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Resumo 

 

Os bancos de rodólitos/maerl são formados por algas vermelhas coralinas, não-geniculadas, 

de vida livre, que criam estruturas tridimensionais calcificadas, através da precipitação de 

carbonato de cálcio sob a forma de calcite. São conhecidos como importantes engenheiros de 

ecossistemas em águas costeiras polares, temperadas e tropicais em todo o mundo, fornecendo 

habitat, refúgio e viveiro para as comunidades bentónicas associadas. A grande extensão 

destas comunidades cria ecossistemas bentónicos costeiros que contribuem grandemente para 

a produção de carbonato marinho e são frequentemente considerados como sumidouros de 

carbono. Apesar da grande extensão destes campos no Atlântico, poucos estudos abordam a 

sua produtividade global e o impacto que sobre eles exercem as alterações climáticas. 

O objectivo deste estudo é abordar o potencial impacto combinado do stress térmico e 

nutricional sobre os rodólitos do género Phymatolithon sp., distribuídos por todo o 

arquipélago da Madeira (Portugal). Estas algas e as suas comunidades associadas são 

afectadas pelas alterações climáticas globais, entre elas o aumento das temperaturas a nível 

mundial. Contudo, este fenómeno global é também marcado pelo aumento da magnitude e 

frequência de eventos de temperaturas extremamente elevadas (Ondas de Calor Marinhas, 

dito Marine Heatwaves - MHWs). As ondas de calor marinhas, tal como definidas por 

Hobday et al. (2016), são eventos anómalos de altas temperaturas, quando as temperaturas da 

água do mar excedem os limiares sazonais e/ou regionais estabelecidos durante um período de 

pelo menos 5 dias. Estas tendências de variações de factores ambientais, definidos como 

factores de stress global, aumentaram em mais de metade ao longo do século XX, e prevê-se 

que a sua frequência continue a multiplicar-se nas próximas décadas. A termotolerância ao 

aumento da temperatura e a eventos extremos é vital para estas espécies e as comunidades que 

a elas estão associadas, dado que a temperatura é um factor limitativo a todas as reacções 

bioquímicas e, através da actividade enzimática e celular alterada, influindo diretamente sobre 

o crescimento e a sobrevivência. Varias espécies de rodólitos têm mostrado perdas diretas em 

populações, assim como competição indireta e pressão de predação por mudanças bioticas, 

tanto no Oeste e Norte da Austrália, como no Atlântico Norte. Infelizmente, este fenómeno 

não constitui o único perigo, uma vez que também estão expostos a eventos de stress 



 

 

localizados, ou a factores locais de stress. A urbanização costeira em conjunção com padrões 

de precipitação alterados pode aumentar a entrada de nutrientes de origem terrestre, criando 

eventos localizados de enriquecimento de nutrientes. As regiões densamente povoadas estão, 

portanto, sujeitas a uma maior entrada antropogénica indirecta e directa de nitratos, amoníaco 

e fosfatos, aumentando o risco de eutrofização das águas costeiras. O aumento da entrada de 

nutrientes traduz-se no crescimento oportunista de certas algas, nomeadamente macroalgas 

verdes e fitoplâncton, afectando os estados tróficos dos ecossistemas locais. Fisiologicamente, 

o pequeno número de estudos existentes sobre as algas coralinas mostra uma variedade de 

respostas ao enriquecimento de nutrientes, com a produção primária e a calcificação 

mostrando respostas específicas das espécies a este factor de stress local. 

A espécie Phymatolithon sp., uma das 4 espécies predominantes que compõem os bancos de 

rodolitos do Caniçal (Madeira), bem como outros bancos do arquipélago da Madeira 

(Portugal), demonstrou estar geneticamente ligada à espécie continental Phymatolithon 

lusitanicum e à espécie Phymatolithon calcareum do Atlântico Norte (Pardo et al. 2014, 

Neves et al. 2021). A espécie Phymatolithon sp. é assim representativa dos bancos de  

rodólitos e da biodiversidade a eles associada nas águas costeiras oligotróficas do arquipélago 

da Madeira. Para melhor compreender a resposta destas comunidades, é necessário considerar 

a resposta fisiológica aos factores de stress globais e locais das suas espécies âncora. Assim, a 

resposta fisiológica primária de produção e calcificação de Phymatolithon sp. às ondas de 

calor e ao enriquecimento de nutrientes, bem como o efeito combinado de ambos os factores, 

foram analisados para perceber o efeito que estes eventos têm sobre a fisiologia da espécie. 

Os dados de temperatura e irradiância dos sensores instalados no banco de rodólitos do 

Caniçal e do programa Marine Heatwave Tracker (Schlegel 2018) foram utilizados para 

calcular e simular uma réplica experimental de uma onda de calor significativa e realista para 

esta localização. O conceito experimental foi simular uma MHW «forte» de 2 semanas 

(Hobday et al. 2016), com um pico de 4 dias de 24,5°C e um aumento e diminuição linear de 

0,5°C/dia. O evento simulado de MHW teve um efeito positivo na calcificação: tanto na luz 

como no escuro, os rodólitos responderam com um crescimento inicial da calcificação. O 

enriquecimento com  nutrientes induziu maiores taxas de calcificação, mas praticamente não 

produziu alterações na fotossíntese e na respiração. A calcificação foi significativamente 

sensível ao factor temperatura extrema, uma vez que tanto a calcificação na luz como no 

escuro tiveram grandes aumentos comparativamente com os valores iniciais.  



 

 

A resposta ao evento combinado de MHW e enriquecimento em nutrientes mostrou aumentos 

nas taxas de fotossíntese e calcificação, bem como nos integrais diários do volume destes 

processos. A calcificação foi particularmente reactiva: como a precipitação de CaCO3 seguiu 

as mesmas tendências que quando exposto ao enriquecimento de nutrientes sob temperatura 

de controlo, o tratamento MHWxNE obteve taxas mais elevadas de calcificação à luz do que 

o tratamento MHW. A interacção encontrada significa que a resposta fisiológica ao evento 

MHW é ampliada pela resposta positiva ao enriquecimento de nutrientes. Isto permite inferir 

a potencial resposta da produtividade dos bancos madeirenses e a produção de carbonatos face 

à crescente frequência e intensidade dos eventos de anomalias térmicas e os potenciais efeitos 

interactivos com a eutrofização costeira. De notar que o estudo que aqui se apresenta traduz 

resultados ligados apenas a dois factores de stress durante uma época específica do ano. Para 

compreender plenamente o padrão de resposta fisiológica de Phymatolithon sp. seriam 

necessários estudos semelhantes que tivessem em consideração a sazonalidade e o aumento da 

exposição ao stress. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Abstract 

 

Rhodolith/maerl beds are formed by free-living coralline algae  that create three-

dimensional calcified structures and thus, are important ecosystem engineers, providing 

habitat and refuge for associated benthic communities and contributing significantly to marine 

carbonate production, by building often extensive coastal benthic ecosystems. Though 

increased presence of these beds has been discovered in the Atlantic, few studies address their 

productivity and the impact of environmental changes. Rhodolith beds and their associated 

communities are affected by climate change, such as the increase in the magnitude and 

frequency of extreme high temperature events (marine heatwaves - MHWs). Unfortunately, 

this does not represent their sole peril, as coastal urbanization in conjunction with altered 

precipitation patterns can increase terrestrial-derived nutrient input. The individual and 

combined effects of increases in temperature, such as associated to MHWs, and nutrient 

concentration on the physiological performance of rhodoliths was assessed through an 

experimental mesocosm approach of the species Phymatolithon sp., one of the four prevalent 

species composing the rhodolith beds of the Madeira archipelago (Portugal). Nutrient 

enrichment induced little to no responses in the rates of photosynthesis and respiration, but 

increased calcification rates. Similarly, photosynthesis and respiration responded only slightly 

to the simulated MHW event, while the increase in temperature induced an increase in 

calcification. When combined, the MHW event and nutrient enrichment induced higher rates 

in gross photosynthesis, daily integrated net primary production, light calcification and daily 

integrated net calcification. This provides insight on the resilience of the Madeiran beds’ 

productivity and carbonate production in the face of the increasing frequency and intensity of 

thermal anomaly events and the potential interactive effects with coastal eutrophication.  

