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General abstract  
 

Biofluorescence in marine organisms is emitted as a lower wavelength light by the fluorophore 

compounds present within their bodies after excitation by the blue-shifted light of the water column. 

Biofluorescence produced in healthy scleractinian coral tissue has been applied as a non-invasive 

monitoring tool for gauging the physiological response of corals to environmental stress and disease 

outbreaks. By measuring shifting levels of fluorescent emissions in tissue, changes in the physiological 

status can be identified. However, the presence of and responsiveness of biofluorescence to stress in 

higher order marine organisms used in aquaculture operations is unknown. The first phase of this 

thesis assessed whether biofluorescence was produced in seven economically valued species present 

within the northeast Atlantic Ocean: the commercially valued macroalgal species Laminaria digitata, 

Palmaria palmata, and Saccharina latissima, the green sea urchin Strongylocentrotus droebachiensis, 

the European black sea cucumber Holothuria forskali, the red king crab Paralithodes camtschaticus, 

and the lumpfish Cyclopterus lumpus. Biofluorescence was documented in all species, with the 

complex emissions produced from physical damage or released exudates in sea urchins, while the 

lumpfish biofluorescence differed according to life stage and sex. The second phase of this study 

assessed whether biofluorescence responded to stressors typically experienced in aquaculture. Green 

sea urchins exposed to three environmental variables (out of water transport, in water transport at 

elevated temperatures, and in water transport at ambient temperature) produced fluorescent 

emissions in response to all treatments in their external anatomy but varied in intensity according to 

treatment type, time interval sampled, and in their coelomic fluid fluorescence. Furthermore, the 

fluorescence emissions in the red king crab were responsive when subjected to the out of water 

shipping methodology used for market transport, increasing in both the external anatomy and the 

haemolymph after exposure. Likewise, lumpfish subjected to a freshwater therapeutic bath used to 

control parasites increased fluorescent emissions in the green spectra, while the control group placed 

back into saltwater did not increase in intensity.  The identification of reproductive development 
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stages in macroalgae was tested using fluorescence. The exploration of fluorescent emission within 

the blades found differences in intensity according to whether reproductive sori were present in the 

blade.  Biofluorescence has been found through these studies to be an effective alternative method(s) 

to non-invasively assess subclinical stress, wounds, and even reproductive status in marine organisms 

on a real-time basis.  The third phase of this thesis was a pharmacokinetic study of European black sea 

cucumber Holothuria forskali tissue after the animals ingested salmon pellets simultaneously treated 

with the recommended dosages for the Atlantic salmon therapeutants emamectin benzoate and 

oxytetracycline. Liquid chromatography with tandem mass spectrometry detected greater 

bioavailability of oxytetracycline in sea cucumber tissue, requiring 18-34 days for elimination in 

comparison to the 9-14 days for emamectin benzoate. These results reflect a more realistic scenario 

of how sea cucumbers react to feeding on organic matter containing veterinary therapeutants, helping 

to define a baseline for the withdrawal period for the two compounds in sea cucumber tissue as well 

as for further studies on the dynamics within actual field conditions.   
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Chapter 1 
 
 

General introduction 
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 Biofluorescence function and applications 
 

The observation of light generated within marine organisms have intrigued humanity for centuries. Innovative 

methods to harness this light first focused on bioluminescence, the production of light within the body of an 

organism through chemical reactions. Human use of bioluminescence dates to the time of Pliny the Elder who 

documented the use of a stick coated with the slime of luminous jellyfish as a torch (Jabr, 2016). Such uses were 

even employed as recently as World War II, where Japanese soldiers used the blue light produced by 

dried umihotaru ostracods (Vargula hilgendorfii) to read documents without giving away their position (Jabr, 

2016). Unlike bioluminescence, the presence of biofluorescence in marine organisms and its subsequent 

applications is reliant on the light present in the oceanic water column to function. Oceanic waters absorb lower 

emission light wavelengths as their depth increases, forming the monotypic blue light (470 – 480 nm) setting 

typical of such environments (Jerlov, 1968). The shorter wavelengths (blue, green) can penetrate to deeper depths 

while longer wavelengths (orange, red) are quickly attenuated in depths greater than 15 m (Kirk 2011). 

Biofluorescence producing marine organisms have a fluorophore in their tissue that emit a lower wavelength light 

after absorbing this environmental, blue-shifted light (Brahme, 2016). By absorbing the ambient blue light (450-

495 nm), the fluorophore compound(s) reemit combinations of green (495–570 nm), orange (590–620 nm), and 

red (620–750 nm) fluorescence into their environment (Gruber & Sparks, 2021). This marine environment allows 

marine organisms to exploit biofluorescence to produce visual contrast and patterns (Gruber & Sparks, 2021; 

Gruber et al., 2016a; Sparks et al., 2014). Biofluorescence is now widely documented in marine phyla (Gruber et 

al., 2016b; Sparks et al., 2014), with studies recording fluorescent emissions in colours and patterns in multiple 

genera of invertebrates as well as cartilaginous and bony fishes. 

The fluorophores responsible for biofluorescence in many genera of marine organisms are employed for both 

environmental monitoring and industrial purposes. Biofluorescence has proven useful for the identification of 

organisms and monitoring of the environment. Perhaps the best-known application is the measurement of 

ultraviolet (UV) fluorescence produced by phytoplankton, where it is used to track the concentration, 

composition, and distribution of plankton species in the ocean, providing real time insight on the health of 

marine ecosystems (Seppälä and Balode, 1998). Likewise, the environmental monitoring and commercial 
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seaweed industry routinely employs total chlorophyll fluorescence and spectrophotometry as a proxy to monitor 

seaweed biomass (Calmes et al., 2020). Subsequently, the fluorescent pigments found within these marine 

macroalgae have been repurposed for industrial applications. The phycobiliproteins extracted from the 

rhodophyte (red algae) Porphyra sp. are used as fluorescent dyes and markers in multicolour detection systems 

that take advantage of their natural variation in fluorescence wavelengths (Griffiths et al., 2016). 

Phycobiliproteins, when conjugated with molecules with specificity to certain substrates, such as antibodies, 

produce a fluorescent tag that will bind to a specific protein, tissue or cell type (Griffiths et al., 2016). Fluorescent 

phycobiliproteins are now a fundamental tool in fluorescent microscopy, flow cytometry, fluorescence-activated 

cell sorting, diagnostics, immunolabeling, and immunohistochemistry (Griffiths et al., 2016; Sekar and 

Chandramohan, 2008; Eriksen, 2008).  

Biofluorescence produced within the animal kingdom has similarly inspired industrial applications. The 

discovery that the hydrozoan Aequorea victoria emits green light through its photophores after absorbing its own 

bioluminescent blue light (Shimomura, 2005; Shimomura et al., 1962b) has revolutionized biomedical studies well 

before macroalgae fluorescent pigments. The Green Fluorescent Protein (GFP) isolated from A. victoria as well as 

other subsequently discovered fluorescent proteins, are used to visually track cellular processes and protein 

interactions (Shaner et al., 2007; Arun et al., 2005; Stearns, 1995). GFP is now an industry standard within 

microbiology. Since this initial discovery, fluorescent proteins have been isolated from scleractinian corals (Gruber 

et al., 2008), crustaceans (M.L. Macel et al., 2020a), and fish (Sparks et al., 2014). Biofluorescence has been proven 

to be sensitive, unobtrusive, and easy to use tool for a variety of applications.   

The biofluorescence produced within scleractinian coral tissue has been evaluated in multiple studies as a 

non-invasive assessment tool for monitoring coral physiological response to temperature stress, wounding, 

disease, and recovery rates (Ramesh et al., 2019; Teague et al., 2019; Caldwell et al., 2017; Roth and Deheyn, 

2013). Healthy corals display a complete fluorescence, whereas the dead, damaged and diseased corals display 

altered or absent fluorescent levels due to changes in the symbiotic Zooxanthellae algae and coral GFP-like 

fluorescent proteins  (Ramesh et al., 2019). As a disease agent infects living tissue, it can induce changes in the 

distribution of pigments typically along a line of infection. For example, the chronic Montipora white syndrome 
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disease consistently alters the micro-scale spatial distribution of fluorescence in the Hawaiian coral Montipora 

capitata (Caldwell et al., 2017). The pink line disease infecting Porites sp. corals was easily detected under UV blue 

light illumination (Ramesh et al., 2019). Conversely, fluorescent response in the branching coral Acropora yongei 

decreased overall to temperature stress treatments prior to the initiation of bleaching (Roth and Deheyn, 2013). 

Surprisingly, no investigation of the role biofluorescence may play as an indicator of the health and welfare of 

other higher order marine organisms have been conducted to date, let alone how such fluorescence responds to 

husbandry techniques and their resulting environmental conditions.  The investigation of biofluorescence as a 

welfare and management tool in marine organisms merits further exploration to advance scientific and industrial 

applications. 

 

Marine invertebrate biofluorescence 

Studies detailing the pervasiveness of biofluorescence in marine invertebrates have documented several 

genera utilizing biofluorescence. The first phyla studied that produces biofluorescence were cnidarians, whose 

tissue dissipated longer wavelengths to prevent the accumulation of oxygen radicals produced through interaction 

with higher energy UV light (Banaszak and Lesser, 2009a; Salih et al., 2000). The orange-red light during this 

process is known to be transmitted to photosynthetic zooxanthellae for additional photosynthesis (Smith et al., 

2017). The fluorophores identified in corals have been documented to change fluorescence colours, with two well-

known fluorophores (DsRed, H62-Y63-G64) maturing from green to red fluorescence (Mizuno et al., 2003; 

Campbell et al., 2002; Gross et al., 2000). Such irreversible photoconversions are typically considered to only take 

a few minutes to complete in corals (Ando et al., 2002). Since its initial discovery(Catala-Stucki, 1959),  over ~70 

coral species are known to emit fluoresce (Alieva et al., 2008a; Gruber et al., 2008). 

Other invertebrate phyla have had varying levels of biofluorescence documented. Zooplankton and larval 

stages are considered highly biofluorescent. Even though the phylum Echinodermata is poorly studied in this field, 

the larvae of certain species have been known to produce fluorescence. The larval echinoderm Clypeaster 

japonicus emits an intense biofluorescence, with weaker fluorescence emission in larval Hemicentrotus 
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pulcherrimus, Anthocidaris crassispina and Pseudocentrotus depressus (Nakamura et al., 2001). Biofluorescence 

in adult echinoderms was described within the spines and epidermis of adult C. japonicus (Nakamura et al., 2001).  

Biofluorescence is known to occur in multiple genera of marine arthropod (Macel et al., 2020; Rubin et al., 2017; 

Ze-Lin et al., 2012; Mazel et al., 2004). The hyaline exocuticle of Xiphosura horseshoe crabs is known to emit 

fluorescence (Rubin et al., 2017). Well known examples of pontellid and aetideid copepods contain green 

fluorescent proteins (Macel et al., 2020; Hunt et al., 2010; Shagin et al., 2004) that emit green fluorescence. Strong 

fluorescent markings described on the antennal scales of the mantis shrimp Lysiosquillina glabriuscula are 

considered to contribute to intraspecific visual signalling at varying depths (Mazel et al., 2004). Biofluorescence 

produced by mollusks has been found in snails and cephalopods. The 16 species of Mediterranean heterobranch 

sea slugs produce four fluorescence colours in various anatomical features including the cerata stored in the 

cnidosacs, rhinophores, dorsum, and gills (Betti et al., 2021a). Cephalopods are better known to contain 

iridophores in their skin to help reflect light. However, the squid Alloteuthis subulata and Loligo vulgaris have 

fluorescent spots over their eyes; such spots are thought to reflect episodic light for intraspecific communication 

purposes (Mäthger and Denton, 2001a).  

 

Marine fish biofluorescence  

Biofluorescence is both common and phenotypically variable in tropical fish communities (Anthes et al., 

2016a; Gerlach et al., 2016). Limited published research exists on the presence or function of biofluorescence 

within temperate zone fish lineages outside of the Arctic Ocean (Gruber and Sparks 2021). Both cartilaginous and 

bony fish have been observed producing biofluorescence. Detailed studies on the function of fluorescence in 

cartilaginous fish have focused on sharks (Park et al., 2019; Gruber et al., 2016), while many genera of bony fish 

(Guarnaccia et al., 2021; Gruber et al., 2015; Sparks et al., 2014) have been described producing complex 

fluorescence.  

Cartilaginous fish fluorescence has been studied extensively in catsharks. The fluorescent emissions, patterns, 

and responsible fluorophores have been identified in the swell shark Cephaloscyllium ventriosum, lesser spotted 

catshark Scyliorhinus canicula, and chain catshark Scyliorhinus rotifer. These species emit bright green 
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fluorescence and can visually detect emission in this colour wavelength (Park et al., 2019; Gruber et al., 2016). The 

brominated tryptophan-kynurenine molecules located in the denticles (Park et al., 2019) of these sharks are 

responsible for the green fluorescence over areas that had a lower fluorescent intensity. It has been hypothesized 

that the brominated tryptophan-kynurenine molecules offer photoprotection from UV radiation (Sweet et al., 

2012; Taylor et al., 2002).   

Like in cartilaginous species, green fluorescence is widely distributed in bony fish genera such as Aulopiformes 

(lizardfish), Gobiiformes (gobies), Scorpaeniformes (scorpionfish) (Sparks et al., 2014), Syngnathiformes 

(seahorses)  (Vaccani et al., 2019), and Anguilliformes (eels)  (Guarnaccia et al., 2021; Gruber et al., 2015; Hayashi 

and Toda, 2009). Fish lineages in Gobiiformes, Blenniiformes (blennies), and Labriformes (fairy wrasse) reveal 

species-specific as well as sex-specific fluorescent patterning (Gerlach et al., 2014, 2016; Kalb et al., 2015; Sparks 

et al., 2014).  Alternatively, it is hypothesized that benthic fish which fluoresce red use it to camouflage against 

red fluorescing corals (Gerlach et al., 2014; Meadows et al., 2014; Sparks et al., 2014; Wucherer and Michiels, 

2014; Michiels et al., 2008). Aggressive mimicry has been hypothesized in the striated frogfish Antennarius 

striatus, which uses biofluorescent esca, the lure on their head, to mimic the orange fluorescence of free-

swimming worms in the environment (De Brauwer and Hobbs, 2016a). The Anguilliformes in the families 

Anguillidae, Chlopsidae, and Muraenidae have been described producing green biofluorescence. The discovery of 

the fluorophore UnaG in the Japanese eel Anguilla japonica, a fatty acid binding protein (Kumagai et al., 2013a; 

Hayashi and Toda, 2009)  has led to the discovery of other Anguilla with fluorescent proteins (A. anguilla, A. 

australis, A. bicolor bicolor, A. bicolor pacifica, and A. mossambica) (Funahashi et al., 2017). These eel fluorescent 

proteins are all homologous to brain fatty acid binding proteins (FABPs) (Flower et al., 2000; Rassart et al., 2000; 

Flower, 1993, 1995). When these proteins bind to bilirubin, which is another breakdown product of haem, they 

emit light around 530 nm when excited at around 493 nm (Kumagai et al., 2013).  

 

Macroalgae biofluorescence  

Biofluorescence in macroalgae is well documented and is primarily associated with the type and concentration 

of photosynthetic pigments such as chlorophyll-a and accessory pigments, like phycobiliproteins and xanthophylls 
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(Juhasz et al., 2024; Huot et al. 2018).   While chlorophyll-a is well known for emitting a characteristic red 

fluorescence in macroalgae, other compounds present in algal tissue produce different spectral emissions. The 

fluorophore phycoerythrin within stressed macroalgae becomes highly fluorescent as the amount of energy a 

chlorophyll can direct from the photons present in the water column is reduced (Juhasz et. al., 2024; Forster 2012). 

Since the development of first underwater Pulse-Amplitude Modulated fluorometer (Diving-PAM) in the 1990s, 

the use of fluorescent emission measurements produced by Chlorophyll a in macroalgae has been widely applied 

in ecophysiology studies, and is now finding applications for the cultivation of commercially important algae 

species (Enríquez and Borowitzka 2010). The intensity and spectral properties of biofluorescence in macroalgae 

can vary depending on factors like species, environmental conditions, and physiological state of the specimen 

(Juhasz et al., 2024;Enríquez and Borowitzka 2010). Despite this spectral plasticity, commercial seaweed 

production employs total chlorophyll fluorescence and spectrophotometry as a proxy to monitor seaweed 

biomass (Juhasz et al., 2024; Calmes et al. 2020). The measurements of total chlorophyll fluorescence have been 

employed to document stress-related shifts in photosynthetic activity associated with tank conditions when 

cultivating the red algae Gracilaria cornea and tetrasporophyte form of Asparagopsis armata (Figueroa et al., 

2006). 

 

The known functions of biofluorescence  

The function of biofluorescence in marine organisms has yet to be clearly defined. Fluorophores can be 

considered as a byproduct of physiological processes within an organism and may not serve a particular purpose. 

However, several theories after investigating fluorescence have put forth UV protection, attraction of prey 

animals, and intraspecific communication as possible uses. Biofluorescence in corals likely provides 

photoprotection by converting wavelengths from shorter to less harmful longer wavelengths to the prevention of 

the accumulation of oxygen radicals (Banaszak and Lesser, 2009b). The red fluorescence emitted by the 

photophores in the detached tentilla of siphonophorid genus Erenna is thought to function as rhythmic flicking 

lure for fish that resembles smaller organisms such as zooplankton (Haddock et al., 2005).  The signaling of the 

mantid shrimp L. glabriuscula, uses carapace patterns to maintain uniform intensity intraspecific communications 
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to 40 m depth (Mazel et al., 2004). The squids Alloteuthis subulata and Loligo vulgaris have fluorescent spots over 

their eyes which are though to reflect episodic light to see intraspecific communication (Mäthger and Denton, 

2001b). The cockeyed squid Histioteuthis heteropsis has developed a biofluorescent larger left eye which contains 

yellow pigmentation which may be an adaptation for breaking the counter-illumination camouflage of their prey 

(Thomas et al., 2017).  Likewise, biofluorescence in marine teleost fish is theorised to function for communication, 

avoidance, or foraging in species otherwise considered to be cryptic in nature (Gruber and Sparks, 2021; Park et 

al., 2019a; Gruber et al., 2016a; Sparks et al., 2014a). Biofluorescent fluorophores were again hypothesized to 

offer photoprotection from UV radiation in catsharks (Sweet et al., 2012; Taylor et al., 2002).  More experimental 

and field studies are needed to further understand the function of fluorescence in marine organisms.  

 

Stress in marine organisms 

Stress is an adaptive response that marine animals use to respond to external stimuli such as environmental 

conditions outside an animal's normal physiological range, threatening stimuli, or disease (Horvath et al., 2013; 

Elwood et al., 2009). In a bid to maintain internal allostasis, chain reactions on both a cellular and molecular level 

occur to counter the biotic and abiotic stressors in the environment (Coates and Söderhäll, 2021; Ottaviani and 

Franceschi, 1996). A stress response typically acts as a short-term adaptive coping mechanism, but prolonged 

exposure can inhibit normal functions (Horvath et al., 2013) and will weaken biological defences in vertebrates as 

well as invertebrates (Coates and Söderhäll, 2021; Ottaviani and Franceschi, 1996).  The vertebrate stress response 

system originated within the invertebrate nervous system (Horvath et al., 2013; Stefano et al., 2002). involving a 

coordinated cascade of the behavioural, autonomic nervous system, and neuroendocrine reactions within the 

hypothalamic-pituitary-adrenal axis (Horvath et al., 2013; Broom, 2001). However, invertebrate stress response 

systems vary widely, particularly in the stress-related hormones and anatomical features responsible for their 

production (Adamo 2012). While lacking vertebrates’ anatomical structures, adaptive immunity, and diverse 

neuroendocrine chemicals used on the majority of tissues (Coates and Söderhäll, 2021; Ottaviani and Franceschi, 

1996), the three levels of defence (physical barriers, cellular activity in circulatory fluid, and humoral factors) in 

invertebrates forms an effective immune response to stress (Coates et al., 2018; Smith et al., 2010a). Invertebrates 



 
15 

exposed to acute stressors release biogenic amines that are followed by a neuroendocrine factor tends to be a 

peptide or protein such as an adipokinetic hormone (Adamo, 2012; Johnstone et al., 2012; Orchard et al., 1993).  

The biogenic amines in the haemolymph of the scallop Chlamys farreri increased in response to stressors such as 

air exposure, increased temperatures, and decreased salinity (Coates & Söderhäll, 2021; Chen et al., 2008). 

Handling and other acute stressors in the American lobster Homarus americanus releases crustacean 

hyperglycemic hormone (CHH) and heat shock proteins (Chang, 2005). This crustacean catecholamine works in 

crustaceans in a similar manner to glucocorticoids in fish (Elwood et al., 2009), promoting energy mobilization, 

blood vessel dilation, muscle contractility, cardiac output, and respiratory rate in response to stressors (Broom, 

2001). Similarly, the white leg shrimp Litopenaeus vannamei reacts to acute stress by rapidly increasing 

epinephrine concentration while decreasing the norepinephrine in the eyestalk neurohemal organs (X-

organ/sinus gland complex) (Adamo, 2012).  

Both invertebrate and vertebrate species can experience acute or chronic stress in aquaculture conditions. 

Unlike acute stress, chronic stress can result from long-term factors such as insufficient diet, improper housing, 

or overcrowding. Exposure to chronic stress typically increases basal levels of stress hormones in both vertebrates 

and invertebrates (Adamo, 2012). This chronic stress is generally subclinical, with delayed declines in animal health 

and productivity.  Acute and chronic stress can interact in unpredictable ways (Johnstone et al., 2012), with acute 

stress influencing the sampled blood for chronic stress analysis of cortisol levels in finfish. Catecholamine 

concentration(s) have been promoted as a useful indicator of sublethal stress in aquatic invertebrates (Lansing et 

al., 1993), like cortisol sampling in fish.  Conversely, enhanced levels of red spherule cells and their associated 

echinochrome A red pigment, within the coelomic fluid of sea urchins, have been proposed as an indicator of 

stress as they prevent the systemic spread of microbes, whilst disarming the oxidising and nitrosative radicals 

produced by immune reactions (Coates et al., 2018). Measurements of cortisol in water samples have been found 

to accurately reflect plasma concentrations (Sadoul and Geffroy, 2019; Gabor and Contreras, 2012; Pavlidis et al., 

2008)  as well as whole body cortisol (Sadoul et al., 2015). Such sampling is still considered time-consuming and 

expensive (Sadoul and Geffroy, 2019), with laboratory analysis that may not accurately reflect the live stress 

conditions of animals in response to their environment.  
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Biofluorescence as an indicator of stress in integrated multi trophic aquaculture species 

Originally an insignificant food source prior to 1980, aquaculture production surpassed wild fisheries catch by 

2015 (Garlock et al., 2020). Aquaculture is the fastest growing sector in global food production, with an average 

annual growth rate of 8% (Garlock et al., 2020). By 2032, apparent seafood consumption is projected to reach 

21.2 kg per capita globally, up from 20.4 kg in the base period (OECD-FAO Agricultural Outlook 2023-2032, 2023).  

Marine species from different trophic levels of the food chain are becoming incorporated into integrated multi-

trophic aquaculture (IMTA).  IMTA raises different types of marine species in proximity to one another to recycle 

the organic and inorganic wastes into a secondary economic product (Knowler et al., 2020). The implementation 

of IMTA can reduce ecological impacts associated with finfish operations and provide financial benefits for 

producers via product diversification (Knowler et. al., 2020).  Such diversification can reduce price volatility and 

stabilize the supply chain for seafood products. The adoption of the IMTA due to the economic and environmental 

advantages can be observed in China’s Sanggou Bay (Knowler et al., 2020; Xiang 2015), with open ocean 

operations to 18 km offshore coculturing scallops, kelp, abalone and fish (Xiang 2015; Shi et al. 2013; Ferreira et 

al. 2008). IMTA principles have similarly been integrated into land-based operations in South Africa, where 

abalone-seaweed farming in South Africa reduces both the cost of animal feed for the animals and the nutrient 

load within effluents (Knowler et. al, 2020). As many marine species being integrated into IMTA are new to food 

production, little is known about the effect of aquaculture husbandry on their physiology. 

Finding alternative method(s) that can non-invasively assess subclinical stress on a real-time basis is a key goal 

for aquaculture operations. A commercial scale operation benefits from reducing or removing stressors 

experienced by their production species. For example, reducing handling stress in oysters with a rest period 

improves the efficacy of administered anesthetics (Lewbart and Mosley, 2012). Likewise, the mechanical force 

used to remove abalones (Haliotis spp.) from substratum in commercial production can result in a slow recovering 

injury or death (Lewbart and Mosley, 2012). A quick euthanasia is recommended to reduce the impact of stress 

on the quality of cephalopods harvested for human consumption (Mather and Anderson, 2007).  By preventing 

such stress and injury, harvest size is reached earlier with a lower mortality rate in aquacultured marine organisms. 
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Measuring stress levels quickly in response to adverse conditions is important so that environmental or other 

issues can be solved prior to the manifestation of clinical signs of stress.  As biofluorescence is considered a 

byproduct of physiological processes within an organism, measuring changes in fluorescence produced by an 

animal should be evaluated for its potential as a monitoring tool.  

 

Hyperspectral imaging of marine organisms 
 

Hyperspectral imaging technology can be useful for monitoring changes in the physiology of aquacultured 

species. Detailed spectral bands of emitted light captured by hyperspectral imaging exceed the recording capacity 

of traditional cameras (Manolakis et al., 2016). The light measured for each pixel is recorded across the 

electromagnetic spectrum, reflecting the chemical and physical composition of the imaged object (El Masry and 

Sun, 2010; Gowen et al., 2007; Cancio et al., 2006). Hyperspectral imaging has been trialled on the fluorescent 

emissions of coral exposed to stress (Teague et al., 2019) and was employed to analyse the fluorescence produced 

by Lepeophtheirus lice on living Atlantic salmon Salmo salar (Bakke et al., 2023). Hyperspectral imaging on higher 

order animals has been limited, with none evaluating biofluorescence. This technology has been used on fish, 

including anesthetized Atlantic salmon smolts (Lindberg et al., 2022), and freshly euthanized smolts auditing 

haemorrhaging in the dorsal fin region (Lindberg et al., 2023). Further applications of hyperspectral analysis of 

biofluorescence for health and welfare merits further studies, particularly on live animals.   

