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ABSTRACT 

 

The coastal ocean is a marginal region of the global ocean, but is home to metabolically 

intense ecosystems which increase the structural complexity of the benthos. These 

ecosystems have the ability to alter the carbon chemistry of surrounding waters through 

their metabolism, mainly through processes which directly release or consume carbon 

dioxide. In this way, coastal habitats can engineer their environment by acting as 

sources or sinks of carbon dioxide and altering their environmental chemistry from the 

regional norm. In most coastal water masses, it is difficult to resolve the ecosystem 

effect on coastal carbon biogeochemistry due to the mixing of multiple offshore end 

members, complex geography or the influence of variable freshwater inputs. The Red 

Sea provides a simple environment for the study of ecosystem processes at a coastal 

scale as it contains only one offshore end-member and negligible freshwater inputs due 

to the arid climate of adjacent land. This work explores the ability of three Red Sea 

benthic coastal habitats (coral reefs, seagrass meadows and mangrove forests) to create 

characteristic ecosystem end-members, which deviate from the biogeochemistry of 

offshore source waters. This is done by both calculating non-conservative deviations in 

carbonate stocks collected over each ecosystem, and by quantifying net carbonate 

fluxes (in seagrass meadows and mangrove forests only) using 24 hour incubations. 

Results illustrate that carbonate stocks over ecosystems conform to broad ecosystem 

trends, which are different to the offshore end-member, and are influenced by inherited 

properties from surrounding ecosystems. Carbonate fluxes also show ecosystem 
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dependent trends and further illustrate the importance of sediment processes in 

influencing CaCO3 fluxes in blue carbon benthic habitats, which warrants further 

attention. These findings show the respective advantages of studying both carbonate 

stocks and fluxes of coastal benthic ecosystems in order to understand the spatial, 

temporal and net effects of their metabolism on the coastal ocean.  
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Introduction 

Massive release of anthropogenic carbon dioxide (CO2), has perturbed the carbon cycle 

at the global scale, triggering global climate change, and affecting ocean chemistry 

(Hoegh-Guldberg et al. 2007, Doney et al. 2010, Duarte et al. 2013a). Anthropogenic CO2 

release increases the levels of dissolved CO2 in the oceans, thereby reducing pH and 

affecting the inorganic carbon system of the ocean (Doney et al. 2010). Evidence of 

ocean acidification due to anthroprogenic CO2 already exists in open ocean time series 

(Doney et al. 2010, Church et al. 2013), and more recently in a coastal ocean time series 

in the Mediterranean Sea (Kapsenberg et al. 2017), although most coastal monitoring 

programs have only been recently established. However, the carbon cycling mechanisms 

of the coastal ocean are far more complex than those of the open ocean, as they involve 

effects from land and the intense metabolism that characterize coastal ecosystems 

(Duarte et al. 2013).  

The marine carbon cycle encompasses all processes that mediate carbon flow in marine 

environments. This includes both physical processes such as sedimentation, air-sea gas 

exchange and calcium carbonate (CaCO3) precipitation and dissolution, as well as 

biological processes such as photosynthesis, respiration, and biologically mediated 

calcification which transform carbon species from one form to another (Table 1.1). 

These processes can be separated as those associated with organic carbon fluxes, and 

those associated with inorganic carbon fluxes, to represent two subsets of the carbon 

cycle. The inorganic carbon system of the ocean can be defined using a set of 



14 
 

interrelated variables, including dissolved inorganic carbon (DIC), total alkalinity (TA), 

pH, and the partial pressure of CO2 (pCO2) (Dickson et al. 2007). These subsets, however, 

are not mutually exclusive with linkages existing between each subset. The methane 

cycle is a separate entity, which encompasses all processes that mediate methane flow, 

and also contributes to the organic and inorganic carbon cycle. Due to the web of 

interacting effects of each cycle, a common practice is to separate the organic from 

inorganic pathways and study stocks or fluxes within the carbonate system to resolve 

spatial and temporal changes in the inorganic carbon cycle. These changes can then be 

rationalised using known stoichiometric relationships for ecosystem processes and 

knowledge of the study environment (Barron et al. 2006, Yeakel et al. 2015).  

The inorganic carbon cycle is mediated by the carbonate system and the conditions that 

affect it. The carbonate system is, put simply, the equilibrium that exists between 

carbonate species in seawater (Equation 1.1). This equilibrium is governed by a set of 

equilibrium constants, which are dependent on in situ salinity, temperature and 

pressure conditions. CO2 is not soluble in pure water, but it is able to dissolve in 

seawater. The numerous salts that have eroded over geological time scales into the 

ocean act as weak acids and bases, giving seawater a buffering capacity; the capacity to 

resist changes in pH by consuming it through the transformation of salts from acids to 

bases. This property of seawater is termed TA, and is also what facilitates the uptake of 

CO2 in seawater. This uptake of CO2 does not change the TA of seawater, but rather 

changes the distribution of its constituents (Wolf-Gladrow et al. 2007). In this way, TA is 
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a measure of how much CO2 a water mass can hold, or its ability to uptake CO2 under 

increasing concentrations. TA is the most convoluted carbonate parameter to 

understand, but put simply, it is the weighted difference between proton donors and 

proton acceptors (Equation 1.2). Dickson et al. (2007) defines an explicit term for TA, 

which is used in carbonate studies, however it should be noted that this term only 

includes weak acids with constants greater than 10-4.5 and weak bases with dissociation 

constants less than 10-4.5, meaning that acids such as boric acid, are excluded in 

calculations, but not in measurements. The other three main carbonate variables, DIC, 

pH and pCO2 are much simpler to define (Equations 1.3-1.5). DIC is defined as the sum 

of all carbonate species in seawater, however its fractionation is dependent on the 

equilibrium constants, and by direct relation, in situ temperature, pressure and salinity. 

Further, pCO2 is also dependent on DIC, temperature, pressure and salinity, which 

effects pH. In this way, and variants of, all four basic carbon variables are interrelated 

through the equilibria of the carbonate system, and depend on temperature, pressure 

and pH. The problem only becomes more complicated when considering nutrients or 

other weak acid and bases which exist in seawater, which have additional influence on 

pH and by relation, the carbonate system. 

 

Equation 1.1:  CO2 ⇄ H2CO3 ⇄ HCO3
- + H+ ⇄ CO3

2- + H+   
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𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 1.2: TA 

=   �(no. protons accepted)[proton acceptors]  

−  (no. protons lost)[proton donors] 

Equation 1.3: DIC = [CO2] + [HCO3
-] + [CO3

2-] 

Equation 1.4: pH = -log(H+) where (H+) is the activity of hydrogen 

Equation 1.5: pCO2 = [H2CO3]/kH where kH is the molar solubility constant for CO2 which 

depends on temperature, salinity and pressure. 

Equation 1.6: ΩCaCO3 = [Ca2+]*[CO3
2-] 

 

Lewis and Wallace (1998) created CO2SYS, a mathematical program that can describe 

the carbonate system, in equilibrium, from two of the four aforementioned variables; 

TA, DIC, pH and pCO2. CO2SYS allows the user to work through the complicated 

carbonate equilibrium system in order to determine the fractionation of carbonate 

species in seawater, and other relevant parameters. Other relevant carbonate variables 

include the saturation state of CaCO3 and its polymorphs (aragonite, calcite and 

vaterite), which indicates how favourable it is for this mineral to form in seawater. It is 

most common to choose DIC and TA as primary variables, as samples for these analyses 

are easy to store and can be measured with low uncertainty (Dickson et al. 2007). 

However care must be taken when interpreting results from this choice of variables, as 
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large contributions of organic, or nutrient derived alkalinity can over-estimate the CO2 

system in nutrient-rich and productive coastal waters, lakes and rivers (Dickson et al. 

2007, Yang and Lindemuth 2015) although the significance of these contributions is still 

under debate in coastal waters. Observing changes and trends in these variables, and 

thus changes in the carbonate system, in the marine environment can then be used to 

infer mechanisms that drive the inorganic carbon cycle (Baron et al. 2006, Yeakel et al. 

2015).  

The ocean is the largest sink for anthropogenic CO2 emissions, dissolving more than one 

third of that released by human activities (Sabine and Feely 2007). When anthropogenic 

CO2 is released to the atmosphere it creates an imbalance between the air-sea 

equilibrium, which causes CO2 to invade the ocean, increasing pCO2 (Doney et al. 2010). 

This increase in CO2 concentration reduces ocean pH as the CO2 reacts with water to 

produce carbonic acid, which is further dissociated into carbonate and bicarbonate ions 

(Table 1.1), and so the long-term monitoring of pH is a good way to detect 

anthropogenic CO2 invasion in the ocean (Takahashi et al. 2014). Atmospheric inputs of 

trace gasses (NOx, SO2, NH3) have also been shown to alter the carbon biogeochemistry 

of the open oceans through acidification, but these effects are small compared to the 

effects of anthropogenic CO2 release (Doney et al. 2010). The decrease of pH in the 

ocean is termed ocean acidification, even though marine waters rarely reach acidic pH 

levels (pH < 7). The effect of ocean acidification is only a long-term driver of carbon 

biogeochemistry at a slow rate of about 0.02 pH units decade-1, with decreases of this 
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magnitude observed in nine different open oceans or seas spanning from 68° N to 62° S 

(Takahashi et al. 2014). The ocean experiences much larger, seasonal CO2 variability at 

shorter time scales, particularly in the coastal zone where ecosystems reside (Hofmann 

et al. 2011). 

The carbon biogeochemistry of the open ocean is primarily controlled by large-scale 

circulation patterns (Longhurst 2007), which drives global, large-scale distributions of 

pCO2. These circulation patterns create dynamic biomes, or water masses, which share 

common biogeochemical properties (Longhurst 2007, Fay and McKinley 2014). 

Thermohaline circulation creates a large area of upwelling at the equator and large 

regions of downwelling at the poles with a turnover rate of about 1000-2000 years 

(Döös et al. 2012). Regional circulation patterns, such as coastal upwelling zones and 

anti-cyclonic eddies, can create smaller, short term, regions of upwelling (Kämpf and 

Chapman 2016). Upwelling brings water supersaturated with high CO2 concentrations to 

the surface creating regions of outgassing along coasts, and is often associated with high 

productivity due to the import of nutrients into the photic zone where phytoplankton 

thrive (Tsunogai et al 1999).  The biological activity of phytoplankton consumes and 

releases CO2, adding further influence to the biogeochemistry of the waters in which 

they reside (Tsunogai et al. 1999, Cai et al. 2006). Thus, an understanding of both the 

biology and circulation of the ocean must be reached in order to describe biomes and 

the carbon biogeochemistry of the ocean. 
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The carbon biogeochemistry of the coastal ocean is much more complex. The 

biogeochemistry of the coastal ocean is not only influenced by off-shore waters, but is 

also influenced largely by land associated freshwater inputs, and experiences a higher 

coupling with the benthos and the metabolically-intense ecosystems which reside on it. 

In the coastal ocean, coral reefs, seagrasses, macroalgal stands and mangroves are 

abundant ecosystems which reside on the benthos of the coastal ocean. Thus biology, 

and ecosystem processes are expected to cause higher heterogeneity in carbon 

biogeochemistry with areas characterised as sources or sinks of CO2 depending on their 

driving biogeochemical processes (Duarte et al. 2013b). Numerous studies have shown 

that coral reefs greatly alter their carbon biogeochemistry through calcification, in ways 

that cannot be described by existing biogeochemical trends relating to the open ocean 

(Kleypas et al. 2011, Albright et al. 2013). Other benthic habitats, such as seagrass 

meadows and mangrove forests, also have been shown to change carbon 

biogeochemistry due to ecosystem processes (Zablocki et al. 2011, Unsworth et al. 

