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Thesis Abstract 1 

 

Thesis Abstract 

 

The Atlantic blue crab is an important keystone and commercial species within the 

Chesapeake Bay, with current management practices successfully maintaining the 

population. However, future environmental conditions caused by increasing carbon 

dioxide from anthropogenic sources may impact these gains. In other decapods early life 

stages are most vulnerable to acidification, however little research has explored the 

response of larval blue crabs. With continued absorption of excess CO2 into surface 

waters, the pH of these waters continue to decrease and may affect blue crab larval 

development. I determined the effects of increased acidity (pH 7.8, 7.4, & 6.8) on 

morphology, mortality, development, and protein and lipid content of embryos and larval 

blue crabs over a period of 16 and 7 days, respectively. Embryonic development is 

delayed, whereas larval survival and lipid content declines with increasing acidity. 

Morphology and protein content were unaffected in larvae, with the exception of 

shortened dorsal spine length at the highest acidity. Combining increased temperatures 

(23º, 26º, & 28º C) with acidification caused further declines in survival and lipid 

content, with new losses in protein content and swimming activity. No changes were 

observed in morphology or calcium content. Unless blue crabs are able to adapt at a rapid 

rate, these results denote negative outcomes for future populations and illustrate the need 

to explore mitigation strategies along with continued studies on adaptation. 
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Chapter One:  

Introduction 

 Exposing early life stage blue crabs (Callinectes sapidus) to acidity and 

temperature requires developing foundational knowledge of their life history, habitat, 

physiology, calcification process, and responses to other pollutants in their environment. 

Beginning with life history, this chapter provides the introductory framework upon which 

subsequent chapters build in relation to embryonic and larval responses to two changing 

environmental parameters. Based on these concepts, I have found increased acidity alone 

and the combination of increased acidity with increased temperature to negatively affect 

survival and development in their early life stages.  

Callinectes sapidus Life History:  

 Adults are sexually dimorphic, with males reaching maturity between 18-19th 

instars and females reaching sexual maturity at their terminal molt between 18-20th 

instars (Newcombe et al,. 1949a; Van Engel, 1958), or 12 months in warm water and 18 

months in cool water. Size and sexual maturity are strongly influenced by environmental 

factors such as salinity, temperature, food, and quality of food in both sexes (Newcombe 

et al., 1949b; Leffler, 1972; Millikin et al., 1980; Cadman & Weinstein, 1988). Although 

males mate multiple times throughout their lives (Van Engel, 1958; Fischler, 1965), 

females only mate during their terminal pubertal molt (Van Engel, 1958) and store the 

ejaculate from one or more partners (Jivoff, 1997). After courtship, which is initiated 

primarily through chemical cues (Teytaud, 1971; Gleeson, 1980; Gleeson, 1991; 

Bushmann, 1999), mated females migrate to the lower Chesapeake Bay spawning 
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grounds (Aguilar et al., 2005) and males remain in the upper Chesapeake with lower 

salinity (Hines et al., 1987).  

 Female migration brings them to the mainstem of the Chesapeake Bay for egg 

production and incubation (Aguilar et al., 2005), with subsequent migration leading to 

the Chesapeake’s mouth or just outside to the ocean (Tagatz, 1968; Tankersley et al., 

1998) for egg hatching. Excellent swimmers, females swim vertically into nocturnal and 

strong ebb-tide currents (Tankersley et al., 1998), which help to minimize near-shore 

planktivorous predation by swiftly drawing larvae off-shore (Morgan & Christy, 1995, 

1997).  

 Brood production is strongly influenced by temperature, salinity, and female size 

(Costlow & Bookhout, 1959; Davis, 1965; Jivoff et al., 2007), with females in the 

temperate Chesapeake Bay typically producing 1-3 broods per season (Hines et al., 

2003). Broods are carried between 14-17 days and are consistently aerated, which 

provides an added benefit of reducing parasite infestation (Kuris, 1991; Oh & Hartnoll, 

1999; Levi et al., 1999). Fungal infections are particularly prevalent, with up to 95% of 

all broods infected and 35-50% of each brood infested with fungi (Bland & Amerson, 

1974). Increased salinity increases infestation rates (Millikin & Williams, 1980; 

Overstreet, 1982) and egg loss is common and potentially catastrophic (Wickham, 1986). 

To countermeasure, blue crabs exhibit extraordinarily high fecundity and produce broods 

between 700,000 to 6,000,000 eggs (Van Engel, 1958; Prager et al., 1990; Zohar et al., 

2008). This strategy differs from other crustaceans and is successful because blue crabs 

produce unusually small eggs in comparison to other crustaceans (Davis, 1965). 
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 During embryonic development, the chorion increases water volume by 18% 

(Davis, 1965), rapidly increasing in volume near hatching time to rupture the inner 

membrane through prezoea movement (Jivoff et al., 2007). After rupture, stage I zoea are 

strong enough swimmers to maintain their position in the upper water column (Epifanio, 

1995; Whitney & Garvine, 2005). Larval development occurs in coastal shelf waters 

(Provenzano et al., 1983; Epifanio et al., 1984) and distribution is highly dependent on 

upwelling, downwelling, and wind patterns that ultimately result in patchy larval 

distribution (Epifanio, 2007). Total development from stage I to stage VII zoea requires 

3-4 weeks (Kennedy, 2007; Epifanio 2019), with the subsequent megalopae stage length 

highly dependent on a variety of environmental and chemical cues (Epifanio 2007; 

Epifanio & Cohen, 2016).  

 Upon megalopae recruitment and metamorphosis through advective transport 

(Forward & Tankersley, 2001), settlement is distributed through a variety of habitats. 

These include seagrass beds, macroalgal patches, marsh fringes, and oyster reefs, all of 

which offer good substrata with cover from predators and high prey abundance (Epifanio, 

2019). Once juveniles reach 20-30 mm they begin migrating from nursery habitat 

(Lipcius et al., 2007) to disperse throughout the estuary, continuing to molt toward sexual 

maturity. Mature crabs generally prefer habitat that provides plenty of cover to avoid 

numerous predators or conspecifics, as blue crabs exhibit strong cannibalistic behavior 

(Moksnes et al., 1997). Such habitat is also available outside of the Chesapeake Bay, and 

reproductive populations of blue crabs are found from New York to the northern coasts of 

South America, with additional populations found throughout the Caribbean islands 



Chapter One: Introduction 5 

 

(Zohar et al., 2008). 

Ecological Role of Callinectes sapidus:  

 In many ecosystems, apex predator populations have consistently diminished 

(Estes et al., 2011), primarily due to strong fishing pressures from humans, which have 

been classified as the top predator for many ecosystems (Castilla, 1999). These pressures 

have had a two-fold effect, with both bottom up and top down controls in estuaries 

affected (Kemp et al., 2005; Miller et al., 2005). Eutrophication from changing land use 

has been exacerbated by the loss of filter feeders in the Chesapeake Bay from intensive 

oyster harvesting (Jackson et al., 2001), while declining blue crab populations from 

similar harvest pressures likely caused large salt marsh die-offs, with subsequent 

conversion to mud flats (Silliman & Bertness, 2002). Additionally, the removal of apex 

predators has altered trophic food webs, with invertebrate predators now of primary 

importance in continental coastal ecosystems (Baum & Worm, 2009; Boudreau & Worm, 

2012). Blue crabs are particularly described as keystone species due to their out-sized 

economic importance (Miller et al., 2005) and their ability to alter habitat structure 

(Silliman & Bertness, 2002). They may also help the Chesapeake Bay resist invasive 

species (DeRivera et al., 2005), although this does have mixed success (Roudez et al., 

2008). 

Blue crabs serve as an important predator on bivalve communities (Arnold, 1984), 

crustaceans (Hill & Weissburg, 2013), scallops (Carroll et al., 2015), small fishes (Kneib, 

1982), and snails (West & Williams, 1986). As opportunistic predators, they will 

consume any prey available (Hines, 2007; Mancinelli et al., 2017). Additionally, blue 
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crabs are highly important prey items for fishes, birds, mammals, and cephalopods 

(Boudreau & Worm, 2012). Reducing their population could exacerbate trophic cascades 

(Johnson et al., 2014) and reduce environmental resilience (Lipcius & Stockausen, 2002), 

given their importance as both predator and prey. 

Overall, blue crabs provide services ranging from habitat structural stability 

(Silliman & Bertness, 2002), trophic stability (Johnson et al., 2014), and economic 

stability (Miller et al., 2005) to the Chesapeake Bay region. Their current importance in 

the Chesapeake is likely due to human pressures that removed other predators from the 

area, such as sharks, gray whales, giant sturgeon, rays, and others (Jackson et al., 2001). 

Although this heavy trophic reliance on large invertebrates such as the blue crab is 

relatively new, it emphasizes the need for better conservation strategies to prevent further 

trophic down-grading (Estes et al., 2011). 

Ion Regulation and Calcification in Crustaceans: 

 In general, decapods are strong ion regulators and actively transport bicarbonate 

into their hemolymph to maintain acid-base balance. However, it can be difficult to 

describe a generic calcification process due to the great habitat diversity in which 

crustaceans are found. Estuarine species like Callinectes sapidus are daily exposed to 

wide ranges in temperature, pH, and salinity, which enable adults to respond relatively 

well to increasing acidification. However, it is unknown whether larvae are also capable 

of internal regulation, because early life stages develop in more stable ocean conditions 

outside of the estuary (Whiteley, 2011). With this in mind, it is still necessary to 

understand adult regulatory processes in order to determine if similar processes are 
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employed in larvae.  

 Most adult decapods regulate hemolymph pH by controlling concentrations of 

haemocyanin proteins and bicarbonate ions. Approximately 93% of this bicarbonate is 

derived from surrounding ocean water (Cameron, 1985) through energetically expensive 

active transport, using the branchial Na+/K+-ATPase system. Estimates wildly range from 

2.8-40% of total expenditure (Whiteley, 2011). Although some organisms can transfer 

ion regulation to a less expensive ion transporter (Pörtner et al., 2000), it is unknown 

whether decapods can do the same (Whiteley, 2011). They can temporarily tolerate 

increased haemolymph acidity, however it is costly and can reduce oxygen affinity to 

respiratory pigments, severely disrupting oxygen delivery (Whiteley, 2011). 

 The cuticle structure of crustaceans is quite complex and composed of four 

distinct layers: epicuticle, exocuticle, endocuticle, and membranous layer (Taylor et al., 

2015). The inner and outer layers do not contain elements susceptible to acidity (Travis, 

1955a, 1955b; Green & Neff, 1972), but the two middle layers contain chitin-protein 

fibers with calcium carbonate layered in between to form a Bouligand structure 

(Bouligand, 1970). This calcium carbonate can be found as calcite, amorphous calcium 

carbonate, or Mg-calcite (Travis, 1963; Huner et al., 1979; Roer & Dillaman, 1984; 

Dillaman et al., 2005). Amorphous calcium carbonate gradually undergoes 

transformation into Mg-calcite or calcite (Andersson et al., 2008) and calcium content 

may compose up to 22% of the middle layers (Vigh & Dendinger, 1982). Solubility is 

greatest with amorphous calcium carbonate and least with pure calcite, with calcite 

solubility increasing with greater magnesium incorporation (Andersson et al., 2008).  
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  Cuticle calcification relies on bicarbonate, unlike other calcifiers, which utilize 

carbonate (Cameron, 1985). Rather than relying on haemolymph acid-base balance, 

synthesis occurs within the exoskeletal compartment where pH is kept more basic to 

facilitate calcification (Cameron & Wood, 1985). Acidification could directly impact 

calcification rates through two pathways. Firstly, exoskeletal compartment pH could 

decrease, reducing calcium carbonate precipitation (Whiteley, 2011). Secondly, post-molt 

calcification could be compromised, which heavily relies on gills transporting calcium 

and bicarbonate from surrounding water (Neufield & Cameron, 1992; Wheatly, 1997). 

Inhibiting either pathway would delay exoskeleton hardening and increase predation 

vulnerability when they are immobile (Whiteley, 2011). Callinectes sapidus already 

experiences delayed calcification rates from hypercapnic events, slowing from 14 to 28 

days (Whiteley, 2011). Additionally, crabs utilized metabolic bicarbonate rather than 

external bicarbonate, which slowed calcification rates significantly (Cameron, 1985). 

Even so, medium-term studies suggest adults are able to compensate well under high CO2 

conditions, indicating the unaffected epicuticle may provide a good barrier for 

calcification sites (Ries et al., 2009).  

