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ABSTRACT 

Although seaweeds have been traditionally used for food and medicine, their uses have 

immensely developed and diversified in recent years. One of the most important usage of 

macroalgae is in the food industry, as a source of phycocolloids or direct human 

consumption. For this reason, the red alga Chondracanthus teedei was chosen for this end 

of degree project. The object of this study was to optimise the culture conditions of this 

species and assess the combined effects of irradiance (high light or low light), temperature 

(20 °C or 25 °C), salinity (25, 35 or 45) and nutrient enrichment (NH4
+ or NO3

-) on its 

growth and tissue composition. The experiment was carried out in the laboratory under 

controlled conditions in order to reproduce all the possible combinations of the 

environmental factors. The results showed that irradiance and nutrient enrichment were the 

main factors affecting the growth of the species, and salinity had the least effect, supporting 

the euryhaline nature of C. teedei. Higher growth rates were reached with nitrate 

enrichment, high light intensity, 25 °C, and salinities between 25 and 35, reaching a 

maximum daily growth rate of around 9 %. The maximum values for thallus nitrogen 

concentrations and photosynthetic pigments were reached under the same conditions: high 

temperatures and low irradiances. The information gathered in this experiment could serve 

as a base to optimise culture conditions according to the purpose of the production.  

 

RESUMEN 

Aunque tradicionalmente las macroalgas se han utilizado principalmente como fuente de 

alimento y medicina, sus usos se han desarrollado y diversificado inmensamente en los 

últimos años. Uno de sus usos más importantes es su aprovechamiento en la industria de la 

alimentación, tanto por su contenido en ficocoloides como por su consumo directo. Por 

estas razones, se escogió al alga roja Chondracanthus teedei para la realización de esta 

memoria. El objetivo de este estudio fue optimizar las condiciones de cultivo para esta 

especie y evaluar los efectos combinados de la irradiancia (alta o baja), la temperatura (20 

°C o 25 °C), la salinidad (25, 35 o 45) y la adición de nutrientes (NH4
+ o NO3

-) sobre su 

crecimiento y composición interna. El experimento se llevó a cabo bajo condiciones 

controladas de laboratorio con el fin de reproducir todas las posibles combinaciones de los 

factores ambientales. Los resultados mostraron que los factores de irradiancia y adición de 

nutrientes fueron los que más afectaron el desarrollo de las algas, mientras que la salinidad 



8 
 

fue el factor que menos influyó, apoyando la naturaleza eurihalina de la especie. Las tasas 

de crecimiento más altas se obtuvieron con enriquecimiento de nitrato, irradiancia alta, 

temperatura alta y salinidades entre 25 y 35, alcanzando el máximo valor de 9%. Los 

valores máximos de nitrógeno interno y pigmentos fotosintéticos se alcanzaron en las 

mismas condiciones: temperatura de 25 ºC e irradiancia baja. La información recogida en 

este experimento podría servir de base para optimizar las condiciones de cultivo según el 

objetivo de la producción.  
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1. INTRODUCTION 

The use of seaweeds by humans can be traced back thousands of years, as far as 14000 B.C. 

(Pérez-Lloréns et al., 2016). Although they were traditionally used for food and medicine, 

in recent years their uses have diversified and developed in other fields, such as cosmetics, 

textile, fertiliser, personal care ( McHugh, 2003; Ashok et al., 2015) and animal feed (e.g. 

for fish, cattle or birds) (e.g. Hasan & Chakrabarti, 2009). Other potential uses of seaweeds 

are their usage as a possible substitute for salt, their role in the industrial production of 

biofuel (McHugh, 2003; FAO, 2016) or their application as biofilters for wastewater 

treatment (e.g. near fish farms) (McHugh, 2003; Hernández et al., 2006). 

The wide range of products derived from seaweed have an estimated total annual value of 

between US$10 and US$16 billion (White & Wilson, 2015), with projections of market 

growth to reach US $17.6 billion by 2021 (marketsandmarkets.com, 2016). Between 1995 

and 2012, the global production of seaweed increased 176%, from approximately 7,5 

million tonnes to 21 million tonnes, obtained both from wild populations and seaweed 

aquaculture (White & Wilson, 2015). Furthermore, by 2014, the total annual production of 

seaweed was around 28,6 million tonnes (FAO, 2016), having increased approximately 

36% in just 2 years.  

The earliest record of seaweeds being used as food is that of Japan in the fourth century, 

and a little later in the sixth century in China and Europe (McHugh, 2003; Pérez-Lloréns et 

al., 2016). Japan, China and Korea are currently the largest consumers of seaweed in the 

world, with just Japan consuming around 97000 tonnes of dry weight per year, making up 

for 20% of their daily food intake (Pérez-Lloréns et al., 2016). Europe, on the other hand, 

consumes around one thousand times less, with approximately 97 tonnes per year (Pérez-

Lloréns et al., 2016), presenting an enormous potential for expansion in this field. 

Seaweeds are also a source of phycocolloids, which are the hydrocolloids found in their cell 

walls (agar, alginate and carrageenan). These molecules are of great importance due to their 

elevated hygroscopic power, that is, their capacity to retain water. This makes them ideal 

for the production of hydrogels with different levels of viscosity. These gels are used as 

additives, stabilisers, thickeners, excipients and gelling agents, highly valuable in the food, 

cosmetics and pharmaceutical industry, among others. The use of seaweeds as a source of 

hydrocolloids was discovered in 1658, but it was not until the 1930s that it was produced 

commercially (McHugh, 2003; Pérez-Lloréns et al., 2016). 
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The constant growth of the seaweed industry, both due to the increase in traditional uses, as 

well as the introduction of newer applications, is putting an enormous strain on the natural 

populations around the world (Mantri et al., 2009; Mac Monagail et al., 2017). This has 

created the need to produce crops of several seaweed species in aquaculture to support the 

increasing demand for raw material in all the different sectors ( Zinoun et al., 1993; Ashok 

et al., 2015; Pérez-Lloréns et al., 2016).  

Today, the global production of seaweed is significantly controlled by aquaculture, 

contributing 95,5% to the total production of seaweed in 2013 (FAO, 2016). In 2014, 27,3 

million tonnes of seaweed were cultured, with a calculated first-sale value of US$ 5,6 

billion. Furthermore, the farming of aquatic plants and seaweed contributes to over a 

quarter of the total aquaculture production, with the other three quarters being constituted 

by food fish aquaculture (aquatic animals for human consumption) (FAO, 2016).  

As shown in table 1, the predominant countries in the production of seaweeds in 

mariculture are China (50,1%), and Indonesia (34,6%), followed by the Philippines (5,8%) 

and Korea (4,2%) (FAO, 2015). This means that just the top two countries are responsible 

for almost 85% of the entire world production, and the top four control almost 95%.  

Table 1: Top 10 producers of seaweeds in mariculture (FAO, 2015). 

 

The seaweed farming industry is growing rapidly, expanding at 8% per year in the last 

decade. Between 1995 and 2014, the production has gone from less than 10 million tonnes 

worldwide to around 30 million tonnes and is now practiced in approximately 50 countries 

around the world. The main contributor to this growth has been Indonesia, with the farming 

of the carrageenophytes Kappaphycus alvarezii  and Eucheuma spp., increasing its annual 

production by ten times between 2005 and 2014 (FAO, 2016).  
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The scientific community is constantly advancing in this field, with new culture techniques 

being developed and different species of algae being studied for their properties and 

potential uses. Examples of these studies are those carried out by the University of Cadiz in 

2015, experimenting with different species of red seaweeds grown on ropes, both in 

traditional salt pans (sheltered area) and the inner part of the Cadiz Bay (exposed area). 

