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Abstract 

Variation in seawater magnesium (Mg) and calcium (Ca) concentrations over the past 500 

million years has influenced marine calcite composition. A local field study showed that 

present-day nearshore waters exhibited localized variation in [Mg], most likely due to 

freshwater mixing. This observation prompted investigation into how different water 

chemistries would affect the calcite of invertebrates. Artificial seawater was utilized to create 

multiple Mg/Ca conditions to carry out this research. A cost-effective yet robust methodology 

for artificial seawater suitable for invertebrate growth study was developed.  

 Blue mussels (Mytilus edulis), jingle oysters (Anomia trigonopsis), and blue 

tubeworms (Spirobranchus cariniferus) were grown for 50 days in artificial seawater with 

different Mg/Ca concentrations. Skeletal Mg/Ca growth responses were modeled from weight 

percentage of MgCO3 identified in new calcite growth. All three species were affected when 

Mg/Ca ratios were at the lowest level of 1.5. At seawater Mg/Ca = 1.5, blue mussel and jingle 

oyster had lower survival rates. However, the survival rates of blue mussels were not affected 

by Mg/Ca when held in a seawater with decreasing Mg/Ca levels over a 210-day dynamic 

treatment experiment. Low levels of Mg/Ca were antagonistic to populations of blue mussels 

only when abruptly treated and not when gradually introduced.  

 At Mg/Ca = 1.5, tubeworms precipitated calcite with lower amounts of MgCO3. Low 

Mg calcite produced by oysters and mussels was not influenced by decreased Mg 

concentration. Tubeworms became unable to regulate their calcification at low Mg 

concentrations and produced more brittle calcite. This supports a new model describing a 

tipping point at which active calcification strategies can be influenced to alter in a stepwise 

fashion. A species that actively regulates calcite precipitation can be influenced to create a 

calcite mineralogy with MgCO3 content significantly different than its normal weight 

percentage of Mg at a tipping point and become semi-active or passive in calcification 

regulation. The boundary of this tipping point seems to be species specific and is overlooked 

in experiments with few treatment conditions. Further study with more treatments in small 

increments would provide better resolution to focus on the exact moment of loss of 

calcification control.  
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Chapter 1: Introduction 

Marine invertebrates produce shells for a wide range of reasons, which include protection 

from predation, access to the water column, and excretion of excess calcium. These 

invertebrates take up minerals dissolved in their seawater environment and create a skeleton, a 

process called biomineralization. The composition of skeletons and shells can depend on 

phylogeny, physiology, and environmental factors, particularly temperature and seawater 

chemistry (Ries 2010). Carbonate skeletons are made of biomineral calcium carbonate 

(CaCO3), which can be precipitated as one of two stable polymorphs: aragonite or calcite. 

These two polymorphs are structurally very different (Fig. 1.1). Calcite is more common in 

cooler waters while aragonite is common in tropical environments (Andersson et al. 2008). 

 

Fig. 1.1: Structure of aragonite (a) based on the coordination of Ca (green) by nine O groups (red), creating 

orthorhombic symmetry (b). Structure of calcite (c) based on the coordination of Ca by six O groups octahedrally 

(d), creating a trigonal structure. Reproduced from (Soldati et al. 2016 page 2). 

 The structure of calcite is relatively loosely coordinated, which allows elements which 

have slightly larger radii, such as magnesium (Mg), to occasionally become incorporated via 

substitution for calcium (Ca). While Mg substitution into calcite can theoretically reach 45 

percent by weight (wt%) in specific calcite locations, the normal range in marine invertebrates 

is 0 – 20 wt% MgCO3 (Long et al. 2014). Adding Mg to calcite in large quantities (>4 wt% 
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MgCO3) improves its impact resistance, but also increases its susceptibility to dissolution in 

seawater (Ries 2010). Low-Mg calcite (<4 wt% MgCO3), in contrast, is brittle but resistant to 

dissolution (Andersson et al. 2007; Ries 2010). A broad spectrum of Mg content in calcite 

occurs naturally among marine invertebrates as biological needs and environments vary.  

 Mg and Ca are classically referred to as conservative elements in seawater, which 

means that their concentration in modern seawater is fairly consistent. An examination of the 

fossil record however, shows considerable variability over the last 500 million years (Stanley 

and Hardie 1998). The dominance of aragonitic and calcitic skeletal carbonate has oscillated 

as the ratio of magnesium to calcium has changed (Sandberg 1983). Stanley and Hardie 

(1998) noted distinct shifts in the carbonate composition of calcifying organisms that 

corresponded to changing sea-water chemistry. As the ratio of magnesium to calcium (Mg/Ca) 

changed in seawater, the composition of skeletal carbonate changed both chemically and 

structurally (Stanley and Hardie 1998). In the presence of elevated levels of Mg in seawater, 

organisms incorporate more Mg into their shell production to varying degrees, as the high-Mg 

environment facilitates easier Mg substitution conditions in the calcite matrix. Conversely, in 

low-Mg seawater conditions there is a less-favourable Mg substitution environment, and 

production of low-Mg calcite becomes the prevailing carbonate mineral. 

 Research examining these calcifying organisms under laboratory conditions has 

considered the effects of past conditions on today’s marine species (Dissard et al. 2010; 

Gomes and Asaeda 2010; Mewes et al. 2014; Stanley et al. 2002). Analyzing a variety of 

these organisms has shown that the relationship between Mg/Ca content in seawater and the 

mineralogy of biogenic carbonate is variable. Mg and Ca have major input and output sources 

in their ocean cycles, and nearshore environments have potential for altered Mg/Ca ratios with 

freshwater mixing and sediment runoff. Riverine systems often provide huge influx of 

freshwater from large catchment areas, and the Mg and Ca content in transported sediment is 

dependent on the composition of the local geology (Tipper et al. 2006). Sediment erosion is 

neither uniform nor constant, and fluctuations of Mg and Ca in freshwater runoff can create 

differences in nearshore seawater conditions to affect marine calcite production (de Villiers et 

al. 2005). 

 There are two main strategies that organisms might apply to adapt to seawater 

conditions. Some organisms maintain their preferred mineralogy, often by controlling their 

internal chemistry to provide localized microenvironments of specific chemistry conditions 

(Higuchi et al. 2014). These actively-calcifying organisms, or “active calcifiers”, control the 
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chemistry of the location of calcite formation inside their bodies even when it requires a high 

level of energy expenditure (Ries et al. 2010), creating the specific mineral they require 

regardless (or almost regardless) of ambient conditions (Ries 2005, 2010). The growth rate of 

active calcifiers, such as molluscs, may vary across a range of seawater chemistries, but the 

calcite composition exhibits low variation (Iglikowska et al. 2017; Segev and Erez 2006). 

When active calcifiers encounter unfavourable seawater chemistry, the production cost 

increases for their preferred calcite, which can decrease their skeletal growth exponentially 

(Stanley et al. 2010; Higuchi et al. 2014).  

Alternatively, organisms could employ passive calcification, which mimics abiotic 

calcification. When seawater chemistry changes, the calcite produced reflects these 

environmental changes. These “passive calcifiers” are able to calcify under a wide variety of 

seawater conditions (Ries 2005; Stanley and Hardie 1998), with the Mg concentrations in 

their shells broadly proportional to that of seawater. They respond to changing sea-water 

chemistry with variation in their shell composition, maintaining consistent growth rates 

(Mewes et al. 2014).  

Experimental manipulation of Mg/Ca ratio in artificial sea water allows us to compare 

the active and passive calcification strategies of various organisms. Previous taxa investigated 

include: calcareous bryopsidalean algae (Ries 2005, 2006; Stanley et al. 2010), 

coccolithophores (Stanley and Hardie 1998; Stanley et al. 2005), scleractinian corals (Ries 

2006), coralline red algae (Chave and Suess 1970; Ries 2006; Stanley et al. 2002), and several 

high Mg-calcite secreting invertebrates (Ries 2004). However, organisms that have particular 

economic or cultural significance to New Zealand have not yet been studied. For example, 

few species of edible shellfish, such as mussels and oysters, have been studied under these 

experimental parameters.  

Ideally this research would investigate species that precipitate a range of Mg calcite 

concentrations in nature, including both active and passive calcifiers (Waldbusser et al. 2013; 

Melzner et al. 2011). Shell production is complex and prone to potential influence from a 

variety of variables in the wild, so a lab-based strategy with controlled seawater parameters is 

necessary. New Zealand is home to a range of calcifying organisms with a range of 

calcification strategies. Locally abundant species such as blue mussels (Mytilus edulis), jingle 

oysters (Anomia trigonopsis), and blue tubeworms (Spirobranchus cariniferus) will allow for 

extensive replication. Although skeletal carbonate mineralogy has been investigated in a wide 

range of New Zealand calcifiers (e.g., Gray and Smith 2004; Riedi and Smith 2015; Smith and 
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Girvan 2010; Smith and Lawton 2010), the mineralization responses of these organisms to 

variations in Mg/Ca chemistry is unknown.  

Testing low-Mg calcite blue mussels and calcitic jingle oysters next to high-Mg calcite 

blue tubeworms provides context for understanding the effects of seawater chemistry on 

growth, health, and shell composition. Under ocean acidification experiments, tubeworms 

show active and controlled calcification in contrast to oysters’ passive calcification. Mussels 

show a mixture of both active and passive calcification traits (Chan et al. 2015; Waldbusser et 

al. 2013; Fitzer et al. 2014). Under stressful pH conditions, tubeworms maintained active 

control of calcification, while oysters reverted to passive calcification (Chan et al. 2015). A 

static Mg/Ca treatment experiment can test whether the biomineralization responses of these 

species are the same as in pH treatment experiments. 

This research investigates the calcification strategies of three different calcifiers under 

variable Mg/Ca ratios in sea water. Since coastal variations in [Mg] and [Ca] are possible with 

freshwater mixing, such different Mg/Ca conditions could be faced by calcifiers in nature. By 

taking account of previous studies of Mg/Ca variation in marine calcifiers, and creating 

reproducible, controlled variable Mg/Ca experiments, the following questions can be 

addressed: 

1. What does the literature indicate for local variation of Mg and Ca in the ocean and 

what role do these elements play in marine calcification?   

2. Can artificial seawater mimic seawater as a comfortable growing environment for 

marine invertebrates in order to precisely monitor elemental levels and induce specific 

chemical changes for experimental parameters? 

3. What are the effects on the calcite mineralogy of modern invertebrates from the 

Southern Hemisphere when grown in different Mg/Ca level treatments? 
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Chapter 2: Literature Review 

Seawater is a complex medium. Some of the major elements, like Mg, have unique roles in 

both inorganic and biological processes. The key background areas in relation to Mg which 

were relevant to the following experiments were reviewed. This chapter begins with a review 

of general seawater chemistry and narrows focus specifically to magnesium ion concentration 

[Mg2+] and calcium ion concentration [Ca2+] in seawater, described in the manner of a molar 

ratio (Mg/Ca). The consideration of the importance of Mg, and the impact of the effect of Mg 

content on biomineralization of marine calcite formed the choices to finalize a recipe for 

artificial seawater, essential in seawater manipulation experiments. 

2.1 Seawater Chemistry: Conservative versus Non-Conservative Elements 

Biological processes are dependent on the underlying chemical balances and reactions in 

seawater. Understanding the chemical and biological components of seawater provides insight 

into where organisms get their minerals and nutrients, and how seawater chemistry changes 

affect organisms.  

 Seawater is a complex chemical mixture. A compositional analysis of open ocean 

seawater (Table 2.1) reveals seventy-eight elements that appear as inorganic chemical species 

(Goldberg 1980). Only fifteen major elements appear in concentrations above 1 mg/L. Most 

of these elements occur in concentrations below 1 mg/L, and can be defined as trace elements. 

Many trace elements have low concentrations due to low natural abundance, such as rare earth 

elements (REE), or are not involved in any active processes in the ocean and thus slowly 

precipitate into sediment over time. Trace elements slowly move down the water column, and 

show accumulation at the smallest values of concentration at depth, before scavenging 

activities by organisms in deep hydrothermal system removes REE from the water (Behrens et 

al. 2018; Elderfield and Greaves 1982). This process creates water with very low 

concentrations of REE, and then ocean currents gradually mix water masses until trace 

elements are equilibrated. Overall, these input and output processes occur at such a rate that 

the overall total concentration of these elements remains fairly constant and most notably, 

trace. 
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Table 2.1: Chemical species list by concentration in a natural seawater sample. Adapted from (Goldberg 1980). 

Element Species 
Concentration 

(mg/L) 
Element Species 

Concentration 

(mg/L) 
Element Species 

Concentration 

(mg/L) 

H H2O 108,000 As 
HAsO4

2-, 

H2AsO4
- 

0.003 Bi 
BiO+, 

Bi(OH)2
+ 

0.00002 

O H2O, O2 857,000 V 
H2VO4

-, 

HVO4
2- 

0.002 La La(OH)3
0 1.20E-05 

Cl Cl- 19,000 Mn 
Mn2+, 

MnCl+ 
0.002 Be BeOH+ 0 

Na Na+ 10,500 Ti Ti(OH)4
0 0.001 Nd Nd(OH3)

0 9.20E-06 

Mg Mg2
+ 1,350 U UO2(CO3)2

4- 0.003 Au AuCl2
- 0.00001 

S 
SO4

2-, 

NaSO4
- 

885 Co Co2+ 0.0004 Tl Tl+ <0.00001 

Ca Ca2+ 400 Sn SnO(OH)3- 0.0008 Re ReO- 0.00001 

K K+ 380 Ne Ne(gas) 0.0001 Hf   <0.000008 

C 

HCO3
-, 

CO3
2-, 

CO2 

28 Ag AgCl- 0.0003 Ce Ce(OH)3
0 5.20E-06 

N  

N2, NO3
-, 

NO2
-, 

NH4
+ 

15 Sb Sb(OH)6
- 0.0003 In In(OH)2

+ 0.000004 

Br Br- 65 Kr Kr(gas) 0.0002 Pr Pr(OH)3
0 2.60E-06 

B  
B(OH)3, 

B(OH)4
- 

4.6 Cs Cs+ 0.0003 Dy Dy(OH)3
0 2.90E-06 

Si Si(OH)4 3 He He(gas) 0.000007 Ta   <0.000003 

Sr Sr2+ 8 Se SeO3
2- 0.00009 Gd Gd(OH)3

0 2.40E-06 

F F-, MgF+ 1.2 Hg 
HgCl4

2-, 

HgCl2
0 

0.0002 Er Er(OH)3
0 2.40E-06 

Li Li+ 0.17 Cd CdCl2
0 0.00011 Yb Yb(OH)3

0 2.00E-06 

P 

HPO4
2-, 

PO4
3-, 

H2PO4
- 

0.07 Cr 
Cr(OH)3, 

CrO4
2- 

0.00005 Sm SM(OH)3
0 1.70E-06 

Rb Rb+ 0.12 Sc Sc(OH)3
0 <0.00004 Ru   7E-07 

I IO3
-, I- 0.06 Ge Ge(OH)4 0.00006 Ho Ho(OH)3

0 8.80E-07 

Al Al(OH)4
- 0.01 W WO4

2- 0.0001 Th Th(OH)4
0 0.000001 

Ba Ba2+ 0.03 Ga Ga(OH)4
- 0.00003 Tm Tm(OH)3

0 5.20E-07 

Fe 
Fe(OH)2

+, 

Fe(OH)4
- 

0.01 Xe Xe(gas) 0.00005 Eu Eu(OH)3
0 4.60E-07 

Zn 

ZnOH+, 

Zn2+, 

ZnCO3
0 

0.01 Zr Zr(OH)4
0 0.00002 Lu Lu(OH)3

0 4.80E-07 

Ni Ni2+ 0.007 Pb 
PbCO3

0, 

Pb(CO3)2
2- 

0.00003 Pa 
  

2.00E-09 

Mo MoO4
2- 0.01 Y Y(OH)3

0 0.00001 Ra Ra2+ 1.00E-10 

Cu 
CuCO3

0, 

CuOH+ 
0.003 Nb 

  
0.00001 Rn Rn(gas) 6.00E-16 

Alongside inorganic chemicals, there is a wide range of organic matter. For example, nutrients 

and organic matter from rivers contribute millions of tons of nitrates, phosphates, silicates and 

organic carbons unevenly across the ocean (Telang et al. 1991; Macdonald et al. 1998; Lobbes 

et al. 2000; Dittmar and Kattner 2003). Primary productivity thrives in locations where these 

nitrates and phosphates mix in high concentrations, leading to phytoplankton blooms which 
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support higher trophic levels. Living organisms permeate the water column, constantly 

intaking both inorganic and organic matter and excreting organic detritus. All of this material 

gradually disperses into the open ocean. 

 Dispersal of elements and nutrients is a continual and gradual mixing process, with 

gradients decreasing from coastal waters towards open oceans. The ocean is a single 

interconnected system of complex chemistry which constantly undergoes a dispersal of 

countless inputs into a system of over a billion square kilometers of water (1.334 × 109 km3) 

(Charette and Smith 2010). Different inputs and outputs across the globe create regional 

variation. Elements which vary across the ocean, due to inputs, fluxes, mixing or other 

reactions are called ‘non-conservative’. Non-conservative elements are affected by a large 

number of variables and are subject to more chemical and biological reactions. They play 

major roles in reactions such as the carbonate cycle, the iron cycle, photosynthesis, 

respiration, pH regulation, calcification and physical processes. Carbon, iron, and oxygen are 

examples of non-conservative elements, each key in different aspects of seawater chemistry.  

