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ABSTRACT 

Impacts of Nighttime Hypoxia on the Physiological Performance of Red Sea 

Macroalgae 

Taiba A. Alamoudi 

Marine deoxygenated areas are expanding, and more hypoxic zones emerge globally. 

Climate change induced warming and stratification can extrapolate the biological oxygen 

demand, more predominantly at coastal areas and reefs with dense vegetation and high 

metabolic activity. The diurnal oxygen fluctuation can reach a critically low oxygen level 

at nighttime, exposing aquatic organisms to severe hypoxia that could interfere with viable 

ecosystem functions. Little is known about the impact of hypoxia on marine primary 

producers macroalgae, mainly the physiological adaptation of the Red Sea macroalgae 

under climate change scenarios is understudied.  

Here we investigate hypoxia thresholds at night time for conspicuous Red Sea macroalgae 

species calcareous Halimeda opuntia and Padina boryana and noncalcifying brown algae 

Sargassum latifolium. We utilized a computer-based gas system to expose the samples to 

different oxygen treatments (normoxia, hypoxia, and severe hypoxia) that mimic in situ 

water chemistry at 32 °C. We monitored algal physiological response during 12 hours of 

exposure to different oxygen levels in the dark by measuring photochemical efficiency, 

respiration rates, and cellular viability.  

For the duration of our experiments (12h), we did not detect lethal thresholds. In all tested 

species, severe hypoxia significantly decreased photochemical efficiency, and hypoxia had 

a limited impact on photochemical efficiency. However, both low oxygen treatments 

significantly decreased respiration rates and induced changes in cellular activity. We 
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concluded a sublethal O2 thresholds  SLC(50) of  1.2 ±0.1, 1.5 ±0.1, and 1.7 ±0.1 mg O2 L
-

1 ±SD for H. opuntia, P. boryana, and S. latifolium responses, respectively. We also found 

that during 12 hours of treatments, the median time to observe a 50% reduction in 

photochemical efficiency under severe hypoxia treatment relative to control was 6.3 ±1.4, 

3.5 ±1.0, and 0.8 ±1.3 hours ±SD for H. opuntia, P. boryana, and S. latifolium responses, 

respectively. 

This study is the first assessment of Red Sea macroalgae response to hypoxia and the first 

dark nighttime algal adaptation of its kind for our proposed species. Further investigation 

is needed to assess daytime recovery, recurring dark hypoxia, and synergic or sequential 

effects of other environmental stressors on hypoxia thresholds.  
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INTRODUCTION 
 

Primary production supports most food webs and ecosystems on Earth, and around 

10% of aquatic primary production is driven by macrophytes, wherein 30% of macroalgae 

primary production supports herbivory (Duarte & Cebrián, 1996; Duarte et al., 2013). 

Macroalgae are a food source for many herbivorous species, and as reef formers, they 

provide habitat for many aquatic species (Mejia et al., 2012). They play an essential role 

in biogeochemical cycles, the production and release of organic matter (Haas et al., 2010), 

and contribute significantly to nitrogen fixation (El-Khaled et al., 2020) and carbon 

sequestration (Hill et al., 2015; Krause-Jensen & Duarte, 2016; Ortega et al., 2019). 

However, macroalgae can play a role in reef degradation as well, as they can out-compete 

reef-building corals (Hughes, 1994), especially when overfishing eliminates herbivores, 

adding less control to algal abundance (Graham et al., 2013; Jessen et al., 2013), or when 

excess nutrient inputs favor macroalgal growth and exhibit coral-algal phase shifts (Ellis 

et al., 2017; Anton et al. 2020). 

In the Red Sea, macroalgae (Rhodophyta, Chlorophyta, and Phaeophyceae) have 

been assessed to comprise 33% of the eDNA pool in blue carbon habitats (Ortega et al., 

2020), providing essential benefits for mitigating climate change as they significantly 

contribute to global ocean carbon storage within their sediment and deep-sea exportation 

(Krause-Jensen & Duarte, 2016). They also play an essential role as sources of natural 

products for multiple applications, including the pharmaceutical industry (Duarte et al., 

2021). Red Sea macroalgae-derived natural compounds include anti-inflammatory 

(Koutsaviti et al., 2019), antibacterial products (Al-Saif et al., 2014), anti-cancer activity, 

and virus inhibiting substances (Hawas et al., 2012). Besides, macroalgae provide green 
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technology for water treatment, including bioremediation and heavy metal removal (Mehta 

& Gaur, 2005; Ali et al., 2017). Macroalgae play a critical role in the ecosystem and 

provide emerging potentials with many eco-opportunities (Duarte et al., 2021). 

The Red Sea is a semi-enclosed sea, connected to the Indian ocean from the 

southern end through the Gulf of Aden, and runs up to the Gulf of Aqaba, a closed boundary 

northward region (Berumen et al., 2019). Its narrow topography creates east-west coastal 

proximity that is influenced by the surrounding terrestrial regions (Churchill et al., 2019). 

It is characterized by unique biogeochemical characteristics with north-south gradient in 

both salinity and temperature (Berumen et al., 2013). The Red Sea current average summer 

temperature reaches up to 35 °C, with estimated decadal warming of 0.17 ± 0.07 °C 

(Chaidez et al., 2017) and a current occurrence of marine heatwaves of 8 to 12 days per 

year that is projected to increase up to 125 days per year by the end of the century (Agulles 

et al., 2021). The shallow coastal habitats and lagoons undergo even more extreme 

ecosystems. 