2012). The extra sources of variability in the coastal ocean can mean that understanding 

its carbon biogeochemistry can quickly become a complex problem, with multiple 

sources of variability affecting the biogeochemistry of one, small region (Fig. 1.2). This 

makes it almost impossible to understand and predict the impacts of individual inputs 

on the resulting coastal end-member, and the responses the region might experience in 

the face of environmental change.  
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The Red Sea offers a simplistic environment in which to study coastal biogeochemical 

processes due to its unique geology. The Red Sea is a part of the African Rift system, a 

region of seafloor spreading, which resides between two arid landmasses, and consists 

of a deep sea rift that runs along its length. The sea is young, only 22 million years old, 

and has a narrow morphology, with a 1930 km length but only 220 km width (Reilinger 

et al. 2015). In the north the Gulf of Aqaba and the Gulf of Suez are two narrow 

channels formed by stress fractures, connected to the Red Sea through shallow 

channels.  The geological structure of the Red Sea provides a study area that is almost 

entirely closed off from the rest of the world’s oceans, with the exception of a narrow 

entry in the south, which allows the intrusion of Indian Ocean waters through the Gulf 

of Aden. As the Gulf of Aden water mass enters the Red Sea, it moves along the length 

of the Red Sea experiencing high evaporation rates, producing simple biogeochemical 

trends that are most pronounced along a latitudinal gradient. In addition, almost all of 

the seas boundaries are geological, allowing for no exchanges at its boarders. This 

means that the coastal ocean of the Red Sea is influenced from only one, simple 

offshore end-member and negligible freshwater inputs from its arid watershed. This 

simplifies the study of coastal biogeochemical processes in this region by removing two 

complex sources of variability and water mass exchange. 

The Red Sea is a relatively unobserved body of water, but it is small, and its carbon 

biogeochemistry appears to follow simple patterns. Due to its enclosed nature, low 

levels of primary productivity, warm temperatures and hypersaline waters, CaCO3 
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dynamics have been shown to be the largest driver of variability with depletions in TA 

being observed along its length (Jiang et al. 2014, Steiner et al. 2014). These depletions 

are both biologically and chemogenically mediated. CaCO3 is formed in the deep Red 

Sea, due to unusually high temperatures and high salinity resulting from high 

evaporation rates which maintain a high saturation index for carbonate minerals 

throughout the Red Sea (Wurgaft et al. 2016). This means that no part of the Red Sea is 

undersaturated in CaCO3 and that the precipitation of this mineral is favoured almost 

everywhere. Thus, the Red Sea provides a unique environment for tropical and 

subtropical calcifiers and is, therefore, home to the longest reef system in the world, 

supporting dense reef complexes distributed along the entirety of its land borders. This 

coupled with the effect of pelagic calcification of phytoplankton constitutes the 

dominant biological mechanisms by which carbonate chemistry is changed in the Red 

Sea. In terms of DIC, it has been shown that its distribution is controlled by temperature, 

increasing in the north, leading to its loss. However, it has also been found that the 

penetration of anthropogenic CO2 in the northern Red Sea and the subsequent 

formation of deep waters, provides an avenue for the long-term storage of atmospheric 

CO2, a relevant mechanism in the context of climate change (Krumgalz et al. 1990). 

Whilst the presence of latitudinal gradients, and primary controls in carbon 

biogeochemistry has been easy to resolve from the available literature, the seasonality 

in carbon biogeochemistry of the Red Sea is still far from being resolved. This is a major 

gap in the literature of carbonate chemistry in the Red Sea, as it is expected that this will 



22 
 

be a major source of variability due to the seasonal dependencies of the biological 

processes, which largely change its distribution. 

Ecosystem engineering is an ecological concept that can be used to answer questions 

relating to how ecosystems change the environment around them. In the context of 

carbon biogeochemistry, this means studying the magnitude and direction in which 

ecosystems change the carbonate chemistry of their environment. An ecosystem 

engineer was first defined by Jones (1994), as “organisms that directly or indirectly 

modulate the availability of resources to other species, by causing physical state changes 

in biotic or abiotic materials”. In this sense, all organisms are ecosystem engineers, but it 

has been recognized that some affect the environment in particularly profound ways. 

Crain and Bertness (2006) suggested that important ecosystem engineers are those 

which “provide limiting nutrients or reduce constraining variables” under the condition 

that “these limiting resources and variables change constantly with background 

environmental conditions”. Ecosystem functioning, defined as the “biogeochemical 

activities of an ecosystem” can be used to evaluate differences between ecosystems, 

explore to what extent ecosystems engineer their environment, and observe shifts in 

ecosystem structure and health along environmental gradients.  

Ecosystems usually consist of a primary ecosystem engineer that has a dominating 

metabolic process, which is the major controller of carbon biogeochemistry. This allows 

inferences to be made on the carbon cycling mechanisms of an ecosystem to be made 

by measuring changes in carbonate variables, and relating these changes to known 
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stoichiometric ratios. However, in an ecosystem multiple biological processes are 

occurring simultaneously. This makes it harder to predict and understand variations in 

carbon biogeochemistry, as the relative magnitudes of these processes can vary 

between ecosystems. A list of important ecosystem and physical processes are 

presented in Table 1.1, alongside a summary of their effects on different carbonate 

variables. In order to study the net effect an ecosystem has on its environment, and use 

it to infer driving processes of change within it, changes in either stocks or fluxes can be 

studied. This can be done by measuring changes over time in an open ecosystem, or in 

one that is closed by an incubation chamber, and thus unaffected by variable exchange 

processes. Once the observations are obtained, ratios of change, along with knowledge 

about a primary ecosystem engineer, or the collective community can be used to infer 

dominant ecosystem processes and functioning. An alternative approach is to consider 

the cumulative effect biological activity may have on the carbonate system by 

examining the deviations in carbonate system parameters from baseline values, which 

in the case of coastal ecosystems in the Red Sea is given by the near-conservative 

properties of the open Red Sea waters that flush these coastal ecosystems. 

The ability of an ecosystem to sequester carbon, and its carbon cycling dynamics is an 

ecosystem function that has received a lot of attention in recent years, due to the major 

environmental impact anthropogenic CO2 has had on the marine environment. 

Additionally, ecosystem functioning can be changed by a decrease in ecosystem size, 

through its collapse, through environmental stress or by invasive species. An example of 
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a change in ecosystem functioning in the marine environment occurs when coral reef 

ecosystems are exposed to extreme thermal stress. This thermal stress can cause coral 

to bleach and die, which can causes a community shift in a coral dominated reef to an 

algal dominated reef. This can change ecosystem functioning in a number of ways, 

shifting the chemistry of the water column, altering fish communities, and increasing 

the ability of the ecosystem to uptake CO2 from the atmosphere (Wild et al. 2011). The 

concept of ecosystem functioning in the context of abiotic resources in the water 

column, becomes more complex in marine environments as water flows slower than the 

atmosphere, increasing particle residence times, connectivity of neighbouring 

ecosystems, the ease to which the medium can be affected perturbations 

(environmental malleability), and the effects of regional environmental forcing. This 

convolutes ecosystem functioning, and provides a larger variability in the abiotic 

materials an ecosystem is exposed to. If an understanding of the extent and drivers of 

this convolution can be achieved, a better understanding of the importance of 

ecosystem functioning in different environments can be had, and better predictions of 

changes to anthropogenic stressors may be made.   

This thesis aims to provide evidence to examine the role of ecosystem engineering in 

affecting the carbon biogeochemistry of shallow benthic habitats of the Red Sea. New 

concepts relating to the study of ecosystem functioning in the coastal ocean are 

developed, which provides the first attempt at de-convoluting ecosystem end-members 

in the coastal ocean so that drivers of ecosystem functioning can be assessed. These 
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new concepts can be employed for coastal ecosystem monitoring strategies, or to 

understand how stressors affect the ability of ecosystems to function at the ecosystem 

scale. These findings, based on the assessment of cumulative anomalies or departures 

of carbon system properties from the open Red Sea end-member, are supplemented 

with flux estimates resulting from twenty-four hour incubations of the benthos of blue 

carbon ecosystems, which are further used to understand the driving processes 

occurring in blue carbon ecosystems. By resolving calcium fluxes, in addition to TA and 

DIC fluxes, specifically the influence of CaCO3 dynamics in blue carbon ecosystems on 

the marine carbon cycle can be explored. This comes as the role of carbonate 

sequestration in blue carbon ecosystems overall ability to act as a carbon sink, moves 

into the spotlight of blue carbon studies, termed as the “white elephant in the room” 

(Macreadie et al. 2017). Collectively, I explore the carbonate chemistry of the Red Sea in 

its coastal end-members and display how it is a unique study site that warrants further 

attention. 
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Figure 1.1: Schematic showing dominant carbon cycling processes which for the 

coastal marine environments. Processes have associated chemical equations and 

information presented in Table 1.1 

 

Table 1.1: Dominant biogeochemical processes which affect the inorganic marine 

carbon cycle. 

Process Chemical Equation Information TA DIC [H+] 

Photosynthesis xCO2 + (x+y)H2O + 
yHNO3 +zH3PO4 
(CH2O)x(NH3)y(H3PO4)z 
+ (x+2y)O2 

Process by which 
organisms utilize light 
energy to synthesis 
oxygen from water, 
nutrients, and CO2. 
Stoichiometric ratio is 
dependent on the 
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Redfield Ratio (x:y:z) 

Respiration (CH2O)x(NH3)y(H3PO4)z 
+ (x+2y)O2  xCO2 + 
(x+y)H2O + yHNO3 
+zH3PO4 

The process of 
producing energy by 
the oxidation of 
organic substances by 
oxygen or other 
electron acceptors. 
Stoichiometric ratio is 
dependent on the 
Redfield Ratio (x:y:z) 

   

Calcification Ca2+ + 2 HCO3   
CaCO3 + CO2 + H2O  

The biological process 
by which organisms 
build hard skeletons 
of CaCO3 by utilizing 
calcium (or 
magnesium) ions and 
DIC. The process  
releases CO2, and is 
made efficient by the 
presence of the 
carbonic anhydrase 
(CA) catalyst, which 
lowers the activation 
energy of the 
reaction. 

   

CaCO3 
dissolution 

CaCO3 + CO2 + 
H2O  Ca2+ + 2 
HCO3

-  

The chemical process 
by which CaCO3 solid 
is weathered and 
dissociated in 
seawater. 

   

CaCO3 
precipitation  

Ca2+ + CO3
2  CaCO3 The chemical process 

by which CaCO3 is 
precipitated out of 
seawater. This occurs 
under extreme 
conditions and mass 
calcium precipitation 
events called 
“whitening’s” have 
been reported in 
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seagrass meadows.  

Riverine input NA The input of a 
freshwater mass from 
land runoff, usually 
exhibiting high 
nutrients, high organic 
carbon and high DIC. 

   

Groundwater 
input 

NA The input of a 
freshwater mass from 
below ground 

   

CO2 invasion CO2 (g)  CO2 (aq) The physical process 
by which CO2 enters 
the water column 
from the atmosphere. 

   

CO2 evasion CO2 (aq)  CO2(g) The escape of CO2 gas 
from the ocean into 
the atmosphere.  