 Surprisingly, there are quite a few elements in seawater which have relatively constant 

values, regardless of time or place. These elements are called ‘conservative’ because their 

concentrations relative to salinity are constant across the entire ocean. Therefore, conservative 

elements have the remarkable property of fixed concentrations relative to each other as well. 

Examples of conservative elements include Na, K, SO4, Br, B, F and Cl. All of these elements 

have relatively low reactivity, which account for their constant values across the ocean, with 

concentrations influenced mainly by ocean currents and mixing (Behrens et al. 2018). Most 

elements are presumed to be conservative until measured otherwise, which has led to major 

assumptions about the chemistry of seawater in the past. Many analytical instruments function 

on the basis of conservation of most elements to provide values for either DO, salinity, or 

other variables (Demuth et al. 2016) .  

 Recent breakthroughs, however, call into question whether these broad generalizations 

can limit knowledge and affect results (Lebrato et al. 2013; Lebrato et al. 2020; Dillon et al. 

2020). Mg and Ca ions have historically been considered conservative elements across the 

entire ocean system. Marine carbonate system calculations are reliant on conservative salinity 

relationships, including Ca equations. However, studies of coastal ocean waters have found 

deviations from expected values up to five percent, and error propagation seems to be a 

regular occurrence, though underreported (Dillon et al. 2020). Ca has been found to exhibit 

small but systematic variations across the ocean (Dittmar and Kattner 2003). de Villiers (de 



8 

 

Villiers 1999) showed [Ca2+] increased from surface to depth in multiple locations, and is in 

greater concentration in the Pacific than the Atlantic. However, the specifics of regional 

variability of elements are majorly influenced by factors such as: fresh river-water influx, 

mid-ocean ridge hydrothermal brine, calcium carbonate precipitation, and silicon oxide 

precipitation (Ries 2010). For example, hydrothermal brine from vents in the deep ocean 

releases Ca and removes Mg from the water as basalt comes in contact with water and is 

turned into greenstone. Other examples help support the idea that the reactivity of Ca and Mg 

help them play active roles in various chemical and biological cycles, thus actively changing 

in concentrations. 

 As a result of questions arising about the nature of Ca, scientists continued to 

investigate the extent of [Ca2+] variation. As a consequence, questions arose about another 

major seawater element considered to be conservative: Mg. Appearing in the same column of 

the periodic table as Ca, Mg will exhibit similar properties as its alkali earth metal group, and 

Mg is five times as abundant as Ca in seawater. Researchers measured Mg at multiple depths 

via an isotope-dilution thermal ionization mass spectroscopy method (TIMS) and discovered 

“mid-depth Mg depletions in the vicinity of the East Pacific Rise” (de Villiers and Nelson 

1999, pp 721). Mg concentrations varied by over one percent and a Mg/Ca ratio changed by 

two percent across each of the depths of three different water columns sampled. This 

measured variation may be an indicator that Mg has a more interesting and active role in 

biological and chemical ocean processes than previously thought.  

2.2 Mg in Seawater 

2.2.1 Inputs, Chemical Interactions, and Outputs  

The Mg cycle of the ocean primarily consists of continental weathering, river runoff, 

submarine water input, and seafloor weathering juxtaposed against mineral precipitation and 

hydrothermal activity. Mg enters the ocean from rock deposits by erosion from land, 

submarine, or the seafloor. Additional reflux from subduction zones and atmospheric deposits 

adds small quantities as well (Table 2.2). Values of these sources of Mg are calculated by 

measuring Mg concentrations from example influx areas of know catchment size and 

extrapolating to a global catchment area for that particular variable. Total input of Mg can be 

estimated from these values between a minimum of 7.0 Tmol·yr-1 and a maximum of 13.4 

Tmol·yr-1 (Berg et al. 2019).  
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Table 2.2: Reference table of estimated quantity of Mg inputs and outputs into the ocean globally. 

Mg Input Source Estimated Quantity (Tmol·yr-

1) 

Reference 

Riverine 5.6 (Tipper et al. 2006) 

5.5 (Huang et al. 2018) 

5.3 (Kastner et al. 2014) 

4.8 – 7.1 (Wilkinson and Algeo 1989) 

5.35 (Drever 2005) 

Submarine Groundwater 1.8  (Dzhamalov and Safronova 2002) 

Subduction Zone Reflux 0.43  (Kastner et al. 2014) 

Seafloor Peridotite Weathering 0.0000018 – 4.1  (Snow and Dick 1995) 

Atmospherically Deposited 0.33 (Drever 2005) 

Mg Output Source Estimated Quantity (Tmol·yr-

1) 

Reference 

High-temperature MOR Crest Circulation 1.5 (Mottl and Wheat 1994) 

High-temp Hydrothermal MOR AOC 1.5 – 2.2 (Huang et al. 2018) 

Hydrothermal MOR 1.6 (Kastner et al. 2014) 

Low-temperature MOR Flank Circulation 4.3 (Berg, Solomon, and Teng 2019) 

Low-temp Hydrothermal MOR AOC 0.67 (Huang et al. 2018) 

Biogenic Carbonate Preservation 0.6 (Milliman 1993) 

Ion Adsorption onto Detrital Clay 0.1  (Wimpenny et al. 2014) 

Sedimentation 1.1 (Berg, Solomon, and Teng 2019) 

Subduction Zone Dehydration 0.0143 (Kastner et al. 2014) 

Dolomite Deposition 1.7 (Huang et al. 2018) 

1.5 – 2.9 (Shalev et al. 2019) 

 Mg has the ability to leave the ocean system on a similar scale. Output of Mg occurs 

mainly from mid-ocean ridge (MOR) activity or precipitation of some kind. Altered oceanic 

crust (AOC) from MOR dynamics creates locations of hydrothermal activity which provide a 

location for scavenging by bacteria and fixation of Mg and other rare earth elements (Tipper 

et al. 2006; Milliman 1993). Additionally, subduction zones along the MOR undergo mixing 

of elements, often exchanging free Mg2+ ions in water for new Ca2+ ions in the AOC, binding 

and reducing the concentration of Mg. However, MORs have periods of high and low activity 

(Huang et al. 2018). At times where input increases (times of low sea-level and extensive 

continental erosion) and output decreases (little activity at mid-ocean ridges), more Mg enters 

the ocean. Conversely, when MORs become extremely active during periods of tectonic 
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shifts, Mg output by scavenging is far higher than input from reduced continental masses – 

and the ocean has much less Mg. 

2.2.2 History of Mg/Ca Variation  

Mg’s concentration in seawater composition varies over timescales of hundreds of millions of 

years, and is most commonly compared to the concentration of Ca in a molar ratio (Mg/Ca). 

This elemental variation is indicated by the composition of marine halites (salts which are 

preserved after evaporation of seawater) and other evaporites, the mineralogy of calcifiers, the 

Mg/Ca ratios of fossils, rates of global tectonism, and other ionic compositions in water 

(Stanley 2008; Stanley and Hardie 1998). A model of the fluctuations was proposed first by 

Stanley and Hardie (1998) outlining the oceanic Mg/Ca ratio over the past 600 million years 

(Fig. 2.1). 

 

Fig. 2.1: Transitions in seawater Mg/Ca throughout the Phanerozoic up to present-day conditions left to right. 

The curve is molar Mg/Ca estimated using MOR activity and water mixing models. Seawater conditions can be 

seen to have two distinct periods of Mg/Ca ratios below 2 (purple) called calcite seas and three periods with 

Mg/Ca ratios above 2 (yellow) called aragonite seas. Aragonite seas occur pre-Cambrian, late Paleozoic to early 

Mesozoic, and late-Paleogene to present. Calcite seas occur early to mid-Paleozoic and mid-Jurassic to late-

Paleogene. Adapted from (Stanley and Hardie 1998).  

There are two major types of seas: the first, with high levels of Mg to Ca (a molar ratio 

above 2), are called aragonite seas. The second, with low levels of Mg to Ca (a molar ratio 

below 2), are called calcite seas. Over the course of the Phanerozoic, there have been periodic 

shifts between the two sea types. In total, five seas have occurred, classified as Aragonite I, II 

and III and Calcite I and II. Each sea had characteristically different Mg/Ca ratios as a result 

of changing inputs and outputs of these two elements. Shifts in MOR activity have been 

proposed as a main driver of change, and models based on those factors match up with Mg/Ca 

Time (millions of years ago) 
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ratios in sediment samples (Hardie 1996). Over time, seawater [Ca2+] has varied inversely 

with seawater [CO3
2-], and Mg has fluctuated in various output systems. Volcanoes and ocean 

crust formation force the increase in Mg and Ca exchange and offset the decrease in [CO3
2-] 

with injections of new matter (Ries 2010). 

2.2.3 Biological Interaction: Biomineralization 

Fossil records show how the composition of calcite over time has changed throughout 

millions of years alongside the variations in the Mg/Ca ratio in the seas (Fig 2.1). Prior to the 

Cambrian, oceans contained mainly uncalcified organisms, but also some simple hyper-

calcifying organisms in the first aragonite sea, utilizing the available high Mg seawater to 

mineralize high-Mg calcite. These organisms precipitated aragonite-containing sediment, seen 

in rock deposits from this time period (Sandberg 1983). As the Mg/Ca ratio dropped below 2 

during the calcite I period, calcitic corals and Stromatoporoidea took over as the dominant 

calcifiers (Stanley and Hardie 1998; 1999). These reef builders and receptaculitids 

precipitated low-Mg calcite. During the late Paleozoic through to the early Mesozoic, 

Aragonite II seas were characterised by the abundance of sponges, algae and scleractinian 

corals, all of which had Mg-calcite or aragonite polymorph physiology. The aragonitic 

sponges, scleractinian corals, phylloid algae, high-Mg calcite red algae, and dasycladaceans 

all contributed to the Ca cycle and large amounts of biomineralization (Frost 1981; Stanley 

and Hardie 1998). 

 Calcite II seas saw bimineral rudist bivalves replace corals, and the emergence of 

calcitic nannoplankton (Checa et al. 2007; Roger et al. 2017). These nannoplankton, called 

coccolithophores, were dominant chalk producers and played a major role in the C and Ca 

cycle during this epoch (Cros et al. 2013). The transition to the Aragonite III sea, the current 

sea period, allowed for scleractinian corals and high-Mg calcitic red algae to dominate reef 

construction once again (Higuchi et al. 2014; Ries and Hardie 2006; Ries et al. 2010).  

 All calcifying organisms track ocean chemistry in their carbonate, but to what extent is 

unique to each species and depends on many factors. Simple and passive calcifiers directly 

track Mg/Ca water content in the weight percentage of Mg in their calcite production, as seen 

in the fossil record over time (Ries 2006a). Water chemistry is known to affect calcite 

production in both quality and quantity in other organisms (Ries 2011). Aragonite algae and 

corals favour higher Mg/Ca and show a competitive advantage in aragonite seas. When there 

is high Mg/Ca water chemistry, aragonite and high-Mg calcite are the dominant organisms. 
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Calcitic coccolithophores favour the low Mg/Ca of Calcite seas and show a competitive 

advantage in calcite seas. When there is low Mg/Ca water chemistry, low-Mg calcite or 

calcite without Mg is dominant. During both sea types, the non-dominant species survived but 

did not produce as much calcite of their preference, either being forced to make a different 

calcite type or producing far less of their chosen calcite type. These two calcification 

responses to survive through adverse conditions are termed ‘passive calcification’ and ‘active 

calcification’, respectively. Current oceanic conditions in the Aragonite III Sea are not static, 

and eventually the Mg/Ca ratio will shift into a new Calcite III Sea. Mg has affected 

biomineralization of marine calcite in the past, influencing species to choose competitive 

strategies in order to survive and calcify in all Mg/Ca conditions; Mg may well affect species’ 

survival strategies in the future. 

2.3 Seawater Mg/Ca Influence on Calcite 

2.3.1 Studying Biomineralization: Experimental Ideas 

Research that investigates the effect of Mg/Ca on biomineralization takes the form of two 

types of experiments. The first is a set of treatments that vary the Mg/Ca ratio in seawater to 

investigate the calcifying response of organisms. This is a quick way to investigate organisms’ 

calcification response with a simple experimental set-up and low maintenance. However, the 

results are inherently only able to assess whether animals raised in modern conditions can 

survive when placed into altered Mg/Ca conditions immediately, with no time to adjust as the 

water chemistry changes. Abrupt oceanic Mg/Ca changes are uncommon, however, certain 

locations such as neritic water might have multiple water masses coexisting adjacently with 

different water chemistries (salinities, nutrient concentrations, or Mg/Ca levels). Alterations to 

coastal water masses through regional processes, such as changes to river runoff or advection, 

might change the Mg/Ca of calcifying invertebrates’ habitat (de Villiers et al. 2005). These 

fixed variable Mg/Ca experiments can test whether invertebrates have the ability to cope with 

sudden change. 

 The second type of experiment varies Mg/Ca ratio over time to create a gradual 

change in Mg/Ca. In the real world, the global Mg/Ca ratio will not change instantly from 5.3 

to 1.0, but will gradually decrease over a timescale of thousands of years (Hardie 1996). If 

there is a connection between how organisms can adapt over time to changing Mg and Ca 

concentrations, having gradual Mg/Ca changes allows researchers to investigate whether 

organisms’ survival is due to active or passive calcification. If there is no survival in the first 
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type of experiment, but full survival in the second, it implies that abrupt changes are too 

extreme and stressful for organisms to survive, but those same organisms have the capacity 

for adaptation given enough time.  

 For some organisms, different Mg/Ca conditions are tolerated in spite of their active 

calcification. Each organism has its own tolerance limit, and understanding how far organisms 

can stretch their survival behavior might indicate in which scenarios of fluctuating Mg/Ca 

they will survive (Stanley et al. 2002). If Mg/Ca will fluctuate small amounts or for small 

increments of time, then active calcification might be a better competitive advantage, whereas 

if Mg/Ca has larger or longer variations, then passive behavior would provide better survival. 

Mg/Ca ratio change affects each species’ calcification differently, and identifying species’ 

survival behaviors is useful to understand their responses to future Mg/Ca changes.  

2.3.2 Review of Mg/Ca Experiments 

An extensive review (Ries, 2010) described secular variation in seawater Mg/Ca, calcite-

aragonite seas, and the effects of seawater composition on marine biomineralization. Ries’ 

aggregation of experiments on Mg-altered seawater provided a foundation for understanding 

marine calcifiers’ responses to varied Mg/Ca conditions.  

 Analysis of ancient fossils show the oceanic Mg/Ca ratio has varied between 1.0 and 

5.2. Previous theory suggested that during low Mg/Ca eras, low-Mg calcite would form and 

during high Mg/Ca times, high-Mg calcite and aragonite would be formed. However, there are 

species that produce low-Mg calcite in the current aragonite sea, so Ries wanted to investigate 

why these differences exist. Ries’ review provides evidence that experiments utilizing 

variable Mg/Ca ratios have different effects on different species. Experiments by Ries, 

Stanley, Hardie and Fuchtbauer each tested current animals in present and historical 

conditions, and reached conclusions about what organisms will face in the future due to 

changing chemistry from ocean acidification (Ries 2011; Fuchtbauer 1976; Stanley et al. 

2010). 

 Most species had a reaction to the changing Mg/Ca ratios, but to different extents 

(Table 2.3, Fig. 2.2). Autotrophs such as aragonite-secreting bryopsidalean algae and corals 

and low-Mg calcite coccolithophores do better in their preferred Mg/Ca ratio (high Mg/Ca for 

algae and corals, low Mg/Ca for coccolithophores). These simple calcifiers switched from 

skeletons formed from aragonite or aragonite/high-Mg calcite mixture, to a greater proportion 
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of low Mg calcite in reduced Mg/Ca treatments. This response is very similar to abiotic 

calcification which utilizes passive calcification as a survival strategy.  

Table 2.3: List of selected organisms tested in experimental conditions of Mg/Ca to test skeletal Mg/Ca 

fractionation, as reviewed by Ries 2010. Details of species and Mg/Ca ratios used in experiments with regression 

equations used to visualize the Mg/Ca curves in Fig. 2.2  

Species type Species name Mg/Ca 

Ratios 

Effect Noted Reference 

Calcareous 

bryopsidalean algae 

Halimeda 

incrassate 

1.5, 2.5, 5.2 Mg/Cac = (0.0460Mg/Casw)0.899 (Stanley et al. 

2010) 

 Penicillus 

capitatus 

1.0, 2.5, 5.2  (Ries 2005) 

 Udotea flabellum 1.0, 2.5, 5.2  (Ries 2006b) 

Coccolithophore Pleurochrysis 

carterae 

0.5, 1.0, 1.5, 

2.5, 3.5, 5.2 

 (Stanley et al. 

2005) 

 Ochrosphaera 

neopolitana 

0.5, 1.0, 1.5, 

2.5, 3.5, 5.2 

 (Stanley et al. 

2005) 

 Coccolithus 

neohelis 

0.5, 1.0, 1.5, 

2.5, 3.5, 5.2 

 (Stanley et al. 