High salinity and temperature lead to low oxygen solubility and high metabolic 

rates, reflected in diurnal fluctuation of dissolved oxygen (DO) ranging from 0.1 to 8.9 mg 

DO L-1 at the central Red Sea (Abdullatif, 2013; Harabi & Affan, 2016; Roik et al., 2016; 

Giomi et al., 2019; Masoud et al., 2019). Organic and nutrient inputs exacerbate oxygen 

demands, with deoxygenation emerging as a rising pressure affecting marine life  (Altieri 

et al., 2017; Klein et al., 2020). Whereas thresholds of hypoxia for organismal performance 

have been addressed across many taxa (e.g., Jones & Hoegh-Guldberg, 2001; Counsell, 

2013; Clark & Gobler, 2016; Porter & Breitburg, 2016; Morrell & Gobler, 2020; 

Rasmusson et al., 2020), there is limited research examining the consequences of hypoxia 
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on the performance of macroalgae. This is due to their highly varied nature and plasticity 

that render them challenging to explore and more likely due to the fact that since 

macroalgae produce photosynthetic oxygen, they are believed not to be affected by 

environmental hypoxia.  However, at night, which is precisely when the lowest oxygen 

levels occur, macroalgae will be dependent on environmental oxygen to meet their 

metabolic requirements.  

Anthropogenically-induced climate change drives ocean warming, which is of 

particular concern in the Red Sea, where warming rate exceeds the global rate (Chaidez et 

al., 2017). Oxygen availability for aquatic organisms is influenced by metabolic demands, 

oxygen solubility, and water density stratification, all of which are controlled by 

temperature (Altieri & Gedan, 2014). A meta-analysis by Vaquer-Sunyer & Duarte (2011) 

reveals that increasing temperature reduces the survival of benthic macrofauna under low 

DO and increases the DO threshold for mortality. In addition, the synergic effect of 

temperature, pH, and oxygen concentration can lead to behavioral changes (Steckbauer et 

al., 2018; Mattiasen et al., 2020) and habitat compression or a squeezed preferred niche for 

aquatic species (Coutant, 1985; Niklitschek & Secor, 2005). Yet, despite the awareness of 

oxygen demands for marine fauna, the oxygen thresholds for macroalgae have not been 

addressed. During nighttime, macroalgae respiration could decrease oxygen content and 

lead to hypoxic stress that activates cellular signaling and releases reactive oxygen species 

(ROS), which increase oxidative stress (Ledford & Niyogi, 2005; Patel et al., 2019).  

Deoxygenation has been reported in many marine ecosystems worldwide 

(Breitburg et al., 2018; Altieri et al., 2017), whereas acute hypoxia is less documented and 

can go undiscovered. In coastal regions, decreased DO, also called hypoxic events if DO 
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decreases under 2 ml L-1 (= 2.8 mg L-1; Diaz & Rosenberg, 1995, 2008), can lead to mass 

species loss and dead zones. In the Red Sea, low DO has been observed near coastal cities 

along the coast of Saudi Arabia, such as two lagoons in Jeddah, Al Shabab, and Al Arbaeen, 

which record hypoxic and anoxic events (Orif, 2020). In addition, the far-field and near-

field effects of emerging aquaculture farms in the region are little understood (Dunne et 

al., 2021). Excess fish feed and feces can cause eutrophication and lead to local hypoxic 

zones (Naylor et al., 2000) and deplete oxygen in deeper water (Smith, 2003).  

One primary concern is the extreme diel oxygen concentration, especially at 

biodiverse and vegetative areas, wherein metabolic demands coupled with a lack of 

photosynthetic oxygen production can lead to oxygen deprivation and anoxia just before 

dawn (Andersen et al., 2017; Dubuc et al., 2017). Diurnal fluctuations of oxygen 

concentration have been observed in major Red Sea ecosystems, including coral reefs, 

mangroves, and seaweed meadows (Giomi et al., 2019), wherein extreme low DO occurs 

at nighttime. In warm, oligotrophic Red Sea, localized nutrient enrichments (Dunne et al., 

2021) and coastal eutrophication-induced deoxygenation (Duarte, 1995; Ansari et al., 

2015) can lead to increased fluctuation in oxygen availability, characteristically reaching 

low concentrations at night. Complex ecological patterns can emerge as a result of short-

term oxygen variability even over a few hours (Altieri et al., 2021; Dubuc et al., 2021; 

Johnson et al., 2021). For algae, they could benefit from low DO environment during the 

day, considering that O2 shortage reduces Rubisco affinity for oxygen, which eliminates 

the energy waste of photorespiration and enhance photosynthetic carbon fixation and 

growth (Crowder et al., 2019; Nelson & Altieri, 2019; Ji & Gao, 2021). Nonetheless, in the 

dark and during nighttime, algae derive energy through cellular respiration, primarily by 
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O2-dependent energy metabolism. Hence, in an oxygen-deprived dark environment, algal 

viability is compromised. Many plants and algae developed oxygen-sensing mechanisms 

to effectively compensate for oxygen shortage (Yang et al., 2015), including Nitric Oxide 

(NO), Reactive Oxygen Species (ROS) signaling, and altered gene expression (Bailey-

Serres & Chang, 2005; van Hees & Van Alstyne, 2013; Astier et al., 2021; Pucciariello & 

Perata, 2021), whereby algae can reduce energy demands or alter metabolic pathways 

(Dromgoole, 1978). In the same context, dark calcification in calcareous algae can be 

affected in response to oxygen concentration and energy limits (Beer & Larkum, 2001; 

Nelson & Altieri, 2019). A meta-analysis by Sampaio et al. (2021) reveals that hypoxia 

events reflected far greater consequences than future warming and ocean acidification 

(OA), and the combined effect is expected to exacerbate climate change consequences. 

Therefore, it is critical to understand the fate of primary production and macroalgae 

adaptation in response to ocean deoxygenation. 