 

Pharmacokinetics of veterinary therapeutants in sea cucumbers 
 
As benthic deposit feeders, sea cucumbers are considered a high potential for addressing waste (uneaten 

aquafeeds and fish faeces) accumulated from aquaculture operations (Grosso et al., 2023). Therapeutic dosages 

of veterinary medicines are routinely administered through medicated feed in intensive finfish operations, 

treating both bacterial and parasitic infections (Love et al., 2020). Depending on feed administration and 

environmental conditions, an estimated 1-17% of administered feed can pass in the environment (Cubitt et al., 

2008), along with faeces containing unmetabolised drugs from the therapeutic dosage(s) (González-Gaya et al., 
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2022; Leal et al., 2019). Though several studies have investigated the bioaccumulation and biotransformation of 

veterinary therapeutants through the water column (Gómez-Regalado et al., 2023, Zhu et al., 2020), the 

pharmacodynamics, pharmacokinetics, and overall impacts of veterinary therapeutants through oral ingestion in 

sea cucumbers is unstudied.  Understanding these responses in sea cucumbers to the long-term therapeutic 

schedules present on finfish operations is crucial for understanding potential industry costs, animal welfare issues, 

and requirements for human consumption safety standards. 

 

Aims of this study 

The core goal of this PhD is the enhancement of welfare applications that can be used for multi-trophic species 

produced in aquaculture operations.  These organisms, namely echinoderms, lumpfish, and red king crab, are 

being integrated into the aquaculture industry to diversify into alternate high value production or for helping to 

remediate environmental issues caused by aquaculture operations. However, there is limited technical 

background for non-invasive monitoring shifts in stress, as well as how sea cucumber physiology and behaviour 

respond to the ingestion of pharmaceutical therapeutants. The specific aims of this thesis are: 

1. Explore the presence of biofluorescence in high value aquaculture species that are experiencing 

management issues, namely macroalgae, lumpfish, red king crabs, sea cucumbers, and sea urchins.  

2. Determine whether laboratory-based trials on stressors experienced by these species in aquaculture 

produce quantifiable changes in fluorescent emissions. 

3. Determine the behaviour to and bioaccumulation/depuration of the licensed veterinary therapeutants 

(oxytetracycline, emamectin benzoate) in the European black sea cucumber.  
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Abstract  
This study is the first known observation of biofluorescence in the lumpfish (Cyclopterus lumpus). Individual 

lumpfish were illuminated with blue excitation lighting for photography with both hyperspectral and filtered 

multispectral cameras. All photographed juvenile lumpfish (n=11) exhibited green biofluorescence. Light 

emissions were characterised with two peaks observed at 545 nm and 613 nm, with greatest intensity along the 

tubercles of the high crest and the three longitudinal ridges. Further research on the dynamics of biofluorescence 

through the lifecycle of this species is required.  

 

 

Biofluorescence has been documented in a wide variety of terrestrial and aquatic species, including the duck-

billed platypus, springhare, butterflies, parrots, scleractinian corals, and over 100 species of fish (Olson et al., 2021; 

Sparks et al., 2014). When an organism biofluoresces, light absorbed by the organism is remitted in lower energy 

wavelengths (Sparks et al., 2014). As light interacts with water in the marine environment, it is attenuated at 

different rates according to wavelength. This variance is a result of scattering from the water itself or by suspended 

particles within the water body or absorption by particles (Jerlov, 1968). Marine organisms absorb the ambient 

blue light (450-495 nm) present in their environment generally via fluorescent compounds, reemitting green (495–

570 nm), orange (590–620 nm), and red (620–750 nm) fluorescence into their environment (Gruber and Sparks, 

2021; Vaccani et al., 2019). The shorter wavelengths (blue, green) can penetrate to deeper depths while longer 

wavelengths (orange, red) are quickly attenuated in depths greater than 15 m (Kirk, 2011). The unique lighting 

conditions produced by this spectrally restricted (blue-shifted) illumination allows marine organisms to exploit 

fluorescence to produce visual contrast and patterns (Gruber and Sparks, 2021; Gruber et al., 2016; Sparks et al., 

2014). Biofluorescence in marine teleost fish may function for communication, predator avoidance, or prey 

attraction in otherwise cryptic species (Gruber and Sparks, 2021; Vaccani et al., 2019; Sparks et al., 2014;). 

Biofluorescence appears particularly common and phenotypically variable in tropical fish communities (Gruber & 

Sparks, 2021; Anthes et al., 2016; Gerlach et al., 2016;). Limited published research exists on the presence or 
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function of biofluorescence within temperate zone fish lineages outside the Arctic Ocean (Gruber and Sparks, 

2021).   

Lumpfish Cyclopterus lumpus are produced commercially for salmon farming operations in North Atlantic 

waters from 4-12°C to control sea lice Lepeophtheirus salmonis infestations (Staven et al., 2021; Imsland et al., 

2014). Lumpfish are unique in having a rough, scaleless skin with a variable colour pattern that is sexually 

dimorphic in adult specimens. The species has also been documented to change colour for camouflage (Powell et 

al., 2018). The body is covered with multiple rows of knobby protuberances called tubercles, with the most 

pronounced tubercles found along three longitudinal ridges along the length of the body (Patel et al., 2019; Powell 

et al., 2018). The integrity and function of fish skin is critical to their health and welfare as it is constantly subject 

to osmotic pressures and mechanical abrasion in the environment (Staven et al., 2021; Patel et al., 2019; Imsland 

et al., 2014). Although lumpfish are in high demand for biological control on salmon farms, an effective method 

for understanding subclinical stress in this species through non-invasive methods that focus on the skin has yet to 

be determined. In this study, we document biofluorescence in juvenile lumpfish and characterise the type of 

biofluorescence observed under aquaculture conditions. This observation adds to the growing literature on 

biofluorescence in marine fishes but notably describes the first known documentation of biofluorescence in a 

commercially produced fish species. Juvenile lumpfish (n=11) of approximately 90 days old were photographed in 

December 2021 at the Bantry Marine Research Station located in Bantry, County Cork, Ireland. The juvenile 

lumpfish utilized for this initial investigation were reared in an enclosed semi-static recirculation aquaculture 

system (RAS) as permitted by the Irish aquaculture license T5/314. The fish were reared in 10,000 litre tanks 

stocked at a maximum stocking density of 40 kg/ m3.  Ambient blue lighting was utilized in the RAS to minimize 

stress as well as corneal damage to the large, sensitive eyes typical of the species. A light sedative dose of tricaine 

methanesulfonate (20 mg/L) was administered to the fish prior to measurements. Each fish photographed was 

measured for weight and length to ensure that all the fish utilized were of similar size class as means to compare 

fluorescence without the influence of size-based aggression. Fish were measured using total length (TL) from the 

tip of the snout to the caudal tip of the caudal fin and weighed via a scientific digital scale (Precia Molen BJ 6100G) 
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in grams. The study group averaged 11.3 ± 0.2 cm and 62.9 ± 2.0 grams. Fish were returned unharmed to the same 

grow-out tank as a group.  

During photography, lumpfish were placed in a photographic aquarium constructed of optic white glass. 

Filtered seawater from the RAS was used to minimize stress during photography. The photographic aquarium was 

placed in a portable foldable photography light box within a dark room to minimize external light contamination.  

The aquarium was then illuminated with the Ecotech G5 XR30 Pro Radion full spectrum LED light. The 

biofluorescence was recorded under royal blue spectrum (emission peak of 452 nm) (spectrum outlined in Figure 

1C) using a DSLR camera (D5100, Nikon, USA /Nikon AF-S 60 mm f/2.8G IF-ED Micro lens). A yellow barrier filter 

(Tiffen 62DY15 62 mm Deep Yellow 15 Filter) was utilized to block reflected excitation wavelengths between 440–

460 nm for the purpose of capturing RGB images of the fluorescence.  

To spectrally characterise the fluorescence emission of a lumpfish, hyperspectral data was captured using a 

snapshot hyperspectral imager (IQ, Specim, Finland) from 30 cm under the same excitation source described 

above. Hyperspectral data was analysed in ENVI (Harris Geospatial solutions, USA) where regions of interest were 

used to average the spectra of thousands of individual pixels to generate an average spectrum. All juvenile 

lumpfish photographed (n=11) through the yellow barrier filter exhibited visible green biofluorescence. Limited 

visual variation and spatial coverage exists between the biofluorescence of individuals (Fig. 1).  

 

Figure 1. A selection of three juvenile lumpfish (Cyclopterus lumpus) displaying biofluorescence during laboratory 
photographic investigation. Limited visual variation and spatial coverage of green biofluorescence exists between 
individuals. The shift in background colour reflects the intensity of fluorescent emissions produced by the animal.  
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Light emissions were most intense on the tubercles of the high crest and the three longitudinal ridges. A 

diffuse biofluorescence was observed on skin on the lower head, operculum, and ventral zone to the caudal fin. 

The small tubercles on the scaleless skin exhibit slightly lower emissions.  Unlike the colours observed in white 

lighting (Fig. 2A), a diffuse fluorescence was observed on the soft rays of the pectoral, dorsal, caudal, and anal fins 

(Fig. 2B). Using the hyperspectral data gathered, the specific wavelength of the fluorescence was characterised 

with two peaks observed at 545 nm and 613 nm (Fig. 2C).  

Fig. 2. Juvenile lumpfish (Cyclopterus lumpus) displaying biofluorescence during laboratory photographic 
investigation. The lumpfish under white light conditions (A) and fluorescing under royal blue (452 nm) excitation 
(B). Fluorescence levels transition in intensity from the high crest, longitudinal tubercle lines, and finally to the 
shallow tubercles on the skin. The average spectra of the fluorescence (C) show three main peaks, the excitation 
peak at 452 nm and two fluorescence peaks one at 545 nm and 613 nm.  

 

     This study is the first known observation of biofluorescence occurring in the lumpfish C. lumpus. This is also the 

first known study to document biofluorescence in fish produced within a commercial aquaculture operation. 

Biofluorescence has been well documented in over 100 species in tropical fish communities (Gruber and Sparks, 

2021; Anthes et al., 2016; Gerlach et al., 2016; Michiels et al., 2008); however, published data on temperate fish 

lineages outside of snailfish (Liparus sp.) is lacking.  

Lumpfish belong to the order Scorpaeniformes, of which Playtychephalidae (flatheads) and Sebastidae (rock 

perches) have representatives in the tropics known to biofluoresce (Sparks et al., 2014). The fact that lumpfish are 
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biofluorescent is not phylogenetically surprising. Biofluorescence in temperate marine species such as the 

lumpfish is understudied, with the geographically closest published study documenting two juvenile specimens 

of the variegated snailfish Liparis gibbus in Eastern Greenland and an adult kelp snailfish L. tunicatus collected in 

the Bering Strait off Alaska (Gruber and Sparks, 2021). Further research is needed to understand the role of 

biofluorescence in temperate oceans.  

Lumpfish are generally considered a solitary species outside of seasonal spawning aggregations (Powell et al., 

2018). However, close resting aggregations regularly occur in aquaculture (Powell et al., 2018). As one of the 

documented functions of biofluorescence in marine vertebrates and invertebrates is communication (Gruber and 

Sparks, 2021; Meadows et al., 2014; Michiels et al., 2008), lumpfish may have more social interactions than is 

currently accepted. Biofluorescence may be used to communicate territorial claims to other lumpfish through 

their lifecycle. Hatchery produced juveniles can be aggressively territorial in the first three months post hatching 

(Treasurer, 2018), with studies documenting multi-year fidelity to specific territories in adults (Powell et al., 2018). 

The concentrated biofluorescence found at the high crest and ridges may advertise to conspecifics at a distance.  

Lumpfish undergo dramatic morphological changes as they mature into adults (Treasurer, 2018).  How such 

sexually dimorphic life stages of C. lumpus affects biofluorescence is currently unknown. Biofluorescence has been 

documented to vary between life stages in marine organisms. Sexually dimorphic fluorescence patterning has 

been observed in multiple lineages of marine bony and cartilaginous fishes (Gruber et al., 2016; Sparks et al., 

2014). Profound dimorphism in biofluorescence has been documented between juvenile and adult Liparis snailfish 

of the Arctic Ocean (red in adults, green and red in juveniles) (Gruber and Sparks, 2021; Powell et al., 2018). 

Laboratory studies with male red-eye wrasse, (Cirrhilabrus solorensis) found strong behavioural responses to red 

biofluorescence in patterns documented only in mature males (Gerlach et al., 2014) while the manipulation of red 

and blue wavelengths in experimental tanks was able to induce intra specific aggressive interactions in the 

Mediterranean rainbow wrasse Coris julis (Braun et al., 2014). Males of the cryptic fish Tripterygion delaisi regulate 

their biofluorescent signals to receptive females, which perceives intraspecific signalling through red-fluorescent 

irises (Kalb et al., 2015; Wucherer and Michiels, 2014).     
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How juvenile lumpfish utilize their green biofluorescence in their natural habitat is unknown and warrants 

further research. The green biofluorescence documented in C. lumpus has been scientifically documented in other 

marine species. Sparks et al. (2014) reported green fluorescence covering the entire body of varying fish species, 

while Vaccani et. al. (2019) documented the green fluorescence concentrations around the head, eyes and upper 

trunk of the diurnal seahorse Hippocampus reidi. Green fluorescence may be related to prey attraction, as has 

been documented through the attraction of juvenile Sebastes rockfish to green hydromedusa tentacles under 

excitation lighting (Vaccani et al., 2019; Haddock and Dunn, 2015). The green fluorescence of the catshark species 

Cephaloscyllium ventriosum and Scyliorhinus retifer enhance the mottled pigmentation pattern on the skin as 

depth increases, making these sharks more visible to conspecifics at depth (Gruber and Sparks, 2021; Gruber et 

al., 2016). The epibenthic-pelagic life cycle of lumpfish likewise seasonally varies from nearshore spawning to 

depths recorded to 868 m (Kennedy et al., 2016; Coad and Reist, 2004; Stein, 1986).  

Anatomical studies are needed to determine whether yellow intraocular corneal filters exist in C. lumpus as 

documented in other marine species (Sparks et al., 2014). Yellow intraocular corneal filters are believed to 

function as long-pass filters for ambient blue light for the enhanced perception of biofluorescence produced by 

fluorescent proteins found in tissue or through metabolism of specific small molecule metabolites as found in two 

species of catsharks (Park et al., 2019; Gruber et al., 2015; Kumagai et al., 2013). The sensitivity of lumpfish to 

lighting outside of the blue spectrum in commercial production as viewed by the author alludes to such a structure 

existing within the C. lumpus cornea. Staven et. al. (2021) notes that blue-green colouration typically found in 

lumpfish skin is regulated by the antioxidant biliverdin, a metabolic breakdown product of haemoglobin. This is 

similar to the study by Kumagi et. al. (2013), who found the fatty acid binding protein, UnaG, in the Japanese eel 

(Anguilla japonica). This fluorescent protein produces an oxygen-independent green fluorescence when excited 

by haem metabolite bilirubin. Lumpfish tissue should be analysed to see if its biliverdin can induce excitation as in 

Japanese eels. We hope that future in-depth studies will reveal the full complexity of biofluorescence in this 

temperate Scorpaeniforme fish.  
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Abstract 

This is the first study to document and describe biofluorescence produced by the European black sea cucumber 

Holothuria forskali. Sea cucumbers were immediately imaged after a simulated disturbance under royal blue 

illumination (452 nm) using a digital single lens reflex camera. A snapshot hyperspectral imager was used to 

spectrally characterize the fluorescence emission from three individuals under the same royal blue illumination. 

Though H. forskali itself is not biofluorescent, 88% of specimens photographed (n = 40) produced a visible green 

biofluorescent exudate from their skin after disturbance. There was considerable variation in the levels of 

biofluorescent exudate produced (high to no fluorescence). Spectral analysis revealed that the fluorescence 

emission of the exudate had a broad emission (~485-600 nm) with a peak at ~513 nm. As the European black sea 

cucumber is known to discharge Cuvierian tubules as a defensive mechanism, this display of biofluorescence in 

the exudate may serve as a visual warning to predators or as an attraction to species that feed on their predators.  

  

 

INTRODUCTION 

Biofluorescence is a natural phenomenon that has been documented in a wide range of marine species, 

including hydromedusae, scleractinian corals, Mediterranean heterobranchs, and over 100 species of fish (Betti 

et al., 2021b; Teague et al., 2019; Sparks et al., 2014; Alieva et al., 2008b; Shimomura, 1979).  Biofluorescence in 

animals is typically observed when a photon of light is absorbed by fluorophores, a fluorescent molecular 

compound that emits a lower wavelength light upon light excitation (Brahme, 2016). Marine invertebrates utilize 

the spectrally restricted (blue-shifted) environment within the water column to produce biofluorescence as 

potential communication, defence, or foraging mechanisms. 

Several genera of marine invertebrates have been documented utilizing biofluorescence. A wide array of 

cnidarian corals displays biofluorescence for different strategies, likely providing photoprotection by converting 

wavelengths from shorter to less harmful longer wavelengths to prevent the accumulation of oxygen radicals 

(Roth, 2014; Palmer et al., 2009). Conversely, the siphonophorid genus Erenna displays yellow to red fluorescence 

in the glandular organs known as photophores within their detached tentilla (Haddock et al., 2005). The tentilla is 

thought to function as a lure to attract fish, emitting red biofluorescence along with a rhythmic flicking pattern 
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that resembles smaller organisms such as zooplankton (Haddock et al., 2005). Other invertebrates appear to use 

biofluorescence for different functions. One study found that the tropical mantid shrimp Lysiosquillina 

glabriuscula, used yellow-green fluorescence (~475-575 nm) patterns on their carapace to maintain intraspecific 

communications (Mazel et al., 2004). This species-specific yellow biofluorescence maintains its intensity to depths 

of 40 m, where yellow light is typically filtered out of the water column (Mazel et al., 2004). In cephalopods, the 

squids Alloteuthis subulata and Loligo vulgaris have fluorescent spots over their eyes; such spots are thought to 

reflect episodic light to see intraspecific communication (Mäthger and Denton, 2001). The mantles of both species 

contain stripes of iridophores that are polarized within the blue/ultraviolet spectrum of light (Mäthger and 

Denton, 2001); these stripes are thought to create camouflage in the water column.  The cockeyed squid 

Histioteuthis heteropsis has developed a biofluorescent larger left eye, which contains yellow pigmentation that 

may be an adaptation for breaking the counter-illumination camouflage of their prey (Thomas et al., 2017). 

However, the specific biological function of fluorescence documented in invertebrates to date such as the 

hydrozoan Aequorea victoria is still speculative.  

Peer reviewed biofluorescence studies in echinoderms have not been widely published. However, the 

production of light via an internal chemical reaction (bioluminescence) has been observed in an array of 

echinoderms. The holothurians Kolga hyalina, Peniagone thieli, Euphronides depressa, Laetmogone violacea, and 

Galatheathuria sp. produced bright blue bioluminescence when exposed to fresh water (Herring, 1974). The 

benthic species displayed discrete points of bioluminescence concentrated primarily on dorsal surfaces and at the 

distal tips of any protuberances, while the bioluminescence is evenly distributed in the pelagic genus 

Galatheathuria. Most deep-sea Holothurians of the genus Pannychia, Peniagone, and Scotoanassa are 

bioluminescent (Haddock et al., 2010). The species Pannychia moseleyi creates pulsing bands of blue light across 

its body as a possible means to startle predators or to attract attention from their predators (Martini et al., 2019). 

The brittle star Amphiura filiformis produces bioluminescence with a luciferase enzyme found typically in 

cnidarians (Delroisse et al., 2017). Despite this interest in bioluminescence in echinoderms, biofluorescence has 

not been broadly studied.  

Here, we evaluated whether biofluorescence is produced by the European black sea cucumber Holothuria 

forskali. This species inhabits a broad range of habitats from intertidal zones to depths of 50 meters (Hayward and 
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Ryland, 2017), making it a suitable echinoderm to evaluate for biofluorescence. The flexible yet coarse dermis is 

covered with fleshy papillae frequently tipped with white hemispherical buds (Van den Spiegel et al., 1995); we 

hypothesized that biofluorescence may relate to these features. In this study, we document how H. forskali skin 

produced biofluorescent exudates after a simulated disturbance using general handling. This observation adds to 

the growing literature on biofluorescence in marine invertebrates, but notably describes the first known 

documentation of a biofluorescent exudate produced by a marine invertebrate.  

 

Methods 

Adult European black sea cucumbers (n = 120) were collected along rocky escarpments at a depth of 18-22 m 

off the north-east peninsula of Friar Island, Connemara, Galway, Ireland in October 2021 (53° 33.283' N 10° 13.621' 

W). The animals were transported back to the facilities for a two-month acclimatization period in five 200-liter 

flow-throw tanks at the Bantry Marine Research Station located at Gearhies, Bantry, County Cork, Ireland (Irish 

aquaculture license T5/314). Photographs were taken from December 2021 to March 2022. 

During photographic sessions, sea cucumbers (n = 40) were individually placed in a photographic aquarium 

constructed of optic white glass with a moveable black acrylic background. Filtered seawater from their main tank 

was used to fill the photographic tank. The handling between the two tanks constitutes the simulated disturbance 

of a sea cucumber in its natural environment. Photographs were taken immediately after placement into the 

photography tank in complete darkness, in a portable foldable photography light box, utilizing full spectrum LED 

lighting (G5 XR30 Pro Radion, Ecotech). Both the regular and biofluorescent photographs were taken using a digital 

single lens reflex (DSLR) camera (D5100, Nikon, USA /Nikon AF-S 60 mm f/2.8G IF-ED Micro lens). The 

biofluorescence was recorded under royal blue illumination (emission peak of 452 nm) while the regular 

photograph was taken under cool white light. A yellow barrier filter (Tiffen 62DY15 62 mm Deep Yellow 15 Filter) 

was utilized to block reflected excitation wavelengths between 440–460 nm for the purpose of capturing red-

green blue (RGB) images of the fluorescence. The variation of fluorescent exudate present in photographs was 

qualitatively rated by three blind reviewers on a 0 to 5 scale, with the values of no fluorescence (0), very low 

fluorescence (1), low fluorescence (2), moderate fluorescence (3), good fluorescence (4), and high fluorescence 

(5).  
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To spectrally characterize the fluorescence emission produced because of handling, a snapshot hyperspectral 

imager (IQ, Specim, Finland) was used. The sea cucumbers (n = 3) were imaged from 30 cm, under the same royal 

blue illumination as previously described. The captured data was analysed in ENVI (Harris Geospatial solutions, 

USA), where regions of interest were used to gain an average spectrum taken from 3,630 points of extrudate 

across the scans (Fig. 1).   

 

Figure 1. Experimental setup for hyperspectral imaging where scene was illuminated by 452 nm light emitting 
diode (LED) (A), hyperspectral data visualized in ENVI software (B), where the region of interest (ROI) tool used to 
take an average spectrum from all points within the ROI (shown in Fig. 1[C]). 

 

Results 

No sea cucumbers photographed with the yellow barrier filter (n = 40) during the experiment produced 

biofluorescence from their body tissues. The papillae tips reflected light, rather than an emission from fluorescent 

proteins or metabolites. However, most sea cucumbers produced visible green, fluorescent exudate in response 

to simulated disturbance (handling) for photography (Fig. 2B). Variation was present in the amount of fluorescent 

exudate produced by sea cucumbers, with 88% of specimens (n=35) producing visible fluorescent exudate. The 

average biofluorescence of all photographed specimens was 2.52 out of 5. This exudation was not present in 

photography utilizing cool white light (Fig. 2A). Using the hyperspectral data gathered from the three scanned 
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specimens, the specific wavelength of the fluorescence was characterized as a broad emission (~485-600 nm) with 

a peak at 513 nm as shown Fig. 2.  

 

Fig. 2. European black cucumber Holothuria forskali producing biofluorescence during laboratory photographic 
investigation. The sea cucumber under white light conditions (a) and fluorescing under royal blue (452 nm) 
excitation (b). The fluorescence of the 3 scanned animals is depicted with raw fluorescence spectra at an 
excitation peak at 452 nm and incident light corrected spectra with a broad fluorescence emission (~485-600 nm) 
with a peak at 513 nm.  

 

Discussion 

Here we describe the first known biofluorescence in an exudate produced by a marine invertebrate, the 

European sea cucumber H. forskali. A literature search for biofluorescent exudates and secretions in both aquatic 

and terrestrial species found very few published references, with certain amphibians and rodents documented to 

produce biofluorescent exudates. For example, aquatic amphibians (from Families Ambystomatidae, 

Amphiumidae and Typhlonectidae) produce mucous-like secretions that fluoresce green (Lamb and Davis, 2020). 

Within rodents, the Harderian gland in their eyes produces large amounts of porphyrin (Spike et al., 1992), a 

a b 
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photosensitive pigment that may be transferred to the paws during grooming (Sobral and Souza-Gudinho, 2022). 

The recent red biofluorescence observed in African springhares (another rodent) is also produced by porphyrins 

(Olson et al., 2021). These limited examples of biofluorescent exudates suggest that this phenomenon appears to 

be rare in nature. However, our observation of a biofluorescent exudate from a very common marine invertebrate 

suggests that this phenomenon may be more frequent than previously thought.  

Whether biofluorescent exudate in the European black sea cucumber serves a specific function is unknown. 

An argument exists that biofluorescence is a side effect of metabolic processes and serves no biological function. 

Indeed, this may be the case for many taxa (e.g., UV fluorescence in scorpions) is not currently known to have any 

adaptive function (Jeng, 2019). However, for some species there is growing evidence to support an adaptive role. 

For example, a study on the striated frogfish Antennarius striatus documented the presence of biofluorescent 

esca (a fleshy growth at the end of a modified dorsal spine) used for attracting prey (De Brauwer and Hobbs, 

2016). These frogfish esca exhibited bright orange fluorescence which matched the size and colours of free-

swimming worms found in the vicinity of the fish. This led the authors to suggest that the fish are using aggressive 

mimicry (De Brauwer and Hobbs, 2016). However much more support for adaptive roles is known for 

bioluminescence (light via an internal chemical reaction) in marine invertebrates. For example, the benthic 

polychaete Chaetopterus variopedatus scatters bioluminescent mucous into the surrounding water when direct 

mechanical stimulus is applied to the peristomal palps, feeding structures, dorsal surface, or notopodia (Verdes 

and Gruber, 2017). The deep-sea Oplophoridae shrimp produces blue bioluminescent secretions that spew from 

the mouth in response to external threat (Wong et al., 2015). Other marine invertebrates release a bioluminescent 

exudate that is hypothesized to act as a sacrificial lure for potential predators. For example, the acrocirrid 

polychaete Swima bombiviridis carries bioluminescent ‘bombs’ in four pairs of modified branchiae that detach 

and explode when exposed to mechanical stimulation (Verdes and Gruber, 2017). Similarly, marine organisms 

have been documented using bioluminescence to signal predators. The terebellid annelid worm Polycirrus 

perplexus has been found to produce short wavelength bioluminescent signals (~440 nm) thought to be an 

aposematic signal as that produced by Odontosyllis luminosa, indicating distastefulness or toxicity to predators 

(Verdes and Gruber, 2017). The deep-sea cephalopod Vampyroteuthis infernalis has specialized organs at the tips 

of its arms that produce a bioluminescent, viscous fluid that forms a glowing cloud around the animal (Robison et 
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al., 2003). This mode of light production using fluid expulsion may be linked to anti-predation strategies for visually 

oriented predators such as pinnipeds and benthopelagic fish, where extended contact stimuli trigger fluid 

expulsion (Robison et al., 2003). Clearly the frequency of bioluminescent exudates or lures across many different 

taxa suggests that it is an effective mechanism to deter or startle predators. 

