytical hyperspectral imaging systems and developing a low-cost alternative, high-

lighted in Chapters 2 & 3. A variety of design iterations were developed during the prototyping of

the low-cost hyperspectral imager. The early prototypes utilised microcontrollers and astronomy

cameras to reduce cost, whilst maintaining high quality data. Astronomy cameras are often

used in optical setups as they offer high pixel resolution at an affordable price, in comparison to

scientific cameras used for optical measurements. These cameras are often well suited for use in

laboratory studies where they can be fixed in position for long exposure periods but tend not to

work as well when used in the field. Partly, field deployment is hampered by the way the cameras

are operated, requiring an interface system which in a laboratory would be achieved by a laptop

or desktop computer but this is more difficult to achieve on or in water. For field applications an

alternative solution was devised, to use microcontrollers which would act as computers for the

camera to interface with. As the initial plan was to integrate the hyperspectral system on an

unmanned underwater vehicle (UUV), the device could use the existing electrical and interfacing

systems on board the robot. This in theory, was an apt solution however, as described in Chapter

4, the developed prototype had limitations and ultimately irreconcilable software issues. Conse-

quently, alternative imagers were researched that contained integrated control software such

as those found in digital cameras. Upon reflection, the use of UUV’s to provide an integrated

delivery and interface platform was not inherently useful to most researchers. This view was

reinforced and informed by collaborators (e.g. BIOS and PML) and conference interactions. An

integrated UUV system would add additional cost and complexity to surveys, where a handheld

system would be more appropriate. Thus, the Bi-frost DSLR camera was created as a platform

ambivalent HSI solution.

The Bi-Frost DSLR underwent extensive characterisation and testing in order to verify the

suitability of the imager. Firstly, as a hyperspectral imager and secondly as an underwater

imager. The Bi-Frost DSLR, as described in Chapter 5, was compared against a known spectral

calibration standard and a calibrated commercial snapshot hyperspectral imager. The spectral

response of the imager was not significantly different to that of the calibrated spectrum, nor

when compared to a commercial grade imager. Importantly, the developed Bi-Frost imager was

shown to be able to produce spectral data at a fraction of the cost of alternative hyperspectral

technologies. The Bi-Frost DSLR when compared to its direct counterparts (LVF based imagers)
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[184, 215], as highlighted in Chapter 5, was found to have comparable data capture but at a 3rd of

the cost. When compared against existing UHI technologies, presented in Table 2.4, the Bi-Frost

imager cost 4£ less than its next competitor the ’Hyperdiver’ and is far more maneuverable as

it is 30£ lighter (in air) [3]. As Chapter 4 described, the reduction in cost came with a slight

reduction in spectral resolution with the spectral bands having a resolution of around 18 nm

verses 7 nm for the comparator COTS camera. This larger band size meant that the imager is

not as accurate in detecting narrow emission peaks, however for most applications this effect

is negligible. When looking at the spectral responses of corals, as described in Chapters 6 & 7,

the imager was able to capture coral spectra as the spectral emission signatures are generally

much broader than the resolution of the bands on the LVF. The use of LVF’s as described in

Chapter 4 and demonstrated in Chapter 7, is able to offer additional data not available from

traditional hyperspectral imagers and hyperspectral data processing techniques. The Bi-Frosts

ability to generate 3D data is particularly important for the reconstruction process, to alleviate

the problems associated with 2D imaging of 3D environments as described in Chapter 4. The

3D data is also important to gather topographic data for health assessments as demonstrated in

Chapter 7.

“The ocean is the largest habitat on earth and is largely unexplored. More people have trav-

elled into space than have travelled to the deep ocean realm. . . .” – (David Attenborough, 2001).

This quote is as relevant today as it was 20 years ago as ocean exploration is expensive. Whilst

coral health monitoring is vitally important, it is also costly to do so and as such expensive equip-

ment i.e. current COTS hyperspectral cameras are often not viable for institutes or researchers to

purchase. As a result useful tools and the data they can collect are often overlooked or substituted

for a more cost effective approach.

