
Physiological performance and thermal tolerance of major Red Sea 
macrophytes 

 

Thesis by 

Michael Weinzierl 

 

 

 

 

 

 

In Partial Fulfillment of the Requirements  

For the Degree of 

Master of Science 

 

 

 

 

 

King Abdullah University of Science and Technology 

Thuwal, Kingdom of Saudi Arabia 

 

November, 2017 

 



2 
 

EXAMINATION COMMITTEE PAGE 
 
 
 

The thesis of Michael Weinzierl is approved by the examination committee. 

 

 

 

 
Committee Chairperson: Carlos M. Duarte 
Committee Members: Carlos Duarte, Burton Jones, Volker Vahrenkamp 
 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 



3 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© November, 2017 
 

Michael Weinzierl 

All Rights Reserved 

 

 



4 
 

ABSTRACT  

Physiological performance and thermal tolerance of major Red Sea 
macrophytes 

 

Michael Weinzierl 

As anthropogenically-forced ocean temperatures continue to rise, the physiological 

response of marine macrophytes becomes exceedingly relevant. The Red Sea is a semi-

isolated sea- the warmest in the world (SST up to 34°C) - already exhibiting signs of rapid 

warming rates exceeding those of other tropical oceans. This will have profound effects 

on the physiology of marine organisms, specifically marine macrophytes, which have 

direct influence on the dynamic carbonate system of the Red Sea. The aim of this paper 

is to define the physiological capability and thermal optima and limits of six ecologically 

important Red Sea macrophytes- ranging from seagrasses to calcifying and non-

calcifying algae- and to describe the effects of increasing thermal stress on the 

performance and limits of each macrophyte in terms of activation energy. Of the species 

considered, Halophila stipulacae, Halimeda optunia, Halimeda monile and Padina 

pavonica thrive in thermal extremes and may be more successful in future Red Sea 

warming scenarios. Specifically, Halimeda opuntia increased productivity and 

calcification rates up to 38°C, making it the most thermally resilient macrophyte. 

Halophila stipulacae is the most productive seagrass, and hence has the greatest 

positive effect on Omega saturation state and offers chemical buffer capacity to future 

ocean acidification.  
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INTRODUCTION 

Increasing atmospheric CO2 and other ‘greenhouse gases’ resulting from 

anthropogenic forces is leading to a warming of the planet, resulting in 1.5°C increases 

above preindustrial levels within the next two decades (IPCC, Intergovernmental Panel 

on Climate Change, 2013). Since the ocean acts as a global heat sink, ocean warming is a 

major and direct consequence of global warming. At a fundamental level, and with 

relation to biological processes, temperature has a tightly fixed relationship with 

molecular kinetic energy, which is a determinant of enzyme activity and diffusion rates, 

thereby accelerating metabolic rates (Brown et al., 2004). Another biologically relevant 

adverse effect of anthropogenic CO2 emissions is an increase in seawater CO2 partial 

pressure (pCO2), which is lowering seawater pH, resulting in ocean acidification of 

anywhere from 0.8 to 1.4 units by 2300 (Caldeira and Wickett, 2005). These ongoing 

global changes will undoubtedly have profound consequences for basic physiological 

processes of biological entities, which will ultimately affect the functionality of entire 

marine ecosystems (Hoegh-Guldberg and Bruno, 2010). Two highly critical marine 

ecosystems vulnerable to these changes are seagrass meadows and coral reefs, both of 

which are characterized by high productivity and biological diversity as a result of 

primary productivity and calcification by seagrasses and macroalgae (Hoegh-Guldberg 

and Bruno, 2010).  

 The synergistic impacts of warming temperatures and ocean acidification are still 

not fully understood, but there is a growing volume of research that proposes that 

calcification in some marine macrophytes and corals may not necessarily be reduced 
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under long-term acidification (Cornwall et al., 2014; Rodolfo-Metalpa et al., 2010, 

Larkum et al., 2003). Calcification and primary production rates in macrophytes are 

controlled by diffusive boundary layers (DBL) at the epithelial level, acting as a boundary 

to surrounding seawater and allowing biogeochemical processes to be mediated 

biologically. This is possible through the mechanisms of epicellular H+ proton pumps 

(McConnaughey and Whelan, 1997) and internal or external carbonic anhydrase 

enzymes (Cook et al., 1986; Haglund et al., 1992; Badger and Price, 1994), which 

mediate photosynthetic rates in some species, and in turn mediate calcification rates at 

the DBL (Borowitzka, 1984). Specifically, carbonic anhydrase has been shown to mediate 

the conversion of HCO3- to CO2 and vice-versa through hydration or dehydration, 

supporting rapid equilibration between the two carbon species (Cook et al., 1986; 

Haglund et al., 1992; Badger and Price, 1994). This strong biological mediation of 

primary production and calcification, with relation to photosynthetically-induced CO2 

and HCO3
-, is evidence that pH changes (i.e. ocean acidification) may not play as big of a 

role on these processes as future temperature increases, which has a universally strong 

exponential effect on molecular diffusion processes (Cornwall et al., 2014) and, 

transversely, physiological processes (Brown et al., 2004; Larkum, Orth and Duarte, 

2007, Koch et al., 2013).  

 Within the carbonate system, biogenic calcification is closely associated with CO2 

fluxes as a result of photosynthesis or increased pCO2 as seen in Equation 1: 

CO2 + H2O ↔ H+ + HCO3
- ↔ H+ + CO3

2- 

H2CO3 
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 As primary production during daylight takes up CO2 and HCO3
- and increases local pH, 

CaCO3 precipitation is enhanced (Borowitzka, 1984; Jensen, 1985) as seen in Equation 2:   

Ca2+ + 2HCO3
-   CaCO3 + H2O + CO2 

Equation 2. Biogenic calcification also produces CO2. 

Inversely, calcification and respiration produce H+ and CO2, mitigating pH changes 

induced by photosynthesis (Borowitzka and Larkum, 1987) while recycling CO2. 

Therefore, the relationship between photosynthesis and calcification, at an intracellular, 

organismal and community level, represents a synergistic positive feedback loop. As CO2 

is fixed during photosynthesis, local pH increases, shifting the carbonate equilibrium in 

favor of CO3
2- production, resulting in the precipitation of CaCO3 (Koch et al., 2013). 

Conversely, calcification enhances photosynthesis by reducing total alkalinity (AT) and 

increasing bioavailable CO2, which subsidizes CO2 available for photosynthesis (Beer and 

Larkum, 2001). To capture it succinctly: CO2 taken up by photosynthesis results in 

increased pH while CO2 and H+ released by respiration and calcification leads to pH 

decrease. Unmistakably, CO2 is the link between metabolic and carbonate processes 

(Andersson and Mackenzie, 2004). Understanding the coupling and dynamic equilibrium 

of these two processes among related calcifying and non-calcifying marine macrophytes 

with their surrounding environment is of interest in understanding mechanisms 

buffering ocean acidification in macrophyte-dominated habitats (Duarte et al., 2013; 

Equation 1. The interaction of CO2 with seawater and subsequent evolution of 
carbonate species increases H+ concentration, thereby decreasing pH. 
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Hendriks et al., 2015), associated carbon fluxes and the effect of warming on the 

processes.  