Against this backdrop, we document that the European black sea cucumber releases a biofluorescent exudate 

only after handling disturbance. The compound responsible for the green biofluorescent exudate of H. forskali is 

currently unknown. However, it is known that the black sea cucumber produces exudate, and much research has 

been carried out on its components. Saponins (stress released: holohurinoside C, F; desholothurin A undescribed 

at m/z 1301 and 1317) have been documented to be exuded by this species and are thought to serve as a warning 

on the unpalatability of the animal (Van Dyck et al., 2011,2009). Quantities of secreted saponins were very low 

compared with the body wall and Cuvierian tubules concentrations (Van Dyck et al., 2011). As saponins are 

secondary metabolites, they may be the fluorescent molecules used to send visual signals to the environment.  

Fluorescence is considered rare amongst saponins. but has been identified in saponins such as avenacin A-1 

isolated from oat roots (Papadopoulou, et al., 1999). However, further research is required to determine if the 

saponin compounds identified by Van Dyck (2011) are fluorescent or if a different chemical compound is 

responsible for this effect. 

Another possibility may be that H. forskali produces a biofluorescent exudate to advertise its unpalatability 

while limiting the amount of saponins exuded into the environment The sea cucumbers in the genus Holothuria 

and Actinopyga are well known to release their Cuvierian tubules when disturbed (Flammang, 2002). Cuvierian 

tubules are highly sticky and can expand up to 20 times their original length once released, fouling a would-be 

predator. These tubules also contain high levels of saponins, which are toxic, and hence leave a toxic adhesive 

mass for incoming predators. However, once expelled, these tubules take anywhere from 17 days to five weeks 

to regenerate depending on species (Flammang, 2002). Therefore, not only does expelling the Cuvierian tubules 

leave the animal vulnerable to repeated attack by a predator, but it is energetically expensive for the animal to 

regenerate them. It is also theorized that this may already be exploited by predators. Butterflyfish grazing of the 

Hawaiian coral Porites compressa increases the density of nematocysts that produce toxic compounds against 

predators; these changes were associated with reductions in palatability and subsequent predation rates on the 
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damaged corals (Ben-Ari et al., 2018). Studies of the forceps butterflyfish Forcipiger flavissimus by Matz et. al., 

(2006) found that their trichromatic vision can exceed the detection threshold for fluorophores found within 

Porites sp. Long-pass yellow intraocular filters occur naturally in many biofluorescent fish lineages and research 

into the color vision capabilities of coral-reef fishes suggest that they can detect biofluorescence (Sparks et al., 

2014; Matz et al., 2006), as such it would be reasonable to assume such adaptations are also present in temperate 

species cohabiting with H. forskali. Likewise, the peripheral retinas of mantis shrimp species with six-row 

midbands have the spectral absorbance for 10 visual pigments that absorb within the visible light range (Cronin 

et al., 2022). This sensitivity suggests that certain decapods, which are known predators of sea cucumbers, may 

have spectral sensitivity to fluorescent emission wavelengths.   

Considering the above examples, it is possible that the European black sea cucumber produces a 

biofluorescent exudate as a cheaper defence mechanism than releasing Cuvierian tubules in response to threats. 

The biofluorescent exudate may be a strategy of the sea cucumber to advertise its unpalatability while limiting 

the amount of energetically expensive saponins exuded into the environment. However, further detailed studies 

of sea cucumbers are necessary to understand the significance of biofluorescent exudate in Holothuroidea.  
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Abstract 

Biofluorescence is widely documented in marine organisms, yet few studies exist for decapods. After observing 

the king crab Paralithodes camtschaticus biofluoresces, we carried out studies on two separately maintained 

groups of male crabs under controlled conditions. Hyperspectral imaging on Group 1 (n = 18) examined the 

exoskeleton, whereas fluorospectrometry examined the haemolymph of Group 2 animals (n =19). Both groups 

were investigated for fluorescence signals before and after exposure to a live shipping transportation simulation. 

The spines, chelae, eyestalks, and cervical grooves of the cardiac region of P. camtschaticus fluoresce in the green 

spectra (�ý500 nm), while the arthrodial membranes of the joints fluoresce in the red spectrum (�ý680 nm). After 

the shipping simulation, we observed a significant decrease in fluorescence in the eyestalks (p = 0.009), while the 

cervical grooves had no significant change (p = 0.01). The haemolymph examined with 21 excitation wavelengths 

(250–350 nm) emitted fluorescence in �ý400–550 nm spectrum. We found a significant increase (p < 0.05) in 

https://doi.org/10.1002/aff2.159
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fluorescence for 16 excitation wavelengths after transport simulation. The results presented in this study indicate 

that king crab fluorescence changes due to external stimuli. Fluorospectroscopy or hyperspectral imaging 

technology may serve as an effective early indicator of preclinical stress in these commercially important 

decapods. 

 

 

Introduction 

Biofluorescence is a widely documented physiological process in marine organisms (Gruber et al., 2016; Sparks 

et al., 2014) where the blue shifted light present within the water column is absorbed by a fluorophore, a 

fluorescent chemical compound that emits a lower wavelength light after excitation (Brahme, 2016). 

Biofluorescence is known to occur in multiple genera of marine arthropods (Macel et al., 2020; Rubin et al., 2017; 

Ze-Lin et al., 2012; Mazel et al., 2004). Well-known examples of fluorescence in marine arthropods include the 

green fluorescent proteins of pontellid and aetideid copepods (Macel et al., 2020; Hunt et al., 2010; Shagin et al., 

2004) and the fluorescence emitted from the hyaline exocuticle of Xiphosura horseshoe crabs (Rubin et al., 2017). 

Strongly fluorescent markings described on the antennal scales of the mantis shrimp Lysiosquillina glabriuscula 

are considered to contribute to intraspecific visual signalling at varying depths (Mazel et al., 2004) Surprisingly, 

very few biofluorescence studies have been conducted on the order Decapoda, which has many large and 

conspicuous species.  

The occurrence of biofluorescence within lithodid crabs has not been described. This primarily cold-water 

family of ~120 species is commercially valued for their meat quality. The red king crab Paralithodes camtschaticus 

was introduced into the Barents Sea in the 1960s and has been commercially fished since 2002 (Lorentzen et al., 

2018). This species has a complex life history, inhabiting benthic habitats from the intertidal zone to 335 m in 

depth (. Dvoretsky and Dvoretsky, 2013), undertaking seasonal vertical migrations for mating-moulting and 

feeding (Jørgensen, 2006) that segregate into single sex aggregations (Stiansen et al., 2009). This complex life 

history makes the species challenging to maintain in a captive setting. The preferred industrial method for 

supplying global markets is by air shipping live animals in Styrofoam boxes fitted with gel ice packs (Mota et al., 
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2021).  Studies on live transportation effects have been conducted on red king crabs (Mota et al., 2021; Zagorsky 

et al., 2014), where the baseline parameters (lactate levels) were investigated.   

After an ad hoc observation that the decapod P. camtschaticus biofluoresces, our study employed 

hyperspectral imaging and fluorospectrometry under controlled conditions on a total of 37 male king crabs divided 

into 2 separate experimental groups to avoid repeated handling and manipulation. One short-term captive group 

(n=18) was investigated for exoskeleton fluorescence (named exoskeleton) with hyperspectral imaging while the 

second long-term captive group (n=19) was examined for haemolymph fluorescence (named haemolymph) with 

a fluorospectrometer. Both groups were investigated for fluorescence signals before and after exposure to a live 

shipping transportation simulation (12 hours) (the animals were part of a separate study investigating how the 

quality of their meat might be affected by transportation).  The specific aim of our study was to describe 

biofluorescence in P. camtschaticus and document whether hyperspectral imaging and fluorospectrometry can 

detect changes in fluorescence within crabs exposed to a live shipping simulation.  

 

Methods 

All experiments were conducted under laboratory conditions at Nofima, Tromsø, Norway in December 2022. 

The presence/absence of biofluorescence in these animals was evaluated as well as any changes induced by the 

live, out of water shipping methods currently used by the processing industry in Norway. The use of male king 

crabs in this experiment was conducted in accordance with the Norwegian legislation (FOR-2021-12-16-3654). and 

approved by the animal welfare authority (FOTS nr. 19467).  

Crabs 

Paralithodes camtschaticus for exoskeleton analysis were captured by a commercial fishing vessel in 

Varangerfjorden (70° N, 30° E) at a depth of 130 m in November 2022, and subsequently transferred to the 

Aquaculture Research Station in Kårvik, Norway. These crabs were acclimatized in flow through tanks with UV 

filtered seawater kept at ambient temperature (6°C) and under onshore natural light conditions for 2 weeks prior 

to the commencement of the study.  

The crabs for the haemolymph study were part of a capture-based aquaculture population established in 

November 2019. These crabs were caught in Eidkjosen, Norway (69° 40' 15.9132" N, 18° 46' 0.2532" E) in 
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November 2019 at a 25–50-meter depth and subsequently kept at the Aquaculture Research Station (Kårvik, 

Norway). Each crab was individually marked with an identification tag prior to being distributed into two square-

shaped tanks (4 m2�U���ð�î�����u�������‰�š�Z�•���•�µ�‰�‰�o�]�������Á�]�š�Z���h�s���(�]�o�š���Œ�������•�����Á���š���Œ���Á�]�š�Z�����v�����u���]���v�š���š���u�‰���Œ���š�µ�Œ�����}�(���õ�X�ñ�ö�������~�(�}�Œ��

further details see Lorentzen et. al., 2023). 

Exoskeleton fluorescence analysis 

As male red king crabs in the Barents Sea reach maturity at a carapace width (CW) of 10 cm (Dvoretsky et al., 

2021; Dvoretsky and Dvoretsky, 2014), this study on exoskeleton fluorescence was performed on 10 young adults 

(829 ± 97 g, 11.22 ± 1.12 cm CW) and 8 mature adults (3204 ± 246 g, 18 ± 0.90 cm CW). Crabs were packed and 

transported to Nofima in groups of 5 in 20-liter (35 x 70 x 17 cm) Styrofoam boxes and were subsequently covered 

with wet newspaper and ice packs. Upon arrival after 2-hour transportation time, all crabs were individually 

marked with an identification tag attached with a zip tie around a walking leg. The carapace condition e.g. 

presence of cracks or damages resulting in bleeding was inspected visually, the width of each crab was measured 

(0.05 mm 30 cm digital caliper, Diesella, Kolding, Denmark), and the crab was weighed (Combies 1 scale CAW1P1-

60ED-I ±1g accuracy, Sartorius, Göttingen, Germany) prior to hyperspectral scanning. After hyperspectral 

scanning, the crabs were placed overnight (12 hours) in an aerated 1000-liter holding tank at 6°C. All crabs were 

subsequently scanned in the morning prior to being returned to the Tromsø aquaculture facility. 

The crabs were individually placed on a conveyor belt illuminated with ultraviolet (~ 400 nm) and royal blue 

(~445 nm) LED lighting (G5 XR30 Pro Radion, Ecotech, Bethlehem, PA, USA). All hyperspectral images were taken 

with a HySpex VNIR-1800 hyperspectral camera (Norsk Elektro Optikk AS, Oslo, Norway) with a spectral range 

from 400 to 1000 nm, a spectral resolution of 5.5 nm, and 1800 spatial pixels. The camera was mounted 1 m above 

the conveyor belt, resulting in a field of view of 300 mm. The 1800 pixels across the conveyor belt yielded a 0.17 

mm spatial resolution across the conveyor track. The conveyor belt was set at 44 mm/s to yield an along track 

resolution equal to twice the across track resolution. The images were spatially binned in the across track direction 

to yield square pixels with a resolution of 0.34 mm.  

Colour (RGB) photographs were taken for illustrative purposes of each crab age class using a digital single lens 

reflex (DSLR) camera (D5100 /Nikon AF-S 60 mm f/2.8G IF-ED Micro lens, Nikon, USA) and a yellow barrier filter 

(62DY15 62 mm Deep Yellow 12 Filter, Tiffen, Burbank, CA, USA).  
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Raw data files collected with hyperspectral scanning were radiometrically calibrated with HySpex Rad v2.5 

(Norsk Elektro Optikk, AS, Oslo, Norway) to produce radiance values in units of  �9  �I �?�6 �O�N�?�5 �J�I �?�5.  The 

radiometrically calibrated data was uploaded for analysis in the Breeze hyperspectral imaging software 

(Prediktera, Umeå, Sweden) and inspected visually for fluorescence signals. Based on these signals, specific 

anatomical regions were selected for further analysis within Breeze. The eye stalks and the cervical groove of the 

carapace were chosen for analysis for pre and post shipping change as 1) they were found to emit higher 

fluorescence on both size classes, 2) they were consistent between both classes, and 3) they can be consistently 

focused on for further studies with the conveyor scanning method. The regions of interest selected within the 

scanned P. camtschaticus are detailed in Fig. 1.  

 

Figure 1.  The selected regions of interest on scanned mature adult red king crab (2706 g; 16.2 cm CW) are the 
eye stalks (orange), the cervical grooves of the cardiac region of the dorsal carapace (blue), and the cheliped joints 
(green). The joint membranes show red fluorescence while the spines show a diffuse green colour under 
hyperspectral imaging. The cheliped joints were selected to analyse red fluorescence.  
 
 
Haemolymph sampling and fluorescence analysis  

Haemolymph was sampled pre and post transport overnight (12 hours) from the second group of 19 

individually marked adult king crabs (2005 ± 90 g, 15.8 ± 0.26 cm CW), randomly sampled from a concurrent 

capture-based aquaculture project rearing king crabs to market size within four long-term captive treatments 

(Lorentzen et al., 2023). After initial sampling, king crabs were packed and transported to Nofima in groups of 5 

in 20-liter (35 x 70 x 17 cm) Styrofoam boxes and were subsequently covered with wet newspaper and ice packs. 



 
51 

The packed boxes were then transported to Nofima laboratory facilities (Tromsø, Norway), where they were kept 

at 1°C overnight.  

From each animal ~1.5 mL of haemolymph was sampled using a 21-gauge needle and syringe (BD microlance, 

Eysins, Switzerland). Prior to taking haemolymph, each syringe was loaded with 0.5 mL citrate/EDTA anticoagulant 

formulation (Söderhäll, 1983) [0.45 M NaCl, 0.1 M glucose, 30 mM sodium citrate, 26 mM citric acid, 10 mM EDTA; 

pH 5.4].  Haemolymph was drawn directly into the anticoagulant and then placed on crushed ice until analysis. 

Each haemolymph sample was placed within a 3.5 mL fluorescence quartz cuvette (Science Outlet Inc, Weifang, 

China) and analysed within a Duetta fluorescence and absorbance spectrometer (HORIBA Scientific, Kyoto, 

Japan). Fluorescence emissions were recorded in the EZ Spec Software (HORIBA Scientific, Kyoto, Japan). 

Each sample was recorded with 21 excitation wavelengths in increments of 5 from 250 to 350 nm and 

emission wavelengths from 400 to 800 nm with a 0.5 nm spectral resolution. It was determined manually 

which excitation wavelength produced the strongest fluorescence signal, and this was used to calculate 

the total number of photon counts on the detector over a fixed wavelength range to yield a measure of 

the fluorescence emittance. This value was used for statistical analysis. 

 

Statistical analysis 

The exoskeleton analysis of the green fluorescence data used a two-sided paired T test on the spectral 

radiance in the 500 nm band. The statistical analyses were performed in R Studio (R Development Core Team, 

2022). Red external fluorescence of the cheliped joints was not analysed as the animals flexed their joints 

randomly during hyperspectral imaging, leading to inconsistent data for these spectra. The data was checked for 

normality and equal variance between the groups to make sure the model assumptions were met.   

To test whether observed patterns in fluorescence found in haemolymph were independent from time within 

the simulated live shipping protocol, a one-way ANOVA analysis was conducted on the haemolymph data collected 

with the Duetta fluorospectrometer. The one-way ANOVA of the hemolymph fluorospectroscopic scan results 

compare the between-group variance against the within-group variance between pre and post shipping, with the 

variable being the total number of photon counts for each sample across the spectrum between 400 nm and 800 
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nm. The test was repeated for each excitation centre wavelength with the distribution of the p values for 

significance level (p
0<0.05).  

 

Results 

Exoskeleton fluorescence analysis 

General fluorescence 

The exoskeleton of P. camtschaticus fluoresces in the green and red spectrum.  Red fluorescence (~680 nm) 

is produced primarily in the arthrodial membranes of the walking leg joints and the chelipeds, while green 

fluorescence (~500 nm) was expressed in the spines, the eye stalks, the cervical grooves of the cardiac region of 

the carapace, and chelae. RGB photographs illustrating fluorescence in a young adult and mature adult male red 

king crab can be seen in Fig. 2. Both young adult and mature adult crabs consistently produced fluorescence in 

the same anatomical parts of their bodies. However, the area of fluorescence and the spectra emission intensity 

varied between individuals and between age classes. Notably, mature adult crabs displayed a higher average 

fluorescence (adult M=0.253, SD=0.032; young adult M=0.197, SD=0.0749) intensity than juveniles (Fig. 3). The 

plots in Fig. 3 for both the UV and royal blue excitation lights show a sharp drop just before 500 nm which is due 

to the tail end of the excitation light.  The UV excitation lighting produced a sloping peak at approximately ~500-

510 nm and a gradual downwards slope to ~600 nm. A peak (~500 nm) is not visible with the royal blue due to the 

greater overlap between the excitation light and the green spectrum. This peak is most likely due to green Stokes 

fluorescence. The smaller peak in the UV plots (~800 nm) is the second order diffraction of the reflected excitation 

light. In the royal blue excitation lighting, there is no clear fluorescence peak as it overlaps with the excitation 

lighting.  
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Figure 2. RGB photography of a mature adult [A] (2706 g; 16.2 cm CW) and a young adult [B] (408 g; 8.5 cm CW) 
�u���o�����Œ�������l�]�v�P�����Œ�������µ�v�����Œ���v�}�Œ�u���o�����v�������Æ���]�š���Ÿ�}�v���o�]�P�Z�Ÿ�v�P�X���,�Ç�‰���Œ�•�‰�����š�Œ���o���]�u���P�]�v�P���}�(���l�]�v�P�����Œ�����•��documented green 
�G�µ�}�Œ���•�����v������ �~�•�ñ�ì�ì�� �v�u�•�� �Á�]�š�Z�� �š�Z���� �P�Œ�����š���•�š�� �]�v�š���v�•�]�š�Ç�� �}�����µ�Œ�Œ�]�v�P�� �]�v�� �š�Z���� ���Ç���� �•�š���o�l�•�U�� �•�‰�]�v���•�U�� ���Z���o���U�� ���v���� �š�Z���� �����Œ�À�]�����o��
�P�Œ�}�}�À���•���}�(���š�Z�����(�Œ�}�v�š���o�������Œ���]�������Œ���P�]�}�v���}�(���š�Z���������Œ���‰�������X���Z�������G�µ�}�Œ���•�����v�������~�•���ò�ô�ì���v�u�•���Á���•�������š�����š�������]�v���š�Z�������Œ�š�Z�Œ�}���]���o��
membranes of the pereiopod legs and chelae. 
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Figure 3.  Mean fluorescence (±SD) found in the exoskeleton of young adult (A) and mature adult (B) male P. 
camtschaticus in UV (~400 nm) and Royal Blue (~445 nm) light. The brightest fluorescence (green spectra) on the 
exterior was found in the eye stalks (orange) and the cervical grooves on the cardiac region of the carapace 
(green). Differences in fluorescence levels emitted by eyestalks and cervical grooves under different excitation 
lighting levels can be seen for young adults in panels A1 and A2, while mature adults can be seen in B1 and B2.  
 
 
Fluorescence variability over time 

Individual red king crabs show great variability in the intensity and spectrum of the biofluorescence they 

produce. Changes to the composition of the overall fluorescence were documented in hyperspectral data before 

and after the overnight recovery period in seawater tanks (Table 1). In the young adult crabs, 4 stayed green, 2 

stayed red and 4 turned from red to green. The largest crab in the study, at 4.3 kilograms, changed from green to 

red after simulation. Another crab had red fluorescence during both sampling periods. One mature adult crab did 

not produce fluorescence in the study.  The majority displayed a green biofluorescence in their exoskeleton with 

the greatest intensity occurring in the eye stalks and the cervical groove of the carapace. This variability is 

particularly noticeable in the eyestalks, where distinct groups were found producing highly varying areas of 

fluorescence and emission levels after overnight recovery (Fig. 4).  
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Table 1. Changes in the overall fluorescence spectra dominance (green or red) of red king crab exoskeletons in 
size that occurred between initial scanning after live transport shipping simulation (2 hours) and scanning after 
recovery overnight (12 hours) in chilled seawater.     

Size  Green to green Red to red Green to red Red to green No fluorescence Sum 

Young 
adult  

4 2 0 4 0 10 

Mature 
adult 

3 1 1 2 1 8 

Sum 7 3 1 6 1 18 

 
 

 
Figure 4. Variation encountered in the eye stalk fluorescence of P. camtschaticus after overnight recovery (12 
hours) in seawater 1: increase in fluorescing area and emission level. 2: no significant change in either.  3: decrease 
in fluorescing area and emission level. 4: decrease in fluorescing area and emission level, but twice as big of a drop 
in emission level.  Cluster 4 contains only young adults. 
 
 

Red fluorescence in cheliped joints 

Six of the imaged red king crabs were documented emitting a bright red fluorescence in the arthrodial 

membrane of the cheliped joints under royal blue excitation light. This fluorescence had a peak at approximately 

680 nm with a shoulder at the right flank. This shoulder consists of a plateau from 720 nm to 740 nm and a gradual 

downwards slope from 740 nm down to 780 nm (Fig. 5). At the start of the trial 6 crabs showed red fluorescence, 
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while at the end only two of the crabs retained fluorescence. The average fluorescence patterns can be seen in 

shipped crabs and recovered crabs with low standard deviation in Fig. 5. The same red fluorescence was observed 

in some of the walking leg arthrodial joints and in the spines of some crabs, although with lower spectral radiance 

values.  

 

 
Figure 5. The emitted red fluorescence (~680 nm) in the membranes of the cheliped joints of 6 live P. 
camtschaticus under royal blue (~445 nm) excitation lighting before (a, b) and after (c, d) transport.  The average 
fluorescence patterns can be seen in shipped crabs (a) and recovered crabs (c) with low standard deviation of 
their emitted fluorescence values shown in panels b and d.  

 
Green fluorescence of the eye stalks and cervical groove of the cardiac region of the carapace 

Green fluorescence produced by both juvenile and adult red king crab was found to be higher within the eye 

stalks and the cervical grooves of the cardiac region of the carapace. The eye stalks fluoresced higher on average 

when scanned after being shipped rather than post recovery overnight (Fig. 6), while the average for the cervical 

grooves of the cardiac region did not change significantly (Fig. 7).  
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Figure 6.  Mean fluorescence (±SD) emitted after excitation (royal blue= ~445 nm, UV= ~400 nm) in the eye stalks 
of Paralithodes camtschaticus (n=18) during simulated shipping (start) and subsequent recovery (12 hours) in 6°C 
seawater as documented through hyperspectral imaging. The fluorescence found in young adults is documented 
in panels A1 and A2, while mature adult fluorescence is documented in panels B1 and B2.  
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Figure 7.  Mean fluorescence (±SD) emitted from the cervical grooves of the cardiac region of the carapace of 
Paralithodes camtschaticus during simulated shipping (start) and subsequent recovery (12 hours) in 6°C seawater 
overnight as documented through hyperspectral imaging. The fluorescence found in young adults is documented 
in panels A1 and A2, while mature adult fluorescence is in panels B1 and B2. 

 
Exoskeleton Statistics 

There was a significant difference (2 paired T test: t(16)= -2.9465, p=0.009) in the fluorescence of the eye 

stalks between simulated shipping (M=0.267; SD=0.056) and subsequent recovery (M=0.209; SD=0.105). One crab 

(crab U) was an outlier in the cervical groove fluorescence analysis during the tests for normality and was excluded 

from statistical analysis. The fluorescence in the cervical grooves did exhibit a significant difference (2 paired T 

test: t(16)= -2.9056, p=0.01) between simulated shipping (M=0.235; SD=0.065) and subsequent recovery (M=-

0.223; SD=0.063). The means of the paired differences of before and after live shipping simulation for each crab 

were –0.058 for the eye stalks and –0.022 for the cervical groove, with standard errors of 0.020 and 0.011, The 

confidence intervals were (-0.093, 0.024) and (-0.041, -0.003).  Diagnostic plots were used to verify that the data 

were approximately normally distributed and showed similar variance. Model assumptions were observed in the 

diagnostic QQ plots and residual plots.  
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Haemolymph analysis 

The fluorospectrometric analysis of the haemolymph samples detected a difference in the average 

fluorescence between the start (300 nm=16,067,157 photons) and end (300 nm= 28,237,320 photons) of the live 

shipping simulation (Fig. 8). Higher fluorescence values in the data were consistently seen in haemolymph sampled 

at the end of shipping simulation. There was a high variation in the recorded fluorescence wavelengths between 

individual red king crabs. The variation in fluorescence is the smallest at 300 nm, where there is almost one 

standard deviation (Fig. 8).  Excitation lighting with a wavelength of 300 nm produced the least noise.  

 

 
Figure 8.  �d�Z�������À���Œ���P�����G�µ�}�Œ���•�����v�������~�F�^���•���(�}�Œ���u���š�µ�Œ���������µ�o�š���u���o�����W���Œ���o�]�š�Z�}�����•�������u�š�•���Z���Ÿ���µ�• (n=19) hemolymph 
�G�µ�}�Œ���•���]�v�P���µ�v�����Œ���î�ñ�ì�U���ï�ì�ì�U���ï�ï�ì�U�����v�����ï�ñ�ì���v�u�����Æ���]�š���Ÿ�}�v���Á���À���o���v�P�š�Z�•�����š���ì���Z�}�µ�Œ�•���~�•�š���Œ�š�•�����v�����í�î���Z�}�µ�Œ�•���~���v���•�X���d�Z����
�À���Œ�]���Ÿ�}�v�� �]�v�� �G�µ�}�Œ���•�����v������ �]�•�� �š�Z���� �•�u���o�o���•�š�� ���š�� �š�Z���� �‰���v���o�� �����‰�]���Ÿ�v�P�� �ï�ì�ì�� �v�u�U�� �Á�Z���Œ���� �š�Z���Œ���� �]�•�� ���o�u�}�•�š�� �}�v���� �•�š���v�����Œ����
�����À�]���Ÿ�}�v�X�� ���Æ���]�š���Ÿ�}�v���o�]�P�Z�Ÿ�v�P���Á�]�š�Z�������Á���À���o���v�P�š�Z���}�(���ï�ì�ì���v�u���‰�Œ�}���µ���������š�Z�����o�����•�š���v�}�]�•���X 

 
 
Haemolymph Statistics 

To understand whether the results of average crab fluorescence were significant within the 21 excitation 

wavelengths between 250-350 nm, each wavelength data was analysed with ANOVA. We found a significant 

increase in the haemolymph fluorescence of animals for 16 of the excitation wavelengths (see Fig. 9, Table 2). The 
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distribution of p-values leans heavily towards the lower end of the scale with most excitation wavelengths (16 of 

21 wavelengths) yielding p < 0.05. Diagnostic plots were used to verify that the data were approximately normally 

distributed and showed similar variance. Model assumptions can be observed in the diagnostic QQ plots and 

residual plots within the supplemental material. 