Historical Ocean Acidity and the Chemistry of Acidification:  

 Excluding the recent past, carbon dioxide concentrations have been reasonably 

steady over the past 300 million years (Palmer et al., 1998; Sabine et al., 2004; Honisch 

et al., 2008). Small fluctuations occurred over millennia and were primarily due to 

tectonic and biological inputs (Caldeira & Wickett, 2003). The greatest exception 

occurred during the current Cenozoic era (Pearson & Palmer, 2000) and developed 
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during the Paleocene-Eocene Thermal Maximum (PETM). Over a period of less than 

10,000 years, CO2 increased by a rate of 0.2 GtC/yr, causing catastrophic extinction of 

35-50% across all benthic invertebrate species (Kurihara, 2008). As a result, global 

average temperatures rose to reach approximately 8° C warmer than present conditions. 

By 24 million years ago, ocean pH and atmospheric CO2 re-stabilized to near present-day 

values (Pearson & Palmer, 2000). 

 Presently, anthropogenic rates of CO2 emissions are 8 GtC/yr, 16 times higher 

than during the PETM (Gibbs et al., 2006). Accordingly, current climate models predict 

temperature and pH changes over the next few centuries will be significantly faster than 

historic rates (Caldeira & Wickett, 2003), strongly and negatively influencing ocean pH 

(Marshall et al., 2008). Approximately 26% of fossil fuel outputs have been absorbed by 

oceans (Le Quere et al., 2012), which by the year 2300 may reduce average global ocean 

pH to as low as pH 7.4 (Caldeira & Wickett, 2003). This would be lower than any other 

global average pH in the past 25 million years (Widdicombe & Spicer, 2008).  

 When carbon dioxide enters seawater, it reacts with water to form carbonic acid, 

which dissociates into hydrogen, bicarbonate, and carbonate (Eq. 1).  

CO2 + H2O → H2CO3 → H+ + HCO3
- + CO3

2-   (Eq. 1)  

Bicarbonate and carbonate are important for regulating ocean acidity, in conjunction with 

a separate boron buffering system. Between these two systems, ocean acidity is currently 

maintained at approximately pH 8.06. The ocean prior to the Industrial Revolution is 

estimated to have been at pH 8.2 (Raven et al., 2005), approximately reflecting a 30% 

increase in acidification since that time.   
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 As carbon dioxide increases in the mixed layer, bicarbonate and carbonate 

concentrations shift to a new equilibrium with more bicarbonate and less carbonate, 

buffering the extra hydrogen ions produced in (Eq. 1). In certain systems like the 

Chesapeake Bay, this may result in sudden acidification events as buffering capacity is 

reached (Cai et al., 2017). Organisms relying on carbonate uptake for shell synthesis are 

most impacted by these changes (Ries et al., 2009).  

Crustacean Responses to Changing Environmental Conditions: 

 In other invertebrates, responses to increasing acidity and temperature are varied. 

Several reviews have highlighted the negative, neutral, or positive changes across 

differing species (Kurihara, 2008, Kroeker et al., 2013), collating single-species studies 

into a comprehensive whole. This section emphasizes the response of decapod 

crustaceans to increased acidity and temperature, narrowing to crabs and early life stages 

in particular. For a more thorough summary on economic and environmental impacts 

across marine invertebrates, please reference Appendices I & II.   

 Geographically, the most sensitive species are concentrated at high latitudes due 

to more rapid changes in carbonate chemistry (Kurihara, 2008), with early life stages 

likely to be most affected, although this depends on species’ adaptability (Kurihara, 2008; 

Ross et al., 2011). Adaptation rates are generally unknown, but organisms with extremely 

short generation times are expected to adapt more quickly. Longer generation times, 

including decapod crustaceans, may slow adaptation rates. At least one study predicts 

invertebrate extinction rates between 15-37% by 2050 (Thomas et al., 2004), although 

this estimate will likely change with more refined adaptation studies.  
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 Although the Chesapeake Bay is not located in a high latitude, it is expected to be 

extremely sensitive to any changes in chemistry. It must balance interactions between 

riverine input, eutrophication, respiration, decomposition, and current dynamics (Najjar 

et al., 2010; Cai et al., 2011). This highly productive system supports a significant 

volume of marine calcifiers, dramatically lowering natural carbonate concentrations (Cai 

& Wang, 1998). As a result of these interactions, the Chesapeake Bay could suddenly 

shift to severely acidic conditions throughout the estuary that would initiate a cascade of 

calcium carbonate dissolution (Cai et al., 2017). Such an outcome would have significant 

ramifications for its diverse calcifying populations. 

 In shrimp and prawns, acidification primarily affects metabolic rates (Furtado et 

al., 2017; Augusto et al., 2018), with one species’ metabolism declining by 30% at pH 

7.3 (Augusto et al., 2018). Such declines may impact immunosuppression and their 

ability to fight off disease (Furtado et al., 2017). Growth, hatching success, calcification 

rates, and survival can also be affected (Wickins, 1984; Kurihara, 2008; Taylor et al., 

2015; Zheng et al., 2015). Warming temperatures likely reduce health outcomes more 

than acidification alone, although in one shrimp species increased acidity mitigated its 

effects (Arnberg et al., 2013).  

 Although there are relatively few published studies on lobster outcomes, the few 

existing studies provide contradictory results. One commercially important species 

(Nephrops norvegicus) experiences oxidative stress and immunosuppression in acidic 

conditions, with no effect on survival (Styf et al., 2013; Hernroth et al., 2015). Warming 

temperatures do not exacerbate any high acidity responses (Styf et al., 2013). In another 
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commercially valuable species (Homarus gammarus), calcium content was reduced up to 

50%, although length and survival were unaffected (Arnold et al., 2009). In 

contradiction, another study did find reduced growth along with increased oxidative 

stress in the same species (Rato et al., 2017). A near cousin, Homarus americanus, 

exhibited delayed development to subsequent molting stage, reduced carapace length, and 

increased mortality in its final larval stage (Keppel et al., 2012), which was substantiated 

in later studies (McLean et al., 2018; Niemisto, 2019). These outcomes, variable from its 

European cousin, appear to be population dependent responses (Niemisto, 2019) and may 

explain further contradictions found throughout lobster studies (McLean et al., 2018). 

 Within crab species, outcomes of commercially valuable species dominate 

acidification and multi-stressor studies (Walther et al., 2010; Long et al., 2013a, 2013b, 

2017; Giltz & Taylor, 2017; Gravinese, 2018; Bednarsek et al., 2020; Tomasetti et al., 

2018). The cumulative worth of US crab fisheries sensitive to ocean acidification 

surpasses $400 million annually (Gravinese, 2018; Tomasetti et al., 2018; Bednarsek et 

al., 2020), with the blue crab fishery alone one of the most valuable fisheries in the world 

(Eggleston et al., 2008).  

 Briefly mentioned earlier, juvenile and adult crabs have broadly been considered 

immune to acidification (Pane & Berry, 2007; Spicer et al., 2007; Small et al., 2010). 

However more recent studies detect increased calcification rates (Ries, 2011), delayed 

post-molt regrowth (Whiteley, 2011), and increased locomotory fatigue (Stover et al., 

2013). Increasing temperature alongside acidity reveals unaffected oxygen consumption 

and growth (Glandon et al., 2017; Glandon et al., 2019), although higher temperatures do 



Chapter One: Introduction 13 

 

decrease intermolt period and increase food consumption (Glandon et al., 2017). These 

two changes are expected, as increased temperatures quicken maturation (Fisher, 1999).  

 Early life stage crustaceans are far more susceptible to increased acidity and this 

is likely because they develop in more stable ocean environments that require less 

flexibility than estuarine and near-shore systems occupied by adult stages (Tomasetti et 

al., 2018). Early life stages in many species respond with reduced lipids (Walther et al., 

2010; Carter et al., 2013; Long et al., 2013a), cardiac performance (Ceballos-Osuna et 

al., 2013), developmental rates (Walther et al., 2010; Long et al., 2017), size (Walther et 

al., 2010; Long et al., 2013b, 2017; Giltz & Taylor, 2017), and altered calcification rates 

(Long et al., 2013a, 2013b; Bednarsek et al., 2020). However, morphological changes are 

highly variable, with some species undergoing no change (Long et al., 2013a; Ceballos-

Osuna et al., 2013). Embryonic hatching success declined in the Florida stone crab 

(Menippe mercenaria) but was highly variable (Gravinese, 2018), similar to highly 

variable hatching success in Petrolisthes cinctipes (Ceballos-Osuna et al., 2013). 

 Beyond these sub-lethal outcomes, reduced survival has been evidenced in several 

species (Long et al., 2013a; Long et al., 2013b, 2017; Tomasetti et al., 2018), with blue 

crab survival in Louisiana dropping by 23% (Giltz & Taylor, 2017). However, not all 

species experience reduced survival (Schiffer et al., 2013), and geographically distinct 

populations reveal markedly divergent responses to combined temperature and acidity 

changes (Walther et al., 2010). In addition to population differences, responses can 

widely vary between broods (Carter et al., 2013; Ceballos-Osuna et al., 2013; Gravinese, 

2018) and could point to future adaptability (Waldbusser et al., 2011; Long et al., 2017), 
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but more studies are certainly required. 

 Although responses have been observed in other populations of early life stage 

blue crabs, none have yet evaluated the Chesapeake Bay population, which may differ as 

found in other species (Walther et al., 2010). Even so, the effects of acidification and 

temperature are likely to be negative. It is unlikely they will be able to internally 

compensate for increased acidity alone or increased temperatures and acidity because 

they develop in stable environmental conditions (Whiteley, 2011). Based on responses 

across other species, I expect calcification processes to be affected in their exocuticle and 

endocuticle, lipids and protein will decrease as their metabolic rates are affected, 

locomotory fatigue may occur, and survival will be diminished. I will also evaluate how 

acidification affects blue crab embryos, which has yet to be determined, and which will 

likely delay development and reduce hatching success.  
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Chapter Two: 

 
The effect of increased acidity on blue crab (Callinectes sapidus) embryonic 

development 

Abstract 

  

 The Chesapeake Bay is experiencing acidification derived from eutrophication 

and increasing carbon dioxide from anthropogenic sources. Currently there are no 

published studies evaluating the effects of these changes on a keystone species, the 

Atlantic blue crab (Callinectes sapidus), and its embryonic development. In this study, 

embryos obtained from the Eastern Shore of Virginia were placed in varying acidities 

(pH 6.8, 7.4, & 8.1) and observed over 16 days for changes in developmental 

progression, final yolk size, hatching day, hatching success, and embryo volume. At high 

acidity (pH 6.8), embryonic development was delayed and hatching day was delayed, 

with no changes in hatching success, final yolk size, or embryo volume compared with 

control (pH 8.1). At medium acidity (pH 7.4), hatching day was impaired, with no impact 

on hatching success, development, final yolk size, or embryo volume. These outcomes 

illustrate the negative effect of extremely high acidity on embryonic development and 

hatching, although the observed delays were minimal and unlikely to impact the species 

on a population level. Combining multiple stressors such as temperature and salinity will 

be important factors to consider in subsequent studies seeking to understand their 

response to multiple changes.  
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Introduction 

 

 As acidification continues to intensify globally (Doney et al., 2014; Wallace et 

al., 2014), the Chesapeake Bay estuarine system is expected to experience extreme 

localized acidity due to eutrophication from nitrogen and phosphorus as well as chronic 

depletion of carbonate (Cai et al., 2017). These outcomes will likely negatively affect a 

majority of ecosystems in the Chesapeake (Najjar et al., 2010), although new studies 

have observed potential buffering capability related to specific habitat restoration (Su et 

al., 2020). The effects of increased acidity is broadly understood in commercially 

valuable mollusks such as juvenile eastern oysters (Beniash et al., 2010; Waldbusser et 

al., 2011; Branch et al., 2013), whereas there are few studies exploring the impact on 

early life stages of the commercially and ecologically valuable crustacean, Callinectes 

sapidus, with no studies determining how increased acidity will affect its embryogenesis.  

 Responses to acidification are widely variable within crustaceans (Whiteley, 

2011), although sensitivity broadly increases with exposure in the earliest life stages 

(Przeslawski et al., 2015). In calanoids, adults are largely resilient to increased acidity, 

but exposure during early development reduced hatching success in some species to a 

minuscule 4% (Mayor et al., 2007). However, some species of amphipods are relatively 

unaffected by acidity and are more strongly influenced by low salinity (Egilsdottir et al., 

2009). These varied outcomes, among many others (Kroeker et al., 2013), are expected 

for such a diverse group of organisms and only serve to emphasize the continued value of 

individual studies, in addition to expanding research to include multi-stressor impacts, as 

well as long-term and mesocosm studies.  
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 Embryonic and larval development slows in response to acidification in some 

barnacles (Findlay et al., 2009), sand dollars (Gonzalez-Bernat et al., 2013) and krill 

(Kawaguchi et al., 2011). Additionally, morphological abnormalities were observed in a 

slipper limpet (Noisette et al., 2014) and sea urchin (Lamare et al., 2016) embryos, along 

with significantly reduced fertilization in sand dollars (Gonzalez-Bernat et al., 2013). 