The Earth’s coral reefs face a difficult and uncertain future. If they are to survive the impend-

ing onslaught predominately caused by climate change: effective monitoring and assessment will

be fundamental to aiding their custodianship. A wealth of technological know-how is already

being applied to study coral reefs from the colony to global scale. Consequently, the understanding

of the problem and its severity continues to improve. Additionally, new tools are being developed

to help facilitate all survey requirements across all scales. On the larger scale, satellites and

aerial multispectral/ hyperspectral imaging provide the greatest spatial coverage, at the trade-off

of reduced spatial resolution. For colony or reef scale surveys, in-situ imagers can produce high

spatial resolution but cannot replace remote systems. Rather, they are tools to complement those

assessments and to provide ground truth data as to look at environments in closer detail. The

use of in-situ imagers also enables areas to be studied where aerial imaging is not applicable,

such as deep reefs or reefs with complex structures i.e. steep reef faces / walls and over hangs.

The development and implementation of hyperspectral imaging for health assessments within

the marine environment, as shown over the course of the project, proves there is real scope for

this tool revealing coral in a new ‘light’.
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8.1 Future Work

In order to achieve effective monitoring of coral reefs, they would need to be imaged over longer

time scales. Long term monitoring will enable more accurate assessments to be made, that

consider natural fluctuations of symbionts within coral in response to seasonal changes. Long

term Bi-Frost DSLR datasets of reefs would also provide a wealth of monitoring data, in addition

to physiological assessments based on colour. Other data sets such as ecological data, species

distribution and abundance from spectral classification and topography information obtained

from the 3D data can be used to look at the impact of storms or anthropogenic damage.

Due to the low-cost nature of the Bi-frost imager it is well suited for being applied in less

economically developed countries (LEDCs), where organisations do not have vast budgets for

monitoring tools. Ultimately, this approach will lead to (i) better understanding of coral reef

health, (ii) better understanding, locally and globally, of threats posed to reef ecosystems and (iii)

help to inform governmental management strategies to mitigate or recover from these threats.

Another area of the marine environment that is poorly characterised are deep reefs, coral

reefs at depths exceeding 30m. This is largely due to the complexities that come with increased

depth, factors such as elevated pressure and lower availability of light. The lower availability

of light is particularly culpable for the lack of spectral measurements, along with the previous

limiting factors for underwater hyperspectral imaging. To further test the capabilities of the

imager additional testing at depths of >30m, would reveal if the technique would be able to

gather meaningful spectral measurements. One potentially limiting factor of the Bi-Frost imager

at depth is that the camera’s proprietary software will try to derive colour information on colours

outside of the 3 RGB bands. This is not currently an issue as all colours are readily available in

shallow water. However, at depth due the attenuation of light as highlighted in Chapter 3 red light

is partially less abundant. Additional testing would need to be conducted to ascertain whether

this would have a significant effect if any on the camera’s algorithms. Further development of

the camera platform could also be undertaken to convert imagers with higher specifications and

newer models of DSLR. As LVF technologies continually advance, the cost and resolution of new

technologies will enhance and improve LVF based imagers such as the Bi-Frost DSLR. New filter

technologies would be able to be adapted in the design as "straight swap" replacements, and the

software developed for this project will able to be adapted.

Hyperspectral imaging is a broad technique and can be applied in many other applications

especially in underwater hyperspectral settings besides coral health determinations which could

include but not limited to:

• Observing the health of other marine organisms, that also display colour deterioration are

able to imaged in the same way as demonstrated by this project. Other organisms, such

as seagrass and kelp could be observed using UHI, giving ground-truthing data to help

validate the satellite imagery which is currently utilised for identification and monitoring
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[269, 270]. The use of underwater imaging would lead to higher spatial resolution and

accuracy levels in a similar way to methods proposed for corals, as presented in this project.

• Identifying marine plastic pollution, studies [271] identify that the majority of plastic

pollution in the oceans is broken up into the following distinct colour categories white and

transparent/translucent (47%), yellow and brown (26%), and blue-like (9%). The use of

hyperspectral imaging could help to identify these plastics in-situ and provide monitoring

of marine environments as plastics have fairly unique spectral signatures in near infrared

(NIR) and shortwave infrared (SWIR) range. These signatures have already been been

exploited in the recycling industry, to allow for automatic plastic sorting using spectral

imaging [272, 273]. This same type of imaging technique could help to identify plastics

in the environment, as well as what types are more or less prevalent. It should be noted

that the wavelengths involved are heavily attenuated by the water and as such studies

could be conducted if the signals involved would be able to be detected in a meaningful

way by UHI. The accumulation of plastic waste in the oceans presents a great concern, as

the majority of the waste floats its clumps and gathers in the ocean’s gyres. The largest

gathering of waste is in the North Pacific Ocean gyre, known as the Great Pacific Garbage

Patch (GPGP). The GPGP is an accumulation of floating debris and rubbish spanning an

area of 1.6 million square kilometres [274]. Ocean plastics represent a hazard to a number

of marine organisms, from accidental ingestion especially prevalent in marine birds and

turtles, to carrying marine viruses that can cause coral reef degradation [275].

