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Chapter 3 

 

Using a smartphone app for the estimation of total dissolvable 

protein concentration in Ulva lactuca Linnaeus (Chlorophyceae) 
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3.1 Abstract  

Visual inspection is the first apparent approach for assessing the well-being of a plant, 

animal or even environment. Smartphones, all equipped with digital cameras can be used to 

produce realistic images that can basically be used as three-band radiometers analysing Red, Green, 

Blue (RGB). Given the omnipresence of smartphones, observations from the public can help to 

complement observational gaps enabling a wide spatio-temporal coverage of environmental 

monitoring within ecological research (e.g. landscape ecology, macro-ecology) and biological 

studies (e.g. species documentation, eutrophication, ecophysiological status). Here, we introduce 
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the smartphone application ‘EyeOnUlva’ (Android, IOS), which can record the frond colour of 

the green seaweed Ulva lactuca and which provides an estimation of its total dissolvable protein 

concentration. ‘EyeOnUlva’ is an economically and ecologically relevant application, as the frond 

colour of this pre-eminent primary producer not only indicates its protein concentration, but can 

also function as a bio-indicator giving insight in the nutritional status of a coastal habitat or 

cultivation site. ‘EyeOnUlva’ represents a novel, inexpensive and simple-to-use tool and allows 

citizens and scientists, using smartphones in the context of participatory science, to support 

environmental monitoring. In the ‘EyeOnUlva’ App, a combination of spectrophotometric 

measurements and colorimetric techniques were applied to determine the colour appearance of 

the fronds of U. lactuca, cultivated in different nutrient concentrations and light conditions under 

laboratory conditions. Subsequent colorimetric analysis of randomly collected U. lactuca in the field 

and quantification of their total dissolvable protein and carbohydrate concentrations showed a 

correlation in colour appearance to dissolvable protein concentrations (R2=0.72). Considering the 

geographical distribution of U. lactuca, ‘EyeOnUlva’ has a worldwide application. 

 

3.2 Introduction 

Visual inspection is the first apparent approach for assessing the well-being of a person, 

object or the environment. For example, the colour (optical properties) of natural waters provides 

information on presence of phytoplankton and dissolved organic matter content, and changes in 

water colour allow to predict effects on aquatic ecosystems (Haines et al. 1995, Bissel et al. 2003, 

Peperzak et al. 2011, Wernand et al. 2013a). Scientists have been measuring the transparency of 

natural waters with a Secchi-disc and classified water colour via comparison using the Forel-Ule 

colour comparator scale for more than 100 years (Wernand & Gieskes 2011), forming a dataset 

with one of the largest spatial and temporal coverage. 
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Lottig et al. (2014) showed that citizen-collected data, consisting of more than 140,000 

individual Secchi-disc measurements between 1938 and 2012, revealed geographical patterns and 

temporal trends in lake water clarity across eight states in the upper Midwest of the USA. Another 

well-known example of citizen-based science is represented by the assessment of waterbird 

population dynamics concerning the winter distribution of the migratory Western Grebes along 

the west coast of the USA (Wilson et al. 2013). 

New analytical tools can increase the data collection by the general public and digital 

networks enable to collect, combine and compile observations and large datasets in centralized 

databases (Dickinson et al. 2010). Smartphones, respectively mobile devices, can represent such 

an analytical tool, also given their omnipresence in our society. Many mobile devices contain 

various sensors, such as global positioning system (GPS), device orientation sensors, which 

measure the inclination angels perpendicular to the ground, motion detection sensors (accelerator), 

and digital cameras. Novel smartphone applications based on standard remote sensing principles 

were developed within the European funded Citclops project (Citizens’ Observatory for Coast and 

Ocean Optical Monitoring), encouraging the integration and contribution of citizen scientist to 

complement existing marine datasets and enhance environmental awareness (www.citclops.eu). 