2005) 

Scleractinian coral Acropora 

cervicornis 

1.0, 1.5, 2.5, 

3.5, 5.2 

Mg/Cac = (0.02129Mg/Casw)1.4628 (Ries 2006a) 

 Montipora 

digitata 

1.0, 1.5, 2.5, 

3.5, 5.2 

Averaged with other two corals for 

above equation 

(Ries 2006a) 

 Porites cylindrica 1.0, 1.5, 2.5, 

3.5, 5.2 

Averaged with other two corals for 

above equation 

(Ries 2006a) 

Coralline red algae Neogoniolithon 

sp. 

1.0, 1.5, 2.5, 

3.5, 5.2, 7.0  

Mg/Cac = (0.0421Mg/Casw)1.01 (Ries 2006a) 

 Amphiroa 

fragilissima 

1.0, 2.5, 6.0 Mg/Cac = (0.0582Mg/Casw)0.904 (Stanley et al. 

2002) 

 Amphiroa sp. A 1.0, 2.5, 6.0 Averaged with other two coralline algae 

for above equation 

(Stanley et al. 

2002) 

 Amphiroa sp. B 1.0, 2.5, 6.0 Averaged with other two coralline algae 

for above equation 

(Stanley et al. 

2002) 

Echinoids Eucidaris 

tribuloides  

1.0, 1.5, 2.9, 

4.4, 5.4, 6.7 

Mg/Cac = (0.0213Mg/Casw)0.538 

Mg/Cac = (0.0516Mg/Casw)0.668 

(Ries 2004) 

Crabs Perchon gibbesi 1.0, 1.5, 2.9, 

4.4, 5.4, 6.7 

Mg/Cac = (0.0317Mg/Casw)0.956 (Ries 2004) 

Shrimp Palaemonetes 

pugio 

1.0, 1.5, 2.9, 

4.4, 5.4, 6.7 

Mg/Cac = (0.0134Mg/Casw)1.21 (Ries 2004) 

Serpulid worm 

tubes 

Hydroides 

crucigera 

1.0, 1.5, 2.9, 

4.4, 5.4, 6.7 

Mg/Cac = 0.0883 ln(Mg/Casw) + 0.0227 (Ries 2004) 
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Fig. 2.2: Different organisms have different skeletal responses to changes in seawater Mg/Ca. Reproduced from 

(Ries 2010 page 2838) 

 Active calcifiers have more complex biomineralization strategies. Their calcite 

production either occurs in an internal sublayer which allows for chemical manipulation of the 

environment and control over the calcite, or else has some mechanism by which the organism 

actively uses to autoregulate the Mg content in calcite (Ries 2010). In the laboratory, these 

organisms produced a lower calcification rate in unfavourable Mg/Ca conditions, and showed 

non-linear responses of wt% of Mg to changes in seawater Mg/Ca (Fig. 2.2). In the extensive 

literature review (Ries 2010), skeletal Mg/Ca of heterotrophs was far lower in high Mg/Ca 

seawater results than autotrophs, but there was more variability amongst these active calcifiers 

(Fig. 2.2). Heterotrophs have great variability in their control mechanisms stemming from 

diversity in their biomineralization control and differing calcification strategies. They show 

characteristics of the active calcification survival trait by choosing to expend greater 

production costs for the specific calcite they prefer. 

 Autotrophic organisms’ Mg calcite composition changed more, while heterotrophic 

organisms were better able to regulate their calcification sites and were less influenced in their 

skeletal minerology by environmental influence. Both types of organisms (autotrophic and 

heterotrophic) have adapted to change in the past, explaining the oscillation observed in 

carbonate mineralogy (Stanley and Hardie 1998).  

Passive Calcifiers 

 

 

 

 

Active Calcifiers 
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2.3.3 Biomineralization of the Future 

Modern calcifying organisms face a different and far more rapid Mg/Ca ratio changes than 

historical changes that occurred from MOR activity. Ocean acidification (OA) is a new 

potential driver of Mg/Ca change as anthropogenic atmospheric CO2 increases dissolved CO2 

concentration in the ocean. OA alters the chemical balance of the carbonate system by 

upsetting the balance of carbonates (H2CO3, HCO3
-, and CO3

2-) and CO2 in the water. 

Historically, MOR also introduced CO2 via underwater volcanism, causing slight ocean 

acidification (Grinsted et al. 2007). Increased MOR activity created similar decreases in 

[CO3
2-] seen in modern OA, while increasing [Ca2+]. The inverse relationship of carbonate 

components seen by MOR balanced the CaCO3 saturation state while creating low Mg/Ca 

levels (Ries 2010). This allowed for low-Mg calcite to be the predominant calcite. However, 

modern OA doesn’t have increased [Ca2+] that is associated with decreased [CO3
2-] of MOR 

activity (Ries 2011). Carbonate saturation states will decrease, while keeping Mg/Ca ratios 

higher than historic OA events (Fig. 2.1). The shift of the carbonate saturation equilibrium 

would increase general production costs of calcification.  

 Species that precipitate low-Mg calcite in a strongly aragonite sea may do worse. They 

convert HCO3
- into CO3

2- which is increasingly unavailable in acidic conditions (Dissard et al. 

2010). A general increase in production cost might preclude low-Mg active calcifiers from 

being able to produce their calcite as the production cost to regulate low-Mg calcite in current 

high Mg/Ca seas is already high. A decrease in the oceanic carbonate saturation state may add 

to the production cost for active calcifiers above an amount sustainable for growth or survival. 

The rapid onset of the decrease in saturation state does not allow for an evolutionary response 

by these low-Mg active calcifiers (Andersson et al. 2009). However, since these calcifiers 

regulate their biomineralization loci, they will have the ability to force the HCO3
- into CO3

2 

conversion, and will still be able to calcify at much greater cost. 

 Species that mimic abiotic calcification, able to calcify at high pH relative to the 

ambient sea water, will be less negatively affected by OA. Species with a passive calcification 

adaption trait would not have to regulate internal calcification sites or force certain calcite 

types, and their response to lower calcification saturation will be to produce Mg calcite as 

forced by ocean Mg/Ca levels. However, their non-controlled biomineralization sites are 

exposed to ocean chemistry changes, and decreased saturation of carbonate will be harder for 

them to calcify in general. While active-calcifiers are used to exerting some level of 

production cost for their calcite, passive-calcifiers are not. Their lack of exposure to energy 
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requirements for calcite production will be detrimental as they encounter future conditions 

that require extra energy to calcify, and could negatively affect survival and growth as they 

face an energy budget shortage.  

 In summary, invertebrate calcification is reliant on a balance of Mg/Ca and the 

carbonate saturation state of the ocean. OA and temperature rise in future seas will alter 

Mg/Ca and carbonate saturation states in a unique manner to affect biogenic calcification in a 

way never encountered before. Understanding the effect of variable Mg/Ca on marine 

calcification therefore is important to gauge the adaptation capacity of marine invertebrates. 

2.4 Artificial Seawater  

In order to carry out experiments with controlled Mg/Ca, reliable and consistent seawater 

must be used – and natural sea water is neither. Hence, artificial seawater is a necessary part 

of the study design. Experimental designs from papers highlighted in Ries’ 2010 literature 

review provided the initial basis for the creation of a seawater system with controlled water 

chemistry. The following detailed methodologies provide guidelines for the scale of the water 

system, the timeframe of raising organisms, and the type of measurements taken during 

laboratory maintenance. 

2.4.1 Quantity  

Ries’ artificial seawater experimentation for Penicillus capitatus algae consisted of creating 

three 30 L seawater treatments with different Mg/Ca ratios. Other components of seawater 

were kept constant at “normal marine values” (Ries 2005). Large volumes of water are better 

at mitigating large water chemistry changes caused by biological activity. As organisms 

calcify, the extraction of ions from the water reduces the total concentrations of calcium and 

carbonate in the water. This then changes the osmolarity, salinity and salt balance of the 

seawater. Many experiments utilized a large 30 L system for hundreds of organisms. It was 

decided in this experiment to use 5 L tanks with fifteen individual organisms which made the 

change in water chemistry less severe. Concentrations of ions were not as affected by the 

depletion due to the relatively large volume of water per organism. 

2.4.2 Necessary Characteristics 

Differing salinity concentrations play an important role for organisms in varied Mg/Ca ratio 

ASW. Equal concentrations of overall salt content between treatment groups needed to be 

considered in the experimental design, as it would be important to make sure that differing 
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salinities of the solutions would not affect growth rates. Some previous experiments outlined 

in the literature went through extra preparations to ensure that the sum of the molar 

concentrations of Mg and Ca was the same in all three treatments (Stanley et al. 2010). 

Keeping salinity equal among varying Mg2+ concentration treatments by inversely altering 

Ca2+ or Na+ concentrations was performed in previous experiments. Stanley (2008) found that 

no changes in Mg2+ nor Na+ concentrations caused any decrease in growth rates for organisms 

in ASW.  

 Importantly, previous studies of calcification responses had found that absolute Mg2+ 

and Ca2+ concentrations did not affect calcification rates, growth rates or organism survival to 

any significant extent (Ries 2006a). Only the Mg/Ca ratio in treatment ASW has been 

observed to influence calcification. However, ideally ASW between the different Mg/Ca 

treatments would contain similar amounts of Ca2+ as to not introduce calcium poisoning from 

too much Ca2+ or calcite inhibition from too little Ca2+ (Stanley 2008). A study of 

environmental and biological variables affecting deep-sea scleractinian corals’ function and 

growths found no relationship between salinity and Mg/Ca (Case et al. 2010). Salinity 

variation between seawater treatments within 3 PSU has no effect on the growth rate or 

calcification of the treated organisms, and were the bounds of acceptable variation in the 

experiment. 

 The pH of seawater is modeled to be between 8.08 and 8.33 with a salinity of 35.165 

g/kg, temperature of 25 ℃, atmospheric pressure of 1.0 atm, and dissolved CO2 at 3.33e-4 atm 

(Millero et al. 1993; Marion et al. 2011). Sea surface pH seen in coastal ecosystems, such as 

kelp forests, is predicted to be on average 8.1 with diurnal variation of ± 0.4 due to 

photosynthesis versus respiration rates of marine organisms (Cornwall et al. 2013). Water pH 

in tanks was chosen to be 8.14 to mimic coastal environments of calcifying invertebrates and 

monitored to vary to a maximum of ± 0.4. A weak base (sodium bicarbonate) and weak acid 

(boric acid) were supplemented with NaOH and dilute HCl to achieve target pH. 

2.4.3 Necessary Elemental Components  

No specific water conditions were mentioned by Ries (2010) in his artificial experiments, so 

research needed to be conducted into different minerals needed in seawater and the relative 

importance of chemicals for the health of shallow marine invertebrates. The experimental 

methods cite Bidwell and Spotte’s (1985) book of artificial seawater preparation without 

specifying which one of the seawater formulas were used. Herbst’s (1904) formula provided 

the base formula consisting of only NaCl, KCl, MgSO4, CaCl2, and NaHCO3 (Bidwell and 
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Spotte 1985). Seawater is far more complex than these five chemicals. Over seventy-eight 

metals and micronutrients suspended in the water can be vital requirements for organisms in 

culture (Table 2.1, (Goldberg 1980)). Most of these elements appear in concentrations below 

1 mg/L.  

 The challenge of mimicking the overall complexity of seawater with multiple chemical 

species in solution on a reasonable budget of time and resources requires distilling multiple 

formula into a simplified recipe. The hundreds of possible nutrients available in seawater 

could have unknown impacts on organisms’ growth, health or survival. By comparing 169 

recipes of compiled ASW formula in Bidwell and Spotte (1985) and looking at the results of 

the experiments, many elemental components were able to be discarded without worry for the 

health of organisms. The conditions tested ranged from phytoplankton growth, echinoderms 

reproduction, aquaculture, aquarium requirements, enrichment solutions, and calcite 

formation. Overall, these recipes very often had fewer than two dozen components, and each 

time there were no adverse effects from omitting minor elements, such as REEs. Bidwell and 

Spotte (1985) noted that certain elements including Al, Rb, Li, Fe, Zn, Mn, Co, Cu and Mo 

along with trace REEs (Table 2.1) “have no demonstrated biological or chemical function, and 

their inclusion thus serves no useful purpose” (Bidwell and Spotte 1985). Additionally, few 

ASW recipes took care to specifically monitor Mg and Ca concentrations or osmolality near 

natural levels.  

 To find the most suitable recipe components, all recipes were categorized according to 

their primary function. The selection of the recipes was narrowed down to those used mainly 

for growing invertebrates or larger organisms, rather than plankton, or aquaculture. To further 

pare down the ASW recipes, formulae with a single source of Mg and Ca were selected to 

allow precise control of the Mg/Ca ratio. ASW recipes with normal water characteristics 

including salinity values and pH were chosen as the most relevant to the study design. Both 

the importance of keeping the number of ions similar between different Mg/Ca level 

seawaters in the experiment and the lack of necessity to use trace elements in ASW 

preparation narrowed down the possible seawater formulas. Kester et al.’s (1967) recipe of 

NaCl, KCl, KBr, NaF, NaSO4, MgCl2, CaCl2, and SrCl2 as the major components suited all 

criteria the best. 

 The recipe from Kester et al. (1967) was advantageous because the Mg and Ca are 

added volumetrically and from a single salt source, allowing for the full control of exact 
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concentrations. Other recipes would use multiple Mg salts (e.g., MgCO3 and MgCl together). 

This recipe became the foundation of the ASW recipe in this study, modified to provide 

varied Mg/Ca treatments while maintaining salinity and osmolarity. See section 3.2. 
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Chapter 3: Methods 

Research questions were divided into observational study and laboratory experimentation. 

First, regional water samples were taken and tested for Mg and Ca content. These initial 

samples were used to look for local variation in Mg/Ca ratios and Mg and Ca concentrations 

in water that could be habitat for calcifying species. Differences in water qualities for Mg and 

Ca concentration provided support for the need to perform laboratory experiments with 

controlled Mg/Ca values. Since natural neritic water showed altered Mg/Ca ratios from 

freshwater input in invertebrate habitats, a series of Mg/Ca experiments took place. A pilot 

study was performed to refine ASW treatment and find suitable invertebrates for a 

biomineralization study using Mg/Ca treatments. Subsequently, a static treatment 

biomineralization multispecies experiment was performed where three species were given one 

of five different Mg/Ca ratio treatments for 50 days. The goal of this static biomineralization 

multispecies experiment was to measure the skeletal calcification in response to various levels 

of water Mg/Ca, and to see if organisms could be forced to create an alternative type of calcite 

when placed in unfavourable Mg/Ca conditions. A long-term experiment was then performed 

on one of the three species which progressively lowered the Mg/Ca treatment over 210 days. 

This dynamic acclimatization mussel experiment was performed to check whether given 

enough time, a selected species would be able to adapt to gradual changes in Mg/Ca levels.  
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3.1 Regional Coastal Water Samples 

3.1.1 Water Collection 

Water samples were collected from coastal waters off Otago (Fig. 3.1, Table 3.1), from the RV 

Beryl Brewin on 28 March 2019 and 11 April 2019, in the austral late summer to early autumn 

(a ship-of-opportunity that was carrying out other work at the time). Water samples were 

collected using Van Dorn bottles at surface and ten-meter depths and transferred immediately 

to triple-rinsed 50 mL screw-top plastic containers, filled leaving about 20% headspace (since 

they were to be frozen). 

In March 2019, ten replicate samples were taken from each site (except site 5) at each 

depth. Five of the replicates were given three drops of mercuric chloride (HgCl2) 

added via dropper, and five left un-treated.  

In April 2019, three replicate samples were taken from each site at each depth. All 

three samples were poisoned with three drops of mercuric chloride solution (HgCl2) 

via dropper. 

Sample bottles were sealed shut by wrapping in parafilm, and stored in plastic bags in a cool 

place for the remainder of the research trip, after which time they were moved to a freezer to 

be stored at -20° C to arrest any biological or chemical processes which would alter the water 

chemistry.  

Table 3.1: Station number and GPS latitude and longitude of sampling sites. 

STATION # POSITION (LAT) POSITION (LONG) 

1 45.7756 °S 170.7211 °E 

2 45.7256 °S 170.6203 °E 

3 45.5925 °S 170.7436 °E 

4 45.7384 °S 170.7957 °E 

5 45.8368 °S 170.7792 °E 

6 45.8828 °S 170.7655 °E 
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Fig. 3.1: Map of transect taken both on 28 March and 11 April 2019, indicating the course and the site locations 

of stationary hydrology points. 
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3.1.2 Solution Preparation 

The following solutions were prepared to be used to determine Ca and Mg concentrations in 

water samples via titrations: 

EGTA standard solution [0.01 mol/L]: 7.6070 g EGTA (ethylene glycol-bis (2-

aminoethylether)-N, N, N’, N’, tetraacetic acid) in 200 mL deionized (DI) water. Quantum 

satis (QS) to 500.00 mL with DI water.  

EDTA standard solution [0.05 mol/L]: 9.3060 g of Na2EDTA.2H2O 

(ethylenediaminetetraacetic acid) in 200 mL DI water. QS to 500.00 mL with DI water. 

Mg2+ standard solution [0.025 mol/L]: 0.1519 g high purity Mg metal in 10 mL 6M HCl. QS 

to 250.00 mL with DI water. 

Buffer-pH 10 solution: 34 g NH4Cl in 285 mL concentrated NH3. QS to 0.5 L with distilled 

water. 