These experiments compared the growth of Gracilariopsis longissima and Chondracanthus 

teedei in “La Esperanza”, a traditional salt mine (Bermejo, et al.,submitted),adding a third 

species (Gracilaria bursa-pastoris) in the inner part of the bay (Cara, 2016). These 

previous experiments suggested further steps to optimise the culture of the three species 

(Cara, 2016; Macías, 2016).  

Chondracanthus teedei is a Rhodophyta with great economic potential due to its high 

content in carrageenan and its direct use as food for human consumption (Pereira, 2016; 

Pérez-Llorens et al., 2016). Over recent years, the interest in this seaweed has increased, 

and various studies have been carried out regarding its culture potential (e.g. Bastos, 2013), 

the dynamics of its population (e.g. Pereira, 2013) or its carrageenan properties (e.g. Soares 

et al., 2016).  

The growth of macroalgae is controlled by several environmental variables. Light is the 

most important and complex abiotic factor. It provides the necessary energy for 

photosynthesis and also constitutes an environmental signal, for regulation and 

development (Wiencke & Bischof, 2012; Hurd et al., 2014). However, high irradiances or 

long photoperiods can produce negative effects on the biological performance of marine 

macrophytes, reducing the photosynthetic energy in a process called photoinhibition 

(Wiencke & Bischof, 2012).  

Another abiotic factor, which has a fundamental effect on seaweeds, is temperature. Its 

effects on the metabolic rates, make the interactions with other factors more complex (Hurd 

et al., 2014). The optimum temperature conditions vary among different species of algae 

and normally correlate with the temperature regime in their habitat. However, this is not 

always the case, and there have been studies in which the optimum temperature is far from 

that of their natural conditions (Hurd et al., 2014).  

In coastal environments, nutrients also play a key role in the growth of seaweeds. Algae use 

light energy to fix carbon and combine it with other elements, such as nitrogen and 

phosphorous. The stoichiometric ratios at which they are combined are relatively constant. 
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According to Atkinson and Smith (1984), in seaweeds, this median C:N:P ratio is around 

550:30:1. Duarte (1992), however, suggested mean ratios slightly enriched in nitrogen vs. 

phosphorus for macroalgae (C:N:P of 800:49:1).  

The most frequently limiting nutrient in marine environments is nitrogen, followed by 

phosphorous and sometimes iron (Hurd et al., 2014). The principal sources of nitrogen for 

macroalgal growth are in the form of nitrate and ammonium, although different species 

have different affinity and dynamics for each form. Ammonium has an energetic advantage 

over nitrate, as less energy is required for transport and it can be used immediately for 

amino acid synthesis. Nitrate must be reduced to nitrite and then to ammonium, using a 

total of eight electrons per NO3
- molecule being reduced to NH4

+. Consequently, 

ammonium is the preferred inorganic N form for most algae (Wiencke & Bischof, 2012; 

Hurd et al., 2014).  

Salinity also plays a key role in the growth of macroalgae. From a biological point of view, 

it especially influences osmotic pressure (Wiencke & Bischof, 2012; Hurd et al., 2014). In 

general, upper-shore seaweeds exhibit broad salinity tolerance, while sublittoral species 

have narrower tolerance limits (Wiencke & Bischof, 2012; Hurd et al., 2014). When 

salinity approaches tolerance limits, in the case of most seaweeds, growth is strongly 

reduced or completely inhibited, in order to use the available energy for osmotic 

adjustment, guaranteeing survival under changes in this variable (Wiencke & Bischof, 

2012).  

In addition to growth, photosynthesis and respiration in algae are also strongly influenced 

by salinity. This adds complexity to the overall effect as the optimum salinity is different 

for each of these processes (Hurd et al., 2014; Wiencke & Bischof, 2012). 

The objective of this study is to optimise the culture conditions of the red alga 

Chondracanthus teedei and gain an insight of the combined effects that several key 

environmental variables (irradiance, temperature, salinity and nutrients) can have on the 

growth and tissue composition of this seaweed species. Moreover, the information obtained 

during the study can serve as a base for the improvement of seaweed culture in the field. A 

better understanding of how certain environmental factors affect the species is the key to 

determine the most favourable culture areas for the growth of C. teedei.  
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2. MATERIALS AND METHODS 

2.1. Species used in the cultures  

The species selected for this study is the carageenophyte Chondracanthus teedei (Mertens 

ex Roth) Kützing, which belongs to the order Gigartinales (Kützing & Kützing, 1843). It 

was chosen due to its high growth potential (up to 7% day-1), its profitable carrageenan 

content (50 to 70 % of dry weight) (Zinoun et al., 1993) and its interests for human 

consumption (Pérez-Lloréns et al., 2016). In Japan, where it is commonly eaten, it is known 

as Shikin-nori or Cata-nori (Pereira, 2016). The species is relatively common in Cadiz Bay 

(Pérez-Lloréns et al., 2012), where there have been attempts to culture the species 

vegetatively (Cara, 2016; Macías, 2016). 

Chondracanthus teedei was described for the first time in Portugal (Guiry, 1984), and has 

since been identified in the East Atlantic (from Britain to Angola), the Mediterranean, the 

Black Sea,  the Pacific (Cabioc’h et al., 1995), the Indian Ocean (Silva et al., 1996) and 

Brazil (Schmidt et al., 2012). 

This macroalgal species generally grows in areas with strong currents, on silty shores in the 

lower intertidal zone. It has a cartilaginous and cylindrical base, attached by a basal disk 

and a thallus which flattens towards the apical branches, although the morphology of the 

species can vary with the hydrodynamics. It can grow up to 30 cm long and has purple-red 

or blackish fronds growing from the main thallus (generally 2 to 3 mm wide), which can be 

slightly translucent (Figure 1). Female gametophytes can present cystocarps in winter, 

which measure up to 1mm in diameter (Figure 1) (Cabioc’h et al., 1995; Schmidt et al., 

2012). 

 

Figure 1: The selected species of study: Chondracanthus teedei. The right image shows a female gametophyte 

with cystocarps.  
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2.2. Stock material  

The biomass needed for the present end-of-degree project was collected in March 2016, in 

the salt pans of “Tres Amigos” (36º 27' N, 6º 13' O), located in the province of Cadiz 

(Figure 2). The seaweed was collected by hand at low tide and placed in clear plastic bags. 

It was then transported to the laboratory in darkness inside a cool box.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Location of the "Tres amigos" salt pans where the algae were recollected. 
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Once in the laboratory, the epiphytes were carefully removed from the thalli. The biomass 

was then placed in aerated seawater, under controlled conditions, and left to acclimatise for 

two weeks prior to the beginning of the experiment. This initial stock material was 

maintained at an irradiance of approximately 160 µmol m-2 s-1, 12:12 photoperiod, 

temperature of 16°C and salinity 35‰. Nutrients were added to the stock once a week in 

small concentrations to avoid nutrient deficiency: 250 µM NO3
- and 30 µM PO4

-. 

The seawater used to maintain the stock material was collected in the Rio San Pedro, an 

arm of the sea in the vicinity of the Rio San Pedro University Campus (Puerto Real, Cadiz). 