The freely available smartphone app ‘EyeOnWater’ (www.eyeonwater.org), for example, integrates 

the concept of the Forel-Ule colour scale to assess the colour of natural surface waters, both fresh 

and saline water (Wernand et al. 2013b). Another novel application is ‘SmartFluo’, an affordable 

DIY (do–it-yourself) smartphone adapter to measure micro-algal concentration by Chlorophyll a 

(Chl a) fluorescence in water (www.citclops.eu). Fluorescence measurements can also be extended 

to detect nutrient limitations in phytoplankton, macro-algae and seagrasses in situ by Nutrient-

Induced Fluorescence Transient (NIFT) experiments within minutes (Den Haan et al. 2013), 

where the NIFT analysis is based on changes in Chl a fluorescence induced by the addition of 

limiting nutrients. 
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In our ecophysiological work with Ulva lactuca (Linnaeus), we observed remarkable (green) 

colour differences in their fronds (Chapter 2). These colour differences appeared to be related to 

their total dissolvable protein concentration. This led us to this study, in which we examined the 

possibility to deploy spectro-radiometry and colorimetric techniques to evaluate the total 

dissolvable protein concentration in the green seaweed U. lactuca based on its frond colour.  

The pre-eminent primary producer U. lactuca in the division Chlorophyta, commonly 

known as sea lettuce, can be found worldwide in estuarine and coastal ecosystems (Van den Hoek 

et la. 1995) and is mostly abundant where nutrients are readily available (Valiela et al. 1997, Morand 

& Merceron 2005). Moreover, species of the genera Ulva, including U. lactuca, can vastly increase 

their growth in response to nutrient pulses and can build up a large biomass in extensive blooms 

(Teichberg et al. 2008, 2010). These massive blooms became known as ‘green tides’, when beached 

and rotting piles of biomass hindered shore-based activities and caused harmful ecological and 

economic consequences (Westernhagen & Dethlefsen 1983, Smetacek & Zingone 2013, Wan et 

al. 2017). Eventually, a vast abundance of opportunistic Ulva species can be an indication of 

eutrophication.  

Ulva lactuca is not only an ecologically important species, but also a promising seaweed for 

application in food, animal feed, as fertilizer, or for bioremediation purposes in a bio-based 

economy (Sahoo 2000, Neori et al. 2003, Holdt & Kraan 2011, Bruhn et al. 2011, Lawton et al 

2013). Wild-harvested and cultured U. lactuca have been implemented as feed in aquaculture, for 

instance abalone (Gastropoda) farms with success (Shpigel & Neori 1996, Shpigel et al. 1999, 

Robertson-Andersson et al. 2008) and can be used as a dietary supplement for fish, goat, poultry 

and other farm animals (Chapman & Chapman 1980, Ventura & Castañón 1998, Angell et al. 

2016a). Hence, the availability of sufficient quantity and quality of dietary protein can be 

considered economically crucial. The protein concentrations in U. lactuca can widely vary 

depending on environmental conditions and the availability of inorganic nitrogen (DeBusk et al. 
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1986, Vandermeulen & Gordin 1990, Cohen & Neori 1991), one of the essential macro-nutrients 

for seaweeds. A broad relationship between nitrogen content and thallus colour in U. lactuca was 

observed by Robertson-Andersson (2003), with darker colour indicating more nitrogen rich 

material than paler colours. This colorimetric feature can, for example, help to select suitable Ulva 

as a feed source.  

Based on the concept of colorimetric techniques, we developed the smartphone 

application ‘EyeOnUlva’ for Android and IOS systems, which records the frond colour and 

provides an inexpensive, reliable, safe and easy-to-use method to give a fast evaluation on the total 

dissolvable protein concentration in U. lactuca. 

In this study, a description of laboratory experiments on the colour and total dissolvable 

protein and total dissolvable carbohydrate concentration in U. lactuca is given. Results of relation 

between colour appearance within the RGB colour scale and total dissolvable protein 

concentration of 83 samples of U. lactuca randomly collected in the field and cultivation sites on 

the island of Texel, The Netherlands, are presented. These Ulva samples cover a broad range of 

growing conditions and act as a proof of concept for the application ‘EyeOnUlva’. 

 

3.3 Material and methods 

All experiments and analyses were conducted at the Royal Netherlands Institute for Sea 

Research (NIOZ), Texel, The Netherlands. In a laboratory approach, a spectro-radiometric 

analysis of the reflected wavelengths within the visible light of 20 fronds of U. lactuca Linnaeus 

(after Stegenga & Mol 1983) cultivated in different light and nutrient regimes was conducted over 

5 days. Subsequently, 83 U. lactuca individuals were collected from outdoor cultivation sites and on 

beaches surrounding the island of Texel between February 2015 and May 2016. Photographs of 
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the randomly collected samples were taken with a simple digital camera (Panasonic Lumix DMC-

FT5) under daylight conditions, followed by a colorimetric analysis of the photographs.  