Crucially the implementation of underwater hyperspectral imaging and underwater hyper-

spectral data, is that it can enable the underpinning of satellite data. Where satellite data can

be validated and the associated correction algorithms can be improved to give more accurate

spectral data of the oceans and benthic habitats on a global scale. Projects such as the Allen coral

Atlas [177], currently use satellite data underpinned with diver based photo-quadrat surveys to

validate their spectral data. By using a hyperspectral system that collects congruent data to the

satellite data, will enable a powerful advance in the validation process. This will aid the machine

learning algorithms used in the coral habitat mapping softwares to generate ever more accurate

datasets of the ocean’s shallow habitats. Ultimately, this will enable better understanding and

management of these essential habitats. This will be vital in the turbulent years and decades

ahead, driven by the effects of climate change.
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APPENDIX A:

A.1 Correction Equations for the Various States of Reflectance

and Fluorescence

The following equations are derivations of the correction equation where (i(¸ )) is incident light,

the detector response is (D(¸ )) and is the recorded albedo (A(¸ )).

R is reflectance, Z is the depth from water’s surface downward to the target which refers to

the downwelling irradiance, H is the bottom depth of the body of water or the depth of the sample

from the sensor, which refers to the upwelling irradiance, R1 is the reflectance of an infinitely

deep ocean, A the bottom albedo and finally e(¡ 2k(¸ )(H¡ Z)) refers to the absorption of light, which

is an exponential decay (vertical attenuation coefficient k) that is both wavelength (¸ ) and depth

(H-Z) dependant.

Reflectance in air

(A.1) [i(¸ )D(¸ )A(¸ )]

Reflectance at water’s surface

(A.2)
[i(¸ )D(¸ )A(¸ )]2(1 ¡ R(¸ ))

[i(¸ )D(¸ )A(¸ )]
Æ2(1 ¡ R(¸ ))

Reflectance at water Depth

(A.3) [i(¸ )D(¸ )A(¸ )]2(1 ¡ R(¸ ))e¡ 2(k(¸ )z)
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Reflectance at water depth ¥ Reflectance in air

(A.4)
[i(¸ )D(¸ )A(¸ )]2(1 ¡ R(¸ ))e¡ 2(k(¸ )z)

[i(¸ )D(¸ )A(¸ )]
Æ2(1 ¡ R(¸ ))e¡ 2(k(¸ )z)

Reflectance at water depth ¥ Reflectance at water surface

(A.5)
[i(¸ )D(¸ )A(¸ )]2(1 ¡ R(¸ ))e¡ 2(k(¸ )z)

[i(¸ )D(¸ )A(¸ )]2(1 ¡ R(¸ ))
Æe¡ 2(k(¸ )z)
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A.2 Water Conditions in Laboratory Experiments

Table A.1: The water conditions of the bleach tank including temperature measurements experiment 1.

Week Temperature (oC) Salinity (ppt) pH Carbonate Hardness Nitrate (ppm) Phosphate levels (ppm) Calcium Concentration (mg/L)
Target Surface Bottom Average

24/04/2018 24 24.4 23.8 24.1 30 8.31 214.8 0 0 520
25/04/2018 26 25.8 25.7 25.75 33 8.28 214.8 0 0.25 520
01/06/2018 28 28.6 27.7 28.15 34 8.32 214.8 0 0 520

Table A.2: The water conditions of the bleach tank including temperature measurements experiment 2.1.

Week Temperature (oC) Salinity (ppt) pH Carbonate Hardness Nitrate (ppm) Phosphate levels (ppm) Calcium Concentration (mg/L)
Target Surface Bottom Average

23/04/2018 26 26.9 26.6 26.75 34 8.33 214.8 0 0 520
30/04/2018 28 28.9 28.0 28.45 33 8.26 214.8 10 0.25 520
07/05/2018 30 31.2 30.2 30.7 34 8.24 214.8 0 0 520
14/05/2018 32+ 32.1 32.5 32.3 33 8.37 214.8 0 0 520

Table A.3: The water conditions of the bleach tank including temperature measurements experiment 2.2 & 2.3.