 

Keywords: Heatwave; Coralline Algae; Photosynthesis; Calcification; Mesocosm 

All field, mesocosm and laboratory work will be conducted using the resources and the facilities of the Centro de 

Cîencias do Mar (CCMAR).
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1. Introduction 

 

Temperature is the primary factor determining physiological and metabolical functioning, as it 

modulates all cellular and enzymatic activity (Eggert 2012a). Macroalgal communities are known 

to be largely influenced by temperature, as cellular responses usually show diminished 

performance when thermal optimum is passed (Straub et al. 2019). Vulnerability to thermal 

extremes relies on the intensity, frequency, and duration of the thermal stress events and 

temperature increases that extend over an organism’s threshold, past its thermotolerance, tend to 

produce more intense responses that in turn affect and shift the trophic relations of the ecosystems 

these organisms compose (Lünning 1990). Marine environments have biogenic limitations that 

define the biota and its distribution through geographic scales: light, temperature, carbon and 

nutrient availability are all limiting factors to micro and macroalgae growth and survival in that 

aspect (Turpin 1991, Lüning 1991).  Ongoing climate change is a threat to all ecosystems globally. 

As so, marine environments are exposed to a number of alterations, with increasing temperatures, 

ocean acidification and changes in oceanic stability as a whole. These threats are global 

occurrences and are combined with local impact in coastal regions, such as nutrient runoff, 

sedimentation, and turbidity (IPCC, 2013). As so, increased stress exposure for marine organisms 

is provoked not only by general temperature, pCO2 or nutrient increase, but also by higher 

frequency of extreme singular events (Jentsch et al. 2007). Year by year, accompanying the trend 

of global warming, marine heatwave (MHW) events (Hobday et al. 2016) have been gradually 

increasing in frequency (54% in the 20th century alone) and will continue to do so (Oliver et al. 

2018, Oliver et al. 2019). Increases in temperatures, both in mean trends and in stochastic singular 

events, such as MHWs, are bound to influence marine ecosystems in their density and distribution 

(Stenseth et al. 2002), and have been reported to cause severe impacts on marine benthic 

ecosystems (e.g., Garrabou et al. 2009, Marbá and Duarte 2010, Wernberg et al. 2013), driving 

profound ecological changes over short-time scales (Jentsch et al. 2007, 2011, Ghedini et al. 2015, 

Smale 2015). 

 

Nutrients affect primary producers through their availability, as their presence directly and 

indirectly affects metabolic efficiency. What is defined as nutrient availability is generally non-

limiting concentrations of nitrate, ammonia, and phosphate, which all have direct influence on 

photosynthetic productivity, and in turn calcification in coral and coralline species. Eutrophic 

conditions are defined not by this concentration but rather by the production rate of a specific 

organic matter (Nixon 1995), from both anthropogenic and natural sources, affecting organisms 

directly (i.e., physiologically) and indirectly (i.e., competition, opportunistic invasion). (Andersen 
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et al. 2006). On a global scale, coastal waters are considered to be increasingly threatened by 

events of increased nutrient input of both anthropogenic and natural causes. Response of coastal 

environments to eutrophic condition is much more severe in warmer subtropical and tropical 

waters, whereas temperate waters are more productive and susceptible to be exposed to 

anthropogenic nutrient run-off (Rothäusler and Jormalainen 2016).  

 

Rhodolith beds are known for their importance an ecosystem engineer. These free-living, non-

geniculate, coralline red algae create life-holding substrate for benthic communities, providing 

habitat for number of species in large depth range in coastal waters, from polar, temperate, and 

tropical waters (Bosence 1983, Foster 2001, Riosmena-Rodriguez et al. 2017). Their presence is 

beneficial to the creation of biodiversity hotspots, as living and dead rhodoliths make up for 

settlement and nursery sites for many invertebrate species (i.e., arthropods, annelids, bivalve, 

cnidaria) and seaweed species, making these beds ecological hotspots (Kamenos et al. 2004, 2013, 

Nelson 2009, Steller et al. 2003). Their calcifying nature, continuously precipitating CaCO3 to 

produce their calcite skeleton, adds to their importance as coastal benthic community creators in 

the global carbon and calcium carbonate cycles (Nelson 2009, Amado-Filho et al. 2012, van der 

Heijden and Kamenos 2015). The carbon storage made by these beds and their associated 

communities provides overlooked appreciation to the potential ecological utility as carbon sinks 

(Hill et al. 2015, van der Heijden and Kamenos 2015).  Rhodoliths are often highly abundant 

throughout the benthic photic zone, as their ability to thrive on any substrates and/or in zones of 

hydrodynamic stress, gives them a competitive advantage over other algal species; this spatial 

distribution makes these species often locally limited by light, temperature, and sedimentation 

(Foster 2001, Wilson et al. 2004, Littler and Littler 2013). The importance of these species, as 

much as all calcifying algae, should be pushed for better recognition and relevance as biogenic 

habitats (Riosmena-Rodriguez et al. 2017). 

 

Rhodoliths and coralline algae in general are impacted by temperature variations: distribution, 

growth and overall metabolic responses are affected by thermal increases out of optimal ranges, 

usually summer-high temperatures (Wilson et al. 2004, Martin and Hall-Spencer 2017). Thermal 

stress has been shown to alter physiological responses that can be positive or negative, depending 

on if they are within or outside the species’ optimal thermal spectrum, respectively (Martin and 

Hall-Spencer 2017, Cornwall et al. 2019). The credibility of the effect produced by MHW events 

has been documented on many macroalgal species, giving advantage to opportunistic generalist 

species and increasing competition and mortality in other algal populations, such as coralline 

algae. (Wernberg et al., 2013, 2016). These indirect effects of MHWs on key primary producer 

and biota shifts have been occuring in both subtropical and temperate rhodolith beds (Straub et al. 

2019, Smale et al. 2019). The direct effects of extreme and precise events such as MHW has had 
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limited experimental development: North-Atlantic articulated coralline algae Corallina officinalis 

and Mediterranean Elisolandia elongata both showed little to no physiological response, with 

evidence of higher growth in summer periods (Rendina et al. 2019, Ragazzola et al. 2021). In 

contrast, Schubert et al. (2019) shows that subtropical Brazilian rhodolith species Lithothamnion 

crispatum and Melyvonnea erubescens were negatively impacted both in calcification and the 

latter also in primary production.  

 

Indirect effects of nutrient enrichment on rhodolith performance, through competition, 

phytoplankton growth coverage and sedimentation have also been reported (Wilson et al. 2004, 

Villas-Boas et al. 2014), but direct effects in rhodoliths and other coralline algae, e.g. on growth 

and physiological performance, have been scarcely reported: in situ Tanzanian and Australian 

coast studies found negative (Björk et al. 1995) to no changes in calcification and growth (Koop et 

al. 2001, Steven 2000). Brazilian subtropical species were reported having negative responses in 

calcification (Schubert et al. 2019). Growth, net photosynthesis, and overall biomass decreases 

were reported in South Australia (Brown et al. 1977, Russel et al. 2009, Lewis 2016). Studies 

focused on temperate species showed all positive or no effects on growth, photosynthesis, 

respiration, calcification, or pigment concentration (Ichiki et al. 2000, Russel et al. 2009, Tanaka 

et al. 2017, Johnson and Carpenter 2018). The complexity of the responses is indicative for the 

differences in experimental methods, as well as in the species-specific physiological effects within 

the coralline algal group.  