The total dissolvable protein and total dissolvable carbohydrate concentration in the 

photographed individuals was quantified and results inspected for a correlation to the colour 

appearance of the frond. Based on our results we developed the smartphone application 

‘EyeOnUlva’. 

Experimental design 

Twenty fronds of U. lactuca (freshweight = 5.7±0.2 g; Mettler Toledo balance, accuracy: 

0.01 g), originated from the coastline of the island of Texel, were taken from cultivation tanks at 

the NIOZ Seaweed Centre (https://www.nioz.nl/en/expertise/seaweed-research-centre). These 

fronds were transferred into a cultivation flask (20 L) in a temperature controlled room (15.7±0.3 

°C) for a two week adaptation phase in nutrient depleted seawater (NO3
- = 0.003 µmol·L-1 and 

PO4
3- = 0.008 µmol·L-1). After the adaptation phase, the fronds were individually transferred into 

Erlenmeyer-flasks (1000 ml) filled with 500 ml filtered (0.2 µm) seawater-medium (salinity: 

29.9±0.1).  

Two levels of nitrate (Dissolved Inorganic Nitrogen: DIN - equals here NO3
-) and 

phosphate (Dissolved Inorganic Phosphate: DIP - equals here PO4
3-) concentrations were 

prepared: ambient concentrations (NO3
- = 25 µmol·L-1 and PO4

3- = 1 µmol·L-1) provided by 

natural seawater tapped from the NIOZ seawater supply system in late October, and enriched 

concentrations after the Redfield-ratio (NO3
- = 1600 µmol·L-1 and PO4

3- = 100 µmol·L-1). The 

flasks were placed on a rotating table (100 rpm) inside a two-compartment cultivation cabinet with 

one compartment providing a light intensity of 70±7 µmol photons m-2·s-1 (light meter ULM- 500, 

Walz, Germany) for optimal light conditions (Fortes & Lüning 1980) and the other compartment 

providing a low light intensity of 7±2 µmol photons m-2·s-1, emitted by two tubular fluorescence 

lamps (OSRAM L18 Watt 965, Deluxe cool daylight) installed 60 cm above the flasks. A 
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photoperiod of 16/8 h (light/dark) was maintained throughout the end of the 5-day experiment. 

Altogether four treatments with (A) optimal light intensity and high DIN and DIP availability, (B) 

low light intensity and high DIN and DIP availability, (C) optimal light intensity and low DIN and 

DIP availability, and (D) low light intensity and low DIN and DIP availability were arranged with 

five replicates for each treatment (A – D). Sampling of the seawater-medium for actual dissolved 

N and P was conducted in duplicates for each treatment at the beginning and the end of the 

experiment. 

In the subsequent field approach, an additional 83 individuals of U. lactuca were randomly 

collected from the coastline of the island of Texel, cultivation tanks and the bio-filtration system 

at the NIOZ Seaweed Centre between February 2015 and May 2016. These samples were, just as 

the U. lactuca photographed in the laboratory assays, individually placed flat and without 

overlapping parts on a white plastic sheet and were gently dried with a paper towel to remove 

excess water, in order to minimize light reflection and misrepresentation of the images taken. 

Photographs (Panasonic Lumix DMC-FT5) were taken from a 90° angle under day-light 

conditions. After photographs were taken, the samples were prepared for total dissolved protein 

and total dissolved carbohydrate analysis. 

Spectro-radiometric analysis 

The spectro-radiometric measurements of reflection by U. lactuca were conducted in a 

colour assessment cabinet with a grey coating inside (VeriVide Ltd. Enderby, Leicester, United 

Kingdom). All samples were illuminated with a D65 daylight simulating lamps (VeriVide, width: 

600 mm, 18 W) on top of a diffuser that homogenized the illumination conditions in the cabinet. 

The measurements were performed with a spectro-radiometer (Hyperspectral PR655 Photo 

Research; www.photoresearch.com) installed in front of the light cabinet in a 45° degree angle in 

respect to the sample on the white plate (Figure 3-1). The remote sensing reflectance (Rrs), 
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independent on the illumination, was measured with the spectro-radiometer modified with a cosine 

collector (www.photoresearch.com).  