These crustaceans do exhibit adverse effects, whereas decapods display more varied 

responses. In the Norway lobster, Nephrops norvegicus, a long-term study found 

increased temperature to have a greater negative effect on yolk consumption, heart rate, 

and oxygen consumption than low pH, with only oxidative stress slightly increasing at 

low pH (Styf et al., 2013). However, in the porcelain crab, Petrolisthes cinctipes, 

embryos experience delayed development and increased mortality with increased acidity 

(Carter et al., 2013; Ceballos-Osuna et al., 2013). In red king crabs, Paralithodes 

camtschaticus, developmental rates actually increased with acidification, alongside 

increased yolk consumption and eye size, with such changes expected to significantly 

reduce future population sizes (Long et al., 2013). 

 Responses to increased acidity may vary widely, due to highly variable embryonic 

development within decapod brachyurans (Garcia-Guerrero & Hendrickx, 2004). In a 

marine brachyuran, the Tanner crab, a long-term study found little response to 

acidification during the first year of exposure. However, in the second year, hatching 

success was significantly reduced, embryonic development was significantly altered, and 

the number of viable larvae to hatch were significantly lower (Swiney et al., 2015). The 

Florida stone crab exhibited highly variable hatching success between broods in acidic 
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conditions, although overall success was reduced by 28% and developmental rates were 

delayed by 24% (Gravinese, 2018). Although many estuarine brachyuran species, such as 

Callinectes sapidus, are strong iono-regulators as adults, this may not be true for embryos 

in chronic hypercapnic conditions (Whiteley, 2011). For instance, Dungeness crabs 

exposed to acidic conditions experience delayed hatching, despite exposure only starting 

near the end of embryonic development (Miller et al., 2016). As such, there is a strong 

need for additional studies focused on estuarine brachyuran responses during embryonic 

development. 

  The effects of acidification on embryogenesis are currently unknown in Atlantic 

blue crabs. Here I explore how medium (pH 7.4) and high (pH 6.8) acidic conditions 

impact embryonic volume, yolk consumption, hatching day, hatching success, and 

developmental progression compared to control conditions (pH 8.1). It is expected that 

high and medium treatments will result in delayed development, increased yolk 

consumption, reduced hatching day and success, and unchanged embryonic volume.  

Methods 

 Experimental Design: Nine 500 mL separatory funnels were connected to an air 

pump at the base to provide embryonic suspension (Cassels & Krebs, 1983; Helluy & 

Beltz, 1991). A CO2 line from the top of the funnel bubbled CO2 to maintain three 

funnels at pH 8.1 (control), three funnels at pH 7.4 (medium), and three final funnels at 

pH 6.8 (high; Figure 2.1). Carbon dioxide input was controlled by a microcontroller 

(Arduino) and solenoid system which input pure CO2 every 10 minutes. Water changes 

were conducted every other day and salinity and temperature were maintained at 25‰ 
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and 20° C (Table 2.1). To minimize infections, seawater was treated with an antibiotic 

(malachite green, 1 ppm) and an antifungal (nystatin 5 mg mL-1; Bas & Spivak, 2000). 

Salinity, temperature, and pH were monitored daily.  

 Ovigerous female C. sapidus were obtained from the Anheuser-Busch Coastal 

Research Center (ABCRC) and transported to Charlottesville, Virginia. Broods were 

divided according to developmental stage, with only early-stage embryos used in 

experiments. Subsets of each early-stage brood were removed and scanned under a 

dissecting microscope for visible signs of infection. Embryos from the six healthiest 

broods were selected and removed from females with tweezers (Bas & Spivak, 2000; 

Gravinese, 2018) with initial developmental stage recorded and approximately 100,000 

eggs placed into separate, randomly assigned separatory funnels. Each brood was 

considered one replicate (N=6), with each brood providing embryos for control and 

treatment funnels. Embryos were maintained for 16 days until hatching. Every other day 

approximately 100 embryos were removed, with a subset of ten healthy embryos 

removed for developmental, volume, and yolk analysis (Giovagnoli et al., 2014). Any 

dead or rotting eggs were also removed from funnels (Giovagnoli et al., 2014). Each egg 

was photographed, its developmental stage recorded (Gravinese, 2018), and stored in 

ethanol (95%). Embryo developmental stage was classified based on yolk content, the 

presence or absence of the eyespot, and primordia differentiation (Garcia-Guerrero & 

Hendrickx; Gravinese, 2018; Table 2.2). Hatching day was determined as the presence or 

absence of stage 1 zoea per day for each funnel. Hatching success was determined based 

on successful observed hatching by day 16 for each funnel and recorded as presence or 
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absence of stage I zoea.  

 Embryo Measurements: Embryo volume was determined using the following 

equation:  

V=(π×l×h2/6)     (Eq. 1) 

where l is the longest axis and h is the shortest axis (Giovagnoli et al., 2014). Final 

embryonic volume changes were also calculated:  

V=((V16−V1)/V1)×100             (Eq. 2) 

where V16 is the final day average embryonic volume and V1 is the initial day average 

embryonic volume (Giovagnoli et al., 2014).  

 Total yolk consumption was calculated for each funnel using the following 

equation:  

(Y16/S16)*100                                             (Eq. 3) 

where Y16 is average yolk surface and S16 is average embryo surface, with both 

measurements taken at day 16 (Giovagnoli et al., 2014).  

 Statistical Analysis:  

 All data were tested for normality (Shapiro-Wilk) and heteroscedasticity (Bartlett 

Test or Fligner-Killeen, depending on normality distribution). If data failed the test for 

normality (embryo volume, developmental rate), they were log-transformed. Embryo 

volume and developmental rate log-transformed data were evaluated based on Q-Q plots 

and skewness and determined to fit normality assumptions enough to use parametric 

analysis (Webster & Oliver, 2007). Data (embryo volume, diameter, yolk consumption, 

developmental rate) were analyzed with 2-way factorial ANOVA, with brood and pH as 
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the factors (Witte & Witte, 2007). They were also analyzed with linear or generalized 

mixed effects models, with pH as the fixed effect and brood and day as the random 

effects (Qian, 2010). Significant results from ANOVA underwent Tukey HSD post-hoc 

testing (Gardener, 2012). Binomial data (hatching day) were analyzed with a logistic 

regression (Horton & Kleinman, 2011), with hatching success data analyzed with a 

Fisher’s Exact Test (Horton & Kleinman, 2011). Power analysis was performed using R 

package ‘pwr’ v. 1.3.0 (Champely et al., 2020). Water quality parameters were calculated 

using R package ‘seacarb’ v. 2.4.3 (Gattuso et al., 2018), with total pH scale, Kf (Perez & 

Fraga, 1987), k1, k2 (Lueker et al., 2000) and Ks (Dickson, 1990). Mean pH and standard 

error were determined after converting from pH to hydrogen ion concentration, which 

were then converted back to pH scale. All data were analyzed in R v. 3.5.2 (R 

Development Core Team, 2011) with the packages ‘car’ (Fox et al., 2019) ‘ggplot2’ 

(Wickham, 2009), ‘nlme’ (Pinheiro et al., 2020), and ‘lme4’ (Bates et al., 2015). All data 

were considered statistically significant with an alpha of 0.05. 

Results 

 Water quality: Temperature, salinity, and total alkalinity remained constant for 

each of the tanks (Table 2.1). In each tank, pH also remained fairly constant.  

 Embryo volume: In a linear mixed effects model, embryo volume did not change 

in response to high (Table 2.3; p > 0.300) or medium acidity (p > 0.468). Final embryo 

volume did not significantly differ between treatments (Figure 2.2; Table 2.3; p > 0.674), 

with brood source playing a stronger role in impacting embryo volume (p > 0.084). The 

change in initial and final volume did not significantly differ between treatments (p > 
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0.693) or brood (p > 0.075).  

 Embryo development: In a general linear mixed effects model, embryo 

developmental progression was significantly reduced (Table 2.3; p ≤ 0.006) over time 

at high acidity only, with no observed effect (p > 0.414) at medium acidity (Figure 2.3). 

Final development significantly differed between treatments (p ≤ 0.021), with high 

acidity significantly different from control (p ≤ 0.023) and medium acidity not quite 

significantly different from control (Figure 2.4; Table 2.3; p > 0.053). Final development 

did not significantly differ between broods (p > 0.821).  

 Yolk consumption: Final yolk quantity did not significantly differ between 

treatments (Figure 2.5; p > 0.768) nor between broods (p > 0.132).  

 Hatching: Embryo hatching day significantly differed from the control at both 

high (Table 2.3; p ≤ 0.001) and medium acidity (p ≤ 0.002), whereas hatching success did 

not significantly differ between treatments (p > 0.275). Power analysis showed larger 

sample size was needed for nominal data (Table 2.3).  

Discussion 

 As expected, blue crab final embryo volume did not significantly vary between 

treatment conditions, although comparing distribution curves reveals greater volume 

spread in control conditions, with narrower volume spreads at medium and high acidity. 

These reflect observed developmental delays, because with delayed development, final 

volume will differ between treatments. Brood origin played a greater role explaining 

differences than did treatments (Table 2.3), which is expected due to maternal condition 

and genetic differences (Carter et al., 2013). The stone crab, Menippe mercenaria, also 
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revealed no significant difference in embryo volume when exposed to reduced seawater 

pH (Gravinese, 2018). Volume correlates with increasing developmental stage as well as 

lower salinities (Davis, 1965; Giménez & Anger, 2001; Jivoff et al., 2007), indicating my 

observed differences between final and initial volume is likely natural developmental 

progression (Figure 2.6).  

Red king crab embryos were significantly larger in acidic conditions and 

development increased in acidic conditions rather than decreased, which was attributed to 

embryos using more energy storage for growth in acidic conditions (Long et al., 2013). 

Conversely, I expected and found development decreased significantly at high acidity. 

My findings of slowed development are also seen in other calcifying organisms, such as 

the amphipod Echinogammarus marinus (Egilsdottir et al., 2009), the barnacle 

Semibalanus balanoides (Findlay et al., 2009), and the sand dollar Arachnoides placenta 

(Gonzalez-Bernat et al., 2013). Additionally, at least two other species of crabs undergo 

delayed development (Swiney et al., 2015; Miller et al., 2016), with a third experiencing 

reduced dry mass and metabolism that may result in delays (Carter et al., 2013). As a 

whole, blue crab developmental delays are relatively small (Figure 2.3). Similar to the 

Dungeness crab, Cancer magister, they are not likely to cause disruptions at the 

population scale (Miller et al., 2016).  

 Final yolk quantity in blue crab embryos did not significantly differ with pH or 

between broods, contrary to my initial hypothesis. This also contrasts with red king crabs, 

which experienced yolk shrinkage in acidic conditions (Long et al., 2013). These results 

can fit, however, with observed developmental delays. With more time required to reach 
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the final developmental stage, yolk usage rates will also likely diminish, resulting in 

greater final yolk quantity. Therefore, my final day comparison of yolk quantity may not 

be different in unhatched embryos.  

 In blue crabs, hatching day was delayed by changing acidity, as was expected. 

These results are similar to other crab species, such as the Florida stone crab (Gravinese, 

2018), the Dungeness crab (Miller et al., 2016), the Tanner crab (Swiney et al., 2015), 

and the red king crab (Long et al., 2013). These trends are further supported in other 

calcifying organisms (Kurihara, 2008; Mayor et al., 2007; Yu et al., 2013), although at 

least one crab species, Petrolisthes cinctipes, did not exhibit similar outcomes (Carter et 

al., 2013) and serves to highlight the variability expected between species (Ries et al., 

2009). My observed delayed hatching day is a natural outcome of my observed 

developmental delays. However, I did not observe expected significant differences in 

hatching success between treatments, despite differences between tanks. All control tanks 

successfully hatched, whereas 50% of high and 67% of medium acidity tanks 

successfully hatched. Medium acidity tanks likely had some reduced hatching success 

due to fungal infections, despite continuous antifungal treatments. Such infections are 

common to decapod embryonic work and can be difficult to eliminate (Bas & Spivak, 

2000). My findings suggest a trend towards declining hatching success, but future studies 

should utilize a larger sample size to confirm this trend (Table 2.3).  