 

To produce an accurate assessment of the response to a stressor, one would have to understand the 

relation between said stressor and other environmental limiting variables. A positive or negative 

co-effect can create an antagonistic (combination of stressors results in a lesser effect than the sum 

of their individual effects) or synergistic relationship between stressors (combined effects are 

greater than the sum of the individual effects of each stressor) (Folt et al. 1999, Gunderson et al. 

2015, Cabral et al. 2019), which can in turn make a stressor dominant on the physiological 

response (Brown et al. 2013). Studies on the combined effects of nutrient enrichment with another 

stressor are almost non-existent, as most studies focus on stress response to acidification or 

temperature increase. Only Schubert et al. (2019) assessed the response of L. crispatum and M. 

erubescens to combined MHW and nutrient enrichment, with no interactive effects found, but 

cumulative negative effects on both daily net primary production and calcification. 

  

The Madeiran volcanic archipelago is comprised of four islands: Madeira and Porto Santo, which 

are inhabited, and Desertas and Selvagens, which are not. Situated in the North Atlantic 

subtropical region, their coastal oligotrophic waters are dominated by rocky reefs (Ribeiro 2008), 

Madeira’s rhodolith beds are exposed to the increasing presence of human nutrient output, from 
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tourism and aquaculture, and continuous increase in temperature and MHW events. Rhodoliths in 

the Madeiran archipelago have been reported at large depth ranges (from 8 to 129 m) and are 

formed of various genera: older studies reported presences of Lithothamnion corallioides and 

Phymatolithon calcareum, species found along the North Atlantic, as well L. fruticulosum 

(Cabioch 1974, Levring 1974, Weisscher 1983). More recently, Neves et al. (2021), in accordance 

with Pardo et al. (2014), reported three new species of Lithothamnion and one of Phymatolithon, 

the latter of which was used in this study. The new Phymatolithon species was found to be a 

sistering species of Phymatolithon lusitanicum (Pardo et al. 2014) and P. calcareum, a species 

already reported in the archipelago (Levring 1974, Neves et al. 2021). These latter two species’ 

physiological responses to temperature increases and/or nutrient enrichment have been previously 

assessed (Qui-Minet et al. 2019, 2021, Schubert et al. 2021) and due to the genetic link between 

them and Phymatolithon sp., it would have expected that the latter might respond similarly. The 

aim of this study was therefore to determine the physiological response of Phymatolithon sp., to a 

simulated marine heatwave with ambient and enriched nutrient concentrations. Estimated 

responses of several physiological parameters, indicative of both net primary production and 

calcification, provided insights on overall rhodolith-associated productivity under variable 

environmental conditions. 
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2. Material and Methods 

2.1.  Study site and sampling 

 

The species studied in this experiment, Phymatolithon sp., was collected from the rhodolith bed found 

in Caniçal, on the coastline of Madeira Island, Portugal (32,625N; -16,875W) (Figure 2.1.1).  

 

 

 

 

 

 

 

 

 

 

Figure 2.1.1.. Madeira archipelago in the North Atlantic (right), off the coast of North Africa (Google Earth Pro) and the Caniçal rhodolith 

bed at Madeira Island (blue pinpoint), dominated by Phymatolithon sp. (upper left). 

 

Individuals were collected on May 6th, 2022, at a depth of 20 m and transported in the dark, wrapped 

in seawater-soaked paper towels to the CCMAR marine station of Ramalhete (Faro, Portugal) (arrived 

the following day) and placed in seawater flow-through tanks for recovery from transport. Rhodoliths 

were maintained at 20.5°C and 80 µmol photons m-2 s-1 (14 h light: 10h dark cycle, corresponding to a 

daily light exposure of 4 mol photons m-2 day-1) for a week prior to the beginning of the experimental 

phase. These conditions were chosen to simulate the in situ environmental parameters of the Caniçal 

bed, which had been analysed previous to the experiment as described below. 

Information regarding in situ environmental conditions and marine heatwave events recorded for the 

sampling location were obtained from sensors installed at the rhodolith bed and data downloaded from 

the Marine Heatwave Tracker, respectively. In situ temperature and light data (May-June) from 2019-

2021 were recorded with HOBO (Onset, United States) and PAR data loggers (Odyssey, Dataflow 

Systems Pty Ltd, New Zealand), respectively the data show that the mean maximum light intensity 

ranges from 53 ± 16 µmol photons m-² s-1  in winter to 379 ± 26 µmol photons m-² s-1 in summer 

(Figure 2.1.2. A). Summer mean and maximum temperatures are 21,9 ± 0,5°C and 23,5 ± 0,3°C, 

respectively, and annual mean maximum values are 21,2 ± 1,9°C (Figure 2.1.2. C).  

2 cm 
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Figure 2.1.2. In situ environmental conditions at the Caniçal rhodolith bed (20 m depth, Jun 2019-Feb 2022). (A) Mean and SE of monthly in 

situ maximum light intensity (yellow) (B) Mean and SE of monthly in situ daily light exposure (green). (C) Mean and SE monthly in situ 
temperatures (purple). Period that corresponds to the experimental month (June) is highlighted in orange. Separation in data continuum is 

marked by a red dotted line. Data recorded continuously, with data logging every 15 minutes.  

 

Furthermore, the data show that the mean maximum light intensity in June 2021 was 262 ± 34 µmol 

photons m-² s-1, giving a mean daily light exposure (DLE) of 4,9 ± 1,1 mol photons m-2 day-1 (Figure 

2.1.2. A, B). Mean temperatures in June are 20,4 ± 0,5°C (Figure 2.1.2. C ). 

Data downloaded from the Marine Heatwave Tracker (http://www.marineheatwaves.org/tracker.html, 

Schlegel 2018) showed that MHWs have increased in both frequency and severity of events over the 

last decades at the sampling location (Figure 2.1.3. A).   

http://www.marineheatwaves.org/tracker.html
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Figure 2.1.3. Characteristics of marine heatwaves at the location of the Caniçal (Madeira, Portugal) rhodolith bed (1982 to 2022), obtained 

from the Marine Heatwave Tracker program (http://www.marineheatwaves.org/tracker.html, Schlegel 2018). (A) Decadal heatwave 

frequency and severity and (B) seasonal heatwave frequency (moderate events: 1-2 times above threshold) and strong events: 2-3 times 
above threshold, are counted as defined by Hobday et al. 2016). (C) MHW duration (in weeks) and (D) daily temperature increase during 

MHW (in °C ranges).  

 

In the last decade, 35 MHW events were recorded, with 5 of them defined as “strong”. Seasonally, the 

occurrence of MHWs was higher in spring and more severe (“strong”) MHWs were recorded during 

spring and summer (Figure 2.1.3. B). Most of  the recorded MHWs exhibited a maximal daily increase 

of temperature of 0,5°C and usually lasted for 1-2 weeks (Figure 2.1.3. C, D). 

Figure 2.1.4.. Annual mean (dark blue) and threshold (light blue) temperatures obtained from Marine Heatwave Tracker, based on 30-year 
time series of SST data for the location of the rhodolith bed. Period that corresponds to the experimental month (June) is highlighted in 

orange. 

 



8 

 

Furthermore, the data available from the Marine Heatwave Tracker showed that the mean monthly 

temperature at Caniçal (based on SST data) ranges from 18.4 to 23.3°C (Figure 2.1.4.). Threshold 

temperatures, above which a temperature increase is considered a MHW (when lasting 5 days or 

more), range from 0.7 to 1.1°C above the mean temperature (1°C in June). 