   

Carbonic acid 
formation 

CO2 +H2O  H2CO3 The chemical process 
by which gaseous CO2 
reacts with water to 
form carbonic acid. 
Carbonic acid is a very 
weak acid so exists 
only in very small 
concentrations at 
oceanic pH. Rather 
than persisting it will 
dissociate into 
carbonate and 
bicarbonate according 
to carbonic acid 
equilibrium. 

   

Carbonic acid 
equilibrium - 
forward 

H2CO3  H+ + HCO3
- 

HCO3
-  H+ + CO3

2- 

The dissociation of 
carbonic acid into 
bicarbonate and 
carbonate ions 

   

Carbonic acid 
equilibrium - 

H+ + CO3
2-  HCO3

- The formation of 
carbonic acid from 
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backward H+ + HCO3
-   

H2CO3 
carbonate and 
bicarbonate ions 

Anaerobic 
methane 
oxidation 

CH4 + SO4
2-  HCO3

- + 
HS- + H2O 

The oxidation of 
methane using 
sulphate, into 
bicarbonate and 
hydrogen sulphide. 
The process usually 
occurs in anoxic 
environments by 
archae and sulphate 
reducing bacteria. 

   

Chemosynthesis 12H2S + 6CO2  
C6H12O6 + 6H2O +12S 

The consumption of 
carbon containing 
molecules usually 
methane or CO2, using 
the oxidation of 
inorganic compounds 
as a source of energy 
in the absence of 
light. The process 
produced organic 
material, which can be 
utilized by an 
organism as a food 
source. 

   

Organic matter 
remineralisation 

Organic matter + 
oxidantCO2 + H2O + 
nutrients 

The decomposition of 
organic matter by an 
oxidant (O2, NO3

-, 
MnO2, Fe2O3, SO4

2+ , 
CO2) into  CO2, water, 
and nutrients.  

   

Organic matter 
decomposition 

(CH2O)x(NH3)y(H3PO4)z 
 xCH4 +CO2 +2yNH3 
+2zH3PO4 

The decomposition of 
organic matter into 
methane, CO2, 
ammonia and 
phosphoric acid.  

   

Nitrification NH4
+ +2O2  NO3

- + 
H2O + 2H+ 

The oxidation of 
ammonia to produce 
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Figure 1.2: Depiction of the main modes of variability that influence the coastal ocean. 

 

nitrate 

Sedimentary 
Processes 

 Organic matter 
remineralisation, 
organic matter 
decomposition,  
CaCO3 precipitation,  
CaCO3 dissolution, 
iron reduction, 
sulphate reduction, 
nitrification, 
chemosynthesis, and 
other microbial 
processes.  
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Chapter 1 
 

Ecosystem-driven anomalies in the carbon biogeochemistry of the coastal Red Sea 

 

1.1 Introduction 

The carbon biogeochemistry of the open ocean is driven largely by air-sea exchange of 

CO2, circulation processes, which oscillate over long time scales (Fay and McKinley 2014) 

and, at even longer time scales weathering processes and transport from land (Hönisch 

et al. 2012). However, the carbon biogeochemistry of the coastal ocean is far more 

dynamic, as it is influenced by a large number of coastal processes (e.g. upwelling, 

freshwater discharge), which cause variability over both shorter time scales and smaller 

spatial scales. Further, these regions are dominated by metabolically intense benthic 

ecosystems, containing primary ecosystem engineers, which have the capacity to affect 

biogeochemical properties at the ecosystem scale. These combined factors increase the 

heterogeneity, complexity, dynamics, and gradients of biogeochemistry in the coastal 

ocean in comparison to those in the open ocean (Jickells 1998, Giraud et al. 2008, Doney 

et al. 2010, Duarte et al. 2013a). As a result of these complexities, the biogeochemistry 

of the coastal oceans is understudied compared to the open oceans, even though these 

regions play a disproportionate role in global carbon cycling.  

In addition to having higher oceanic primary production, coastal oceans are dominated 

by benthic habitats, which sequester most of the organic carbon, and half of the 

carbonate in the world’s oceans (Doney et al. 2010). These mechanisms are 
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disproportional to the carbon turnover rates of the open oceans, considering the coastal 

margins only account for 10% of global ocean coverage. The biogeochemistry of coastal 

oceans is largely controlled by four forces; freshwater inputs, exchanges with offshore 

waters, atmospheric inputs, and ecosystem processes. This means that anthropogenic 

stressors connected to land use have a large effect on coastal oceans that is not seen in 

the open oceans (Jickells 1998, Giraud et al. 2008). These stressors include increases in 

nutrient inputs, changes in riverine inputs, coastal clearing, changes in land use, 

increases in land-originated pollutants, and artificial coastlines, and can lead to changes 

in biogeochemical processes, eutrophication, acidification from respiration of 

allochthonous organic carbon, and the development of hypoxic zones (Duarte et al. 

2013). Before the effects of anthropogenic stressors on the biogeochemistry of 

ecosystems can be monitored, a baseline defining the biogeochemistry of these 

ecosystems must first be established, however, as mentioned this can be difficult to 

resolve in some environments.  

The biogeochemistry of the coastal ocean can be simplified largely to a three end-

member problem with dynamics controlled by mixing between a freshwater end-

member and an offshore oceanic end member, with this mixing line modified within the 

coastal system by an ecosystem end-member. Here, an end-member is defined as a 

water mass that follows a set of unique biogeochemical patterns (Duarte et al. 2013). 

Both conservative and non-conservative processes control the biogeochemistry of the 

ecosystem end-member. Conservative processes include the mixing of end-members, 



33 
 

evaporation, and freshwater additions, which can be predicted from a conservative 

tracer, usually salinity. Non-conservative processes encompass all other ecosystem 

processes (calcification, photosynthesis, respiration, organic matter remineralisation, 

CaCO3 precipitation and dissolution, atmospheric exchanges and carbon export and 

import), which cannot be predicted with a conservative tracer. Metabolic processes are 

non-conservative processes that have long been recognized as drivers of the carbon 

biogeochemistry in coastal marine ecosystems. This is because processes such as 

photosynthesis and calcification, transform carbon species from one form to another 

(Fig. 1.1). Consequently, the carbonate chemistry of marine ecosystems can differ by 

ecosystem type, as they have different dominating metabolic processes. Due to their 

predominance, the metabolic characteristics of corals, mangrove trees, and seagrasses 

are expected to dominate the ecosystem functioning of the respective ecosystems they 

engineer. By considering the dominant metabolic processes that occur in ecosystems, 

hypotheses can be made on how they will alter carbonate parameters, producing a 

characteristic ecosystem end-member within their locality (Fig. 2.1). This complexity 

makes resolving the ecosystem end-member difficult, which is essential to understand 

as ecosystems are put under increasing anthropogenic stress.  

To study the ecosystem end-member in coastal zones, conservative mixing models can 

be employed in order to extract the non-conservative component as residuals from the 

mixing models. In a two end-member mixing model, this residual can constitute a 

random error around the offshore end-member, or it can be a characteristic of the 
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ecosystem. If this non-conservative component is larger than the model error associated 

with offshore waters, then it can be confidently identified as resulting from non-

conservative processes in ecosystem end-members, and directly related to ecosystem 

functioning. We shall refer to these residuals, driven by ecosystems processes, from 

conservative mixing lines as ecosystem anomalies (Fig. 2.2). The extent of ecosystem 

anomalies in the carbon system depends on the intensity of ecosystem metabolism and 

water residence time within the ecosystem (Craine and Bertness 2006, Jones et al. 

2006). These models have already been employed widely in the literature, through the 

normalisation of TA and DIC, using oceanic waters as source waters that are controlled 

largely by conservative processes (Robbins 2001, Jiang et al. 2014, Challener et al. 2016). 

However, this generic model cannot be employed when source waters themselves 

experience large non-conservative deviations, resulting in a distribution that does not 

follow the simple dilution and concentration (SDC) line.  

The Red Sea is a particularly interesting system to study the carbon biogeochemistry of 

the coastal ocean, as, being devoid of rivers, it lacks a significant freshwater end-

member, and has a well-described offshore end-member, simplifying the problem 

(Sofianos and Johns 2003). This provides a unique opportunity to explore the role of the 

ecosystem end-member in controlling the carbon biogeochemistry of Red Sea coastal 

ecosystems. The Red Sea’s minimal connection to the Indian Ocean and lack of 

freshwater inputs via rivers and rainfall provides a simple system in which to study the 

ecosystem end-member. This reduces the three-end member problem to a two-end 
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member problem, containing an ecosystem end-member and an offshore end-member. 

Thus, if the offshore end-member is well characterised, changes in biogeochemistry 

measured over ecosystems can be easily deciphered as ecosystem endpoints, and 

provide a second end member for variability in the coastal Red Sea. The Red Sea exhibits 

a high coverage of metabolically active shallow benthic habitats (coral reefs, seagrass 

meadows and mangrove forests), which further allows for a broad-scale study of the 

variability and controls on these ecosystem end-members.  

Seagrass meadows, coral reefs, and mangrove forests support distinct ecosystem 

processes that can change the biogeochemistry of their surroundings. Coral reefs are 

complex communities structurally dominated by scleractinian corals, which build the 

large physical structure of the ecosystem out of CaCO3 through calcification. Seagrass 

meadows grow in sheltered areas such as coastal lagoons and reef lagoons, and contain 

known seven species in the Red Sea that encompass a range of morphologies and sizes. 

They require low turbidity to establish, and once rooted, the seagrass meadow can 

expand clonally, further decreasing turbidity, and creating a positive feedback 

mechanism that promotes higher sediment accretion rates (Duarte et al 2013b). Finally, 

mangrove forests exist in the intertidal zone, which due to the low tidal range (50 cm) 

forms a narrow belt in the Red Seas. Red Sea mangrove forests are dominated by 

Avicennia marina, which extend complex root systems below water lines and into the 

sediment below, increasing sediment accretion and stability, reducing erosion, and 

providing shoreline protection (Ahmad and Sultan 1993, El-Juhany 2009, Duarte et al 
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2013b). In contrast to seagrass meadows, mangrove forests exchange gases directly 

through the atmosphere and, therefore, their photosynthesis does not affect directly 

the carbon system of Red Sea waters. All three ecosystems provide habitat to a diverse 

community of a wide range of species, which also contribute to ecosystem function and 

carbon cycling. Due to its geography and circulation patterns, the Red Sea is known to 

exhibit strong, simple biogeochemical gradients along its length. This offers further 

advantages as a study site as ecosystem functioning can be studied across simple 

environmental gradients to assess drivers of change.   

The Red Sea is a coastal sea that exhibits biogeochemical distributions away from the 

SDC line (Jiang et al. 2014). This is due to intense basin-scale calcification, which lowers 

TA relative to conservative behaviour along its length (Steiner et al. 2014). This means 

that the conservative changes in an ecosystem end-member cannot be modelled with a 

simple SDC line. Instead, empirical relationships must be developed to characterise the 

offshore end-member of the Red Sea. Then, the source water, which flows into the 

ecosystem end-member, must be defined so as to not obscure the ecosystem end-

member associated residual. In the case of the Red Sea, this can be estimated using 

latitude; assuming that the offshore end-member is well mixed and that source waters 

come from a similar latitude. After the source water is defined, the conservative residual 

can then be estimated using the difference in salinity between the ecosystem end-

member and the offshore end-member, and the SDC line. A two end-member model at 

the basin scale, with multiple ecosystem end-members has yet to be employed. The Red 
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Sea is one of the only places in the world where this simple model can be tried and 

tested, solidifying concepts for more complex regions. 