This thesis explores the effects of different dissolved oxygen levels, including 

hypoxic conditions, on common Red Sea macroalgae species under summer temperature 

conditions at night, when oxygen deficiency is most likely. Here we aim to analyze the 

tolerance of Red Sea seaweed to low levels of dissolved oxygen, determine oxygen 

thresholds during the night-time, and examine the effects of short-term exposure to hypoxia 

on macroalgae physiological performance. The physiological responses of the macroalgae 

will be assessed by changes in dark respiration rate, maximum photochemical efficiency, 

MTT viability assay, and Chlorophyll autofluorescence analysis.  

. 
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MATERIAL AND METHODS 
 

2.1  Study Area and Selected Species 
 

Three abundant macroalgae species from the Red Sea were collected, calcareous green 

and brown algae Halimeda opuntia and Padina boryana, and noncalcifying brown algae 

Sargassum latifolium. H. opuntia was collected from a mangrove forest at KAEC lagoon 

(22.376606, 39.134341), P. boryana was collected from a seagrass meadow at Alkharrar 

lagoon (22.861072, 38.932579), and S. latifolium was collected from Rabigh beach 

(22.812461, 38.940420), all obtained in late July 2021. Guides were used to visually 

identify specimens at the genus level according to (Lieske & Myers, 2011; Richmond, 

2002) and the AlgaeBase (Guiry, 2013). These conspicuous species are present throughout 

the Red Sea and dominate coastal regions, coral reefs, mangroves, and seagrass meadows 

habitats. They constitute a food source for aquatic herbivores species such as fish, turtles, 

and dugongs (Montgomery & Gerking, 1980; Goatley et al., 2012; Hays et al., 2018; Marsh 

et al., 2018) and provide refuge and habitat structure (Ware et al., 2019, Castro-Sanguino 

et al., 2020). Moreover, floating seaweeds and algae beach wrack play a role in seabirds 

foraging behaviors and provide essential microhabitats for migratory seabirds 

(Vandendriessche et al., 2007; Davis & Keppel, 2021). They also contribute to 

sedimentation (Rees et al., 2007; Price et al., 2011) and climate change mitigation (Krause-

Jensen & Duarte, 2016; Hill et al., 2015).  
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Figure 2.1 Upper panel from left to right, experimental fragments of S. latifolium, H. 

opuntia, and P. boryana. Lower panel experimental samples upon drying. 

 

2.2 Samples Collection and Acclimation 
 

Macroalgae samples were collected in the field from their benthic attachment by 

carefully detaching rhizomes and brought to the laboratory in a seawater cooler equipped 

with continuous air bubbling flow. Upon arrival to the Coastal and Marine Operations 

Laboratory Facility (CMOR) at KAUST, samples were fragmented, washed, and cleaned 

of any epiphytes without damaging the thalli. P. boryana, S. latifolium, and H. opuntia 

experimental fragments (Figure. 2.1) were at 0.23 ±0.07, 0.22 ±0.08, and 0.37 ±0.08 mg 

dry weigh ±SD, respectively. 

All samples were kept on a natural photoperiod (12:12 light:day cycle) at 29 °C in 

continuous flow-through outdoor tanks supplied with fresh filtered seawater (20 µm pore 

size) from an adjacent Red Sea basin. Outdoor acclimation was carried for at least a week 

prior to the beginning of the experiments. 
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Collected algal specimens were acclimated to indoor laboratory conditions for at 

least five days before conducting the experiments. Specimens were maintained in 2L glass 

aquaria filled with fresh filtered seawater and placed in three 70L tanks that were used as 

temperature-controlled water baths using a 300-watt titanium heater (Schego Teichheizer, 

Germany) in each tank connected to dual heating and cooling controllers (D-D The 

Aquarium Solution Ltd). Aquaria were illuminated by Radion XR G4 PRO LED lights 40 

cm above each tank, providing a constant light intensity of 150-200 μmol photons m-2 s-1 

on a 12:12-hr dark:light cycle. All aquaria were equipped with tubes and air stones to 

provide air bubbling, and plastic lids for aquaria were used to reduce water evaporation. 

Dark respiration and oxygen demand increase with higher temperature (Necchi, 2004), to 

test species at their higher thermal capacity, the temperature was increased from the initial 

outdoors temperature of 29 °C at one °C interval per day until reaching the experimental 

target point, where it was maintained at the mean maximum Red Sea surface temperature 

for the region at 32 °C throughout the experiment (Chaidez et al., 2017). 

2.3 Experimental Approach and Gas Mixtures 
 

For each experiment per species, 60 replicates were used (n=20 per treatment). 

Each specimen was placed in 2L aquaria filled with fresh filtered (20 µm pore size) Red 

Sea water and randomly distributed across eight 300L temperature-controlled water baths 

at 32 °C (temperature control and light condition are the same as explained in the 

acclimation stage). Samples were exposed to three experimental treatments: 1) Normoxia 

controlled environment corresponding to atmospheric equilibrium with ambient oxygen 

saturation at 6.8-7 mg O2 L
-1; 2) Hypoxia corresponding to low DO (Vaquer-Sunyer & 

Duarte, 2008) at 3-2 mg O2 L
-1; and 3) Severe hypoxia corresponding to extreme oxygen 
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reduction at 1-2 mg O2 L
-1. Oxygen levels are selected based on monitoring data of the 

central Red Sea habitats where DO ranged from 0.1 to 8.9 mg O2 L
-1 (Roik et al., 2016; 

Giomi et al., 2019). Our control treatment corresponds to well mixed and more exposed 

environments, while the hypoxic level corresponds to a more sheltered backreef or low 

water flow areas and mangroves swamps. The severe hypoxia level corresponds to dense 

algal mats, coral-algae interfaces or coral interstices, and decaying algal blooms 

environments. In all treatments, pH was kept consistent throughout the experiments as the 

study's goal was to assess the effect of decreased oxygen. 