 
 

Figure 9.  P values for ANOVA analyses on the logarithm of the total count (area under the curve) for each of the 
21-excitation wavelengths used in the fluorescence measurements. The red horizontal line marks the 0.05 
confidence level. 
 

  



 
61 

 

Table 2: Results of ANOVA (df=18) on twenty-one different excitation wavelengths (250-350 nm) tested on P. 

camtschaticus haemolymph. Wavelengths significant to fluorescence measurements are in bold.   

 

Excitation wavelength F value  p value 

250 5.803 0.022 

255 3.534 0.069 

260 5.638 0.023 

265 4.579 0.04 

270 5.328 0.027 

275 8.824 0.005 

280 4.866 0.034 

285 10.252 0.003 

290 8.87 0.005 

295 7.183 0.011 

300 7.155 0.011 

305 1.937 0.173 

310 1.556 0.221 

315 2.67 0.111 

320 3.705 0.063 

325 5.41 0.026 

330 6.181 0.018 

335 5.942 0.02 

340 5.143 0.03 

345 6.044 0.019 

350 4.621 0.039 

 
 
 
Discussion 

This is the first study to document biofluorescence in a lithodid crab. Considering their prevalence in coastal 

environments where blue shifted light is ubiquitous, surprisingly few studies have described fluorescence in 

decapods in general. Of the limited fluorescence studies on decapods, species specific fluorescence patterns were 

observed only within the carapace of pelagic Portunus crabs (Ze-Lin et al., 2012). Fluorescence differed between 

life stages of these Portunus species but no differences between sexes were found in the study. A descriptive 

observation also exists of female Cryptochirid gall crabs fluorescing red while hiding in light blue fluorescing 

Colpophyllia natans coral colonies (Bähr and van der Meij, 2019). Several hydrothermal vent crustaceans have 

been observed producing fluorescence when there has been monitoring deep sea habitat with UV LED lighting 

(Sasano et al., 2015). Notable observations during their field surveys included hydrothermal vent shrimp 
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Alvinocaris longirostris with an internal red fluorescence while the body bristles of the Yunohana crab Gandalfus 

yunohana and galatheid crab Shinkaia crosnieri emitted green fluorescence (Sasano et al., 2015). Beyond these 

biofluorescence studies on decapods, little information exists, either suggesting that it does not occur widely, or 

that it has been overlooked despite the commercial importance of many species.  

Biofluorescence has been generally considered to be a static emission produced by the physiology of aquatic 

organisms, yet here we documented red king crabs changing fluorescence in an experimental setting. The results 

presented in this study indicate that the fluorescence of king crabs changed as a result of external stimuli over 

time. Each crab in the two separate studies was individually marked for tracking through the live shipping 

simulation; thus, differences in fluorescence could be tracked on an individual as well as within a group basis. To 

our knowledge, this is the first experimental trial that links changing fluorescence levels in both the exoskeleton 

and the haemolymph of king crabs to a live shipping methodology routinely experienced by commercially 

harvested decapods. The shifts in fluorescent emission documented within the haemolymph and the exoskeleton 

of crabs likely correlate and should be investigated in single experimental group.  We hypothesize that the changes 

observed were due to stress caused by the live shipping simulation. Furthermore, our results from the exoskeleton 

study show that the fluorescence in a red king crab exoskeleton is dynamic; intraspecific fluorescence varied in 

multiple factors including area coverage, intensity, and expression. The largest individual (4.3 kg) was documented 

changing both its predominant fluorescence (green to red) as well as increasing its overall area of fluorescence 

after the overnight recovery. However, no young crabs were documented to change to red. Such changes may 

relate to the thickness of the carapace or the physiological status of the specific animal. As large P. camtschaticus 

males have been documented copulating with up to seven females per spawning season (Dvoretsky and 

Dvoretsky, 2018; Paul and Paul, 1997), such a change in fluorescence may advertise size. Whether the compounds 

responsible for these changes in the fluorescence originate within the inner layers of the cuticle of the carapace 

or are transported from the haemolymph is currently unknown in decapods 

Although haemolymph fluorescence exhibited high variability between individuals, an increase in average 

fluorescence data was consistently observed within each individual at the end of the 12-hour shipping period. This 

shows there is a change in physiology of the crab in response to being kept out of water for 12 hours. How this 

haemolymph interacts with the development and maintenance of the lithodid crab exoskeleton is still unknown.  



 
63 

The haemolymph of the related sheep crab Loxorhynchus grandis has been shown to penetrate the exoskeleton 

through a high density of pore canals containing tubules (Chen et al., 2008). As these tubules transport ions and 

nutrition during the formation of the new exoskeleton, they may still provide a link between the haemolymph and 

the exoskeleton. Fluorescent compounds may also be deposited within the cuticle layers during the post moulting 

hardening period. The fluorescent haemolymph in P. camtschaticus may similarly influence the fluorescence 

found within the exoskeleton and should be a focus in future studies through the moulting cycle of the species. 

Biofluorescence in two emission spectrums were visible in the exoskeletons of both sizes classes when 

analysed with hyperspectral imaging. Differences in the intensity of green fluorescence emissions can be observed 

between young adult and mature adult male crabs. Whether these differences in the size classes are a result of 

physiology (i.e., size) and/or a social aspect (i.e., dominance) is unknown. The exoskeletons in both size classes 

produced a diffuse green fluorescence emission in the carapace, with areas of greater intensity in the eye stalks, 

the chelipeds, and the cervical grooves of the cardiac region of the carapace. We document that the eye stalk 

fluorescence levels in both size classes respond the most to the external stimuli experienced in shipping 

simulations, while those of the cervical groves are less responsive.  Red fluorescence emissions were detected 

from the membranes of the cheliped joints, and at varying degrees of intensity and area coverage in the carapace 

itself. As the animals had no algal growth on their carapaces at the time of hyperspectral scanning, why such red 

fluorescence occurs outside of the arthrodial membranes of the cheliped joints is unknown. Red king crabs were 

not restrained into a specific posture when passed through the hyperspectral camera conveyor for welfare 

considerations; thus, the joints were unable to be consistently measured through all animals. However, the data 

recorded in this study found measurable differences between shipping and recovery periods with a low standard 

deviation.  Each animal was found to be unique in its spectral emission and coverage, though all were responsive 

to the stress conditions from the external stimuli of live shipping. 

In terms of exoskeleton fluorescence, considerable individual variability was observed.  For example, the 

highest intensity of measured green fluorescence emission occurred in the eye stalks and along cervical grooves 

of the cardiac region of the carapace. Statistical analysis on this data collected before and after live shipping 

simulation found that within-group variation plays an important role as the detectable effect size is big. 

Anatomical differences (due to e.g., animal size, shell condition, and moult stage) influencing carapace thickness 
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should be expected and may impact on the cervical groove more than the eye stalks, which are more exposed. 

However, the shells of the crabs used in this exoskeleton study were all in good condition and were not entering 

a moulting stage. The red fluorescence of the cheliped joint membranes was hard to quantify due to the position 

of the limbs affecting the area exposed to the excitation lighting and the camera lens. There was great variability 

in the red spectra, with a few individuals showing high emission levels in the cheliped joints while others had faint 

red glow in the spines and yet others exhibited none. This may also be an effect of anatomical variation between 

individuals. Large variations between individual P. camtschaticus were previously documented when analysing 

physiological responses to e.g., stress (Mota et al., 2021) or sex hormone levels such as �š���•�š�}�•�š���Œ�}�v���� ���v�����í�ó�t-

estradiol  (Dvoretsky et al., 2021, 2022). Great variability was similarly found in all measured physiological 

parameters of individual P. camtschaticus within a long-term husbandry experiment (Lorentzen et al., 2023). As 

these crabs existed in a controlled environment for two years, the conditions in captivity likely influenced their 

physiological aspects and consequently modified their fluorescence patterns in contrast to wild individuals.  

As to why king crabs biofluorescence, much is yet to be discovered on the internal biochemical processes of 

P. camtschaticus which include the compounds responsible for fluorescence. As both physiological parameters 

such as stress hormones and tools available for empirically documenting physiological changes in decapods 

remain less advanced compared to higher order aquaculture species such as salmon (Noble et al., n.d.), the 

changes in fluorescence documented in fluorospectroscopy or hyperspectral imaging technology may serve as 

effective early indicators of preclinical stress.  A recent study exposing adult red king crabs to low oxygen levels 

documented anoxic stress in haemolymph through an increased concentration of lactate (Mota et al., 2021). 

Imagery-based documentation of changing fluorescence, like the ones demonstrated in this study, should be 

linked with such empirical approaches in future studies, to strengthen the utility of this non-invasive technique 

for assessing king crab welfare. The next step with this research is to understand how this physiological 

fluorescence in P. camtschaticus responds in long-term husbandry conditions in captivity in comparison to wild 

caught individuals. As male P. camtschaticus are known for undertaking irregular moults (McCaughran and Powell, 

1977), the single mature adult crab without documented fluorescence during the experiment may reflect a point 

within the moulting cycle. Further analysis of fluorescence within the moult stages may allow the issue of 

intraspecific cannibalism on fresh moulted individuals to be addressed within long-term holding facilities. 
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Developing technology with the baseline data gathered in this pilot experiment will guide further studies to detect 

physiological changes in fluorescence, in response to husbandry practices that this species regularly undergoes in 

captive conditions. Such monitoring will allow husbandry techniques to be developed that may minimize stress 

experienced by king crabs in both the established live trade and emerging aquaculture industries. These findings 

indicate that biofluorescence in P. camtschaticus is dynamic and further investigation may reveal whether such 

fluorescence could be used to monitor the welfare of decapods in captivity. 
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Abstract 

Biofluorescence in echinoderms is largely unexplored, and even though the green sea urchin 

Strongylocentrotus droebachiensis is a well-studied species, the presence and/or function of 

fluorescence remains very poorly understood. Hyperspectral imaging was conducted on adult sea 

urchins(n=380) while fluorospectrometric analysis was conducted on sea urchin coelomic fluid (n=30). 

Fluorescence was documented in both the spines and coelomic fluid of S. droebachiensis. Intact spines 

exhibited a low intensity green emission (�ý550–600 nm), while broken spines averaged a high 

emission peak in the green spectrum (�ý580 nm). Sea urchins produce a red exudate with a 

pronounced emission peak (�ý680 nm) with a shoulder peak (�ý730 nm). The sampled coelomic fluid 

exhibited high variability, with a majority exhibiting a low-level green fluorescence while pronounced 

emission peaks (n=5) were found in the red spectrum (�ý680 nm). The complex fluorescence produced 

by S. droebachiensis warrants further investigation on its applicability for monitoring the welfare of 

sea urchins in aquaculture facilities. 

 

 

Introduction 

Marine organisms produce biofluorescence through the uptake of photons from the spectrally 

restricted (blue-shifted) environment and emit a lower, less energetic wavelength light via 

fluorophores present in their bodies (Brahme, 2016). Several families of invertebrates have been 

documented producing biofluorescence, with the two-step production of light in hydrozoan 

medusa Aequorea victoria perhaps the most well-known. The chemiluminescent protein aequorin 

���u�]�š�•�����o�µ�����o�]�P�Z�š���~�ð�ó�ì
0�v�u�•���]�v���Œ���•�‰�}�v�•�����š�}�������o���]�µ�u���]�}�v�����}�v���]�v�P�U���Á�Z�]���Z���]�•���•�µ���•���‹�µ���v�š�o�Ç���Œ�����u�]�š�š���������Ç���š�Z����

Green Fluorescent Protein (GFP) as a green fluorescence (508 nm)(Macel et al., 2020; Shimomura, 

1979; Shimomura et al., 1962).  Biofluorescence in echinoderms is largely unexplored and even though 

Strongylocentrotus droebachiensis is a well-studied species, the presence and/or function of 

fluorescence remains very poorly understood. 
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The green sea urchin S. droebachiensis is a commercially valued echinoid within the circumpolar 

northern hemisphere (Stephens, 1972). The biomass of S. droebachiensis along the Norwegian 

coastline is estimated to be 80 billion individual animals/56,000 tons (Gundersen et al., 2010). The 

poor quality of roe from wild caught urchins in Norway means that there is a need for development 

of echinoculture methods in aquaculture facilities, that can enhance the roe quantity and quality and 

ensure consistent quality for market consumption. An important limiting factor in echinoculture is the 

lack of background data and associated diagnostic techniques for monitoring their health and welfare.  

Clinical disease in sea urchins is poorly understood (Francis-Floyd, 2020; Jangoux and Kinne, 1990; 

Jangoux; 1984). Echinoderms such as S. droebachiensis are susceptible to acute and chronic infections 

by microbial pathogens and parasitic nematodes (Scheibling and Hatcher, 2013). In the northwest 

Atlantic, periodic mass mortalities caused by Paramoeba invadens can have impact on populations 

(Feehan et al., 2013; Scheibling and Hatcher, 2013). Disease outbreaks and mass mortalities amongst 

wild echinoids are increasing over the last few decades (Francis-Floyd, 2020; Feehan and Scheibling, 

2014; Ward and Lafferty, 2004). In addition, there is very limited literature on how stress is manifested 

in sea urchin physiology and how such stress could be measured accurately within echinoderms. As 

aquaculture operations such as capture and captive holding are known to expose organisms to both 

acute and chronic stress (Morgan and Tromborg, 2007), biological functions such as somatic growth 

and maintenance (Lattin et al., 2012), reproduction (Lombardo et al., 2010), and immune response 

(Buehler et al., 2008) typically suffer as the organisms’ physiology reallocate resources to stress 

adaptation. Successfully monitoring sea urchin health and welfare is vital for future aquaculture 

activities as sea urchins are prone to sudden mortality events in aquaculture. Our study aims to 

evaluate biofluorescence in S. droebachiensis within a controlled setting and whether such 

fluorescence can be considered a dynamic process that can be monitored through hyperspectral or 

fluorospectroscopy technology as a non-invasive means of measuring the physiological status of S. 

droebachiensis 
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Materials and Methods 

Green sea urchins were collected in Kvalsund, Norway, (69° 45' 16.5312'' N, 19° 2' 2.0904'' E) (Fig. 

1) between October and December 2022. Urchins were collected by free divers in net bags and placed 

in a seawater filled container (1,000 litres) within minutes of being removed from seawater for 

transport to the NOFIMA laboratory facilities (Tromsø, Norway). A total of 380 urchins were scanned 

on arrival at the facility. Of those animals, a random sample of 30 sea urchins were sampled for 

coelomic fluid for fluorospectroscopy.  

 

Figure 1.  Green sea urchins Strongylocentrotus droebachiensis were collected from Kvalsund region 
of Northern Norway. 

 

For sampling, the sea urchins were randomly assigned a numbered square on a Styrofoam lid for 

scanning on a conveyor belt set at 44 mm/s to yield an along track resolution equal to twice the across 

track resolution. The conveyor belt was illuminated by the G5 XR30 Pro Radion LED lighting (Ecotech 

Marine Bethlehem, PA USA) in royal blue (~445 nm). Hyperspectral imaging was taken with the HySpex 

VNIR-1800 hyperspectral camera (Norsk Elektro Optikk AS, Oslo, Norway), with a spectral range from 

400 to 1000 nm, a spectral resolution of 5.5 nm, and 1800 spatial pixels.  The camera was mounted 1 

m above the conveyor belt, resulting in a field of view of 300 mm. The spatial resolution across the 
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track was 0.17 mm, with 1800 pixels across the conveyor belt. The images were spatially binned in the 

across track direction to yield square pixels with a resolution of 0.34 mm.   

Red, green, and blue (RGB) photographs for illustrative purposes were taken using a digital single 

lens reflex (DSLR) camera (D5100, Nikon, USA /Nikon AF-S 60 mm f/2.8G IF-ED Micro lens) and a yellow 

barrier filter (Tiffen 62DY15 62 mm Deep Yellow 12 Filter). A 20-liter photographic aquarium 

constructed of optic white glass with a moveable black acrylic background was used to take RGB 

photographs of sea urchins within sea water. 

Coelomic fluid (2 mL) was extracted from the peristomal membrane of all sampled sea urchins 

using a 26-gauge hypodermic needle attached to a sterile syringe (BD microlance, Eysins, Switzerland). 

Each syringe was pre-loaded with 0.5 mL of pre-chilled citrate/EDTA anticoagulant based on a formula 

for crustaceans (Söderhäll and Smith, 1983) [0.45 M NaCl, 0.1 M glucose, 30 mM sodium citrate, 26 

mM citric acid, 10 mM EDTA; pH 5.4]. Syringes containing coelomic fluid were placed on crushed ice 

prior to analysis. A Duetta fluorescence and absorbance spectrometer (HORIBA Scientific, Kyoto, 

Japan) was used to analyse haemolymph samples placed within a 3.5 mL fluorescence quartz 

cuvette (Science Outlet Inc, Weifang, China). The recorded fluorescence emissions were analysed 

within the EZ Spec Software (HORIBA Scientific, Kyoto, Japan). The excitation wavelengths 

from 250 to 350 nm were recorded and emission wavelengths from 400 to 800 nm with a 0.5 

nm spectral resolution. 

Raw data files collected with hyperspectral scanning were radiometrically calibrated with HySpex 

Rad v2.5 (Norsk Elektro Optikk, AS, Oslo, Norway) to produce radiance values in units of  

W m�?�6 sr �?�5 nm�?�5.  The radiometrically calibrated data was uploaded for analysis in Breeze 

hyperspectral imaging software (Prediktera, Umeå, Sweden) and each sea urchin was cropped out into 

a separate image. A 33 x 33 grid was then applied, and each square in the grid was treated as a 

sampling point to distinguish different spectral features in the sea urchins in a Principal Component 

Analysis (PCA) plot. 
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Results  

Fluorescence was documented in both the spines and coelomic fluid of S. droebachiensis (see Fig. 

2). Intact spines exhibited a low intensity green emission (~550-600 nm), while broken spines averaged 

a high emission peak in the green spectrum (~580 nm). Green sea urchins also produce a red exudate 

with a pronounced emission peak (~680 nm) with a shoulder peak (~730 nm).  A PCA plot of the 

standard normal variate (SNV) transformed mean spectra (see Fig. 3) shows clusters of samples based 

on their similarity; strong clustering was detected within the strong green fluorescence from broken 

spines, the weakly green fluorescence from intact spines, and the strong red fluorescence from 

exudate

 

Figure 2. Results of external hyperspectral analysis of green sea urchins (N=380). Intact spines 
exhibited a broad low green emission (~550- 600 nm) (a), while broken spines averaged a dominant 
peak in the green spectrum (~580 nm) (b). A pronounced peak (~680 nm) (c) with a shoulder peak 
(~730 nm) (d) was documented in a red exudate produced by urchins.  
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Figure 3.  PCA plot of SNV-transformed mean spectra from a 33x33 grid over each sea urchin image. 
1: strong green fluorescence from broken spines, 2: weakly green fluorescence from intact spines, 3-
5: background pixels. 6: strong red fluorescence from exudate. The t(2) and t(3) are the second and 
third principal components of the spectra. The colour bar represents the point density, where each 
point is a square in the grid placed over images. 

 

 The sampled coelomic fluid exhibited high variability, with a majority exhibiting a low-level green 

fluorescence while pronounced emission peaks (N=5) were found in the red spectrum (~680 nm) (Fig. 

4a). The variability within the coelomic fluid can even be observed with the naked eye during sampling 

(Fig. 4b). Photographs taken for illustrative purposes that depict fluorescence being produced by sea 

urchins can be observed within Fig. 5.  
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Figure 4. Fluorospectrometric scans at 420 nm excitation lighting (a) of coelomic fluid taken from wild 
collected sea urchins (N=30). The sampled coelomic fluid exhibited high variability, with a majority 
exhibiting a low-level green fluorescence while pronounced emission peaks (N=5) were found in the 
red spectrum (~680 nm). The variability within the coelomic fluid can even be observed with the naked 
eye during sampling (b). 

 

Figure 5. Green sea urchins Strongylocentrotus droebachiensis photographed by RGB camera for 
illustrative purposes under normal white (1.A.-.5. A.) and excitation lighting (1.B.-5. B.). A low level of 
green fluorescence can be observed in intact spines (a), while a strong fluorescence can be observed 
in damaged spines (b). A red exudate can be seen emerging from sea urchins (c), while a red 
fluorescing waste particle is being released from the anus (d).  
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Discussion 

Strongylocentrotus droebachiensis produces a complex set of fluorescence within its anatomy, 

including a red exudate in likely response to external factors (i.e., handling). How this biofluorescence 

functions within the physiology of the animal is unknown. However, the documentation of 

fluorescence within the larvae of other echinoid species gives credence to the fact that fluorescence 

plays a larger role within echinoderms. Intense fluorescence in the larval urchin Clypeaster japonicus 

with unpublished data claiming weaker fluorescence emission in the larval stage of Hemicentrotus 

pulcherrimus, Anthocidaris crassispina and Pseudocentrotus depressus (Nakamura et al., 2001). This 

same study notes the spines and epidermis of adult C. japonicus producing a fluorescence emission 

without providing the associated data. To the best of our knowledge, our study is the first to document 

multiple states of both external and internal fluorescence within an echinoderm species.  

The variation in the coelomic fluid fluorescence documented during sampling is not surprising.  

The coelomic fluid, the echinoderm equivalent of blood, contains a dense population of immune cells 

known as coelomocytes (Pinsino and Matranga, 2015). These coelomocytes move about freely in all 

coelomic spaces, including the perivisceral coelomic cavities and the water-vascular system (Pinsino 

and Matranga, 2015; �'�o�]�w�•�l�]��and Jarosz, 2000; Smith et al., 2010). Physiological studies have 

investigated fluorescence in S. droebachienensis coelomocytes.   A study conducted on immune cells 

known as red spherule cells (RSCs) documented strong, multi-colour autofluorescence that is distinct 

from other coelomocytes. The original orange fluorescence in these RSCs is replaced by green 

fluorescence after a maximum excitation intensity (5-30 minutes) (Hira et al., 2020). Considered as 

one of the primary immune cells in sea urchins after phagocytes, RSC concentrations in coelomic fluid 

escalate with stressful conditions, such as bacterial invasions (Hira et al., 2020; Matranga et al., 2000) 

migrating towards wounds or infections (Hira et al., 2020; Höbaus, 2020; Coffaro and Hinegardner, 

1977; Heatfield and Travis, 1975).  Having migrated to these zones, the RSCs undergo a degranulation 

process that releases bactericidal substances (Hira et al., 2020; Gerardi et al., 1990). As the RSCs are 

comprised of spherical red pigmented granules (Hira et al., 2020; Gibson and Burke, 1987), it may be 
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possible that the sampled coelomic fluids (N=5) with a pronounced red spectrum (~680 nm) emission 

and the red exudate released by S. droebachiensis during this project is composed of degranulated 

RSCs.   

The open water vascular system present in the green sea urchin may indicate the physio-

pathological state of the sea urchin as it is in continuous contact with internal cells and tissues (Pinsino 

and Matranga, 2015; Smith, 1981). As this open water vascular system circulates within the 

extremities of S. droebachiensis such as the spines and epidermis, the external and internal 

fluorescence detected during this study may reflect the physio-pathological state of the urchin. 

Welfare standards used to date for sea urchins are heavily dependent on behaviour (Francis-Floyd, 

2020). Using behaviour for measuring individual well-being is difficult to assess quantitatively since it 

varies from time and with subject (Lawrence and Cowell, 1996; Eisler, 1979). Biofluorescence 

produced by S. droebachiensis has been documented in this study to vary in emission intensity and 

wavelength within the coelomic fluid and external anatomy (unbroken spines, broken spines), as well 

as the production of exudate through either fluorospectroscopy or hyperspectral imaging technology. 

The next step with this research is to isolate the fluorophore(s) present within the coelomic fluid, 

understand how this physiological fluorescence in S. droebachiensis responds to long-term captive 

conditions in aquaculture, as well as how acute stressors that can be experienced in aquaculture 

conditions, such as abrupt temperature changes or out of water shipping, impacts the species’ 

physiological fluorescence. As sea urchins do not exhibit externally visible signs of stress prior to 

permanent physiological impact(s), developing technology with this baseline data to monitor 

physiological changes will allow husbandry techniques to be developed, that may minimize both acute 

and chronic stress within echinoderms in the aquaculture industry. The complex fluorescence 

documented in S. droebachiensis warrants further investigation on its applicability for monitoring the 

welfare of S. droebachiensis when in aquaculture.  
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Ethics statement  

This study contains experimental procedures on non-cephalopod invertebrates performed in 

compliance with Norwegian national guidelines based on the European Union Directive 2010/63/EU 

for the protection of animals used for scientific purposes. The green sea urchin S. droebachiensis is 

not of conservation concern nor has any restrictions associated with their use in research. 

 

References 

Brahme, A. (2016). Comprehensive Biomedical Physics, comprehensive biomedical physics. Newnes.  

Buehler, D. M., Bhola, N., Barjaktarov, D., Goymann, W., Schwabl, I., Tieleman, B. I., and Piersma, T. 
(2008). Constitutive immune function responds more slowly to handling stress than corticosterone 
in a shorebird. Physiological and Biochemical Zoology, 81(5), 673–681. 
https://doi.org/10.1086/588591 

Coffaro, K. A., and Hinegardner, R. T. (1977). Immune response in the sea urchin Lytechinus pictus. 
Science, 1389–1390. 

Eisler, R. (1979). Behavioural responses of marine poikilotherms to pollutants. Philosophical 
Transactions of the Royal Society of London. B, Biological Sciences, 286(1015), 507–521. 

Feehan, C. J., Johnson-Mackinnon, J., Scheibling, R. E., Lauzon-Guay, J.-S., and Simpson, A. G. B. 
(2013). Validating the identity of Paramoeba invadens, the causative agent of recurrent mass 
mortality of sea urchins in Nova Scotia, Canada. Diseases of Aquatic Organisms, 103(3), 209–227. 