The purpose of this work is to examine the effect of Red Sea coastal ecosystems on the 

carbon system of the Red Sea.  We do so through the analysis of anomalies relative to 

the carbon system characteristic of the offshore Red Sea, quantified as deviations from 

conservative processes attributable to ecosystem metabolism. This allows a better 

understanding of ecosystem connectivity and functioning as well as to characterise the 

role of different coastal ecosystems in the carbon system of the Red Sea.  

 

Figure 2.1: The main processes that occur in three shallow benthic habitats. The 

directions of arrows indicate the flow of carbonate species, and relative arrow sizes 

indicate the relative magnitude of carbonate fluxes which occur in each ecosystem. 

Hypothesised changes for each ecosystem are thus inferred from information 

presented in Table 1.1 and the dominant driving processes. 
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Figure 2.2: A conservative mixing model for modelling TA from the conservative tracer 

salinity. The offshore end-member follows its own biogeochemical distribution 

indicated by the blue line. A source water parcel lies somewhere along this 

biogeochemical relationship (OE). When this source water travels through the coastal 

environment it is subjected to conservative processes (mainly evaporation), which can 

be modelled using the simple dilution and concentration line (SDC). The water parcel 

is also subjected to non-conservative ecosystem processes and deviations from the 

SDC line to the observed ecosystem end-member (EE) can be observed (residual).  

When residuals are greater than the variability of the source waters, indicated by a 

threshold value, they are termed an ecosystem anomaly and deviate from the normal 

trend of the offshore end-member. 
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1.2 Methodology 

1.2.1 Synthesis of ancillary Red Sea data for model development 

A search of the literature was performed using the Web of Science. The terms used were 

“”Red Sea” AND carbonate” and “”Red Sea” AND carbon NOT carbonate”, which 

respectively yielded a total number of 465 and 306 academic papers. References from 

each article were also searched for relevance. Results were then narrowed down to 

articles containing information helping characterise the carbonate chemistry of the Red 

Sea by selecting articles that measured DIC or TA in Red Sea waters. Finally, the datasets 

were sourced from corresponding authors, or open data sources to create the synthesis. 

Additional unpublished data was obtained directly from Woods Hole Oceanographic 

Institute (WHOI). The synthesised data sets were constrained between latitudes 12 to 

28 °N and 30 to 44°E, and depths less than 50 m. These constraints allowed observations 

from only Red Sea surface waters to be selected, excluding the Gulf of Aden, Gulf of 

Suez, and Gulf of Aqaba, which are separated from the main body of Red Sea water by 

shallow sills (<200 m) and may exhibit different biogeochemistry. A summary of the 

resulting data obtained is given in Table 2.1.   
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Table 2.1: Summary of the synthesis data set used in the characterisation of the 

offshore end-member for the Red Sea. Presented is the name of the data set used, the 

number of observations collected between latitudes of 12° N to 28° N and 30°E to 44°E 

(n) that recorded either TA or DIC, the year and month in which data was collected, 

and the source of the data set.  

Data Set n Year Month Source 

GEOSECS 9 1995 & 1997 Dec OCADS 
(Oslen et al. 2016, Key et al. 
2015: http://cdiac.ess-
dive.lbl.gov/ftp/oceans/) 

MEROU A/B 70 1982 Jun-Oct Dr. Nicolas Metzl and Dr. 
Elsheikh Ali 
(Nicolas.Metzl@locean-
ipsl.upmc.fr, 
Elsheikh.Ali@uib.no)  

VOS Pacific Celebes 10 2007-2009 Nov-Sep OCADS  
(Oslen et al. 2016, Key et al. 
2015: http://cdiac.ess-
dive.lbl.gov/ftp/oceans/) 

RV Sea Surveyor 21 1998 Oct-Nov Dr. Boaz Lazar 
(boaz.lazar@mail.huji.ac.il) 

TARA 8 2010 Jan Dr. Nicolas Metzl 
(Nicolas.Metzl@locean-
ipsl.upmc.fr) 

WHOI  67 2010 & 2011 Sep Dr. Daniel McCorkle  
(dmccorkle@whoi.edu) 

 

 

 

mailto:Nicolas.Metzl@locean-ipsl.upmc.fr
mailto:Nicolas.Metzl@locean-ipsl.upmc.fr
mailto:Nicolas.Metzl@locean-ipsl.upmc.fr
mailto:Nicolas.Metzl@locean-ipsl.upmc.fr
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1.2.2 Red Sea Coastal Observations 

In order to characterise the Red Sea carbon system, with an emphasis on the three 

coastal habitats targeted, seawater samples were collected along the Red Sea during 

five oceanographic cruises, and one coastal time series between February 2016 and 

August 2017 (Fig. 2.3). The time series included bi-weekly sampling of the surface 

waters at three stations; a pelagic station (22.3093°N 38.9974°E), a coral reef station 

(22.25285°N 38.96122°E) and a seagrass station (22.3898°N 39.1355 °E). An outline of 

each cruise is presented in Table 2.2, displaying the period of sampling, the variables 

measured, and the type and number of stations visited during each cruise. Seawater 

samples taken at depth or offshore from a coastal habitat (transition waters) were 

collected using a Niskin bottle while temperature and salinity were recorded with an 

Ocean Seven 305Plus multiparameter CTD. Seawater samples over shallow benthic 

ecosystems were collected using a polyvinyl-chloride cylinder with a 10 cm diameter 

and a 30 cm length, whilst snorkelling at 0.5-2m depth, to avoid disturbing the benthic 

organisms and the associated re-suspension. The cylinder was carefully moved over the 

ecosystem and sealed with rubber caps. Salinity (S) and temperature (T) measurements 

were made at the sampling point using a hand-lowered Ocean Seven 305Plus 

multiparameter CTD. The cylinders were then transported to the vessel where water 

was carefully siphoned using a silicone tube. Samples were collected in 12ml glass vials 

(DIC) and plastic falcon tubes (TA). Samples for DIC and TA were poisoned to a final 

concentration 0.02 % mercury chloride solution to halt all biological activity. TA and DIC 
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were measured according to the standard operating procedures as set out by Dickson et 

al. (2007). DIC was measured by a pre-acidified IR-spectroscopy technique with a Appolo 

SciTech AS-C3 DIC Analyser, and TA was measured by open-cell titration with 0.1 M 

hydrochloric acid using a Mettler Toledo T50 Autotitrator equipped with a InMotion Pro 

Autosampler unit. Associated errors for measured and calculated carbon parameters are 

reported in Table 2.3.  

Table 2.2: Summary of observations from the five oceanographic cruises and one bi-

weekly time-series used to obtain results. Presented is the name of the observation 

set, the type of data collected, the time period in which the observations were 

collected and the number of observations. 

 Cruise Type mm/yy Coral 
Reef 

Seagrass 
Meadow 

Mangrov
e Forest 

Transition 
Waters 

CSM1
6 

Spatial 01-04/17 12 14 10 40 

CSM1
7 

Spatial 03/17 11 12 10 6 

CCF1 Spatial 01-03/17 22 5 0 6 
CCF2 Spatial 07-08/17 17 7 0 2 
TS Tempor

al 
02/16-
06/17 

32 32 0 31 

CRE Spatial 05/17 10 2 2 1 
Total   104 72 22 86 
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Figure 2.3: Map showing the distribution of observations used in this study, and the 

location of the three time series stations. Colours indicate observations obtained from 

the synthesis (black), the habitat new observations were collected from (green, red, 

blue) and transition waters (orange). 
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1.2.3 Constraining the norm for the offshore end-member 

The influence of Gulf of Aden waters was assessed using T-S water mass plots and plots 

of carbon variables against latitude. As a result, the offshore end-member was 

constrained for latitudes greater than 17°N, excluding the southern most part of the Red 

Sea and the influence of Gulf of Aden waters. Linear regression techniques were used to 

model TA and DIC for the offshore end-member of the Red Sea (TAO and DICO). A multi-

linear regression technique was used to assess the primary driver of DIC in surface 

waters (TA, S) along with the secondary control of temperature (T), and the dependence 

of TA on S. Models were chosen using a corrected Akaike Information Criterion (cAIC) 

and by considering model residual standard error (RSE). From cAIC relative probabilities 

of minimising information loss were calculated to help rationalise trade-offs between 

simplicity and goodness of fit.  

1.2.4 Two end-member conservative mixing model 

A two end-member mixing model was developed using algorithms for the off-shore end-

member. In order to define a source water point in the off-shore end-member for each 

observation it was assumed that source waters came from the same latitude as the 

coastal observations. Latitude was used as a proxy to obtain the salinity of the source 

water (SO) for each respective ecosystem site (Fig. 2.4b), which was fed into the TA 

algorithm for the offshore end-member to calculate TAO for the respective latitude. The 

DIC algorithm for the offshore end-member (M2) was used to obtain the DICO for the 

same source water point in the offshore-end member. Finally, conservative estimates 
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for TA and DIC (TAC and DICC) were obtained using a simple dilution and concentration 

(SDC) scaling, which accounts for conservative changes between the offshore and 

ecosystem end-member.  

After the model was developed, observations from the off-shore end-member were fed 

into the model, so that the associated error of using M1, M2 and M3 in series could be 

quantified. Residuals were calculated by subtracting modelled values (TAC and DICC) 

from observed (TA and DIC). Threshold values to constrain the normal error of the 

associated model were then defined as the 95% confidence interval of these residuals 

(95%CI = mean(RSE) ± 1.96*RSE) for TAC and DICC models. Finally, other carbon 

parameters (OCP), pH, pCO2  and ΩAr,  were calculated from both TAC and DICC (OCP(TAC, 

DICC)), and from observed TA and DIC values (OCP(TA,DIC)). Calculations for OCP were 

performed using CO2SYS using the constants of Millero (2010). Residuals for OCP were 

then calculated by subtracting the pair of calculated values from each respective 

variable (Residual(OCP) = OCP(TA,DIC) - OCP(TAC, DICC)) in order to define the threshold 

value for the norm of the pelagic end-member as the 95% confidence interval of these 

residuals. 

1.2.5 Calculation of residuals and anomalies for ecosystem and transition waters 

Estimates for DICC and TAC were calculated by inputting observed S and LAT into the 

respective two-end member models (Fig. 2.4a). Residuals for DIC and TA were then 

calculated by subtracting conservative estimates from observed values (Fig. 2.4b). OCP 

(ΩAr, pH, pCO2) were calculated with CO2SYS using constants of Millero (2010) from both 
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conservative estimates (TAC and DICC) and observations (TA and DIC). Residuals for OCP 

were then calculated by subtracting the pair of calculated values from each respective 

variable (Residual(OCP) = OCP(TA,DIC) - OCP(TAC, DICC)) (Fig. 2.4b). Once residuals were 

calculated for all carbon variables, they were classified as ecosystem anomalies if they 

were outside the thresholds defined previously as the normal error from the offshore 

end-member. 

1.2.6 Statistical tests 

One-way ANOVAs were performed on carbon observations and residuals collected over 

ecosystems (coral reef, seagrass meadow and mangrove forest) to test for differences 

between ecosystems. Post-hoc Tukey-Kramer tests for significant differences in means 

were performed to identify differences and similarities between habitats.  
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Figure 2.4: Schematic of the modelling process for obtaining non-conservative 

residuals as described in the text. The panel a is a schematic of the modelling process 

used to obtain conservative components of DIC and TA (TAC, DICC). Panel b illustrates 

how the residuals for TA, DIC and other carbon parameters (OCP) are calculated using 

conservative components and observations.  
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Table 2.3: Associated errors for carbonate parameters measured and calculated in this 

thesis. An asterix indicates that the parameter was calculated using CO2SYS and that 

an estimation of the error was obtained from repeated measurements of Dickson 

standards in a sensitivity test. 