Borate buffer solution: 10g Na2B4O7.10H2O and 30 g NaOH in in 200 mL DI H2O, let cool to 

room temperature. QS to 0.5 L with DI water. 

EBT indicator solution: 0.2 g of Eriochrome Black T (EBT) indicator in 15 mL of 

concentrated NH3 solution and 5 mL absolute EtOH. 

GHA solution: 0.05% GHA (glyoxal-bis (2hydroxy-anil)) in n-propanol (0.5 g in 1 L n-

propanol). 

EGTA solutions were standardized against solutions prepared from pure CaCO3. Standard 

titrations were performed by accurately weighing three different known quantities of a single 

CaCO3 solution, and titrating to the exact endpoint of the EGTA solution. EGTA 

concentrations were calculated based on resulting regression line. EDTA solution 

concentrations were determined using standards prepared from pure magnesium metal. Three 

or more samples of different volume of the same magnesium metal standard were used and 

resulting data fitted to a line of best fit regression. A standard curve was produced from 

standard solution titrations to correctly identify the concentration of EGTA and EDTA 

solutions. EGTA solutions were dispensed using a Metrohm Dosimat (665 Dosimat, 20 ml 

Titrant syringe, Serial Number 10254021, ID 6.3026.22 John Morris Pty Ltd, Switzerland). 

EDTA titration were carried out with the use of a Kloehn pump (Kloen pump P/N 23254, 

Serial Number PUM-S24K-000, Kloen Ltd Las Vegas, Nevada) controlled by LabVIEW.  

3.1.3 Mg/Ca Determination via Titration: 

All water samples were titrated for calcium with EGTA using the selective metal indicator 

GHA following procedures suggested by Dillon et al. (2020). Five grams of each seawater 

sample was accurately weighed to four decimal places into a 100 mL conical flask. Four mL 
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of EGTA titrant solution was added to the flask so as to complex at least 99% of the total 

calcium. Two mL of 0.05% GHA in n-propanol and 4 mL borate buffer solution were added, 

stirred and let sit for three minutes to allow a red colour to evolve in the top layer. If this layer 

was not present, then the GHA solution was added dropwise until red appeared. Eight mL of 

n-butanol was added. The layers were stirred together, and EGTA titrant was added dropwise, 

stopping stirring at each drop to let the two layers reform. Layers were checked for color 

transition in the organic layer from pink/red (Figure 3.2a) to clear (Figure 3.2b), indicating the 

equivalence point of calcium. The titration was continued until the red colour had completely 

disappeared from the organic layer. Titrations were performed in duplicate to obtain an 

estimate of measurement precision.  

 

Fig. 3.2: The organic layer lies atop the aqueous layer in the titration of Ca2+. The red colour of the organic layer 

(A) indicates the binding of the GHA to Ca2+ ions, extracting the ion, usually water-soluble, into the organic 

layer. The clear colour of the organic layer (B) indicates the equivalency point of the titrant, where moles of 

EGTA are equal to moles of Ca2+.  

Total divalent ion content was determined via titration with EDTA and EBT metal indicator 

as suggested by Dillon et al. (2020). Approximately five grams of the seawater sample was 

accurately weighed to four decimal places into a 100 mL conical flask. Four mL of 

ammonium buffer solution (35 g NH4Cl and 57 mL concentrated NH3 diluted to 500 mL with 

water) and three drops of EBT indicator (0.2 g EBT dissolved in 15 mL concentrated NH3 and 

5 mL ethanol) were added. The sample was titrated with EDTA (≈50 mM) until a blue 

endpoint was reached. The result is the total concentration of divalent elements (Ca2+, Mg2+, 

A B 
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and Sr2+) present in the sample. Titrations were performed in duplicate to obtain an estimate 

of measurement precision.  

 Values of each titration were input into the standard curve formula to produce a 

concentration value of targeted elements. The total moles of EGTA used in titration is 

equivalent to the moles of calcium ions in the 5 g solution. Magnesium concentration was 

calculated by taking the total ion concentration determined in the divalent titration and 

subtracting the strontium and determined calcium content. Strontium content was estimated 

by assuming the relationship of 0.09 mg/kg of seawater having a salinity of 35 ppt (de Villiers 

1999; Villiers et al. 2002).  

3.2 Creating Artificial Seawater 

Due to the initial sampling of the local seawater, it was determined that creating artificial 

seawater would provide a higher level of precision in controlling Mg/Ca and allowed for the 

testing of a different set of parameters. Salinity and constituents varied from recipe to recipe 

(Ch. 2.4). These recipes were tested and refined in a pilot study, starting with Kester’s 1967 

recipe, and adjusted over time to better suit the needs of the experiment. 

3.2.1 Pilot Study  

Salts were gravimetrically weighed out according to Table 3.2, and transferred into a 20 L 

carboy. This recipe did not include minor salts and trace elements not vital for health of 

organisms (including Al, Rb, Li, Fe, Zn, Mn, Co, Cu and Mo along with trace rare earth 

metals). 

Table 3.2: Quantities of salts able to be weighed directly for solution. 

Sodium chloride (NaCl) 610.11 g 

Sodium sulfate (Na2SO4) 102.20 g 

Potassium chloride (KCl) 17.26 g 

Sodium bicarbonate (NaHCO3) 4.99 g 

Potassium bromide (KBr) 2.50 g 

Boric acid (H3BO3) 0.66 g 

Sodium fluoride (NaF) 0.08 g 

Nineteen liters of DI water was added to the carboy. The solution was mixed thoroughly by 

shaking and swirling every ten minutes for four hours, and then was left to sit overnight to 

dissolve all salts. 
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 450 g of CaCl2·2H2O was measured into a 1 L volumetric flask (VF). Three grams of 

SrCl2·6H2O was measured into a 100 mL VF. Each flask was filled 90% by volume with DI 

water, inverted and swirled at least five times. VFs were mixed until salts were fully 

dissolved, then solutions were QS with DI water. VFs were once more inverted and swirled 

until homogeneous. 68.85 mL of CaCl2 stock solution and 16.315 mL of SrCl2 stock solution 

were volumetrically transferred to carboy with other salt solution and mix well by swirling. 

 300 g of MgCl2·6H2O was measured into a 2 L VF. The VF was filled 90% by volume 

with DI water, inverted and swirled at least 5 times. The solution was mixed until salts were 

fully dissolved, then solution was QS with DI water. VF was once more inverted and swirled 

until solution was homogeneous. For each Mg/Ca condition (1, 3, 5, 7, 9), 1 L solutions of Mg 

were prepared by transferring required mL of stock solution into 1 L VF and QS using DI 

water (Table 3.3). 

 A calibrated pH probe was inserted and the solution was adjusted to pH = 8.14 using 

NaOH and/or dilute HCl, added dropwise until pH reading was stable. The solution was 

removed from the stir plate, ~40 mL of sample was taken to test for Mg and Ca content via 

titration and the solution was then transferred into a fresh tank for use in the aquarium. This 

process was repeated for four other seawater conditions (Mg/Ca = 3, 5, 7, 9). 

Table 3.3: Volume of 150mg/L MgCl2 solution for each 5 L preparation of ASW at each Mg/Ca condition. 

Mg/Ca ratio  MgCl2 stock needed 

1 71.41 mL 

3 214.24 mL 

5 357.07 mL 

7 499.89 mL 

9 642.72 mL 

The preparation of a single batch of artificial seawater was not difficult but it was time-

consuming. Preparation included gravimetrically measuring all salts except for strontium, 

magnesium and calcium, creating volumetric solutions of Mg, Ca and Sr salts and then adding 

those solutions to the other salts. The solution then was diluted with DI water, taking into 

account the target density of seawater for the projected volume of DI water required. The 

solution was stirred thoroughly overnight and required between twenty-four and forty-eight 

hours for all salts to dissolve. The seawater solution could then be checked for pH and 

adjusted to 8.14 on a total pH scale by the addition of NaOH and/or HCl. 
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3.2.2 Preparing Artificial Seawater  

The final recipe had a single source of Mg and allowed for Mg concentrations to be easily 

changed to create different Mg/Ca ratios without underlying variables affecting the results 

(Table 3.4). Salinity was kept constant across ASW solutions by additions of NaCl to 

solutions with reduced Mg-solution volumes, unlike the pilot study recipe, which did not 

maintain equal salinity among ASW recipes. A batch of concentrated solution of each (300 

g/L Mg, 450 g/L Ca, and 30 g/L Sr) was created instead of preparing specific volumetric 

solutions of Mg, Ca, and Sr. This method allowed for the preparation of multiple carboys of 

ASW simultaneously. Prepared artificial seawater was tested for its magnesium and calcium 

concentration via titration using the methods outlined in Section 3.1.3. 

Table 3.4: Quantities of salts weighed directly for various 20L ASW solutions. Red numbers indicate the 

variable components of each batch of ASW, with a balanced salinity substitution of Na for Mg to maintain even 

salinity across recipes. 

Compound Mg/Ca: 1.5 Mg/Ca: 2.5 Mg/Ca: 3.5 Mg/Ca: 4.5 Mg/Ca: 5.3 

Sodium chloride (NaCl) 539.82 g 527.50 g 515.18 g 502.87 g 493.02 g 

Sodium sulfate (Na2SO4) 81.76 g 81.76 g 81.76 g 81.76 g 81.76 g 

Potassium chloride (KCl) 13.81 g 13.81 g 13.81 g 13.81 g 13.81 g 

Sodium bicarbonate (NaHCO3) 3.99 g 3.99 g 3.99 g 3.99 g 3.99 g 

Potassium bromide (KBr) 1.99 g 1.99 g 1.99 g 1.99 g 1.99 g 

Boric acid (H3BO3) 0.53 g 0.53 g 0.53 g 0.53 g 0.53 g 

Sodium fluoride (NaF) 0.06 g 0.06 g 0.06 g 0.06 g 0.06 g 

Mg standard (300g/L) 214.20 mL 357.10 mL 500.00 mL 692.70 mL 757.00 mL 

Ca standard (450g/L) 68.85 mL 68.85 mL 68.85 mL 68.85 mL 68.85 mL 

Sr standard (30g/L) 16.32 mL 16.32 mL 16.32 mL 16.32 mL 16.32 mL 

 

3.3 Shell Mg in Laboratory Conditions 

3.3.1 Pilot Study 

A pilot study was performed in 2019 to test the efficacy of ASW as a suitable growth medium 

for calcifiers and as a means to identify the best organisms to work with in a small-tank 

environment. The outcome helped to refine the experimental design for both experiments used 

here. Spotted top snails (Diloma aethiops), cockles (Austrovenus stutchburyi), blue 

tubeworms (Spirobranchus cariniferus), blue mussels (Mytilus edulis), sea urchins (Evechinus 

chloroticus), and jingle oysters (Anomia trigonopsis), all locally common, were selected as 
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test organisms. Four of each organism were put in five 5 L tanks, each containing one of five 

water conditions (Mg/Ca: 1, 3, 5, 7, 9), for 22 days. Organisms were measured for growth and 

survival to test the suitability of the ASW recipe. Sea urchins, cockles and snails were 

unsuitable for this experimental design due to high mortality rates in the experiment at Mg/Ca 

treatment of 1 (Fig. 3.3). Blue mussels, jingle oysters, and blue tubeworms showed better 

survival over other species across all Mg/Ca treatments. 

 

Fig. 3.3: Survival rates of calcifying organisms in pilot study in a series of Mg/Ca treatments. Snails’, cockles’ 

and sea urchins’ survival and health in ASW were not favourable for further experiments in ASW. 

3.3.2 Collecting Organisms 

The organisms which were best suited for these experimental conditions were blue mussels 

Mytilus edulis, jingle oysters Anomia trigonopsis, and the blue tubeworms Spirobranchus 

cariniferus (Table 3.5). Blue mussels were taken from the rocky inter-tidal zone around 

Brighton and were put into a holding tank with flow through water for four weeks to 

acclimatize to laboratory conditions. Oysters and blue tube worms were taken from the rocky 

shore along the Portobello laboratory coastline and placed in identical holding tanks to allow 

for a minimum period of four weeks to acclimate to laboratory conditions. 
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Table 3.5: Study organisms: tubeworms, mussels and oysters cover a range of mineralogy and have been shown 

survive variable Mg/Ca ratios. 

Common Name Latin Name Biominerals Collection Point 

Blue Tube Worms Spirobranchus cariniferus High-Mg calcite 

(Smith & Riedi, 2013) 

Brighton, south of Dunedin 

(-45.9502, 170.3326) 

Blue Mussels Mytilus edulis Medium-Mg calcite shell, 

aragonite sublayer (Putten 

et al. 2000) 

Otago Peninsula near 

Portobello (-45.8257, 

170.6425) 

Jingle Oysters Anomia trigonopsis Low-Mg calcite 

(Waldbusser, Powell, and 

Mann 2013) 

Otago Peninsula near 

Portobello (-45.8257, 

170.6425) 

An artificial tank environment requires constant monitoring of organism health as well as the 

monitoring of water characteristics for consistency throughout the experimental timeframe. 

The parameters which were aimed to be held constant were the following: pH, dissolved 

oxygen (DO), and salinity. Temperature was also monitored but not controlled as tanks were 

allowed to vary as in natural settings.  

3.3.3 Calcein Marking 

Calcein is a fluorescent dye used in biological staining for its mechanism of chelating Ca2+ 

and fluorescing when excited at 495 and 515 nm (Moran 2000; Mahé et al. 2010). Organisms 

in a calcein bath absorb some of this fluorescent marker, and incorporate a tiny amount of it 

into their shell. The fluorescent mark appears in the new shell growth of the organism, and 

creates visible lines in the shell which delineate before and after treatment conditions, 

allowing for clear separation when analyzing the shells of the organisms. 200 mL of calcein 

solution (500 mg/L) were added to individual treatment tanks (5 L) for 24-48 hours before 

each seawater treatment (Battez and Smith 2017; Smith, Key, and Wood 2019). After twenty-

four to forty-eight hours, organisms were removed and placed in intermediate tanks of natural 

seawater and left for four hours to expel excess calcein, in order to limit prolonged exposure 

to potentially-toxic calcein. Organisms were then transferred to ASW-filled treatment tanks. 

Tubeworms showed visible uptake of calcein via a colour change to slightly pink exterior 

calcite, while other organisms showed little visible change. The visible lack of colour did not 

indicate a failure of calcein uptake by the organisms. The visible colour of the tubeworm 

reverted back to the original colour after a few days in treatment water, indicating new calcite 

was formed overtop calcite with calcein substitution. 
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3.3.4 Experiment Duration 

In order to provide the organisms sufficient time in the treatment conditions to be able to 

produce enough calcite for analysis, the length of time to conduct the research was evaluated 

by comparing previous research. This literature comparison indicated that performing 

treatments on calcifying organisms required long experiments (Lewis et al. 2017). Laboratory 

experiments using ASW have indicated that unfamiliar seawater can reduce the rate of growth 

and normal functions of organisms as they adjust, requiring larger time allotments for calcite 

growth than in natural environments (Stanley 2008). So, while normal growth periods of 

calcifiers might be one month in observational studies, previous laboratory experiments on 

calcareous algae Halimeda incrassata showed that ninety days of Mg/Ca treatments was the 

timeframe for sufficient new calcite to form for analysis (Stanley et al. 2010). Experiments 

treating foraminifera with different Mg/Ca levels for fifty-two days was sufficient time to 

show noticeable calcite growth (Segev and Erez 2006). Mussels have been modeled to have a 

faster predicted growth rate at ambient temperatures (Bayne and Worrall 1980; Almada-

Villela et al. 1982; Lombard et al. 2009). As such, a minimal treatment window of forty-two 

days was adopted in the following experiment as it allowed organisms time to sufficiently 

grow.  

3.3.5 Static Biomineralization Multispecies Experiment 

150 blue mussels, 100 oysters, and 100 tubeworms were collected and placed in 100L flow-

through tanks with water fed by tubes of ambient seawater pumped from the local harbor and 

sterilized prior to use. Organisms acclimatized in three of these 100 L tanks for a duration of 

sixty days, while being fed Tetraselmis chui ad libitum every five days. Tetraselmis chui was 

chosen for its ease and ubiquity in culture and because all species consumed it. On day sixty, 

100 mg/L concentration calcein marking solution was added to all tanks of oysters, blue 

mussels, and blue tubeworms at 4 pm and allowed to soak with no water flow for forty-eight 

hours (Battez and Smith 2017). On day sixty-two at 4 pm, the tanks were cycled and water 

flow restored to the tanks for fifty hours to allow for unmineralised calcein to leave the water 

system and to deter residual calcein uptake which might alter calcein mark used to denote 

growth after treatment. 

 Twenty-four 5 L tanks with four replicates of each seawater treatment (Mg/Ca ratios 

of 1.5, 2.5, 3.5, 4.5, 5.3 and natural seawater which is 5.3) were set up by preparing 20 L of 

each treatment ASW and filling tanks. Aeration stones were added to each tank and affixed to 

the air system. Then at 8 am on day sixty-five, all organisms were removed from the holding 



32 

 

tank and randomly placed into tanks (6 blue mussels each, 4 oysters each, 1 tubeworm rock 

colony each) into an array of twenty-four available tanks (Fig. 3.5). Organisms were 

photographed and measurements of length and width recorded. 