 

The difference in Rrs of the sample over 5 days was normalized to day 1 to account for 

the difference in colour appearance at a wavelength of 556 nm (green) in percentage (Table 3-1) 

and was calculated as 

Rrs(556)% = (Rrsn * 100) Rrs1
-1          

with Rrsn and Rrs1 representing the Rrs values measured on day n and day 1. 

RGB analysis 

The RGB colour system constructs all the colours from the combination of the red, green 

and blue colours, each defined as a pixel value from 0 to 255 (Goddijn & White 2006, Goddijn-

Figure 3-1. Light cabinet set up with a light source (D65) emitting artificial daylight. The 

sample (Ulva lactuca) was placed flat and in a single layer on top of a white plate, at the central 

bottom of the cabinet, 60 cm underneath the light source. Analysis of the reflected light was 

carried out with a spectro-radiometer (camera) in a 45° angle in respect to the sample (set up 

after Novoa et al. 2015). 



 

55 
 

Murphy et al. 2009). The standard RGB (referred as sRGB) reduces the light spectra to the physical 

correlates of human colour perception (CIE 1931 XYZ colour space tri-stimulus), as well as 

standardizes the illumination correction and is widely used in industrial applications Novoa et al. 

2015). All images of U. lactuca fronds were analyzed for the RGB values with the software 

IrfanView (Version 4.44; www.irfanview.com). Prior the RGB analysis of the Ulva-images, the 

background was eliminated (cropped) to exclude potential disturbances affecting the software’s 

analysis. 

DIN and DIP analysis 

The determination of DIN and DIP was performed by colorimetric analysis using a 

Technicon TRAACS 800 auto-analyzer (Seal Analytical, Germany) in the NIOZ Texel nutrient 

laboratory. DIP was measured as ortho-phosphate (PO4
3-) at 880 nm after the formation of 

molybdophosphate complexes (Murphey & Riley 1962), while DIN (nitrate and nitrite) was 

calculated after nitrate reduction to nitrite through a copperized cadmium coil and after 

complexation with sulphanylamide and naphtylethylenediamine measured at 550 nm (Grasshoff 

& Hansen 1983). The precision for all measured channels within the automated nutrient analyzer 

was better than 0.25 % (personal communication K. Bakker, NIOZ). 

Total dissolvable protein and total dissolvable carbohydrate analysis 

The photographed samples were separately frozen (-40 °C), freeze-dried (24 h) and 

homogenized for the determination of total dissolvable protein concentrations (Lowry et al. 1951), 

as well as total dissolvable carbohydrate concentrations (Trevelyan et al. 1952). Homogenization 

of U. lactuca was accomplished by transferring each freeze-dried sample into a stainless steel tube 

(2 ml), including grinding sphere (Ø 2 mm, stainless steel) and inserting the tube in a mixing mill 

(MM400, Retsch, Germany) set to a frequency of 30 Hz for three times 1 minute. Short pauses 

between the homogenization intervals were taken to avoid a potential temperature rise inside the 

tube and overheating of the dried sample. To determine the total dissolvable protein and total 
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dissolvable carbohydrate concentration in U. lactuca, 5-10 mg of the homogenized seaweed sample 

were added to 5 ml MilliQ™ water and mixed for 30 seconds, using a Turrax® mixer. Another 5 

ml MilliQ™ water were added, and the suspension was mixed for another 30 seconds on a vortex 

mixer, before a refined homogenisation by using a Potter-Elvejhem was performed to finalize the 

assays’ starting mixture. 

The total dissolvable protein concentration of each sample was measured in duplicates 

with different concentrations: 0.25 ml and 0.50 ml of the starting mixture were transferred into 

test tubes and filled up with MilliQ™ water to a volume of 0.5 ml, after which 1.0 ml Lowry 

reagent was added. After 10 minutes of incubation at room temperature, 1.0 ml of 

Folin/Cioccalteus reagent was added and the solution was incubated for another 30 minutes to let 

a blue colour develop. Its absorbance was measured at 660 nm with a photometer (SpectraMax 

M2, Molecular Devices, LLC, CA, USA) and the total dissolvable protein concentration was 

calculated using a calibration curve based on a bovine serum albumin (BSA) stock solution with 

known protein concentration.  