Treatment levels were reached by mixing CO2, O2, N2 gases via mass flow 

controllers (Omega Engineering Inc., USA) connected to LabVIEW software (Klein et al., 

2017). Before the start of the experiment, we linearly transitioned from normoxic to 

treatment conditions over a ~7.5-hour window. For the duration of the experiments, 

treatments conditions were held consistent for a total of 12 hours during nighttime, and 

conditions were reverted to normoxia at the end of the dark period. Gas mixtures were 

delivered using plastic air stones, and clear plastic lids were used to minimize evaporation. 

Night experiments were conducted in a completely dark environment, and when necessary 

red headlights were used for sighting.  

2.3.1 Water Conditions  
 

DO levels, pH, and temperature were monitored every three hours using a 

combined handheld unit sensor (Mettler Toledo), and salinity was measured at the 

beginning and end of each experiment. DO probe was calibrated with oxygen air 

saturation at 100% calibration, and the pH electrode was calibrated using buffers of 4.00, 

7.00, and 10.00 pH units.  
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2.3.2 Total Alkalinity (TA)  
 

To verify that TA was stable throughout the experiment (12 hours), water samples 

(n=3 per treatment) were collected at the beginning and end of each experiment. Water 

samples were stored in 100 ml Borosilicate bottles, fixed with 50 µl mercuric chloride, 

then stored at room temperature, and analyzed within four weeks from sampling. TA was 

quantified by open-cell titration with 0.1 M hydrochloric acid using the Alkalinity 

Titrator (MODEL AS-ALK2, Apollo SciTech) with two pumps (VersaPump6, KLOHN) 

and pH meter (Orion Star A2II, ThermoFisher) using pH sensor (SI Analytics), method 

retrieved from (Dickson et al., 2007). TA standard provided by A.G. Dickson was used as 

certified reference material.  

 

2.4 Physiological Response Variables 
 

2.4.1 Dark Respiration Measurements 
 

Measurements for dark respiration were taken at three time points the initial, 

middle, and end time points of each experiment (7:00 p.m., 12:00 a.m., and 5:30 a.m., n=3 

per treatment for each time point) hereinafter referred to as phase 1, phase 2, and phase 3. 

Dark oxygen flux for macroalgae samples was measured using FireSting oxygen sensors 

(Pyroscience, Germany) by incubating the samples in closed chambers (50 ml) for up to 

one hour. Stirring rods were used in each chamber and were consistently stirred during 

incubations. Measurements were conducted inside a dark temperature-controlled (32 °C) 
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growth chamber (Percival Scientific, Inc). Sensors were calibrated at 0% DO using 

nitrogen bubbling and 100% DO saturation using air bubbling. 

Blank measurements were taken for each sample to account for any background 

respiration rate. After the incubation, samples' dry weight (DW) was measured by drying 

the macroalgae specimens in a dry oven at 60 °C for at least 24 h to remove any moisture. 

Respiration rates were calculated from the slope of the oxygen fluxes, and oxygen 

consumption rates were normalized to DW and calculated as DO mg L-l h-l mg DW-l.  

2.4.2 Maximum Potential Quantum Efficiency of Photosystem II 
 

Changes in maximum photochemical efficiency yield (Fv/Fm) of photosystem II 

(PSII) were determined for the duration of the experiment by using pulse amplitude 

modulated fluorometry MINI-PAM (Waltz, Germany). Measurements were taken every 

hour starting at 6:30 p.m. until 5:30 a.m. for all available samples during each time point. 

PAM readings were taken as triplicate for each specimen at three different areas across the 

sample. The average reading for each sample was used as the biological indicator for the 

analysis. 

2.4.3 MTT Viability Assay  
 

To assess cell viability, we used a colorimetric assay based on reducing the yellow 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT, Sigma-

Aldrich) in living cells by mitochondrial dehydrogenases to water-insoluble purple 

formazan (Mosmann, 1983). The viability assay was conducted three times during each 

experiment at phase 1, phase 2, and phase 3 (n=3 per treatment at each time point). For 

each sample, the whole specimen was submerged in a 50 ml vial containing the test 



 22    
 

 
 

medium: sterilized seawater and 0.2 mg ml-1 MTT (MTT stock solution 5 mg ml-1, prepared 

with PBS). Vials were incubated in a temperature-controlled water bath at 37 °C for two 

hours. Algal specimens were then washed with distilled water and transformed to vails 

containing dimethyl sulfoxide (DMSO, Sigma-Aldrich) at the same volume of the 

incubation medium and gently vortexed for 10 minutes. 250-uL aliquots of the DMSO 

solutions were loaded in 96-well plates, and absorbance at 570 nm was measured using 

Spectramax Paradigm microplate reader (Molecular Devices). Modified protocol from 

(Mendes et al., 2013).  

All assay samples were placed in a dry oven at 60 °C for at least 24 h to obtain DW, 

optical density (OD) readings were normalized to sample DW and calculated as OD per 

mg DW (Comas et al., 2000). Subsequently, we measured percent MTT reduction in 

treatment conditions (hypoxia and severe hypoxia) relative to our control condition 

(normoxia) as follow:  

% MTT reduction relative to control treatment  = 
𝑚𝑒𝑎𝑛 𝑂𝐷/𝐷𝑊 (𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡)

𝑚𝑒𝑎𝑛 𝑂𝐷/𝐷𝑊 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
∗ 100  

2.4.4 Chlorophyll Auto-fluorescent Imagining  
 

At each experimental time phase(1-3), a comparable apical section (~ 0.5 cm) was 

cut from each sample prior to MTT incubation (n=3 per treatment). Fragments were used 

to obtain tissue Chlorophyll red autofluorescence images (1000x um) using Axio Scope.A1 

epifluorescence Microscope (Zeiss). All samples were dark-adapted, images were acquired 

within 10 seconds after exposing the samples to the LED source (470 nm; Carl Zeiss 

423052-9572; LED Module 470 nm) connected to Zeiss camera and a DAPI filter set (G-



 23    
 

 
 

365; FT 395; LP 420 nm; Carl Zeiss 488002-9901-000), a long-pass filter that transmits all 

wavelengths above 420 nm.  