 

 

 

Fig. 3.4: Biomineralization experiment design. Four or six replicates of specimen per tank in four tanks of each 

of six treatments, let to grow for six weeks.  

 

4.5d Control b   

2.5a 4.5a 5.3b  

3.5c Control a 1.5c 3.5d 

5.3a 5.3d Control c 3.5b 

5.3c 4.5b 2.5c 2.5b 

 1.5d Control d 1.5b 

4.5c 2.5d 1.5a 3.5a 

Fig. 3.5: Tank placement of different treatment groups and replicates. The tanks placement was randomized 

using the Rand function in excel to shuffle groups of treatments and replicates to equalize potential influences in 

physical placement of tanks in the room. Groups of treatments are specified. Replicate tanks of each treatment 

are specified a, b, c or d. 

Organisms were fed 100 mL of Tetraselmis chui and allowed to rest in water conditions, and 

monitored every five days (pH, DO, temp and fed 100mL) for fifty days. Organisms were fed 

every five days the same quantity of Tetraselmis chui. Tank water (ASW) was cycled after 

twenty-five days. Tanks were monitored for mortality and maintenance of water levels (for 

leakage or evaporation) and aeration was monitored for breaks in the lines, air stones, or poor 

air pressure. Valves to aeration source were fixed in a constant position. At the end of 

treatment, organisms were killed by freezing at -80 °C for twenty-four hours. Soft tissue was 

removed and shells were cleaned and stored dry for analysis. 

3.3.6 Dynamic Acclimatization Mussel Experiment  

Mussels were studied in further experimentation to test their acclimatization in a dynamic 

treatment experiment since they were easy to grow and measure. Forty-four specimens of 

Mytilus edulis (blue mussel) were collected from Brighton Beach (GPS: -45.9502, 170.3326) 

and allowed to acclimate in 100 L tanks for forty days, while being fed 2 L Tetraselmis chui 
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every five days, before being placed in a calcein bath (concentration = 100 mg/L) for forty-

eight hours. Then organisms were transferred to an intermediate tank for twenty-four hours 

the day before T-zero to release excess calcein.  

 The following day, Time zero, 11 Mytilus edulis (blue mussel) were placed in each of 

four tanks (5 L). One tank was the control with natural seawater [Mg/Ca = 5.3]; the other 

three tanks were filled with ASW. The starting ASW chemistry of the four tanks was Mg/Ca 

= 5.3. In the three treatment tanks, mussels were treated with a series of decreasing Mg/Ca 

ratio seawater conditions (Mg/Ca = 5.3, 4.5, 3.5, 2.5, 1.5). Forty days were allowed in each 

condition, alternating with one day in calcein solution for marking.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.6: Acclimatization experiment design. Eleven replicates of specimen per tank in four tanks, let to grow in 

five treatments for forty days in each treatment phase. 

 As a precaution, to slow evaporation rates, glass lids were applied to the tanks as an 

additional measure to prevent air currents from disturbing the surface of the water, and to 

reduce further loss of water to evaporation. Water was measured every other day for two 

weeks (water pH, temperature, DO, Mg/Ca) to ensure stability in the water composition over 

the course of the experiment. After this period, water measurements were performed twice a 
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week. Aeration was monitored for breaks in the lines, air stones, or poor air pressure. Valves 

to aeration source were fixed in a constant position. Every week, one-third of tank water was 

replaced by freshly prepared ASW, and organisms were fed twice a week with 150 mL of 

Tetraselmis chui. At the end of treatment organisms were killed and shells cut lengthwise, and 

stored for analysis. 

3.4 Physical Analysis of Organisms 

Survival rates were calculated based on mortality data during the course of both experiments, 

and compared between treatment groups. Survival was noted for each experiment group, and a 

t-test was used to compare the difference in means and check for significant differences for 

each experiment. 

 Shell measurements of length and width were taken for each oyster and mussel from 

the static biomineralization experiment and photographed next to a 10 cm ruler before and 

after treatment. Growth rates of organisms were calculated from measurements and compared 

between treatment groups via a single-factor ANOVA test. 

 Relationships between shell length and widths were compared before and after 

treatments of the static biomineralization experiment. Differences in growth longitudinally or 

laterally were compared via a single-factor ANOVA test to investigate if morphology of 

individuals changed as a result of treatment. The overall shapes of the shells were looked at as 

well, visually comparing differences in shape and colour of shells before and after treatments.  

3.5 Instrument Analysis 

3.5.1 Skeletal Composition 

To test how shell calcification changed in Mg/Ca treatments, weight percentage of Mg (wt% 

MgCO3) was measured using x-ray diffraction (XRD) analysis. Shells from the static 

biomineralization experiment had calcein markings mineralized into the calcite immediately 

prior to Mg/Ca treatments (Fig 3.6). Calcite formed during treatment conditions was observed 

in the last layer of growth edgewise after the fluorescent mark, and was the layer sampled for 

XRD analysis. Calcite from all species was collected after calcein markings to compare 

calcite composition between treatment and control groups. 
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Fig 3.6: Direction of oyster growth (A) and mussel growth (B), with new calcite forming on the edge furthest 

away from hinge of bivalve (green). Calcification process of organisms occurs in layers (C and D), and 

incorporation of calcein from marking process produced a fluorescent line (orange) calcite before and after 

experiment. New shell growth (stars) was sampled for XRD analysis. 

 

3.5.2 X-Ray Diffraction (XRD) 

To prepare samples, ~0.2 g of calcite sample was ground in a mortar and pestle along with 

~0.02 g halite (NaCl) into a fine powder. A few drops of ethanol were added to make a slurry, 

and the mixture was transferred to a labelled slide, and left to air dry. This process was 

repeated in triplicate for each sample. The mortar and pestle were cleaned with ethanol and 

wiped, and air-dried in between each sample preparation. 

An X’Pert PRO X-ray diffractometer (PANalytical X'Pert-Pro MPD PW3040/60 

XRD, Oxford Instruments 2009) with a Cu target X-ray source scanned samples between 26 

and 32 °2ϴ. Each degree had 50 counts and count time was 1 second. Calcite, Mg calcite, 

aragonite, and halite patterns were added into the data file and peaks were identified by a best 

fit function in HighScore Program (Speakman 2007). Peak identification and matching were 

all manually verified to be of best fit with no outstanding errors (Fig 3.7). Data was exported 

for analysis of content of each compound in Excel.  
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Fig 3.7: Example spectra of mussel calcite from Mg/Ca treatment 2.5. Calcite peaks at 29.34 and 29.42 °2θ. 

Halite peak at 31.64 °2θ (with a resonance peak at 26.5 °2θ) occur in spectra, indicating that machine drift is 0.08 

°2θ, and calcite peaks are adjusted 0.08 to 29.42 and 29.50 °2θ. 

3.5.3 XRD Calculations 

The purpose of adding halite (NaCl) to the slurry is to provide a peak that does not shift with 

composition, an internal standard. Halite (H1) has a strong peak at 31.72 °2ϴ. However, the 

instrument can read halite anywhere between 31.5 and 31.8 depending on machine drift. The 

variable calcite peaks (C1 and C2) are different; their peak position changes depending on both 

machine drift and chemical composition (the squeezing of Mg2+ into the CaCO3 lattice moves 

the d-spacing which downshifts the peaks). The halite peak position was subtracted from its 

correct position of 31.72 to make a correction factor to apply to measured calcite peaks (C1 

and C2) in order to determine the real peak position (x). 

𝑥 =  𝐶 – (𝐻1–  31.72)     Eq. 3.1 

The Chave equation (Chave 1952) calculates Mg content in calcite by the offset of the calcite 

peaks positions in a XRD spectrum. Using the corrected calcite position (x) the weight 

percentage of MgCO3 is calculated via: 

𝑤𝑡% 𝑀𝑔𝐶𝑂3  =  30.144𝑥 –  885.78    Eq. 3.2 

Based on previous work at Otago, a refined version of this equation was developed for the 

university’s particular XRD instrument (Gray and Smith 2004; Wejnert and Smith 2008): 

𝑤𝑡% 𝑀𝑔𝐶𝑂3  =  30𝑥 –  882     Eq. 3.3 
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These equations work best at wt% MgCO3 values between 2 and 16 (Gray and Smith 2004). 

Due to the low weight percentages of certain samples and refinement of the equation, data 

were reported to one significant figure. 

 Results from this experiment were initially provided in units of wt% MgCO3 as is 

commonly used by sedimentologists and geologists (Smith et al. 2013). However, in order to 

compare results to prior research of biologists and oceanographers, a conversion to Mg/Ca 

ratio in mmol/mol (or ppt Mg in a Mg/Ca system) was necessary. Results were thus provided 

in both formats for ease of comparison to either discipline. 

  Results from this experiment were expected to show differences in calcite as 

organisms produced different mineral calcites due to treatment conditions. Bimineral calcite 

composition analysis was performed to detect this change in calcification behavior. Peak 

height ratios (PHR) were used to calculate mineral composition. The proportion of the lower 

Mg content calcite (LMC) to the higher Mg calcite (HMC) in bicalcitic mixtures was 

calculated using Peak Height Ratios. For carbonate mixtures of minerals, the best PHR for bi-

calcite mixtures is C2/C1+C2. Smith and Lawton (2010) used standard mixtures of bryozoan 

carbonate; they found that C2/C1+C2 (x) was the best predictor of wt% HMC (y) in bimineral 

calcite, with the equation being:  

𝑦 =  111.75𝑥 –  1.0255    Eq. 3.4 

Equation 3.4 was used when mixtures of calcites were seen on scans, indicated by two calcite 

peaks. If spectra only had a single peak, then equation 3.4 was not applied and value was set 

to 100 for that calcite type. An ANOVA test was performed on each data set to test for 

normality and a mixed linear model was fit to each organism for Mg content in skeletal 

calcite. 

3.5.4 SEM-EDS 

The dynamic acclimatization experiment mussel shells were analysed using a 

technique called energy-dispersive x-ray spectroscopy using a scanning electron microscope 

(SEM-EDS). SEM-EDS was used to take high-resolution photographs and provided elemental 

identification and quantification for the magnesium content in the calcite across a cross-

sectional area of the shells. Shells from the acclimatization experiment were photographed 

using a Hitachi TM3030 tabletop microscope with EDS detector using the autofocus function 

at 30x or 40x magnification from a distance of 6-9.5 mm. End segments were scanned at a 

rate of 2000 counts per second for 30 seconds using the Bruker Esprit Compact with 
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QUANTAX 70 software. Point and shoot scans of locations along the shell were proposed for 

future analysis in elemental identification and quantification for the Mg content in the calcite 

of a subset of the thirty-three treatment mussel shells and a subset of the eleven control mussel 

shells across a cross-sectional area of the shells. With high-resolution imaging, examination of 

the calcite structure and potential defects from each treatment took place, as well as 

comparisons to control shells to see further differences.
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Chapter 4: Results 

The results from the experiments are aimed at addressing two of the questions posed in 

Chapter 1. The research here specifically looked at the following questions: Is there local 

variation of Mg and Ca in seawater, and what are the effects of Mg/Ca treatments on the 

calcite mineralogy and survival of modern organisms? Coastal water samples were analysed 

to understand what magnitude of Mg/Ca variation there was in regional seawater. Once 

coastal variation in Mg/Ca ratios was identified, a dynamic treatment experiment and a static 

treatment experiment, both with historical Mg/Ca variation, were run to identify calcification 

responses of species. Water characteristics were monitored to limit confounding variables. 

Survival and growth were measured as a proxy for health in both experiments. Skeletal 

calcification was quantified in the biomineralization experiment to track calcification response 

to Mg/Ca treatments. 

4.1 Coastal Water Analysis 

Coastal water [Mg2+] ranged from 0.034 to 0.053 M (�̅� = 0.046 M, s = 0.008 M). Coastal 

water [Ca2+] ranged from 0.004 to 0.010 M (𝑥 ̅ = 0.0082 M, s = 0.002 M) Coastal water 

Mg/Ca ranged from 5.06 to 7.20 (�̅� = 5.81, s = 0.86) (Table 4.1). Three single factor ANOVA 

tests showed that there was a significant difference in Mg concentrations (ANOVA, f = 603, p 

< 0.05, Table 4.2), Ca concentrations (ANOVA, f = 124, p < 0.05, Table 4.2), and Mg/Ca 

ratio (ANOVA, f = 9.55, p < 0.05, Table 4.2) in at least one station. Mg concentrations 

measured at station 1 were significantly different than those measured at stations 2, 3, 4 and 6; 

station 6’s Mg concentrations were significantly different than those at stations 1, 2, 3, and 4 

(post-hoc Tukey test, Appendix Table A.4.1). Ca concentrations at station 1 were significantly 

different than those at stations 2, 3, 4 and 6; station 6’s Ca concentration were significantly 

different than those at stations 1, 2, 3, and 4 (post-hoc Tukey test, Appendix Table A.4.2). 

Mg/Ca from station 6 was significantly different from stations 2, 3 and 4 (post-hoc Tukey test, 

Appendix Table A.4.3).  
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Table 4.1: Concentrations of divalent ions (moles/kg seawater) of water samples from transect 1 and the 

calculated Mg/Ca molar ratio at each transect site. Mean ion concentration (bold) is calculated, and thus Mg/Ca 

ratio (red, bold) used to describe molar ratio at each site, with standard deviation given below each mean. 

Station Replicate [Mg2+] (M) [Ca2+] (M) Mg/Ca Ratio 

1 1 0.0385 0.00646 5.96  
2 0.0389 0.00598 6.50  
�̅� 0.0387 0.00622 6.22  
s 0.0002 0.00024 0.27 

2 1 0.0511 0.00973 5.25  
2 0.0522 0.00940 5.56  
�̅� 0.0517 0.00957 5.40  
s 0.0006 0.00016 0.15 

3 1 0.0529 0.0101 5.24  
2 0.0520 0.00990 5.25  
�̅� 0.0524 0.0100 5.25  
s 0.0005 0.0001 0.002 

4 1 0.0518 0.0103 5.02  
2 0.0515 0.0101 5.09  
�̅� 0.0517 0.0102 5.06  
s 0.0001 0.0001 0.03 

6 1 0.0344 0.00523 6.58  
2 0.0341 0.00447 7.64  
�̅� 0.0342 0.00485 7.07  
s 0.0001 0.00038 0.53 

Table 4.2: Summary of a single factor ANOVA tests of variance for Mg/Ca ratio, the Mg concentration and the 

Ca concentration between stations. For full descriptive stats see Appendix tables A.4.1, A.4.2, and A.4.3. 

Source of Variation SS df MS F P-value F crit 

Mg/Ca between stations 5.84 4 1.46 9.55 0.0146 5.19 

Mg/Ca station residual 0.764 5 0.153 
   

Total 6.60 9 
    

Mg Concentration between stations 0.000593 4 0.000148 603 6.81E-07 5.19 

Mg Concentration residuals 1.23E-06 5 2.46E-07 
   

Total 0.000594 9 
    

Ca concentration between stations 4.87E-05 4 1.22E-05 124 3.48E-05 5.19 

Ca concentration residuals 4.92E-07 5 9.84E-08 
   

Total 4.91E-05 9 
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4.2 Static Biomineralization Experiment Water Analysis 

4.2.1 Mg/Ca Treatment 

Mg/Ca values measured for each treatment in the static biomineralization experiment were 

averaged and the difference between intended treatment and measured Mg/Ca values were 

calculated to compare how similar each treatment was to its intended value (Table 4.3). The 

range of difference between measured Mg/Ca ratio and expected Mg/Ca ratio was -0.15 to 

0.22 (Table 4.3, Appendix Table A.4.4).  

Table 4.3: Averaged Mg/Ca values and standard deviations of each treatment water. See Appendix Table A.4.4 

for all [Mg2+], [Ca2+], and Mg/Ca values of biomineralization experiment from titrations. 

Treatment Mg/Ca 1.5 2.5 3.5 4.5 5.3 

Range 1.48 - 1.72 2.45 - 2.65 3.35 - 3.68 4.40 - 4.55 5.20 - 5.45 

�̅�  

N 

1.57 

n = 8 

2.56 

n = 4 

3.52 

n = 4 

4.46 

n = 4 

5.32 

n = 4 

s 0.09 0.07 0.12 0.06 0.10 

A single factor ANOVA test and a full Tukey test of Mg concentrations in the 

biomineralization experiment indicated that all treatments were statistically different from one 

another in Mg concentration, except treatment 4.5 when compared to treatment 5.3 (Appendix 

Table A.4.5). This difference is a reflection of the closeness of the treatment interval. A single 

factor ANOVA and a full Tukey test of Ca concentrations in the biomineralization experiment 

indicate that treatment 4.5 had slightly higher Ca concentrations from other treatments. All 

other Ca concentrations were not significantly different (Appendix Table A.4.6). While 

treatment 4.5 had anomalous values of total concentrations of Mg and Ca relative to other 

treatments, the relative Mg/Ca ratio was within parameters. 