The total dissolvable carbohydrate concentration was determined in triplicates of different 

concentrations: MilliQ™ water was added to 0.1 ml, 0.2 ml, and 0.3 ml of the starting mixture to 

a final volume of 1.0 ml. Afterwards 4.0 ml of the Anthrone reagent were added to the prepared 

starting mixtures and placed in a heating chamber at 95 °C for 6 minutes. After cooling of the 

solution to room temperature, the absorbance at 620 nm was measured with the photometer and 

the concentration of total dissolvable carbohydrates was calculated, using a calibration curve based 

on glucose stock solution with known concentration. Both, the total dissolvable protein- and total 

dissolvable carbohydrate concentrations (µg·mg-1) were determined and described as percentages 

of dryweight (% DW). 
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3.4 Results 

Spectro-radiometric analysis 

Ulva lactuca (n=5) showed a significant difference in visual and instrumentally measureable 

colour appearance in treatments over 5 days (ANOVA, df=4, F=10.59, p<0.001). Visual colour 

appearance of the fronds changed from pale green to a ‘more saturated’, darker green (Figure 3-

2).  

 

The instrumentally detected maximum difference in the remote sensing reflectance (Rrs) 

was detected within the green colour scale, approximately at a wavelength of 556 nm (Figure 3-3). 

No significant difference in the Rrs of U. lactuca fronds in treatments with different levels of 

illumination (ANOVA, df=1, F=0.03, p=0.869), but a highly significant difference in treatments 

with saturating DIN and DIP additions (ANOVA, df=1, F=51.58, p<0.001) was found after 5 

days. The interaction between illumination and nutrient availability showed no significant 

difference between these treatments (ANOVA, df=1, F=0.26, p=0.613), thus the availability of 

nutrients was the decisive factor for the change in Rrs of the frond. A detected decrease of the Rrs 

Figure 3-2. Fronds of Ulva lactuca (A) cultivated in deplete nutrient concentration (pale 

greenish) and (B) cultivated in replete nutrient concentrations (saturated green). 
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equals a higher absorption by the frond, resulting in a ‘more saturated’ or darker green in visual 

appearance. 

 

In treatments with saturating DIN and DIP availability, the fronds showed no significant 

difference in Rrs between optimal and low light conditions after 5 days (ANOVA, df=1, F=0.15, 

p=0.713) and the mean Rrs decreased 53±6 % under optimal light, respectively 56±8 % under 

low light conditions (Figure 3-3 A & B, Table 3-1). Fronds cultivated in treatments without 

saturating DIN and DIP availability, showed a significantly higher Rrs, than the ones exposed to 

enriched seawater medium after 5 days (ANOVA, df=1, F= 56.9, p<0.001). Here, the mean Rrs 

decreased 43±14 % under optimal light conditions, respectively 36±12 % under low light 

conditions on day 5, when compared to day 1 (Figure 3-3 C & D, Table 3-1). The maximum 

Figure 3-3. Relative change of the mean remote sensing reflectance (Rrs) per steradian 

(sr-1) of the visible light (wavelengths 380-780 nm) by Ulva lactuca (n=5) cultivated in 

treatments of (A) optimal light intensity (70 µmol photons m-2·s-1) and high nutrient 

supply (NO3
-: 1600 µmol·L-1; PO4

3-: 100 µmol·L-1), (B) low light intensity (7 µmol photons 

m-2·s-1) and high nutrient supply, (C) optimal light intensity and low nutrient supply (NO3
-

: 25 µmol·L-1; PO4
3-: 1 µmol·L-1), and (D) low light intensity and low nutrient supply in 4 

consecutive days, compared to day 1. 
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decrease of Rrs of all fronds in all treatments was measured on day 1, after starved U. lactuca had 

been introduced to fresh seawater medium (Table 3-1). No significant difference in Rrs between 

all four treatments was found (ANOVA, df=3, F=2.51, p=0.108) and the mean Rrs decreased by 

24±5 %. Rrs of the fronds continued to decrease in all treatments during the experiment (Table 

3-1). In treatments without extra DIN and DIP additions and under optimal light conditions the 

Rrs of the fronds showed a significant increase between day 4 and 5 (ANOVA, df=1, F=9.39, 

p=0.015) and the mean Rrs gained 9±4 % (Figure 3-3 C, Table 3-1).  