 Across marine species, larvae have proven to be more sensitive to increasing 

acidification compared with embryos, with arthropod embryos being particularly robust 

(Przeslawski et al., 2015), although high variability is still observed (Ries et al., 2009). 
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Blue crab embryos illustrate similar robustness to changing acidity, although 

developmental and subsequent hatching delays did occur. However, these delays alone 

are not large enough to expect large repercussions in the population, although these 

impacts do not consider other factors such as adult female mortality during delayed 

development. Successful broods are distributed temporally across the summer months 

(Dittel & Epifanio, 1982), implying observed delays alone are unlikely to significantly 

impact recruitment dynamics into the Chesapeake Bay. Larvae are recruited well into late 

summer and early fall (McConaugha et al., 1983), therefore delayed development and 

hatching alone are unlikely to prevent hatched larvae from entering the system at a 

slightly later time.  

 Blue crab embryos are already exposed to widely fluctuating environmental 

conditions because they develop in an estuarine environment. In other estuarine species, 

this may improve resilience to additional stressors such as increasing acidity from 

eutrophication and climate change (Whiteley, 2011; Cai et al., 2017; Conradi et al., 

2019). However, other studies have exhibited increasing temperatures worsen embryonic 

outcomes (Brante et al., 2003; Styf et al., 2013). Future studies should include the effect 

of increased temperature and acidity in blue crab embryos to ascertain any interaction. 

Additionally, changing climate will bring about many more environmental disruptions to 

blue crab habitat, with increased rainfall and sea-level rise expected to greatly increase 

salinity variability in the Chesapeake Bay (Najjar et al., 2010; Hong & Shen, 2012). 

Changes in salinity and temperature are already known to affect juvenile blue crabs 

(Cadman & Weinstein, 1988), thus it will be important to understand their impacts in 
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embryonic stages as well. Although my evaluation of acidification alone is a good 

introduction, future studies will benefit from combining multiple stressors such as 

temperature and salinity with acidification on blue crab embryonic development.  
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Figures and Tables 

 

Figure 2.1. Experimental design. Embryos were placed in each separatory funnel and 

maintained in suspension through constant air bubbles from the base of the funnel. 

Carbon dioxide was added through a microcontroller and solenoid system to each funnel 

from the top every ten minutes. Water was changed in all funnels every other day and 

treated with an antibiotic (malachite green, 1 ppm) and antifungal (nystatin, 5 mg mL-1).  
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Figure 2.2. Effect of pH on final embryo volume in C. sapidus. Final volume (μm3) 

varied little with increased acidity. Data are mean values ± standard error.  

 

 

Figure 2.3. Effect of pH on embryo developmental stage in C. sapidus. Over a period of 

16 days, embryonic development diverged with increasing acidity. Data are mean values 

± standard error.  
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Figure 2.4. Effect of pH on final developmental stage in C. sapidus. Mean developmental 

stage was reduced with increased acidity. Data are mean values ± standard error.  

 

 
Figure 2.5. Effect of pH on final yolk quantity in C. sapidus. There was little difference 

in final yolk quantity (%) with increased acidity. Data are mean values ± standard error.  

 



Chapter Two: Embryos and Acidity 40 

 

 
Figure 2.6. Relationship between embryonic volume and developmental stage. 

Embryonic volume (μm3) increased with increasing developmental stages across all 

treatments.  

 

 

 

Table 2.1. Water chemistry. Temperature, salinity, and pH were measured twice daily in 

experimental tanks. Total Alkalinity (AT) was measured at the start of the experiment. 

Bicarbonate, carbonate, and dissolved inorganic carbon (DIC) were calculated at the end 

of the experiment. Data are mean values ± standard error.  

 

Parameter Low Medium Control 

Temperature 20.66 ± 0.10 20.61± 0.04 20.69 ± 0.05 

Salinity 25 ± 0.14 25 ± 0.12 26 ± 0.12 

AT (µmol kg-1) 1278 ± 1.48 1295 ± 0.97 1290 ± 1.22 

pH 6.81 ± 0.01 7.36 ± 0.01 8.13 ± 0.01 

[HCO3
-] (µmol kg-1) 1265.84 ± 1.59 1249.35 ± 2.19 1074.43 ± 2.24 

[CO3
2-] (µmol kg-1) 6.32 ± 0.18 22.74 ± 0.75 107.72 ± 1.46 

DIC 1440.81 ± 5.73 1319.01 ± 2.81 1188.93 ± 1.15 
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Table 2.2. Classification scheme used for embryonic development in C. sapidus. Stages 

were based on egg mass coloration, presence and absence of an eyespot, and yolk 

content. Descriptions were adapted from Garcia-Guerrero & Hendrickx (2004) and 

Gravinese (2018).  

 

Stage Description 

1 90-100% yolk 

2 Yolk composes 80–90% of egg, yolk divided into droplets 

3 primordia of antenna-antenulle, maxilla-maxillule, and maxillipeds 

differentiated (3) 

4 Primordia differentiation larger, abdomen in segmentation process, 

abdominal chromatophores appearing 

5 <50% yolk, primordia differentiation more defined 

6 Eyespot pigmented, ~10-20% yolk. abdominal segments defined along 

periphery of egg 

7 eye differentiated; abdominal traces; heart formed 

8 cephalic appendages larger; heartbeat; abdomen obvious 

9 embryo ready to hatch, no traces of yolk, fully formed 
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Table 2.3. Results of linear models, ANOVA, and Tukey HSD. Significant results are in 

bold. 

Embryo Volume AIC BIC   P 

Mixed Effects Model 309.199 346.070    

     Low pH     0.300 

     Medium pH     0.468 

Final Volume: ANOVA  d.f. SS MS F P 

 pH 2 0.708 0.354 0.409 0.674 

 Brood 4 5.782 1.446 2.92 0.084 

Volume Change: ANOVA d.f. SS MS F P 

 pH 2 177.3 88.64 0.379 0.693 

 Brood  4 1587.0 396.8 3.062 0.075 

 Embryo Development AIC BIC   P 

Mixed Effects Model 405.8 469.1    

     Low pH     0.006 

     Medium pH     0.048 

Final Development: ANOVA d.f. SS MS F P 

   pH 2 13.716 6.858 5.560 0.021 

   Brood 4 3.899 0.975 0.375 0.821 

Final Development: Tukey HSD Diff Lower Upper  P 

 Low-Control -2.345 -4.357 -0.333  0.023 

 Medium-Control -1.985 -3.997 0.027  0.053 

 Medium-Low 0.360 -1.537 2.257  0.867 

 Final Yolk Quantity      

Final Yolk Quantity: ANOVA d.f. SS MS F P 

 pH 2 125.370 62.687 0.271 0.768 

 Brood 4 1366.5 341.620 2.351 0.132 

 Hatching  AIC BIC   P 

 Logistic Mixed Effects Model 73.795 107.308    

     Low pH     ≤ 0.001 

     Medium pH     0.002 

     Day     ≤ 0.001 

 Fisher Exact Test     P 

   Hatching Success: pH     0.275 

 Power Analysis: Fisher d.f. Effect Size Alpha Power N 

   2 0.464 0.05 0.8 44 
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Chapter Three:  

 
Evaluating the effect of increased acidity on stage I zoea of the Atlantic blue crab, 

Callinectes sapidus Rathbun 

 

Abstract  

 Declining ocean pH reduces survival in a wide variety of adult calcifying 

organisms, but less is known about the impact on their early life stages, particularly for 

decapod crustaceans. One such species, the Atlantic blue crab (Callinectes sapidus), is a 

commercially valuable fishery in the Chesapeake Bay that has not previously been 

evaluated. In this study, stage one zoea larvae were exposed to two treatment conditions 

(pH 7.4 and 6.8) as well as control conditions (pH 8.1) for seven days. Mortality rates 

significantly increased in both treatments compared with control. No major changes were 

observed in morphology, although total length and carapace length were nearly 

significantly reduced. Total protein and total lipid analysis revealed diminishing lipid 

reserves with increasing acidity, without similar protein changes. These responses reveal 

negative effects of increasing acidity on larval blue crabs and highlight the necessity of 

evaluating each stage of development, especially in species initially thought to be 

unaffected by ocean acidification as adults.  
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Introduction 

The Chesapeake Bay experiences more rapid acidification from a combination of 

anthropogenic and biological sources of carbon dioxide (Cai et al., 2017). Eutrophication 

and excess CO2 from fossil fuel emissions are the primary contributors (Cai et al., 2017; 

Le Quere et al., 2009), with its large population of calcifying organisms regularly 

removing carbonate and further weakening its buffering capacity (Cai et al., 2017). 

Juvenile eastern oysters (Crassostrea virginica) are already experiencing negative effects 

(Waldbusser et al., 2011) and acidification is expected to only worsen with time (Feely et 

al., 2004). 

As a keystone species of the Chesapeake Bay (Epifanio, 2019), the blue crab 

(Callinectes sapidus Rathbun, 1896) holds a vital ecological and commercial position in 

the Chesapeake community, comprising the greatest volume of crab landings in the US 

(Miller et al., 2005). Careful fishery management and habitat restoration over the past 

decade has created an overall stable population for commercial harvesting compared with 

earlier decades (Scheld et al., 2016; Seitz, 2020). Nevertheless, increasing carbon dioxide 

is likely to affect future populations of blue crabs, with negative impacts observed across 

a range of adult and early life stages (Riebesell et al., 2000; Orr et al., 2005; Andersson et 

al., 2005, 2007; Fabry et al., 2008; Kroeker et al., 2013). 

 Of these early life stages in crustaceans, species at higher latitudes in cold water 

are the most sensitive to increased acidification (Whiteley, 2011). Survival is greatly 

diminished in larval stages of red king crabs (Long et al., 2013a), blue king crabs (Long 

et al., 2017), spider crabs (Schiffer et al., 2013), porcelain crabs (Ceballos-Osuna et al., 
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2013), and Dungeness crabs (Miller et al., 2016). Such strong declines in survival are 

likely due to increased energy expenditure on acid-base regulation, changes in molting 

frequency, or metabolized substrates (Carter et al., 2013; Long et al., 2017, Giltz & 

Taylor, 2017; Tomasetti et al., 2018). Morphological responses are more varied, with 

some species unaffected (Miller et al., 2016; Long et al., 2017; Gravinese, 2018), one 

species slightly declining in total length (Giltz & Taylor, 2017), and another species 

slightly increasing in total length (Long et al., 2013a). These findings are expected to be 

found across species (Whiteley, 2011) and will exert significant influence on distribution, 

abundance, ecosystem function, and food resources (Macko et al., 2017; Macko & 

Fantasia, 2018).  

 As a representative of a midlatitude estuarine crustacean, the blue crab is found in 

a habitat different from most other studies, which have primarily focused on coastal cold 

water species, as described above. When larval blue crabs in a Gulf of Mexico population 

were exposed to increased acidity, survival and size were reduced by 23% and 10%, 

respectively (Giltz & Taylor, 2017). In New York, blue crab larval mortality rose to 49% 

when combined with low dissolved oxygen (Tomasetti et al., 2018). My study 

complements these findings by determining whether larval blue crabs from the 

Chesapeake Bay respond differently. Within broods and populations, responses to 

acidification can be greatly varied. In the porcelain crab (Petrolisthes cinctipes), certain 

broods evidenced greater metabolic stress (Carter et al., 2013). In two separate spider 

crab (Hyas araneus) populations, one revealed greater sensitivity to acidity through 

reduced growth and fewer successful molts (Walther et al., 2010). There are no similar 
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studies determining such responses for larval blue crabs in the Chesapeake Bay, despite 

its economic importance to the region (National Marine Fisheries Service, 2016). 

Additionally, these earlier studies only evaluated survival and morphology in larval blue 

crabs. I expand on these and determine potential sublethal outcomes that have been 

observed in other larval crustaceans (Arnold et al., 2009) by evaluating lipid and protein 

content.  

 In my study, I expect larval blue crabs will increase in mortality, reduce lipids and 

protein, and experience no morphological changes after exposure to acidification for 

seven days. These hypothesized outcomes are likely to produce a bottleneck effect and 

reduce larval survival to adulthood, either through direct mortality or through reduced 

lipid and protein storage and subsequent successful molting. 

Methods 

 Five blue crab females from the Institute of Marine and Environmental 

Technology (Baltimore, Maryland, USA) were the source for approximately 12,500 

larvae, with larvae obtained one day after hatching and transported to the University of 

Virginia (Charlottesville, Virginia, USA). A total of five trips were made, with each 

round of experimentation containing larvae from only one female.   