1.1 Study Area  

The Red Sea is a semi-enclosed tropical sea between 30°N and 12° 30′N.  The 

physical and oceanographic parameters of the Red Sea represent an ideal model 

ecosystem that often exhibits ‘extreme’ environmental conditions- relative to those of 

other oceans- and thus simulates projected future oceans conditions and offers a 

particularly interesting site to examine the link between temperature and metabolic and 

calcification rates by marine macrophytes. With average yearly SST seasonally ranging 

from 26.00 to 31.72 °C across a N-S latitudinal gradient (Rushdi et al., 2015), recorded 

summer temperatures up to 35 °C and an anticipated decadal warming of 0.17 ± 0.07 °C, 

which exceeds the global rate (Chaidez et al., 2017), the Red Sea is and will continue to 

be a thermal anomaly. In shallow, coastal and lagoonal ecosystems where macrophytes 

flourish, conditions are even more extreme. Summer (July-August) CTD deployment in a 

seagrass meadow in Al Khararr lagoon, near Rabigh, Saudi Arabia, at 1.5 m water depth 

captured mean temperatures of 32.68 °C, with an absolute high of 35.08 °C (95.14 °F) 

midday August 23, 2017. Because of the high salinity, due to the prevalence of 

evaporative processes in this arid region, the Red Sea presents high DIC and AT, and a 

well-buffered system. Combined with a supersaturation of calcite (Ω) ranging from 6.34-

7.21 in surface waters (Rushdi et al., 2015), the Red Sea is also highly conducive to 

carbonate production. Despite these unique conditions, photosynthetic rates by marine 

macrophytes have been only reported for the Gulf of Aqaba and Gulf of Eilat in the 
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northern Red Sea (Beer and Waisel, 1982; Wahbeh, 1983; Jacobs and Dicks, 1985; 

Wahbeh, 1988; Schwarz and Hellblom, 2002; Figueroa et al., 2009). Virtually no 

physiological rates are reported for macrophytes of the central Red Sea and Saudi 

Arabian coast (Khalil and Tawil [1982] only report phytochemical and nutrient 

composition).  

1.2 Macrophyte Selection and Justification  

Here we examine the response of 

metabolic and calcification rates of 

two Red Sea seagrass species, 

Halophila stipulacea (Figure 1) and 

Cymodocea rotundata, three 

calcifying algae species, green algae Halimeda opuntia (Figure 2) and Halimeda monile, 

brown algae Padina pavonica (Figure 3), and one non-calcifying brown algae, Turbinaria 

ornata (Figure 4), to experimentally 

elevated temperatures. These six 

species provide a good representation 

of Red Sea macrophytes, including 

those dominant in coral reefs 

(Halimeda opuntia, Halimeda monile 

and Turbinaria ornata) and seagrass 

meadows (Halophila stipulacea and Cymodocea rotundata), as well as the most 

common calcifying (Halimeda opuntia and Padina pavonia) and non-calcifying  

Figure 1. H. stipulacae in its natural environment 
(photo courtesy uvi.edu/research). 

Figure 2. H. opuntia collected from Al Khararr 
lagoon. 
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(Turbinaria ornata) macroalgae found in the Red Sea. These ecologically important 

macrophytes universally serve as critical nurseries and refugia for fish, crustaceans and 

small calcifying organisms, which support fishery (Skilleter and Loneragan, 2002; 

Perry and Beavington-Penny, 2005; Duarte et al., 2013).  

1.2.1 Seagrasses 

Seagrasses are marine angiosperms found extensively along temperate and tropical 

coastlines worldwide. Seagrass meadows cover nearly 10% of coastal habitats and 

represent a globally significant carbonate reservoir, but exact values are difficult to 

ascertain (Hemminga and Duarte, 2000; Duarte et al., 2013; Mazarrasa et al., 2015).  

Phenotypically, seagrasses are characterized by their rhizome (root structure) and 

associated leaf blade(s), which can support entire communities of epiphytic and faunal 

organisms (Brandano et al., 2016). Rhizomes run in regularly spaced nodes in the 

sediment, which serve as propagules for additional shoots with various morphologies. 

Seagrass meadows reduce turbulent flow and velocity, contributing to sedimentation 

and lime mud production (Duarte et al., 2013; Enriquez and Schubert, 2014). According 

Figure 3. P. pavonica in Al Khararr lagoon with 
visible concentric growth rings. 

Figure 4. T. ornata meadow (photo 
courtesy Wikipedia.org/turbinaria).  
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to Enriquez and Schubert (2014), calcification in some species of seagrass (i.e. Thalassia 

testudinum) is an artefact of photosynthesis, either as aragonite needles deposited on 

the leaf surface or as intracellular precipitation. Carbonic anhydrase has been implicated 

as a genetically expressed enzymatic mechanism responsible for these processes.  

1.2.2 Green Algae  

Halimeda is perhaps the most studied of all calcareous algae, due in part to its 

rapid manufacture of calcium carbonate and high turnover rates, which makes it a 

dominant sediment producer and major contributor to reef accretion (Price et al., 2011). 

Crystal aragonite is deposited in the intracellular space of the thallus outside the cell 

wall, separated from the seawater by utricles, allowing for a protected DBL conducive to 

a photosynthetically-mediated microenvironment with a high pH suitable for 

calcification (Borowitzka and Larkum, 1976; 1977). The alga typically grows in mats, 

attaching to most benthic substrates, is the most abundant taxa in tropical seas and can 

be a source of food for herbivorous reef fish (Price et al., 2011). Halimeda opuntia, 

specifically, utilizes root-like filaments to attach to hard substrates (Wizemann et al., 

2015), whereas Halimeda monile anchors to soft substrate with a bulbous holdfast. Both 

are found ubiquitously in coral reefs, and Halimeda opuntia is commonly associated 

with seagrass meadows. 

1.2.3 Brown algae 

Padina and Turbinaria are members of the Phaeophyceae (brown algae) and are 

widely distributed in warm, shallow seas (Okazaki et al., 1986).  Padina is the only 

calcifying genus of the class Phaeophyceae; calcium carbonate is deposited 
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extracellularly as concentric growth rings on the surface of the fan-shaped thalli and 

offers little structural support for the plant (Borowitzka and Larkum, 1987; Gil-Diaz et 

al., 2014). P. pavonica is only lightly calcified relative to other Padina species (Okazaki et 

al., 1986). Like Halimeda monile, Turbinaria ornata utilizes a holdfast structure and is 

found ubiquitously in coral reefs, however, it does not support calcification.  