 

2.2. Experimental set-up and design 

 

The experiment was performed in a seawater flow-through system at the Ramalhete Marine Station, 

using water input coming from the Ria Formosa (Figure 2.2.1., in blue). The incoming water went 

through a preliminary mechanical filtration system (Sand filter), two in-line cartridge filters (10-20 μm 

and 5 μm) and two UV filters (16 and 8 W). A header tank of 2000 L, equipped with a heat-pump (i-

Komfort, Krispo, Hayvard), kept at constant temperature of 19.5°C allowed for the entry of water into 

the system. This tank fed the experimental tank setup of the 20 experimental 22-L tanks (n=5 per 

nutrient and temperature treatments), equipped with submersible air pumps (SICCE, Voyager Nano 

2000) and aquarium heaters to control temperature for different treatments. The thermal conditions 

were maintained and controlled through the use of the AquaTronica program (version 9.1.0.), a central 

controller (Aquatronica Controller Evolution, ACQ115), connected to several interfaces (Aquatronica 

Interface, ACQ210N-TL) and linked to thermal sensors (Aquatronica Temperature Probe, ACQ-

001S), positioned in each tank. These retrieved data every 30 minutes, allowing for the monitoring of 

the temperature in the tank set-up and controlling all heaters simultaneously through the centralised 

program (Figure 2.2.1. in orange).  

 

 

 

 

 

 

 

 

Figure 2.2.1. Experimental set-up of a flow-through mesocosm tank (a total of n=20 tanks were used in the experiment), including input and 

output of all components 
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Nutrient-enriched conditions were obtained through input of nutrient enriched water from a stock tank 

of 65 L, using a peristaltic pump (Figure 2.2.1., in green). To maintain target nutrient levels (15 µM of 

NH4CL, 40 µM of KNO3, 10 µM of K2HPO4), the pump rate and the water inflow to the individual 

tanks was adjusted (complete 22-L tank turnover in 5 h). Treatments with lower (ambient) nutrient 

concentrations were those receiving the water from Ria Formosa, without nutrient addition, which 

according to previous measurements exhibit oligotrophic conditions.  

The experimental conditions (light, temperature) were chosen based on the above-detailed analysis of 

in situ environmental conditions and MHW characteristics for the sampling location and experimental 

period (June). The 35-day experiment consisted in a pre-acclimation period (1 week), during which the 

rhodoliths in the nutrient-enriched treatments were acclimated to the higher nutrient levels, at a stable 

temperature of 20.5°C, after which in some treatments temperature was changed to simulate a realistic 

MHW (14 days above threshold, max. temperature of 24.5°C), while in others the temperature was 

kept stable at 20.5°C during the experiment. For the MHW simulation, temperature was 

increased/decreased by 0.5°C on a day-to-day basis. Afterwards, the temperature was set back to the 

initial level (20.5°C) and maintained for another week (Figure 2.2.2.). These temperature treatments 

were combined with two different nutrient levels, resulting in a total of four treatments: 

1) Control-treatment (primary control): Ambient nutrient concentration and constant temperature (as 

recorded during sample collection and obtained from Marine Heatwave tracker). Baseline temperature 

during the month of June is defined as 20,5°C. 

2) NE-treatment (+ NE): Exposure to increased nutrient concentration at a constant temperature of 

20.5°C (as in Control-treatment). 

 

3) MHW-treatment (+ MHW): Simulating a heatwave event (14 days above threshold temperature), 

characteristic for the location of the rhodolith bed, with max. temperature at 24.5°C for 4 days. 

  

4) MHW+NE-treatment: Combined exposure to MHW and nutrient-enriched conditions. 

Figure 2.2.2. Schematic overview of the daily temperature profile of the different treatments. (A) MHW treatment, orange zone represents 
area at which temperature was above the recorded threshold, and (B) Control treatment, kept at a stable temperature. T1 to 5 represent 

sampling days, during which incubations were done to obtain physiological data. 

 

(A) (B) 
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2.3. General Physiological Characterization  

 

To obtain information regarding the physiological status of the organisms at the time of collection, a 

photosynthesis-irradiance curve (P-I curve) was measured before starting the main experiment. Based 

on the P-I curve, a number of parameters were obtained: photosynthetic efficiency (initial slope of the 

curve, named α), maximum photosynthetic rate at saturating irradiance (Pmax), minimum saturating 

light intensity (Ik)) and light compensation point, where Net Photosynthesis equals zero (Ic) (Gilbert, 

Wilhelm and Richter, 2000). Incubations took place, using an individual incubation set-up, allowing 

for 5 individuals to be measured at a time under constant temperature conditions, provided by an outer 

chamber jacket, connected to a thermocirculator (Figure 2.3.1.). Using filtered seawater (GFF filter, 

0,47 µm), each rhodolith was put inside a sealed chamber (150 mL volume) mounted on a magnetic 

stirrer for internal circulation of the water volume, positioned under light filters to control full 

exposure to the LED lights of the set-up (Lexman LED, 20W, 6500K). Using an oxygen meter (Fibox 

4, PreSens, Germany), oxygen concentrations were measured under both light and dark incubating 

conditions. 

Figure 2.3.1. (Left)  Set-up of 5 incubation chambers and regulating lights. (Right)  Acrylic incubation chamber, set on magnetic stirrer, 

holding a rhodolith. Light intensity is set by height of light bulb and covering filter (above chamber) 

 

For the P-I curves, rhodolith individuals (n=5) were exposed to a range of increasing light intensities 

(6, 11, 24, 46, 128, 260 and 525 µmol photons m-2 s-1), where initial and final oxygen measurements 

were taken. At the beginning and the end of the light response curve, the rhodoliths were incubated in 

darkness, to determine the dark (RD) and post-illuminatory (or light) respiration rate (RL), 

respectively. Gross photosynthetic (GPP) rate was calculated by adding respiration rates (average of 

RD and RL) to the net photosynthetic rates (NPP) (Annex Table 6). The maximum photosynthetic 

rates (Pmax) were obtained from the average maximum values above saturating irradiance. The 

photosynthetic quantum efficiency (α) was estimated from the initial slope of the light response curve 
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by linear least-squares regression analysis. Irradiance of compensation (Ic) was estimated from the 

ratio RD/α and the saturation irradiance (Ik) was estimated as the ratio of Pmax/α. 

To determine the general thermal physiology of the rhodoliths, thermal-performance curves (TPC) 

were measured prior to the main experiment, to assess the organisms’ responses to short-term changes 

in temperature. The temperatures used for the TPC ranged from the experimental baseline and above 

(20.5-26.5°C), increasing the experimental temperature every 24 hours by 1,5°C and monitoring the 

physiological response in photosynthesis, respiration, and calcification through daily incubations at the 

respective temperature. Photosynthesis and respiration measurements were performed for 1 hour each, 

as described above, at the holding light intensity of 80 µmol photons m-2 s-1 (Annex Table 6). Light 

and dark calcification rates were determined through alkalinity measurements of water samples that 

were taken before and after each 1-hour incubation in light and dark, respectively, and poisoned with 

HgCl2 to estimate calcification rates (Annex Table 7). These were determined by using the alkalinity 

anomaly principle (Smith and Kinsey, 1978), which states the ratio of two equivalents of total 

alkalinity for one mole of CaCO3. Using the Gran titration method, duplicate analyses were done for 

each sample (Hansson and Jagner 1973). The samples were titrated with HCl 0.1 M, using an 

automated titration system (Titroline 7000, SI Analytics, Mainz, Germany), coupled to an autosampler 

(TW alpha plus, SI Analytics, Mainz, Germany). Data was captured and processed with a computer, 

using Titrisoft 3.2 software (SI Analytics, Mainz, Germany). For quality control, a certified reference 

material of known total alkalinity was used to calibrate the method (CRMs, supplied by the Marine 

Physical Laboratory, Scripps Institution of Oceanography, United States). The oven-dried weight of 

the rhodoliths (48 h at 60°C) was used to normalize the physiological rates.  