 A histogram of Mg/Ca residuals indicate a normal distribution of data (Fig. 4.1A). A 

plot of residual values visualized a lack of difference in the means (Fig 4.1B), and a plot of 

expected Mg/Ca treatment to measured Mg/Ca treatments shows a strong correlation to 

intended treatment (slope: 0.980, Fig 4.1C). A single factor ANOVA test showed that there 

was no difference in means between groups of residuals (ANOVA, F = 0.870, p = 0.500 > 

0.05, Table 4.4, Appendix Table A.4.7).  
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Fig. 4.1: Histogram of Mg/Ca ratio deviation from expected treatment values (A). Values were normally 

distributed and 0 was within 2 standard deviations of the mean. The 95% confidence interval included 0, which 

indicated that that the true deviation from treatment values were not statistically different from the expected 

treatment values. Residual graph showing difference between measured Mg/Ca from expected values averaged 

by treatment with standard errors (B, Table 4.3). Graph of expected Mg/Ca treatment and measured Mg/Ca 

treatment with a slope between expected and measured values (C, y = 0.9796x + 0.0952, r² = 0.9996). A 

theoretical slope of 1 is a close match between ideal treatment and measured treatment: the slope from static 

experiment was 0.98. 

Table 4.4: Summary of a single factor ANOVA test of variance for Mg/Ca ratio between treatments. For full 

descriptive stats see Appendix Table A.4.7 

Sources of 

Variation 

SS df MS F P value Eta2 RMSSE Ω2 

Between 

Treatments 

0.0360 4 0.00900 0.870 0.500 0.155 0.423 -0.0221 

Within Treatments 0.196 19 0.0103 
     

Total 0.232 23 0.0101           

4.2.2 Temperature 

Water temperature in all twenty-four tanks of the biomineralization experiment was allowed 

to fluctuate as tanks were kept at room temperature. Tank water had a temperature range of 

10.0 ℃ to 15.6 ℃ over the fifty-day experiment (Table 4.5). Daily temperature differences 

from one tank to another ranged from 0.1 to 0.4 (s range = 0.05 to 0.2, Table 4.5). Residual 
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values of tank water compared to sea surface water temperatures (SST) from oceanic water in 

Otago Harbour as recorded daily at Portobello were used to compare deviation from normal 

temperatures (Fig. 4.2, Table 4.5). A single factor ANOVA test of residual values showed that 

no treatment group was significantly different from daily SST (ANOVA, f = 0.00287, p = 1 > 

0.05, Appendix Table A.4.8).  

Table 4.5: Temperature (℃) measurements of tanks over course of 50 days.  

Day SST 
Treatment 

1.5 

Treatment 

2.5 

Treatment 

3.5 

Treatment 

4.5 

Treatment 

5.3 

Ambient 

Seawater 
�̅� s 

0 10.1 13.4 13.4 13.7 13.7 13.8 13.8 13.6 0.2 

2 11.5 11.0 11.0 10.9 10.9 11.0 10.9 10.9 0.05 

14 10.9 10.2 10.1 10.3 10.2 10.0 10.1 10.1 0.1 

29 14.3 14.1 14.1 14.0 13.8 13.8 13.9 13.9 0.1 

39 15.3 15.5 15.4 15.6 15.4 15.5 15.4 15.5 0.1 

50 13.6 13.6 13.8 13.8 13.7 13.8 13.8 13.7 0.1 

 

Fig. 4.2: Averaged water temperature (n = 6, ●) with standard error of the treatment tanks of the 

biomineralization experiment over the course of 50 days. Tanks were allowed to equilibrate with their 

surroundings and resulting water temperatures were compared to the SST from Otago Harbour at Portobello (–, 

Cook et al., in prep). 

4.2.3 pH 

Water in all twenty-four tanks of the biomineralization experiment was initially set to a pH of 

8.14 at 20 °C and was monitored to be kept to within ± 0.30 of the target pH (Table 4.6, Fig. 

4.3). Water pH had a range of 8.00 to 8.23. The highest variability was seen in treatment 

Mg/Ca = 5.3 which ranged between 8.00 - 8.21 throughout the whole experiment. A single 

factor ANOVA test showed that there were no treatment groups with pH significantly 

different from the others (ANOVA, f = 0.299, p = 0.909 > 0.05, Appendix Table A.4.9). 

7.0

9.0

11.0

13.0

15.0

17.0

0 5 10 15 20 25 30 35 40 45 50

T
em

p
er

at
u
re

 (
°C

)

Days



44 

 

Table 4.6: pH measurements of tanks over course of 50 days.  

Days 
Treatment 

1.5 

Treatment 

2.5 

Treatment 

3.5 

Treatment 

4.5 

Treatment 

5.3 

Ambient 

Seawater 

0 8.14 8.14 8.17 8.18 8.16 8.21 

2 8.08 8.09 8.07 8.09 8.00 8.11 

14 8.14 8.14 8.17 8.18 8.16 8.21 

29 8.22 8.23 8.17 8.18 8.21 8.20 

39 8.16 8.17 8.09 8.11 8.07 8.06 

50 8.22 8.23 8.17 8.18 8.21 8.20 

Range 8.08-8.22 8.09-8.23 8.07-8.17 8.09-8.18 8.00-8.21 8.06-8.21 

�̅� 8.16 8.17 8.14 8.15 8.14 8.17 

s 0.05 0.055 0.05 0.04 0.08 0.06 

 

Fig 4.3: Averaged pH of tanks (n = 6, ●) in the biomineralization experiment with standard deviation, along with 

natural variation seen in pH of sea surface (blue horizontal band, Millero et al. 1993; Marion et al. 2011).  

4.3 Dynamic Acclimatization Experiment Water Analysis 

4.3.1 Mg/Ca Treatment 

Mg/Ca values measured for each treatment in the dynamic acclimatization mussel experiment 

were averaged and residuals between intended treatment and measured Mg/Ca values were 

calculated to compare the deviation of true treatment Mg/Ca values from the theoretical value 

(Table 4.7). The range of the difference between measured Mg/Ca ratio and expected Mg/Ca 

ratio was -0.23 to 0.28 (Table 4.7, Appendix Table A.4.10). A single factor ANOVA test of 

Mg/Ca residuals grouped by stepwise treatment showed no significant difference between 

groups (ANOVA, f = 0.8405, p = 0.804 > 0.05, Table 4.8). A single factor ANOVA test and 

post-hoc Tukey test between treatment phases showed no significant difference within each 

treatment group, but did find significant differences between each treatment phase (Appendix 
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Tables A.4.11 and A.4.12). Mg/Ca treatments were similar between tanks, and forty-day 

treatment periods were significantly different between each treatment phase.  

Table 4.7: Averaged Mg/Ca values and standard deviations of each treatment water. See Appendix Table A.4.10 

for all [Mg2+], [Ca2+], and Mg/Ca values of acclimatization experiment from titrations. 

Days 0-40 43-83 84-124 126-166 168-209 

Treatment Level 5.3 4.5 3.5 2.5 1.5 

Range 5.07-5.58 4.42-4.71  3.44-3.76  2.49-2.57 1.48-1.59 

Mg/Ca �̅� 5.34 4.57 3.57 2.51 1.53 

N 12 9 9 9 9 

s 0.19 0.10 0.09 0.03 0.04 

Table 4.8: Summary of a single factor ANOVA test of variance for Mg/Ca ratio residuals between treatments. 

For full descriptive stats see Appendix tables A.4.11 and A.4.12. 

Sources SS df MS F P value Eta2 RMSSE Ω2 

Residuals Between 

Treatments 

0.023 4 0.0057 0.405 0.804 0.036 0.212 -0.052 

Residuals Within 

Treatments 

0.604 43 0.0140 
     

Total 0.627 47 0.0133 
     

 

Fig. 4.4: Measurements of Mg/Ca ratio of control tank ( ) and treatment tanks 1 ( ), 2 ( ), and 3 ( ) in the 

dynamic acclimatization experiment. Each tank contained 11 blue mussels and artificial seawater created with 

specific concentrations of Mg and Ca. Tank water chemistries were monitored and treatments were altered 

approximately every 42 days to follow treatment phase protocol (─). A control tank with ambient seawater was 

monitored over the same duration to monitor for an ideal present-day Mg/Ca ratio of 5.3 (─). 
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4.3.2 DO, pH, and Temperature 

Dissolved Oxygen (DO) was provided by adjustable airflow (section 3.3.6), so that all four 

tanks had values of 7.0 ± 0.3 ppm for the first hundred days. After this time, the DO 

monitoring instrument broke and there was no instrument available to measure DO for 40 

days. After the instrument was repaired, the new calibration provided a different range of 

values (average of 9.1 ± 0.5) for the last 50 days of the experiment (Table 4.9). Airflow during 

the whole experiment was constant and not adjusted, so the higher values recorded in the 

second half of the experiment were not a problem. pH in the tanks was regulated using 

buffered seawater solution, and was within ± 0.2 of 8.14 throughout the experiment, in all four 

tanks. No tank water was ever recorded outside a variation of ± 0.2 and as such, no extreme 

pH values were ever observed to indicate a need for new ASW (Table 4.9). Water temperature 

in tanks was not controlled, and the gradual rise shows the effect of springtime and summer 

on Otago Harbour water temperature. A strong fluctuation immediately after day 100 (18th of 

September, 2020) reflects a cold-snap of weather prior to the advance of springtime 

temperatures. Tank water values closely reflect the Portobello seawater temperature data set 

(Cook et al., in prep). 

Table 4.9: Averaged DO, pH, and temperature of tanks over treatment periods, see Appendix Tables A.4.13, 

A.4.14 and A.4.15 for individual counts. 

Days 0-40 43-83 84-124 126-166 168-209 

Treatment Level 5.3 4.5 3.5 2.5 1.5 

�̅� DO 7.18 6.94 6.85 8.98 9.37 

s 0.25 0.18 0.30 0.36 0.49 

N 42 30 18 9 21 

Range 1.04 0.75 0.99 1.09 2.08 

Max 7.68 7.22 7.30 9.41 10.06 

Min 6.64 6.47 6.31 8.32 7.98 

�̅� pH 8.21 8.13 8.11 8.12 8.07 

s 0.08 0.06 0.08 0.08 0.0 

N 42 24 27 15 24 

Range 0.27 0.19 0.33 0.23 0.17 

Max 8.29 8.25 8.22 8.22 8.17 

Min 8.02 8.06 7.89 7.99 8.00 

�̅� Temperature 9.7 10.6 12.0 13.7 15.2 

s 0.7 1.0 1.7 1.9 0.6 

N 42 30 33 18 21 

Range  2.8 3.4 6.2 5.9 2.1 

Max 11.2 12.4 14.2 16.0 15.9 

Min 8.4 9.0 8.0 10.1 13.8 
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Fig. 4.5: Dissolved oxygen (A), pH (B), and temperature (C) of the control tank ( ) and treatment tanks 1 ( ), 2 

( ), and 3 ( ) in the dynamic acclimatization experiment. Due to instrument failure, DO data was not collected 

between days 107 and 156. Temperature variation was within normal parameters of natural environments, as 

seen graphed next to daily sea surface temperature data from Portobello (–, Cook et al., in prep).  
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Table 4.10: Summary of ANOVA test of variance between tanks testing for pH, dissolved oxygen, and 

temperature values of each treatment tank and control, showing no significant difference between means and no 

difference between residuals (p-value in bold red).  

Source of 

Variation 
SS df MS F P-value F crit 

pH 0.0018 1 0.001805 0.227 0.634 3.885294 

pH Residuals 1.5399 194 0.007937    

DO  0.09 1 0.0853 0.083 0.774  

DO Residuals 162.27 158 1.0270    

Temperature 0.0 1 0.0023 0.002 0.962  

Temperature 

Residuals 
192.6 194 0.9926    

Three single factor ANOVA tests were run on each water characteristic (DO, pH, 

temperature), and all tests showed a lack of significant differences (Table 4.10) between all 

treatment tanks and ambient seawater controlled to Mg/Ca 5.3, indicating that the differences 

were minimal. There were no confounding variables that would reduce replication so all 

individuals in the treatment groups were able to be counted individually in results and not 

grouped by tanks. 

4.4 Survival 

4.4.1 Dynamic Acclimatization Mussel Experiment  

Forty-four blue mussels were included in the acclimatization experiment for 210 days in order 

to test the survival potential of these organisms in a dynamic series of treatments. A single 

mussel died on day 150, but all other individuals survived the entire duration of the 

experiment. This death cannot be attributed to tank effect or poor water conditions as all other 

water parameters were not significantly different, and there was no other mortality in the tank 

with the death (Table 4.11). 

Table 4.11: Number of individual organisms in tanks over course of experiment. Survival rate of organisms after 

end of experiment (�̅� = 97.7%, s = 3.94%). 

Day Control Tank Tank 1 Tank 2 Tank 3 

0 11 11 11 11 

50 11 11 11 11 

100 11 11 11 11 

150 11 11 11 11 

200 11 10 11 11 

210 11 10 11 11 

Survival (%) 100 90.9 100 100 

Residual 2.28 -6.83 2.28 2.28 

 



49 

 

4.4.2 Static Biomineralization Multispecies Experiment  

The survival rates of oysters and mussels was over 75% in treatments where Mg/Ca was 

greater than or equal to 2.5 (Table 4.12). When Mg/Ca was at its lowest (1.5), survival rates of 

both molluscs were significantly lower. Tubeworm survival among all individuals was 100% 

in all treatments over the course of the experiment. The rate of population decline was greatest 

at the lowest Mg/Ca ratio, and zero in the control, with the other treatments falling between 

them (Fig. 4.6).  

Table 4.11: Percent survival data of species in biomineralization experiment in each treatment over the course of 

50 days. For full data set with individual counts of deaths see Appendix Table A.4.16. 

  Percent Survival (%) 

Treatment Species Day 0 Day 11 Day 29 Day 48 Day 50 

1.5 Oyster 100 100 88 25 25 

1.5 Mussel 100 100 67 50 50 

1.5 Tubeworm 100 100 100 100 100 

2.5 Oyster 100 100 88 81 81 

2.5 Mussel 100 100 79 79 79 

2.5 Tubeworm 100 100 100 100 100 

3.5 Oyster 100 100 100 100 100 

3.5 Mussel 100 100 100 100 100 

3.5 Tubeworm 100 100 100 100 100 

4.5 Oyster 100 100 100 75 75 

4.5 Mussel 100 100 96 79 79 

4.5 Tubeworm 100 100 100 100 100 

5.3 Oyster 100 100 100 100 100 

5.3 Mussel 100 100 100 100 100 

5.3 Tubeworm 100 100 100 100 100 

Ambient Seawater Oyster 100 100 94 81 81 

Ambient Seawater Mussel 100 100 88 83 83 

Ambient Seawater Tubeworm 100 100 100 100 100 

 

Fig. 4.6: Kaplan Meier survival curve of mussels (A) and oysters (B) in the biomineralization experiment. The 

lowest level Mg concentrations affected survival rates the most during the duration of the experiment over other 

treatments (Treatment 1 and 2). 
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4.5 Growth and Morphology 

4.5.1 Static Biomineralization Multispecies Experiment Growth 

Oysters and mussels were measured for growth and were determined to have very similar 

growth rates between all groups. Oysters grew between 0 – 0.08 mm/day lengthwise (�̅� = 

0.0143, s = 0.0205) and between 0 – 0.1 mm/day widthwise (�̅� = 0.0287, s = 0.0262) in the 

fifty-day experiment. Mussels grew between 0 – 0.16 mm/day lengthwise (�̅� = 0.0339, s = 

0.0263) and between 0 – 0.145 (�̅� = 0.0392, s = 0.0279) in the fifty-day experiment. 

Tubeworms were not measured for growth as tube calcite was irregular in shape and not-

easily quantifiable in a consistent manner. There was no significant difference among growth 

rates in the different treatments (Fig. 4.7-4.8, Table 4.13). 

Table 4.13: Summary of single factor ANOVA tests of variance between tanks testing for growth rates of length 

and width for both mussels and oysters showing no significant difference between means and no difference 

between groups or within groups. For full descriptive ANOVA statistics see Appendix Tables A.4.17-A.4.20.  

Sources SS df MS F P value Eta2 RMSSE Ω2 

Oysters Length 

Growth Rate 

Between 

Treatments 0.000572 5 0.000114 0.247 0.940 0.0145 0.128 -0.0436 

Within 

Treatments 0.0389 84 0.000463      
Total 0.0394 89 0.000443      
Oyster Width 

Growth Rate 

Between 

Treatment 0.00308 5 0.000615 0.883814 0.495 0.0468 0.235 

-

0.00609 

Within 

Treatment 0.0626 90 0.000696      
Total 0.0657 95 0.000692      
Mussel Length 

Growth Rate 

Between 

Treatments 0.00110 5 0.00022 0.308 0.907 0.0112 0.114 -0.0250 

Within 

Treatments 0.0972 136 0.000715      
Total 0.0983 141 0.000697      
Mussel Width 

Growth Rate 

Between 

Treatments 0.00416 5 0.000831 1.06 0.385 0.0375 0.211 0.00214 

Within 

Treatments 0.107 136 0.000783      
Total 0.111 141 0.000785      
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Fig. 4.7: Length growth rate ( , mm/day) and width growth rate ( , mm/day) of blue mussels over 50 days in 

each treatment group (�̅� = x, s = box, range = whisker). 

Fig. 4.8: Length growth rate ( , mm/day) and width growth rate ( , mm/day) of oysters over 50 days in each 

treatment group (�̅� = x, s = box, range = whisker). 