1.3 Justification 

Understanding the physiology of marine macrophytes in the normal conditions 

of the Red Sea will bolster acumen of future scenarios for other tropical oceans. Inter-

species comparisons will provide insight to the varying degrees of influence these 

macrophytes have on their surrounding chemical and biological systems. Simulating 

experimental extreme conditions will provide insight to the effects of warming on the 

functioning and survivability of the Red Sea macrophytes of the future. To more 

Figure 5. Map of Red Sea and collection sites (Al Khararr lagoon, Al Fahad reef and 
KAUST shore).  
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accurately define the carbon budget of Blue Carbon habitats- defined as marine 

ecosystems capable of capturing carbon- it is necessary to empirically define the role 

common marine macrophytes found in these environments have on biological and 

chemical systems. The aim of this thesis is to provide net photosynthetic and 

calcification rates for ecologically important Red Sea macrophytes, including calcifying 

and non-calcifying species of algae and seagrasses ubiquitously occurring in the Red Sea, 

in temperature regiments ranging from normal to extreme.  
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METHODS 

2.1 Sampling and Acclimatization 
 
  Halophila stipulacea and Halimeda opuntia specimens were collected from a 

seagrass meadow in Al Khararr lagoon (22.933856 °N, 38.879673 °E) in late August, 2017 

(Figure 5). Turbinaria ornata and Halimeda monile specimens were collected from Al 

Fahal reef (22.151741 °N, 38.576461 °E) in early September, 2017 and Cymodocea 

rotundata and Padina pavonica specimens were collected from a mangrove forest 

nearby KAUST campus (22.312244 °N, 39.089685 °E) in mid-September, 2017- all in the 

central Red Sea. Samples were collected without damaging rhizome or root structures 

and were kept in a temperature-controlled insulated cooler equipped with an external 

air bubbler whilst being transported back to KAUST. Upon returning to KAUST, 

specimens were immediately transferred to continuous-flow 114 liter acclimatization 

aquariums at either 33°C or 37°C. In the acclimatization aquariums, specimens were 

rooted in nutrient-rich sediment collected from the adjacent KAUST bay and provided 

illumination via Radion XR15w G4 PRO LED light units (1 unit per aquarium at about 50 

cm height above specimens) set at a 12-hour photoperiod with simulated dawn and 

dusk transition phases. Acclimatization occurred for at least 5 days prior to 

experimentation (33°C acclimatization tank housed specimens for 32-34° temperature 

regimes and 37°C tank housed specimens for 36-38° temperature regimes). Tanks and 

experiments were all conducted in the marine operation facility (CMOR) on KAUST 
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campus, which provides continuous flow of local seawater pumped from the adjacent 

KAUST bay (~40.3 ppt salinity). 

2.2 Experimental Procedure 

Incubation experiments were conveyed in 2 L sealable glass jars that served as 

isolation chambers from which measurements were taken (Figure 6).  Lighting for 

incubation experiments was provided by 2 Radion XR15w G4 PRO LED light units placed 

50 cm above the incubations. Irradiance was measured using a PMA2100 SolarLight 

irradiance meter to ensure 

a uniform distribution of 

about 200-250 μmol 

photons m-2 s-1 for all 

samples. For experimental 

purposes, seagrass field 

density was calculated using 

a 24 cm transect deployed 

in random locations in Al 

Khararr lagoon (n = 10). 

Seagrass served as the model organism because of its somewhat uniform distribution, 

whereas algae were always found in clusters of various sizes. Healthy macrophytes were 

carefully weighed and cleaned of epiphytes prior to experiments to a final biomass of 

about 8 g of fresh weight of macrophyte tissue in the 2 L experimental chamber, which 

Figure 6. Macrophyte samples 
collected in the field (Al Khararr 
lagoon; top) and transported 
back to KAUST for acclimation. 
8g fresh weight of each 
macrophyte is cleaned and 
weighed out (corner) to be used 
in incubation experiments 
(experimental set-up; right).  
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represent in situ biomass density calculated from the field transects. This required 

approximately 6 shoots of Halophila stipulacea and 12 shoots of Cymodocea rotundata.  

Three replicates for each of the six species were independently incubated at 

each temperature regime (32°, 34°, 36° and 38°C) at a standard 40.3 ppt salinity 

corresponding to that in the sampling sites, with a blank (microfiltered seawater) run 

alongside each incubation cycle as a light and dark control reference. Following 

acclimation, incubations were run for 24 hrs, simulating a full photoperiod and allowing 

for full measurement of primary production (12 hrs light) and respiration (12 hrs dark), 

thereby allowing daily estimates to be produced. Experiments were initiated at 07:00 

hrs, local time (simulating the beginning of the natural photoperiod), and the seawater 

was emptied and replaced again at 19:00 hrs to measure nighttime respiration activity. 

Internal jar contents were inverted and stirred every hour with magnetic stirrers located 

at the bottom of the jars to ensure homogenous mixing of water. Additional vortex 

mixing occurred during DO measurements via the electric propeller connected to the 

optical sensor (sampling techniques described below). Jars were sealed with a gas-tight, 

impermeable layer to prevent gas exchange, and layers were replaced after each 

sampling. At the end of the 24 h cycle, specimens were preserved and immediately 

placed in a 60°C oven for 24 hrs, after which dry weight was measured.  

2.3 Dissolved Oxygen and pH         

Dissolved oxygen (DO) and pH were recorded at hrs 0, 1, 3, 6, 10 and 12 from the 

start of the experiment directly from the incubation chambers using a calibrated Hach 

Intellical LBOD10101 optical DO sensor with an integrated stirring system (identical to 
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DO methods used by Hendriks et al., 2014) and YSI professional series Pro1030 

handheld unit equipped with Pro1030 SE-COND-T probe, respectively. For electrode 

measurements, a circular hole was carefully cut through the impermeable layer covering 

each jar just large enough for the electrode to fit, preventing gas exchange between the 

atmosphere and the seawater, and was immediately covered following measurements. 

Before experiments, the DO probe was calibrated with the water-saturated air (100%) 

calibration procedure and the pH electrode was calibrated with a 2-point calibration at 

4.00 pH and 7.00 pH (‘total’ scale buffers). At the end of the incubations, water samples 

between pH 7.75 and 8.4 were then measured for absorbance (λ = 434, 578 and 730 

nm) with a QPOD spectrophotometer equipped with a DH-mini fiber optic light source 

using M-cresol purple dye. Spectrophotometric readings (also calibrated to the 

thermodynamically rigorous ‘total’ scale as maintained by Dickson, 1984) were 

regressed against electrode readings (Figure 7; R2 = 0.96, n = 18). The resulting linear 

relationship (y = 0.90(± 0.04)x + 0.82) was then applied to the electrode-derived values 

to retrieve more accurate pH values.  
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2.4 Total Alkalinity and Dissolved Inorganic Carbon 

Water samples for total alkalinity (AT) and dissolved inorganic carbon (DIC) 

analyses were collected at hours 0 and 12 and again at hour 12 and 24 (after the 

replacement of seawater between light and dark incubations). All water samples and 

measurements had homogenous sampling protocol: samples were taken with a syringe 

drawing tube at a uniform depth and deposited into test-tubes, without bubbles, to 

minimize gas exchange. Samples were subsequently poisoned within 4 hrs of sampling 

with MgCl to prevent further biological activity. AT samples were stored in 50mL plastic 

test tubes and DIC samples were stored in clean, gas-tight 12 mL borosilicate vials and 

analyzed within 4 weeks of sampling. Calibration and correction for drift on all analyses 

utilized Dickson standardized seawater (Batch #154).  