 

2.4. Photosynthesis, respiration and calcification measurements during the 

mesocosm experiment 

Rhodolith physiological responses to the different treatments were monitored by incubating the same 

individuals at different time points during the experiment (see Figure 2.2.1.), as described above. The 

1-hour incubations were performed at the respective experimental temperature and at 80 µmol photons 

m-2 s-1 and the physiological parameters were calculated from initial and final O2 and alkalinity 

measurements (see Annex Table 6 and 7) According to Gazeau et al. (2015), it is assumed that total 

alkalinity in calcifying organisms is impacted also by processes other than calcification: assimilation 

and remineralization of 1 mol of ammonia, nitrate or phosphate ions respectively leads to an increase 

or decrease of 1 mol in total alkalinity. As so, calcification rates assuming that only net calcification 

affects alkalinity have to be corrected by including variations of NH4
+, NO3

-, and PO4
3- concentrations. 

Thus, to correct the changes due to nutrient assimilation, samples of the incubation water (before and 

after incubation) of the nutrient-enriched treatments were also collected for nutrient analysis. 
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2.5. Nutrient analysis 

Water samples for nutrient analysis were collected on a weekly basis from the treatment tanks and the 

incoming seawater, filtered through cellulose acetate filters, and stored at -20°C. The concentrations of 

ammonium, nitrate, and phosphate in the seawater were determined in a loop-flow analyser (µMac-

1000; Systea, Anagni, Italy). Ammonium concentration was determined using the hypochlorite 

method and nitrate concentration was determined using the Cd-Cu column reduction method. 

Phosphate was determined using the molybdate and ascorbic acid colorimetric method. The detection 

limit for ammonium was 0,10 ± 0,03 μM, 0,04 ± 0,01 for nitrate μM, and 0,07 ± 0,02 μM for 

phosphate.  

Table 2.5.1. Mean ± SE nutrient concentrations (in µM/L) of weekly sampling (n=5 per nutrient treatment and week) during the experimental 

period. Incoming represents the nutrient values from the seawater input coming from Ria Formosa, feeding all tanks. NE- nutrient enriched 

treatment. 

 

 

2.6. Statistical analysis 

Thermal performance data was processed through a Gaussian model fit, as: 

𝑓(𝑥) = 𝑦 = 𝑎 × exp (−0,5 × (
𝑥 − 𝑥0

𝑏
)2) 

With 𝑥0 being the thermal optimum, 𝑎 being the maximum value and 𝑏 being the thermal 

range/breadth. Both, thermal optimums and ranges obtained were analysed through a One-way 

ANOVA statistical test, to identify potential differences in thermal performance between the different 

physiological processes. 

The experimental design of this study was made to follow physiological response over time of two 

independent stressors and their combination, with sampling done one the same rhodolith individuals in 

a repeated way over the experimental period. A two-way repeated measures ANOVA was used, with 

time and nutrient concentration as fixed parameters to evaluate interactive and isolated effects. These 

analyses were done separately for the Control treatments (+/- NE) and the MHW-treatments (+/- NE), 

as the former time has 4 levels and was kept at a constant temperature, while  the latter time had 5 

levels and the temperature was changed (increased/decreased) during the experiment. All data was 

 Incoming Control NE MHW MHW x NE 

      

[NH4
+]  0 0 6,01 ± 6,69 0 0 

[PO4
3-] 0,77 ± 0,28  1,64 ± 2,88 8,04 ± 2,20 0,58 ± 0,30 6,86 ± 2,56 

[NO3
-] 3,53 ± 0,92 1,67 ± 1,44 38,33 ± 11,1 1,08 ± 0,75 33,28 ± 7,89 
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tested for heteroscedasticity, using a Levene’s test and normality using a Shapiro-Wilk’s test. Tukey’s 

HSD test was used in significantly different data to determine significant groupings. 

 

3. Results 

3.1. General Physiological Characterization 

 

The parameters derived from the P-I curves showed that Phymatolithon sp. from Caniçal reached a 

photosynthetic maximum of 0,61 µmol O2 g-1 DW h-1 and that its photosynthesis saturated at 46 µmol 

photons m-2 s-1 (Table 3.1.1).  

 

Table 3.1.1. Photosynthesis-Irradiance- Curve parameters of Phymatolithon sp.. 

Maximum Gross 

Photosynthesis 

(µmol O2 g-1 h-1) 

Photosynthetic 

Quantum Efficiency  

(α, in µmol O2 g-1 h-1) 

Respiration 

(µmol O2 g-1 h-) 

Ik 

(Saturation Irradiance) 

(µmol photons m-2 s-1) 

Ic 

(Compensation Irradiance) 

(µmol photons m-2 s-1) 

0,605 ± 0,097 0,068 ± 0,014 0,157 ± 0,081 46 ± 3 14 ± 1 

. 

Furthermore, the species’ thermal physiology indicated a thermal optimum of ~24°C with NPP having 

the lowest thermal optimum, and with a thermal breadth/range of ~5°C for photosynthesis and 

respiration, while calcification exhibited a narrower range of ~2°C (Table 3.1.2., Annex Figure 2). 

 

 Table 3.1.2. Thermal performance of Phymatolithon sp. physiological parameters, with predicted Gaussian fitted values of mean optimal 

temperatures (T° Opt), and mean temperature ranges. Post-hoc results of the One-way ANOVA on the Thermal optimum (T°-Opt.) and 

Thermal Range, showing differences between physiological parameters are represented by uppercase letters (data are shown as mean±SE).  

 

Only the NPP showed a difference in thermal optimum with respiration and calcification- However, a 

clear difference in thermal range was found between primary production and calcification parameters, 

with a smaller range of the latter (Table 3.1.2.).  

 

 GPP  NPP  Respiration  
Light 

Calcification 
 Dark Calcification 

          

Thermal Opt. (°C) 
23,71 ± 0,30 

AB 
 

23,10 ± 0,74 

B 
 

24,56 ± 0,21 

A 
 24,38 ± 0,50A  24,40 ± 0,37 A 

Thermal Range (°C) 5,13 ± 1,55 A  4,88 ± 1,61 A  4,52 ± 0,54 A  2,53 ± 0,30 B  1,49 ± 0,42 B 
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3.2. Rhodolith physiological responses to MHWs and nutrient enrichment 

 

Most measured parameters in the control group varied significantly during the experiment, with 

exception of NPP (Table 3.2.1.). In this group, nutrient enrichment did not exert significant effects on 

any of the measured parameters, except for the daily net calcification (DNC). Moreover, the variability 

in respiration and calcification responses differed between nutrient conditions. Similarly, in the MHW 

treatments, all measured parameters showed a significant variability during the experiment, in relation 

to the temperature changes during MHW simulation. Here, nutrient condition affected the response to 

the MHW for GPP, DNP, as well as light and daily net calcification (Table 3.2.1.).  

Table 3.2.1. Results of repeated measures two-way ANOVA of physiological parameters, showing effect of time and nutrient concentration 
for Control treatments (4 levels of time) and MHW treatments (5 levels of time). P-values < 0,05 are highlighted in blue.   

 

Under stable temperature conditions (Control), net photosynthesis remained stable, showing no 

variation in trend through time, with response rates never increasing more than 30% from the initial 

values (Figure 3.2.1.). GPP response across the experimental period followed the same trend in both 

control and NE treatment, as both had a ~1 µmol O2 g-1 h-1 increase from beginning to end of 

experimental time in both treatments (Annex Table 2). Similar trend was found the case for NPP in 

both treatments (Figure 3.2.1., Annex Table 2).  