Feehan, C. J., and Scheibling, R. E. (2014). Effects of sea urchin disease on coastal marine 
ecosystems. Marine Biology, 161, 1467–1485. 

Francis-Floyd, R. (2020). Diagnostic methods for the comprehensive health assessment of the long-
spined Sea urchin, Diadema antillarum: VM244/VM244, 05/2020. EDIS, 2020(3). 

Gerardi, P., Lassegues, M., and Canicatti, C. (1990). Cellular distribution of sea urchin antibacterial 
activity. Biology of the Cell, 70(3), 153–157. 

Gibson, A. W., and Burke, R. D. (1987). Migratory and invasive behaviour of pigment cells in normal 
and animalized sea urchin embryos. Experimental Cell Research, 173(2), 546–557. 

�'�o�]�w�•�l�]�U���•�X�U��and Jarosz, J. (2000). Immune phenomena in echinoderms. Archivum Immunologiae et 
Therapiae Experimentalis, 48(3), 189–193. 

Gundersen, H., Christie, H., and Rinde, E. (2010). Sea urchins–from problem to commercial resource. 
Estimates of sea urchins as a resource and an evaluation of ecological gains by sea urchin 
exploitation. Norwegian Institute for Water Research. 

Heatfield, B. M., and Travis, D. F. (1975). Ultrastructural studies of regenerating spines of the sea 
urchin Strongylocentrotus purpuratus. II. Cell types with spherules. Journal of Morphology, 145(1), 
51–71. https://doi.org/10.1002/jmor.1051450104 



78  
  
 

 

Hira, J., Wolfson, D., Andersen, A. J. C., Haug, T., and Stensvåg, K. (2020). Autofluorescence mediated 
red spherulocyte sorting provides insights into the source of spinochromes in sea urchins. Scientific 
Reports, 10(1), 1149. 

Höbaus, E. (2020). Coelomocytes in normal and pathologically altered body walls of sea urchins. In 
Echinoderms (pp. 247–249). CRC Press. 

Jangoux, M. (1984). Diseases of echinoderms. Helgolander Meeresunters 37: 207–216. 

Jangoux, M., and Kinne, O. (1990). Diseases of echinodermata. Diseases of Marine Animals, 439–567. 

Lattin, C. R., Bauer, C. M., de Bruijn, R., and Michael Romero, L. (2012). Hypothalamus–pituitary–
adrenal axis activity and the subsequent response to chronic stress differ depending upon life 
history stage. General and Comparative Endocrinology, 178(3), 494–501. 
https://doi.org/10.1016/j.ygcen.2012.07.013 

Lawrence, J. M., and Cowell, B. C. (1996). The righting response as an indication of stress in 
Stichaster striatus (Echinodermata, Asteroidea). Marine & Freshwater Behaviour & Physics, 27(4), 
239–248. 

Lombardo, M. P., Thorpe, P. A., and Colpetzer, S. (2010). Social environment affects beak colour in 
captive male house sparrows Passer domesticus. International Studies on Sparrows, 34(1), 8–17. 
https://doi.org/10.1515/isspar-2015-0002 

Macel, M.-L., Ristoratore, F., Locascio, A., Spagnuolo, A., Sordino, P., and D’Aniello, S. (2020). Sea as 
a color palette: the ecology and evolution of fluorescence. Zoological Letters, 6(1), 9. 

Matranga, V., Toia, G., Bonaventura, R., and Müller, W. E. G. (2000). Cellular and biochemical 
responses to environmental and experimentally induced stress in sea urchin coelomocytes. Cell 
Stress & Chaperones, 5(2), 113. 

Morgan, K. N., and Tromborg, C. T. (2007). Sources of stress in captivity. Applied Animal Behaviour 
Science, 102(3–4), 262–302. https://doi.org/10.1016/j.applanim.2006.05.032 

Nakamura, S., Mikamori, M., Hiramatsu, M., Eura, S., Takamoto, H., and Watanabe, M. (2001). 
Spectacular fluorescence emission in sea urchin larvae. Zoological Science, 18(6), 807–810. 

Pinsino, A., and Matranga, V. (2015). Sea urchin immune cells as sentinels of environmental stress. 
Developmental & Comparative Immunology, 49(1), 198–205. 

Scheibling, R. E., and Hatcher, B. G. (2013). Strongylocentrotus droebachiensis. In Developments in 
Aquaculture and Fisheries Science (Vol. 38, pp. 381–412). Elsevier. 

Shimomura, O. (1979). Structure of the chromophore of Aequorea green fluorescent protein. FEBS 
Letters, 104(2), 220–222. 

Shimomura, O., Johnson, F. H., and Saiga, Y. (1962). Extraction, purification and properties of 
aequorin, a bioluminescent protein from the luminous hydromedusan, Aequorea. Journal of 
Cellular and Comparative Physiology, 59(3), 223–239. 

Smith, L. C., Ghosh, J., Buckley, K. M., Clow, L. A., Dheilly, N. M., Haug, T., Henson, J. H., Li, C., Lun, C. 
M., Majeske, A. J., and Matranga V. (2010). Echinoderm immunity. Invertebrate Immunity, vol. 
708, 260–301. 

Smith, V. J. (1981). Invertebrate blood cells. In The Echinoderms. (pp. 514–562). Academic press. 



79  
  
 

 

Söderhäll, K., and Smith, V. J. (1983). Separation of the haemocyte populations of Carcinus maenas 
and other marine decapods, and prophenoloxidase distribution. Developmental & Comparative 
Immunology, 7(2), 229–239. 

Stephens, R. E. (1972). Studies on the development of the sea urchin Strongylocentrotus 
droebachiensis. Ecology and normal development. The Biological Bulletin, 142(1), 132–144. 

Ward, J. R., and Lafferty, K. D. (2004). The elusive baseline of marine disease: are diseases in ocean 
ecosystems increasing? PLoS Biology, 2(4), e120. 

  

 

  



80  
  
 

 

Chapter 6 
 

PUBLISHED Journal of Applied Phycology 12 February 2024  https://doi.org/10.1007/s10811-024-
03211-3 

 

Assessing the potential of biofluorescence as a reproductive 
monitoring tool for select macroalgal species. 
 

Thomas Juhasz-Dora1,2�����6�W�H�L�Q�)�.�D�W�R���/�L�Q�G�E�H�U�J��3, Philip James,3 & Xinxin Wang 4  
1 Bantry Marine Research Station, Gearhies, P75 AX07, Co. Cork, Ireland   
2 School of Biological, Earth and Environmental Sciences, University College Cork, Cork, Ireland  
3 Nofima AS, 9291 Tromsø, Norway 
4 Akvaplan-niva, Pirsenteret, Havnegata 9, 7010 Trondheim, Norway 
 

 

 

AUTHOR CONTRIBUTIONS 

Conceptualisation: T.J.D.; Methodology: T.J.D., X.W., S.L.; Investigation: T.J.D., X.W., S.L.; Supervision: T.J.D., P.J.; 
Data collection/analysis/interpretation: T.J.D., S.L.; Writing - original draft: T.J.D.; Reviewing and editing; P.J., S.L, X.W., 
T.J.D.; Software: S.L. 

 

  

https://doi.org/10.1007/s10811-024-03211-3
https://doi.org/10.1007/s10811-024-03211-3


81  
  
 

 

Abstract 

Biofluorescence in certain seaweed species has been studied in association with their respective 

chlorophyll type and concentration. However, there is a paucity of information on the biofluorescent 

signature of macroalgal species at different life stages. Here we document that hyperspectral imaging 

differentiates between the fluorescent signatures of five macroalgal species (Ascophyllum nodosum, 

Fucus vesiculosus, Laminaria digitata, Palmaria palmata, and Saccharina latissima) collected from 

Tromsø, northern Norway (69-70 °N). Non-reproductive (NR) blades were collected for all species and 

reproductively mature blades (R) with sori were collected for three species. Hyperspectral imaging of 

collected blades was conducted under excitation lighting (~445 nm). We further assessed whether 

biofluorescence is reflected in the reproductive phenology of three selected species, L. digitata, P. 

palmata, and S. latissima. The spectral radiance of fluorescence emissions was found to be 

consistently different between R and NR blades. The greatest difference between R and NR blades 

was between the rhodophyte P. palmata (0.0075 W nm-1sr-1m-2 at 725 nm) followed by the 

phaeophytes L. digitata (0.03 W nm-1sr-1m-2 at 730-740 nm) and S. latissima (0.00225 W n m-1sr-1m-2 

at 735-745 nm). Biofluorescence monitoring with hyperspectral imaging should be considered for 

further applicability in commercial seaweed operations. 

 

 

Introduction  

Biofluorescence is the production of fluorescent light emissions in the tissue of living organisms 

at a longer wavelength than the absorbed environmental light (Maxwell and Johnson, 2000). Changes 

within chlorophyll produced fluorescence in plants were observed as early as 1960 (Maxwell and 

Johnson, 2000; Kautsky, 1960). Biofluorescence in macroalgae is well documented and is primarily 

associated with the type and concentration of photosynthetic pigments such as chlorophyll-a, and 

accessory pigments, like phycobiliproteins and xanthophylls (Huot et al., 2018). Chlorophyll is well 

known for emitting a characteristic red fluorescence in macroalgae. However, other compounds 
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present within the tissue of macroalgae fluoresce, including the photosynthetic accessory pigment 

phycoerythrin. The intensity and spectral properties of biofluorescence in macroalgae can vary 

depending on factors like species, environmental conditions, and physiological state of the specimen. 

A good example is when phycoerythrin present within stressed macroalgae becomes highly 

fluorescent as the amount of energy chlorophyll can direct from the photons present in the water 

column is reduced (Forster, 2012). This effect is most applied in plant stress measurements as Fv/Fm 

which is a normalized ratio created by dividing variable fluorescence (Fv) by maximum fluorescence 

(Fm). Commercial seaweed production employs total chlorophyll fluorescence and spectrophotometry 

as a proxy to monitor seaweed biomass (Calmes et al., 2020). However, determining the sexual 

maturity of macroalgal fronds during the reproductive stage still requires an experienced eye. This is 

time-consuming, subjective, or routinely requires destructive sampling.    

Sexual reproduction via the production of sporelings (juvenile algae) is a critical point for viable, 

scalable, and sustainable production of macroalgae. In this study, we explore the potential of 

hyperspectral imaging of fluorescence as a non-invasive, rapid, easy to use, and reliable reproductive 

monitoring tool for macroalgal species. We hypothesize that each seaweed species produces a unique 

spectral signature (tested on five macroalgal species), while the sori (reproductive zone) of three 

seaweed species produces a fluorescence emission, that differs from the surrounding non-

reproductive tissue. By using state-of-the-art imaging techniques, we aim to assess the specificity of 

fluorescence as a reproductive indicator in three macroalgae species.  

 

Materials and Methods 

Seaweed Collection 

A total of five species were collected In Tromsø, Norway during the winter of 2022/2023 for 

analysis. The samples of non-reproductive (n= 10) and when available reproductive blades of 

Ascophyllum nodosum, Fucus vesiculosus, Laminaria digitata (RB=10), and Palmaria palmata (RB=10) 

were collected from the macroalgal communities at the Kårvika and Harbour sites (Fig. 1) in November 
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2022 (Table 1). Sampling was conducted from a floating pier and rocky intertidal areas typical of the 

littoral zone in the two sample sites. Samples of S. latissima (n=10, RB=2) were collected at the Kraknes 

site (Fig. 1). The seaweed samples were double bagged with site seawater and transported in 

Styrofoam boxes to the Nofima facilities in Tromsø, Norway.  Prior to imaging, all collected macroalgae 

were checked for heavy epiphytic growth and reproductive tissues (sori). 

 

Figure 1. Collection points for macroalgae species used in this study. 

 

Table 1. Reviewed macroalgae divided by group, species, presence of sori, and most common 
pigments associated with fluorescence.  

GROUP  SPECIES SORI PIGMENTS  

Phaeophyta (Brown Algae) 

Ascophyllum nodosum No 
Chlorophyll a and c  
Fucoxanthin 
 

Fucus vesiculosus No 
Laminaria digitata Yes (n=2) 
�^�������Z���Œ�]�v�����o���Ÿ�•�•�]�u�� Yes (n=10) 

 
 
Rhodophyta (Red algae) 

Palmaria palmata 

 
 

  Yes (n=10) 

Chlorophyll a and b  
Phycoerythrin  
Phycocyanin  
Xanthophylls 
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Imaging  

Hyperspectral imaging utilized the Hyspex VNIR-1800 hyperspectral camera (Norsk Elektro Optikk 

AS, Oslo, Norway) with a wavelength documentation capacity from 400 to 1,000 nm. Hyperspectral 

imaging took place within a dark room. Macroalgae were continuously recorded on an automated 

conveyor belt illuminated with royal blue excitation lighting (~445 nm) produced by a full spectrum 

LED lighting (G5 XR30 Pro Radion, Ecotech, PA, USA).  The camera was mounted 1 m above the belt 

with a field view of 300 mm. The spatial resolution across the track was 0.17 mm, with 1800 pixels 

across the width of the conveyor belt.  The images were spatially binned in the across track direction 

to produce square pixels with a resolution of 0.34 mm.  

During red-green-blue (RGB) illustrative photography sessions, representative samples of the 

macroalgal species were placed on a black background in a seawater filled photographic aquarium (5 

litres) constructed of optic white glass.  A digital single lens reflex (DSLR) camera (D5100, /Nikon AF-S 

60 mm f/2.8G IF-ED Micro lens, Nikon, USA) was used for photographing macroalgae illuminated 

under full spectrum LED lighting used for hyperspectral imaging. The ambient light photographs were 

taken with cool white light. A yellow barrier filter (62DY15 62 mm 12 Filter, Tiffen, Burbank, CA, USA) 

was utilized to filter blue light when capturing RGB.  

 

Hyperspectral analysis 

All raw data files collected during hyperspectral imaging were radiometrically calibrated within 

HySpex Rad v2.5 (Norsk Elektro Optikk, AS, Oslo, Norway) to produce spectral radiance value units of  

�9  �I �?�6 �O�N�?�5 �J�I �?�5. The calibrated files were uploaded into Breeze hyperspectral imaging software 

(Prediktera, Umeå, Sweden) for analysis. An average spectrum was calculated for each frond and used 

to make a PCA model to study the clustering of the data and which parts of the spectrum contributed 

the most to the variation.  
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Results 

The spectral radiance of fluorescence emissions varied between species (Fig. 2) as well as between 

the reproductive and non-reproductive blades of the species tested (Fig. 3).  Spectral analysis of the 

five species of sampled macroalgae found a unique fluorescence emission with an initial smaller peak 

(~680 nm) followed by a dominant broad emission peak (~725) in each species.  Reproductive fronds 

have a smaller peak around 680 nm relative to the broad peak at 725 nm. The non-reproductive fronds 

have a taller peak at 680 nm and the broad peak is slightly shifted towards higher wavelengths (ca 735 

nm). The greatest difference in R and NR was between the Rhodophyte P. palmata (0.0075 W/nm sr-

1 m2/725 nm) and the Phaeophytes L. digitata (0.03 W/nm sr-1 m2/730-740 nm) and S. latissima 

(0.00225 W/nm sr-1 m2 @735-745 nm). 

The spectral variation can be interpreted by using principal component analysis (PCA) to change 

the coordinate system so that most of the variation is represented in fewer dimensions, i.e., the 

principal components. This allows many-dimensional data to be shown in a 2-dimensional scatter plot 

without losing most of the variation in the data. A loading plot shows how the data is transformed to 

achieve this, and which variables (in this case wavelengths) exert the most influence on the 

transformation.  

The clustering of reproductive and non-reproductive blades in Fig. 4 shows an overlapping of 

spectral data on an interspecies level but not between reproductive blades on an intraspecific level. 

One can for instance note that non-reproductive S. latissima are spectrally similar to L. digitata, while 

its reproductive counterpart is in a cluster of its own. The loading plot in panel b shows that the 

wavelengths between 670 nm and 750 nm contribute the most to the variation in the data (97.31 % 

along the first principal component). The peaks and troughs suggest what the fluorescence signature 

of the fluorophores involved might look like.  Fluorescence emission produced by the five macroalgal 

species may be seen in Fig. 5.  
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Figure 2. Interspecific variation of fluorescence of selected temperate macroalgae species 
(n=5).   The genera presented are Ascophyllum (red; n=10), Fucus (olive green; n=10), 
Laminaria (green; n=12), Palmaria (blue; n=20), and Saccharina (purple; n=20). The 
fluorescence is an average of both reproductive and non-reproductive tissue. 

  

Ascophyllum nodosum 
 
Fucus vesiculosus 
 
Laminaria digitata 
 
Palmaria palmata 
 
Saccharina latissima 
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 Figure 3. Results of hyperspectral analysis between reproductive versus non-reproductive fronds in 
Laminaria digitata (a), Saccharina latissima (b), and Palmaria palmata (c). Reproductive fronds have 
a smaller peak around 680 nm relative to the broad peak at 725 nm. The non-reproductive have a 
taller peak at 680 and the broad peak is slightly shifted towards higher wavelengths (ca 735).  
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Figure 4. The clustering of reproductive and non-reproductive blades in Panel a show an overlapping 
of spectral data on an interspecies level but not between reproductive blades on an intraspecies level.  
Panel B shows the loading vectors of the components where wavelengths around 670 nm and 750 nm 
contribute the most to the variation in the data.   

Laminaria 
digitata 
 
Palmaria palmata 
 
Fucus vesiculosus 

Saccharina 
latissima  
Ascophyllum 
nodosum 
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Figure 5. Macroalgal species (top down): Fucus vesiculosus, Laminaria digitata, Palmaria palmata, 
Saccharina latissima, and Ascophyllum nodosum photographed for illustrative purposes under normal 
lighting [a] and royal blue excitation lighting (445 nm) [b]. Note the fluorescent exudate in the water 
column in column b of L. digitata and P. palmata photos.  

  

8 cm 8 cm 
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Discussion 

This study found that hyperspectral imaging can detect the differences in fluorescence spectra 

produced by each of the five respective species of macroalgae tested. In addition, hyperspectral 

imaging can be used as a non-destructive method for differentiating between R and NR tissue of 

macroalgal species via their fluorescence signals. Consistent changes were noted in the fluorescence 

between the R and NR blades of L. digitata, P. palmata, and S. latissima collected from the same 

geographic area.  The low number of reproductive blades of L. digitata (n=2) should be considered 

when compared to the other two species (n=10). The small difference in emission spectra from the 

non-reproductive blades may be explained by either the small sample size available for Laminaria 

reproductive blades or the limited surface area occupied by sori. However, the difference in emission 

intensity between R and NR blade tissue shows that fluorescence signals in reproductive tissue are 

consistently lower in all samples. The change in the spectral shift in the fluorescence, between 

reproductive and non-reproductive blade tissue, is likely caused by shift in the transmission of light by 

pigments that are fluorophores, the molecules responsible for fluorescence. Known fluorophores in 

macroalgae include chlorophyll and accessory pigments such as phycoerythrin. Shifting amounts of 

light being transmitted from these fluorophores in maturing reproductive tissue could be caused by a 

shift in concentration, distribution, or composition of these fluorophores.  

The fluorescence in seaweed is associated with chlorophyll function. The chlorophyll present 

within the developing reproductive tissue (sporangia) on the blade surface may be influenced through 

restricting light. Reproductive tissue is typically darker and slightly raised compared to the surrounding 

blade tissue. However, individual seaweeds and their sporangia can vary remarkedly, in both 

appearance and structure, such as that observed in our study. Although all Phaeophytes, the 

difference between the fluorescence spectra produced by the Fucaceae A. nodosum and F. vesiculosus 

is not clearly distinguishable in contrast to the signal emitted by the Laminariaceae L. digitata and S. 

latissima. The external fluorescence captured by hyperspectral imaging found clear differences 

between the latter two species. This study also finds that variation in macroalgal fluorescence exists 
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between brown and red seaweed phyla. Such differences in fluorescence were even observed in RGB 

photographs. However, members of both phyla (L. digitata and P. palmata) were observed producing 

a fluorescent exudate in the water column. This variation within seaweed phyla is supported by Huot 

(2018) who found differential absorption of light by the accessory pigments of three Arctic macroalgae 

species related to accessory pigments (i.e., Ulva sp.: chlorophyll-b; Agarum cribosum: fucoxanthin; 

Phycodrys rubens: phycoerythrin). This is also reflected in photosynthetic efficiency fluorescence 

measurements Fv/Fm in Phaeophytes and Rhodophytes (Lubsch and Timmermans, 2019, 2020), where 

the Rhodophytes P. palmata: (0.61±0.04) showed a significantly lower average than the Phaeophytes 

L. digitata (0.74±0.06) and S. latissima (0.78±0.04) in optimal cultivation conditions.  

Furthermore, environmental conditions, natural variations present within population(s), and the 

specific geographic location(s) may also further influence spectral plasticity of macroalgal 

fluorescence. Macroalgae are continuously exposed to environmental changes including shifts in the 

irradiation spectra (Bhagooli et al., 2021). The distinct differences in pigments produced by 

macroalgae in response to their environment will likely influence the spectral plasticity of macroalgal 

fluorescence (Gevaert et al., 2002). It is well documented that variations in populations continue to 

influence the biochemical composition within European Phaeophytes (Manns et al., 2017). For 

example, different geographic populations of the fucoid alga Ascophyllum nodosum do not elevate 

their phlorotannin levels uniformly in response to herbivory by the snail Littorina obtusata (Long and 

Trussell, 2007).  Macroalgal fluorescence measurements should consider these variabilities when 

producing fluorescence emission averages for specific studies.  

The results of this study show that the fluorescence signals produced by macroalgae can be 

detected with a specificity in a non-destructive and expedient manner. The use of fluorescence 

measurements (Fv/Fm) has already been used for microalgae (Kromkamp and Peene, 1999), some 

species of seaweeds (Lubsch and Timmermans, 2020,2019) and corals (Wiedenmann et al., 2013) to 

monitor stress related disorders such as white rot in Laminara (Largo, 2002) Measuring fluorescence 
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with hyperspectral imaging not only has the potential to address spectral plasticity in macroalgae, 

regarding their environment and physiological state, but also has the potential to act as a proxy for 

reproductive phenology. This is important as the harvest of sporophytes is often affected by the poorly 

timed harvest of mature spores (sori), which can easily create bottlenecks in industrial scale 

propagation. The reliable identification and subsequent culture of seaweed blades entering their 

reproductive state would assist industrial operations to better scale their grow out operations in 

response to market demand(s). Such stabilization would help reduce the supply chain fluctuations that 

are a recurring issue in the current market. This study proposes extending the array of applications 

using fluorescence measurements in macroalgae as a reliable, easy to use, non-destructive, and quick 

diagnostic tool, to assess reproductive maturation (sori). Further research is required to expand on 

the data collected within this baseline study and to explore possible intraspecies differences related 

to environmental, geographic, and temporal factors. 
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Abstract 

Stress in sea urchins leads to high mortality and economic losses in both the environment and 

aquaculture. The green sea urchin Strongylocentrotus droebachiensis has been documented emitting 

complex biofluorescence, yet how this responds to external stressors is unknown. Adult sea urchins 

(n=210) were divided between control (n
0�A
0�ï�ì�•�� ���v���� ���Æ�‰���Œ�]�u���v�š���o�� �P�Œ�}�µ�‰�•�� �~n=180), using three 

transport variables: out of water, in water at elevated temperatures, (warm-water) and in water at 

seawater temperature (cold-water). Hyperspectral imaging of external fluorescence and 

fluorospectrometric analysis on coelomic fluid was measured at five intervals (hour 0,3,6,9,12). 

External green emissions (�ý580 nm) responded to all treatments, peaking at h9. External red 

emissions (�ý680–730 nm) in the cold-water remained low until an h9 peak. The warm water increased 

emissions at each interval, peaking at h9. The out of water gradually increased, with the highest at 

h12. The coelomic fluid fluorescence (�ý680 nm) was low to non-existent except in warm water, whose 

elevated levels suggest that fluorescent emissions are a measurable byproduct of internal 

adaptation(s) to stress. Early detection of fluorescent emissions (broken spines, lesions) may prevent 

economic losses. The observed link between fluorescence and the applied stressors provides a 

baseline for developing non-invasive technology for improving echinoderm welfare. 

 

Introduction 

Commercial scale harvest of wild sea urchin stocks is increasingly difficult, due to the formation of 

aggregations of sea urchins known as sea urchin barrens. These sea urchins decimate the macroalgal 

forests, creating a monoculture of starved sea urchins with commercially worthless roe.  Therefore, 

there is increasing interest to develop a roe enhancement industry, which involves the harvest and 

subsequent aquaculture of sea urchins, to increase the size and quality of the roe, to produce a high 

value product for the international seafood market. Sea urchins in intensive aquaculture are exposed 

to various stressors, including handling (Shannon and Mustafa, 2015), shipping (James and Evensen, 
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2022), water temperature fluctuations (Wang et al., 2008), and secondary disease outbreaks (Federico 

et al., 2023; Chi et al., 2022). High mortality and subsequent economic losses occur in aquaculture 

operations when sea urchins are stressed. For example, aquaculture operations of the Asian sea urchin 

Strongylocentrotus intermedius have regular outbreaks of black mouth disease, leading to significant 

financial losses (Chi et al., 2022; Agatsuma, 2013). Similarly, the desiccation and secondary moisture 

loss through spawning and oesophageal fluid excretion experienced by sea urchins exposed to dry 

transport is considered a primary cause of mortality (James and Evensen, 2022; Dale et al., 2005; 

Burnett et al., 2002).  Minimizing mortality events during live transport of sea urchins is key to the 

long-term economic stability of sea urchin aquaculture, where premium prices from live transport to 

markets or processing facilities is needed (James and Evensen, 2018). As there are currently no 

effective therapeutants for treating causal agents of morbidity and mortalities in sea urchins (Shannon 

and Mustafa, 2015), reducing stress should be considered the key preventative measure, for 

increasing the productivity and reliability of echinoderm aquaculture.  