It was collected with water pumps and transported to the laboratory in 60-litre plastic 

barrels. This stock water was renewed every two weeks to prevent the appearance of 

bacterial growth. The aeration of the water was achieved using aquarium air pumps with 

silicone tubes and stones.  

 

2.3.  Experimental design  

During the study, the effects of different environmental factors on the growth of 

Chondracanthus teedei were evaluated. The factors considered were light intensity, 

temperature, salinity and nutrient enrichment. Different levels were selected for each factor 

in order to study the combined effect of each factor on the algae.  

Two levels of irradiance were selected: low light (LL; 50 µmol m-2 s-1) and high light (HL; 

360 µmol m-2 s-1); two levels of temperature: 20 °C and 25 °C; three levels of nitrogen 

enrichment: control (without nutrient enrichment), NO3
- enrichment (1mM) and NH4

+ 

enrichment (1mM); and three levels of salinity: 25, 35 and 45 (Table 2).  

Table 2: Factors and levels selected for the experiment. 

Factor Levels 

Light Low (LL) High (HL) - 

Temperature 20 °C 25 °C -  

Nutrients Control (C) NO3
- NH4

+ 

Salinity  25 ‰ 35 ‰ 45 ‰ 
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Each combination of levels was repeated 3 times (n = 3), resulting in 108 replicates (36 

treatments x 3 replicates). With the goal of simplifying the experiment in time and space, it 

was divided into 4 cycles, each cycle comprising 27 experimental units. During each cycle, 

temperature and light remained constant, and only the effects of the remaining two factors 

(salinity and nutrients) were studied within the cycle. This added a fifth factor random to 

the experiment (cycle; Table 3), which is key in determining experiment replicability.  

 

Table 3: Levels evaluated in each cycle, with their corresponding conditions.  

 Cycle 1 Cycle 2 Cycle 3 Cycle 4 

Light HL LL HL LL 

Temperature (°C) 20 20 25 25 

Nutrients C NO3
- NH4

+ C NO3
- NH4

+ C NO3
- NH4

+ C NO3
- NH4

+ 

Salinity (‰) 25 35 45 25 35 45 25 35 45 25 35 45 

Total combinations 9 9 9 9 

x 3 replicates 27 27 27 27 

 

The cycles were separated in time. Each of them consisted of nine days, during which, the 

medium (not enriched, enriched with NO3
- and enriched with NH4

+) was renewed every 

three days to avoid nitrogen limitation in enriched treatments. This water, also collected 

from the Río San Pedro, was filtered through sand and filter paper, in order to eliminate 

most of the suspended solids and organisms from the water, minimising interference with 

the algae. Salt was then added to the water until reaching a salinity of 45, and it was stored 

in a 900-litre tank. To obtain the 25 and 35 dilutions of salinity, a volume of the water of 45 

salinity was separated into 60-litre barrels and distilled water was added for the desired 

salinities. The quantities needed for the mixtures were calculated with the following 

equation:  

𝑉1 ∙ 𝐶1 = 𝑉2 ∙ 𝐶2 

𝑉1 =
𝑉2 ∙ 𝐶2

𝑉1
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where C1 is the salt concentration of the initial seawater collected (45), V1 is the volume of 

distilled water needed for the dilution, C2 is the expected salt concentration of the resulting 

dilution (25 ‰ or 35 ‰), and V2 is the volume wanted of the new dilution (60 litres).  

The nutrient solutions (0.1M) were prepared previously, from dry potassium nitrate (KNO3) 

and dry ammonium chloride (NH4Cl). For the treatment with nitrate, 10 mL of 0.1M KNO3 

were added, resulting in a 1mM solution in the flasks. In addition, for treatments with 

ammonium, 10 mL of 0.1M NH4Cl were added to the 1-litre flask, resulting in a 1mM 

solution. Dissolved nitrogen forms were not added to the control solutions. Nutrient 

enrichment was carried out using a 5mL air displacement pipette. Phosphate was added to 

the media to avoid phosphorous limitation (0.1mM). These concentrations were calculated 

for a daily growth rate of 10 %, using the data collected by Macías (2016) on the relation 

between water nutrient concentration and the daily growth rate of this species.  

The frequent renewal of the culture medium as the seaweed took up the nutrients, 

minimised changes in nutrient concentration. Therefore, this semi-continuous culture 

system is one of the most efficient ways of determining the relationship between external 

nutrient concentration and growth rate in seaweeds (Hurd et al., 2014). 

For the development of the study, 27 1-litre Erlenmeyer flasks were used during each cycle. 

They were filled with water and randomly placed in two waterfilled baths with a continuous 

flow system, so as to maintain the temperature and irradiance constant between flasks, 

avoiding bias that could affect the results (Figure 3). To this end, the flasks were regularly 

moved between and within the baths during the cycle. The temperature was controlled with 

aquarium heaters, and the flow was controlled by aquarium pumps, placed in large barrels 

which the water flowed through (Figures 3 and 4). The baths were surrounded with dark 

curtains to avoid external light influences.  

The thermal baths were placed under fluorescent lights, with adjustable irradiance (Blau 

Aquaristic Lumina 1080). This irradiance was measured with a LI-COR LI-1500 Spherical 

Light Sensor, capable of measuring light in water. 
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Figure 4: Water bath with continuous flow system. Water passes from the heated barrel, through the bath, and 

back to the barrel. 
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Figure 3: Diagram of the water flow system and example of the random placing of flasks in water baths. N1, N2 and N3 

correspond to the different nutrient levels; S1, S2 and S3 correspond to the different salinity levels. Irradiance and 

temperature were constant. Matching colours correspond to replicate combinations.  
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2.4.  Experimental process 

The continuous-flow water system was prepared three days in advance, in order for the 

temperature of the water and the water flow to stabilise before the beginning of the cycle. 

This consisted in the following:  

- Filling of the water baths and barrels with fresh water 

- Connection of hoses and pumps 

- Activation of aquarium heaters with the requested temperature 

At the start of every cycle, between 10 and 15 g of stock biomass was taken as an initial 

sample (control biomass; day 0) and stored in darkness in a -80 °C freezer.  The 27 flasks 

were filled with seawater of their assigned salinity and placed in the water baths. Then, 27 

seaweed thalli, weighing 4 grams each, were taken and separated from the stock material. 

The thalli were selected according to their appearance and size, preferring larger and 

healthier looking individuals, although not distinguishing between sporophytes or 

gametophytes.  

These thalli were each placed in one of the 27 flasks, and then the corresponding nutrients 

were added (control, NO3
-, NH4

+). The flasks were aerated and covered with parafilm.  

During the experiment, water temperature in the flasks was checked regularly using a 

digital thermometer. Every three days, the salinities were checked with a refractometer, and 

the water was changed and enriched with the requested nutrients. Water samples were also 

taken every three days and stored in 10 mL plastic test tubes in darkness in a -20 °C freezer.  

On the ninth and last day of the cycle, the thalli were removed from the flasks and dried 

with absorbent paper to eliminate the excess water. They were then weighed and stored in 

darkness in a freezer at -80 °C, ready for further analyses.  

 

2.5.  Control cycles 

To verify that the results of the 4 cycles carried out were reliable and repeatable in time, 

two control cycles were completed in the same way as the previous ones. In these 

experiments, 10 different treatments from the previous phase were repeated, expecting the 

same results. 
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After they took place, the effect of the cycle on the daily growth rate was analysed with an 

ANOVA. This revealed that the cycle variable did not affect the results of the different 

treatments, and therefore, the experiments were repeatable.  