4.5.2 Static Biomineralization Multispecies Experiment Morphology 

Morphology of oysters and tubeworms showed no visual differences between before and after 

treatments. Organisms were similar colour, shape, and size. Differences noted in species are 

from small but measurable growth of calcite over the course of the experiment. Mussels were 

similar size and shape as well; however, there were visible differences in the colour of shells 

in the lowest treatment condition (Fig. 4.9). Blue periostracum (protein sheath) was damaged 

on shells near hinge at the oldest calcite for all mussels in treatment Mg/Ca 1.5 and present in 

all other treatment groups. 
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Fig. 4.9: Mussel shells before (A) and after (B) 50 days of treatment Mg/Ca 1.5. No disfiguration or abnormal 

growth along the edge of the shell where new growth occurred. Missing blue colour at base of calcite are 

examples of discoloration that occurred in all shells grown in 1.5 and 2.5 Mg/Ca treatment. Scale at bottom is 

centimeters. 

4.5.3 Dynamic Acclimatization Experiment Morphology 

Morphology of mussels in the acclimatization experiment showed no visible differences 

between before and after photographs. All individuals were visually similar in shape, size and 

colour when comparing whole shell segments with differences occurring in small but 

measurable growth of calcite. Blue colour periostracum (organic protein layer) was not eroded 

on any samples. SEM-EDS photographs of cross-sectional new shell growth showed no 

distinct difference in structure or growth between treatment (Fig. 4.10A) and control (Fig. 

4.10B)  

 
Fig. 4.10: SEM images of blue mussel shell cross section for treatment group (A), and control group (B). Newest 

growth edges were visually inspected in a cross-sectional area.  

                  

 

A B 
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4.6 Skeletal Composition 

4.6.1 Static Biomineralization Experiment Mussel Calcite 

Mussel shells are formed of two distinct calcite minerals: calcite that is without Mg or 

extremely low-Mg calcite (ELC, 0.4-0.6 wt% MgCO3) and a low-Mg calcite (LMC, 2.7-3.0 

wt% MgCO3). Total wt% MgCO3 content was calculated equation 5.1 (Table 4.14).  

𝑇𝑜𝑡𝑎𝑙 𝑤𝑡% 𝑀𝑔 =  𝑊𝑡% 𝐿𝑀𝐶 (%𝐿𝑀𝐶) + 𝑊𝑡% 𝐸𝐿𝐶 (% 𝐸𝐿𝐶)  Eq. 5.1 

Treatment 1.5 had an average skeletal Mg/Ca of 0.0140 (34% of sample was LMC). 

Treatment 2.5 had an average skeletal Mg/Ca of 0.0137 (32% of sample was LMC). 

Treatment 3.5 had an average skeletal Mg/Ca of 0.0122 (20% of sample was LMC), 

Treatment 4.5 had an average skeletal Mg/Ca of 0.0210 (48% of sample was LMC). 

Treatment 5.3 had an average skeletal Mg/Ca of 0.0148 (38% of sample was LMC).  

Table 4.14: Average wt% MgCO3, percentage of each of calcite type, calculated Mg content, and skeletal 

Mg/Ca of mussel shell carbonate. For full data of individuals see Appendix Table A.4.21. 

Treatment 

N = 21 

Wt% 

Mg in 

ELC 

Wt% 

Mg in 

LMC 

% ELC % LMC 

Total 

Wt% 

Mg 

Mg/Ca 

Ratio 

1.5 �̅� 0.46 2.76 65.74 34.26 1.16 0.0140 
 s 0.36 0.61 29.85 29.85 0.67 0.0081 

2.5 �̅� 0.43 2.72 67.54 32.46 1.14 0.0137 
 s 0.24 0.62 21.13 21.13 0.43 0.0052 

3.5 �̅� 0.52 2.96 79.46 20.54 1.01 0.0122 
 s 0.24 0.39 18.94 18.94 0.55 0.0066 

4.5 �̅� 0.53 3.03 51.64 48.36 1.71 0.0210 
 s 0.22 1.43 32.23 32.23 1.53 0.0200 

5.3 �̅� 0.55 2.68 62.50 37.50 1.23 0.0148 
 s 0.21 0.69 28.01 28.01 0.45 0.0055 

Ambient 

Seawater 

�̅� 0.48 2.45 68.16 31.84 0.98 0.0118 

s 0.34 0.89 38.54 38.54 0.72 0.0088 
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Fig. 4.11: Mg weight percentages of two calcites (extremely low MgCO3 calcite =  ; low MgCO3 calcite = ) 

identified in blue mussels (Mytilus edulis) in 5 treatments of increasing Mg concentrations of Mg/Ca ratios and 

an ambient seawater treatment (A). Percentages of calcite type (ELC,  ; LMC,  ) in blue mussel samples in 5 

Mg/Ca treatments and one ambient seawater treatment (B). Discrete calcite minerals were present in most shells 

in all treatments and control. Typical Low-Mg calcite values were fairly consistent in all treatments, but a 

significant amount of calcite with wt% MgCO3 < 1% was present all treatments (�̅� = x, s = box, range = 

whisker). 

Mussels were observed to have two percentages of LMC: either the shell samples had 0% 

LMC, or it had 35% LMC (Fig. 4.11). There was no distinction in this bimodal distribution of 

this LMC between groups, as no treatment level was significantly different in the number or 

shells in either bimodal distribution of the LMC. Descriptive statistics performed on both the 

distribution and the wt% MgCO3 of the two calcite types showed normal distribution for each 

species’ calcite (see Appendix Fig. A.4.1). A mixed linear model (Eq. 5.2, r2 = 0.0142) of Mg 

content in the calcite as a function of the treatment was determined:  
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𝑆𝑘𝑒𝑙𝑒𝑡𝑎𝑙 𝑀𝑔/𝐶𝑎 =  0.001𝑀𝑔/𝐶𝑎 +  0.0118  Eq. 5.2 

4.6.2 Static Biomineralization Experiment Oyster Calcite  

Oyster shells are formed of two distinct calcite minerals: calcite that is without Mg (0.0 – 2.22 

wt% MgCO3) and a low-Mg calcite (2.31 – 4.6 wt% MgCO3).  

Total wt% MgCO3 content was calculated using Eq. 5.1 (Table 4.15). Treatment 1.5 

had an average skeletal Mg/Ca of 0.0178 (28% of sample was LMC). Treatment 2.5 had an 

average skeletal Mg/Ca of 0.0138 (28% of sample was LMC). Treatment 3.5 had an average 

skeletal Mg/Ca of 0.0151 (29% of sample was LMC), Treatment 4.5 had an average skeletal 

Mg/Ca of 0.0139 (23% of sample was LMC). Treatment 5.3 had an average skeletal Mg/Ca of 

0.0148 (32% of sample was LMC). 

Table 4.15: Average wt% MgCO3, percentage of each of calcite type, calculated Mg content, and skeletal 

Mg/Ca of oyster shell carbonate. For full data of individuals see Appendix Table A.4.22. 

Treatment N = 16 

Wt% 

Mg in 

Calcite 

Wt% 

Mg in 

LMC 

% 

Calcite 

% 

LMC 

Total 

Wt% 

Mg 

Mg/Ca 

ratio 

1.5 �̅� 1.03 3.18 71.52 28.48 1.76 0.0178 

 
s 1.05 0.51 19.51 19.51 0.856 0.0050 

2.5 �̅� 0.44 2.78 72.49 27.51 1.07 0.0138 

 
s 0.27 0.44 19.15 19.15 0.47 0.0048 

3.5 �̅� 0.53 2.97 71.28 28.72 1.25 0.0151 

 
s 0.41 0.36 16.63 16.63 0.45 0.0055 

4.5 �̅� 0.58 2.84 77.03 24.50 1.08 0.0139 

 
s 0.49 0.35 20.72 20.50 0.61 0.0069 

5.3 �̅� 0.37 2.78 68.03 31.97 1.15 0.0148 

 
s 0.28 0.21 15.41 15.41 0.42 0.0037 

Ambient 

Seawater 

�̅� 0.57 2.73 72.82 27.18 1.13 0.0145 
s 0.47 0.80 20.76 20.76 0.60 0.0065 
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Fig. 4.12: Mg weight percentages of two calcites (extremely low MgCO3 calcite =  ; low MgCO3 calcite =  ) 

identified in jingle oysters (Anomia trigonopsis) in 5 treatments of increasing Mg concentrations of Mg/Ca ratios 

and an ambient seawater treatment (A). Percentages of calcite type (ELC,  ; LMC,  )in oyster samples in 5 

Mg/Ca treatments and one ambient seawater treatment (B). Multiple calcite peaks were clearly defined in each 

treatment, with two sets of low Mg-calcite present in each set of treatments. Typical Low-Mg calcite values were 

fairly consistent in all treatments, but a significant amount of calcite with wt% MgCO3 < 1% was present all 

treatments (�̅� = x, s = box, range = whisker). 

Oyster shells were observed to have three wt% values of LMC: either having 0%, 35% or 

55% LMC, with no distinct correlation to treatment (Fig. 4.12). The oyster calcite was tested 

and showed a normal distribution (see appendix Fig. A.4.2). A mixed linear model (Eq. 5.3, r2 

= 0.034) of Mg content in the calcite as a function of the treatment and the resulting equation 

was determined: 

𝑆𝑘𝑒𝑙𝑒𝑡𝑎𝑙 𝑀𝑔/𝐶𝑎 =  0.0158(𝑆𝑒𝑎𝑤𝑎𝑡𝑒𝑟 𝑀𝑔/𝐶𝑎) − 0.141  Eq. 5.3 
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4.6.3 Static Biomineralization Experiment Tubeworm Calcite 

Tubeworm calcitic tubes were identified to have two calcite minerals in treatment Mg/Ca = 

1.5 consisting of a low-Mg calcite (2.34 – 5.91 wt% MgCO3) and a high-Mg calcite (>7.5 

wt% MgCO3). In all other treatment groups tubeworms only had a single calcite mineral in 

their samples (high-Mg calcite >7.5 wt% MgCO3). Total wt% MgCO3 content was calculated 

using Eq. 5.4 (Table 4.16). 

𝑇𝑜𝑡𝑎𝑙 𝑤𝑡% 𝑀𝑔 =  𝑊𝑡% 𝐿𝑀𝐶 (%𝐿𝑀𝐶) + 𝑊𝑡% 𝐻𝑀𝐶 (% 𝐻𝑀𝐶)  Eq. 5.4 

 Treatment 1.5 had an average skeletal Mg/Ca of 0.101 (73% of sample was LMC). Treatment 

2.5 had an average skeletal Mg/Ca of 0.125 (100% of sample was HMC). Treatment 3.5 had 

an average skeletal Mg/Ca of 0.122 (100% of sample was HMC), Treatment 4.5 had an 

average skeletal Mg/Ca of 0.133 (100% of sample was HMC). Treatment 5.3 had an average 

skeletal Mg/Ca of 0.124 (100% of sample was HMC). 

Table 4.16: Average wt% MgCO3, percentage of each of calcite type, calculated Mg content, and skeletal 

Mg/Ca of tubeworm carbonate. For full data of individuals see Table A.4.23 in appendix. 

Treatment N = 12 

Wt% 

Mg in 

LMC 

Wt% 

Mg in 

HMC %LMC %HMC 

Total 

Wt% 

Mg 

Mg/Ca 

Ratio 

1.5 �̅� 2.21 9.75 26.30 73.70 7.82 0.101 
 s 1.39 1.11 19.95 19.95 1.59 0.0221 

2.5 �̅� 1.21 9.71 6.88 93.12 9.51 0.125 
 s 2.75 0.956 15.59 15.59 0.925 0.0134 

3.5 �̅� 0.00 9.31 0.00 100.00 9.31 0.122 
 s 0.00 1.21 0.00 0.00 1.21 0.0175 

4.5 �̅� 1.62 10.26 8.37 91.63 10.05 0.133 
 s 3.62 1.39 18.71 18.71 1.15 0.0170 

5.3 �̅� 1.54 9.56 7.70 92.30 9.44 0.124 
 s 3.44 0.870 17.23 17.23 0.744 0.0108 

Ambient 

Seawater 

�̅� 0.00 10.23 0.00 100.00 10.23 0.135 
s 0.00 0.647 0.00 0.00 0.647 0.00953 
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Fig. 4.13: Mg weight percentages of two distinct calcites (low MgCO3 calcite = , high MgCO3 calcite =  ) 

identified in blue tubeworms (Spirobranchus cariniferus) in 5 treatments of increasing Mg concentrations of 

Mg/Ca ratios and an ambient seawater treatment (A). Percentages of each calcite type (LMC,  ; HMC,  ) in 

blue tubeworms (Spirobranchus cariniferus) samples in 5 treatments of increasing Mg concentrations of Mg/Ca 

ratios and an ambient seawater treatment (B). Multiple calcites were present in some organisms in all treatments 

and control. Typical High-Mg calcite values were fairly consistent in all treatments, but a significant amount of 

low Mg calcite was present in the lowest Mg concentration treatment. (x is mean, box is s, whisker is range). 

A 

B 
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Fig. 4.14: Closed box graph of two identified calcites (LMC,  ; HMC,  ) of tubeworms in biomineralization 

experiment. Colour distribution shows the amount of each calcite type across the treatments.  

Figure 4.14 does indicate that two calcites were identified in multiple treatment groups; 

however, analysis of the multiple calcite peaks from the XRD spectra show that the Mg wt% 

of LMC in treatments 2.5, 4.5 and 5.3 show Mg content >6% MgCO3 (Fig 4.13A). A second 

identified calcite peak is reported as LMC in treatments 2.5, 4.5 and 5.3 by the definition used 

for the two-peak analysis, but has no significant difference in wt% MgCO3 from HMC. LMC 

identified in treatment 1.5 was significantly lower in wt% MgCO3 from HMC ( �̅� = 2.21%). 

The tubeworm calcite was tested and showed a normal distribution (see appendix Fig. A.4.3). 

A mixed model (Eq. 5.5, r2 = 0.1981) of Mg content in the calcite as a function of the 

treatment was determined: 

𝑆𝑘𝑒𝑙𝑒𝑡𝑎𝑙 𝑀𝑔/𝐶𝑎 =  0.0195𝑙𝑛(𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟 𝑀𝑔/𝐶𝑎)  +  0.0986   Eq. 5.5 
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Chapter 5: Discussion 

The results showed regional water variation in the Mg/Ca ratio as well as in the Mg and Ca 

concentrations. The coastal seawater data provided context for the experiments performed 

based on secular Mg/Ca variation by describing Mg/Ca conditions that calcifying 

invertebrates might face today. A static biomineralization experiment and a dynamic 

acclimatization experiment were carried out with consistent treatment values. It was observed 

that tubeworms (Spirobranchus cariniferus) exposed to lowered Mg/Ca treatments changed 

their carbonate composition, and a new model is proposed below to explain that 

biomineralization response. Oysters (Anomia trigonopsis) showed a stepwise bi-

mineralization, with either 0%, 35% or 55% low-Mg calcite, irrespective of Mg/Ca treatment. 

Blue mussels (Mytilus edulis) showed a bimodal amount of bi-mineralization, with either 0 or 

35% low-Mg calcite, irrespective of Mg/Ca treatment as well. 

5.1 Seawater: Regional versus Artificial 

Mg/Ca ratios of coastal water environments have significant differences from the standard 

open ocean. The mixing of freshwater into seawater in the neritic environment lowers the total 

concentration of both Mg and Ca. The Dunedin coastal area has a catchment area of ~1000 

km2 and an average rainfall of 806 mm per year, suggesting an estimated 8.06 × 1011 L of 

freshwater input every year (Otago Regional Council 2020). This volume of freshwater input 

has significant influence on the salinity levels and nutrient and mineral concentrations. 

Coastal hydrology surveys have shown surface salinities in the Otago region can fluctuate 

between 33.72% and 34.89% with no recognizable seasonal trend (Jillett 1969). The measured 

differences in Mg/Ca ratios and total concentrations are indicative that all freshwater sources 

have different amounts of Mg input and very little Ca input into the neritic water mass. 

 Water analysis between urban and agricultural stream sources has previously shown 

that urban river catchments have a decreased taxon richness for invertebrate species (Hall et 

al. 2001). Urban catchments such as the Water of Leith often have increased pollution levels, 

with both bacterial and heavy metal pollution (Otago Regional Council 2008). It is important 

to understand the differences in these types of freshwater sources, as some calcifying 

organisms inhabit a range of salinity level environments. There is potential for variable 

Mg/Ca ratios in different habitats occupied by coastal calcifying organisms, especially those 
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near freshwater fluvial and runoff sites. Certain species such as mussels are described as 

euryhaline, being able to tolerate a wide range of salinities. The blue mussels taken for this 

experiment were from Brighton Beach, which is part of the estuary system of Otokia Creek. 

These blue mussels have some tolerance to freshwater mixing, and can therefore be expected 

to encounter greater Mg/Ca variability, likely at the magnitude of what was measured (Mg 

concentration at 0.034 to 0.052 mol, Ca concentrations at 0.0048 to 0.010 mol, and Mg/Ca 

from 5.06 to 7.07). Future research should look at additional world sites where invertebrates 

grow, test water samples and gather shell samples. Additional sites would allow for a better 

understanding of how both freshwater alteration of Mg/Ca and varying pollutant levels 

interact to change the nature of invertebrate health and calcification. Understanding the nature 

of these multivariate systems is key to understanding the survival potential of these 

organisms. 