MHW-exposed rhodoliths showed slight, but significant variations in both GPP and NPP in response 

to the temperature changes, which were affected by nutrient enrichment only in the case of GPP 

(Table 3.2.1., Annex Table 3). Peak heatwave temperatures induced solely minimal responses in both 

parameters that disappeared post-MHW (Figure 3.2.1., Annex Table 4). ). GPP responses over time 

   

 

Days Nutrients Days x Nutrients 

   F p-value F p-value F p-value 

         

Control 

GPP  11,013 <0,001 2,029 0,192 1,791 0,176 

NPP  2,732 0,066 2,829 0,131 0,788 0,512 

Respiration  31,539 <0,001 0,564 0,474 5,47 0,005 

DNP  7,796 <0,001 2,199 0,176 1,37 0,276 

Light Calcif.  23,607 <0,001 2,052 0,19 11,683 <0,001 

Dark Calcif.  17,812 <0,001 0,14 0,718 11,708 <0,001 

DNC  9,485 <0,001 6,165 0,038 4,057 0,019 
 

  
      

MHW 

GPP  6,587 <0,001 1,266 0,293 3,01 0,032 

NPP  3,009 0,032 0,826 0,39 1,629 0,191 

Respiration  6,865 <0,001 1,952 0,2 2,191 0,092 

DNP  5,738 0,001 1,169 0,311 2,777 0,044 

Light Calcif.  12,51 <0,001 0,00231 0,963 3,102 0,031 

Dark Calcif.  13 <0,001 0,411 0,542 0,767 0,556 

DNC  6,936 <0,001 0,0834 0,78 3,72 0,015 
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differed between nutrient treatments, most likely due to the pronounced increase from peak to post-

MHW in the MHWxNE treatment (Annex Table 4).  

Figure 3.2.1. Metabolic net primary production (NPP) and respiration responses of Phymatolithon sp. to the experimental treatments. Pre-
acclimation to different nutrient conditions is indicated in gray,  experimental “normal” temperatures (purple) and above-threshold MHW 

temperatures (yellow). “MHW”: heatwave temperatures-imposed group, with 5 time points;  “Control”: control group, with 4 time points. 

Data represent the mean and standard error of each group (n =5) per time point (t1 to 5 in MHW, t1 to 4 in Control).  

 

Respiration varied significantly over time in the constant temperature treatment (Control at 20.5°C), a 

variation that was depending on nutrient conditions (Figure 3.2.1., Table 3.2.1., Annex Table 2).  

The MHW event had significant impact on the respiration in the MHW group, a response that did not 

differ between nutrient conditions (Table 3.2.1., Annex Table 4).  
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Figure 3.2.2. Responses of light and dark calcification rates of Phymatolithon sp. to the different treatments. Pre-acclimation to different 
nutrient conditions is indicated in gray,  experimental “normal” temperatures (purple) and above-threshold MHW temperatures (yellow). 

“MHW”: heatwave temperatures-imposed group, with 5 time points;  “Control”: control group, with 4 time points. Data represent the mean 

and standard error of each group (n =5) per time point (t1 to 5 in MHW, t1 to 4 in Control).  

 

The constant temperature treatment exhibited significant variability in light calcification that differed 

between nutrient treatments. While under ambient nutrient conditions light calcification increased 

slightly, the nutrient-enriched treatment induced a significantly larger increase (~300% above initial 

values; Figure 3.2.2., Annex Table 2, 3).  

Light and dark calcification also responded significantly to MHW temperatures, a response that was 

depending on nutrient condition for light calcification, but not dark calcification (Table 3.2.1.)  . 

However, in both nutrient treatments, an increase of calcification rates in response to increased 

temperatures was found, which stabilised and maintained high rates even under post-MHW conditions 

(Figure 3.2.2.). Though, nutrient enrichment resulted in a significantly higher increase in light 

calcification rates (300% increase in CaCO3 production from its initial values), compared to the 

increase under ambient nutrient concentrations (Table 3.2.1., Annex Table 5). 
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Figure 3.2.3. Responses of Daily Net primary productivity and Daily Net Calcification of Phymatolithon sp. to the experimental treatments. 

Pre-acclimation to different nutrient conditions is indicated in gray  experimental “normal” temperatures (purple) and above-threshold MHW 

temperatures (yellow). “MHW”: heatwave temperatures-imposed group, with 5 time points;  “Control”: control group, with 4 time points. 

Data represent the mean and standard error of each group (n =5) per time point (t1 to 5 in MHW, t1 to 4 in Control).  

 

DNP varied slightly but significantly during the experiment under constant control conditions, 

independently from the nutrient condition (Table 3.2.1 and Figure 3.2.3.). On the other hand, DNC 

showed a significant variation which was depending on nutrient conditions, as well as a general 

significant nutrient effect (Table 3.2.1., Annex Table 2).  

In the MHW group, DNP and DNC varied significantly with temperature, a variation that differed 

depending on nutrient condition. DNP exhibited inverse responses between the two treatments during 

the peak MHW temperatures, while the response pattern of DNC was similar between nutrient 

treatments, but with a larger increase at the MHW peak and subsequent higher post-MHW DNC 

values (Figure 3.2.3., Annex Table 4). 
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4. Discussion 

 

The simulated marine heatwave event induced responses in all parameters, but induced a significant 

increase only in dark calcification and consequently, daily net calcification. The nutrient enrichment 

conducted under marine heatwave conditions had a synergistic effect on daily net photosynthesis, but 

most importantly on light calcification as well as daily net calcification. In this group, the initial 

increase in response rates due to increased temperatures found in the control marine heatwave 

treatment was amplified, resulting in significantly different rates from the initial ones throughout the 

experimental time. In contrast, under stable temperature conditions, nutrient enrichment induced 

increased respiration and calcifying responses in both light and dark condition, leading to a significant 

effect on the integrated daily net calcification. 

Temperature is well known to be a limiting factor to most biological reactions, meaning macroalgal 

metabolic processes are directly linked to temperature variations (Lüning 1991, Rendina et al. 2019, 

2020). However, the response of coralline algal species has been highly variable within studies: certain 

temperate European species were never responsive to increased temperatures (Wilson et al. 2004, 

Martin et al. 2013, Rendina et al. 2019), whereas others had their O2 production reduced by increased 

temperatures (Tanaka et al. 2017, Page et. al. 2021). In this study, photosynthesis and respiration 

showed little to no increase in rate, with stable response all along the marine heatwave   treatment. It is 

most likely that peak temperatures ranged too close to both physiological thermal optimums and 

maximum in situ temperatures recorded (Figure 2.1.2., Figure 2.1.3.). The minimal response in 

photosynthesis and respiration were similar to sistering species of Phymatolithon sp., P. lusitanicum 

(Pardo et al. 2014), which responded with only short-term effects of primary production from strong 

MHW event (Schubert et al. 2021). Respiration in this study showed to be less responsive to increased 

temperature as in other temperate coralline algae species, which were found to have increased 

respiration rates with increased temperatures, or in some cases, post-marine MHW (Ichiki et al. 2001, 

Martin et al. 2006, Rendina et al. 2019). Several studies note the effects of increased temperatures over 

O2 production rates as non-significant variations (Ichiki et al. 2001, Martin et al. 2006, Steller et al. 

2007, Martin et al. 2013, Vasquez-Elizondo and Enriquez 2016, Rendina et al. 2019, Schubert et al. 