 

2.6.  Selection of data  

During the experimental process some of the nutrient additions were not performed 

correctly, and therefore the results from these treatments were excluded. The study was 

then divided into 3 separate experiments, comparing two factors in each (Table 4):  

- Experiment 1: combined effect of salinity and nutrient enrichment at high irradiance 

and 20 °C.  

- Experiment 2: combined effect of salinity and temperature at low irradiance.  

- Experiment 3: combined effect of salinity and light intensity at 25 °C.  

 

Table 4: Organisation of the 3 experiments. Abbreviations: HL - high light intensity, LL - low light intensity, 

C - control (without nutrient enrichment). 

Experiment 1 Cycle 1    

Experiment 2  Cycle 2  
Cycle 4 

Experiment 3   Cycle 3 

Light HL LL HL LL 

Temperature (°C) 20 20 25 25 

Nutrients C NO3
- NH4

+ Control Control Control 

Salinity (‰) 25 35 45 25 35 45 25 35 45 25 35 45 

Total combinations 9 3 3 3 

x 3 replicates 27 9 9 9 

 

 

2.7.  Analyses of variables 

The algae were weighed on the first and last day of each cycle to calculate the daily growth 

rate, or µ (%) of each individual. After weighing the final biomass, the algae were stored at 

-80 °C until performing further analyses: i.e. tissue C and N, phycobiliproteins 
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(phycoerythrin and phycocyanin), chlorophyll a and carotenoids. Nutrient analyses were 

also estimated in the water samples collected.  

 

2.7.1. Daily growth rate (µ) 

The estimation of growth rate was calculated at the end of every cycle. For each individual 

replicate, the alga was dried with absorbent paper and weighed at the start and at the end of 

each cycle. The daily growth rate was calculated assuming exponential growth with the 

following equation (DeBoer et al., 1978):  

 

𝜇(%) =
ln (

𝐹𝑊𝑓
𝐹𝑊0

⁄ )

𝑡
∙ 100 

 

where µ represents the daily growth rate in percentage; FWf  is the final fresh weight for 

each individual at the end of a cycle in grams; FW0 is the initial fresh weight of each 

individual at the start of a cycle in grams; and t is the time period of each cycle expressed in 

days (9 days).  

 

2.7.2. C:N ratio 

In order to determine the internal C:N ratio of the algae, approximately 1 gram of each of 

the replicates stored at -80°C was taken. The pieces were each dried with absorbent paper 

and weighed before introducing the individuals in a laboratory oven at 60°C for a minimum 

of 48 hours to eliminate any water from the samples. They were then weighed again to 

determine the relation between dry weight and fresh weight. After this, they were each 

grinded with a porcelain pestle and mortar, until obtaining a homogenous powder. The 

dried and grinded algae were then put into 2mL polypropylene Eppendorf tubes, and sent to 

the Central Service of Science and Technology (SCCYT) of the University of Cadiz for 

further measurements through mass spectrometry with CHNS elemental analysers.  
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2.7.3. Pigments 

Both water-soluble and fat-soluble pigments were measured in each thallus resulting from 

the different treatments. Water-soluble pigments refer to phycobiliproteins, that is, the 

group comprising blue (phycocyanin) and red pigments (phycoerythrin). Fat-soluble 

pigments refer to chlorophyll (green pigments) and carotenoids (colourings from yellow to 

red) (Cabrera & Martín del Río, 2015). 

 

2.7.3.1. Phycobiliproteins 

The water-soluble pigments were extracted and estimated according to Beer & Eshel 

(1985), adapted from Vergara (1993) and Cabrera & Martín del Río (2015). Approximately 

0.05 grams of each frozen sample was taken and placed in a porcelain mortar. The samples 

were then grinded in darkness, first with liquid nitrogen, and then with phosphate buffer 

(0.1M and pH 6.5). The liquid nitrogen was used to ease the grinding of larger pieces of 

seaweed, and the phosphate buffer was the polar solvent used to extract the pigments.  

After obtaining a uniform mix, the sample was transferred to a 5 mL test tube and stored in 

darkness at 4 °C for 12 hours. The solutions were then centrifuged for 15 minutes at 4200 

rpm, resulting in the separation of the sample in two phases: supernatant (floating liquid) 

and precipitate (at the bottom of the recipient). Approximately 1mL of supernatant was put 

into a plastic spectrophotometry cuvette to measure the absorbance of the liquid with a 

spectrophotometer at 455nm, 564nm, 592nm, 618 nm and 645nm. The concentration of 

phycobiliproteins was determined by the following equations:  

 

𝑅𝑃𝐸 (𝑚𝑔 𝑔−1𝐹𝑊) =
[(𝐴564 − 𝐴592) − (𝐴455 − 𝐴492)] ∙ 0,12

𝐹𝑊 (𝑔)
∙ 𝑉(𝑚𝐿) 

 

𝑅𝑃𝐶 (𝑚𝑔 𝑔−1𝐹𝑊) =
[(𝐴618 − 𝐴645) − (𝐴592 − 𝐴645) ∙ 0,51] ∙ 0,15

𝐹𝑊 (𝑔)
∙ 𝑉(𝑚𝐿) 

 

Where RPE represents R-phycoerythrin; RPC is R-phycocyanin; Ax represent the 

absorbances obtained at x wavelengths; V is the volume in millilitres of phosphate buffer 
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used for the extraction (approximately 5 mL); and FW is the fresh weight in grams of the 

alga used for the extraction (approximately 0,05 g).  

 

2.7.3.2. Chlorophyll a and carotenoids 

The fat-soluble pigments (Chlorophyll a and carotenoids) were extracted and quantified 

according to the method used by Jeffrey and Humphrey (1975) adapted from Vergara, 

(1993) and Cabrera & Martín del Río (2015).  

Approximately 0.05 g of fresh weight of alga were taken from each of the frozen samples. 

Then, the pieces were each placed in a porcelain mortar and grinded in darkness with a 

small amount of liquid nitrogen, before adding 99% acetone previously neutralised with 

CO3Mg which, in this case, was the solvent used for the extraction of the fat-soluble 

pigments.  

Once achieved a homogenous mix, the samples were transferred to 5 mL glass test tubes, 

and stored for 12 hours in darkness at 4 °C. At this point, the solutions were each filtered 

through filter paper into a graduated cylinder and the remaining volume was written down. 

Then, approximately 1 mL of the remaining solution was put into quartz cuvettes for 

measuring absorbance with a spectrophotometer at wavelengths of 480 nm, 664 nm and 

750 nm. The equations used to determine chlorophyll a (chla) and carotenoids (car) were 

the following:  

 

𝐶ℎ𝑙𝑎 (𝑚𝑔 𝑔−1𝐹𝑊) =
[11,97 ∙ (𝐴664 − 𝐴750)]

1000 ∙ 𝐹𝑊(𝑔)
∙ 𝑉(𝑚𝐿) 

 

𝐶𝑎𝑟(𝑈. 𝐶. 𝑔−1𝐹𝑊) =
[4,4 ∙ (𝐴480 − 𝐴750)]

1000 ∙ 𝐹𝑊(𝑔)
∙ 𝑉(𝑚𝐿) 

 

where Ax represent the absorbances obtained at x wavelengths; V is the volume in millilitres 

of the acetone solution remaining after the extraction; and FW is the fresh weight in grams 

of the alga used for the extraction (approximately 0,05 g).  
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The concentration of carotenoids was expressed in U.C. (relative carotenoid units) per gram 

of fresh weight, because the absorption at 480 nm is not independent of the Chla present in 

the extract.   