All images (tiff) were analyzed using ImageJ software, wherein color channels 

were split, and the integrated density of mean pixel fluorescent intensity was obtained for 

the red channel images. 

2.5 Data Analysis 
 

Photochemical efficiency, MTT Reduction, and fluorescent intensity data were 

analyzed using linear mixed models (LMMs). Independent variables were fixed factors, 

including species, oxygen treatment, and time as a repeated measure factor for 

Photochemical efficiency analysis. Different models (AR(1), AR(1) heterogeneous, and 

CS) were investigated to test the model of best fit through comparing goodness of fit 

statistics (-2 restricted log-likelihood, Akaike’s information criteria [AIC], and Bayesian 

information criterion [BIC]). Estimated marginal means were used to calculate pair-wise 

comparison. Respiration rates data were analyzed using two-way ANOVA and Tukey’s 

pair-wise comparison, with time and treatment as two categorical variables with three 

levels each.  

Estimated effective concentrations for SLC(50) response in respiration rates and 

median time to observe 50% reduction in photochemical efficiency in treatment condition 

relative to control were calculated using 2-parameter log-logistic dose-response models 

from the drc package in R. 

Data were checked for normality and homoscedasticity using standardized residual 

plots and Q-Q plots. All statistical data analyses and figures were conducted using IBM 

SPSS statistics and R Studio softwares. 
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RESULTS 

3.1 Experimental Conditions 
 

The environmental parameters pH, oxygen levels, and temperature were successfully 

maintained during the experimental duration of 12 hours. Table 3.1 summarizes the 

averages of environmental parameters for each experimental treatment. LMMs results 

(Appendix 7.1) shows significant difference between oxygen treatments (p-value < 0.001).  

 

 

  
pH ±SD mg O2 L-1  ±SD Temperature ±SD 

Halimeda sp. 

Normoxia 8.333   0.048 6.700   0.177 31.967   0.153 

Hypoxia  8.334   0.066 2.647   0.649 32.009   0.222 

Severe Hypoxia 8.348   0.052 1.386   0.758 31.984   0.216 

  Padina sp. 

Normoxia 8.329   0.049 6.322   0.173 32.106   0.147 

Hypoxia  8.295   0.059 2.566   0.460 32.070   0.128 

Severe Hypoxia 8.347   0.044 1.252   0.603 32.102   0.154 

  Sargassum sp. 

Normoxia 8.292   0.040 6.337   0.157 32.020   0.137 

Hypoxia  8.256   0.040 2.648   0.466 32.034   0.143 

Severe Hypoxia 8.286   0.044 1.043   0.718 32.006   0.146 

 

 

 

 

 

 

 

 

Table 3.1. Mean ±SD of environmental parameters of each experimental treatment per 

tested species. 

 

 

Table 3.2. Mean ±SD of environmental parameters of each experimental treatment per 

species. 

 

 

Table 3.3. Mean ±SD of environmental parameters of each experimental treatment per 

species. 

 

 

Table 3.4. Mean ±SD of environmental parameters of each experimental treatment per 

species. 

 

 

Table 3.5. Mean ±SD of environmental parameters of each experimental treatment per 

species. 

 

 

Table 3.6. Mean ±SD of environmental parameters of each experimental treatment per 

species. 

 

 

Table 3.7. Mean ±SD of environmental parameters of each experimental treatment per 

species. 
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3.2 Maximum Photochemical Efficiency 
 

There was no difference in the three tested species responses to hypoxia. In all 

species, Fv/Fm generally remained consistent over time for normoxia and hypoxia 

treatments but showed significant difference (P-value < 0.001) for the severe hypoxia 

treatment (Figure. 3.1), where Fv/Fm decreased over time as shown in (Figure. 3.2).   

  

 

 

 

 

 

 

Figure 3.1 Fv/Fm for the different species across the different experimental treatments.  

Figure represents all PAM measurements that were taken every hour during the entire 

duration of the experiments of 12h combined (at least 130 observations per treatment). 
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3.3 Metabolic Respiration 
 

Respiration rates were significantly different between the different species and 

significantly different between treatments and their interaction (i.e., species ×  treatments) 

(P-values < 0.001). Moreover, at different time phases of the experimental duration (phase 

1, phase 2, and phase 3), different species show a significant difference in respiration rates 

(P-value < 0.05). There is also a significant difference in respiration rates between 

treatments at different time phases (P-value < 0.01) (Figure. 3.3). 

Figure 1.2 Collective Fv/Fm for all tested species combined across the different 

experimental treatments over time. Figure represents all PAM measurements that were 

taken for the three tested species under different treatments (at least 58 observations at 

time 1h and 18 observations at time 12h). 
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As shown in (Figure. 3.3), the highest respiration rates were observed for normoxia 

treatments, which were relatively constant over time. On the contrary, severe hypoxia 

treatment on average shows lower respiration rates for all species. Hypoxia treatment 

shows a recovery in respiration rates just before dawn for both H. opuntia and P. boryana, 

and it remained relatively slow and constant for S. latifolium.  

 

 

 

 

 

Figure 3.3 Mean absolute values of respiration rates ±SE (n=3) for the three different 

species at the different time phases of the experimental duration.  
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3.4 MTT Viability Assay Analysis  
 

MTT optical densities per mg dry weight were not significantly different for 

different treatments and not significant for the (treatment × species) interaction. There 

was a significant difference for (species × treatment × time phase; P-value < 0.001) 

interaction, where severe hypoxia at phase 2 is significantly different from control. 