Stress is known to suppress echinoderm immune function, leaving the animals vulnerable to 

secondary viral or bacterial infections (Shannon and Mustafa, 2015). The coelomic fluid of the purple 

sea urchin Paracentrotus lividus was found to be dominated by three freely circulating immune cell 

types (amoebocytes, vibratile cells, phagocytes)(Pinsino and Matranga, 2015; Matranga et al., 2005; 

Matranga and Bonaventura, 2002). The health of a sea urchin is linked to the homeostasis of red and 

white amoebocyte numbers (Pinsino and Matranga, 2015).  The red amoebocytes, otherwise known 

as red spherule cells (RSC), carry the anti-bactericidal naphthoquinone red pigment echinochrome A, 

which is known to rapidly increase in the number in sea urchins experiencing stress inducing 

conditions(Coates et al., 2018; Pinsino and Matranga, 2015; Matranga and Bonaventura 2002; 

Matranga et al., 2000). This coelomocyte is considered as a primary immune cell in the coelomic fluid 

of S. droebachiensis (Hira et al., 2020). Escalating in density during stress events such as bacterial 

invasions, RSC degranulate, releasing their bactericidal substances into the coelomic fluid (Hira et al., 

2020; Höbaus, 2020; Coffaro and Hinegardner, 1977; Heatfield and Travis, 1975). Increases in pigment 
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levels within the coelomic fluid is linked to the cellular apoptosis (Johnstone et al., 2019a; Robertson 

et al., 2006). The elevated levels of apoptosis in sea urchins have been shown to be caused by stressful 

environmental conditions (Johnstone et al., 2019a; Boroda et al., 2016).  

S. droebachienensis RSC coelomocytes have been documented producing multi-tiered 

fluorescence (Hira et al., 2020). The strong, multi-color auto fluorescence shifts to green fluorescence 

from orange after a maximum excitation intensity (5–30 min) (Hira et al., 2020). The general 

fluorescence emission of S. droebachiensis coelomic fluid of the species was found to be in the red 

part of the spectrum (�ý680nm) (Juhasz-Dora, et al., 2024a). The external biofluorescence of S. 

droebachiensis is emitted by three different sources:  intact spines with a broad low green emission 

(�ý550–600 nm), broken spines and lesions with a dominant peak in the green part of the spectrum 

(�ý580 nm), and a red emission peak (�ý680–730 nm) originating from a red exudate produced from 

pores surrounding the anus (Juhasz-Dora, et al., 2024a). What is not understood from the research 

conducted to date is whether the biofluorescence produced in S. droebachiensis directly correlates to 

stress inducing events.  

The aim of this study is to determine whether the biofluorescence produced by S. droebachiensis 

is responsive to external stressors typically experienced during aquaculture conditions, namely 

elevated water temperatures and out of water shipping. Furthermore, we investigated whether (1) 

hyperspectral imaging is an effective method for measuring changes in external fluorescence, (2) 

fluorospectroscopy is effective for assessing coelomic fluid fluorescence, and (3) whether the complex 

fluorescence emissions produced in this species vary in their intensity in response to stressors as 

assessed by these two technologies.  

Methods 

The experiments were conducted at Nofima laboratories (Tromsø, Norway) in December 2022. 

This study contains experimental procedures on non-cephalopod invertebrates performed in 

compliance with Norwegian national guidelines based on the European Union Directive 2010/63/EU 
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for the protection of animals used for scientific purposes. The green sea urchin S. droebachiensis is 

not of conservation concern nor has any restrictions associated with their use in research. A control 

group (n=30) was randomly sampled at hour zero of the experiment after being acclimated within the 

aerated transport tank for 3 hours post collection in 3 separate collection bags. The experimental 

groups were randomly placed into aerated 60-liter tank to immediately begin the experiment. The 

animals were not fed during the experimental timeline.  The randomly assigned experimental groups 

(n=180) were subsequently conducted using three environmental variables: out of water shipping 

transport (3 tanks; n=20 each), in water transport at elevated water temperatures (3 tanks; n=20 each; 

�Á���Œ�u���Á���š���Œ�W���í�ô�ö�����•�����v�����]�v���Á���š���Œ���š�Œ���v�•�‰�}�Œ�š�����š���•�����Á���š���Œ���š���u�‰���Œ���š�µ�Œ�����~�ï���š���v�l�•�V���v�A�î�ì���������Z�V�����}�o�����Á���š���Œ�W��

�ô�ö���•�X�����d�Á�}���}�(���š�Z���•������nvironmental variables are known stressors to sea urchins, namely out of water 

shipping transport (James and Evensen, 2022, 2018)�U�� ���v���� ���o���À���š������ �Á���š���Œ�� �š���u�‰���Œ���š�µ�Œ���•�� �~�=�í�ì�ö�� ���•��

(Murano et al., 2023; Johnstone et al., 2019b; F. Wang et al., 2008) A total of 15 sea urchins (5 per 

environmental variable tank) were sampled at each experimental sampling interval (3,6,9,12 hour). 

These time point selections are based on equally spaced time intervals within the average shipping 

time it takes live sea urchins to simulate the transport time between harvesting and reaching 

aquaculture facilities (~12 hours). The multiple time points were affirmed by earlier proof of concept 

trials with the sea urchins to establish the methodology for this study. The details of the experimental 

sampling period are presented in Table 1.  
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TABLE 1. Experimental outline of the environmental variables used for stress trials on adult green sea 
urchins Strongylocentrotus droebachiensis. Each environmental variable trial was conducted in 
triplicate.  
 

EXPERIMENTAL GROUP  SAMPLE TIME (HOUR) TOTAL /TANK TOTAL/   
3 TANKS 

0 3 6 9 12 
CONTROL 30 -- -- -- -- 10 30 

OUT OF WATER* -- 5 5 5 5 20 60 

�t���Z�D���t���d���Z���~�í�ô�ö�����•���Ž -- 5 5 5 5 20 60 

���K�>�����t���d���Z���~�ô�ö���•���Ž -- 5 5 5 5 20 60 

TOTAL SEA URCHINS  210 

*  �d�Œ�]�‰�o�]�����š�����š���v�l�•���Á���Œ�����]�v�]�Ÿ���o�o�Ç���•�š�}���l�������Á�]�š�Z���î�ì��animals each for each experimental group. Five 
���v�]�u���o�•���Á���Œ�����•���u�‰�o�������(�Œ�}�u�������š���v�l�����š���������Z���Ÿ�u�����]�v�š���Œ�À���o�X 

 

Sea Urchins 

�d�Z�������}�o�o�����š�]�}�v���}�(�������µ�o�š���P�Œ�����v���•�������µ�Œ���Z�]�v�•���}�����µ�Œ�Œ�������]�v���<�À���o�•�µ�v���U���E�}�Œ�Á���Ç�U���~�ò�õ�£���ð�ñ
;���í�ò�X�ñ�ï�í�î
;���E�U���í�õ�£��

�î
;���î�X�ì�õ�ì�ð�_�����•���}�v���í�ï�X�í�î�X�î�ì�î�î���~�&�]�P. 1). The urchins were collected into mesh bags that were then placed 

in an ambient temperature seawater filled container (1,000 liters) for transport to the Nofima 

laboratory facilities 5 km away. The sea urchins were acclimated for 3 hours post collection prior to 

being randomly selected into experimental groups. No mortalities of sea urchins occurred during the 

experimental trial. 

Figure 1. Green sea urchins Strongylocentrous droebachiensis were collected from the Kvalsund strait 
of Northern Norway. 
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Hyperspectral Imaging and Fluorospectroscopy 

Hyperspectral imaging 

The hyperspectral imaging of the green sea urchins was conducted with a custom imaging 

platform consisting of a VNIR-1800 hyperspectral camera (Norsk Elektro Optikk AS, Oslo, Norway) 

mounted 1 meter above resulting above an illuminated conveyor belt with Royal Blue excitation 

wavelength (~445 nm) setting of the G5 XR30 Pro Radion LED reef lighting system (Ecotech Marine 

Bethlehem, PA USA) for a field of view of 300 mm. The VNIR-1800 hyperspectral camera captures 

spectral information by the push-broom method, where each frame of captured spectral data consists 

of a thin spatial line across the field of view (x-axis). The collection of data in the second spatial 

dimension (y-axis) is conducted by spatially scanning each sample. The working distance between the 

camera and the samples was 100 cm, resulting in a FOV of 30.6 cm across the conveyor belt (x-axis), 

with a spatial resolution along the conveyor track in the x direction of 0.17 mm. The sea urchins were 

placed in groups of 10 on a white Styrofoam tray placed on the conveyor belt for spatial scanning. The 

capture for the hyperspectral camera ranges in the Visible and Near Infrared (VNIR) spectra (400-1000 

nm), 1800 spatial pixels, and a spectral resolution of 5.5 nm. A high exposure time was configured for 

the hyperspectral measurements (7.52 m/s) to counter the weak fluorescence signals documented 

during prior analysis. The spatial resolution in the y-axis on push-broom cameras depends on the 

exposure time and the speed of the conveyor belt. The speed of the conveyor belt was configured to 

6 cm/s resulting in a spatial resolution of 0.45 mm in the y-axis. 

Given the absence of a standard procedure for calibrating fluorescence spectral data, the raw 

hyperspectral data were radiometrically calibrated using the HySpex Rad v2.5 software (Norsk Elektro 

Optikk, AS, Oslo, Norway) to produce spectral radiance values in Wm-2sr-1nm-1, as conducted in 

previous studies (Juhasz-Dora et al., 2024a; Juhasz-Dora et al., 2024b; Juhasz-Dora et al., 2024c). All 

sea urchins were individually annotated from the radiance calibrated images and then cropped into 

individual images using the Breeze hyperspectral imaging software (Prediktera, Umeå, Sweden). An 
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example of the manual annotation methodology can be observed in Fig. 2, where the manual 

annotation area and subsequent region of interest is noted in blue. 

 
Figure 2.  Annotation methodology in the hyperspectral images to analyse the external fluorescence 
emissions produced by the green sea urchin Strongylocentrous droebachiensis in response to exposure 
to three environmental variables (cold water, warm water, out of water). The manual annotation area 
and then region of interest is noted in blue. The region of interest was detected by reducing the 
manual annotation by 20 percent. 

 

 To prevent potential errors in annotations during the analysis, 20% of the edges of the manual 

annotations were eliminated using the erosion image morphological operation. The fluorescence 

spectral data (~550 to 800 nm) was extracted from the pixels that correspond to the region of interest 

(Fig. 2.c) for further analysis. The fluorescence spectral data was further cleaned using the 

Interquartile Range (IQR) method (Komorowski et al., 2016). The spectral data was analysed 

qualitatively using spectral radiance, and the area under the curve (AUC) of the fluorescence spectra 

was used to quantify the fluorescence radiance recorded in individual animals. Feature extraction and 

representation from the hyperspectral data was performed using Python (v3.8.10, python.org). 

 

Fluorospectroscopy 

The coelomic fluid (2 ml) was extracted from the peristomal membrane of each sea urchin with a 

26-gauge hypodermic needle attached to a sterile syringe (BD microlance, Eysins, Switzerland). As 

coelomic fluid sampling is considered a stressor and would impact the post sampling fluorescent 

emissions, sea urchins were humanely euthanised post sampling.  Pre-chilled citrate/EDTA 

anticoagulant (0.5 ml) was preloaded in each syringe based on a formula used for crustaceans [0.45 

M NaCl, 0.1 M glucose, 30 mM sodium citrate, 26 mM citric acid, 10 mM EDTA; pH 5.4]  (Söderhäll and 

Smith, 1983). Sampled coelomic fluid was briefly shaken and then placed on crushed ice prior to 

a c b 
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analysis. The samples were inserted into a 3.5 ml fluorescence quartz cuvette (Science Outlet Inc., 

Weifang, China) for fluorescence analysis with a Duetta fluorescence and absorbance spectrometer 

(HORIBA Scientific, Kyoto, Japan). This instrument consists of an enclosed black compartment in the 

middle of which the quartz cuvette containing the liquid sample is placed. The cuvette is illuminated 

with the excitation light source from one direction, and the emitted fluorescence is recorded by a 

sensor placed perpendicularly to the excitation light source. This geometry ensures that most of the 

recorded signal originates from the sample. Ideally the sample liquid should be transparent to avoid 

scattering of the excitation light and reabsorption of the emitted fluorescence.  

The methodology used for analysing coelomic fluid fluorescence is synonymous with that used in 

Juhasz-Dora et al. (2024a).  EZ Spec Software (HORIBA Scientific, Kyoto, Japan) was used to collect raw 

data which was subsequently analysed with R studio (R Core Team, 2022). The EZ Spec Software was 

set to produce excitation light with peak wavelengths at 5 nm intervals between 250-350 nm while 

emitted light wavelengths were recorded from 400 to 800 nm with a 0.5 nm spectral resolution. The 

integration time was set to 1 second.  The emitted wavelength data at 400 nm was selected for further 

analysis as it yielded the strongest emission signal. The instrument records emittance spectra in 

radiometric units of counts per µÅ, which were converted to counts per nm. The strongest 

fluorescence signal was observed between 650 and 750 nm, and the photon count in this range was 

calculated. 

 

Statistical analysis 

An analysis of variance (ANOVA) test was done for both internal and external fluorescence 

measurement with treatment and sampling time as the predictors. An interaction term was included 

since it is reasonable to assume that the response over time depends on the treatment. For the 

internal fluorescence, the logarithm of the photon counts between 650 and 750 nm as the response 

variable. Likewise, the logarithm of radiance was used for the external fluorescence measurements in 

the wavelength ranges 550–800 nm, 560–600 nm and 660-750 nm. The fit of the models was assessed 
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using QQ plots and residual plots. A Pearson correlation test was subsequently used to assess whether 

a relationship exists between external fluorescence emissions and those produced within the coelomic 

fluid.  

 

Results 

External fluorescence 

The fluorescence spectral analysis of individual urchins revealed distinctive red and green spectra 

as outliers with high area under the curve (AUC) during all time intervals and experimental variables 

(see Fig. 3). After identifying these characteristic spectra, it was possible to pinpoint the origin of the 

emission spectra within the sea urchins’ anatomy. Examples of these regions isolated during 

hyperspectral analysis of a sea urchin can be observed in Fig. 3. These fluorescent emissions were 

isolated to broken spines and lesions (green line; �ý560–600 nm), and a red exudate (red line; �ý660–

750 nm) produced from the glands surrounding the anus region on the top of the sea urchin. The 

highest emission produced within the sea urchin spectral data occurs in the green emission peaks 

produced by broken spines and skin lesions. Each green emission peak was followed by a much shorter 

peak in the red part of the spectra (�ý660–750 nm). Conversely, the emission produced by the red 

exudate emission intensity reached the lowest levels as those produced by the broken spines and skin 

lesions. The red exudate produced very subtle to no fluorescent emission peaks in the green part of 

the spectra. As not all sea urchins exhibited these distinctive fluorescence peaks, these data are 

valuable for measuring the extent of physical damage or determining the quantity of red exudate 

produced by an individual sea urchin.  
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Figure 3.   Examples of green (~560-600 nm) and red (~660-750 nm) fluorescence emissions produced 
by the green sea urchin Strongylocentrotus droebachiensis during the environmental challenge trials. 
The red fluorescence is from red exudate (a, b) produced by exudates from pores surrounding the 
anus while the green fluorescence is produced from broken spines and lesions (c, d).  
 
  

d 

a b 

c d 

a b 
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Further evaluation of the full spectral range fluorescence (�ý550–800 nm) emitted by S. 

droebachiensis detected time-based shifts in intensity that varies in accordance with the 

environmental stressor applied (see Fig. 4). The full spectral range fluorescence produced by the sea 

urchins exposed to the three environmental variables (cold water, warm water, out of water) all 

measured an increasing emission spectra within the experimental timeline (Fig. 4) but varied in their 

intensity according to individual physiological response as well to sampling time.  Increasing emission 

spectra were observed in the full spectral range spectra from hour 3 to hour 6 in the warm water and 

out of water groups in Fig. 4, while the cold-water group spectra remained relatively consistent. The 

emission spectra peaked at hour 9 and remained elevated at hour 12. The standard deviation within 

the groups is the smallest at hour 3 whilst remaining similar in size in hour 6 only within the cold-

water group. The standard deviation increases noticeably at hour 9 in all groups. 

The AUC for the different treatments and the different spectral ranges under analysis are shown 

on Table 3. Individual variation remained low in the control group as can be seen by the tight clustering 

seen in all the boxplots shown in Fig. 5. Likewise, the cold-water sea urchins from hours three and six 

exhibited similar clustering patterns. The AUCs for the full spectral range (Fig. 5, first row) jumped 

noticeably at hour 9 in the cold-water group, while the warm water had a less significant transition 

between hour 6 and 9. The out of water group maintained a steady transition between sampling 

intervals with similar numbers of outliers. This suggests that the physiological condition of individual 

animals plays a role in their response to an external stressor. The warm water group AUC had 

moderate elevation from the control group starting at hour 3. Conversely, the variation of intensity of 

red spectra emissions increased from hour three for the warm water and out of water groups, with 

clear upward shifts in the AUC at hour 6 (Fig. 5, third row).  
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Figure 5.  The three external fluorescence emissions (full spectral range, green, and red) produced by 
the green sea urchin Strongylocentrotus droebachiensis in response to exposure to three 
environmental variables (cold water, warm water, out of water) as sampled every 3 hours per a 12-
hour period (in orange). The control group (n=30; in blue) from time 0 is added as a reference for each 
variable group. The sea urchins within each group increased their area under the curve but varied in 
the intensity of spectra produced by individual sea urchins according to sampling time. 

 

The red spectra AUC increased the most at hour 9 in the warm water group, with the hour 12 AUC 

becoming like the lower AUCs seen in the out of water group at hours 9 and 12.  A higher individual 

variation can be seen occurring at hours 9 and 12. The AUC of cold-water urchins maintained a 



108  
  
 

 

measured shift in emission intensity hours 3 and 6, with a peak at hour 9. The intensity of emissions 

declines from hour 9 to hour 12 but remains higher than prior to hour 6.  The sea urchins exposed to 

warm water responded quickly, with increasing emissions observed at each sampling timepoint, 

reaching the highest emission peak of any environmental variable occurring at hour 9. The out of 

water sea urchins experienced a steady increase in fluorescence emissions that remained higher at 

hour 12 than the other two environmental variable groups. The green spectral range AUCs reflected 

only minor variations from the full spectral range and red spectral range.  

 

Coelomic fluid fluorescence 

The coelomic fluid collected from control sea urchins prior to the commencement of the 

experiment detected no or low levels of fluorescence (Fig. 6A,6B). This is reflected in the tight 

clustering along the zero-emission line of the boxplot.  

 

Figure 6.  Fluorescence photon counts per nm of green sea urchin Strongylocentrotus droebachiensis 
coelomic fluid randomly sampled from animals (n=30) upon arrival at the research facilities (A). 
Fluorescence emittance of the coelomic fluid was overwhelmingly low in the control animals as can 
be seen by the clustering along the median in the box plots (B). 

 

This low-level to no fluorescence emission intensity was reflected in the coelomic fluid sampled 

from the cold-water and out of water sea urchins sampled throughout all time intervals (Fig. 7). There 

was little variation in the photon counts produced by sea urchins from the cold-water group, as can 
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be seen by the consistent tight clustering in the box plots through time (Fig. 8). However, an increase 

in individual variation can be observed in the out of water animals at hour 6; this variation decreased 

to baseline levels in hours 9 and 12.  

Figure 7.  Fluorescence photon counts per nm of coelomic fluid sampled from the green sea urchin 
Strongylocentrotus droebachiensis in response to exposure to three external variables (cold water, 
warm water, out of water) as sampled per 3-hour interval within a 12-hour sampling window. The 
fluorescence levels in the cold-water replicates remained consistently low (L), while fluorescence 
levels in the replicates exposed to warm water showed high responses at hour 6,9, and 12 (M). The 
replicates kept out of water showed an increase in fluorescence at hour 6, while samples from hour 9 
and 12 hour remained low (R).  
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Figure 8.  The fluorescence count in the spectral range 650-750 nm of coelomic fluid from cold water 
(CW), warm water (WW), and out of water shipping (OW). The CW and OW analysis detected fewer 
outliers and greater clustering along the median in comparison to the warm water samples. 

  

Conversely, the warm water group already exhibited an elevated coelomic fluorescence at hour 

3, with a pronounced density of elevated emissions occurring at hour six and continuing through hour 

12 (Fig. 7). Peak emissions occurred at hour 9 in the warm water group. Individual variation occurred 

through all time intervals, with similar numbers of outliers occurring through all time intervals as seen 

in Fig. 8.  
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Statistics 

We conducted an Analysis of Variance (ANOVA) to evaluate internal (Table 2) and external 

fluorescence (Tables 3-5), using treatment and sampling time as variables. We assessed model fitness 

through both QQ plots and residual plots available in the Supplementary Material (Fig. S3-S6).  

Correlations between the internal and external fluorescence were observed at 6 hours and 12 hours 

for the hot water groups. For cold water and out of water there was no correlation between the 

fluorescence detected in the coelomic fluid at each sampling interval and that produced by the 

external anatomy of S. droebachiensis. 

At 12 hours a correlation with the red external fluorescence of –0.524 was observed with a 95 % 

confidence interval between –0.817 and –0.016. The green spectrum and full spectrum measurements 

showed no significant correlations. At 6 hours, the sample correlations were –0.552 with 95 % 

confidence interval (0.056, 0.83) for total AUC, –0.560 with 95 % CI (0.067, 0.833) for green spectral 

region AUC, and –0.537 with 95 % CI (0.033, 0.823) for red spectral region AUC. 

However, there is a correlation between time and fluorescence emissions within each 

fluorescence spectra type produced by S. droebachiensis. The two-way ANOVA revealed that there 

was a statistically significant interaction between the effects of time and treatment for internal 

fluorescence (F (6,168) = 6.62, p = 0.000281) as seen in Table 2.  A simple main effects analysis on the 

two variables showed that the sampling time interval in the experiment did have a statistically 

significant effect on urchin fluorescence (p = 0.001), while the environmental variable treatment type 

also had a statistically significant effect (p < 2e-16). 
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TABLE 2. The Results of the two-way ANOVA analysis of time and treatment of the internal 
fluorescence spectral emissions produced by the green sea urchin Strongylocentrotus 
droebachiensis.  

 Variable DF Sum sq Mean sq F value P value 

Time 3 24.12 8.04 5.495 0.001263 

Treatment 2 178.15 89.07 60.867 < 2e-16 

�/�v�š���Œ�����Ÿ�}�v 6 39.72 6.62 4.523 0.000281 

Residuals 168 245.86 1.46 N/A N/A 
 
 

The full spectral range fluorescence has no statistically significant interaction between the effects 

of time and treatment during a two-way ANOVA analysis (F (6,169) = 1.826, p=0.0967) (see Table 3). 

However, the sampling time interval did have a statistically significant effect on urchin fluorescence 

(p <2e-16), while the environmental variable treatment type did not (p <0.0636). On the other hand, 

the analysis of the relationship between time and treatment for green fluorescence did find a 

significant difference during a two-way ANOVA analysis (F (6,168)=2.667, p=0.0169), a significant 

impact of time (p=2e-16) on urchin fluorescence, and a significant impact of treatment on emission 

intensity (p=0.0169) (see Table 4). There was no significance in red fluorescence between time and 

treatment during the two-way ANOVA analysis (F (6,168) =1.276, p =0.271), a significant impact of 

time on emission intensity (p <2e-16) while treatment was not (p=0.171) (see Table 5). 

 
TABLE 3. The Results of the two-way ANOVA analysis of time and treatment of the full spectral range 
(~550–800 nm) external fluorescence spectral emissions produced by the green sea urchin 
Strongylocentrotus droebachiensis.  
 

Variable DF Sum sq Mean sq F value P value 

Time 3 6.821 2.2737 44.345 <2e-16  

Treatment 2 0.287 0.1436 2.802 0.0636 

�/�v�š���Œ�����Ÿ�}�v 6 0.562 0.0936 1.826 0.0967 

Residuals 168 8.614 0.0513 N/A N/A 
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TABLE 4. The Results of the two-way ANOVA analysis of time and treatment of the green spectral 
range (~560–600 nm) external fluorescence spectral emissions produced by the green sea urchin 
Strongylocentrotus droebachiensis. 
  

Variable DF Sum sq Mean sq F value P value 

Time 3 11.423 3.808 59.128 <2e-16  

Treatment 2 0.567 0.283 4.402 0.0137 

�/�v�š���Œ�����Ÿ�}�v 6 1.0310.172 2.667 0.0169 

Residuals 168 10.818 0.064 N/A N/A 
 
 
TABLE 5. The Results of the two-way ANOVA analysis of time and treatment of the red spectral range 
(~660–750 nm) external fluorescence spectral emissions produced by the green sea urchin 
Strongylocentrotus droebachiensis.  

Variable DF Sum sq Mean sq F value P value 

Time 3 4.634 1.5448 32.179  <2e-16 

Treatment 2 0.171 0.0857 1.785 0.171 

�/�v�š���Œ�����Ÿ�}�v 6 0.368 0.0613 1.276 0.271 

Residuals 168 8.065 0.0480 N/A N/A 
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Discussion 

Notable knowledge gaps still exist on how the mechanisms used for adaptive stress in echinoderm 

physiology can be monitored effectively. Several non-invasive assessments have been proposed as 

welfare indicators to monitor stress in the sea urchin industry, including tube feet adhesion, self-

righting behavior, spine responsiveness, and feeding behavior (Crespi-Abril and Rubilar, 2023). 

However, these observations should be considered clinical manifestations of stress which means that 

physiological adaptations to the stressor(s) have already impacted key functions of sea urchin 

physiology. For example, it is known that an increase in water temperatures leads to the acidification 

of the sea urchin coelomic fluid, increasing oxidative stress and gonadal apoptosis (Johnstone et al., 

2019b). Shifts in the composition and concentration of coelomocytes in the coelomic fluid of 

echinoderms do occur in response to this oxidative stress (Pinsino and Matranga, 2015; F. Wang et 

al., 2008; Matranga et al., 2005). While these shifts are clear indicators of stress in sea urchins, large-

scale monitoring of aquaculture sea urchins with this approach should be considered infeasible. 

However, the shifting intensity in fluorescent emissions produced by S. droebachiensis as documented 

during exposure to environmental stressors can be considered as a proxy for monitoring the 

homeostasis of coelomocytes. Hyperspectral imaging can be considered effective for live monitoring 

method of the red echinochrome pigment levels resulting from the degranulation of coelomocytes in 

response to stress (red amoebocytes, RSCs).  Furthermore, the distinctive fluorescence peaks 

associated with physical damage such as broken spines and lesions, should also be incorporated within 

cultured sea urchin monitoring. As such physical insults within sea urchins were not observed during 

visual inspections within the experimental period, this technique may provide a novel method for 

refining handling practices as well as serving as an early indicator of infectious pathogens. This method 

would further enable the quantification of physical damage with high throughput for a large number 

of individuals. For example, the highly communicable bald sea urchin disease causes conspicuous 

lesions on the sea urchin body surface due to physical injuries (Y. N. Wang et al., 2013). Likewise, 

Vibrio echinoideorum, a suspected causative agent of sea urchin lesion syndrome, consistently 
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induced lesions within injured sea urchins(Hira and Stensvåg, 2022). As both diseases can cause 

significant economic losses, fluorescent monitoring of the presence and development of lesions in 

cultured stock can help limit their financial impact.   