 Experimental Design: The experimental system (Figure 3.1) was composed of 

nine different tanks each containing 11 L of artificial sea water (Instant Ocean, 

Blacksburg, Virginia, USA), with all tanks connected to a reservoir where water quality 

was cleaned and maintained by particulate and biological filters, UV light sterilization, 

and aeration to restore water to pH 8.1. Water was re-circulated four times daily for 45 
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minutes through all nine tanks. Three tanks were maintained at pH 8.1 (control pH), three 

tanks at treatment pH 7.4 (medium pH), and three final tanks at treatment pH 6.8 (low 

pH; Table 3.1). Each tank contained a pump at the bottom of the tank to create moderate 

flow and were separated from larvae by a mesh insert (100 μm). Each tank also contained 

its own air stone to provide aeration above the mesh and a line for CO2 distribution below 

the mesh. A microcontroller (Arduino Uno, Somerset, Massachusetts, USA) regulated the 

length of time each solenoid was open through a relay board to control pH. When open, 

individual solenoids released CO2 into each tank. Solenoids released CO2 every half hour, 

with each tank receiving individualized lengths of open solenoid time to maintain the 

required pH, with monitoring and updates performed twice daily. Salinity was monitored 

and maintained at 30‰ through freshwater inputs with temperature maintained at 23° C 

(Costlow & Bookhout, 1959; Sulkin & Epifanio, 1975). 

 Five batches of larvae were collected and evenly distributed between the nine 

tanks. The zoea were daily fed a mixture of Rotifera plicatilus S-type (Reed Mariculture, 

Campbell, California, USA) and Nannochloropsis algae (Instant Algae, Reed 

Mariculture, Campbell, California, USA) at a density of 50 individuals per milliliter 

(Sulkin, 1978; Zmora et al., 2005). Over an experimental period of seven days, larvae 

were daily removed from the base and separated into live and dead larvae, with the 

number of deceased larvae counted, placed in 95% ethanol, and preserved for later 

analysis (Prendini et al., 2002). Live larvae counted and returned to their original tank. 

On the final day, all live larvae were also collected and placed in vials. Mortality was 

evaluated for each tank daily and total mortality was calculated at the end of the 
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experiments.    

 Total Protein: Live larvae were collected on days 0, 4, and 7 from all nine tanks. 

They were rinsed in Milli-Q water (MilliporeSigma, Massachusetts, USA) and placed in -

80° C freezer. For analysis, vials were thawed on ice and homogenized with 500 μL of 

phosphate buffer (0.1 M phosphate, 0.15 M NaCl, pH 7.2) and protease inhibitors (1 M 

PMSF (phenylmethylsulfonyl fluoride), 10 mg mL-1 leupeptin, 1 mg mL-1 aprotinin). A 

Micro BCA Protein Assay Kit (ThermoScientific, Waltham, Massachusetts, USA) was 

used with the homogenate, which was then incubated at 37° C for 2 hours and read in a 

plate reader (SpectraMax M3, San Jose, California, USA) at 562 nm. 

 Total Lipid: Following the modified spectrophotometric sulfophosphovanillin 

method (Carter et al., 2013), live larvae were collected on days 0, 4, and 7 from all nine 

tanks. Larvae were rinsed in Milli-Q water and placed in -80° C freezer. For analysis, 

vials were thawed on ice and samples homogenized with 500 μL methanol:chloroform 

(1:1) and placed on a dry block heater (95° C) until the solvent was completely 

evaporated. Concentrated sulfuric acid (300 μL) was then added to each sample and 

mixed thoroughly. Samples (200 μL) were mixed with 1 mL of colored reagent (85% 

phosphoric acid and vanillin). A serial dilution (0-200 μg) using triglyceride and 95% 

sulfuric acid was used for quantification. The samples and standards were read at 540 nm 

in a plate reader (SpectraMax M3, San Jose, California, USA).  

 Morphology: Total length, carapace length, rostrum spine length, and dorsum 

spine length were determined with ToupView software (ToupTek Photonics, Zhejiang, 

P.R. China). Data were obtained from larvae in all vials, which were randomized to 
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prevent knowledge from which tank they were derived.  

 Statistical Methods: Mortality, morphology, total protein, and lipid results were 

checked for normality (Shapiro-Wilk test) and heteroscedasticity (Levene’s Test). When 

the data did not pass these assumptions for an ANOVA (total protein, rostral length, total 

length), they were log-transformed (total protein, rostrum length, total length). After 

transformation, total protein and rostrum length passed these assumptions. Total length 

was then Box-Cox transformed and found to pass these assumptions. For mortality, a 

Kaplan-Meier survival curve and a Cox proportional hazards regression was performed to 

determine the effect of pH and brood (Horton & Kleinman 2011). For total protein, lipid, 

and morphology, a two-way factorial ANOVA was performed to test for the effect of 

factors pH and treatment length (Qian, 2010). When the interaction between factors was 

significant, a Tukey HSD post-hoc test was performed to detect the differences between 

treatments (Qian, 2010). Total lipid and total protein were also evaluated with a linear 

mixed effects model, with pH as a fixed effect and treatment length as a random effect 

(Horton & Kleinman, 2011). Survival curves were created using the Kaplan-Meier log-

rank test in R ‘survival’ package (Thernau 2011). Water quality parameters were 

calculated using R package ‘seacarb’ v. 2.4.3 (Lavigne & Gattuso, 2018) with total pH 

scale, Kf (Perez & Fraga, 1987), k1, k2 (Lueker et al., 2000) and Ks (Dickson, 1990).  

Mean pH and standard error were determined after converting from pH to hydrogen ion 

concentration, which were then converted back to the pH scale. All data were analyzed in 

R v. 3.5.2 (R Development Core Team, 2011) with the packages ‘car’ (Fox et al. 2019), 

‘nlme’ (Pinheiro et al., 2020) and ‘ggplot2’ (Wickham 2020). All data were considered 
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statistically significant with an alpha of 0.05.  

Results  

 Water Quality: Each tank was maintained at low (pH 6.8), medium (pH 7.4), or 

control (pH 8.1) conditions, with salinity and temperature also kept constant (Table 3.1). 

Each tank’s acidity was variable throughout the day, with maximum variation observed 

in tanks at medium pH of 7.4.  

 Mortality: Survival significantly decreased over a period of 7 days when larvae 

were exposed to low and medium pH (Figure 3.2). When brood effects are included, 

mortality significantly differs between broods as well (Figure 3.3). On day 7, average 

total mortality was greatest at low pH (71%) and least at control pH (15.8%; Figure 3.4).  

 Total Protein: There was little difference in final total protein between control 

and treatment pH conditions (Figure 3.5). Between day 0 and day 7, total protein was 

highest at control pH on day 4 and subsided to the original concentration by day 7. At 

medium pH total protein varied little over 7 days, and at low pH total protein increased 

(Figure 3.6), with these trends significantly different from control pH (Table 3.2). There 

was no significant difference in final total protein between control pH and low pH, nor 

between control pH and medium pH (Table 3.2).  

 Total Lipid: There were significant differences in total lipid between control pH 

and low pH and between medium pH and low pH, with no significant difference between 

control pH and medium pH (Figure 3.7; Table 3.3). On day 0, total lipid was greatest at 

control pH, with slightly reduced total lipid at medium pH and greatly reduced total lipid 

at low pH. After 7 days, total lipid increased at control pH, remained nearly constant at 
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medium pH, and greatly decreased at low pH (Figure 3.8).   

 Morphology: When total length of larvae was contrasted between control, 

medium, and low pH, there were no significant differences. There were significant 

differences in total length between days 4 & 6 when compared to day 2 (Table 3.4). 

There were no significant differences in carapace or rostral spine length at either medium 

or low pH. Dorsal spine length was significantly different when contrasting control and 

low pH and when contrasting medium and low pH, with no significant difference 

between control and medium pH.  

Discussion 

 Increased acidity was found to primarily affect survival, with the greatest effects 

observed at low pH, moderate effects at medium pH, and the best survival at control pH. 

In morphology, changes were minimal at low and medium pH, although dorsal spine 

length at low pH was significantly shorter than at control pH. Total protein revealed no 

significant differences between low, medium, and control pH. In contrast, total lipid 

content significantly decreased at low pH. These results are partially consistent with my 

initial hypotheses. I did not expect to find any significant differences in dorsal spine 

length and I had expected total protein to decline.  

 My observed declines in survival are corroborated in larval blue crabs from the 

Gulf of Mexico (Giltz & Taylor, 2017), while later juvenile stages are unaffected (Ries et 

al., 2009). Such divergent responses at different life stages emphasizes the importance of 

evaluating every molt stage in complex life histories (Kurihara, 2008), in order to identify 

bottleneck effects upstream or downstream of the life stage studied (Whiteley, 2011). My 
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observed reduced survival may impact population size and therefore affect larval 

dispersal patterns (Duarte, 2007), fishery management plans (O’Connor et al., 2007), and 

other ecosystem-wide impacts due to the ecological importance of crustaceans (Gutierrez 

et al., 2003; Baum & Worm, 2009; Boudreau & Worm, 2012). 

 Alternatively, I found that brood sources significantly affect survival. Such 

differing responses between broods likely indicates high genetic variability, which would 

reduce or eliminate population level effects as corroborated in blue king crabs (Long et 

al., 2017). The Atlantic population as a whole contains high genetic diversity (Feng et al., 

2017) and acclimation is therefore worth considering in future studies.  

 I observed dorsal spine length was reduced in low pH, which has not been 

observed in other studies. This is likely due to noticeably broken off dorsal tips with 

decreasing pH observed in live larvae. Although dorsal spines’ thickness was not 

measured, increasing acidity may cause dorsal spine degradation and result in easier 

breakage, thus changing the length measured. Alternatively, spinal structural integrity 

may be affected, as has been found in carapaces in other crustaceans. In red king and blue 

king crabs, carapace strength was compromised in acidic conditions (Coffey et al., 2017). 

Further research into this finding is merited. The majority of larvae did not have the 

opportunity to molt and therefore my other morphological measurements did not 

statistically differ between treatments, although larval total length and carapace length 

were nearly significant (Table 3.4). After Tanner crabs were exposed to acidic conditions 

through the 5th molt, crab size diminished compared with the control (Long et al., 2013b), 

and blue crabs are likely to follow this trend, based on my nearly significant changes.  
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 My results reveal significant loss of total lipids at low pH. As a source for rapid 

energy mobilization in stressful environments (Anger, 2001) and as an extremely 

important energy source for regular growth and development, this decline conveys larvae 

were utilizing their energy stores more rapidly in low pH, as found in other larval 

crustaceans (Long et al., 2013a).  

 Other larval crustaceans show diminished protein content with increasing acidity, 

which may be from suppressing protein synthesis or switching to protein catabolism 

(Anger & Harms, 1990; Pörtner et al., 1998; Carter et al., 2013; Schiffer et al., 2013). 

While I found significant variability between treatments over the course of seven days, I 

did not find significant differences in final protein content. Red king crabs also decreased 

total lipid content without diminishing final protein content (Long et al., 2013a). My 

observed differences over seven days may indicate delayed protein production (Figure 

3.6), with healthier larvae in control conditions producing protein earlier in order to aid 

transition to the next molt.  

 Reduced survival and lipid content may be alternatively due to diminished food 

consumption in acidic conditions. I could not evaluate food consumption rates, nor have 

similar studies included this consideration (Carter et al., 2013; Long et al., 2017; Giltz & 

Taylor, 2017). Future studies should determine whether feeding rates diminish with 

declining pH in order to accurately assess the impact of pH alone. Additionally, larvae 

are known to require narrower temperature ranges compared with adults (Costlow and 

Bookhout, 1959; Epifanio, 2019). Although I do not address this constraint, future studies 

should determine whether there are interactive effects of increased temperature and 
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acidity. In other crustaceans, negative responses to increased acidity were amplified when 

combined with increasing temperature (Walther et al., 2010; Whiteley, 2011; Walther et 

al., 2011).  