(Figure. 3.4) shows % MTT reduction relative to control treatment for different species at 

different time phases of the experimental duration (12h).  At phase 1, H. opuntia shows a 

decrease in OD mg DW-1 in both hypoxia and severe hypoxia treatments relative to the 

control treatment (normoxia). However, S. latifolium shows an increase in OD mg DW-1 

in both treatments relative to the control treatment. In contrast, P. boryana shows 

relatively comparable MTT reduction at both treatment levels relative to control. At 

phase 2, both H. opuntia and P. boryana show increased MTT reduction from phase 1, 

while S. latifolium decreased in MTT reduction at phase 2. At phase 3, all species in 

hypoxia treatment show MTT reduction at the same level as the control treatment 

(~100% MTT reduction relative to control treatment). 
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Figure 3.4 Mean % MTT reduction (OD DW-1) relative to control treatment ±SE 

(n=3). No lethal results were detected, all tissue were viable throughout the 

experimental duration (12h).  
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3.5 Integrated Density of Mean Fluorescent Intensity (MFI) 
 

There was a significant difference in MFI for the different species across time and 

treatments (species × treatment × time phase; P-value < 0.05). S. latifolium shows 

significantly different MFI values than both H. opuntia and P. boryana (P-value <0.001), 

and on average, normoxia treatment shows significantly different MFI values than both 

hypoxia and severe hypoxia treatments (P-value <0.05) (Figure. 3.5). 

  

 

 

 

 

 

Figure 3.5 Chlorophyll red autofluorescence MFI ±SE (n=3) for the different tested 

species at the three different time phases and treatments. On average, normoxia values 

are significantly different in comparison to both hypoxia treatments. 
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DISCUSSION 
 

Ocean deoxygenation is a global concern, and since the 1960s, the global ocean 

content of oxygen has declined by 2% (Schmidtko et al., 2017). Areas with decreased 

oxygen level, so called hypoxic zones, are expanding in size and duration (Vaquer-Sunyer 

et al., 2008), and diurnal oxygen fluctuations can reduce oxygen level to near anoxic level 

during nighttime (Dubuc et al., 2021; Altieri et al., 2021), exposing aquatic organisms to 

severe hypoxia stress (Giomi et al., 2019; Andersen et al., 2017; Dubuc et al., 2017; Roik 

et al., 2016). Indeed, hypoxia has particularly severe consequences on organismal 

performance, exceeding those of OA and warming (Ng & Micheli, 2020; Sampaio et al., 

2021). Therefore, it is important to understand the sublethal effects of hypoxia and the 

processes that mediate the variability of hypoxia stress on the physiological performance 

and the intensity that could lead to lethal impact. Our study shows that exposure to sublethal 

DO concentrations negatively impacts several biological processes in different macroalgae 

species.  

We found that macroalgae P. boryana, S. latifolium, and H. opuntia exhibited the 

same Fv/Fm response pattern, whereby measurements were similar under normoxia and 

hypoxia treatments, although some lower outliers were detected for hypoxia, a significant 

decrease in performance was only detected under severe hypoxia treatment, particularly 

after midnight (Figure. 3.1). These results are comparable to those reported for submerged 

mosses, wherein a significant decrease in Fv/Fm due to hypoxia was observed within 30 

minutes of immersion (Rzepka et al., 2005). On the contrary, in temperate seagrass Zostera 

marina and the tropical seagrass Thalassia hemprichii, reduction in Fv/Fm was a function 

of increasing temperature when applied under low oxygen conditions (Rasmusson et al., 
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2020). Consistent with our results, the macroalgal species Bryopsis sp. exposed to moderate 

nighttime hypoxia (4 mg O2 L
-1) shows a decrease in Fv/Fm values at the initial days of 

treatment (Haas et al., 2014). 

Haas et al. (2014) also reported reduced autofluorescence in Bryopsis sp. under 

moderate nighttime hypoxia at the initial days of treatment, similar to our findings for the 

three species tested. In our analysis, we speculate Fv/Fm decline is associated with an 

increase in minimum fluorescence Fo whenever higher MFI values are observed compared 

to control treatments. Otherwise, Fv/Fm decline might be due to a decrease in number of 

active photosynthetic reaction centers. However, the reasons for the decrease in 

photosynthetic efficiency under hypoxia observed here remain unclear and require further 

experimental assessment (Rzepka et al., 2005; Nielsen & Nielsen, 2008).  

The species tested showed different response patterns in respiration rates. P. 

boryana showed an initial decline in respiration rate in both hypoxia and severe hypoxia 

but recovered to normal respiration rate under hypoxia after ~12h of treatment. However, 

under severe hypoxia, respiration rates significantly declined until midnight and remained 

relatively low and constant thereafter. H. opuntia showed no significant change in 

respiration rates under the hypoxia treatment, while those exposed to severe hypoxia 

showed significant change only after 12h of treatment. On the contrary, S. latifolium was 

the most sensitive to deoxygenation. In the hypoxia treatment, S. latifolium showed slow 

and steady respiration rates throughout the experiment. However, in the severe hypoxia 

treatment, respiration rates declined over time.  

Similar to our different responses, at severe hypoxia (1 mg O2 L
-1), respiration rates 

in Cladophora sp. was reported to show no change compared to normal conditions, while 
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Gracilaria sp., respiration rates significantly declined (Peckol & Rivers, 1995). In Ulva. 

sp, anoxic conditions caused a gradual increase in dark respiration rate, especially 

following light periods (Vermaat & Sand-Jensen, 1987). In addition, seagrasses Zostera 

marina, Thalassia hemprichii, and Zostera muelleri show significantly lower respiration 

rates in response to low oxygen conditions similar to that in macroalgae (Kim et al., 2018; 

Rasmusson et al., 2020). In fact, reduced respiration rate under dark hypoxia in seagrass 

Enhalus acoroides caused damage to PSII (Che et al., 2021). In our analysis, there was a 

significant decrease in photosynthetic performance under severe hypoxia treatment, which 

was associated with the lowest respiration rates. In addition, the observed reduction in 

respiration rate in our analysis can be attributed to energy conservation strategy and as a 

mechanism to lower toxic end-products associated with anoxic metabolism (Kamermans 

et al., 1998). 