Week Temperature (oC) Salinity (ppt) pH Carbonate Hardness Nitrate (ppm) Phosphate levels (ppm) Calcium Concentration (mg/L)
Target Surface Bottom Average

9/11/2018 26 25.8 25.7 25.75 31 8.26 214.8 0 0 520
9/11/2018 26 27 24 25.5 30 8.25 214.8 0 0 520

12/11/2018 26 27.1 24.2 25.65 30 8.24 214.8 0 0 520
19/11/2018 28 28 25.9 27.95 32 8.37 214.8 0 0 520
20/11/2018 28 27.9 26 28.25 34 8.32 214.8 0 0 520
22/11/2018 30 31.5 28.4 29.95 34 8.30 214.8 0 0 520
23/11/2018 30 30.8 27.7 30.25 32 8.27 214.8 0 0 520
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Table A.4: The water conditions of the bleach tank including temperature measurements experiment 2.4 & 2.5.

Week Temperature (oC) Salinity (ppt) pH Carbonate Hardness Nitrate (ppm) Phosphate levels (ppm) Calcium Concentration (mg/L)
Target Surface Bottom Average

25/11/2020 24 24.2 25.3 24.75 32 8.24 214.8 0 0 520
26/11/2020 26 25.8 25.7 25.75 32 8.26 214.8 0 0 520
03/12/2020 28 28.3 26.7 27.5 30 8.25 214.8 0 0 520
10/12/2020 30 30.3 29.6 29.95 33 8.30 214.8 0 0 520
18/12/2020 30 31.1 30.3 30.7 32 8.28 214.8 0 0 520

Table A.5: The water conditions of the bleach tank including temperature measurements experiment 3.

Week Temperature (oC) Salinity (ppt) pH Carbonate Hardness Nitrate (ppm) Phosphate levels (ppm) Calcium Concentration (mg/L)
Target Surface Bottom Average

25/05/2020 24 24 25 24 32 8.26 214.8 0 0 520
26/05/2020 26 25.7 25.7 25.8 33 8.28 214.8 0 0 520

178



A
.3.

A
N

O
V

A
T

E
S

T
R

E
S

U
L

T
S

A.3 ANOVA Test Results

Table A.6: ANOVA statistic results for experiment 2.1 (MDIG).

Treatment Wavelength Time Time £ Treatment Treatment
df Error df F P df Error df F P df Error df F P

Fluorescence
511 1.54 6.159 51.062 0.0001 1.54 6.159 0.974 0.404 1 4 2.226 0.21
685 1.85 7.402 20.653 0.001 1.85 7.402 3.215 0.101 1 4 0.342 0.59

Reflectance

574 1.665 6.658 19.883 0.002 1.664 6.658 7.075 0.025 1 4 0.864 0.405
607 1.772 7.088 19.34 0.002 1.772 7.088 5.876 0.034 1 4 0.775 0.428
676 2.079 8.315 13.987 0.002 2.079 8.315 9.497 0.007 1 4 1.971 0.233
760 1.719 6.876 85.896 0.0001 1.719 6.876 6.264 0.031 1 4 4.148 0.111

Table A.7: ANOVA statistic results for experiment 2.2 (MCAP).

Treatment Wavelength Time Time £ Treatment Treatment
df Error df F P df Error df F P df Error df F P

Fluorescence
511 2.749 27.486 214.348 0.0001 2.749 27.486 30.28 0.0001 1 10 10.973 0.008
685 1.76 17.599 11.831 0.001 1.76 17.599 11.155 0.001 1 10 1.283 0.284

Reflectance

574 3.422 34.225 15.032 0.0001 3.422 34.225 4.666 0.006 1 10 0.339 0.573
607 3.505 35.052 16.008 0.0001 3.505 35.052 4.959 0.004 1 10 0.085 0.777
676 19.172 39.055 19.172 0.0001 19.172 39.055 13.628 0.0001 1 10 0.128 0.728
760 3.047 30.473 21.844 0.0001 3.047 30.473 28.044 0.0001 1 10 1.676 0.225
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Table A.8: ANOVA statistic results for experiment 2.3 (MCON).