    Carbon Parameter 

 TA 

(μmol 

kg-1) 

DIC 

(μmol 

kg-1) 

pH Ca 

(ppm) 

pCO2 

(TA,DIC) 

(μatm) 

pH (TA,DIC) ΩAr  

(TA, 

DIC) 

ΩAr  

(pH, 

DIC) 

Measurement  
Standard Error 

5 3 0.005 4 40* 5 x10-6* 0.06*  0.07* 
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1.3 Results 

The offshore end-member of the Red Sea displays simple biogeochemical trends along 

its length. However, the simplicity of these trends, particularly those that involve DIC are 

obscured by low latitude Gulf of Aden waters. As latitude increases along the Red Sea, 

salinity increases, temperature decreases, TA increases and DIC increases. TA shows a 

strong dependence on salinity, however clear variability can be seen in the trend. 

Particularly, measurements collected after 2008 appear to fall within the upper 

constraints of the trend. This same observation is made for DIC observations, which 

show a strong dependence on both TA and T, and characteristically higher DIC values for 

later years.  

The influence of Gulf of Aden surface and intermediate waters can be clearly seen in 

Figure 2.5, penetrating to latitudes of up to 16°N. Intermediate Gulf of Aden waters are 

much colder than Red Sea waters and are less saline.  They also display characteristically 

higher DIC and lower TA. For simplicity, the synthesis dataset was thus constrained to 

latitudes higher than 17°N in order to fit models used to calculate carbonate residuals. 

The resulting model is presented in Equations 1-5. The salinity of the offshore end 

member depended only linearly on latitude .The chosen model for TAO (M2) depended 

linearly S, whilst the chosen model for DIC (M3) depended linearly on TA. M3 was 

chosen because there was an 18% chance this model was actually the minimum model, 

and no assumptions based on the consistency of the dependence of DIC on T needed to 

be made with this model choice, showing a particular advantage. The AICc and RSE 



50 
 

values used for the model selection process for M1-3 is presented in Table 2.4. For each 

of the three chosen models, all coefficients were significant (p<0.01). 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 1(𝑀1): 𝑆𝑂 = 0.1745 ∗ 𝐿𝐿𝐿 + 35.57 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 2(𝑀2): 𝐿𝐿𝑂 = 33.52 ∗ 𝑆 + 1134.17 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 3(𝑀3): 𝐷𝐷𝐷𝑂 = 0.9800𝐿𝐿𝑂 − 347.51 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 4: 𝐿𝐿𝑐 =  
𝑆𝑜𝑜𝑜
𝑆𝑂

𝐿𝐿𝑂 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 5:𝐷𝐷𝐷𝑐 =
𝑆𝑜𝑜𝑜
𝑆𝑂

𝐷𝐷𝐷𝑂 =  0.9800𝐿𝐿𝐶 −
𝑆𝑜𝑜𝑜
𝑆𝑂

∗ 347.51  

The resulting threshold values for all carbon variables, which constrain the norm of the 

offshore end-member, obtained by substituting observations from the synthesis data 

set into the model, are also presented in Table 2.4. Coastal data is plotted against norm 

trends and 95% prediction intervals for the offshore end-member (Fig. 2.6), which 

clearly shows that coastal data is highly variable and displays different carbon 

biogeochemistry compared to the offshore end-member. Particularly seagrass meadows 

appear to be DIC and TA sinks, whilst mangrove ecosystems appear to be DIC and TA 

sources. Transition waters display a higher DIC distribution, indicating that this is a 

characteristic of the coastal zone. However results from post-hoc Tukey Kramer tests do 

not show the majority of these differences, most likely due to the dependences on 

latitude, salinity and temperature (ie. changes in distribution do not indicate differences 

in carbon biogeochemistry).  
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All DIC and TA residuals calculated from the model are presented in Figure 2.8. Four 

outlying mangrove observations were observed which displayed high TA residuals. 

Residuals displayed significant habitat dependencies for all carbon parameters, 

indicated by ANOVA. Results from post-hoc Tukey Kramer tests show that only coral 

reef and transition waters have similar distributions of TA and DIC residuals (Fig. 2.8). All 

four ecosystems displayed a large number of anomalies (Table 2.6), greater than the 5% 

expected if distributions followed the normality of the offshore end-member.  

Transition waters tended to display small positive DIC residuals, and cluster around the 

offshore end-member. There were three transition observations that displayed very 

large TA anomalies, and two observations that displayed vey large negative TA 

anomalies (Figure 2.9). Seagrass meadows tended to exhibit negative anomalies in DIC 

and TA, whilst mangrove ecosystems experienced even larger positive anomalies in TA 

and DIC. Coral reef residuals tended to cluster around the offshore end-member, 

however showed both marked positive and negative anomalies in TA. Mangrove 

ecosystems were almost always anomalously low in pH with anomalies in pH of up to 

0.8 units observed, which was accompanied with large negative ΩAr anomalies. Seagrass 

meadows showed smaller anomalies in pH and ΩAr, that similarly had a tendency in the 

negative direction. Coral reefs displayed both positive and negative pH and ΩAr 

anomalies, which had a negative tendency similar to the seagrass meadow ecosystem, 

although also displayed large positive anomalies in pH and ΩAr of 0.3 and 3.2 units 

respectively. 
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Time series of carbon anomalies are presented in Figure 2.10 for a seagrass meadow 

station, a coral reef station and a transition station. The coral reef and transient station 

are closely linked and display variability around the offshore end-member for TA and 

DIC residuals with no clear seasonal dependency. Contrary, the seagrass station displays 

TA and DIC residuals consistently in the negative direction. Large seasonal variability is 

observed with the largest residuals in DIC and TA seen in summer. Time series for pH 

and ΩAr anomalies do not appear to have large differences between habitat or season, 

and collectively experience a negative anomaly of 0.1 and 0.5 for pH and ΩAr with 

respect to the off-shore end member in Winter 2016/2017. Although the time series has 

a high signal to noise ratio so making conclusions for seasonal trends is not viable for 

these parameters. These effects are clearly related to the magnitude of the residuals, 

and effect each parameter in equal ratios, as no large deviation from a 1:1 TA:DIC 

anomaly ratio is seen. This is shown in Figure 2.11 in which residuals, particularly at the 

seagrass meadow station are largely bounded by two lines, which are separated by the 

TA threshold of 40 μmol kg-1, suggesting that with season, only the magnitude of TA and 

DIC anomalies change, with the same ratio of change observed between the two 

parameters. 
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Figure 2.5: Relationships between salinity, temperature and latitude of selected 

variables, and the relationship between TA and DIC of the synthesis data set. Low 

latitude waters indicated by light blue correspond to the Gulf of Aden water mass, 

which deviates from the expected behaviour of high latitude waters. Observations are 

also broken into two categories dictated by year, to display the differences of older 

observations, compared to those made more recently.  
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Table 2.4: Model parameters for the models tested in order to obtain the final three 

models used in the calculation of non-conservative residuals. Models were chosen 

based on simplicity (ie. number of explanatory variables) and measures for goodness 

of fit (RSE, cAIC, RPMIL) 

Explanatory 

Variables 

n RSE cAIC RPMIL 

M1     

LAT 134 0.265 28.41 1 

LAT2 134 0.265 28.36 0.98 

M2     

S 134 14.6013 1102.98 1 

S2 134 14.6013 1102.98 1 

M3     

TA 119 15.13 988.34 0.18 

TA2 119 15.14 988.59 0.16 

S 119 23.15 1089.78 <0.001 

S2 119 23.16 1089.8 <0.001 
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TA + T 119 14.83 985.25 0.83 

TA + T2 119 14.86 984.88 1 

 

 

Table 2.5: Residual means and standard deviations for residuals of TA, DIC, pH, pCO2 

and ΩAr modelled using observations from the offshore end-member and resulting 

models (M1-3). Threshold values which represent the 95% confidence limits of these 

residuals are defined to constrain the upper and lower bounds of the normal off-shore 

end-member. The percentage of residuals in the offshore end members which lie 

outside of these limits (ie. outliers) is also presented to check the ability of the model 

to predict the offshore end-member. 

 Residual 
Mean 

Residual 
Standard 
Deviation 

Upper 
Threshold 

Lower 
Threshold 

Percentage 
of off-shore 
observations 
outside 
threshold 

TA -0.11 16.83 34 -33 2.99 

DIC 2.31 24.82 51 -47 2.52 

pH -4 x10-4 2.05 x10-2 4.0 x10-2 -4.1 x10-2 5.4 

pCO2 1.00 23.71 48 -46 5.4 

ΩAr 0.001 0.139 0.28 -0.28 5.4 
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 Figure 2.6: Coastal observations presented against biogeochemical trends associated 

with the offshore end-member (black line) and 95% prediction intervals (shading).  
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Figure 2.7:  Distribution of TA, DIC, pH, pCO2 and ΩAr for the offshore end-member and 

four ecosystem classifications. Results are presented as standard box-plots displaying 

95% confidence limits, alongside results from ANOVA tests for differences in means in 

the bottom right-hand corner (p-value,f-statistic) and post-hoc Tukey Cramer tests 

(indicated by letters).  
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Figure 2.8: Non-conservative residuals of TA, DIC, pH, pCO2 and ΩAr for the four 

ecosystem classifications. Results are displayed as standard box-plots displaying 95% 

confidence limits alongside results from ANOVA tests for differences in means in the 

bottom right-hand corner (p-value,f-statistic) and post-hoc Tukey Cramer tests 

(indicated by letters).  
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Table 2.6: Descriptive statistics for residuals of TA, DIC, pH, pCO2 and ΩAr for the four 

ecosystem classifications, and the percentage of residuals which are defined as 

ecosystem anomalies. 

Residual Ecosystem 

 Transition 
Waters 

Coral Reef Seagrass 
Meadow 

Mangrove 
Forest 

 TA     

Mean 7.22 4.73 -121.04 393.78 

Standard 
deviation 

69.42 65.38 94.52 863.84 

max 326.06 218.25 71.43 2299.48 

min -354.07 -107.69 -347.33 -164.35 

Percentage of 
anomalies 

37.21 48.09 81.94 77.27 

DIC     

Mean 50.93 19.73 -76.34 377.20 

Standard 
deviation 

41.43 44.79 120.82 721.66 

max 205.12 114.10 130.45 2502.82 

min -95.58 -118.27 -472.37 -87.23 

Percentage of 
anomalies 

50 27.88 55.56 81.82 

pH     

Mean -0.071 -0.1263 -0.0656 -0.1733 

Standard 
deviation 

0.087 0.8628 0.0877 0.6176 

max 0.26 0.3282 0.2511 1.6884 
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min -0.43 -8.1370 -0.2913 -0.8746 

Percentage of 
anomalies 

67.47 71.91 68.18 100 

pCO2     

Mean 90.44 39.73 57.94 1004.70 

Standard 
deviation 

116.41 94.96 108.67 1716.58 

max 730.96 282.88 362.94 5835.38 

min -162.34 -309.87 -238.52 -488.46 

Percentage of 
anomalies 

69.88 69.66 69.70 100 

ΩAr     

Mean -0.4301 -0.2659 -0.6392 0.4470 

Standard 
deviation 

0.6445 0.8012 0.5755 7.5331 

max 2.9635 3.3737 1.9540 23.6233 

min -2.683 -4.1088 -1.8409 -3.618 

Percentage of 
anomalies 

72.29 75.28 83.33 100 
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Figure 2.9: Non-conservative residuals for TA and DIC for all coastal observations. 