 

Total dissolvable protein- and total dissolvable carbohydrate concentration 

The total dissolvable protein- and total dissolvable carbohydrate concentration in 83 

randomly collected U. lactuca samples with varying colour appearances were determined. The total 

dissolvable protein concentration ranged between percentages of 3.0 % and 26.6 % DW, while the 

total dissolvable carbohydrate concentration was found within the range of 17 % to 70 % DW 

Table 3-1. Relative change (in %) in the remote sensing reflectance (Rrs) ± SD within the 

green colour spectrum at a wavelength of 556 nm of starved Ulva lactuca fronds (n=5), exposed 

to (A) optimal light intensity (70 µmol photons m-2·s-1) and high nutrient supply (NO3
-: 1600 

µmol·L-1; PO4
3-: 100 µmol·L-1), (B) low light intensity (7 µmol photons m-2·s-1) and high 

nutrient supply, (C) optimal light intensity and low nutrient supply (NO3
-: 25 µmol·L-1; PO4

3-

: 1 µmol·L-1), and (D) low light intensity and low nutrient supply on day 2, 3, 4, and 5, 

compared to day 1. 
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(Figure 3-4). No correlation between protein and carbohydrate concentrations was found 

(R2=0.03). Nevertheless, a clear threshold for carbohydrate percentage in the U. lactuca samples 

was detected: when protein content exceeded 15 % DW, carbohydrate content did not rise above 

32±3 % DW (Figure 3-5).   

 

 

 

Red Green Blue (RGB) analysis 

The RGB analysis of the 83 images of U. lactuca fronds (collected in the field) showed a 

clear distribution of detected R, G and B with increasing protein content (Figure 3-5). RGB values 

decreased with increasing protein content, and measured values for the green colours, represented 

by G ranged from 139 with a protein percentage of 5.6 % DW to 61 with a protein percentage of 

26.6 % DW. R-values within the same protein levels ranged from 125 to 28, and B-values ranged 

Figure 3-4. Carbohydrate versus protein concentration in % dryweight (% DW) in Ulva 

lactuca (n=83) of varying colour appearance (green), randomly collected from cultivation 

tanks and natural sites on the island of Texel, The Netherlands, between 2015 and 2016. 
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from 51 to 0 for the blue colour scale. When percentages of mean protein concentration of the 

fronds surpassed 11.4±1.0 % DW, reflectance of the blue-band (B) was not detected anymore 

(Figure 3-5). Hence, a best fit correlation between colour appearance and total dissolvable protein 

concentration was exhibited by the ratio of R and G values, showing a decreasing trend of 

y=0.0006x2 - 0.035x + 1.0168 with R2=0.72 (Figure 3-6). No correlation between the carbohydrate 

concentration and R/G-ratio was found (R2=0.03). 

 

 

Figure 3-5. Red, green and blue (RGB) colours as measured by digital imaging of Ulva lactuca 

(n=83) versus its protein concentration in percentage dryweight (% DW). 
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EyeOnUlva 

The smartphone application ‘EyeOnUlva’ (Figure 3-7) is based on the three-band (Red, 

Green, Blue - RGB) colorimetric analysis and evaluates the percentages of total dissolvable protein 

concentrations of U. lactuca fronds within 5 % intervals, between 0 and 25 % DW. ‘EyeOnUlva’ 

has been tested successfully by a selected group of international university students to verify 

performance, reliability and ease of use of the application, which is now freely available in public 

domain in the app-store. Compatibility-tests of ‘EyeOnUlva’ to other representatives of the family 

Ulvaceae are also pending.   

 

Figure 3-6. Ratio of red (R) and green (G) colours, as measured by digital imaging of Ulva 

lactuca fronds (n=83) versus its protein concentration in percentage dryweight (% DW). 
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3.5 Discussion 

The green colour of U. lactuca covers a wide range, from pale to saturated green. Many (co-

) factors influence the colour of plants, including seaweed. This led us to study the main 

environmental factors influencing the green colour of U. lactuca, such as the availability of nutrients 

and light conditions, and investigated a possible relationship between the colour green and cellular 

composition. A change in frond colour of green seaweed can in theory be related to nutrient 

availability and/or to varying amounts of light harvesting pigments, such as chlorophylls and their 

breakdown products. It has been documented that the amount of these pigment proteins is 

strongly related to the internal nitrogen content (Hegazi et al. 1998) and therefore can alter the 

colour appearance. Robertson-Andersson (2003) demonstrated that nitrogen starved U. lactuca had 

a green-yellow colour appearance and when cultivated in nitrogen-enriched seawater the colour 

appearance changed to green and vice versa. This is supported by our results on the interaction 

between illumination and nutrient availability to frond colour, which exhibited nutrient availability, 