 

2.7.4. Nutrients in water 

To measure the initial and final concentrations of NH4
+, NO3

-, NO2
- y PO4

3- in the water 

contained in the flasks, 10 mL samples were taken during the cycles. The water was filtered 

through Whatman filters of 0,7 μm pore diameter with a syringe and stored in 10 mL test 

tubes in darkness in a -20 °C freezer until they were analysed. The samples were finally 

sent to the Laboratories at the University Institute for Marine Research (INMAR) of the 

University of Cadiz for the quantification of nutrients with Skalar SAN ++ continuous flow 

analyser.  

 

2.8. Statistical analysis  

To determine if there were significant effects of the different treatments (combinations of 

light, temperature, salinity and nutrients) on the daily growth rates and pigments of the 

algae, two-way analyses of variance were carried out. The three experiments were 

compared separately, resulting in three two-way ANOVAs. Therefore, the factors 

considered were nutrients and salinity when temperature and light remained constant 

(experiment 1); temperature and salinity when light remained constant; and irradiance and 

salinity when temperature remained constant.  

Normality and homoscedasticity of the data were verified in all cases, using the Shapiro-

Wilk test for the first and the Levene test for the latter. Posthoc analyses were also carried 

out with the Tukey Test Range Test, after carrying out the ANOVAS for each experiment. 

Statistical analyses were conducted using The R Project for Statistical Computing (R-Core 

Team, 2016) with the level of significance set at p-value < 0,05. All the results were 

represented using the average value ± the standard deviation (SD).  
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3. RESULTS 

3.1. Daily growth rate and thallus nitrogen concentration 

The statistical analyses of the daily growth rate of C. teedei when subjected to the various 

combinations of light intensity, temperature, nutrient enrichment and salinity, showed that 

all the factors had a significant effect on the growth of the macroalga. Light intensity and 

nutrient addition were the factors that had the strongest influence, and salinity showed the 

weakest. The thallus nitrogen concentrations also showed more significant differences 

when varying irradiance and nutrient enrichment.   

In experiment 1, significant differences were observed for both analysed factors, although 

no significant interactions were detected (Table 5). As displayed in figure 5, in relation to 

nutrients, the maximum growth rate took place when the medium was enriched with NO3 

(mean 8.07 ± 1.00%), with no significant differences between no nutrient enrichment and 

NH4 treatments. In the case of salinity, the lowest growth rates were obtained for 45. 

Considering nutrient treatments separately, a significant effect of salinity was only 

observed in the case of no nutrient enrichment. In this case, the growth was significantly 

lower for 45 (Figure 5). The overall highest daily growth rate was reached at a salinity of 

25, with NO3 enrichment (9.04 ± 0.49%) whereas the lowest was at salinity 45 and no 

nutrient enrichment (3.90 ± 0.34 %).  

When comparing the daily growth rates between the different levels of salinity and 

temperature in conditions of low light and no nutrient addition (experiment 2), significant 

differences were observed for both factors involved, with no significant interactions (Table 

5). According to the Tukey test, in response to salinity the daily growth rate was only 

significantly different between salinities of 35 and 45 (Figure 6). In relation to salinity, the 

highest growth rates were reached at salinity 35 (mean 3.21 ± 0.84 %). The Tukey test 

confirmed the presence of significant differences between the two levels of temperature, 

with higher growth rates at 25 °C (mean 3.07 ± 0.84 %) (Figure 7). The maximum growth 

rate obtained was at salinity 35 and temperature 25 °C (3.53±1.13 %), with the minimum 

being at 20 °C and salinity 45 (1.34 ± 0.31 %).  

The ANOVA tested for the evaluation of the effect of salinity and irradiance (experiment 3) 

on the daily growth rate of C. teedei, revealed significant differences only for irradiance, 

not detecting any significant interactions between factors (Table 5). As shown in figure 8, 
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the higher growth rates were estimated in conditions of high light intensity (mean 4.03 ± 

0.86 %), with the highest overall daily growth rate being 4.36 ± 0.22 % at salinity 25. The 

lowest rate was estimated at low light intensity and salinity 45 (2.46 ± 0.71 %). 

 

Table 5: Results of two-way ANOVAs for the evaluation of the combined effects of salinity and nutrient 

enrichment (experiment 1), salinity and temperature (experiment 2) and salinity and light intensity 

(experiment 3) on the daily growth rate of C. teedei. Abbreviations: Df - Degrees of freedom; SS - Sum of 

squares; S - Salinity; N - Nutrients; T - temperature; I - Irradiance; Res – Residuals; * p-value < 0.05; ** p-

value < 0.01; *** p-value < 0.001. 

Daily growth rate 

Experiment 1 Experiment 2 Experiment 3 

 Df SS F value  Df SS F value  Df SS F value 

S 2 15.23 4.72* S 2 5.19 6.82** S 2 2.38 1.60 

N 2 32.70 10.14*** T 1 3.57 9.41** I 1 4.15 5.58* 

SxN 4 4.26 0.66 SxT 2 0.17 0.22 SxI 2 0.30 0.20 

Res 18 29.01  Res 12 4.56  Res 12 8.93  

 

 

 

Figure 5: Daily growth rate in response to changes in nutrient enrichment and salinity, at high light and a 

temperature of 20 °C. The different colour intensities correspond to different salinities: 25 (light), 35 

(intermediate), 45 (dark). The letters above the error bars represent significant differences for P<0,05 

according to Tukey’s range test. 
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Figure 6: Daily growth rate (µ) in response to changes in salinity, at low irradiance. The letters above the error 

bars represent significant differences for P<0,05 according to Tukey’s range test. 

 

 

 

Figure 7: Daily growth rate (µ) in response to changes in temperature, at low irradiance. The letters above the 

error bars represent significant differences for P<0,05 according to Tukey’s range test.  
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Figure 8: Daily growth rate (µ) in response to changes in irradiance, at a temperature of 25°C. The letters 

above the error bars represent significant differences for P<0,05 according to Tukey’s range test.  

 

As shown in figure 9, the highest thallus nitrogen concentrations at the end of experiment 1 

were for treatments with NH4
+ enrichment, and the lowest concentrations were for 

treatments without addition of nutrients. Nitrogen concentration remained more or less 

constant among salinities, with no clear pattern. The highest concentration was 3.84 %, 

obtained with enrichment of NH4
+ and salinity 25, and the lowest value was 1.06 %, 

obtained with no nutrient addition and salinity 35.  

The tissue nitrogen concentration in relation to salinity and temperature variation 

(experiment 2) showed no clear pattern (Figure 10). The greater quota for nitrogen (2.2 %) 

was estimated at three combinations of temperature and salinity. In contrast, the lowest 

values of tissue N were obtained at 20 °C and salinities 35 (1.677 %) and 45 (1.689 %).  