There is clear distinction between the offshore end-member and presence of large 

ecosystem anomalies. The expected stoichiometry for changes due to CaCO3 

precipitation and dissolution is shown for reference (dashed line). 
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Figure 2.10: Time series of TA, DIC, pH, pCO2 and ΩAr calculated from a bi-weekly time 

series conducted from February 2016 to June 2017.  
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Figure 2.11: Scatterplots of TA and DIC residuals for the three time series stations. 

Results are plotted with the lines y=x and y=x-80 (parallel black lines).  
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1.4 Discussion and Conclusions 

The Red Sea is a unique environment which offers advantages for studying allogenic 

ecosystem engineering in shallow benthic habitats. Its simple geography, as a narrow, 

enclosed coastal Red Sea, is ideal for coastal modelling as there is only one well mixed 

offshore end-member which influences the coastal zone. The Red Sea displays simple 

trends in carbon biogeochemistry, with TA and DIC increasing along its length. These 

trends constitute a normal state, which is altered by coastal processes in the coastal 

zone. Here we have demonstrated that ecosystems play a large role in engineering the 

carbon biogeochemistry of the coastal zone, by modelling normal conservative 

behaviour and extracting non-conservative residuals. We find that stocks over 

ecosystems and in coastal transition waters exhibit a large proportion of ecosystem 

engineered anomalies, of which exhibit characteristic ecosystem dependencies. We 

further find that ecosystems display a connectivity, inheriting signals from surrounding 

ecosystems. 

 

The ability of the Red Sea to exhibit strong latitudinal trends as a semi-enclosed sea has 

been established in recent literature (Sofianos and Johns 2003, Raitsos et al. 2011, 

Raitsos et al 2013, Kürten et al. 2014). These trends have before been reported for 

nutrients, temperature and salinity, and as a result of this work now follow for DIC and 

TA. The Red Sea exhibits simple increases in TA and DIC along its length due to high 

evaporation rates. However when normalised TA is considered, it has been shown that 

CaCO3 dynamics plays an important role within the basin (Jiang et al. 2014). Gulf of Aden 
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waters display different biogeochemical properties compared to Red Sea surface waters 

(Fig. 2.5).  Exchange between the Red Sea and the Gulf of Aden varies seasonally, and 

significantly affect the properties of Red Sea waters (Churchill et al. 2014, Triantafyllou 

et al. 2014). Results show significant influence from Gulf of Aden intruding waters in the 

offshore end-member, up to latitudes as high as 16 °N, which cause deviations from the 

normal trends expected due to Red Sea end-member processes. The influence of low 

temperature, low salinity intermediate waters can be seen in surface Red Sea waters at 

low latitudes, displaying high DIC and low TA, providing a source of error for the 

modelling of low-latitude waters (Fig. 2.5). The simple conservative mixing model 

developed for this study cannot capture the additional variability of a second water 

mass at low latitudes. This was not problematic as no coastal observations were 

collected at latitudes < 17 °N, allowing the normal to be defined for the Red Sea 

offshore end-member using constrained latitudes (> 16 °N). 

 

Ecosystems can be considered as individual end-members governed by ecosystem 

processes, which alter the biogeochemistry of their surroundings causing deviations 

from the normality of regional biogeochemistry. Ecosystem dependent trends are 

observed in the results, which clearly deviate from the simple biogeochemical trends of 

the offshore end-member, indicated by a large proportion of ecosystem anomalies. 

Although there is evidently large spatial and temporal variability, individual ecosystem 

end-members conform to overarching ecosystem characteristics from which, inferences 

can be made about driving processes using known stoichiometric processes (Fig. 1.12). 
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However, the results of this work deviate slightly from the expected biogeochemical 

trends deduced from literature. Instead, we see evidence of ecosystem connectivity, 

and a delayed signal, inherited from surrounding ecosystems. This can be deciphered 

with reference to the common physical layout of Red Sea coastal ecosystems. The Red 

Sea coastal zone contains fringing reefs along the entirety of its length. These fringing 

reefs are the first line of transit for offshore waters, which then flow through smaller 

reef structures closer to shore. Seagrass meadows require a sheltered lagoonal 

environment which is often provided by mid-shelf reef structures, and coastal lagoons. 

Finally, mangrove forests must exist along the coastline of islands or the mainland. As a 

result of this sequential structure, a water mass which has ended up within a mangrove 

ecosystem has most likely already transited through a coral reef ecosystem and a 

seagrass meadow ecosystem, inheriting properties from each (Fig. 2.12).  

 

The driving metabolic processes of each ecosystem have been well established in the 

literature, with the exception of the TA inputs of seagrass ecosystems, which are not 

well defined. Coral reefs drive carbonate chemistry through net community calcification, 

as their net primary productivity is close to zero. The extent to which they alter the 

carbon chemistry of their surrounding environment is largely dependent on the 

community composition of the reef and the ratio of calcifiers to primary producers 

(Albright et al. 2013, Falter et al. 2013). This expected behaviour would yield a net 

decrease in TA and DIC which follows the stoichiometric ratio of a 2:1 change in TA to 

DIC, indicative of CaCO3 precipitation (Gazeau et al. 2015). Seagrass meadows are 
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dominated by photosynthetic seagrasses, which tend to exhibit net autotrophy and act 

as DIC sinks. However when seagrass cover is sparse, or detritus is high, the ecosystem 

can move to net heterotrophy, and act as a DIC source (Unsworth et al. 2012). The 

influence of calcifiers such as epiphytes, which reside within the ecosystem and the 

influence of sediment processes on TA and DIC are still a topic of discussion in current 

literature, with a recent increased effort to resolve this part of the carbon budget 

(Macreadie et al. 2017). Mangrove forest ecosystems do not contain the photosynthetic 

part of the plant within the water column, and have roots which protrude out of the 

water column. As such the mangrove has little influence on the water column, and the 

predominant metabolic processes which have influence are associated with the benthic 

community and sediment processes. Specifically, studies have shown that, CaCO3 

dissolution and organic matter respiration have the largest control of carbonate 

chemistry in this ecosystem, meaning that they are both large sources of TA and DIC 

(Middelburg et al. 1996, Millero et al. 2001).  

 

Results indicate that transition waters, which exist in the coastal zone between 

ecosystems and offshore waters, on average exhibit slightly higher DIC residuals than 

the offshore end-members by approximately 50 μmol kg-1, of which 50 % are anomalies. 

Transition waters display less TA anomalies within residuals and a smaller average shift 

from the offshore end-member. The cluster of transition anomalies is relatively tight 

compared to those of ecosystems (Fig. 2.9), although exhibits large positive and 

negative anomalies. Of the three large outlying transition anomalies in the positive TA 



69 
 

direction ecosystems, two exist near offshore waters and one in close proximity to a 

large coastal embayment in the northern Red Sea. Coastal embayment’s can be sources 

of large TA outflows as they have limited exchanges with the coastal ocean, and 

anthropogenic land inputs could offer a TA source. Higher TA and DIC waters could be 

due to Gulf of Aden intrusion waters which have been shown to move along the east 

coast of the Red Sea, rather than through the central axis, by which the normal is 

defined (Churchill et al. 2014). Conversely, large TA sinks can be observed from outflows 

from large reef systems, with the two large negative TA anomalies in transition waters 

lying within close proximity to large reef systems outside of Thuwal and Al-Wahj. Coral 

reef residuals, display a marginally higher variability in TA and DIC residuals compared to 

transition waters, with a slightly lower median position with respect to TA and DIC. Coral 

reef observations do display both more higher and lower TA anomalies compared to 

transition waters, leading to a higher percentage of TA anomalies in coral reef 

ecosystems. This is most likely due to the effects of upwelling along the offshore coral 

reefs, which exist to at great depths where dissolution is the main driving process from 

the breakdown of CaCO3 rubble, and the effects of calcification on the TA signal of coral 

reefs in shallower depths. Indeed, it is observed that the highest TA anomalies 

correspond to offshore reefs, which would experience a higher rate of carbonate 

dissolution (dissolution increases with depth). The higher variability in residuals seen in 

coral reefs compared to transition waters is an indication of the variability of ecosystem 

functioning seen in the stocks over coral reef ecosystems and the effects of water 

residence time on the depletion of carbonate stocks by calcification. 
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The effects of calcification on coral reefs were expected to be the highest of all 

ecosystems, by displaying the largest negative TA anomalies. However, seagrass 

meadow observations display a significantly larger proportion of TA and DIC anomalies, 

of which all but two are large and negative. This supports the conclusion that 

ecosystems inherit the carbon chemistry of neighbouring ecosystems, although the role 

of calcification in seagrass communities is still being resolved, it is unlikely that it is the 

primary driver of carbon chemistry within these ecosystems, and that this large signal 

comes from preliminary interaction with coral reefs. This leads to a resulting signal that 

has an TA:DIC ratio greater than 2:1 due to the combined influence of CaCO3 dynamics 

from reef ecosystems, and the net decrease in DIC which is associated with net 

photosynthetic seagrass meadows. Results from the seagrass meadow time series 

station reveal that anomalies are higher in summer, indicative of higher ecosystem 

functioning as a result of higher temperatures. Water masses which flow through 

seagrass ecosystems can subsequently flow into mangrove forest stands. In this study, 

mangrove forests exhibited the highest percentage of anomalies out of the four 

ecosystem categories. These anomalies had a very wide range, but with the exception of 

two measurements, fell within a general trend line, which had characteristically higher 

TA and DIC residuals compared to seagrass ecosystems, as expected from their driving 

metabolic processes. The ratio of TA to DIC residuals (excluding the two high TA, low DIC 

outliers) is also less than 2:1, for the mangrove end-member. This is indicative of the 

expected large influence of organic matter remineralisation, which largely increases DIC 
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in the same matter as community respiration, reducing the TA to DIC ratio from the 

expected stoichiometry 2:1 which corresponds to CaCO3 dissolution. The small amount 

of negative residuals associated with this end-member is an indication of ecosystem 

connectivity between mangroves and seagrasses, as some mangrove ecosystems are 

sourced by low TA and DIC waters exiting from seagrass meadows.   

 

Consequently, the results of this study both highlight the ecosystem engineering ability 

of Red Sea coastal ecosystems, and the importance of connectivity in coastal modelling. 

We have presented a novel method which allows the non-conservative effects of 

ecosystems to be captured and studied using a simple two end-member conservative 

mixing model. This highlights the unique opportunity which the Red Sea provides to 

study ecosystem processes at large spatial scales. Future work should integrate variable 

flow and current data into this simple model, in order to provide a more complex model 

for flow from the offshore end-member to coastal ecosystems. Further, this method 

offers a new way of monitoring ecosystem functioning over long time periods, without 

performing time intensive incubations to measure net fluxes of ecosystems. 
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Figure 2.12: A schematic of the results of this study based on relative median 

deviations from offshore waters and variability of residual TA and DIC for the four 

end-members, with the stoichiometric reference lines corresponding to CaCO3 

dynamics (dashed black line) and organic carbon metabolism (dashed red line). Results 

are presented along side a typical structure of the tropical coastal zone (adapted from 

Guannel et al 2016) which indicates the importance of considering ecosystem 

connectivity in end-member studies.  
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Chapter 2 

Carbonate and calcium fluxes in Red Sea seagrass meadow and mangrove sediments 

2.1 Introduction 

Realization that seagrass meadows, mangrove forests, and salt marshes are responsible 

for a disproportionally large storage of organic carbon in their sediments (Duarte and 

Prairie 2005, McLeod et al. 2011, Fourqurean et al. 2012, Duarte et al. 2013b) has led to 

a steep increase in the research effort to resolve carbon sequestration and storage in 

the sediments of so-called blue carbon habitats (Nellemann and Corcoran 2009). High 

sediment accretion rates, due to the high productivity and the ability of these plants to 

dissipate energy in the water column, are largely responsible for this storage as detritus 

from the ecosystem and surrounding ecosystems is trapped, and buried rather than 

flushed to neighbouring ecosystems where it can be remineralised. This mechanism is 

particularly relevant in the context of climate change, as blue carbon ecosystems have 

experienced steep losses, so their conservation and restoration offers an opportunity to 

preserve or enhance natural CO2 sinks, thereby contributing to mitigate climate change 

(Nellemann and Corcoran 2009, Duarte et al. 2013b). Net autotrophy also promotes 

higher pH environments in seagrass meadows, where the plant is entirely submerged in 

water (Unsworth et al. 2012). This offers further benefit to the environment in the face 

of anthropogenic stress, providing a site of refuge from coastal acidification.  