Figure 3-7. Outlook of the smartphone application ‘EyeOnUlva’ for Android and IOS 

systems (www.eyeonwater.org/ulva). EyeOnUlva records the frond colour of Ulva lactuca 

(step 1/3) and provides a fast quantification of its total dissolvable protein concentration in 

5 % intervals, between 0 and 25 % dry weight (step 2/3). The data can be send (step 3/3) to 

a data base, part of the CITCLOPS project (www.citclops.eu). 
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most notably the nitrate concentration as the decisive factor for the change of the frond colour in 

U. lactuca. However, illumination levels and especially UV-radiation in the field drastically vary 

from those applied during in the laboratory experiments. Yet, colorimetric analysis of 83 randomly 

collected U. lactuca in the field under daylight conditions fully supported our laboratory results, 

hence the proof of concept of the ‘EyeOnUlva’ smartphone app. These were significant relations 

between the availability of nutrients, frond colour of U. lactuca, and the internal total dissolvable 

protein concentration. This relationship was transferred into the ‘EyeOnUlva’ app, enabling an 

estimation of the nutritional value of U. lactuca for food or feed, as well as give insight into 

eutrophication status of the brackish and marine environments, where U. lactuca is found. 

Spectro-radiometric analysis  

The spectro-radiometric analysis exactly aligns with documented observations and 

additionally quantifies the change in frond colour, expressed by the remote sensing reflectance 

(Rrs). Analysis showed a maximum Rrs within the green spectra, which can be related to the 

synthesis of chlorophylls. This is supported by a change of Rrs within the red and far red regions 

around 700-780 nm, which corresponds to the change of Rrs within the green spectra around 556 

nm (Figure 3-3). This case is widely used in ratio fluorescence measurements, which measures re-

emitted light of a plant in the red and far red regions to determine the relative chlorophyll content 

of a leaf (Maxwell & Johnson 2000).  

Our spectro-radiometric measurements of U. lactuca fronds over 5 days, cultured at 

saturating and non-saturating levels of DIN and DIP under low and optimal light conditions, 

perfectly aligns with documented variations in frond colour of seaweeds contributed to changes 

in the tissue nitrogen content, and resembles physiological patterns of U. lactuca. 
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Total dissolvable protein- and total dissolved carbohydrate concentration 

Both the extraction of the protein and the quantification of the extracted dissolvable 

protein in seaweeds are prone to discussion: direct extraction procedures to determine the total 

dissolvable protein concentration are likely influenced by the extraction procedure and the 

dissolvable proteins are “just” their dissolved fraction (Angell et al. 2016b).The analyses of 

individual amino acids also has it problems: not all amino acids can be analysed reliably (Angell et 

al. 2014). The determination of protein concentration in seaweed by analyses of total N and 

subsequent conversion to protein is hampered by varying conversion factors (Bjarnadóttir et al. 

2018), as the protein concentration strongly depends on species, location and time of the year 

(Fleurence 1999, Gaillard et al. 2018).   

Here we made the choice to determine the total dissolvable protein concentration in one 

species of seaweed, strictly performed in the same manner regardless of sampling time and 

location. We encourage an open discussion on absolute numbers and (in the meantime) have 

confidence in relative differences of results derived from different experimental treatments and 

samples of U. lactuca collected in the field and analysed in the laboratory. Our results on total 

dissolvable protein concentration of 3.0 % to 26.6 % DW in U. lactuca are within the reported 

range found by other authors: Fujiwara-Arasaki et al. (1984) found a maximum protein content of 