Considering reduced respiration and photochemical efficiency, we did not observe 

evidence of mortality for the species tested even under severe hypoxia. All our results 

showed viable tissue throughout the experimental duration, consistent with results reported 

for Ulva sp., where thali exposed to hypoxia for seven days in the dark was able to recover 

and produce gametes upon retrieval to normal condition and exposure to light (Corradi et 

al., 2006). 

Along with viability assessment, our MTT viability assay provides a first screening 

tool of the reduction capacity in our samples (Figure. 3.4). The MTT assay has been offered 

as a tool for the rapid assessment of plant antioxidant activity (Muraina et al., 2009). Hence, 

we suggest that higher MTT reduction, as observed for P. boryana and S. latifolium,  is 

associated with higher antioxidant capacity. At midnight, P. boryana exhibited 
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significantly higher reduction capacity in severe hypoxia treatment, and both hypoxia 

treatments in S. latifolium exhibited high reduction capacity at the initial hour of exposure. 

In fact, our S. latifolium results are significantly higher relative to control, which is 

comparable with those of (Costa et al., 2017), where higher MTT reduction attributed to 

antioxidant activity was observed for Sargassum sp. subjected to heavy metal. H. opuntia 

shows the lower averages of MTT reduction relative to control among the three species, 

and it was significantly lower at the initial hour of exposure. This might indicate higher 

sensitivity and more vigorous antioxidant defense associated with P. boryana and S. 

latifolium compared to H. opuntia. 

In plants' cellular respiration, the loss of O2 as the final electron acceptor as in 

deoxygenation events suppress mitochondrial respiration and leads to activation of coping 

metabolic mechanisms like fermentation and glycolysis (Klecker et al., 2014). In fact, Ulva 

sp. incubated in an oxygen-free environment shows a rapid accumulation of acetate, which 

is attributed to a switch to fermentation mode of metabolism (Nedergaard et al., 2002). 

This alternation in metabolism in response to abiotic stressors is mediated by NO and ROS 

signaling, a biological pathway widely known for terrestrial plants, aquatic plants, and 

algae (e.g., Mallick & Mohn, 2000; Contreras-Porcia et al., 2011; Kottuparambil et al., 

2012; You & Chan, 2015; Aljbour et al., 2019; Astier et al., 2021; Solé et al., 2021). 

However, detailed information on oxidative defense mechanisms for different macroalgae 

species are still lacking, particularly those induced by deoxygenation stress.  

In the microalgal model Chlamydomonas, short-term hypoxia (~2h) induced ROS 

based and NO signaling response that activates gene transcriptions related to anaerobic 

pathways (Hemschemeier et al., 2013a; Hemschemeier et al., 2013b). Moreover, 
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macroalgae Porphyra sp. significantly increased ROS production and antioxidant capacity 

within one hour of desiccation stress (Contreras-Porcia et al., 2011). The concentration of 

oxidants can also accumulate in the surrounding environment. Ulva sp. and Ulvaria sp. 

show distinct extracellular oxidants concentrations in response to different abiotic stresses 

(van Hees & Van Alstyne, 2013). In a hypoxia treatment, Ulvaria sp. showed some 

increase in extracellular oxidants relative to control (van Hees & Van Alstyne, 2013).  

To counteract oxidative stress adverse effects, algae stimulate the production of 

antioxidants and non-enzymatic compounds such as superoxide dismutase (SOD), 

peroxidase (POD), catalase (CAT), ascorbate peroxidase (APX), flavonoids, and ascorbic 

acid (Mallick & Mohn, 2000). Similarly, in aquatic plants, the synergic effect of hypoxia 

and hydrogen sulfide caused significant oxidative stress and triggered the production of 

ROS scavenging enzymes, including POD, APX, and CAT activities (Parveen et al., 2017).  

Indeed, the observed Fv/Fm decline in our severe hypoxia treatment results might be due to 

oxidative stress. Marutani et al. (2012) showed that even in the dark, the accumulation of 

ROS and the disturbed cyclic electron flow can impair the photosynthetic process. 

Ultimately, the contrasting pattern of interspecific differences in response to 

hypoxia stress among the three species tested reflects the heterogeneous nature of 

macroalgae, which may show a range of responses to climate change drivers, including 

deoxygenation. In addition, possible limitations arise as a result of different abiotic 

stressors.  At the boundary layer, specimens could experience a further decrease in pH and 

oxygen concentration that could understate the hypoxic threshold or induce a synergic 

stress response. This is more pronounced in Halimeda sp., where microsensor boundary 

layer measurements in the dark showed a slight decrease in oxygen at ambient level but a 
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significant decrease in pH when photosynthesis is inhibited (Beer & Larkum, 2001). 

Moreover, the optimum thermal capacity reported for Halimeda tuna from the central Red 

Sea was 31.97 °C for net primary production (Anton et al. 2020), which is around our 

experimental temperature (32 °C), and that could have aided the hypoxia acclimation 

capacity of the Halimeda sp. 