However, autotrophy and organic carbon fluxes are not the only carbon fluxes that 

affect CO2 uptake from the ocean. Inorganic carbon fluxes, mainly the precipitation and 
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dissolution of CaCO3, also play a large part in the dynamics of CO2 fluxes in Blue Carbon 

ecosystems (Macreadie et al. 2017). In fact the pH increase associated with net 

autrophy, increases the saturation state of the water column, promoting CaCO3 

precipitation. Sediment processes, mainly those associated with organic matter 

remineralisation, can also alter the saturation state of CaCO3 within pore waters. This 

leads to a competing influence of sediment processes with plant processes in controlling 

sediment-water fluxes, and the ecosystem engineering result of the benthic habitat, a 

phenomenon that is yet to be discussed within literature. Mangrove forests have 

minimal oxygen exchange by roots into the sediment and water column, with most gas 

exchanges occurring above water via long pneumatophore roots and leaves. As such, 

mangrove canopies do not directly affect dissolved gases in seawater and are mostly 

controlled by sediment processes and benthic communities, providing a key contrast 

with seagrass meadows. 

The ecosystem engineering ability of seagrasses to perturb pH and CaCO3 dynamics has 

been explored and validated in the literature by comparing vegetated sediments to 

unvegetated sediments (Unsworth et al. 2012, Baron et al. 2002). Below ground it is 

thought that the release of oxygen into the sediments by roots further enhances CaCO3 

dynamics in within sediments by enhancing organic matter remineralisation, increasing 

CO2, lowering pH and inducing CaCO3 dissolution (Burdige et al. 2002, Baron et al. 2006, 

Mazarrasa et al. 2015). Organic matter remineralisation can also be enhanced by the 

presence of heterotrophic microbial communities which breakdown organic matter 
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using reduction processes, releasing CO2, altering the saturation state of surrounding 

pore waters (Krummins et al. 2012). In addition to the effects of organic metabolism and 

organic matter remineralisation on the carbon and calcium dynamics of the overlying 

water column, net community calcification is also proposed to be important in blue 

carbon ecosystems, with uncertain effects on the carbon cycle (Macreadie et al. 2017). 

Thus, it can be concluded that three main processes control the carbon fluxes of blue 

carbon ecosystems (organic metabolism, CaCO3 dynamics and organic matter 

remineralisation) whilst other minor processes can contribute to smaller “residual” 

fluxes. These processes balance to give a net effect of the ecosystem on the inorganic 

carbon cycle. 

Although the control of the plant on the overlying water column is only predominant in 

seagrass meadows, both blue carbon ecosystems are common in that their sediments 

are enriched organic matter, supporting elevated heterotrophic bacteria populations 

and activity (Al-Raei et al. 2009). Hence, mangrove sediments are expected to be sites of 

carbonate dissolution (Middelburg et al. 1996), whereas seagrass sediments can either 

be sites of net carbonate deposition or dissolution, depending on the relative 

importance of calcification mediated by pH increase by seagrass photosynthesis, and 

dissolution as a consequence of respiratory processes which lead to elevated CO2 and 

decline in pH. Usually TA is used as an indicator for CaCO3 dynamics as metabolic 

processes do not alter this quantity by significant amounts and it changes with CaCO3 

precipitation and dissolution with a known stoichiometric relationship. However 
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sedimentary processes are suspected to interfere with this relationship, as sediments 

are demonstrated net TA sources to the water column (Krummins et al. 2012). In the 

following work we explore the ability of three benthic habitats (mangrove sediment, 

vegetated seagrass sediment, and unvegetated seagrasss sediment) to perturb the 

carbon chemistry of the overlying water column, and assess the magnitude of CaCO3 

fluxes that occur over the sediment-water interface of the two blue carbon ecosystems, 

across numerous sites in the Red Sea. 

2.2 Methodology 

2.2.1 Sample collection and analysis 

Sediment cores were collected at thirteen different sites in March and July 2017, where 

two sites were visited in both sampling periods. In March three mangrove forests and 

five seagrass meadows were visited, and in July seven seagrass meadows were visited 

(Fig. 3.1).  We used polyvinyl chloride cylindrical tubes with 10 cm diameter, and sealed 

with rubber caps. At the three mangrove sites, three sediment cores were collected 

from mangrove stands, in between roots. At the ten seagrass sites, two vegetated cores 

were collected for each dominant species of seagrass located at the meadow, with the 

exception of site S-1, where two species could not be separated.  Two bare sediment 

cores were also collected at each seagrass site from within, or just outside the vegetated 

area. The cores were transported back to the research vessel and placed in a 

transparent tank with flow through surface water, to maintain water temperature and 

ambient solar radiation.  
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Prior to the measurements, the cores were then drained of the overlying water and 

replaced with fresh surface seawater, carefully siphoned as to avoid the resuspension of 

surface sediments. The cores were overflowed and quickly sealed with rubber caps as to 

avoid the loss of DIC through venting. An initial water sample was collected for analysis 

of carbon parameters, along with salinity and temperature measurements, derived from 

a CTD, for water mass determination using the rho() function in the R package 

“seacarb”.  The height of water in the core was also measured to calculate water 

volume. Where headspace was left in the cores, headspace measurements were taken 

for back-calculations of DIC loss due to outgassing, which was negligible and no greater 

than 5 μmol kg-1 in all cases. The cores were then incubated for approximately 24 hours 

under the ambient incident light. After the incubation period, the cores were opened 

and water samples were collected from each individual core.  

Water samples were analysed immediately for pH using a spectrophotometric 

determination with m-cresol purple, as outlined in Dickson (2007), adapted for a 1 cm 

path length using equipment obtained from Ocean Optics. During sample handling 

prolonged contact with the atmosphere was avoided. Samples for DIC, TA and Ca 

analyses were collected in 12 ml glass vials (DIC) and 50 ml plastic falcon tubes (TA, Ca). 

Samples for DIC and TA were poisoned by adding mercury chloride to a final 

concentration of 0.02 % to halt all biological activity, whilst samples for of Ca were 

stored at -20 oC until analysis. TA and DIC were measured according to Dickson et al. 

(2007). Specifically, DIC was measured with a pre-acidified IR-spectroscopy technique 
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using an Appolo SciTech AS-C3 DIC Analyser, and TA was measured by open-cell titration 

with 0.1 M hydrochloric acid using a Mettler Toledo T50 Autotitrator equipped with a 

InMotion Pro Autosampler unit. The determination of calcium ions was performed using 

inductively coupled proton optical emission spectroscopy (ICP-OES) with a 10-fold 

dilution of seawater. Calculations for the saturation state of calcite were made using DIC 

and pH values in the “seacarb” R package, as the presence of organic alkalinity was high 

in some cores (evident from high CDOM and a discoloration of seawater). Organic 

alkalinity was calculated by subtracting modelled TA, using DIC and pH values, from 

observed TA to confirm this observation. Organic and nutrient derived alkalinity 

interferes with carbonate system calculations, when assumed as zero, as calculations 

treat it as carbonate alkalinity, thus overestimating (excess proton donor input), or 

underestimating (excess proton acceptor input) the carbonate system of seawater (Yang 

et al. 2015). Calculations for other carbon parameters (ΩAr , pCO2) were performed by 

calculations in CO2SYS from DIC and pH of individual cores, using the carbonate 

equilibrium constants as defined in Millero (2010). Associated errors in all parameters 

are presented in Table 2.3. 

2.2.2. Statistical Tests 

The role of benthic habitat type (mangrove, vegetated seagrass sediment, and 

unvegetated sediments) in accounting for variability in TA flux, DIC flux, pH flux, ΩAr flux 

and Ca2+ flux was tested using analysis of variance analysis (ANOVA). Post-hoc Tukey-
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Kramer tests for significant differences in means were performed to identify differences 

and similarities between benthic habitats. 

 

 

Figure 3.1 Map showing sites and present species where sediment cores were 

collected. Both mangrove forests (M) and seagrass meadows (S) were visited. The 

marker colour indicates the time sites were visited; March (blue), July (red) and both 

March and July (green). Species codes are as follows: HS = Halophila stipulacea, HU = 

Halophila univeris, TC = Thalassodendron cilliatum, HS = Halophila stipulacea, TH = 

Thalassia hemprichii, AM = Avicennia marina, HO = Halophila ovalis. 
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2.3 Results 

Changes in DIC, pH and ΩAr differed significantly among each habitat type (Table 3.1), 

but this was not the case for TA and Ca fluxes. Changes in pCO2 were statistically similar 

between vegetated and unvegetated seagrass sediments, but differed significantly to 

mangrove sediments. The majority of unvegetated seagrass sediments displayed DIC 

fluxes close to zero, compared to vegetated seagrass sediments, which were on average 

DIC sinks (Table 3.1). Waters overlying unvegetated sediment cores showed a decreased 

pH by a small amount of -0.012 units day-1, with a reduction in ΩAr by 0.092 units day-1. 

Waters overlying vegetated seagrass cores displayed a significant net increase in pH 

units (0.226 units day-1), which led to a marked increase of 1.71 units day-1 of saturation 

state of aragonite.  

 Mangrove sediments displayed inter-site variability only for TA fluxes, with a 

Tukey-Kramer test revealing that M-3 was statistically different to M-1 and M-2, which 

were statistically similar. Cores from M-3 had a large amount of litter, and were 

collected from an inter-tidal lagoon, which had limited exchange with surrounding 

environments. Consequently, this site had an abnormally large amount of organic 

alkalinity, with the three replicates displaying final proportions of organic alkalinity of 

85%, 184% and 204%, compared to an initial value of 1.5%. Mangrove sediments were 

on average large DIC sources and M1 and M2 were TA sources, whilst M-3 was a TA sink 

(Fig. 3.5). Waters overlying mangrove sediments experienced on average changes in pH 
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of -0.612 units day-1, which was accompanied with a large decrease in the saturation 

state of aragonite of 2.055 units day-1. 