AT is defined as the concentration of chemical species that neutralize hydrogen 

ions (buffering agents) minus the concentration of hydrogen ions present (pH). AT was 

analyzed with a Mettler Toledo T-50 Autotitrator using 0.1M HCl and 3 aliquots per 

replicate. AT was determined by nonlinear regression fitting between pH 3.5 and pH 3.0, 

as described in the Standard Operating Procedure SOP3b in the “Guide to Best Practices 

for Ocean CO2 Measurements” (Dickson et al., 2007). Metadata values were then 

processed with R utilizing the Seacarb package. Any drift between periodic Dickson 

Standard control measurements before and after each sampling run was accounted for, 

and finalized values between aliquots were all within a standard deviation of ±10.00 

μmol kg-1 of each other. Any readings outside of this deviation were considered outliers 

and subsequently discarded (14% of total aliquots were discarded and there were 
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always at least 2 aliquots/replicate). Remaining aliquot values were then averaged 

together to give a representative replicate value.  

DIC was measured with a DIC Analyzer model AS-C3 and LI-7000 CO2/H2O 

Analyzer at 25 °C. In a typical water sample, inorganic carbon species are present as 

CO2(aq) + H2CO3, HCO3 and CO3
2-; addition of a strong acid (6% H3PO4 + 10% NaCl) 

results in the following transformations: 

CO3
2- + 2H+  H2CO3 

HCO3 + H+  H2CO3 
H2CO3  H2O + CO2 

 
The resulting CO2 gas is purged from the water sample by pure nitrogen (N2) carrier gas. 

The gas is then dried and concentration of CO2 is measured as the integrated area under 

the concentration-time curve.  

 Omega saturation state for calcite (Ωcalcite) for each incubation was calculated 

from DIC and pH values using the program CO2calc version 1.2.0 (Robbins et al., 2010) 

with CO2 constants (K1 and K2) adopted from Mehrbach et al., 1973 and refit by Dickson 

and Millero, 1987. Net ∆Ω g-1 hour-1 for both light and dark incubations was then 

calculated for each species. 

 

2.5 Calculations 

Gross primary production (GPP) was calculated (modified from Suggett et al., 2012) as: 

GPP = [V(∆O2(sample) - ∆O2(control))] / ∆t(w) 
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In LIGHT conditions (hrs 0-12), where GPP is gross primary productivity, V is volume of 

water, ∆O2 is change in O2 from start to finish of incubation, ∆t is time difference and w 

is dry weight of the sample.  

-R = [V(∆O2(sample) - ∆O2(control))] / ∆t(w) 

In DARK conditions (hrs 12-24), where -R is respiration. 

NPP = GPP - |R| 

Where NPP is net primary productivity expressed as (μmol O2 g-1h-1) for dry weights.  

∆DIC flux over a diurnal cycle was calculated in an identical, normalized for time, volume 

and dry weight of sample, such that:  

∆DIC flux(24 h) = ∆DIC flux(light) + ∆DIC flux(dark) 

expressed as (μmolDIC g-1h-1). For the sake of comparing O2 and CO2 evolution, with the 

knowledge that one mol of CO2 is produced for every one mol of CaCO3 produced in 

predominant calcifying species: 

Ca2+ + 2HCO3
-   CaCO3 + H2O + CO2 

and assuming a molecular evolution quotient of 1:1 (O2:CO2 such that one mol of O2 is 

produced for every one mol of CO2 fixed during photosynthesis), the relationship 

between O2-based NPP, converted to CO2 fixation , and DIC is defined in μmol CO2 g-1h-1 

as: 

∆CO2(fixation) = ∆CO2(DIC) - ∆CO2(calcification) 
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From AT measurements, calcification can be directly measured for calcifying 

species via the AT anomaly technique, assuming no sedimentary processes are involved: 

Ca2+ + 2HCO3
-   CaCO3 + H2O + CO2 

Rate ∆CaCO3 = ∆Ca2+/ t = ∆AT / 2t                ∆AT = 2∆Ca2+ 

Where Ca2+ is calcium ion concentration and t is time. This can be interpreted such that 

the precipitation of 1 mol of CaCO3 decreases DIC by one mol and AT by two equivalent 

units (Elageed, 2010). For the sake of unit conversion between μmol/kg AT and μmol/L 

CaCO3, the starting density of incubation seawater was calculated to be 1.027 g/mL 

based on known salinity (40.3 ppt), temperature and pressure (1.01325 bar) values. Diel 

net calcification was then calculated by summing calcification rates for both light and 

dark incubations. All calculations, conversions and results are based on macrophyte dry 

weight (g). 

To provide a metric of the effects of warming on physiological processes, 

activation energy (Ea) was calculated to quantify and visually express the relative 

sensitivity of NPP, ∆DIC flux and calcification to temperature (Brown et al., 2004). Ea is 

defined as the slope of the regression of water temperature (1/T in °Kelvin) vs. the 

natural logarithm of a specific metabolic rate (μmol g-1 hour-1). The slope of the 

regression (a) is defined as: 

a = -Ea/k 

Where k is Boltzmann’s constant (8.617734 x10-5 eV; adopted from Regaudie-de-Gioux 

and Duarte, 2012). The Boltzmann factor is defined as the proportion of molecules with 
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ample kinetic energy to complete the temperature-affected reaction measured in 

electron volts (1 eV = 23.06 kcal/mol = 96.49 kJ/mol). Rearranged, Ea (in eV) can be 

calculated as: 

Ea = -ak 

Ea was calculated for all species until the optimal temperature (Topt) was reached, which 

is defined as the temperature regime before a negative value of Ea is produced. 

Departure from a standard metabolic value Ea of 0.65 eV (López-Urrutia et al., 2006; Dell 

et al., 2011) provides insight into the dependency of the process on temperature, such 

that the degree of Ea > 0.65 eV designates a stronger dependency of temperature on 

each physiological process, while Ea < 0.65 eV designates a weaker dependency.  

2.6 Statistical Analyses 

All data are reported as mean values with standard error in parentheses. 

Dependent variables of NPP, ∆DIC flux and calcification were analyzed using Two-Way 

ANOVA (Univariate Analysis of Variance) tests in SPSS (SPSS, released 2013) relative to 

the independent variables species and temperature at both intra and inter-species 

levels. Prior to analysis, data were checked for normality with a Shapiro-Wilk normality 

test. No data transformations were necessary. Significance was determined at p < 0.05 

via Test of Between-Subjects Effects and Univariate Tests, and any significant 

differences between dependent variables (either in inter- or intra-species comparisons) 

were detected via Pairwise Comparisons at p < 0.05.  
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RESULTS 

Exposure of various macrophytes to temperature regimes ranging from 32-38 °C 

produced varying results at an inter- and intra-species level. Results are reported first by 

like-species for primary productivity (as a function of oxygen evolution and inorganic 

carbon flux) and calcification, and then reported across species so inter-taxa differences 

may be resolved. All GPP, R, NPP, ∆DIC flux and calcification values are reported as 

averages (± standard error) in μmol (O2/CO2/DIC/CaCO3) g-1  hour-1, corrected relative to 

light and dark controls. Based on an Arrhenius concept of activation energies, species-

specific ecophysiological dependency on temperature up to the thermal optima (Ea) was 

calculated for NPP, ∆DIC flux and calcification (as reported in Sampiero-Ramos et al., 

2016; Table 1, Figures 8, 9 and 10).  