Overall, larval blue crabs respond poorly to acidification, with significantly 

increased mortality at medium and low pH and reduced total lipids at low pH. I utilized 

pH values that are not expected in surface waters where stage I larvae are found in order 

to elucidate whether larvae are negatively affected by any change in pH. Even so, some 

models predict an average surface ocean pH of 7.4 to be reached by the year 2300 (IPCC, 

2013), which will likely be exacerbated in coastal waters (Cai et al., 2017). It is possible 

blue crabs may adapt by the year 2300, however it remains unknown at what rate they 

can adapt in order to optimize survival. 
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Figures and Tables 

Figure 3.1. Experimental design. Carbon dioxide flow was regulated by a microcontroller 

that individualized flow and opened individual solenoids every half hour. Salt water flow 

was regulated to circulate four times/day to remove waste products through a life support 

system in the reservoir. Air stones were placed in each tank and moderate currents were 

produced in each tank through a small pump at the base of each tank. A mesh insert 

separated pumps from approximately 250 zoea per tank.  
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Figure 3.2. Effect of pH on larvae survival. Over a period of 7 days, survival diminished 

with increasing acidity. 

 

Figure 3.3. Effect of pH on total mortality. Average final mortality (%) significantly 

increased with increasing acidity. Data are mean values ± standard error.  



Chapter Three: Larvae and Acidity 61 

 

 
Figure 3.4. Effect of pH and brood on mortality. Mortality increased with increasing 

acidity, with brood (Round) source also affecting mortality.  

 

 
Figure 3.5. Effect of pH on larvae protein concentration. On the final day, total protein 

(μg/mL) did not differ widely between treatments. Data are mean values ± standard error.  
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Figure 3.6. Change in average total protein. With increasing acidity, protein (μg/mL) 

increases were delayed in comparison with control. Data are mean values ± standard 

error.  

 

 
Figure 3.7. Effect of pH on larvae lipid concentration. With increasing acidity, total lipids 

(μg/mL) decreased. Data are mean values ± standard error.  
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Figure 3.8. Change in average total lipid. Over a period of seven days, total lipids 

(μg/mL) diverged, with increasing acidity reducing lipid content. Data are mean values ± 

standard error.  

 

 

 

Table 3.1. Water chemistry. Temperature, salinity, and pH were measured twice daily in 

experimental tanks. Bicarbonate, carbonate, and dissolved inorganic carbon (DIC) were 

calculated after the experiment. Total Alkalinity (AT) was measured at the start of the 

experiment. Data are mean values ± standard error.  

 

Parameter Low Medium Control 

Temperature 23.51 ±0.10 23.29 ±0.11 23.17 ±0.14 

Salinity 29.83 ±0.15 29.83 ±0.15 29.83 ±0.15 

AT (µmol kg-1) 1683 ±1.3 1680 ±1.5 1693 ±3.4 

pH 6.73 ±0.01 7.38 ±0.02 8.13 ±0.01 

[HCO3
-] (µmol kg-1) 1666 ±0.94 1600 ±4.47 1360 ±3.82 

[CO3
2-] (µmol kg-1) 9 ±0.26 40 ±2.15 167 ±2.88 

DIC 1896 ±4.94 1688 ±4.51 1534 ±2.23 
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Table 3.2. Total protein ANOVA and linear regression results for C. sapidus. Significant 

results in bold. 

 

Total Protein      

Two-Way ANOVA d.f. SS MS F P 

     Day 2 0.0127 0.0064 0.438 0.653 

     pH 2 0.0586 0.0293 2.016 0.164 

     Day:pH 4 0.0125 0.0031 0.214 0.927 

     Residuals  17 0.2470 0.0145   

 AIC BIC   P 

Mixed Effects Model 452.9 464.5    

     Low pH     ≤ 0.001 

     Medium pH     0.008 

 

 

Table 3.3. Total lipid ANOVA, Tukey HSD, and linear regression results for C. sapidus. 

Only statistically significant Tukey HSD results are reported. Significant results in bold.  

 

Total Lipid      

Two-Way ANOVA d.f. SS MS F P 

     Day 2 19.3 9.65 0.685 0.530 

     pH 2 300.21 150.11 10.231 0.001 

     Day:pH 4 58.87 14.72 1.003 0.432 

     Residuals  18 264.09 14.67   

   Tukey HSD Diff Lower Upper  P 

     Med pH: Low pH 4.843 0.235 9.452  0.039 

     Control pH: Low pH 8.117 3.509 12.726  0.001 

 AIC BIC   P 

Mixed Effects Model 421.7 433.0    

     Low pH     ≤ 0.001 

     Medium pH     ≤ 0.001 
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Table 3.4. Morphology ANOVA and Tukey HSD results for C. sapidus. Only statistically 

significant Tukey HSD results are reported. Significant results in bold. 

 

Morphology      

Total Length      

  Two-Way ANOVA d.f. SS MS F P 

     Day 6 0.024 0.004 2.775 0.013 

     pH 2 0.009 0.004 3.041 0.0503 

     Day:pH 12 0.019 0.002 1.125 0.342 

     Residuals  181 0.258 0.001   

   Tukey HSD Diff Lower Upper  P 

     Day 4: Day 2 -0.036 -0.066 -0.007  0.005 

     Day 6: Day 2 -0.031 -0.059 -0.002  0.023 

Carapace Length      

  Two-Way ANOVA d.f. SS MS F P 

     Day 6 0.051 0.009 0.643 0.696 

     pH 2 0.002 0.001 0.089 0.915 

     Day:pH 12 0.288 0.024 1.804 0.0502 

     Residuals  182 2.421 0.013   

Rostrum Length      

  Two-Way ANOVA d.f. SS MS F P 

     Day 6 0.165 0.027 1.662 0.133 

     pH 2 0.007 0.004 0.225 0.798 

     Day:pH 12 0.045 0.004 0.224 0.997 

     Residuals  176 2.905 0.017   

Dorsal Length      

  Two-Way ANOVA d.f. SS MS F P 

     Day 6 0.023 0.004 0.680 0.666 

     pH 2 0.109 0.055 9.501 ≤ 0.001 

     Day:pH 12 0.094 0.008 1.365 0.187 

     Residuals  174 0.999 0.006   

   Tukey HSD Diff Lower Upper  P 

     Med pH: Low pH -0.052 -0.084 -0.020  ≤ 0.001 

     Control pH: Low pH -0.046 -0.076 -0.015  0.002 
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Chapter Four: 

 
The effect of increased acidity and temperature on stage 1 zoea in the blue crab 

(Callinectes sapidus) 

 

Abstract 

 Increasing ocean acidification from increased fossil fuel usage profoundly affects 

early life stage crustaceans, including the blue crab (Callinectes sapidus). However, little 

is known about the combined effects of increased temperature with increased 

acidification on early stages. This study focuses on these combined stressors and their 

impact on stage one larvae in terms of survival, total lipid, total protein, morphology, 

swimming activity, and carapace calcium content. Larvae were placed in nine tanks at a 

combination of temperatures (23º C, 26º C, 28º C) and acidities (pH 8.1, pH 7.8, pH 7.4). 

Survival, total lipid, total protein, and swimming activity were negatively affected most 

strongly when these stressors were combined, whereas morphology and carapace calcium 

content were not significantly affected by the combination. When temperature alone was 

increased, survival, total lipid, and total protein were significantly reduced. Swimming 

activity, morphology, carapace calcium content were unaffected by increased 

temperatures alone. With increased acidity alone, total lipid, total protein, and swimming 

activity were diminished, although survival, morphology, and carapace calcium content 

were not significantly affected. Taken together, these results indicate general sensitivity 

to acidification and temperature alone, with negative interactions when combined. My 

results suggest they experience reduced thermal tolerance, which may be detrimental to 

their population and stability in future ocean conditions. 
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Introduction 

 With continued reliance on carbon-based fuels, carbon dioxide concentrations are 

expected to continue rising (IPCC, 2013) and accumulating in one of the largest carbon 

sinks, the ocean (Sabine et al., 2004). A natural consequence will be further calcium 

carbonate dissolution (Feely et al., 2004). This significant change in ocean chemistry is 

expected to negatively impact a variety of marine organisms and systems (Doney et al., 

2014; Wallace et al., 2014; Macko & Fantasia, 2018) and will ultimately affect the 

economic status of many nations, especially those heavily dependent on fisheries and 

marine based tourism (Macko et al., 2017). In the Chesapeake Bay, diminishing 

carbonate concentrations in the water column will be exacerbated by high populations of 

calcifying organisms and eutrophication (Najjar et al., 2010; Cai et al., 2017). Although 

most of these negative effects will occur over the next several decades, juvenile eastern 

oysters (Crassostrea virginica) have already begun to experience calcification loss from 

limited carbonate availability (Waldbusser et al., 2011). 

Alongside changes in ocean chemistry, temperatures are increasing in the ocean’s 

mixed layer and will continue to increase (IPCC, 2013). Surface water temperatures in 

the Chesapeake Bay have been warming at least since 1957 (Wood et al., 2002; Preston, 

2004) and will continue to increase (Najjar et al., 2010; Du et al., 2018). These warming 

temperatures will alter species distribution and reduce winter intensity and duration, 

which is likely to enhance over-winter survival in juvenile and adult blue crabs (Hines et 

al., 2010). Although winter mortality is expected to decrease (Glandon et al., 2019), 

increasing temperatures are also expected to increase pathogen susceptibility, disease 
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outbreaks (Najjar et al., 2010; Du et al., 2018; Huchin-Mian et al., 2018; Shields, 2019), 

predation, and cannibalism (Hines et al., 2010). Additionally, the habitat of blue crabs is 

likely to become more sensitive to eutrophication, thus expanding current anoxic and 

hypoxic zones (Du et al., 2018). 

Warming temperatures and their effects on the Chesapeake Bay have been 

supported (Huchin-Mian et al., 2018; Shields, 2019), however there are no published 

studies ascertaining the combined effect of increased temperature and acidity on 

potentially vulnerable early life stage blue crabs. With both increased temperatures and 

acidity predicted for the habitat of stage one larvae, I sought to understand the interaction 

of these two stressors on survival and physiological responses.  

The effects of increased acidity in crustaceans are wide ranging and include 

parasite transmission (Harland et al., 2015), altered metabolism (Long et al., 2017; 

Tomasetti et al., 2018), reduced survival (Long et al., 2013a; Miller et al., 2016), and 

taxonomic repercussions (Whiteley, 2011; Branch et al., 2013). These physiological 

changes are most likely from acidosis across a range of internal systems (Pörtner et al., 

2004; Pörtner, 2008). Some crab species (Necora puber) can mitigate this acidosis 

through actively pumping bicarbonate, although this was achieved through exoskeletal 

dissolution (Spicer et al., 2007). Even so, most invertebrates are weak or poor iono-

regulators (Pörtner, 2004), although adult blue crabs are strong iono-regulators due to 

their estuarine habitat (Whiteley, 2011). However, it is unknown whether their coastal 

ocean-dwelling early life stages are also strong regulators. It is likely iono-regulation in 

acidic conditions will require greater energy allocation in developing larvae and reduce 
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overall survival. Including thermal pressures will likely exacerbate these expenditures 

(Pörtner et al., 2005) and further reduce survival, along with compounding sublethal 

effects.  

Increasing temperature alone has already been proven to affect organisms through 

reducing thermal tolerance and limits (Pörtner, 2008). Oxygen supply is reduced in adult 

spider crabs when exposed to extreme temperatures and demonstrates the outer limits of 

crustacean circulatory systems (Frederich & Pörtner, 2000). Higher temperatures cause 

reduced growth, reproduction, and changed metabolism across a range of invertebrates 

(Pörtner et al., 2014). In particular, larval development is affected by increasing 

temperatures (Gillooly et al., 2002; Byrne, 2011) and thermal windows have been well 

defined in invertebrates, with the outcomes explaining ecosystem effects (Pörtner, 2001, 

2002; Pörtner & Knust, 2007), including regime shifts and food web structural changes 

(Pörtner & Farrell, 2008; Pörtner et al., 2014). Such shifts could result in lost ecosystems 

(Pörtner et al., 2014). 

Combining temperature and acidity exacerbated negative effects in coral reefs 

(Reynaud et al., 2003; Hoegh-Guldberg et al., 2007), reduced bivalve shell hardness 

(Ivanina et al., 2013), elevated bivalve metabolic rates (Matoo et al., 2013), and altered 

parasite and bacteria abundance in a commercial mussel species, Mytilus edulis 

(Mackenzie et al., 2014). Stress indicators in an adult lobster (Nephrops norvegicus) 

became more pronounced, extracellular pH increased, and their immune response was 

reduced when exposed to increased acidity and temperature (Hernroth et al., 2012), with 

cardiac performance affected in another lobster species (Homarus americanus; Qadri et 
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al., 2007). This combination narrowed thermal windows in adult crabs, Cancer pagurus 

and Hyas araneus (Metzger et al., 2007; Walther et al., 2009), and reduced survival and 

protein synthesis across species (Pörtner et al., 2005). With reduced oxygen consumption 

from increased temperatures and acidosis, metabolic rates are ultimately impacted and 

these outcomes are only expected to increase with time (Pörtner, 2008). 