5.2 Mussels Acclimatize to Changing Mg/Ca Over Time 

The dynamic acclimatization experiment was set up to alter Mg/Ca concentrations by 

reducing Mg concentrations in a stepwise manner four times with values of Mg/Ca from 5.3 

to 1.5 over the course of 210 days while a control tank was kept at 5.3. The concentrations in 

decreasing Mg/Ca treatments did not vary significantly throughout the experiment and other 

abiotic factors (e.g., temperature and light) were the same for the four tanks (three treatments 

and the control). ASW was successfully used to grow mussels for an extended period with no 

adverse morphological effects, causing little or no stress to the study organisms. 

 Blue mussels were successful at acclimatizing to changes in Mg/Ca concentrations, as 

the organisms’ growth and survival rates were not significantly different among any 

treatment. Organisms that were in treatment groups did not exhibit morphologically different 

from organisms in the control. No abnormalities in shell growth or appearance, including the 

periostracum, were observed in any of the groups. The cross-sectional area of randomly 

selected individuals compared between control and treatment individuals showed no 

significant differences under the scanning electron microscope in regards to the structure, 

thickness or shape. Imagery of the actual structures of mussel shells showed smooth and 

continuous growth in treatment shells across a cross-section and no distinct visual difference 

compared to control groups.  
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SEM-EDS has the capacity to create a Mg concentration map. Unfortunately, SEM-

EDS could not be used for this thesis due to technical problems. This instrument is proposed 

for future analysis. Based on a lack of visual difference in images between treatment and 

control groups, it is suggested that blue mussel shell cross-sections should be elementally 

profiled using the “point and shoot” identification ability of the SEM-EDS in order to learn 

more about the physical changes that these organisms are undergoing during their growth in 

variable seawater conditions. Organisms grown in the dynamic experiment have identifiable 

calcein markings from staining techniques performed between each treatment phase, allowing 

for easy distinction between each treatment phase. Where visual identification of differences 

falls short, the “point and shoot” elemental analysis can look for changes in carbonate 

composition for each step of the dynamic experiment by taking elemental profiles in each of 

these growth segments defined by the calcein bands. Relative proportions of aragonite, low-

Mg calcite and high-Mg calcite could be determined in each of the treatment steps of the 

experiment while the characterization of the magnesium content between the shells would be 

quantifiable. 

This technique has the capacity to reveal whether mussels incorporated less Mg over 

time (shown via a decrease in Mg content from the center to the edge of the shell) or whether 

they actively used the same amount of Mg in their shell-making even in less favourable, low 

Mg conditions. This technique would be important in order to see the choice mussels made of 

either expending more energy for consistent calcite quality or maintaining energy 

consumption while showing decreased calcite quality. Either outcome has important 

implications for how the mussels will adapt in the future. 

5.3 Invertebrate Biomineralization Changes in Different Mg/Ca Conditions 

The static biomineralization experiment was a successful fifty-day experiment with a single 

Mg/Ca treatment in each tank and all other variables kept constant. While treatment 4.5 was 

an outlier for absolute Mg2+ and Ca2+ concentrations, the relative ratio of the treatment was 

ideal. Results from survival at that concentration may indicate relative importance of total ion 

concentration; however, the uniformity of growth data between every treatment indicates that 

absolute ion concentration has little impact on calcification. With total salinity and ion 

concentrations of ASW prepared in each treatment similar, discrepancies in divalent ion 

concentrations play no role in biomineralization. This conclusion is in agreement with 

literature observing that calcification at the same Mg/Ca ratio and differing absolute Mg2+ and 
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Ca2+ concentrations had zero difference in biomineralization (Ries 2006a). As such, 

discrepancies seen in mortality data is random and a result of expected variability that comes 

along with experimentation. 

 As in the acclimatization experiment, ASW did not cause any observable stress or 

difficulty to the three species under investigation. Low Mg/Ca proved to be the harshest 

condition, consistent with being the least similar to current ocean conditions. It was observed 

that the lowest survival of oysters (25%) and mussels (50%) occurred in Mg/Ca = 1.5. 

Tubeworms were more resilient and survived all treatments. Growth rates were not 

significantly different between any treatment groups for any species. Mussel growth rates of 

0.02 – 0.14 mm/day were similar literature values of 0.1 mm/day, and other species have been 

observed to have similar shell growth rates in experimental conditions (Almada-Villela et al. 

1982; Bayne and Worrall 1980; Riedi and Smith 2015; Smith and Lawton 2010). Thus, 

growth rates of shells were deemed within normal ranges for the organisms that survived each 

treatment, indicating that their growth and calcite production rates were unaffected. In the low 

Mg/Ca treatments where oysters and mussels died, their mortality suggests that they were 

unable to survive below a threshold of Mg concentration in the water, even though their shells 

often have a very low (e.g., < 2.2%) wt% MgCO3. Mixed models of skeletal Mg/Ca in 

response to seawater Mg/Ca for each species (Fig 5.1) were created with variable results.  

 Unlike the oysters or mussels, tubeworms in the low treatment Mg/Ca = 1.5 

successfully adapted to the conditions (section 4.6.2). The tubeworms created low-Mg calcite 

in considerable amounts (an average of 26% LMC in treatment 1.5), whereas in other 

conditions they were still able to maintain high Mg calcite (most tubeworms had 100% HMC 

in all other treatments). There was a significant difference in the amount of LMC made in 

Mg/Ca = 1.5. No other tubeworms made low Mg calcite of wt% MgCO3 < 5%: all other 

treatment groups had Mg calcites of >8 wt% MgCO3 for all calcite. This result shows that a 

species which was previously thought to be able to control its carbonate mineralogy can be 

forced to produce a different type of calcite in adverse conditions. Ries, Stanley and Hardie 

have been able to elicit carbonate responses of organisms in variable Mg/Ca treatment before; 

however, previous results always found change in each of the Mg/Ca treatment groups that 

were tested (Ries 2005; 2006b; 2010; Stanley, Ries, and Hardie 2005; Ries and Hardie 2006). 

The models compiled by Ries (2010, Section 2.3.2, Fig 2.2) were representative of the 

continual skeletal Mg/Ca changes that were observed. However, the results here are not well 
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represented by that same model, as the tubeworm calcite did not undergo a continual response 

but rather an abrupt change at only the lowest treatment level. 

 

Figure 5.1: Regression models for calcification response of tubeworms (n = 60, ● , y = 0.0195ln(x) + 

0.0986, r2 = 0.198), oysters (n = 75, ● , y = 0.0158x0.141, r2 = 0.034) and blue mussels (n = 120, ● , y = 

0.001x + 0.0118, r2 = 0.014) in the biomineralization experiment. 

Oysters and mussels initially started with very low levels of MgCO3 wt% in their shells and 

over the course of the experiment at the chosen scale of Mg/Ca concentration, only fractional 

changes were elicited. These two invertebrate species had Mg inclusion in their carbonate at 

an order of magnitude smaller than that of tubeworm calcification. The small amount of Mg 

uptake made it difficult to test the boundaries of oyster and mussel passive calcification 

responses. Tubeworms however, exhibited a much larger magnitude of change in skeletal 

Mg/Ca. The data was fitted to a skeletal Mg/Ca response curve as is standard for literature in 

this field. The poor r2 value (0.20) along with the visualized data indicated that the model 

generated from this data is a poor fit for the data. Due to the sudden response change in the 

skeletal Mg/Ca of the tubeworms in a single treatment group, it is proposed that there might 

be a more appropriate model to explain the response.  

5.4 Calcification Tipping Point: A New Model 

The models for calcification response to seawater Mg/Ca are linear or mostly linear 

regressions (Section 2.3.2). Initially, researchers believed that Mg in seawater was directly 

related to Mg in skeletal calcite (Fig 5.3). It was proposed that when skeletal Mg/Ca were 

plotted against seawater Mg/Ca, all species exhibited a similar response (equal slope of a 
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linear model), and shifted in value based on how active or passive the organism was at 

calcifying (translation of regressions by different x-intercepts). If a species’ calcification 

response was on the central line, then they were classified as passive calcifiers. If a species’ 

calcification response deviated from the line, increasing distance from the line indicated 

increasing control on the calcification process (Lowenstam and Weiner 1989). Organisms 

with passive calcification were completely linear, and those with active calcification were 

producing calcite at their chosen Mg/Ca ratios constantly even as Mg/Ca in seawater changed.  

Fig 5.3: Basic calcification response curve initially proposed saying that seawater Mg/Ca directly related to Mg 

in skeletal calcite. Area in white was probable locations for calcification regressions, with dotted lines the 

extreme of normal passive calcification (─). An example of a more active calcifier (- - -) translated away from 

the passive response curve. Blue area is unlikely skeletal responses. 

 Then Ries (2010) consolidated a series of mixed-linear models made for a number of 

species calcification responses and saw that variation in species skeletal Mg/Ca composition 

occurred as a result of active or passive calcification (Fig 5.4). This was a new idea in which 

the calcification response of organisms could be modeled by regression with different slopes 

(see section 2.3.2). This model proposed active and passive calcifiers as two different types of 

models with drastically different slopes. Passive calcifiers still resembled linear models with 

similar slopes, only somewhat different among species. However, active calcifiers had two 

types of responses. Active calcifiers exhibited far less response to changing seawater Mg/Ca 
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as passive organisms did, but still showed continual calcification changes over a range of 

Mg/Ca treatments. A subset of active calcifiers were introduced as rigid active calcifiers. They 

had an almost horizontal response where they maintained their calcite response regardless of 

the Mg/Ca levels in seawater.  

 

Fig. 5.4: The next progression of calcification response models highlighted in Ries 2010 literature review 

showed variation in species as a result of active or passive calcification. Passive calcifiers show a very similar 

response with very linear responses in calcification to seawater Mg/Ca. Active calcifiers either show less 

response with a very slow response curve or no response with a flat response curve. 

 The results from the biomineralization experiment (Fig 5.5) show that there is a further 

possible model: that of a tipping point in some species when it is not justified to use a simple 

linear model. The tubeworm carbonate calcified in Mg/Ca levels at 2.5 and above show an 

active and rigid calcification response with a near horizontal regression. However, at some 

point below Mg/Ca levels of 2.5, the tubeworms exhibited a different response. As a result, 

two models are proposed here to better explain the calcification response observed in this 

experiment. In both of the proposed models, the passive calcifiers would perform the same as 

previous models, but the focus would be on what happens with active calcifiers.  
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Fig 5.5: Averaged tubeworm calcification response from the biomineralization experiment (n = 12, ●) with 

standard error bars. Tubeworm calcification for Mg/Ca > 2.5 best fits a horizontal regression similar to a rigid 

active calcifier; however, between Mg/Ca 1.5 and Mg/Ca 2.5, a non-horizontal regression is a better fit of the 

data. The exact seawater Mg/Ca value at which the calcification response changes is unknown, so a second 

regression cannot be accurately determined with only two data points (inset). 

 One model would be a series of stepwise plateaus in skeletal Mg/Ca content made by 

active calcifiers at decreasing concentrations of seawater Mg/Ca (Fig. 5.6). This model would 

indicate that active calcifiers do not change their calcification response type from active to 

passive, but rather actively choose a different level of skeletal Mg/Ca incorporation based on a 

range of the seawater Mg/Ca. Active calcifiers would constantly provide control over their 

skeletal Mg/Ca, and respond by producing more energy efficient calcites with 

characteristically lower wt% MgCO3 when the amount of energy expended becomes too 

costly to maintain their preferred high-Mg calcite. Another scenario of this model would be 

calcifiers which are able to biomineralize a new calcite with increased wt% MgCO3 in 

extremely elevated Mg/Ca conditions. Additional work is needed to explore Mg/Ca treatment 

at levels above 5. Although very high Mg/Ca levels might not be realistic as historical Mg/Ca 

has never reached 6, this information would show a broader response curve of all organisms. 

Finding out if low-Mg calcite producers can produce HMC in extremely high Mg/Ca 

conditions would indicate that this tipping point model can work in both directions. It would 

imply that LMC species that eventually produce HMC are actually active calcifiers as well, 

but have yet to be forced to produce HMC in a laboratory setting. 
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Fig 5.6: Tipping point model one. There is a series of step-wise plateaus for each active calcifier at different 

concentrations of seawater Mg/Ca. The slope does not change between steps (seen around 1.5 above) but the 

composition shift to a different skeletal Mg/Ca content is forced in extreme conditions. This could occur in at 

either extreme in testing different levels of seawater Mg/Ca. 

 The second model would be where the calcification response of organisms can be 

pushed to a tipping point after which they switch from active to either semi-active or passive 

calcification (Fig 5.7) – a hybrid of previous models. It has been described thus far that 

species can be active or passive calcifiers, but this model suggests that there can be a switch 

between these calcification responses in a species. The model states that the line of best fit for 

the data is a series of changing slopes, with the intersection of these slopes a tipping point at 

which calcification strategies change. There would be three major calcification responses: 

active calcification, passive calcification, and semi-active calcification responses that 

represent the main strategies that species employ to survive changing Mg/Ca. A shift from 

active to semi-active to passive could be a viable response that species have to address 

shifting seawater Mg/Ca conditions.

 

Fig 5.7: Tipping point model two. Calcifying species can be pushed to a tipping point where they go from active 

calcification (  ) to either semi-active (  ) or passive calcification(  ). Some active species could employ one, 

two or parts of all three calcification responses in order to cope with changing seawater Mg/Ca. 
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5.5 Shortcomings and Future Work 

This research’s shortcomings were based upon certain variables that arose throughout the 

experiment. The main shortcoming was having to feed organisms using phytoplankton grown 

in real seawater and thus introducing minute amounts of real seawater into tanks throughout 

the feeding process. This potentially could have resulted in slight drifts in the Mg/Ca ratio, but 

was mitigated as best as possible by frequently cycling tank water with fresh ASW. Ideally, 

future research would feed organisms with a dried form of phytoplankton or from 

phytoplankton cultures raised in treatment ASW conditions to remove this potentially 

confounding variable. 

 Future work will require more step-wise treatments within this Mg/Ca ratio treatment 

range of 0 to 6 to understand exactly where the tipping points for these calcifying organisms 

are. With previous research performing 3, 5 or 6 treatment levels (Section 2.3.2), there is not 

enough resolution to understand the precise Mg/Ca ratio where calcification responses 

change. In the biomineralization experiment, tubeworm calcification transitioned to a lower 

wt% MgCO3 fairly suddenly, but without greater resolution it cannot be determined where the 

exact tipping point occurred. Additionally, it cannot be ascertained whether the tubeworm 

response followed the first or second model as there were not enough treatments around the 

change to identify the shape of the response curve. Further study of active calcifiers, and 

tubeworms in particular, will resolve the two proposed models explaining calcification 

response to changing seawater Mg/Ca. 
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Chapter 6: Conclusions 

What these experiments highlight is that the inclusion of Mg in marine invertebrate calcite is 

not a simple matter. The constant flux of variables in the real world affects the nature of 

growth, calcification and health of marine invertebrates in unknown ways. By placing 

organisms into an experiment with a single variable treatment of changing Mg/Ca, the 

complexity of seawater was narrowed down to look for a single response variable. 

 Ascertaining the influence of seawater Mg/Ca on skeletal Mg/Ca is notoriously 

difficult to do in aquarium culture conditions (Bidwell and Spotte 1985). Changing Mg 

concentration in tubeworm calcite shows that these experiments were successful in that 

pursuit. The Mg/Ca treatments chosen were low enough to show a significant and 

demonstrable change in skeletal carbonate mineralogy of tubeworms. The response of these 

tubeworms is believed to follow a step-wise or tipping-point model that highlights the 

complexity of control and response in calcifying organisms, rather than previous models that 

show a semi-linear response. This is the first example of a forced change the skeletal Mg/Ca 

mineralogy of a marine invertebrate with a rigid active calcification strategy through exposure 

to different Mg/Ca seawater conditions. Future work that decreases the intervals between 

treatments will be able to resolve the calcifying response models. In addition, performing 

Mg/Ca variable ASW experiments in the future with a greater number of treatments will allow 

better understanding of the response pattern of species. 

 Coastal water shows real world variability in seawater Mg/Ca, but at smaller 

magnitudes than used in the experiments. Mg content in water directly affects the growth of 

calcifying organisms. Each species has its own preferred Mg content in calcite, and each 

respond to seawater chemistry differently (Section 2.3.2, Table 2.3). In locations of high 

freshwater input there might be differing amounts of Mg content already affecting 

invertebrate calcification. When organisms survive in these conditions, fluctuations must be 

small enough to acclimatize to within a lifetime. Alternatively, generations may have adapted 

to varying levels of Mg to survive such as in the biomineralization experiment that was 

performed. Tubeworms in particular adapt to different Mg/Ca ratio in seawater, while mussels 

and oysters may have acclimatized over generations to survive and thrive in locations of 

freshwater influx. Mussels and oysters notably, however, die in prolonged low Mg/Ca ratios 

and thus there is a limit to how much they can change their calcification. 
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 Future study of wild invertebrate habitat should be undertaken to test water quality and 

gather shell samples. A focus on the interaction of multiple variables, including freshwater 

alteration to Mg/Ca, increased pollutant levels, increased temperature and decreased pH will 

be key to understanding the adaptive potential of invertebrates in future oceans. These are the 

anthropogenic conditions that invertebrates will be forced to calcify in the future. 

Understanding the nature of these multivariate systems is the key to predicting and aiding the 

survival of calcifying organisms.
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