 

 

 

 

 

 

Table 1. Activation energy (± SE) and associated Topt for each species based on the Arrhenius 
relationship between the natural logarithm of NPP/∆DIC flux/calcification and temperature 
up to the Topt. 
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Figures 8, 9 and 10. 1/KT vs. ln(rate) for NPP, ∆DIC flux and calcification up to Topt, shown in °C for 
simplicity. 

Figure 11. DIC (μmol C g-1 hour-1), O2 (mg/L) and pH evolution of 12-hour light incubations for three 
representative species over all temperature treatments. In most incubations, O2 assumed a linear 
evolution, despite reaching near-hyperoxic levels. Unlike H. stipulacae and P. pavonica, H. opuntia had 
a negative ∆pH effect on ambient water due to heavy calcification.  
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3.1 Photosynthesis  

pH and O2 concentration increased (during light incubations) or decreased (during dark 

incubations) linearly over time in all incubations (Figure 11).  Temperature had a 

significant effect on the relative primary production in all six macrophytes, but the 

responses and thermal optimum (Topt) differed among species (Tables 2-7).  

3.1.1 Seagrasses 

 

 

H. stipulacae’s NPP Topt was 38 °C (17.16 ± 1.38 μmolO2 g-1 hour-1; Ea = 0.52 (± 0.08) eV 

up to 38 °C). However, H. stipulacea’s ∆DIC flux at 34 °C (-29.67 ± 1.95 μmolDIC g-1 hour-

1) was significantly higher from all other temperature treatments, revealing a strong Topt 

at 34 °C. An Ea of 1.84 (± 0.16) eV for ∆DIC flux indicates a steep dependence of carbon 

flow on temperature changes up to the Topt of 34 °C. C. rotundata has significantly lower 

NPP and ∆DIC flux at 36°C and 38 °C relative to 32°C and 34 °C, despite unchanging 

Tables 2 and 3. Light, dark and diel photosynthetic rates, ∆ DIC flux (expressed in μmol O2/DIC 
g-1 hour-1 ±SE) and pH over temperature treatments for seagrasses.  
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respiration, signifying a Topt of ~34 °C (12.93 ± 2.79 μmolO2 g-1 hour-1; ∆DIC flux Ea = 0.02 

(± 1.12) eV from 32-34 °C) and a thermal limit (Tɛ) at ~36 °C.  

3.1.2 Green Algae 

 

H. opuntia’s metabolic response at 38 °C (12.49 ± 0.92 μmolO2 g-1 hour-1 and -

38.64 ± 2.99 μmolDIC g-1 hour-1) is statistically higher than all other temperature 

responses, which were all considered statistically similar to each other. The ∆DIC flux Ea 

of 1.04 (± 0.06) eV from 32-38°C is within normal thermal dependence for metabolic 

ranges (0.66-1.15 eV) established by Dell et al. (2011), and corroborates the positive 

linear relationship that H. opuntia productivity has with temperature up to 38°C. 

Therefore, a thermal optimum of 38°C (or greater) can be reported with confidence for 

H. opuntia. H. monile, on the other hand, has a significant response at its Topt of 36 °C 

(7.83 ± 1.58 μmolO2 g-1 hour-1 and -18.51 ± 4.42 μmolDIC g-1 hour-1; NPP Ea = 0.78 [± 

0.36] eV and ∆DIC flux Ea = 1.61 [± 0.23] eV from 32-36 °C). 

Tables 4 and 5. Light, dark and diel photosynthetic rates, ∆ DIC flux (expressed in μmol 
O2/DIC g-1 hour-1 ±SE) and pH over temperature treatments for green algae.  
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3.1.3 Brown Algae 

 

 

P. pavonica shows a strong Topt at 34°C (32.63 ± 3.86 μmolO2 g-1 hour-1 and -

42.55 ± 6.46 μmolDIC g-1 hour-1). A ∆DIC flux Ea of 0.73 (± 0.68) eV substantiates a 

normal, positive dependence of productivity on temperature from 32-34 °C. T. ornata is 

productive until 34 °C, but exhibits a significant metabolic collapse after 34 °C, revealing 

a robust Tɛ of 35 °C. For T. ornata, a Topt for NPP occurred at 34 °C (19.36 ±3.47 μmolO2 

g-1 hour-1). A Topt for ∆DIC flux occurred at 32 °C (18.23 ± 2.29 μmolO2 g-1 hour-1), 

preventing the calculation of Ea because no positive increases were perceived from 32-

38 °C.  

3.1.4 Inter-species Relationships 

Temperature had no significant effect on respiration rates- with the exception of 

T. ornata at 38 °C. There is a near 1:1 ratio of CO2:O2 evolution across all temperatures 

and all species of macrophytes (Figure 12), with the exception of daytime production in 

Tables 6 and 7. Light, dark and diel photosynthetic rates, ∆ DIC flux (expressed in μmol O2/DIC g-1 

hour-1 ±SE) and pH over temperature treatments for brown algae.  
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H. opuntia and H. monile and nighttime respiration of C. rotundata, indicative of 

nighttime carbonate dissolution (in C. rotundata) and CO2 recycling or the utilization of 

HCO3
- for carbon fixation (in H. opuntia and H. monile).  

 

 

 

 

 

Stem and leaf boxplots of temperature vs. NPP/∆DIC flux reveals that over the 

six species, NPP and ∆DIC flux is highest at 34 °C (Topt) and second highest at 32 °C, 

suggesting that most macrophytes are already functioning at or just below their 

metabolic Topt.  

Stem and leaf boxplots of species vs. NPP reveals that, over the four 

temperature treatments, P. pavonica  is the most productive, T. ornata the second most 
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Figure 12. Mean diel O2 vs. CO2 evolution in three representative species over 
temperature treatments (blue to red heat color coding; red is 38 °C). CO2 

fixation empirically calculated as ∆CO2(fixation) = ∆CO2(DIC) -∆CO2(calcification). 
Dotted line represents a 1:1 ratio (y = mx + b; m = 1, b = 0) for reference.  
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productive, and H. stipulacae the third most productive. P. pavonica is the most 

productive across temperature treatments, with the exception of NPP in H. stipulacae at 

38 °C. Stem and leaf boxplots of species vs. ∆DIC flux reveals that, over the four 

temperature treatments, P. pavonica  is the most productive, H. opuntia the second 

most productive, and H. stipulacae the third most productive. P. pavonica is still the 

most productive across all temperature treatments, with the exception of ∆DIC flux in H. 

opuntia at 38 °C because of its heavy calcification. In other words, H. stipulacae and H. 

opuntia are still highly viable at thermal extremes and are the only two species not 

functioning near their NPP Topt – while P. pavonica is still more productive than them 

across temperature treatments, its Topt is 34 °C for both NPP and ∆DIC flux. T. ornata 

exhibits high NPP up until its Topt of 34 °C, after which its productivity drops 

considerably- although it still remains the second most productive (in terms of NPP) 

Figure 13. Mean ∆DIC flux (± SE) for all six species across all temperature treatments.  
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macrophyte over all temperature treatments. Over the four temperature treatments, 

NPP in C. rotundata is the lowest, followed closely by H. monile, although C. rotundata 

performs significantly better until its Topt of 34 °C. Over the four temperature 

treatments, ∆DIC flux in T. ornata is by far the lowest, followed by C. rotundata and H. 

monile. T. ornata is the most sensitive to temperature change and has the greatest 

response range in both NPP and ∆DIC flux; NPP drops considerably after 34 °C and 

nearly reaches zero at 38 °C while ∆DIC flux is negative after 34 °C and shows a strong Tɛ 

of ~35 °C.  