Traditionally, hyperspectral imaging technology has been employed to measure the chemical 

composition of materials being studied, proving to be a valued asset in various fields. These include 

remote sensing of Earth (Qian, 2022), forensics (Mariotti et al., 2023), biomedical applications (Fei, 

2019), and food quality inspection (Wu and Sun, 2013),  among others. Currently, fluorescence 

spectral imaging is primarily used for the analysis and characterization of live cells (Acuña-Rodriguez 

et al., 2022). Recently, it has been discovered that measuring biofluorescence can provide significant 

insights into marine species. This method has been demonstrated as an efficient and novel approach 

for evaluating the health and biological condition of diverse set of species, including lumpfish (Juhasz-

Dora et al., 2022; Juhasz-Dora et al., 2024b), macroalgae (Juhasz-Dora et al., 2024d), and king crab 

(Juhasz‐Dora et al., 2024c). Fluorescence spectroscopy has similarly been used to assess the post-

harvest food quality of marine organisms. For example. the post-mortem variation of freshness 

(potassium concentrations, pH) in shrimp was tracked through multidimensional fluorescence 

spectroscopy (Rahman et al., 2021). Initial veterinary trials have evaluated a spectrometer as a 

diagnostic tool for studying fluorescent signatures of sampled fluids.  By using a luminescence 

spectrophotometer, fluorescent emissions identified disease-specific profiles of synovial fluid 

metabolites in domestic dogs suffering from medial compartment disease (Bilská et al., 2016). The 

synovial fluids consistently differed from healthy dogs, regardless of breed or sex. Both technologies 

are well suited for documenting the variability of fluorescent emissions produced by S. droebachiensis.  

Indeed, S. droebachiensis exhibits high phenotypic plasticity in response to environmental factors, 

making for high levels of intraspecific variation (Scheibling and Hatcher, 2013; Selden et al., 2009; 

Blicher et al., 2007). Such variation between individual sea urchins was documented in both the 

control group as well as with the three environmental variables. There were also differences between 

the replicate tanks, as illustrated in the supplemental materials. For the external fluorescence, tank 3 
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showed higher responses towards the end of the experiment (Fig. S1), which could be due to this tank 

being the last to be sampled. For the coelomic fluid, it is interesting to note that warm water tank 2 

showed a steeper increase than warm water tanks 1 and 3 over the course of the experiment (Fig. S-

2). One can hypothesize that tank 2 had a higher temperature, and that the sea urchins are sensitive 

enough to such a temperature difference that it registers in the coelomic fluid readings.  

Nevertheless, measurable increases occurred in the three documented spectra (red, full spectral 

range, broken spines and lesions) known to be produced by this species. Time was a significant factor 

in the full spectral range as well as the red and green spectral ranges, which could be due to the 

animals’ response to the experimental conditions regardless of the treatments. It is not unreasonable 

to assume that removing the sea urchins from their natural habitat could be a stressor on its own. In 

the green spectral range both time and treatment, as well as their interaction, turned out significant 

with a 95 % confidence level, while in the red spectral range none of them did. The p values for the 

full spectral range therefore fall somewhere between the two and would register as significant with a 

90 % confidence level, but not with 95 %. The fluorescence produced by the red exudate therefore 

seems to be unrelated to the treatment used in this study and instead conditional on other factors. It 

is interesting to note that the red external fluorescence correlated negatively with the coelomic fluid 

fluorescence for the hot water group.  

If we look at the coelomic fluid fluorescent emissions, sizeable increases in internal fluorescence 

were occurring in the warm water group. This shift correlated with external fluorescence levels in the 

warm water 6- and 12-hour groups only. The correlation at 6 hours was positive while at 12 hours it 

was negative.  which suggests that there is a time lag between the shifts in fluorescent emissions 

within the animal. However, the confidence intervals for these correlations are quite wide, which 

makes it impossible to judge the true strength of the correlations given the sample size in this study. 

On the other hand, the shift from positive to negative correlation from the 6 hour to the 12-hour 

sampling point indicates that the relationship between internal and external fluorescence is more 

complex than first anticipated.  Evaluation of coelomic fluid samples is already used in the related sea 
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stars as a nonlethal diagnostic and research tool for evaluating physiological changes, response to 

stressors, and disease processes (Wahltinez et al., 2023). The scope of coelomic fluid research should 

be extended to identify the mechanism(s) behind its’ fluorescence and how can be applied to 

diagnostics currently utilized for echinoderms is warranted. 

These increasing fluorescent emissions within the coelomic fluid are likely due to elevated levels 

of coelomocyte degranulation in response to oxidation stress. Conversely, the fluorescent emissions 

sampled from the coelomic fluid from the cold water and out of water groups show no to very low 

responsiveness through the experimental period (see Fig. 5,6). This is supported by the negative 

findings in the Pearson correlation test.  The only exception is hour six of the out of water group; this 

returns to a baseline level in hour nine sampling.  The low internal fluorescent response to these 

experimental stressors may mean that the immune system of the sea urchins has not exceeded their 

adaptive capacity to the stressor(�•�•�X���d�Z�����Á���Œ�u���Á���š���Œ���~�í�ô�ö�����•���P�Œ�}�µ�‰���•�Z�}�µ�o�������������}�v�•�]�����Œ�������š�Z���� �u�}�•�š��

stressful transport method. This can be seen clearly through the coelomic fluid levels, where the 

animals were not regulating their fluorescent emissions at any time interval. Though all experimental 

groups shifted their fluorescence externally, the internal fluorescence levels within the cold and out 

of water groups remained either low or absent within the sampling periods. These results indicate 

that temperature during live shipping transport should be considered a key stressor for sea urchins. 

Heightened temperatures have already impacted commercial long line cultivation of the sea urchin 

Strongylocentrotus intermedius, causing significant declines in production efficiency due to mass 

mortality events (Rodrigues et al., 2024; Hu et al., 2022). Thus, the increases in fluorescent emissions 

produced by sea urchins in response to stress could be considered a prelude to clinical stress signs or 

the onset of mass mortalities within both live shipping and commercial cultivation. 

Even though biofluorescence as a health and welfare indicator is novel in the scientific field, this 

study serves as a precedent for its applicability in a high value aquaculture species.  The next step for 

advancing this technology is to document the baseline biofluorescence levels emitted by this species 

in typical aquaculture conditions within seawater with minimal to no handling. Once these baseline 
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levels are documented, sea urchins will need to undergo a series of stressor trials to understand the 

responsiveness of external biofluorescence within these water-based parameters. These experiments 

should be trialed with the same time intervals, with an increased interval of 15 minutes within the 

first two hours on the responsiveness of fluorescence to stressors within their acclimated 

environment.  Further trials should induce experimental infections of sea urchins sustaining 

mechanical injuries to determine the fluorescent emissions and patterns of early stages of infection 

of pathogens of concern. This may be specified to a specific bacteria genus due to their unique 

fluorescent signatures.  As echinoderms do not have a well-developed therapeutic index for 

addressing health issues encountered in aquaculture, developing a methodology for identifying their 

pre-clinical stress will improve both their welfare and productivity in intensive production. The link 

observed between S. droebachiensis fluorescence and the applied stressors as well as the fluorescent 

emissions from mechanical damage (broken spines, lesions) not observed during visual inspection, 

provide a baseline for developing a novel technological method to non-invasively monitor echinoderm 

welfare.  The feasibility of such an application should also be investigated in other invertebrates of 

economic and ecological importance.  
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Supplemental material 

 

 

Figure S-1. A box plot depicting the results of the application of three environmental transport variables [out of 
water], in water at elevated temperatures, [warm water] and in water at seawater temperature [cold water]) 
on green sea urchins Strongylocentrotus droebachiensis (n=150) using the external fluorescence measured at 
five intervals (hour 3,6,9,12). This refers to data presented in Table 2 of the manuscript.  
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Figure S-2. A box plot depicting the results of the application of the out of water environmental transport 
variable on the internal fluorescent spectra (~660–750 nm) emitted from the coelomic fluid green sea urchins 
Strongylocentrotus droebachiensis coelomic fluid (n=150), using the external fluorescence measured at five 
intervals (hour 3,6,9,12). This refers to data presented in Table 2 of the manuscript. 
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Figure S-3. A box plot depicting the results of the application of the warm water environmental transport variable 
on the internal fluorescent spectra (~660–750 nm) emitted from the coelomic fluid green sea urchins 
Strongylocentrotus droebachiensis coelomic fluid (n=150), using the external fluorescence measured at five 
intervals (hour 3,6,9,12). This refers to data presented in Table 2 of the manuscript. 

 

 

Warm water 
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Figure S-4. A box plot depicting the results of the application of the cold water environmental transport variable 
on the internal fluorescent spectra (~660–750 nm) emitted from the coelomic fluid green sea urchins 
Strongylocentrotus droebachiensis coelomic fluid (n=150), using the external fluorescence measured at five 
intervals (hour 3,6,9,12). This refers to data presented in Table 2 of the manuscript. 
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Figure S-5. Diagnostic plots for two-way ANOVA analysis of external fluorescence residuals of all external 
fluorescent emissions from Strongylocentrotus droebachiensis across the full spectral range (500–800 nm). This 
refers to data presented in Table 2 of the manuscript.  
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Figure S-6. Diagnostic plots for two-way ANOVA analysis of external fluorescence residuals of all external 
fluorescent emissions from Strongylocentrotus droebachiensis across the green spectral range (660–750 nm). 
This refers to data presented in Table 3 of the manuscript.  
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Figure S-7. Diagnostic plots for two-way ANOVA analysis of external fluorescence residuals of all external 
fluorescent emissions from Strongylocentrotus droebachiensis across the red spectral range (660–750 nm). This 
refers to data presented in Table 4 of the manuscript.  
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Figure S-8. Diagnostic plots for two-way ANOVA analysis of external fluorescence residuals of all internal 
fluorescent emissions from Strongylocentrotus droebachiensis coelomic fluid across the red spectral range (650–
750 nm). This refers to data presented in Table 1 of the manuscript.  
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Abstract 
The demand for lumpfish Cyclopterus lumpus as a biological control for salmon lice is increasing. 

However, lumpfish welfare is considered a limiting factor within aquaculture operations. Identifying a 

noninvasive parameter that measures subclinical stress in lumpfish is a key goal for improving their 

welfare. The lumpfish is documented to emit green and red biofluorescence within the blue shifted 

light of their environment. Here we show that lumpfish fluorescence responds to a therapeutic 

stressor within a controlled experiment. Lumpfish (n=60) underwent a 3-h freshwater bath 

therapeutant to evaluate whether fluorescence spectra produced by the species respond to external 

stimuli. Lumpfish were quickly scanned under a hyperspectral camera (400–1000 nm spectral range) 

prior to and after treatment. The lumpfish were randomly divided into 3 groups with identical 

treatment. All groups increased fluorescence emissions, though the level of change depended on 

whether the averaged, red, or green spectra were analyzed; the control group (n=20) remained 

constant. All lumpfish emitted green fluorescence (~ 590–670 nm) while a portion (49%) produced red 

fluorescence (~ 690–800 nm). As lumpfish fluorescence shifts in response to the applied stressor, this 

study provides insight into how fluorescence may be incorporated into the welfare management of 

lumpfish. 

 

 

Introduction 

The demand for lumpfish (Cyclopterus lumpus 1758 Linnaeus) to control sea lice in salmon farms 

is rising due to increasing resistance of Lepeophtheirus lice to licensed therapeutants (Eliasen et al., 

2020).   Sea lice infestations in salmon farms significantly impact the welfare of farmed fish, which in 

turn have repercussions for the viability of such operations. However, lumpfish welfare concerns, such 

as systemic infections, are considered a limiting factor within aquaculture operations for incorporating 

this species to combat sea lice (Scholz et al., 2018). The difficulty of identifying parameters which 

successfully link together husbandry, health, and allostatic responses to environmental factors has 
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slowed the formation of operational welfare indicators (OWIs) that can be used as an overall 

application for this species. A protocol developed by Eliasen et. al. (2020) to address this issue focused 

on weight-length relationship, external physical damage scores, stomach content analysis and 

calibrated liver colour scores.  Though useful, this OWI remains a representative sampling technique 

of a population that requires invasive (lethal) techniques. As lumpfish are typically kept in high density 

cohorts or in commercial salmon pens, finding a way to study lumpfish en masse would be ideal for 

effective management.  

The therapeutic stressor chosen for this study is based on an accepted veterinary therapeutant 

(freshwater bath) to control the amoebic gill disease (AGD) pathogen Paramoeba perurans in lumpfish 

aquaculture operations (Treasurer and Turnbull 2019). The standard therapy for AGD in lumpfish is a 

3-h freshwater bath, with a salinity of less than three practical salinity units (psu) (Downes et al. 2018). 

The histological results, good tolerance of lumpfish to freshwater, and the lack of morbidity/post 

treatment mortalities during clinical trials indicate that treatment of lumpfish with freshwater baths 

can be successful with either short- or long-term treatments (Treasurer and Turnbull, 2019). Juvenile 

lumpfish reared in an aquaculture facility are known to produce a bright green fluorescence (Juhasz-

Dora et al., 2022). Furthermore, a study of lumpfish serum taken from sexually mature wild fish found 

female lumpfish producing a blue–green blood serum that fluoresced a pale blue under long-wave UV 

�o�]�P�Z�š���~�•
0�ï�ñ�ì nm), with the red-colored male serum emitting a magenta–orange fluorescence (Mudge 

and Davenport 1986). This difference in fluorescence is due to the sexual dimorphism within the 

�•�‰�����]���•�U���Á�]�š�Z���•�u���o�o���Œ���~�ï�ì
0�F
0�í�ì cm) males exhibiting orange–red spawning coloration while the rotund 

�~�ð�î
0�F
0�í�ì cm) females show a blue–green color (Powell et al., 2018). Biofluorescence is a well-

documented phenomenon in a broad assemblage of fish orders (Park et al., 2019, Sparks et al., 2014). 

For example, the closely related Pacific spiny lumpsucker Eumicrotremus orbis emits fluorescence that 

is sexually dimorphic, with males producing red whilst females emit green fluorescence (Cohen and 

Summers 2022). Other members of the Scorpaeniformes such as the tropical Barchin 

stonefish Sebastapistes strongia (Sparks et al., 2014) and the cold water variegated snailfish Liparis 
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gibbus (Gruber and Sparks 2021) were documented to produce fluorescent emissions in both red and 

green spectra, suggesting that dimorphism in fluorescence may be widespread. As lumpfish are 

regularly exposed to stress through hatchery and sea deployment operations (da Santa Lopes 2023), 

we hypothesize that lumpfish biofluorescence responds to stressors in their environment. 

Hyperspectral imaging technology has the capacity to provide a non-destructive method to 

monitor changing conditions within live fish that includes fluorescence detection. Detailed spectral 

bands of emitted light between 400 and 1000 nm captured by hyperspectral imaging exceed the 

recording capacity of traditional cameras (Manolakis et al., 2016). The light measured for each pixel is 

recorded across the electromagnetic spectrum, reflecting the chemical and physical composition of 

the imaged object (El Masry and Sun, 2010; Gowen et al., 2007; Cancio et al., 2006). Available 

publications on the use of hyperspectral imaging on live fish has been limited. However, scientists 

have utilized reflectance spectroscopic measurements for the characterization of camouflaging 

patterns of various marine species (Mäthger 2018; Akkaynak et al., 2017). Additionally, hyperspectral 

imaging has been employed to identify the smoltification status in Atlantic salmon (Lindberg et al., 

2022; Svendsen et al., 2021). Further studies used freshly euthanized Atlantic salmon smolts in 

successfully auditing haemorrhaging in the dorsal fin region (Lindberg et al., 2023) 

The objectives of our study were: (1) to evaluate whether hyperspectral imaging can effectively 

monitor biofluorescence in live lumpfish, and (2) to investigate whether lumpfish fluorescence 

responds as a group to the therapeutic stressor. 

 

Methods 

Experimental outline 

A total of 3 replicates consisting of 20 lumpfish each was placed in a flow through 1000-L 

freshwater bath for 3 �Z���}�v���š�Z�����•���u���������Ç�U���‰�o�µ�•���������}�v�š�Œ�}�o���P�Œ�}�µ�‰���~�v
0�A
0�î�ì�•���Á�Z�}���Œ���u���]�v�������]�v���•���o�š�Á���š���Œ���(�}�Œ��

the same time period. The control group received the same handling procedures as the experimental 
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groups but were placed in salt water for the 3-h period. The freshwater bath was chlorine free, 

oxygenated, and matched in temperature to seawater containing the lumpfish �~�•
0�ò °C). The lumpfish 

were imaged before and after the treatments with a hyperspectral camera as defined in 

instrumentation. A schematic diagram of the experimental procedure can be seen in Fig. 1. 

 

Figure 1. A schematic diagram of the experimental procedure conducted with lumpfish Cyclopterus 
lumpus. After acclimation, the lumpfish were randomly selected into different experimental groups 
for hyperspectral scanning, followed by the 3-hour therapeutant (freshwater bath for experimental 
groups). Afterwards, the fish were imaged and then returned to the facility.  

 

Lumpfish 

�d�Z�����}�v�������}�Z�}�Œ�š���~�•���u�������P�������v�����•�]�Ì�������o���•�•�•���}�(���ô�ì���o�µ�u�‰�(�]�•�Z���~�õ�ï�í
0�F
0�ñ�ì �P�U���î�ó
0�F
0�ì�X�ñ cm) utilized for this 

experiment were maintained at the Aquaculture Research Station located in Kårvik, Norway. The 

experiment was conducted on January 31st, 2023.  Three groups of 30 fish were acclimated for 1 

month in 3,500-liter flow through tanks of the same light blue colour supplied with filtered sea water. 

Tanks were maintained at ambient seawater temperatures and salinity (36 psu) with 24-hour lighting. 

Fish were starved for 24 hours per industry protocol prior to utilization in the stress test. The 

experimental cohorts of lumpfish were humanely euthanized after the experiment using an overdose 

of the anaesthetic benzocaine (Benzoak vet., ACD Pharmaceuticals AS, Oslo, Norway). The use of 

lumpfish for this experiment was authorized by the Norwegian Food Safety Authority (FOTS) ID 29929. 
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Instrumentation 

The hyperspectral imaging setup was a custom imaging platform consisting of a VNIR-1800 

hyperspectral camera (Hyspex, Oslo, Norway) mounted above a conveyor belt with a custom 

illumination setup. The VNIR-1800 is a push-broom hyperspectral camera, which means that each 

frame consists of the spectral information of a thin spatial line across the field of view (x-axis) captured 

by this camera. The second spatial dimension (y-axis) is collected by spatially scanning the samples. 

The lumpfish were placed in a white tray partially filled with water on a conveyor belt for spatial 

scanning within 20 seconds after removal from water. The VNIR-1800 camera works in the Visible and 

Near Infrared (VNIR) spectral range (from 400 to 1000 nm), with a spectral resolution of 5.5 nm, and 

1800 spatial pixels. The working distance between the camera and the samples was 100 cm, resulting 

in a FOV of 30.6 cm across the conveyor belt (x-axis), with a spatial resolution in the x direction of 0.17 

mm. The light source used in this experiment was LED lighting (G5 XR30 Pro Radion, Ecotech, 

Bethlehem, PA, USA) and the excitation wavelength selected was Royal Blue (wavelength peak at ~445 

nm). Since the fluorescence signal is expected to be weak, a high exposure time was configured for 

the hyperspectral measurements (7.52 ms). The spatial resolution in the y-axis on push-broom 

cameras depends on the exposure time and the speed of the conveyor belt. The speed of the conveyor 

belt was configured to 6 cm/s resulting in a spatial resolution of 0.45 mm in the y-axis. 

A digital single lens reflex (DSLR) camera (D5100 /Nikon AF-S 60 mm f/2.8G IF-ED Micro lens, 

Nikon, Minato City, Tokyo, Japan) was used for photographing lumpfish presented in Fig. 3.  A 

seawater filled aquarium was illuminated under full spectrum LED lighting Royal blue illumination 

(~445nm) to document biofluorescence while the ambient light photographs were taken with cool 

white light. A yellow barrier filter (Tiffen 62DY15 62 mm Deep Yellow 12 Filter) was utilized when 

capturing RGB to help block reflected blue light. 
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Hyperspectral analysis 

When it comes to conventional hyperspectral image applications that use broadband light, a 

common practice is to conduct a flat field calibration. This involves using a material with high and 

known reflectance in the spectral range of interest to convert the input radiance into reflectance, 

while also correcting for the spectral response of the instrumentation (Yao and Lewis, 2010; Geladi et 

al., 2004). Unfortunately, there is no standard procedure for calibrating fluorescence spectral data. 

For that reason, we perform a radiometric calibration in this work to produce spectral radiance values 

in radiance over the spectral range �9 �®�I �?�6 �®�O�N�?�5 �®�J�I �?�5. The radiometric calibration was performed 

using the HySpex Rad v2.5 software (Norsk Elektro Optikk, AS, Oslo, Norway). 

The radiometrically calibrated hyperspectral data was loaded into the Breeze analytical software 

(Prediktera, Umeå, Sweden) to segment the lumpfish. The segmentation of the fish consisted of 

selecting a spectral channel near the excitation wavelength showing a high contrast between the 

background and the fish, followed by the manual identification of the contour of the fish. The mean 

spectra from 570 to 800 nm were extracted for each sample and processed using MATLAB 2022b and 

the Seaborn Python package (Waskom, 2021).    

Data analysis 

There is, to the best of our knowledge, no published literature on this topic, which makes it rather 

tricky to calculate a minimum sample size for statistical inference. It is also not given that the 

distributions of the variables of interest are sufficiently well behaved for the most common hypothesis 

tests (ANOVA, t test etc.) to be applicable. Nevertheless, the sample size was decided based on a 

power analysis for an ANOVA test assuming a small to medium Cohen’s d (Cohen, 2013). However, 

the distribution of the data made an ANOVA test unsuitable, so the decision was made to keep the 

statistics on a descriptive level.  
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Results 

General fluorescence 

Lumpfish within this study produce 2 distinct fluorescence peaks, a broad green peak (~580-690 

nm), and a pronounced red emission maximum (~690-715 nm). The documented fluorescence spectra 

are defined as green dominant, with only the broad green peak fluorescence and red dominant that 

emits both green fluorescence and a sharp emission peak in the red spectra. A portion of the measured 

lumpfish have both red and green (49%), while the rest fluoresce green only (51%). A visual 

representation of the red and green fluorescence produced by lumpfish can be seen in Fig. 3 on the 

next page.  

 

 Figure 2. �s���Œ�]���Ÿ�}�v�•���]�v���]�v�š�Œ���•�‰�����]�.�����G�µ�}�Œ���•�����v�������]�v���o�µ�u�‰�.�•�Z�W�����}�u�]�v���v�š���P�Œ�����v���•�‰�����š�Œ�����~���•�����v�������}�u�]�v���v�š��
red spectra (b and c).  
 

a
 

b
 

c
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Figure 3. Red, green blue (RGB) photography taken for illustrative purposes of male (1,2) and female 
lumpfish (3,4) under normal lighting [a] and royal blue excitation lighting (445 nm) [b]. Male lumpfish 
(1,2) express a red fluorescence through the body, with green fluorescence emissions from the 
tubercles lining the modified dorsal fin and longitudinal body lines. The green fluorescence produced 
by female lumpfish (3,4) are concentrated within the tubercules. 

 

Fluorescence spectra analysis 

The fluorescence of the control and three experimental groups before and after the therapeutic 

treatment was compared first.  The mean and the standard deviation of the fluorescence spectra for 

the all-experimental groups in the spectral range from 570 to 800 nm were classed as a combined 

single mean of the fluorescence spectra (Fig. 4a-d). The mean emission spectra differ between groups, 

particularly between 690 to 750 nm. (Fig. 4e-h). A difference in the mean and a lower overlap of the 

standard deviation can be observed in this spectral region for the groups after the stress treatment; 
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The mean fluorescence is higher after the treatment (Fig. 4f-h). For the control group, the mean 

spectra before and after the3 hour treatment period are unchanged (Fig. 4e).  
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There is a high overlap between the standard deviation of the fluorescence spectra before and 

after the treatment (Fig. 4). For a more precise analysis, we computed the area under the curve (AUC) 

of the fluorescence spectra, which is the radiance over the spectral range, and used violin plots to 

represent their distribution before and after the treatment (Fig. 5).  

Figure 5. Violin plot showing the AUC of the fluorescence spectra for the different experimental groups 

(a) Full spectral range, (b) Green spectral range, (c) Red spectral range.  

When all of the spectral range (570 to 800 nm) is considered, we can observe different 

distributions of the AUC between the experimental groups (Fig. 5a). Additionally, we can observe that 

the distribution of the data corresponding to the control group, group 2, and group 3 present a main 

peak but a long tail for high values of the AUC. For the green spectral range (570 to 690 nm), there is 

a change in the AUC distribution for all the groups before and after the treatment (Fig. 5b). For the 

groups under stress treatment (G1, G2, and G3), the change in the shape of the distribution is more 

evident, and an increase in the mean AUC is observed. Additionally, a bimodal distribution can be 

observed for G1. Finally, the violin plots of the AUC in the red region of the spectra (670 nm to 800 

nm) do not show evident differences in fluorescence before and after treatment (Fig. 5c). 

  

a
 

b
 

c
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Florescence type analysis 

Since two distinct fluorescence signals were present in the lumpfish, each signal was analysed 

separately. The mean and the standard deviation of the fluorescence spectra for all lumpfish (Fig. 6a), 

and for green dominant (Fig. 6b) and red dominant lumpfish (Fig. 6c) are shown in Fig. 6.  

Peak emission signals were reviewed separately due to detection limits. For the green dominant 

samples, a difference in the mean fluorescence spectra for the treatment groups can be observed, 

with a higher fluorescence after treatment, showing an increase in the mean spectral radiance after 

treatment of 11%, 4% and 16% for groups G1, G2, and G3, respectively. Those differences are more 

pronounced in the spectral range from 570 to 690 nm and for groups G1 and G3 (Fig. 6b). For the 

control group, the mean spectra before and after 3 hours are similar (with a 1% increase in the mean 

spectral radiance after the treatment), and the variations of the spectra are entirely overlapped. A 

similar trend can be observed for red dominant samples, with an increase of 5%, 10%, and 15% in the 

measured mean spectral radiance for groups G1, G2, and G3, and only a 1% increase for the control 

group. The mean fluorescence spectra are higher after treatment for all of the treatment groups in 

the spectral range from 670 to 750 nm (Fig. 6c). Groups G1 and G3 also showed differences in the 

fluorescence spectra between 570 to 690 nm. For the control group, there are no visible differences 

between the fluorescence before and after 3 hours.  
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Green dominant fluorescence 

�d�Z�����À�]�}�o�]�v���‰�o�}�š�•���(�}�Œ���š�Z�����P�Œ�����v�����}�u�]�v���v�š���•���u�‰�o���•���•�Z�}�Á���������Z���v�P�����}�(�����]�•�š�Œ�]���µ�Ÿ�}�v�����v�������v���]�v���Œ�����•�����]�v��

�š�Z�����G�µ�}�Œ���•�����v���������h�����(�}�Œ���š�Z�����P�Œ�}�µ�‰�•�����L���Œ���š�Z�����š�Œ�����š�u���v�š���Á�Z���v��all the spectral range is considered (Fig. 