2021). Rises in temperature above thermal optimums can cause negative physiological responses in 

rhodoliths, but temperature increases within thermal range tend to produce a positive response 

(Rendina et al. 2019, Cornwall et al. 2019). While the MHW simulated during this experiment did not 

induce any negative effects, it cannot be excluded that marine heatwaves of longer duration and/or 

intensity (as predicted in the near future) (Oliver et al. 2018, 2019) would negatively impact rhodolith 

physiology and consequently rhodolith productivity.  
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Calcification showed to be more responsive to increased temperatures, an effect which was 

also found in other studies (Vasquez-Elizondo and Enriquez 2016, Schubert et al. 2019). This was 

expected, as the thermal performance curve results showed that calcification had a significantly 

smaller thermal range (~2°C) than primary production (~4°C) for similar thermal optimums (Table 

3.1.2.). This implied that calcification altogether would be physiologically more responsive to 

variations of temperatures. Even though both light and dark calcification showed similar response 

pattern to the MHW, the induced increase with respect to the pre- marine heatwave  (initial) values 

was significant only for dark calcification. Dark calcification has been known to show higher response 

variability, due to already minimal precipitation rates (Kolzenburg et al. 2019). However, the response 

in both light and dark calcification differed from other studies reporting negative MHW effects on 

coralline algae and rhodoliths, which were either null or negative (Rendina et al. 2019, Ragazzola et 

al. 2021, Schubert et al. 2021). However, it was consistent with the found positive effect in P. 

lusitanicum when exposed to a moderate temperature increase, as occurring in the natural environment 

of this species (Schubert et al. 2021). This, together with the measured thermal optimum for 

calcification from the thermal performance curves, supports the idea stated above that the intensity of 

the simulated MHW (i.e., max. temperature of 24.5°C) did not represent a stressful condition in 

relation to the thermal acclimation of Phymatolithon sp. from Madeira. Coralline species and 

particularly rhodoliths are known to have a wide response in calcification, from large ranges in light 

calcification to variating response from lack of irradiance (Chisholm 2000, Schubert et al. 2019, 

2022). This divergence is also reflected in the variability in response to thermal stress, which has been 

shown to be both species- and habitat-specific (Martin and Hall-Spencer 2017, Cornwall et al. 2019, 

Qui-Minet et al. 2021).  

Nutrient enrichment had generally no significant effect on most physiological parameters, except for 

the daily net calcification in control temperatures. This is related to the increase in both light and dark 

calcification: the same trend in increased rate and the same variability was obtained, as shown by the 

significant difference of in response from initial calcifying rate in all calcification parameters (Annex 

Table 4). Whilst photosynthesis was unchanged, respiration a slight increase due to nutrient 

enrichment in control temperatures. This might be related to evidence, showing that increased nitrogen 

assimilation is usually coupled with increased respiratory rates (Turpin 1988). Rhodoliths are 

considered to have low-nutrient requirements, though have been shown to respond to 

enrichment/pulses with increase nutrient uptake (Schubert et al. 2019). This positive response to 

eutrophic conditions is consistent with very few other observed responses in the small number of 

studies of nutrient enrichment effect on coralline algae, as only tropical Pacific Porolithon onkodes 

and L. kotschyanum were reported to have positive response in respiration and calcification to 

respectively nitrogen-based nutrient enrichment and pulsed nutrient enrichment of phosphate and 

nitrate (Johnson and Carpenter 2018, Shayka et al. 2018). Interestingly, in the same study, Shayka et 



20 

 

al. (2018) reported differences in both primary production and calcification depending on the nature of 

nutrient enrichment. 

This difference is representative of a bigger consensus that no clear general trend or effect can be 

described for coralline algae response to eutrophic conditions, as reported effects come from studies 

lacking similarity in nutrient input. As so, most species showed to have negative or no responses under 

either in situ (Björk et al. 1995, Steven 2000, Koop et al. 2001) and experimental conditions (Shayka 

et al. 2018, Schubert et al. 2019, Bélanger and Gagnon 2020), though nutrient concentrations or 

nutrient type differed among studies. This is supported by reported responses of Porolithon onkodes, 

which were shown to be completely different depending on the nutrient experimentally used (Tanaka 

et al. 2017, Johnson and Carpenter 2018). Therefore, the positive response of Phymatolithon sp. to 

nutrient enrichment, using ammonia, nitrate and phosphate, provides new information to a metabolic 

response yet unclear.  

Under the simulated marine heatwave event, rhodoliths in both ambient and nutrient-enriched 

treatments had similar responses: photosynthesis and respiration showed relatively stable rates during 

the MHW event (Figure 3.2.1). Calcification responded positively to the initial temperature increase of 

the heatwave and maintained higher rates even during post-marine MHW (Figure 3.2.2.). However, 

nutrient input intensified the positive increase from initial rates. Furthermore, previously insignificant 

differences between initial, peak heatwave and post heatwave rates turned significant with nutrient 

input (Annex Table 4). The minimal effect of the MHW event on daily net photosynthesis and, more 

importantly, the positive effect on light calcification and daily net calcification, were amplified. This 

suggests a synergistic effect between nutrient enrichment and MHW, inducing higher response rates 

with increased temperatures. This response is contrary to the only other study to date that determined 

the relationship between a MHW and nutrient enrichment (Schubert et al. 2019). These authors 

observed that a combination of these treatments affected significantly the Brazilian subtropical species 

M. erubescens and L. crispatum, with combined additive negative effects in net productivity. Thus, the 

positive response obtained in response to this marine heatwave  event in presence of nutrients, in both 

daily net photosynthesis and daily net calcification, indicates resilience of the temperate species 

Phymatolithon sp. to variable environmental conditions. It also provides evidence of the uncoupling 

between primary productivity and calcifying physiology, a species-specific response known to occur 

during thermal stress (Schubert et al. 2019, 2021, 2022). This implies that during marine heatwaves, 

with so far recorded characteristics at the sampling location (see Figure 2.1.3), carbonate production of 

the Caniçal rhodolith beds would not be negatively affected and might increase and eutrophic 

conditions might intensify this effect.  

Exposure to both increased nutrient input and/or MHWs is set to be a reality for all coastal habitats, 

with alterations bringing stress responses of coralline species outside of the range of their capabilities 
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(Boesch 2002, Gouvéa et al. 2017, Frölicher et al. 2018). Responses observed in this study show that 

present realistic extreme environmental conditions could affect positively calcification of 

Phymatolithon sp., with no effect on primary production, meaning Madeiran rhodolith beds would 

survive and thrive if intensity and severity of these events were kept unchanged. This is consistent 

with responses of the sister species Phymatolithon lusitanicum, as well as several other temperate 

species that also showed resilience to singular strong marine heatwave  events (Martin et al. 2006, 

Tanaka et al. 2017 Rendina et al. 2019, Schubert et al. 2021). Though, as models predict increased 

severity and frequency of marine heatwave and eutrophication events, it would be necessary to extend 

this study with future projections as to extend these factors outside of optimal ranges (Boesch 2002, 

Frölicher and Laufkötter 2018). Oligotrophic regions such as the Madeiran Coast, much like most 

North Atlantic shallow waters, are in constant threat of disruption from possible eutrophication events 

brought by anthropogenic and natural sources, creating direct physiological and indirect ecosystem 

impacts (Barbera et al. 2003, Grall and Hall-Spencer 2003, Hall-Spencer et al. 2006). If similar 

resistance to further increased severity in these factors was possible, rhodolith beds comprised of 

Phymatolithon sp. would be able to maintain their capacity as major carbonate producers; ecosystem 

services provided by these beds would be kept, though indirect negative effects due to environmental 

changes on the associated community cannot be excluded, which in turn could affect the performance 

of the rhodolith bioengineers.  
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5. Conclusion 

 

 

As marine environments are increasingly exposed to threatening environmental conditions, it is 

necessary to understand their physiological resilience to extreme events This study provides the first 

analysis of combined marine heatwave  and nutrient enrichment response from a temperate North 

Atlantic species. The positive calcification response obtained when exposed to a strong summer 

marine heatwave  event, nutrient enrichment and combination of these factors is a sign of the 

adaptative resilience of Phymatolithon sp. The outcome of this study predicts that present extreme 

conditions would affect positively the Madeiran rhodolith beds, allowing for greater carbonate 

production. With settlement and nursery of many species, their ecological utility as carbon sinks is 

high and often overlooked. Their presence in coastal benthic communities is major, as they therefore 

contribute directly to global carbon and calcium cycles (McCoy and Kamenos 2015). The outcome of 

this study therefore assures that this ecosystemic role will continue to be fulfilled, in presence of 

present day of anthropogenic local stress and global climate change. The direct physiological effect of 

thermal and nutrient extreme events assessed in this study implied does not however answer to the 

indirect effects these factors can have. To fully understand this, analysis of response from associated 

biota would be necessary, as the competitive stress and shifts in trophic dynamics could influence 

rhodolith performance. As the frequency of eutrophic conditions and extreme thermal events 

increases, physiological resilience form these events would be coupled to other limiting environmental 

factors (i.e., light availability, pCO2) (IPCC, 2013). As relationship between biotic and abiotic 

stressors is not yet fully understood,  it would be necessary, in future research, to provide extensive 

analysis of the response from coralline algae to all limiting factors, comprising exposure to present and 

future abiotic stresses, as well as interaction with associated community under these conditions. 
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7. Annex 

Annex Figure 1. Mean Temperature data of experimental tanks (n=5) per day ( 33 days), for each treatment.  