Pairwise comparison of ∆DIC flux between species at each temperature regime 

reveals that P. pavonica has a significantly higher response than all other species at 32 

°C (29.20 ± 0.30 μmolO2 g-1 hour-1 and 35.48 ± 1.38 μmolDIC g-1 hour-1; Figure 13). In 

terms of ∆DIC flux, P. pavonica is significantly more productive than H. stipulacae at 34 

°C, and both are significantly more productive than all other species at the Topt of 34 °C. 

At 36-38 °C, H. stipulacae, H. opuntia and P. pavonica have significantly higher ∆DIC flux 

than all other species, while T. ornata has significantly lower ∆DIC flux. 

3.2 Calcification 

Calcification rates differ among species and depended on temperature, resulting 

in a significant (temperature x species) interaction (p < 0.0001; Figure 14; Tables 8-13). 

H. opuntia, H. monile and P. pavonica are known to incorporate calcium carbonate 

directly into their thallus and, indeed, all produced Ea in normal ranges established by 

Dell et al. (2011).  
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3.2.1 Seagrasses 

Net calcification in H. stipulacae ranges from 0.26 – 2.77 (1.61 ± 1.51) μmol 

CaCO3 g-1 hour-1 across temperature ranges, so H. stipulacae cannot be significantly 

considered a calcifying seagrass. Any perceived change in the carbonate system is likely 

an artefact of the fact that, of the six species, H. stipulacae has the most profound 

positive effect on Ωcalcite, capable of altering the Ωcalcite (∆Ω) by +0.23, +0.31, +0.32 and 

+0.38 g-1 hour-1 over a 24 hour diurnal cycle at 32, 34, 36 and 38 °C, respectively, which 

may facilitate spontaneous carbonate precipitation (whiting events) in ambient water. 

Figure 14. Mean calcium carbonate precipitation (± SE) for all six species across all 
temperature treatments.  
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Calcification rates in C. rotundata ranges from 4.19 to 12.35 (9.11 ± 1.90) μmol CaCO3 g-

1 hour-1, and rates at 32 °C are significantly lower than rates observed at 36/38 °C, 

suggesting that C. rotundata is capable of harboring and/or facilitating carbonate 

production- either through epiphytic contribution or intracellular calcification- and is a 

more efficient calcifier at warmer temperatures. 

3.2.2 Green Algae 

There were no significant differences between H. opuntia and H. monile from 32-36 °C, 

after which H. opuntia has significantly (153% ± 5.73%) higher calcification rates than H. 

monile, indicating that H. opuntia is a more effective calcifier at temperatures above 36 

°C. For H. opuntia, calcification rates between 32-36 °C are statistically indifferent, but 

are 79.53% higher at 38 °C. 

Tables 8 and 9. Light, dark and diel ∆AT (expressed in μmolTA g-1 hour-1 for 8g fresh 
weight), calcification (expressed in μmolCaCO3 g-1 hour-1), and Ωfinal (departure from an 
average starting value of Ω = 7.8) over temperature treatments (±SE) for seagrasses. 
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Conversely, H. monile (range of 

10.74-14.21 ± 1.77 CaCO3 g-1 hour-1) 

shows no significant differences 

between temperature regimes; 

temperature has little effect on 

calcification rates. Light:dark 

calcification rates of H. opuntia 

(25:1) vs. H. monile (7:1) provide 

evidence that H. opuntia has a much 

greater biological mediation of 

calcification rates (Figure 15).  
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Figure 15. Mean light vs. dark calcification among 
primary calcifying species across all temperature 
treatments. The solid line represents a 1:1 
light:dark ratio- anything greater than this ratio 
suggests biological (photosynthetic) mediation of 
calcification, the degree of which can be 
estimated by the steepness of the slope. 

Tables 10 and 11. Light, dark and diel ∆AT (expressed in μmolTA g-1 hour-1 for 8g fresh 
weight), calcification (expressed in μmolCaCO3 g-1 hour-1), and Ωfinal (departure from an 
average starting value of Ω = 7.8) over temperature treatments (±SE) for green algae. 
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3.2.3 Brown Algae 

 

As expected, P. pavonica exhibits the lowest rates of calcification of the calcifying 

macrophytes at all temperature regimes (range of 5.70 - 9.48 ± 1.73 CaCO3 g-1 hour-1). 

There are no statistical differences between temperature treatments and calcification 

rates in P. pavonica, however, a light:dark calcification ratio of 3:2 was observed. T. 

ornata is the only macrophyte studied that produced ‘negative’ rates of calcification (by 

dissolving carbonate already present in seawater) and, of the four algae species, has the 

most profound positive effect on Ωcalcite between ‘normal’ seawater temperatures of 32 

°C (+0.18 ∆Ω g-1 hour-1) and 34 °C (+0.16 ∆Ω g-1 hour-1) (Table 14).  

 

Tables 12 and 13. Light, dark and diel ∆AT (expressed in μmolTA g-1 hour-1 for 8g fresh 
weight), calcification (expressed in μmolCaCO3 g-1 hour-1), and Ωfinal (departure from an 
average starting value of Ω = 7.8) over temperature treatments (±SE) for brown algae. 
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3.2.4 Inter-species Relationships  

C. rotundata displays significantly lower rates relative to other species at all 

temperatures with the exception of P. pavonica between 32 °C and 34 °C. In other 

words, C. rotundata and P. pavonica exhibit similar and significantly lower calcification 

rates in ‘normal’ seawater temperatures of 32-34 °C relative to other species. Besides H. 

opuntia’s high (27.21 ± 1.56 μmolCaCO3 g-1 hour-1) calcification rates at 38 °C, there are 

no other significant inter-species differences of calcification across temperature 

treatments. Since pH is a proxy of pCO2, ∆pH during incubations indicates net effects of 

photosynthesis, respiration and calcification on the carbonate system. 

3.3 Photosynthesis vs. Calcification 

There is a significant, positive Pearson correlation between ∆DIC flux and net 

calcification in both H. opuntia (Pearson = 0.978, p < 0.001, R2 = 0.96; Figure 16) and H. 

monile (Pearson = 0.760, p < 0.005, R2 = 0.58). A less strong but still significantly positive 

relationship was also observed in P. pavonica (Pearson = 0.641, p < 0.05). In H. opuntia, 

this relationship, combined with a positive correlation between O2- based NPP and net 

calcification (p < 0.001, R2 = 0.70) and high light:dark calcification rates,  demonstrates a 

Table 14. ∆Ω g-1 hour-1 for each species over all temperature treatments. By weight, 
H. stipulacae has the greatest positive influence over the carbonate system, followed 
by T. ornata in ‘normal’ temperature ranges, while C. rotundata and H. opuntia have 
the greatest negative influence.  
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dominant biological control of 

calcification by photosynthesis. 