In experiment 3, the internal nitrogen levels showed clear differences between irradiances, 

but not among salinities (Figure 11). The highest quota for nitrogen was measured at low 

irradiance (mean 2.20 ± 0.08 %). The lowest nitrogen concentrations were estimated in 

conditions of high light intensity (mean 1.22 ± 0.05 %).  
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Figure 9: Thallus nitrogen concentration (N) in relation to changes in nutrient enrichment and salinity. The 

vertical line represents the  mean critical quota for N in macroalgae (Peckol et al., 1994) . 

 

 

Figure 10: Thallus nitrogen concentration (N) in relation to changes temperature and salinity. The vertical line 

represents the mean critical quota for N in macroalgae (Peckol et al., 1994).  
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Figure 11: Thallus nitrogen concentration (N) in relation to changes in light intensity and salinity. The vertical 

line represents the mean critical quota for N in macroalgae (Peckol et al., 1994). Abbreviations: LL - low light 

intensity; HL - high light intensity.  

 

 

3.2. Pigment concentration 

As for pigment concentration, both water-soluble and fat-soluble pigments showed 

significant effects from temperature and irradiance in the different experiments, with little 

effect from the factor salinity. The highest concentrations were obtained at high 

temperature and low light intensity.  

 

3.2.1. Water-soluble pigments: Phycoerythrin 

For experiment 2, the ANOVA for phycoerythrin concentration in the thalli showed 

significant differences between the two levels of temperature, but no effect for the factor 

salinity (Table 6). The highest phycoerythrin concentrations were reached at 25 °C, with a 

mean value of 1.16 ± 0.57 mg·gFW-1 (Figure 12), with the highest overall value for 

phycoerythrin being 1.62 ± 0.67 mg·gFW-1, obtained at 25 °C and salinity 25. The lowest 

concentration was estimated at 20 ºC and salinity 35 (0.49 ± 0.22 mg·gFW-1).  
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phycoerythrin concentrations were obtained in conditions of low light intensity, with values 

of 1.16 ± 0.57 mg·gFW-1 whereas the lowest values were determined at high light intensity 

(mean 0.11 ± 0.13 mg·gFW-1) (Figure 13). The highest overall value was reached in 

conditions of low light intensity at salinity 25 (1.62 ± 0.67 mg·gFW-1), and the lowest was 

obtained in conditions of high light intensity and 35 salinity (0.02 ± 0.005 mg·gFW-1).  

 

Table 6: Results of two-way ANOVAs for the evaluation of the combined effects of salinity and nutrient 

enrichment (experiment 1), salinity and temperature (experiment 2) and salinity and light intensity 

(experiment 3) on the phycoerythrin concentration of C. teedei. Abbreviations: Df - Degrees of freedom; SS - 

Sum of squares; * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001. 

Phycoerythrin 

Experiment 2 Experiment 3 

 Df SS F value  Df SS F value 

Salinity 2 1.10 2.89 Salinity 2 0.5869 2.22 

Temperature 1 1.20 6.31* Irradiance 1 4.9552 37.42*** 

Salinity x Temperature 2 0.20 0.51 Salinity x Irradiance 2 0.606 2.29 

Residuals 12 2.29  Residuals 12 1.589  

 

 

 

Figure 12: Phycoerythrin concentration (RPE) in response to changes in temperature, at low irradiance. The 

letters above the error bars represent significant differences for P<0,05 according to Tukey’s range test. 
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Figure 13: Phycoerythrin concentration (RPE) in response to changes in irradiance, at a temperature of 25°C. 

The letters above the error bars represent significant differences for P<0,05 according to Tukey’s range test. 

 

3.2.2. Water-soluble pigments: Phycocyanin 

The results of the analysis of phycocyanin concentration in the experiment 2, were similar 

to those for phycoerythrin, showing significant differences between temperatures, with no 

effects for the factor salinity (Table 7). Again, the highest values for these pigments were 

obtained at 25 °C of temperature (mean 0.38 ± 0.13 mg·gFW-1) (Figure 14), reaching up to 
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As for experiment 3, irradiance significantly affected the phycocyanin content of C. teedi 

(Table 7). The ANOVA also revealed a significant interaction between salinity and 

irradiance. The highest concentration was obtained for low irradiance and salinity 25 (0.51 

± 0.12 mg·gFW-1), whereas the lowest content was for high light intensity and salinity 35 

(0.05 ± 0.02 mg·gFW-1) (Figure 15). The highest values were obtained in conditions of low 

irradiance (mean 0.39 ± 0.13 mg·gFW-1), and the lowest for high light intensity (mean 0.09 

± 0.04 mg·gFW-1).  
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Table 7: Results of two-way ANOVAs for the evaluation of the combined effects of salinity and temperature 

(experiment 2) and salinity and light intensity (experiment 3) on the phycocyanin concentration of C. teedei. 

Abbreviations: Df - Degrees of freedom; SS - Sum of squares; * p-value < 0.05; ** p-value < 0.01; *** p-

value < 0.001. 

Phycocyanin 

Experiment 2 Experiment 3 

 Df SS F value  Df SS F value 

Salinity 2 0.07 3.48 Salinity 2 0.04 3.24 

Temperature 1 0.22 21.62*** Irradiance 1 0.41 70.24*** 

Salinity x Temperature 2 0.01 0.70 Salinity x Irradiance 2 0.05 4.09* 

Residuals 12 0.12  Residuals 12 0.07  

 

 

 

Figure 14: Phycocyanin concentration (RPC) in response to changes in temperature, at low irradiance. The 

letters above the error bars represent significant differences for P<0,05 according to Tukey’s range test. 
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Figure 15: Phycocyanin concentration (RPC) in response to changes in irradiance and salinity, at a 

temperature of 25°C. The different colour intensities correspond to different salinities: 25 (light), 35 

(intermediate), 45 (dark). HL: high light; LL: low light. The letters above the error bars represent significant 

differences for P<0,05 according to Tukey’s range test. 

 

3.2.3. Fat-soluble pigments: Chlorophyll a 

The analysis of chlorophyll a for experiment 2, revealed the significant effect of 

temperature, as well as the significant interaction between salinity and temperature (Table 

8). The highest concentrations of chlorophyll a were obtained at 25 °C (mean 0.28 ± 0.49 

mg·gFW-1), reaching its maximum at salinity 25 (0.33 ± 0.04 mg·gFW-1) (Figure 16). The 

lowest concentrations were at 20 °C (mean 0.16 ± 0.05 mg·gFW-1), with the minimum 

value also obtained at salinity 25 (0.11 ± 0.02 mg·gFW-1).  

When comparing chlorophyll a concentrations at different levels of irradiance and salinity, 

the results showed that there was a significant effect of irradiance, as well as a significant 

interaction between the two factors assessed (Table 8). The highest concentrations were 

obtained in conditions of low light intensity (mean 0.28 ± 0.05 mg·gFW-1), reaching the 

maximum value at salinity 25 (0.33 ± 0.05 mg·gFW-1). The lowest concentrations were 

estimated under conditions of high light intensity (mean 0.12 ± 0.04 mg·gFW-1), reaching 

the overall lowest chlorophyll a concentration at salinity 25 (0.09 ± 0.02 mg·gFW-1) 

(Figure 17). 
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Table 8: Results of two-way ANOVAs for the evaluation of the combined effects of salinity and temperature 

(experiment 2) and salinity and light intensity (experiment 3) on the chlorophyll a concentration of C. teedei. 

Abbreviations: Df - Degrees of freedom; SS - Sum of squares; * p-value < 0.05; ** p-value < 0.01; *** p-

value < 0.001. 