Unexpectedly, calcium fluxes showed very weak correlation with TA fluxes (R2 = 

0.10, P > 0.0062), as calcium fluxes were often much larger than those expected from TA 

(under an expected stoichiometry of 2 TA : 1 Ca). Calcium fluxes showed an insignificant 

inverse correlation with the change in pH over the time of the incubation, however a 

larger proportion of incidences of negative calcium fluxes were observed with positive 

changes in pH (R2 = 0.06, P < 0.0367, Fig. 3.4). The standard error in calcium fluxes was 

high (< 45 mmol m-2 d-1), but was still low enough to resolve differences. Mangrove 

sediments were mostly sources for calcium, although 30% of sediment cores were 

negligibly small calcium sinks (< 40 mmol m-2 d-1). Vegetated and unvegetated seagrass 

sediments were on average calcium sinks, although calcium fluxes in seagrass sediments 

had a high variability and were calcium sources in a significant proportion of cases (31% 

and 25% respectively). 
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Figure 3.2: Scatter plot of TA and DIC sediment-water fluxes for the three benthic 

habitat types. Results are shown alongside the expected line if all changes were due to 

CaCO3 formation and dissolution (dashed line). 
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Figure 3.3: Ca fluxes plotted against TA fluxes of individual sediment cores for the 

three benthic habitat types. Results are presented alongside an associated regression 

line (red) and the stoichiometric ratio of change for CaCO3 fluxes (dashed line).  
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Table 3.1: Distribution statistics of associated changes and fluxes for the three benthic 

habitat types. Mangrove sediments are split into two groups based on statistically 

significant differences.  

* Lowercase letter indicates results from a second Tukey Kramer test for differences in 

means, for mangrove sediments only 

Sediment Type TA flux DIC flux pH change ΩAr change pCO2 change Ca flux 

Unvegetated Seagrass       

Mean -13.5 -7.5 -0.012 -0.06 29 -79 

Standard Deviation 20.2 23.8 0.124 0.60 140 209 

Max 35.7 31.9 0.273 1.36 368 394 

Min -50.4 -66.7 -0.236 -0.95 -214 -679 

Tukey Kramer Group A A A A A A 

Vegetated Seagrass 

Sediments 

      

Mean -15.0 -45.9 0.226 1.07 -88 -87 

Standard Deviation 33.7 50.6 0.263 1.15 338 201 

Max 92.9 86.0 0.840 3.69 1365 286 
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Min -66.6 -124.3 -0.535 -1.34 -325 -527 

 A B B B A A 

Mangrove Sediments 

(M-1 & M-2) 

      

Mean 28.44 76.78 -0.577 -1.41 2072 14 

Standard Deviation 16.62 28.14 0.203 0.59 1313 52 

Max 50.20 110.10 -0.389 -0.83 4470 104 

Min 4.69 46.50 -0.878 -2.09 1091 -40 

 Aa* C C C B A 

Mangrove Sediments 

(M-3) 

      

Mean -35.46 108.2 -0.683 -1.01 4383 198 

Standard Deviation 13.87 21.7 0.380 1.56 3120 93 

Max -20.19 127.3 -0.251 0.792 7398 305 

Min -47.26 84.7 -0.967 -1.97 1167 134 

 Ab* C C C B A 
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Figure 3.4: Ca fluxes plotted against net pH changes for the three benthic habitat types 

with the associated regression line.  
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Figure 3.5: Average net fluxes, changes and associated standard errors for TA, DIC, pH, 

ΩAr, pCO2 and Ca. Results are presented for unvegetated seagrass sediments (UV), 

mangrove sediments (AM), and vegetated seagrass sediments (by species as 

presented in Figure 2.2b) for the two months of study.  
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Figure 3.6: Results from vegetated seagrass (VS) sediments plotted against 

unvegetated seagrass (UVS) sediments with a 1:1 correlation line (blue). Average 

results from each site are plotted with associated ranges presented as error bars. 
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2.4 Discussion and Conclusions 

Here we quantify net sediment-water carbonate fluxes along the Red Sea in three 

benthic blue carbon habitats; vegetated seagrass sediments, unvegetated seagrass 

sediments and mangrove sediments.  TA fluxes showed no differences between the 

three habitats, whilst DIC differed significantly. In general, vegetated seagrass sediments 

were DIC sinks, mangrove sediments were DIC sources and unvegetated seagrass 

sediments were close to neutral, although considerable variability in these trends were 

found in seagrass sediments. Around 70% of vegetated and unvegetated seagrass 

sediments were calcium sinks, indicative of CaCO3 precipitation, whilst 70% of mangrove 

sediments acted as large calcium sources, indicative of CaCO3 dissolution. In addition, 

we found a poor relationship between net TA and net calcium fluxes in the Red Sea blue 

carbon sediments studied. There was no strong correlation seen between TA and DIC 

fluxes (Fig. 3.2), which would otherwise indicate the existence of a dominant process 

over these ecosystems. Instead, it is evident that varying combinations of more than 

one mechanism of the inorganic carbon cycle are leading to resulting net daily fluxes.  

 

Vegetated seagrass sediments possible benefits against coastal acidification, on average, 

increasing pH by 0.23 units per day. This, accompanied by increases in the saturation 

state of calcite, provide an ideal environment for calcifying organisms, however 

realistically water flushing in the ecosystem will dilute this signal. The ability of seagrass 

ecosystems to raise the pH of its environment is largely due to the tendency of seagrass 
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communities to be net autotrophic, thereby removing large amounts of CO2 from the 

water column (Duarte and Cebrian 1996, Unsworth et al. 2012). The inverse relationship 

between net pH changes and calcium fluxes suggests that elevated pH from 

photosynthesis of seagrass canopies, raises Omega and leads to carbonate precipitation. 

Indeed calcium fluxes were influenced weakly by net rate of changes in pH, as expected 

from carbonate dissolution/precipitation processes. More cases of negative fluxes of 

calcium, indicating CaCO3 precipitation, were observed in cores with positive changes in 

pH. However, although a stoichiometric ratio of 2 TA: 1 Ca is expected if both fluxes 

were derived from net carbonate precipitation or dissolution, the observed ratios range 

broadly (2.33 to -5.76), with a mean (± SD) ratio of 0.04 (± 0.85), often Ca fluxes much 

larger than expected from those of TA.  

 

The deviations from expected behaviour of TA with calcium has been observed in 

coastal marine sediments, and it has been hypothesised that organic matter content 

drives CaCO3 fluxes of sediments and other anaerobic inputs of TA (Milliman 1993). The 

2:1 molar stoichiometry between TA and calcium is commonly assumed in studies of 

calcification rates by isolated calcifiers, or calcifying communities, but even in these 

simplified situations anomalies arise due to effects from other organisms and the 

formation or dissolution of high magnesium calcite (Gazeau et al. 2015). It is not 

surprising that we see much larger deviations in marine coastal sediments, where a 

multitude of microfauna thrive, deviating fluxes from expected stoichiometric ratios. A 

possible explanation for the variable stoichiometric ratios between TA and calcium 
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changes observed in our flux estimates on blue carbon ecosystems may be the coupling 

of organic matter remineralisation with CaCO3 dissolution (Burdige et al. 2002, Barron et 

al. 2006). Whereas aerobic respiration does not alter TA and, therefore, should not lead 

to deviations of the TA:Ca ratio from that expected from calcification processes, 

anaerobic remineralization processes, particularly sulphate reduction is a source of 

alkalinity to the system (Abd-el-Malek and Rizk 1963, Lyons et al. 2004, Krummins et al. 

2013), and may, therefore, alter the TA:Ca ratio (i.e. > 2), particularly as sulphur 

reduction and oxidation cycles can amplify this effect (Ku et al. 1999, Middelburg and 

Levin 2009, Zeng and Tice 2014). Although anaerobic environments don’t occur 

predominantly in surface sediments, heterotrophic bacteria, which live within the 

sediments of blue carbon ecosystems, increase the occurrence of anaerobic 

remineralisation processes like sulphate and iron reduction. 

 

However, the flux estimates derived here also contain cases where the TA:Ca ratio < 2, 

which requires a mechanism consuming TA relative to that produced by carbonate 

dissolution. The production of organic acids in the form of phosphoric acid, nitric acid 

and refractory organic acids (e.g. humic acids, fulvic acids), by excretion from roots 

(Holmer and Storkholm 2001, Haoliang et al. 2007), or organic matter remineralisation 

(Cawley et al. 2012) decreases TA by providing proton donors. This mechanism would 

not alter the pH as largely as the processes involved with organic matter 

remineralisation as most organic acids are weak acids, but can decrease TA whilst CaCO3 

dynamics will largely remain unaffected. Although, enhanced dissolution is a viable 
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pathway depending on the environmental pH. Literature on chromophoric dissolved 

organic matter (CDOM) sources can be used to evaluate contributions of different 

ecosystems to organic acid pools to some extent, as it is largely comprised of refractory 

organic acids. Blue carbon ecosystems have been shown to be large sources of DOM and 

CDOM (Dittmar et al. 2006, Cawley et al. 2012, Barron et al. 2015), a significant 

percentage of which is organic acids (Nebbioso and Piccolo 2012). However, studies on 

direct contributions of organic acids in these ecosystems, and, particularly, their effect 

on alkalinity fluxes, are few.  

 

The assumption that the majority of sediment-water inorganic carbon fluxes in blue 

carbon ecosystems are attributed to organic metabolism and CaCO3 dynamics, and that 

other sedimentary processes play a negligible role, is embedded in much of the 

literature (Barron et al. 2006, Macreadie et al. 2017). This implies that almost all TA 

fluxes are attributed to CaCO3 dissolution and precipitation, thereby leading to the 

expectation of a 2 TA: 1 Ca stoichiometric ration. Here we show that this assumption 

does not always hold in Red Sea seagrass and mangrove habitats, and provide possible 

reasons as to why this might be so. It is thought that a coupling exists between CaCO3 

fluxes and organic matter remineralisation, which could contribute to DIC variability. 

However, this cannot be verified until metabolic carbon fluxes are considered alongside 

sediment composition (Mazarrasa et al. 2016, Macreadie et al. 2017). These findings 

challenge a common assumption, and will pave the way for a more holistic and resolved 
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picture of carbon budgets over blue carbon ecosystems, so that drivers in carbonate 

fluxes can be better understood. 

 

Table 3.3: Reactions that occur below the sediment- water interface, and their effect 

on the carbonate chemistry of surrounding pore water. Adapted from Krumins et al. 

(2013). 

Reaction DIC TA [H+] 

Primary Redox Reactions    

CH2O + O2  CO2 + H2O +1 0 0 

CH2O + 0.8 NO3
- + 0.8 H+  CO2 + 1.4 H2O + 0.4 N2 +1 +0.8 -0.8 

CH2O +  MnO2 + 2H+   CO2 + Mn2+ + H2O +1 +2 -2 

CH2O + 4 Fe(OH)3 + 8 H+  CO2 + 11 H2O + 4 Fe2+ +1 +8 -8 

CH2O + 0.5 SO4
2- + 0.5 H+  CO2 + H2O + 0.5 HS- +1 +1 -0.5 

Secondary Redox Reactions    

0.5 NH4
+ + O2 0.5 NO3

- + 0.5 H2O + H+ 0 -1 +1 

4 Fe2+ + O2  Fe(OH)3 + 8 H+ 0 -8 +8 

0.5 HS- + O2  0.5 SO4
2- + 0.5 H+ 0 -1 +0.5 

0.5 FeS + O2  0.5 Fe2+ + 0.5 SO4
2- 0 0 0 

Calcium Carbonate     

CaCO3  Ca2+ + CO2
2- +1 +2 0 

Ca2+ + CO2
2-  CaCO3 -1 -2 0 

CO2 equilibrium *    

CO2 ⇄ H2CO3 ⇄ HCO3
- + H+ ⇄ CO3

2- + H+ 0 0 +2 

Other significant sediment processes    
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Fe2+ +HS-  FeS + H+ 0 -2 +1 

FeS + H2S   H2 +FeS2 0 0 0 

Fe2+ + CO3
2-  FeCO3 0 -2 0 

H2S + inert-POC  organic-S  0 0 0 

Hdrogen sulfide equilibrium    

H+ + HS- ⇄ H2S* 0 0 -1 
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