Treatment Wavelength Time Time £ Treatment Treatment
df Error df F P df Error df F P df Error df F P

Fluorescence
511 1.365 12.108 23.834 0.0001 1.365 12.108 3.194 0.077 1 6 0.831 0.397
685 2.707 16.243 20.816 0.0001 2.707 16.243 14.11 0.0001 1 6 4.506 0.078

Reflectance

574 1.674 10.046 6.014 0.023 1.674 10.046 4.819 0.039 1 6 0.01 0.923
607 1.774 10.644 8.86 0.006 1.774 10.644 3.621 0.067 1 6 0.986 0.359
676 2.876 17.254 12.852 0.0001 2.876 17.254 9.564 0.001 1 6 0.001 0.978
760 2.722 16.332 25.463 0.0001 2.722 16.332 20.721 0.0001 1 6 4.531 0.077

Table A.9: ANOVA statistic results for experiment 2.4 (MCON).

Treatment Wavelength Time Time £ Treatment Treatment
df Error df F P df Error df F P df Error df F P

Fluorescence
511 1.486 2.972 73.185 0.003 1.486 2.972 2.104 0.26 1 2 0.098 0.784
685 1.537 3.074 53.277 0.004 1.537 3.074 2.383 0.231 1 2 0.002 0.967

Reflectance

574 1.831 3.663 79.689 0.001 1.831 3.663 15.269 0.017 1 2 0.429 0.58
607 1.837 3.674 95.501 0.001 1.837 3.674 14.221 0.019 1 2 0.412 0.587
676 1.948 3.896 514.746 0.0001 1.948 3.896 24.422 0.006 1 2 0.912 0.44
760 1.581 3.161 19.735 0.017 1.581 3.161 3.839 0.142 1 2 1.104 0.404
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Table A.10: ANOVA statistic results for experiment 2.5 (MCAP).

Treatment Wavelength Time Time £ Treatment Treatment
df Error df F P df Error df F P df Error df F P

Fluorescence
511 1.516 9.094 24.785 0.0001 1.516 9.094 0.6 0.525 1 6 5.296 0.061
685 1.564 9.383 21.237 0.001 1.564 9.383 3.414 0.085 1 6 2.198 0.189

Reflectance

574 1.458 8.747 44.989 0.0001 1.458 8.747 0.654 0.497 1 6 0.006 0.94
607 1.454 8.726 50.918 0.0001 1.454 8.726 0.615 0.513 1 6 0.0001 0.986
676 1.539 9.236 136.963 0.0001 1.539 9.236 0.868 0.424 1 6 0.081 0.786
760 2.109 12.654 9.197 0.003 2.109 12.654 3.41 0.063 1 6 0.605 0.466

Table A.11: ANOVA statistic results for experiment 3 (ELAM).

Treatment Wavelength Time Time £ Treatment Treatment
df Error df F P df Error df F P df Error df F P

Fluorescence
511 2.582 56.808 91.9 0.0001 2.582 56.808 1.587 0.208 1 22 2.046 0.167
685 3.357 73.847 80.655 0.0001 3.357 73.847 2.544 0.056 1 22 0.389 0.539

Reflectance

574 1.769 38.924 41.068 0.0001 1.769 38.924 10.533 0.0001 1 22 12.546 0.002
607 1.787 29.32 32.504 0.0001 1.787 29.32 11.007 0.0001 1 22 13.298 0.001
676 1.986 43.684 38.335 0.0001 1.986 43.684 11.312 0.0001 1 22 25.038 0.0001
760 2.277 50.084 268.398 0.0001 2.277 50.084 12.313 0.0001 1 22 26.76 0.0001

181



APPENDIX A. APPENDIX A:

A.4 A Guide to the Bi-Frost DSLR

A.4.1 Technical Details

• Camera: Nikon D5100

• Sensor: CMOS (Monochrome)

• Sensor size: APS-C, 23.6 x 15.7 mm, 4928x 3264 pixels

• Spectral range: 339.38 to 789.50 nm

• Bands: 192 (2.34 nm)

• Lens: AF-S DX Nikkor 18-55mm f/3.5-5.6G VR

• Screen View: Will be a pink gradient due to removal of IR filter, in natural light bands will

not be very visible, under fluorescent lighting banding can be seen due to sharp emission

lines.