 

 Annex Table 1. Mean Nutrient concentrations (in µM) over the full experimental period. Incoming represents the nutrient values from the 

general water input of the experimental set-up, feeding all tanks 

 

 

Date    Incoming  MHW  MHW x NE  NE  Control  

27/05/2022  [NH4]        16,22 ± 1,9    

27/05/2022  

 [PO4]        11,74 ± 0,8   
 

 [NO3]        56,13 ± 5,0   
 

            
 

29/05/2022  [NH4]  0  0,00  4,82 ± 2,50  7,96 ± 2,1    

29/05/2022  

 [PO4]  1,17 ± 0,001  0,93 ± 0,06  7,47 ± 0,76  8,13 ± 1,0   
 

 [NO3]  4,225 ± 0,37  1,24 ± 0,41  40,38 ± 4,23  43,83 ± 5,5   
 

            
 

03/06/2022  [NH4]  0  0,00  8,20 ± 2,99  8,90 ± 8,2  0,00  

03/06/2022  

 [PO4]  0,615 ± 0,01  0,48 ± 0,17  7,60 ± 1,11  8,83 ± 1,6  0,38 ± 0,3  

 [NO3]  3,75 ± 0,03  0,49 ± 0,08  33,88 ± 4,84  37,92 ± 5,5  0,54 ± 0,2  

            
 

10/06/2022  [NH4]  0  0,00  0,00  4,11 ± 3,0  0,00  

10/06/2022  

 [PO4]  0,65 ± 0,07  0,43 ± 0,11  8,87 ± 4,62  8,14 ± 1,0  4,00 ± 5,0  

 [NO3]  3,365 ± 1,27  1,75 ± 1,30  38,61 ± 8,13  40,73 ± 6,8  4,02  

            
 

17/06/2022  [NH4]  0    0,00  0,00    

17/06/2022  

 [PO4]  0,53    4,24 ± 0,34  5,49 ± 1,1   
 

 [NO3]  2,05    23,35 ± 4,85  24,67 ± 6,4   
 

            
 

24/06/2022  [NH4]    0,00  0,00  1,19 ± 3,3  0,00  

24/06/2022 
 [PO4]    0,25 ± 0,07  6,12 ± 0,81  6,66 ± 0,7  0,53 ± 0,1  

 [NO3]    0,70 ± 0,31  31,26 ± 4,87  30,77 ± 3,0  1,63 ± 0,4  
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Annex Figure 2. (Left and Right) Open Acrylic incubation chamber, set on magnetic stirrer, with rhodolith being mounted. (Bottom) Closed 

Incubation Chamber with set Light Filter cover. 
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Annex Table 2. Control group mean physiological response and standard error to temperature and nutrient enrichment per time point (t1 to 

t4). Tukey Post-Hoc results  of significant difference between time points is marked by difference in letters: Control differences are marked 

with lowercase letters (e.g., a, b, c), NE treatment with uppercase letters (e.g., A, B, C). 
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Annex Table 3. Control group mean physiological response and standard error to temperature and nutrient enrichment per time point (t1 to 

t4). Data is displayed in percentage of the initial value (t1) and Standard error as percentage of its timepoints’ data.. 
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Annex Table 4. MHW group mean physiological response and standard error to temperature and nutrient enrichment per time point (t1 to t5). 

Tukey Post-Hoc results  of significant difference between time points is marked by difference in letters: Control differences are marked with 

lowercase letters (e.g., a, b, c), NE treatment with uppercase letters (e.g., A, B, C). 
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Annex Table 5. MHW group mean physiological response and standard error to temperature and nutrient enrichment per time point (t1 to t4). 

Data is displayed in percentage of the initial value (t1) and Standard error as percentage of its timepoints’ data. 
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Annex Figure 3. Thermal Performance curves of Phymatolithon sp.. Data represents mean physiological response (n=5) and standard error.  

 

 

GPP

Temperature (°C)

20 22 24 26

G
P

P
  

(µ
m

o
l 

O
2
 g

-1
 h

-1
)

0,45

0,50

0,55

0,60

0,65

0,70

0,75

0,80

NPP

Temperature (°C)

20 22 24 26

N
P

P
  

(µ
m

o
l 

O
2
 g

-1
 h

-1
)

0,30

0,32

0,34

0,36

0,38

0,40

0,42

0,44

0,46

0,48

0,50

Respiration

Temperature (°C)

20 22 24 26

R
es

p
ir

at
io

n
  

(µ
m

o
l 

O
2
 g

-1
 h

-1
)

-0,36

-0,34

-0,32

-0,30

-0,28

-0,26

-0,24

-0,22

-0,20

-0,18

-0,16

Light Calcification

Temperature (°C)

20 22 24 26

L
ig

h
t 

C
al

ci
fi

ca
ti

o
n

  
(µ

m
o

l 
C

aC
O

3
 g

-1
 h

-1
)

0,05

0,10

0,15

0,20

0,25

0,30

0,35

0,40

0,45

Dark Calcification

Temperature (°C)

20 22 24 26

D
ar

k
 C

al
ci

fi
ca

ti
o

n
  

(µ
m

o
l 

C
aC

O
3

 g
-1

 h
-1

)

0,00

0,05

0,10

0,15

0,20

0,25

0,30

 



37 

 

 

Annex Table 6. Primary Production Physiological Parameters  Formulas, using the Oxygen concentration measured during incubation time, 

under Light and Dark Conditions 

 

 

 

 

 

 

 

 

 

 

 

Annex Table 7. Calcification Physiological Parameters Formulas, using the Calcium Carbonate concentration measured during incubation 

time, under Light and Dark Conditions (TA- Total alkalinity) 

Calcification 

Physiological Parameters 

Formula 

Light Calcification (LC) 

(µmol CaCO3/ (g * h)) 

[(TAinitial – TAfinal)Light *0.5*Vchamber]/ (Dry Weight * TimeIncubation) 

Dark Calcification (DC) 

(µmol CaCO3/ (g * h)) 

[(TAinitial – TAfinal)Dark *0.5*Vchamber]/ (Dry Weight * TimeIncubation) 

Daily Net Calcification 

(DNC) 

(µmol CaCO3/ (g * day)) 

(LC * TimeDiurnal) + (DC * TimeNocturnal) 

 

Primary Production (PP) 

 Physiological Parameters 
Formula 

Net PP (NPP) 

(µmol O2/ (g * h)) 

[(O2(final)-O2(initial))Light *Vchamber] / (Dry Weight * TimeIncubation) 

Respiration (Resp) 

(µmol O2/ (g * h)) 

[(O2(final)-O2(initial))Dark *Vchamber]/ (Dry Weight * TimeIncubation) 

Gross PP (GPP) 

(µmol O2/ (g * h)) 

NPP + Resp 

Daily Net PP (DNP) 

(µmol O2/ (g * day)) 

(NPP * TimeDiurnal) + (Resp * TimeNocturnal) 