20 % to 26 % DW in Ulva pertusa and Fleurence (1999) reviewed the protein contents for species 

of the genus Ulva, which reportedly ranged from 10 % to 26 % DW and specifically for U. lactuca 

between 10 % and 21 % DW. Similar to proteins in seaweed, carbohydrates have received 

increased attention as a sustainable resource for biofuels and the manufacture of high valuable 

carbohydrate products (Adams et al. 2011, Ashok et al. 2013, Saqib et al. 2013). Likewise to the 

procedure of protein extraction, several extraction and determination methods can be applied to 

the total dissolvable carbohydrate analysis in seaweed and yet no standardized methodology has 

prevailed (Manns et al. 2014). The total dissolvable carbohydrate concentration (% DW) in U. 
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lactuca had been described as high as 62 % by Ortiz et al. (2006), which is similar to our results in 

fronds with less than 15 % DW protein content (Figure 3-4). The clear threshold for carbohydrate 

content (% DW), when protein content exceeded 15 % DW, can be referred to the role of 

carbohydrates as internal energy storage, which is utilized in a wide variety of metabolic pathways. 

Given this threshold in total dissolvable carbohydrate concentration the ’EyeOnUlva’ app can also 

be indirectly used for selecting suitable biomass sources of U. lactuca for the biorefinery of 

carbohydrates. 

RGB analysis 

Chlorophyll in the photosystems allows U. lactuca to absorb energy from light. Its strongest 

absorbance is within the blue portion of the visible light, followed by the red portion, while green 

and near-green portions are poorly absorbed and consequently reflected, which produces the green 

colour of the chlorophyll containing frond. This was clearly mirrored by the spectro-radiometric 

measurements of living specimen (Figure 3-3) and the analysis of the RGB values in images of U. 

lactuca fronds (Figure 3-5). The digitally created images capture the radiometric characteristics of 

the scene as realistic as possible, which is physical information about the light intensity and colour 

of the scene. However, we realize that a number of corrections, such as for ‘gamma’ and 

‘illumination’, must be applied in the RGB format to maintain reliable and comparable results 

(Novoa et al. 2015). It can be argued that the relatively high correlation between protein content 

(% DW) and colour appearance can be contributed to chlorophyll concentrations, the main 

pigment protein in green seaweeds, embedded in a protein structure (Thomas & Perkins 2003), 

but still it leaves the applicability of our newly developed ‘EyeOnUlva’ as proof of concept intact, 

i.e. enabling to estimate protein concentration based on colour of the fronds. 

Implications and applications 

In this study, we quantified the relationship between frond colour and protein content (% 

DW) of U. lactuca and developed an inexpensive, fast, easy and safe to use test method to estimate 
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the protein content (% DW) of U. lactuca by digital imaging, accessible to everyone with a 

smartphone. A similar approach based on a print-out version of a colour comparison scale to 

determine total tissue nitrogen in U. lactuca and Gracilaria gracilis (Rhodophyta) was introduced by 

Robertson-Andersson et al. (2009). With the application EyeOnUlva we will bring the analysis a 

step forward and eliminate the observer’s bias and standardize measurements, as well as offer a 

convenient and timely solution in a citizen science approach. Moreover, this study shows the fast 

response in colour change by U. lactuca to environmental changes in nutrient availability. This 

response gives indirect clues for changes in water quality and can support existing water 

monitoring techniques, such as the Forel-Ule colour comparator scale or Secchi-disk 

measurements, which has been applied since the 19th century to estimate the water quality of 

natural waters by its colour. A modern Forel-Ule ‘do it yourself’ colour comparator for 

environmental monitoring has been developed by Novoa et al. (2014), with its digital version 

‘EyeOnWater’ successfully in use (eyeonwater.org/colour). The ‘EyeOnUlva’ application joins this 

conceptual idea of colorimetric techniques and not only represents a useful tool to the aquaculture 

industry to assess the nutritional value of their seaweed crop and determine its feeding quality in a 

cost-effective way, but is also applicable in environmental surveys, including citizen science 

programs. The ‘EyeOnUlva’ application can be freely downloaded from the website 

www.eyeonwater.org. The data collection is part of the CITCLOPS project (www.citclops.eu). 

 

3.6 Acknowledgements 

In memory of Dr. Marcel Wernand: we will remain deeply grateful for his kindness, 

dedication, and his support as a professional and as a friend. We greatly thank Swier Oosterhuis 

(NIOZ, Texel, The Netherlands) for his expertise and support in protein and carbohydrate 

analysis. We also acknowledge Ilse Wallaard for her reliable assistance and work in the laboratory 

and thank the NIOZ nutrient laboratory, especially Sharyn Ossebaar, for the precise nutrient 


	Chapter 3