Another factor adding to the complexity of examining hypoxia in macroalgae 

described by (Al-Janabi et al., 2019) is the influence of previous exposure to other climate 

change factors such as OA and warming on macroalgae response to hypoxia. Al-Janabi et 

al. (2019) found that germlings of macroalgae Fucus sp. survival in hypoxia (2.75 mg O2 

L-1) and survival in OA and warming are anti-correlated. Different families of the 

macroalga exhibited different survival responses, whereas families who survived OA and 

warming in spring and summer could not subsequently withstand three days of hypoxic 

autumn upwelling. They attribute their results to species-specific genotype-environment 

interactions.  
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CONCLUSION 
 

Our experimental results show that nighttime hypoxia can induce a significant 

decrease in photosynthetic efficiency and respiration rates with changes in cellular 

biological pathways. According to definitions of sublethal and lethal oxygen thresholds, 

we did not observe a lethal threshold in any tested species (Hughes et al., 2020; Vaquer-

Sunyer & Duarte, 2008). However, For the duration of our experiments (12h), all species 

show a significant reduction in respiration rates and photochemical efficiency under severe 

hypoxia treatment (~1.3 mg O2 L
-1). While at hypoxia treatment (~2.5 mg O2 L

-1), there 

were no significant changes in photochemical efficiency for all tested species. However, 

only P. boryana and H. opuntia were able to acclimate to normal respiration rates (and 

after 12h of treatments), unlike S. latifolium.  

Our observations allowed us to calculate a sublethal O2 threshold  SLC(50) of  1.2 

±0.1, 1.5 ±0.1, and 1.7 ±0.1 mg O2 L
-1 ±SD for H. opuntia, P. boryana, and S. latifolium 

responses, respectively. We also found that the median time to observe a 50% reduction in 

photochemical efficiency under severe hypoxia treatment relative to control was 6.3 ±1.4, 

3.5 ±1.0, and 0.8 ±1.3 hours ±SD for H. opuntia, P. boryana, and S. latifolium responses, 

respectively. We conclude that S. latifolium is the most sensitive to deoxygenation with 

lower median time and higher SLC(50) among our tested species, while H. opuntia is the 

most hypoxa tolerant. Both Halimeda sp. and Padina sp. are attached to the benthic floor 

and grow in aggregated masses, which requires higher metabolic demands. Hence, they 

might be more adapted to lower levels of oxygen during nighttime. However, sargassum 

sp., a floating seaweed, or attached to the benthic floor with longer thali that moves with 



 38    
 

 
 

minimal wave action, is more adapted to higher levels of oxygen which render them more 

susceptible to hypoxia stress. 

Along with the magnitude and duration of hypoxia, the role of repetitive exposure 

to hypoxia can further determine the terminal effects of hypoxia on marine organisms 

(Nelson & Altieri, 2019). In addition, macroalgae hypoxic stress occurrence 

simultaneously or sequentially with other climate change factors, such as warming, needs 

to be further investigated for a holistic approach in understanding species tolerance to 

deoxygenation (Al-Janabi et al., 2019).   
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APPENDICES 

 

Appendix 6.1: Statistical Results of  Oxygen Treatments 
 

Table 6.1 Oxygen treatment as dependent variable linear mixed model results: Type III 

Tests of Fixed Effects. 

 

Source 

Numerator 

df 

Denominator 

df F Sig. 

Intercept 1 431 19497.433 <0.01 

Treatment 2 431 4027.306 <0.01 

Species 2 431 8.614 <0.01 

Treatment 

* Species 

4 431 2.739 0.028 

 

Appendix 6.2: Statistical Results of Response Variables 
 

1) Photochemical Efficiency 

Table 6.2 Photochemical efficiency dependent variable linear mixed model results: Type 

III Tests of Fixed Effects. 

 

Source 

Numerator 

df 

Denominator 

df F Sig. 

Intercept 1 147.978 42063.893 <0.01 

Time 11 1021.481 4.494 <0.01 

Species 2 147.977 2.271 0.107 

Treatment 2 147.976 32.159 <0.01 

Time * 

Species 

22 1021.597 3.737 <0.01 

Time * 

Treatment 

22 1021.484 1.260 0.189 

Species * 

Treatment 

4 147.976 0.175 0.951 

Time * 

Species * 

Treatment 

44 1021.608 0.642 0.967 
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2) Respiration Rates 

Table 6.3  Respiration rates (oxygen flux) ANOVA model results.  

  Halimeda sp. 

Effect DFn DFd F P-value 

Time 2 18 7.36 5.00E-03 

Treatment 2 18 12.046 4.78E-04 

Time:Treatment 4 18 3.472 2.90E-02 

  Padina sp. 

Time 2 18 1.419 2.68E-01 

Treatment 2 18 45.348 9.37E-08 

Time:Treatment 4 18 2.953 4.90E-02 

  Halimeda sp. 

Time 2 18 3.564 5.00E-02 

Treatment 2 18 53.937 2.50E-08 

Time:Treatment 4 18 1.062 4.04E-01 

 

 

3) MTT Reduction Assay  

Table 6.4 MTT reduction assay dependent variable linear mixed model results: Type III 

Tests of Fixed Effects. 

 

Source 

Numerator 

df 

Denominator 

df F Sig. 

Intercept 1 18.521 4081.901 <0.01 

Treatment 2 18.521 2.420 0.116 

Time 2 33.972 49.710 <0.01 

Species 2 18.521 1085.223 <0.01 

Treatment 

* Time 

4 33.972 1.091 0.377 

Treatment 

* Species 

4 18.521 2.331 0.094 

Time * 

Species 

4 33.972 20.671 <0.01 

Treatment 

* Time * 

Species 

8 33.972 6.324 <0.01 
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4) Mean Fluorescence Intensity 

 

Table 6.5  Fluorescence Intensity dependent variable linear mixed model results: Type 

III Tests of Fixed Effects. 

 

Source 

Numerator 

df 

Denominator 

df F Sig. 

Intercept 1 16.688 3041.565 <0.01 

Species 2 16.660 38.038 <0.01 

Treatment 2 23.911 3.908 0.034 

Time 2 33.164 0.891 0.420 

Species * 

Treatment 

4 23.947 0.864 0.500 

Species * 

Time 

4 32.810 15.338 <0.01 

Treatment 

* Time 

4 36.652 0.685 0.607 

Species * 

Treatment 

* Time 

8 34.896 2.921 0.013 

 