These multi-stressor studies have focused on adult life stages, with minimal 

information known about their impacts on early life stages. In embryonic and larval 

cuttlefish (Sepia officinalis), growth, survival, and hatching success were relatively 

unaffected, although hypercalcification was observed (Dorey et al., 2013). Norway 

lobster (Nephrops norvegicus) embryos also revealed no interactions (Styf et al., 2013). 

However, spider crab larvae (Hyas araneus) do evidence narrowing thermal windows 

when exposed to both stressors (Walther et al., 2009, 2010). Currently there are no 

published studies evaluating both stressors on blue crab stage 1 larvae. My study aims to 

address this and expects the combination of temperature and pH to negatively impact 

larval survival, carapace calcium content, total lipid and protein content, and swimming 

activity. Morphology is expected to be unaffected. These hypothesized results are 

expected to produce a bottleneck effect and limit successful larval development to 

adulthood, with these implications negatively affecting populations.  

Methods  

 Approximately 13,500 larvae were obtained from the Institute of Marine and 

Environmental Technology (Baltimore, Maryland, USA) from six female blue crabs. 

Each batch was collected one day after hatching and transported to the University of 
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Virginia (Charlottesville, Virginia, USA). In total, six trips were made, with each round 

of experimentation containing larvae from one female.  

 Experimental Design: Nine tanks (Figure 4.1) contained 11 L of artificial sea 

water (Instant Ocean, Blacksburg, Virginia, USA) and each were connected to a main 

reservoir where water quality was maintained through use of particulate and biological 

filters, UV light sterilization, and aeration to restore water to pH 8.1. Over a period of 24 

hours, water was re-circulated four times through all nine tanks, with three tanks 

maintained at pH 8.1 (control acidity), three tanks at treatment pH 7.8 (medium acidity), 

and three final tanks at treatment pH 7.4 (high acidity; Table 4.1). Within these control 

and treatment tanks were three differing temperatures: control temperature of 23° C, 

medium temperature of 26° C, and high temperature of 28° C. Each tank contained a 

small pump to maintain circulation, a mesh insert (100 μm) to separate larvae from the 

pump, an air stone bubbling in ambient air to maintain oxygen, and a CO2 line and small 

water heater below the mesh. The CO2 lines were connected to solenoids controlled with 

an Arduino microcontroller (Arduino Uno, Somerset, Massachusetts, USA), which 

determined how many milliseconds of CO2 each tank received. When open, individual 

solenoids released CO2 every half hour, with each tank receiving individualized bursts of 

CO2. Monitoring and small changes were performed twice daily. Temperature and 

salinity were also monitored twice daily, with salinity maintained at 30‰ (Costlow & 

Bookhout, 1959; Sulkin & Epifanio, 1975) and temperature maintained at the treatment 

conditions described above.  

 Each brood of larvae was evenly distributed between all nine tanks for seven days 
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and daily fed a mixture of Rotifera plicatilus S-type (Reed Mariculture, Campbell, 

California, USA) and enriched Nannochloropsis algae (Instant Algae, Reed Mariculture, 

Campbell, California, USA) at a density of 50 individuals per milliliter (Sulkin, 1978; 

Zmora et al., 2005). Larvae were removed daily from the bottom of each tank and 

separated into live and dead larvae, with the number of deceased larvae counted, placed 

in ethanol (95%), and preserved for later analysis (Prendini et al., 2002). Live larvae were 

counted and returned to their original tank. On the final day, all live larvae were also 

collected and placed in vials of ethanol (95%). Daily mortality was determined in each 

tank and total mortality was calculated at the end of the experiments.  

 Total Protein: Live larvae were collected on days 0, 4, and 7 from all nine tanks. 

They were rinsed in Milli-Q water (MilliporeSigma, Massachusetts, USA) and placed in -

80° C freezer. For analysis, vials were thawed on ice and homogenized with 500 μL of 

phosphate buffer (0.1 M phosphate, 0.15 M NaCl, pH 7.2) and protease inhibitors (1 M 

PMSF (phenylmethylsulfonyl fluoride), 10 mg mL-1 leupeptin, 1 mg mL-1 aprotinin). A 

Micro BCA Protein Assay Kit (ThermoScientific, Waltham, Massachusetts, USA) was 

used with the homogenate, which was then incubated at 37° C for 2 hours and read in a 

plate reader (SpectraMax M3, San Jose, California, USA) at 562 nm. 

 Total Lipid: Following the modified spectrophotometric sulfophosphovanillin 

method (Carter et al., 2013), live larvae were collected on days 0, 4, and 7 from all nine 

tanks. Larvae were rinsed in Milli-Q water and placed in -80° C freezer. For analysis, 

vials were thawed on ice and samples homogenized with 500 μL methanol:chloroform 

(1:1) and placed on a dry block heater (95° C) until the solvent was completely 
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evaporated. Concentrated sulfuric acid (300 μL) was then added to each sample and 

mixed thoroughly. Samples (200 μL) were mixed with 1 mL of colored reagent (85% 

phosphoric acid and vanillin). A serial dilution (0-200 μg) using triglyceride and 95% 

sulfuric acid was used for quantification. The samples and standards were read at 540 nm 

in a plate reader (SpectraMax M3, San Jose, California, USA).  

 Swimming Activity: All zoea were collected on days 0 and 7 from each tank and 

observed under a dissecting microscope. Individual larval movements were placed into 

six categories from highly active (6) to dead (0). An average of swimming activity per 

tank was then determined.  

 Carapace Calcium Content: Live larvae were collected on days 0 and 6, rinsed in 

Milli-Q water, and placed in ethanol (95%) for later analysis. Larvae were then removed 

from ethanol, dried, placed on carbon tape, and mounted on a metal disc for placement in 

a scanning x-ray photoelectron spectrometer (XPS; PHI Versaprobe III, Chanhassen, 

Minnesota, USA) for surface carapace composition analysis. Once samples were placed 

in the XPS and sealed in a vacuum, a sub-10 μm x-ray beam produced an image of the 

sample to visualize location of analysis, with each sample analyzed on the main carapace 

body. After surface compositional analysis was complete, a depth profile was conducted 

after sputtering with an Argon Gas Cluster Ion Beam (GCIB) removed the first few 

surface nanometers. Each analysis produced a profile of the surface and sub-surface 

molecular components, with each sample providing three data points from which to 

create an average composition. From these, ratios and composition percentage of carbon, 

nitrogen, calcium, carbonate, and magnesium were determined.  
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 Morphology: Telson, abdomen, carapace, rostrum, dorsum, and total length, as 

well as carapace height and width, were determined with ToupView software (ToupTek 

Photonics, Zhejiang, P.R. China). Data were obtained from larvae in all vials, which were 

randomized to prevent knowledge from which tank they were derived.  

 Statistical Methods: Mortality, morphology, total protein, total lipid, swimming 

activity, and carapace calcium content were checked for normality (Shapiro-Wilk test) 

and heteroscedasticity (Bartlett or Levene’s Test). When the data did not pass these 

assumptions for a two-way ANOVA or MANOVA on final day results (total lipid, 

mortality, swimming activity, carapace calcium content), they were evaluated based on 

Q-Q plots and skewness, with all but swimming activity fitting normality assumptions 

enough to use parametric analysis (Webster & Oliver 2007). Swimming activity was log-

transformed. A Kaplan-Meier survival curve was created for mortality for each pH 

treatment, with a Cox Proportional Hazards regression evaluating the impact of both 

stressors (Horton & Kleinman, 2011). Morphology data (total length, rostrum length, 

dorsum length, carapace length, telson length, abdomen length, carapace height, carapace 

width) were evaluated with a two-way multivariate ANOVA (MANOVA) with a Pillai-

Bartlett trace statistic (Hand & Taylor, 1987) to determine the effect of factors pH and 

temperature. All other metrics were tested with a two-way factorial ANOVA (total 

protein, total lipid, swimming activity, carapace calcium content) to determine the effect 

of pH and temperature (Qian, 2010). When the interaction between factors was 

significant, a Tukey HSD post-hoc test was performed to detect the differences between 

treatments (Qian, 2010).  
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 Survival curves were created using the Kaplan-Meier log-rank test in R ‘survival’ 

package (Thernau, 2011). Water quality parameters were calculated using R package 

‘seacarb’ v. 2.4.3 (Gattuso et al., 2018) with total pH scale, Kf (Perez & Fraga, 1987), k1, 

k2 (Lueker et al., 2000) and Ks (Dickson, 1990). Mean pH and standard error were 

determined after converting from pH to hydrogen ion concentration, which were then 

converted back to the pH scale. All data were analyzed in R v. 3.5.2 (R Development 

Core Team, 2011) with the packages ‘car’ (Fox et al., 2019), ‘ggplot2’ (Wickham, 2020), 

‘lme4’ (Bates et al., 2020), and ‘Rmisc’ (Hope, 2013). All tests were considered 

statistically significant with an alpha of 0.05.  

Results  

Mortality: Increased temperature alone significantly decreased survival across all 

treatments, with acidity alone also significantly decreasing survival (Figures 4.2-4.5). 

Combining both stressors significantly reduced survival in most conditions (Figure 4.6). 

At control acidity (pH 8.1) and medium temperature (26º C), there was higher mortality 

than expected due to large deviation in one brood’s response. When this brood is 

removed, mortality is within 1% of mortality rates at control and high temperatures.  

Total lipid: In control, medium, and high acidity, total lipid content declined with 

increasing temperature (Figure 4.7). On the final day of the experiment, total lipid content 

significantly differed with pH and with temperature, although final lipid content did not 

differ significantly with the combination of pH and temperature (Figure 4.8; Table 4.2).  

Total protein: In control and medium acidity, total protein content declined at 

control and medium temperature (Figure 4.9). At high temperature, total protein declined 
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at medium acidity, but slightly increased at control acidity. In high acidity, total protein 

increased slightly at control temperature and fell more steeply with increasing 

temperature. On day 7 (Figure 4.10), there were significant effects of pH as well as 

temperature, with no effects observed with the combination of both treatments (Table 

4.3).  

Swimming activity: During the length of the experiment, swimming activity 

steeply diminished in all treatments, except for tanks at control acidity and high 

temperature (Figure 4.11). When larvae were exposed to higher temperatures alone, there 

was no significant difference in their final swimming activity (Figure 4.12). However, 

when larvae were exposed to pH alone, activity was significantly reduced, with the 

combination of pH and temperature also significantly reducing activity (Table 4.4).  

Morphology: On the final day of the experiment, there were no significant 

differences observed between the metrics and pH, temperature, or the combination of the 

two (Table 4.4). 

Carapace calcium content: Over the period of 7 days, calcium content increased 

throughout all tanks, except for the tanks at medium acidity and high temperature and 

control acidity and high temperature (Figure 4.13). However, by the final day there was 

no significant difference between the treatments (Figure 4.14; Table 4.4). 

Discussion 

 Overall, the effects of combined increased temperature and acidity were greater 

than either factor alone in larval blue crab outcomes and fits with my initial hypothesis. 

The narrow mortality ranges in control acidity at varied temperatures evidence that larvae 
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are able to compensate for higher temperatures when acidity is within normal ocean 

ranges. However, as acidity increases, this tolerance with respect to temperature declines. 

In open circulatory systems such as decapods, large volumes of extracellular fluid must 

be modulated through acid-base regulation (Pörtner, 2008). Compensating for increasing 

acidity becomes a more arduous task and leads to increased temperature sensitivity. 

When increased thermal stress is included with acidification stress, oxygen supply 

through tissues is reduced (Pörtner, et al., 2005; Metzger et al., 2007) and shifts 

extracellular pH, reducing the function of various internal systems and ultimately 

negatively affecting the whole organism (Pörtner, 2008). Failing functional capacity 

results in reduced pO2 in body fluids, with thermal stress pushing the organism to reach 

their limits more quickly (Pörtner, 2008). In blue crabs, my results illustrate how such 

declining function is likely occurring. Although I was unable to include oxygen 

consumption in this study, it should be evaluated in subsequent studies. 