This strong relationship observed 

in H. opuntia occurs at a ratio of 

two moles of CO2 fixed for every 

one mole of CaCO3 precipitated 

(2:1 CO2: CaCO3 flux).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. The relationship between ∆DIC flux and 
calcification rates in H. opuntia through all 
temperature treatments (R2 = 0.96). 
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DISCUSSION 

Past studies of marine macrophyte physiology had glaring methodological 

failures that may have contributed to current knowledge gaps and conflicting 

paradigms. Namely, older studies assumed different molar O2:CO2 photosynthetic 

quotients of 1:1 (Jensen et al., 1985) and 1:1.25 (Dennison, 1987) across all organisms 

and all treatments, and used one chemical evolution to estimate the other, resulting in 

different and biased results. Furthermore, some studies extrapolated 12-hour diurnal 

rates from short-term incubations (<1 hour) and assumed unchanging diurnal rates 

(Dennison, 1987; Meyer et al., 2015). Rasmusson et al. (2017) identified the problem 

with this technique and confirmed fluctuating production and respiration rates over 12-

hour light and dark Zostera marina incubations, asserting that extrapolating diurnal 

rates from short incubations would not account for variations in diurnal trends and 

would largely skew results. These methodological errors were accounted for in this 

study by calculating O2 and DIC directly, but there are inevitable shortcomings of 

incubation techniques. Primarily, in-vitro incubations disrupt organisms from their 

natural state, don’t utilize natural lighting and don’t simulate water flow, which affects 

the DBL size, functionality and related metabolic processes (Silva et al., 2009). Despite 

this, in-vitro experiments are preferred when defining specific biogeochemical processes 

that are not easily isolated with in-situ techniques (Silva et al., 2009). While the effects 

of temperature on oxygen production, respiration, carbon fixation, calcification and the 

associated carbonate system were determined in this study, other biological factors 
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such as nutrient availability, resource allocation and senescence may change the Topt of 

other crucial physiological responses, such as growth rates (Bulthius, 1987).  

Despite these shortcomings, this study revealed vital inter- and intra-species 

differences of thermal and physiological capacity of Red Sea macrophytes. Based on 

results gleamed from this study and field observations of extreme conditions in the Red 

Sea, it is clear that many macrophytes, particularly seagrasses and non-calcifying algae, 

are already performing near their thermal optimum. Over a one month CTD deployment 

in AL Khararr lagoon in August, an absolute temperature high of 35.08 °C on mid-day, 

August 23 coincided directly with a pH high of 8.09 (a substantial departure from a 

32.68°C and pH 7.89 one-month average), validating a high degree of biological 

influence on ambient water pH and a Topt of ~35 °C for Al Khararr autotrophs. With the 

exception of H. stipulacea’s demonstrated NPP Topt of 38 °C, a Topt of 30-35 °C for 

seagrasses are consistent with past thermal limits studies (Drew, 1979; Marsh, 1986; 

Bulthius, 1987; Koch et al., 2013). Indeed, Red Sea macrophytes may also be living at or 

just below their dissolved oxygen optima, considering that Red Sea surface waters are 

already close to DO saturations (Elageed, 2010). This thermal and hyperoxic 

survivability, evident in the near-linear production of O2 during the 12-hour incubations- 

even at levels considered hyperoxic (>140% O2 saturation) towards the end of some 

highly productive incubations, is an ode to the productive potential and resiliency of Red 

Sea macrophytes.  
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4.1 Physiological Subsidies and Acclimatization 

In this study, calcification was less temperature-dependent than photosynthetic 

yields (Eacalc < Eaphoto). If calcification was generally unchanging, what accounts for the 

large changes in productivity over the same temperature treatments? Perhaps 

photosynthesis is partly subsidized by external carbon sources, which may increase in 

concentration as temperatures rise (Rushdi et al., 2015). It has been shown that 

bicarbonate (HCO3
-, which occurs in seawater in concentration 150x greater than CO2) is 

a significant source of inorganic carbon for photosynthesis in seagrasses (Beer and 

Rehnberg, 1997; McConnaughey and Whelan, 1997) and macroalgae (Cook, Lanaras and 

Colman, 1986; Axelsson and Uusitalo, 1988). The mechanism for this pathway is possible 

by way of the enzymatic activity of carbonic anhydrase (Beer and Rehnberg, 1997; Beer 

and Larkum, 2001). As such, genetic expression of carbonic anhydrase may prove a vital 

mechanism for thermal acclimatization in future macrophytes. Further thermal 

acclimatization may be possible through the generally unchanging respiration rates 

observed in this study, consistent with assertions made by Marsh et al. (1986), and may 

indicate acclimatization to thermal stress by limiting respiration-based carbon loss as 

temperatures increase (Koch et al., 2013). 

4.2 Ecosystem Interactions 

The productive potential of Red Sea macrophytes has strong implications for the 

synergistic effects of macrophytic metabolism on neighboring carbonate-based 

community productivity- specifically coral reefs (Hendriks et al., 2014). Dissolved oxygen 

transformed by benthic primary producers during daylight has been shown to be rapidly 
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used by local reef communities at night (Haas et al., 2011). Furthermore, metabolically-

mediated carbonate system alterations by macrophytes have been shown to be a 

dominant regulator of coral and algal calcification (Gattuso et al., 1999; Semesi, Beer 

and Bjork, 2009; Semesi, Kangwe and Bjork, 2009; Cyronak, Schulz, Jokiel, 2015). To this 

effect, Unsworth et al. (2012) finds that ambient pH increases of up to 0.38 units and 

Ωcalcite increases of up to 2.9 units around seagrass meadows increased downstream 

Scleractinian coral calcification up to 18% relative to corals not adjacent to seagrass 

meadows. These conditions are entirely within the carbonate system changes observed 

in the incubations of H. stipulacae, C. rotundata, T. ornata and P. pavonica. However, 

the degree of influence in natural habitats is primarily controlled by spatial and physical 

parameters such as current velocity and direction, relative positioning of the coral reef 

to autotrophic macrophyte communities and water residence time. In fact, these 

geospatial characteristics may be a complex yet dominant factor of macro and micro-

scale physiological/environmental interaction. At a microscopic scale, low hydrodynamic 

flow is conducive to a thicker DBL, which will allow more efficient biological mediation 

of photosynthesis and calcification (Cornwall et al., 2014). At a macroscopic scale, longer 

residence time will also allow plant communities to alter the water chemistry around 

them in favor of biogenic calcification (Andersson et al., 2005; Hendriks et al., 2014). 

However, without water flow, localized temperatures may reach metabolically 

detrimental levels during the day and/or macrophyte-influenced water may not reach 

adjacent calcifying or coral reef communities.  
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For coral farming and restoration efforts, physical placement of restoration sites 

downstream from resilient autotrophic macrophyte meadows represents a solution in 

buffering the maleffect of ocean acidification on coral restoration efforts and may also 

serve as chemical refugia for other calcifying organisms. H. stipulacae and T. ornata are 

strong candidate organisms for such an effort in the Red Sea, as they have the greatest 

positive influence on pH (and, hence, Ω). This is critical, as Ω is predicted to decline up to 

46% by 2100 (Andersson et al., 2003; 2004; 2005). As Ω decreases, carbonate 

precipitation events such as whitings and ooid formation will also become less frequent, 

except for in places that can maintain high saturation states, like autotrophic, non-

calcifying macrophyte meadows (Hendriks et al., 2014). 