• Imaging Conditions: Image under uniform light were possible i.e. natural sunlight or

halogen sources. Any non-uniform lighting will create striation from the emission lines and

may not reconstruct well.

Figure A.1: L) The Bi-Frost DSLR. R) The filter orientation (scans left to right through viewfinder).
(The filter colours are superimposed, the actual view will be a pink and black gradient).
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A.4.2 Checking Working Order and Calibration:

1. Turn the camera on to verify it is in working order and batteries are charged. (The view

will appear pink, striating lines will be present if under fluorescent lighting).

2. Verify it can take images/video.

3. Check alignment using the laser calibrator

• Turn on lasers and point at a wall or target (Do not point at any persons or yourself)

• Turn DSLR on

• Optional, Flick the camera to live video mode

• Centre the camera on the target and half-press the shutter until the target appears in

focus

• start a video recording and sweep left to right over the target area with lasers present,

making sure to start before the object of interest and after. Do this slowly and steadily.

• Stop recording.

• Extract video file from SD card.

• Process hypercube.

A.4.3 Capturing Hyperspectral Data (Land):

1. Prepare the scene you are imaging, making sure a white reference target can be observed

within shot.

2. Turn DSLR on

3. Prior to imaging make sure the camera is set to no flash mode, the lens is set to automatic

focusing and in the 35 mm position.

• Optional, Flick the camera to live video mode

4. Centre the camera on the target and half-press the shutter until the target appears in

focus.

5. start a video recording and sweep left to right over the target area with lasers present,

making sure to start before the object of interest and after. Do this slowly and steadily.

6. Stop recording.

7. Extract video file from SD card.

8. Process hypercube.
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A.4.4 Capturing Hyperspectral Data (Underwater):

1. Before entering the water, engage pre-dive checks insuring the camera has full battery,

turns on, takes/saves images and that the dive case has no leaks.

2. Prior to dive make sure the camera is set to no flash mode and the lens is set to automatic

focusing and in the 35 mm position.

3. Prepare the scene you are imaging, making sure the white reference target tower can be

observed within the subject scene.

4. Turn DSLR on

• Optional, Flick the camera to live video mode.

If making a single pass:

5. At the start of the run half-press the shutter until the target appears in focus

6. Start a video recording and sweep left to right over the target area making sure to start

before the object of interest and after. You will need to position the camera anticlockwise

450 and hold it straight out in front of you as you swim.

• make sure to swim at steady speed and hold camera as steady as possible whilst

maintaining a constant depth in the water. (The software can account for changes in

depth).

7. Stop recording.

8. Turn off camera.

9. Once back at lab

• Extract video file from SD card

• Process hypercube

• Analyse data

If making a multiple pass or rasta pattern:

10. You will need to make 2 passes over the scene one horizontally across and once vertically

across

11. At the start of each run half-press the shutter until the target appears in focus

12. Start a video recording and sweep the camera left to right over the target area making

sure to start before the object of interest and after. You will need to position the camera

anticlockwise 450 and hold it straight out in front of you as you swim.
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13. Swim each line making sure to finish after the target area and then carefully swim and

turn 900 to the desired distance to the next line then turn 900 again and swim down the

next line, repeat this process for all lines.

14. Stop recording.

15. Turn off camera.

16. Once back at lab

• Extract video file from SD card

• Process hypercube

• Analyse data

A.4.5 GroPro

Set up before Dive:

1. To turn on press right hand side button for 3 Seconds (device will beep).

2. Press side button repeatedly until you reach Time Lapse Photo.

3. Bottom should display INTR press this set to 0.5 or 1 seconds. Then on bottom set FOV set

to linear. (this must be done using touch screen).

4. To turn off press right hand side button for 3 Seconds (device will beep).

5. Affix case to the top mounting point of Ikelite case

6. Angle the camera so it is in line with the Nikon’s FOV and unobscured by the case.

During Dive:

1. To turn on press right hand side button for 3 Seconds (device will beep).

2. Press side button repeatedly until you reach Time Lapse Photo.

3. When ready and aligned for survey, start the imaging process the top button on GoPro

shortly after or before the Nikon.

4. The screen will turn black after a while but red light will flash to signify its still in operation.

5. At the end of survey stop imaging by pressing the top button

6. If no other transects are run turn device off. To turn off press right hand side button for 3

seconds (device will beep).
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