7���•�X���t���������v�����o�•�}���}���•���Œ�À�����������Z���v�P�����]�v���š�Z�������]�•�š�Œ�]���µ�Ÿ�}�v�•�������(�}�Œ�������v�������L���Œ���š�Œ�����š�u���v�š���Á�Z���v���}�v�o�Ç���š�Z�����P�Œ�����v��

region of the spectra (570 to 690 nm) is considered (Fig. 7���•�X���d�Z���•�������]�+���Œ���v�����•�����Œ�����u�}�Œ�����‰�Œ�}�v�}�µ�v��������

for groups G1 and G3. In the red parts of the spectra (from 690 to 800 nm), we observe that the range 

of the AUC values is similar to those within the green spectra (Fig. 7c).  

 
Figure 7. �d�Z�������Œ�������µ�v�����Œ���š�Z�������µ�Œ�À�����~���h���•���}�(���š�Z�����G�µ�}�Œ���•�����v�������•�‰�����š�Œ�����(�}�Œ���š�Z�����P�Œ�����v�����}�u�]�v���v�š���o�µ�u�‰�.�•�Z��
per experimental groups. (a) Full spectral range, (b) Green spectral range, (c) Red spectral range. 

 

�/�š�� �]�•�� �‰�}�•�•�]���o���� �š�}�� �������]�Ÿ�}�v���o�o�Ç�� �}���•���Œ�À���� ���v�� �]�v���Œ�����•�]�v�P�� �š�Œ���v���� �}�(�� �š�Z���� �G�µ�}�Œ���•�����v������ ���h���� �(�}�Œ�� �š�Z����

���Æ�‰���Œ�]�u���v�š���o���P�Œ�}�µ�‰�•�����L���Œ���š�Œ�����š�u���v�š�U���Á�Z�]���Z���]�•�����o�•�}���•�Z�}�Á�v���š�}���������Z�]�P�Z���Œ���(�}�Œ���P�Œ�}�µ�‰�•���'�í�����v�����'�ï�X���������}�Œ���]�v�P��

�š�}���š�Z�]�•���]�v�(�}�Œ�u���Ÿ�}�v�U���Á���������v�����}�v���o�µ�������š�Z���š���P�Œ�����v�����}�u�]�v���v�š���o�µ�u�‰�.�•�Z���•�Z�}�Á�����v���]�v���Œ�����•�����]�v���G�µ�}�Œ���•�����v������

���L���Œ���š�Œ�����š�u���v�š���]�v�����}�š�Z���š�Z�����P�Œ�����v�����v�����Œ�������Œ���P�]�}�v�•���}�(���š�Z�����•�‰�����š�Œ���X���D�}�Œ���}�À���Œ�U���]�š���]�•���‰�}�•�•�]���o�����š�}���}���•���Œ�À����

���]�u�}�����o�� ���]�•�š�Œ�]���µ�Ÿ�}�v�•�� �(�}�Œ�� �š�Z���� �P�Œ�����v�� ���v���� �š�Z���� �Œ������ �•�‰�����š�Œ���o�� �Œ���v�P���•�U�� �Á�Z�]���Z�� �•�µ�P�P���•�š�•�� �š�Z���š�� �š�Z���Œ���� ���Œ���� ���o�•�}��
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���Z���v�P�����]�v���š�Z�������h�������]�•�š�Œ�]���µ�Ÿ�}�v�������(�}�Œ�������v�������L���Œ���ï���Z�}�µ�Œ�•�U�����µ�š���š�Z�����]�v���Œ�����•�����]�v���G�µ�}�Œ���•�����v�������]�•���v�}�š�����À�]�����v�š�X 

Red dominant fluorescence 

The violin plots of the red dominant lumpfish for all the spectral range show a subtle increase in 

the AUC for the groups under treatment (Fig. 8a). When the AUC distributions are calculated for the 
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green and the red spectral ranges separately (Fig. 8b and 8c), it can be observed that the higher 

contributions to the total AUC come from the red region of the spectra.  

Figure 8. �d�Z�������Œ�������µ�v�����Œ���š�Z�������µ�Œ�À�����~���h���•���}�(���š�Z�����G�µ�}�Œ���•�����v�������•�‰�����š�Œ�����(�}�Œ���š�Z�����Œ���������}�u�]�v���v�š���o�µ�u�‰�.�•�Z��
per experimental groups. (a) Full spectral range, (b) Green spectral range, (c) Red spectral range. 

 

However, it can be observed that the most significant changes before and after treatment are 

shown in the green region of the spectra, where an increase in fluorescence can be observed for 

groups G2 and G3. Also, in that region of the spectra, the distribution of the AUC is changed after 3 

hours for all the groups. On the other hand, in the red region of the spectra, the difference in AUC 

before and after 3 hours is not as evident, which indicates that the main changes in fluorescence 

spectra after treatment for red dominant lumpfish are in the green region of the spectra. Bimodal AUC 

distributions can be observed for both green and red spectra. 

 

Discussion 

High differences in the average fluorescence spectra were observed between all experimental 

groups. We documented that the number of lumpfish per group showing variations in fluorescence 

(green dominant or red dominant) was different. This variation in fluorescence may relate to the sex, 

dominance, or sexual maturity of the lumpfish within each experimental group. However, the lumpfish 

were randomly selected by an independent facility technician to prevent sex-based bias in the study. 

Hence, these different fluorescence types may influence the mean fluorescence spectra. For this 

reason, we performed the same analysis independently for the different fluorescence signal types. 
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b
 

c
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Large individual variations of fluorescence signals were observed between the fish, and we find it 

reasonable to assume that the fluorescence in lumpfish depends on more than their treatment. 

Documenting this variation produced by lumpfish alone has provided a contribution towards 

understanding the dynamics of fluorescence within this species. In retrospect it would have been 

advantageous to track the individuals during the experiment and note other relevant information that 

could have contributed to explaining the behavior of the data. However, the welfare-based time 

constraint set for handling fish out of water was a limiting factor in our experimental design. The group 

method for assessing fluorescence was further chosen as tracking individual fluorescence in an 

aquaculture setting with thousands of fish is not currently feasible with the technology available. As it 

stands, a group mean seems inadequate for making a sound statistical inference on a treatment effect. 

This may be further influenced by the physiological tolerance of lumpfish to freshwater therapeutic 

baths received by the species. Finding a more precise method for tracking changes in fluorescence 

that matches the documented variation within lumpfish biology should be prioritized. The challenges 

related to the group average may be leveraged when using hundreds of individuals per trial, where 

the unexplained variation might be lower. 

Nevertheless, this pilot study shows that lumpfish biofluorescence responds to a therapeutic 

stressor within a controlled experiment. Lumpfish are known to physiologically tolerate freshwater 

therapeutic baths well. As their tolerance to this treatment is typically higher than other fish species, 

the fact that a change in their baseline fluorescence levels can be observed from such a short-term 

impact means that their fluorescence responds quickly to their external stressors. This response was 

supported by the difference between the replicates and the control group. The mean fluorescence of 

the red spectra varies between these replicates, with lumpfish exhibiting varying intraspecific 

fluorescence. Such changes may be caused by individual male lumpfish exhibiting different levels of 

red fluorescence. However, the random selection of lumpfish did not involve sexing to simulate 

aquaculture conditions. Only G3 shows a higher red fluorescence emission after treatment than 
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before. This may mean that the fluorophore emitting red fluorescence is manipulated by male 

lumpfish as seen in the analysis of lumpfish serum by Mudge and Davenport (1986). Lumpfish serum 

sampled from both sexes contained a chromoprotein with a biliverdin prosthetic group; however, the 

male serum contained a red pigment such as phycoerythrin at a much higher rate than in females 

(Mudge and Davenport, 1986). What remains to be determined is whether fluorescence emissions 

produced in male lumpfish are systemic in nature or are concentrated and controlled within the skin 

chromatophores as found in the motile fluorescent organelles of the pygmy coral reef goby Eviota 

pellucida (Wucherer and Michiels, 2012) or the chromatophores of the Scorpaeniformes Scorpaena 

maderensis and S. porcus (John et al., 2023). 

Like in these Scorpaeniformes, it is documented that juvenile lumpfish regulate body 

pigmentation through chromatophores within minutes when background colours switch from dark to 

light (Stave et al., 2021; Davenport and Thorsteinsson, 1989). However, our experiment showed that 

fluorescence is not controlled solely by chromatophores in lumpfish as the emission signals should be 

consistent between the replicates as well as the control. Additionally, the fluorescence emissions 

remained much more constant in the control group which underwent the same procedures as the 

experimental groups but in sea water. This supports our hypothesis that freshwater treatment causes 

observable changes in the fluorescence emissions spectra within the replicates. Observable colour 

changes in teleost fish in response to stress have been noted in aquaculture conditions such as 

mackerel in sea cages, where digitally photographed bluer fish were associated with higher levels of 

plasma lactate (Tveit et al., 2022). However, clinical signs of stress such as color changes already have 

biological costs at this point, such as reallocation of energy from growth to gluconeogenesis by the 

stress hormone cortisol and increased disease vulnerability through immune system suppression 

(Moberg, 1992). The increases in fluorescence emissions within the replicates in response to the 

therapeutic stressor were measured by hyperspectral imaging even though no observable external 

color changes were observed. Measuring these subclinical levels of stress may help the industry to 

systematically define culture conditions that the lumpfish would find least stressful. 
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The therapeutic freshwater bath given to the lumpfish should be considered stressful. For 

example, stress response in the channel catfish Ictalurus punctatus have been linked to the heme 

oxygenase (HO) breaking down hemoglobin causing increasing antioxidant biliverdin content when 

the animal is exposed to polycyclic aromatic hydrocarbons (van den Hurk, 2006). Biliverdin has been 

linked to the blue-green color in lumpfish (Staven et al., 2021; Davenport, 1995; Mudge and 

Davenport, 1986). Although fluorophores have not yet been isolated from lumpfish, bilirubin inducible 

fluorescent proteins responsible for biofluorescence in marine eels have been isolated 

from Kaupichthys eels (Kaupichthys hyoproroides, Kaupichthys sp.), Anguilla 

japonica, and Gymnothorax zonipectis (Guarnaccia et al., 2021; Sparks et al., 2015; Kumagai et al., 

2013). As biliverdin is transported within the serum, it circulates broadly within fish. The unique 

physiology of lumpfish may allow biliverdin levels and its associated fluorescence levels to change 

quickly. The bodies of gravid females are similar in density to seawater due to high water content 

within an extensive subcutaneous jelly and a loose-fibered dorsal musculature; mature males are 

similar but contain a higher lipid content (Powell et al., 2018; Davenport and Kjørsvik, 1986). This 

loosely structured, aqueous physiology may allow fluorophores to be transported quickly within the 

body. 

In conclusion, several potential advantages of incorporating fluorescence level monitoring within 

lumpfish operations exist. This automated approach for monitoring lumpfish welfare includes 

increased sensitivity to subclinical changes within lumpfish, assessing stress levels on a large scale 

within production cohorts, and producing quantitative data that can help producers make informed 

husbandry decisions. Validation through further testing is needed to determine the feasibility of 

integrating these results into the existing welfare auditing programs for aquaculture operations raising 

lumpfish. The next step(s) for further developing a non-invasive parameter is to repeat the experiment 

with individually tagged fish to monitor variation in fluorescence through the therapeutic stressor. As 

the original hyperspectral imaging was designed to imitate the freshwater bath processing in an 

aquaculture setting where individual tagging is currently unfeasible, the pairwise design would be 
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helpful to study how individuals respond to the treatment, both in terms of changes in fluorescence 

emission and its spatial distribution with the fish. The importance of individually analyzing lumpfish 

biofluorescence is also supported by our findings of bimodal distributions present within the AUC 

violin plots. This suggests the presence of subpopulations within the fluorescence subgroups (green 

dominant and red dominant). Furthermore, serum taken from lumpfish should be paired with 

hyperspectral imaging to measure biliverdin levels post treatment in both experimental and control 

groups. Proper identification of the fluorophore within lumpfish and finding its optimal excitation 

wavelength should be conducted during this period. 

In terms of hyperspectral imaging, the development of algorithms should focus on areas that 

fluoresce the brightest, such as the tubercules on the dorsolateral lines. Once the dynamics of 

fluorescence emissions are linked to stress and can exclude chromatophore influenced changes as 

described in other biofluorescent scorpionfish, further tests would entail monitoring lumpfish 

responses to other stressors such as diet, density, or a pathogen. Underwater camera technology, 

imaging analysis programs, and artificial intelligence are rapidly making automated fish OWI 

monitoring a feasible alternative in aquaculture operations (Barreto et al., 2022). Biofluorescence 

monitoring in combination with other OWI monitoring standards can provide comprehensive, non-

invasive monitoring within production units on a scale that has not been attempted to date. To the 

best of our knowledge, this is the first example of using hyperspectral imaging for monitoring 

biofluorescence as a potential welfare standard in aquaculture. Understanding stress in lumpfish prior 

to the manifestation of clinical signs has the potential to improve their welfare prior to the onset of 

either morbidity or mortality. 
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The fluorophores derived from marine organisms have already revolutionized the life sciences, 

spurring the development of biomedical industries to the benefit of human health as shown by 

through the GFP. The biofluorescence produced by these fluorophores still has much to offer to 

enterprise, particularly for primary industries involving marine organisms such as aquaculture. 

Fluorescence measurements taken for monitoring stress related disorders such as bacterial infections 

in marine organisms has proven effective in lower trophic organisms such as microalgal seaweeds, 

and corals. Through these studies it was determined that fluorescence emissions are suitable for 

monitoring the physiological state of higher order marine organisms when exposed to a stressor 

during the trial studies conducted for this PhD. This was proven through the exposure of species of 

aquaculture value to management techniques known to induce stress. These stressor-based studies 

on lumpfish, red king crabs, and green sea urchins detected measurable increases post-trial in 

fluorescent emissions through hyperspectral imaging and fluorospectroscopic technologies. The spike 

in green fluorescence emissions produced by lumpfish that were scanned after the post freshwater 

bath, clearly contrasted to the baseline levels emitted by the control group kept in saltwater (Chap. 8, 

Fig. 4,5). Similarly, the unidentified fluorophore(s) within king crab haemolymph, responsible for 

fluorescent emissions, increased significantly after the post 12-hour shipping simulation (Chap. 4, Fig. 

8). This shift was also detected with hyperspectral imaging in specific regions of the external anatomy, 

namely the eye stalks, chelipeds, and the cardiac region of the dorsal carapace. The green sea urchins 

examined in Arctic Norway produced an external fluorescence that increased in response to all 

transportation methods (Chap. 7, Fig. 4�•�U���Á�]�š�Z���}�v�o�Ç���]�v���Œ�����•�������Á���š���Œ���š���u�‰���Œ���š�µ�Œ���•���~�=�í�ì�ö�����•���‰�Œ�}���µ���]�v�P��

an elevated fluorescent emission within the coelomic fluid. This suggests that green sea urchins may 

use fluorescent emissions as a means of dissipating energy generated through internal oxidative 

reactions via specific coelomocytes (RSC). Furthermore, the subsequent analysis of the fluorescent 

spectra emitted by the species selected in this PhD resulted in far more dynamic results than 

anticipated.  
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Lumpfish were found producing a biofluorescence that reflects their life stage. Juvenile lumpfish 

emitted fluorescent patterns that were far different than adults, with �š�Z�����u�}�•�š���]�v�š���v�•�����G�µ�}�Œ���•�����v���� 

emissions seen on the tubercles of the high crest and longitudinal ridges. As individuals mature, the 

�G�µ�}�Œ���•�����v������ �š�Œ���v�•�]�Ÿ�}�v�•�� �������}�Œ���]�v�P�� �š�}�� �š�Z���� �•���Æ�� �}�(�� �š�Z���� �]�v���]�À�]���µ���o�X�� ���}�š�Z�� �•���Æ���•�� ���}�v�Ÿ�v�µ���� �š�}�� �‰�Œ�}���µ������

�G�µ�}�Œ���•�����v�������}�v���š�Z�����š�µ�����Œ���µ�o���•�����o�}�v�P���š�Z�����o�}�v�P�]�š�µ���]�v���o���Œ�]���P���•�U�����µ�š���u���o���•�������P�]�v���‰�Œ�}���µ���]�v�P���G�µ�}�Œ���•�����v�š��

emissions in the red spectra throughout the skin. Unlike the green spectra, this red spectral 

�G�µ�}�Œ���•�����v�������Á���•���(�}�µ�v�����š�}���������µ�v�Œ���•�‰�}�v�•�]�À�����š�}���š�Z�������‰�‰�o�]�������•�š�Œ���•�•�}�Œ�X���d�Z�]�•���•�µ�P�P���•�š�•���š�Z���š���š�Z����red pigment 

(i.e., phycoerythrin), likely responsible for this emission spectra, is controlled independently from the 

physiological status of the animal.  Like the lumpfish, echinoderms were recorded producing a variety 

of novel fluorescent emissions and patterns.  The European black sea cucumber does not produce 

fluorescence within its dermis. Rather, the saponin filled exudate releases into the water column in 

response to a threat emits an intense green fluorescence. It may be that the amount of this defensive 

exudate reflects the physiological state of the animal itself. The fluorescence produced in broken 

spines and lesions on green sea urchins was found to be specific and can be used to identify these 

otherwise hard to see features. The intact spines produce a low intensity green fluorescence that 

responds to stressors while expelling red exudate from anal pores. Fluorescent emissions consistently 

differed between the reproductive and non-reproductive blades of the commercial macroalgal species 

L. digitata, P. palmata, and S. latissima. As seaweeds and their sporangia can vary remarkedly both in 

appearance and the functional structure of their photosynthetic pigments (chlorophyll), spectral 

imaging is an application for keying out the otherwise difficult reproductive stages.  

The results from these baseline studies should be used as a framework for conducting a series of 

applicability trials for advancing fluorescence-based monitoring within aquaculture operations. The 

biggest priority for aquaculture is the development of real time monitoring technology that can be 

employed on commercial finfish pens.  Initial trials using excitation lighting on salmon lice found that 

these parasites can be easily detected on salmon skin through their fluorescent emissions (Bakke et 

al., 2023). As the lice tend to aggregate in crevices and other tight spaces on the salmon, the current 
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AI monitoring systems have had difficulties detecting accurate levels of infestation.  By modifying the 

algorithm and camera equipment to differentiate individual lice through their fluorescent signals, the 

accuracy of detection rates will thus increase the infestation estimates required to make appropriate 

management decisions. Continuing hyperspectral imaging trials of salmon lice should identify the 

fluorescent emissions and patterns specific to each species type, maturity level, and reproductive 

status. Similarly, the lumpfish used a biological control tool for salmon lice are a very high welfare 

research priority during their hatchery production and sea deployment stages. The AI algorithms for 

camera monitoring systems should be designed to assess the complex biofluorescence produced by 

lumpfish as it applies to specific life stage management issues. The biliverdin linked green fluorescence 

should be developed with further experimental data to monitor the general physiological status of 

lumpfish at any life stage.  Due to their sex-based allometric growth, juvenile lumpfish, reared to the 

sea cage deployment size of 20 g, require frequent size grading, to minimize intraspecific aggression 

and resulting cannibalism. An incidental observation of juvenile lumpfish reared to the onset of sexual 

maturity during this PhD found that only male lumpfish produced a high intensity green fluorescence 

in the pelvic suckers. Investigating the florescence of pelvic suckers in hatchery fish may provide a 

means for separating cohorts according to sex. This could significantly reduce the frequency of 

aggression and handling based stress from size grading in lumpfish.  Likewise, investigating the 

fluorescent emissions of sexually mature lumpfish should allow hatchery operators to develop 

husbandry techniques that reduce stress in captive holdings. This is important as the lumpfish life cycle 

is yet to be closed due to the sensitivity of adult lumpfish to stress and subsequent secondary 

infections in captive settings. The reproductive readiness of male lumpfish and their subsequent 

sperm quality could be assessed via their red spectral emissions. Male lumpfish raised in the same 

cohort exhibited similar general external colouration to the visible eye but were found emitting a 

widely varying red spectral fluorescence. Only one individual produced a uniformly high intensity 

fluorescence throughout their body, suggesting that dominance plays a role in sexual receptivity. 
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Further tests on how red spectral fluorescence relates to sperm quality could play a role in improving 

the sperm quality used in hatchery production.  

Like lumpfish, red king crabs and other decapods maintained in long-term holding facilities are a 

welfare research priority (Wuertz et al., 2023). The king crab fisheries developed an industry that 

overwhelmingly favours larger males. This means that facilities will require baseline data on how male 

king crabs interact with each other in a confined space, particularly through their vulnerable periods 

such as moulting. It is known that male king crabs undergo random moulting (McCaughran and 

Powell, 1977), making them particularly vulnerable to cannibalism. Crabs can spend up to two years 

in the grow out facility to reach market size, making cannibalisation both an economic and welfare 

issue. One animal during the pilot study produced no external fluorescence, which may mean that the 

enzymes have already begun the separation of the exoskeleton from the newly formed epidermis. 

This is a key point in the moulting process, which would give time for crabs to be relocated to a 

separate moulting pen. Examining the biofluorescence levels in moulting crabs may provide an early 

alert for a pre moult stage not visible to casual observation.  If effective, this would have an immediate 

economic impact for live holding facilities by reducing economic losses to intraspecific cannibalism.  

Furthermore, focused studies on the spectral plasticity in macroalgae will be needed to address 

the influences from environmental conditions, the natural variations present within the population(s), 

and the specific geographic location(s). Once calibrated for these variances, the fluorescent signatures 

can be used as a proxy for the reproductive phenology in macroalgal hatcheries. As the supply of 

sporophytes used in seaweed farms is frequently affected by the poorly timed harvest of mature 

spores (sori), avoiding such bottlenecks in industrial scale propagation in an industry priority. Once 

the reliable identification and subsequent culture of seaweed blades entering their reproductive state 

is standardized with fluorescence signatures, industrial operations would have a tool to improve the 

responsiveness of operations to market demand(s). Such stabilization would help reduce the supply 

chain fluctuations that are a recurring issue in the current market. In addition to reproductive 
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monitoring, hyperspectral imaging of macroalgal fluorescence may detect differences in the 

biochemical composition of blades. Fluorescent signatures within the blades may provide a rapid 

assessment methodology, to identify environmental conditions that are conducive to generating 

compounds with a high industrial value.  

Despite the documented value of biofluorescence, the biological function of such spectral 

emissions in higher order marine organisms is poorly understood. Unlike the applications for 

macroalgae, the fluorescence seen in marine animals is currently hypothesized as a byproduct or at 

most the enhancement of an animal’s physiology (Hakanson et al., 2022). However, the PhD trials on 

lumpfish found that fluorescent emissions produced by male lumpfish that are independent of the 

physiology based green fluorescence seen in both sexes. This suggests that fluorescence is used as 

intraspecific signalling during seasonal mating aggregations of lumpfish (Juhasz-Dora et al., 2024). As 

female lumpfish retained fluorescence only on their lateral tubercules, the green spectral emission 

from these tubercules suggests that they primarily serve as an intraspecific identification during their 

benthic and pelagic life phases. The variation in the shifts in the external versus internal biofluorescent 

emissions, in response to stressor events, suggests that fluorescence is used by the green sea urchin 

to dissipate the energy generated by oxidation reactions occurring at a cellular level. Conversely, the 

generation of highly fluorescent exudate by black sea cucumber may serve simultaneously as both a 

gustatory and visual signal of the animal’s defensive capacity. Thus, it is warranted for future studies 

to incorporate methods that can document how a species may use biofluorescence in their biological 

function(s). Such research may also unveil new perspectives for addressing husbandry or other 

management issues.  

We now know that the fluorescent spectral emissions are produced by a diverse array of marine 

species and that it can reflect the physiological status of the organism itself. Furthermore, we 

understand that these fluorescent emissions can be complex, reflecting different life stages, as well as 

physiological and behavioural expressions as seen in the lumpfish. Once the data effectively addresses 
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the variables of biofluorescence produced by a species, an algorithm and associated hyperspectral 

imaging technology can be developed as a rapid diagnostic analysis that incorporates these variances 

accurately while measuring baseline stress levels. Such data should be considered invaluable for 

objectively assessing our interactions with a specific marine organism(s) in an aquaculture setting. 

Prior adaptation of technology to suit medical diagnosis, such as ultrasound and magnetic resonance 

imaging (MRI), shows that the husbandry and diagnosis of animals using hyperspectral imaging of 

fluorescence is indeed possible and has high potential for revolutionizing industries involving animal 

care and rearing. A critical component for understanding the dynamics of biofluorescence emissions 

in these species is their detection rates within water. This critical data will require the development of 

hyperspectral cameras that can continuously function within the water column and will not require 

calibration with a white reference standard, in response to shifting ambient lighting conditions. 

Furthermore, the biofluorescent responses to pathogenic infections in cultured organisms as well as 

the fluorescent signature of the bacterial species themselves will be invaluable in the development of 

a comprehensive aquaculture monitoring tool. The hyperspectral imaging of cumulative 

biofluorescence data should be advanced, in tandem with artificial intelligence (AI), to design 

algorithms suitable for the live monitoring of aquaculture production systems. Even non-fluorescing 

species, such as Atlantic salmon, may benefit from this technology through disease and parasite 

monitoring and the response of fluorescent materials incorporated into the daily husbandry of the 

species. Such practical, real-world applications will continue to emerge as technological innovation 

and active research push the boundaries of biofluorescence based applications. 

The accumulation and depuration of veterinary pharmaceuticals within sea cucumber tissue 

sampled during the 500-degree withdrawal period found that oxytetracycline and emamectin 

benzoate each have their own dynamics when ingested by H. forskali. Liquid chromatography with 

tandem mass spectrometry detected greater bioavailability of oxytetracycline in sea cucumber tissue.  

Despite the limited quantities fed, oxytetracycline residues well exceeded the residue limits set forth 

by the European Medicines Agency; sea cucumber tissue required 21 days during the recovery period 
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to depurate under set limit, with 18-34 days for complete elimination. Conversely, emamectin 

benzoate did not exceed residue limits but would require 9-14 days for elimination. Emamectin 

benzoate is suspected to be the primary factor behind the large proportion of eviscerated internal 

organs. These results reflect a more realistic scenario of how sea cucumbers react to feeding on 

organic matter containing veterinary therapeutants, helping to define a baseline for the withdrawal 

period for the two compounds tissue as well as for further studies on the dynamics within actual field 

conditions such as sediment composition, oceanic currents, and depth   
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