4.3 Synergistic effects of climate change 

In future oceans, relative success of marine organisms will be determined by 

their ability to adapt to the synergistic effects of warmer temperatures, rising sea levels, 

increased pCO2 and subsequently decreased pH levels. There is dispute about the 

relative effects of each stressor on marine macrophytes, and even larger knowledge gap 

concerning the synergistic effects of these stressors, as individual responses are species-

specific (Price et al., 2011, Koch et al., 2013). In marine plants, biological mediation at 

the DBL may provide a buffer from external chemical stressors. But, the degree of 

protection is still based on local water flow and is species-specific; disagreement exists 

in the literature even among the same genus and species, as seen in Halimeda. With 

regards to postulated future ocean changes, Andersson et al. (2005) asserts that the 

positive effects of warming temperatures and increased DIC on carbonate processes 
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may outweigh the negative effects of ocean acidification and associated decreasing Ω 

on calcification rates in macroalgae. With respect to Halimeda, Vogel et al. (2015) and 

Meyer et al. (2016) find that some species are able to acclimatize to high DIC/pCO2 and 

low pH conditions. This is disputed by Diaz-Pulido et al. (2012), who argues that negative 

effects of elevated DIC is compounded by temperature increases, leading to lower rates 

of calcification in Halimeda. Koch et al. (2013) submits that elevated CO2 had no effect 

on photosynthesis in Halimeda, but had negative effects on net calcification, plant 

growth and mortality rates (with the exception of H. opuntia, which experienced no 

adverse effects). Wizemann et al. (2015) takes this further by proposing that elevated 

CO2 will increase productivity and growth rates in non-calcifying algal species, which 

may eventually outperform calcifiers like H. opuntia. Under high CO2 conditions, Meyer 

et al. (2015) reports a 130% decrease in nighttime calcification and eventual net 

dissolution in H. opuntia and Price et al. (2011) reports net dissolution and 15% 

reduction in photosynthetic capacity in H. opuntia, contrary to Koch et al. (2013). 

Clearly, there is some disagreement in the literature. Though increases in pCO2 were not 

tested, results from this experiment show that H. opuntia increases productivity and 

calcification up to 38°C; its thermal optimum wasn’t even determined. A light:dark 

calcification ratio of 25(±2):1, combined with its dominantly positive relationship 

between NPP and calcification (R2 = 0.70), implies a robust biological mediation over the 

calcification process in H. opuntia. A molar ratio of 2:1 (CO2:CaCO3 flux) in Red Sea H. 

opuntia is much more favorable to calcification than the 4-8:1 (CO2:CaCO3) ratio 
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reported by Borowitzka and Larkum (1976; 1987) for Halimeda, and supports the ability 

of H. opuntia to function in a more acidic ocean.  

Halimeda aside, increases in DIC may be favorable for the carbon-limited 

seagrasses (relative to the carbon-saturated macroalgae), which evolved during the 

Cretaceous period when atmospheric CO2 levels were much higher (den Hartog, 1970; 

Beer and Koch, 1996; Beer and Rehnberg, 1997; Harley et al., 2006). Beer and Rehnberg 

(1997) and Koch et al. (2013) conclude their intensive studies by claiming that 

calcareous macroalgae are more vulnerable to ocean acidification, and for this reason 

fleshy macroalgae and seagrasses will likely dominate in higher CO2 oceans. Of the 

species studied, Koch et al. (2013) posit that most tropical macroalgae also have thermal 

limits 2-3 °C lower than seagrasses, but this is a sweeping generalization and should not 

be substantiated without geographic and species-specific insight. With the exception of 

H. stipulacae’s high NPP Topt, macroalgae species in this study exhibit generally higher 

thermal tolerances than the seagrasses.  

4.4 Geologic Significance and Assemblage Prediction 

Over geologic time, carbonate production by calcifying macrophytes contributes 

significantly to the sediment of shallow-water carbonate platforms, especially in the 

inner shelf. Knowledge of the biogenic carbonate potential of calcifying macrophytes 

will allow researchers and geologists to categorize hydrocarbon production zones in the 

stratigraphic record of nearshore environments as well as determine the geologic and 

evolutionary history of the macrophytes in question. This could be accomplished 

isotopically with knowledge of the calcifying macrophytes’ C3 or C4 photosynthetic 
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pathway, or it could be accomplished observationally with knowledge of the specific 

morphology of carbonate precipitation (i.e. aragonite needle formation on the leaf 

surface of seagrasses or different intracellular aragonite and calcite crystal structures in 

green algae).  

Once synergistic effects of climate change on macrophyte physiology have been 

resolved, and taking into consideration population dynamics and detailed 

thermographic data and models, it will be possible to speculate on the macrophyte 

assemblage of the future. Detailed oceanographic models may even be able to predict 

geographic distributions of thermally tolerant macrophytes. In response to increasing 

temperatures, macrophytes may shift their latitudinal or depth ranges, which will have 

future incidental consequences on associated fauna and past implications on the 

stratigraphic record. It should also be considered that thermally-tolerant invasive 

macrophytes may overrun thermally-intolerant species. On the other hand, thermally-

intolerant macrophytes may acclimate to warmer temperatures over time, so long-term 

acclimation studies would greatly enhance knowledge of the stress tolerance of 

macrophytes.  
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CONCLUSION 

The results of this study reveal species-specific differences in physiological rates 

and sensitivity (Ea) with respect to temperature, and provide optimal thermal ranges for 

ecologically important macrophytes in the Red Sea. H. optunia, H. monile and P. 

pavonica have the highest Topt and may be more successful in future Red Sea warming 

scenarios based on their strong biological control over calcification. At 34 °C (NPP) and 

32 °C (∆DIC flux), the Topt for T. ornata and C. rotundata are lower than any other 

macrophyte in this study, suggesting that they may already be living at or past their 

thermal threshold. In fact, T. ornata is the second most productive macrophyte in the 

study up to 34 °C. Coupled with its net dissolution of ambient water carbonates, T. 

ornata has a great positive effect on Ω until its Topt of 34 °C, which makes it a highly 

beneficial carbonate system buffer/symbiont with coral reefs. Non-calcifying H. 

stipulacae is the most productive seagrass and displayed ability to perform at least up to 

38 °C, and hence has the greatest positive effect on Ω and offers chemical buffer 

capacity to future ocean acidification. Conversely, C. rotundata has less productive 

potential but displays calcification capability, corroborated by Mazarrasa et al., 2015, 

who finds that Cymodocea has some of the highest PIC stocks of all the seagrass 

meadows studied. P. pavonica is the most productive macrophyte up to 36°C, but is also 

a calcifier, so had little net effect on the carbonate system. Because of its high thermal 

tolerance and robust biological mediation, H. opuntia is likely to be a major component 
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of future macrophyte assemblages in the Red Sea- which might not be a gloomy 

prospect. H. opuntia is found in coral reefs and is a large- if not the largest- sediment 

producer in tropical seas (Price et al., 2011). It may contribute to reef accretion rates, 

which will ameliorate the negative effects of sea level rise on reefs that may otherwise 

be unable to keep up with the shifting photic zone.  
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