Chlorophyll a 

Experiment 2 Experiment 3 

 Df SS F value  Df SS F value 

Salinity 2 0.002 0.64 Salinity 2 0.002 0.54 

Temperature 1 0.066 42.11*** Irradiance 1 0.123 79.11*** 

Salinity x Temperature 2 0.020 6.30* Salinity x Irradiance 2 0.014 4.54* 

Residuals 12 0.019  Residuals 12 0.019  

 

 

 

Figure 16: Chlorophyll a concentration (Chla) in response to changes in temperature and salinity, at low 

irradiance. The different colour intensities correspond to different salinities: 25 (light), 35 (intermediate), 45 

(dark).  The letters above the error bars represent significant differences for P<0,05 according to Tukey’s 

range test.  
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Figure 17: Chlorophyll a concentration (Chla) in response to changes in irradiance, at a temperature of 25°C. 

The different colour intensities correspond to different salinities: 25 (light), 35 (intermediate), 45 (dark). The 

letters above the error bars represent significant differences for P<0,05 according to Tukey’s range test.  

 

3.2.4. Fat-soluble pigments: Carotenoids 

The results for carotenoids concentration when comparing salinity and temperature were 

similar to those obtained for the chlorophyll a concentration. They showed a significant 

effect of temperature, as well as a significant interaction between salinity and temperature 

(Table 9). The maximum concentration obtained was 0.05 ± 0.01 UR·gFW-1, at 25 °C and 

salinity of 25, and the minimum concentration was 0.02 ± 0.004 UR·gFW-1 at 20 °C and 

salinity of 25 (Figure 18). The highest mean value for this variable was observed at 25 °C 

(0.04 ± 0.01 UR·gFW-1), and the lowest mean value was for 20 °C (0.02 ± 0.01 UR·gFW-

1).  

The analysis of carotenoids concentration under the effects of salinity and irradiance 

revealed a significant effect due to irradiance (Table 9). The higher values of carotenoid 

concentration were obtained in conditions of low light intensity (mean 0.04 ± 0.01 

UR·gFW-1), and the lower values were obtained when light intensity was high (mean 0.02 ± 

0.01 UR·gFW-1) (Figure 19). The overall maximum value was reached under low light 

intensity and salinity of 25 (0.05 ± 0.04 UR·gFW-1), whereas the lowest appeared under 

high light conditions and salinity of 25 (0.02 ± 0.01 UR·gFW-1). 
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 Table 9: Results of two-way ANOVAs for the evaluation of the combined effects of salinity and temperature 

(experiment 2) and salinity and light intensity (experiment 3) on the chlorophyll a concentration of C. teedei. 

Abbreviations: Df - Degrees of freedom; SS - Sum of squares; * p-value < 0.05; ** p-value < 0.01; *** p-

value < 0.001. 

Carotenoids 

Experiment 2 Experiment 3 

 Df SS F value  Df SS F value 

Salinity 2 0.0002 1.44 Salinity 2 0.0002 0.98 

Temperature 1 0.0014 23.21*** Irradiance 1 0.0018 19.62*** 

Salinity x Temperature 2 0.0007 5.58* Salinity x Irradiance 2 0.0006 3.37* 

Residuals 12 0.0007  Residuals 12 0.0011  

 

 

 

Figure 18: Carotenoids concentration (Car) in response to changes in temperature and salinity, at low 

irradiance. The different colour intensities correspond to different salinities: 25 (light), 35 (intermediate), 45 

(dark).. The letters above the error bars represent significant differences for P<0,05 according to Tukey’s 

range test.  
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Figure 19: Carotenoid concentration (Car) in response to changes in irradiance, at a temperature of 25°C.  HL: 

high light; LL: low light. The letters above the error bars represent significant differences for P<0,05 

according to Tukey’s range test. 

 

 

4. DISCUSSION 

This study has provided information about the effects that different environmental factors 

have on the daily growth rate, the concentration of photosynthetical pigments and the tissue 

nitrogen content of Chondracanthus teedei. It has proved that light intensity, temperature, 

salinity and nutrients all play a substantial role in the development of the species. In just 

nine days, significant effects on all of the variables considered were observed as a result of 

the different treatments applied in each of the experiments. The factors which had the 

strongest effect on the species were nitrogen enrichment and irradiance, with salinity 

having the weakest effect. The only significant interactions observed were for pigment 

concentrations.   

The weak effect of salinity on the daily growth rate reflects the euryhaline character of this 

species of macroalga. In experiment 1, when studying the effects of nitrogen enrichment 

and salinity, although the ANOVA did not detect a significant interaction between factors, 

the posthoc analysis showed a marked drop in the growth rate at salinity 45 when the alga 

was limited by nutrients (no nutrient enrichment treatment) (Figure 5). As for the 

treatments with nitrogen enrichment, although the growth was slightly lower at this salinity, 
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these differences were not significant. This drop in the daily growth rate could be related to 

a limited osmoregulation capacity in nitrogen deficiency conditions, since the synthesis of 

soluble proteins might be constrained because of this deficiency (Villazán et al. 2015). The 

daily growth rate did not show significant differences between salinities in experiment 3. 

However, when varying all factors except irradiance, under low light intensity (experiment 

2) the daily growth rate reached its upper limit at salinity 35, decreasing at either side of the 

interval (Figure 6). In general terms, for similar temperature, nutrient and light conditions,  

the daily growth rate was reduced at salinity 45, with maximum rates being between 25 and 

35. The research carried out by Avila et al. (2011), on the species Chondracanthus 

chamissoi showed similar results, with the highest daily growth rates at salinities between 

25 and 35, decreasing at either side of this interval.  

In experiment 1, at 360 µmol m-2·s-1 (HL) and temperature of 20 °C, the addition of 

nutrients was the main factor which affected growth (Figure 5). Although ammonium 

presents an energetic advantage over nitrate and is generally the preferred inorganic form of 

nitrogen for algae (Wiencke & Bischof, 2012), in this case treatments with nitrate had the 

highest daily growth rate (9.04 %). This suggests that, under the conditions of irradiance 

and temperature established, the concentration of ammonium provided (1 mM) may have 

had a toxic effect on C. teedei. According to Berges (1997), elevated ammonium 

concentrations can result in an inhibitory effect on the primary nitrate-assimilating enzyme, 

nitrate reductase. This toxicity may also be a consequence of the lack of carbon skeleton 

needed for its assimilation, creating ammonium accumulation in the cytoplasm and 

decreasing the cytoplasmic pH (Ribeiro et al., 2013). The thallus nitrogen concentration 

obtained for this experiment supports in part the ammonium toxicity hypothesis, as NH4
+ 

treatments resulted in higher internal quota for N than that for treatments with NO3
- (Figure 

9). That is, higher concentrations of nitrogen were observed in treatments with lower daily 

growth rates. In this experiment, thallus nitrogen was well below the mean critical quota for 

N in macroalgae, (2 %, according to Peckol et al., 1994) in treatments without nutrient 

enrichment, meaning that these thalli were clearly not growing at their maximum rate due 

to nitrogen limitation. 

In experiment 2, carried out under low light conditions, the role of salinity and temperature 

on the biological performance of the alga C. teedei were evaluated. The results showed that 

the daily growth rates increased with the water temperature (Figure 7). Similar results were 
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found by Zinoun et al. (1993) in the same species: growth rates increased between 5 °C and 

25 °C, until showing signs of necrosis above 30 °C. According to Wiencke & Bischof 

(2012), both growth and photosynthesis of macroalgae increase with temperature until 

reaching an upper critical level where they rapidly decline, and these limitations are due to 

temperature sensitivity of the main cellular components. In these conditions the thallus 

nitrogen concentration was higher for treatments at 25 °C than at 20 °C (Figure 10), 

coinciding with the pattern for daily growth rate. All of the treatments at high temperature 

surpassed the critical N concentration for maximum growth, yet at 20 °C only the treatment 

at salinity 25 succeeded in doing so (Figure 10), which supports the detrimental effect of 

high salinity, low temperature and low irradiance for the macroalgal growth.  

In experiment 3, when comparing conditions of low and high light intensity at 25 °C, C. 

teedei reached a higher daily growth rate at 360 µmol m-2 s-1 (HL) than at 50 µmol m-2 s-1 

(LL) (Figure 8). Zinoun et al. (1993) obtained increasing growth rates for this species with 

increasing irradiance levels, until reaching saturation limit at 500 µmol m-2 s-1. The fact that 

this macroalga still grew well at the lower irradiance (µ up to 3.5 %), supports the shade 

nature of this species, capable of living in turbid waters under dark environments (Schmidt 

et al., 2012). The thallus nitrogen concentration in this comparison was significantly higher 

under conditions of low light intensity, which may indicate a dilution of the element in the 

biomass during conditions of high growth (Viaroli et al., 1996). 

Previous field culture experiments for Chondracanthus teedei in the Cadiz Bay have 

resulted in generally lower daily growth rates than those obtained here. According to 

Macías (2016), the maximum daily growth rate reached for C. teedei was 2.5%, a similar 

rate to that found by Cara (2016). The comparison of these results with the ones obtained in 

this laboratory study suggests that there is room for improvement and optimisation of the 

field experiment designs in order to obtain higher daily growth rates and improved yields 

for the species. The lowest daily growth rates obtained in these field studies were at the 

beginning of summer, when water temperatures were around 24 °C, salinity reached 44 and 

internal nitrogen concentration in C. teedei was below 2 %, which suggested that growth 

was limited by nitrogen (Macías, 2016). According to the results obtained in this study and 

that of Zinoun et al. (1996) the temperature would be optimum for the growth of this 

species. However, in the field studies there was a loss of biomass rather than a gain. The 

information gathered in the present study, suggests that this loss of biomass at the 
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beginning of the summer could be a consequence of the combined effect of the high salinity 

and the prolonged nutrient deficiency situation. Alternatively, this biomass loss and the 

observed necrosis (Macías, 2016) could be a result of the high irradiances reached in 

summer in the Cadiz bay, which might induce photoinhibition processes and photodamage. 

Unfortunately, due to methodological constraints it was not possible to replicate these light 

intensities in the laboratory.  

The results of the analyses of photosynthetic pigments revealed higher concentrations of all 

the pigments at the higher level of temperature (experiment 2) and low irradiance 

(experiment 3). In relation to salinity, concentrations of phycoerythrin and phycocyanin 

were at their highest when salinity was 25 and lowest when salinity was 35, whereas 

chlorophyll a and carotenoids concentration showed a marked interaction between salinity 

and irradiance, varying their tendency between irradiances. In conditions of low light 

(experiment 2), both chlorophyll a and carotenoids increased with salinity at low 

temperatures and followed the same tendency as the phycobiliproteins when temperature 

was higher (Figures 16 and 18). However, when comparing irradiances in experiment 3, 

chlorophyll a and carotenoids followed the same tendency as phycobiliproteins in low light 

conditions, but opposite effect when light intensity was high: highest concentrations at 

salinity 35 and lowest at 25 (Figures 17 and 18). Similar results were obtained by Lapointe 

et al. (1984) for the species Gracilaria tikvahiae (Gigartinales), where phycoerythrin and 

chlorophyll a significantly increased with decreasing levels of light intensity and increasing 

temperature, although no significant effects were observed for other pigments. The inverse 

relationship between light intensity and pigment concentration support the effect of 

irradiance as one of the main factors controlling photosynthetic pigments (Lapointe, 1981; 

Hurd et al., 2014). On one hand, the increase in pigment concentration under low irradiance 

conditions allows the algae to take better advantage of light for their growth (Bird et al., 

1982). On the other hand, at high temperatures, when metabolism rates increase, algae 

require a substantial amount of energy and increase their pigment concentrations to fulfil 

their energy needs (Bird et al., 1982).  

The thallus nitrogen concentration tendencies were generally in accordance with those of 

the phycobiliproteins. Nitrogen content and phycobiliprotein concentrations were higher at 

elevated temperatures and low irradiances, and neither showed significant differences in 
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response to changes in salinity. This can be explained due to the nitrogen reserve function 

that phycobiliproteins have (Wyman et al., 1985; Lioten et al., 2018). 

In summary, the highest daily growth rates were obtained for treatments with nitrate 

(experiment 1), high temperature (experiment 2), high light intensity (experiment 3) and 

salinities between 25 and 35. The concentrations of all the pigments were higher at high 

temperature and, contrary to the daily growth rate, low irradiance. Phycobiliprotein 

concentration in response to salinity showed a different tendency to that of chlorophyll a 

and carotenoids. As for the thallus nitrogen concentrations, the levels only surpassed the 

critical quota of 2% in treatments with nutrient enrichment (in high light intensity 

conditions), and treatments with high temperature and low light intensity.  

The possibility of dividing the experiment into cycles has proved substantially important in 

simplifying an experiment with multiple factors and levels. This allows simple yet 

complete studies of the interactions between environmental factors and the optimisation of 

field culture conditions. Future experiments could be undertaken to complete the current 

study by evaluating all the possible combinations between the abiotic factors. A possible 

design improvement could be to carry out an orthogonal design including all the factors but 

reducing the number of treatments.  

Further studies could be carried out in order to assess the effect of these environmental 

factors on the concentration of valuable organic carrageenans, pigments and nutritional 

properties of Chondracanthus teedei. This could complement the information gathered in 

this study to determine the optimum conditions in the field for further cultures of this 

species depending on its purpose: production of biomass, phycocolloids, nutritional 

compounds of interests for the food industry, etc.  

This study has the potential to serve as a base for future studies on the effect of 

environmental variables on the enormous plasticity of colours in this species, a topic of 

great interest in high cuisine. 
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5. CONCLUSIONS 

 

• The results of this study suggest that the experimental design developed is 

appropriate for estimating the influence of environmental variables on the growth of 

Chondracanthus teedei.  

• The influence of salinity implies that C. teedei is euryhaline. This factor was the one 

that least affected the daily growth rate, thallus N concentration and photosynthetic 

pigments, although a negative effect of salinity can be seen under nutrient limited 

conditions.  

• The maximum daily growth rates were obtained under conditions of high light 

intensity, nitrate enrichment, 25 °C and salinities between 25 and 35, reaching 

growth rates of up to 9 %.  

• The best culture conditions to produce the highest phycobiliprotein concentrations 

were low irradiance, 25 ºC and 25 salinity.  

• The highest cholorophyll a and carotenoid concentrations were found at low 

irradiance, 25 ºC and 25 salinity.  

• Further studies of the effect of environmental factors on the production of internal 

metabolites of interest for the food industry could complement this study to 

determine the optimum conditions for culture according to the compounds desired.  
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