 In all treatment tanks, mortality was greater than control tanks. These likely 

affected my total lipid and protein sampling, with all larvae collected on day 7 

necessarily the most fit larvae and therefore containing higher concentrations of lipids 

and proteins. All larvae most sensitive to both stressors would be deceased by day 7 and 

thus would obscure negative interactions. Collecting larvae on each day of the 

experiment for analysis may improve detection of these outcomes. Future studies should 

incorporate these suggestions in order to detect these subtleties. Even with this obscuring 

effect, the trends in my results support the hypothesis that combined stressors reduce 

metabolic output (Pörtner, 2008). Such findings should be confirmed in future work 
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determining the effects on respiration (Carter et al., 2013). Additionally, the marked 

decline in total lipid and protein in higher temperatures when also in higher acidity 

suggests reduced thermal tolerance (Pörtner, 2002; Walther et al., 2009, 2010) when 

compared with lower temperatures at higher acidity.  

 Swimming activity was not significantly affected by increased temperature, 

although increased acidity did reduce activity. These findings are similar to results in 

adult blue crabs which found locomotory fatigue increased with hypercapnic conditions 

(Stover et al., 2013). Swimming activity was likely unaffected by temperature due to 

efforts to achieve thermoregulation, as is observed in adult decapods (Lewis & Ayers, 

2014). The combination of increased temperature and acidity significantly reduced 

swimming activity, which would be expected if increased acidity narrows overall thermal 

tolerance in larval blue crabs. 

 Morphology was unaffected by either treatment, which is not surprising because 

the experimental time did not allow for larvae to molt into the next stage. In other studies 

where early life stage crustaceans were exposed to longer term acidity alone, larvae 

increasingly diminished in size through successive molts (Walther et al., 2010; Long et 

al., 2013b), whereas combining increased temperature and acidity in larval American 

lobsters (Homarus americanus) revealed an interactive effect on carapace length in one 

population (Niemisto, 2019). Future long-term studies in blue crabs should continue to 

evaluate their morphological response after several molting periods. When evaluating 

carapace calcium content specifically, I observed continuous increases across temperature 

and pH, except at the highest acidity. This suggests blue crabs are able to maintain 
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calcium carbonate mineralization in their carapace overall, but once temperature and 

acidity reach a tipping point, the process of mineralization is negatively affected and 

calcium content declines. Initial calcium measurements were from larvae unexposed to 

any changes in acidity or temperature, which at high temperature and acidity indicates 

natural variability producing low initial calcium content. Larvae on the final day had been 

exposed to increased acidity and temperature for six days. At high temperature and high 

acidity, this produced the lowest calcium content out of all tanks, suggesting there is a 

trend towards reduced calcium content at high temperature and acidity. Although these 

results were not statistically significant, they are worth further examination in future 

studies. 

 I found that future populations of blue crabs will likely experience diminished 

survival and increased sublethal effects. Although adults are relatively resistant to 

changes in acidification, their larval stages have proven to be more sensitive, with 

increased temperatures further reducing their adaptation potential. These negative 

consequences due to increased carbon dioxide are strong enough to reduce the 

Chesapeake Bay’s population of blue crabs, unless continued adaptation occurs. If blue 

crabs are unable to adapt rapidly, it is likely to produce ecological and economic 

repercussions throughout the Chesapeake (Miller et al., 2005; Johnson et al., 2014). 

Efforts to support sensitive larval stages continue to be explored (Zohar et al., 2008) in 

order to ensure blue crabs will continue to provide economic support to the region, as 

well as remain an iconic and ecological linchpin for the Chesapeake Bay.  
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Figures and Tables 

Figure 4.1. Experimental design. Approximately 250 zoea were placed in each of the nine 

tanks at different temperatures and pH. Water was circulated through the system every 4 

hours, temperature was individually controlled in each tank, and pH was controlled 

through a microcontroller and solenoid system that let carbon dioxide flow into each tank 

every half hour. Temperature and pH were monitored twice daily.  
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Figure 4.2. Effect of temperature on larvae survival at 8.1 pH. Over 7 days, survival was 

reduced across all temperatures, with medium temperature of 26º C most strongly 

affecting survival.  

 

 
Figure 4.3. Effect of temperature on larvae survival at 7.8 pH. Over 7 days, survival was 

reduced across all temperatures, with high temperature of 28º C most strongly affecting 

survival.  
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Figure 4.4. Effect of temperature on larvae survival at 7.4 pH. Over 7 days, survival was 

reduced across all temperatures, with high temperature of 28º C most strongly affecting 

survival.  

 

 

 
Figure 4.5. Effect of pH and temperature on larvae survival. Both temperature and pH 

significantly affected survival. Data are mean values ± standard error.  
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Figure 4.6. Effect of combined pH and temperature on larvae survival. Mortality rates 

significantly differed from control pH and temperature in the following treatments: 

ControlMed, LowHigh, LowMed, MedHigh, and MedMed. Data are mean values ± 

standard error.  

 

 
Figure 4.7. Effect of pH and temperature on total lipids. Mean concentration (μg/mL) 

remained steady or declined over a period of seven days. 
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Figure 4.8. Effect of pH and temperature on final total lipids. Increasing acidity and 

temperature reduced mean lipid content (μg/mL). Data are mean values ± standard error.  

 

 
Figure 4.9. Effect of pH and temperature on total protein. Protein content (μg/mL) 

remained fairly constant or slightly diminished over seven days. At highest acidity and 

temperature, protein steeply declined.  
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Figure 4.10. Effect of pH and temperature on final total protein. With increased acidity, 

protein content (μg/mL) declined. With increased temperature, protein was diminished, 

with protein at medium temperature the most reduced at medium and control pH. Data 

are mean values ± standard error.  

 

 
Figure 4.11. Effect of pH and temperature on swimming activity. Over a period of 7 days, 

swimming activity diminished across all tanks.  Data are mean values ± standard error.  
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Figure 4.12. Effect of pH and temperature on final swimming activity. Mean swimming 

activity was reduced with temperature and acidity, except at control pH and high 

temperature. Data are mean values ± standard error.  

 

 
Figure 4.13. Effect of pH and temperature on carapace calcium content. Over a period of 

six days, calcium concentration (wt %) increases with increasing acidity and temperature. 

Calcium concentration only diminished at the highest temperature. Data are mean values 

± standard error. 
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Figure 4.14. Effect of pH and temperature on final carapace calcium content. 

Temperature alone may have impacted calcium content (wt %) more than pH alone. Data 

are mean values ± standard error. 
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Table 4.1. Water chemistry. Temperature, salinity, and pH were measured twice daily in 

experimental tanks. Total Alkalinity (AT) was measured at the start of the experiment. 

Bicarbonate, carbonate, and dissolved inorganic carbon (DIC) were calculated. Data are 

mean values ± standard error.  

 

Parameter 

(Acidity- 

Temp) 

High- 

Control 

High- 

Medium 

High- 

High 

Med- 

Control 

Med- 

Medium 

Med- 

High 

Control- 

Control 

Control- 

Medium 

Control- 

High 

Temperature 23.3  
± 0.10 

26.1 
± 0.06 

27.7  
± 0.16 

23.8 
± 0.13 

26.4  
± 0.09 

28.9  
± 0.19 

23.7  
± 0.13 

26.5  
± 0.18 

27.9  
± 0.22 

Salinity 31 ± 

0.36 
31 ± 0.36 

31 ± 

0.36 
31 ±  

0.36 
31 ±  

0.36 
31 ± 

0.36 
31 ±  

0.36 
31 ±  

0.36 
31 ± 

0.36 

AT  
(µmol kg-1) 

1665  
± 1.69 

1666  
± 0.99 

1667  
± 1.38 

1662  
± 1.50 

1662  
± 1.47 

1662  
± 1.69 

1669  
± 2.22 

1662  
± 0.39 

1665  
± 1.07 

pH 7.44  
± 0.02 

7.36  
± 0.05 

7.41  
± 0.02 

7.81  
± 0.01 

7.80  
± 0.02 

7.74  
± 0.02 

8.06  
± 0.01 

8.05  
± 0.01 

8.01  
± 0.01 

[HCO3
-]  

(µmol kg-1) 
1580  

± 3.97 
1583  

± 3.23 
1574  

± 3.84 
1478  

± 4.83 
1466  

± 5.48 
1472  

± 5.68 
1370  

± 6.18 
1350  

± 4.98 
1358  

± 5.78 

[CO3
2-]  

(µmol kg-1) 
43 ± 

1.73 
42 ± 1.60 

47 ± 

1.85 
92 ±  

2.64 
98 ±  

3.06 
95 ± 

2.97 
149 ± 

3.54 
156 ± 

2.34 
154 ± 

3.04 

DIC 1666  
± 3.96 

1675  
± 7.39 

1663  
± 3.70 

1588  
± 2.83 

1581  
± 3.15 

1586  
± 3.63 

1529  
± 3.26 

1515  
± 2.82 

1521 
 ± 3.05 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter Four: Larvae, Temperature, and Acidity 94 

 

Table 4.2. Total lipid ANOVA and Tukey HSD results for C. sapidus. Significant results 

are in bold, and only significant Tukey HSD output has been included. C=Control, 

L=Low, M=Medium. 

 

  Total Lipid      

2-Way ANOVA  d.f. SS MS F P  

     Temperature 2 0.53 0.26 17.896 ≤ 0.005 

     pH 2 0.69 0.34 23.359 ≤ 0.005 

     Temperature:pH 3 0.11 0.04 2.456 0.088 

Tukey HSD      

   Temp:pH Diff Lwr Upper  P  

   C:L-C:C -0.307  -0.544  -0.069  0.005 

   M:L-C:C -0.770  -1.061 -0.479  ≤ 0.001 

   H:M-C:C -0.440  -0.731 -0.149  ≤ 0.001 

   M:M-C:C -0.327  -0.618 -0.036  0.020 

   M:L-H:C -0.503  -0.840 -0.167  ≤ 0.001 

   M:L-M:C -0.510  -0.846 -0.174  ≤ 0.001 

   M:L-C:L -0.463  -0.754 -0.172  ≤ 0.001 

   C:M-M:L 0.578   0.277 0.879  ≤ 0.001 

   M:M-M:L 0.443    0.107 0.780  0.004 
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Table 4.3. Total protein ANOVA and Tukey HSD results for C. sapidus. Significant 

results are in bold, and only significant Tukey HSD output has been included.  

C=Control, L=Low, M=Medium. 

 

  Total Protein      

2-Way ANOVA  d.f. SS MS F P  

     Temperature 2 11.41 5.71 15.099 ≤ 0.005 

     pH 2 8.30 4.15 10.978 ≤ 0.005 

     Temperature:pH 4 2.10 0.52 1.388 0.242 

Tukey HSD      

   Temp:pH Diff Lwr Upper  P  

   H:L-C:C -1.491  -2.689 -0.293  0.004 

   M:L-C:C -0.774  -1.548 -0.0005  0.050 

   H:M-C:C -0.973  -1.630 -0.317  ≤ 0.001 

   M:M-C:C -1.228  -1.885 -0.572  ≤ 0.001 

   M:M-H:C -0.826  -1.505 -0.148  0.006 

   H:L-C:L -1.330  -2.557 -0.102  0.023 

   H:M-C:L -0.812  -1.520 -0.103  0.013 

   M:M-C:L -1.067  -1.776 -0.358  ≤ 0.001 

   M:M-C:M -0.693 -1.350 -0.037  0.030 
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Table 4.4. ANOVA, MANOVA and Tukey HSD results for swimming activity, 

morphology, and calcium content in C. sapidus. Significant results are in bold, and only 

significant Tukey HSD output has been included.  

 

  Swimming Activity      

2-Way ANOVA d.f. SS MS F P  

     Temperature 2 0.12 0.06 2.010 0.163 

     pH 2 0.36 0.18 6.081 0.010 

     Temperature:pH 4 0.39 0.10 3.312 0.034 

Tukey HSD: pH Diff Lwr Upper  P  

     Medium-Control -0.290 -0.539 -0.041  0.02 

   Morphology      

2-Way MANOVA  d.f. Pillai   Approx. F P  

     Temperature 2 0.02  1.038 0.443 

     pH 2 0.08  1.104 0.387 

     Temperature:pH 4 0.12  1.216 0.239 

  Calcium Content      

2-Way ANOVA  d.f. SS MS F P  

     Temperature 2 0.14 0.07 0.771 0.491 

     pH 2 0.05 0.23 0.250 0.784 

     Temperature:pH 4 0.03 0.01 0.091 0.983 
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Chapter Five:  

 
Conclusion  

 

 The primary effects of increasing acidity on blue crabs were slightly delayed 

hatching times in embryos, with significantly diminished survival and loss of lipids in 

stage 1 larvae. Combining increased temperatures with acidification in larvae exacerbated 

these effects, with further decreases in survival, lipids, protein, and swimming activity. 

These outcomes were observed within the first seven days and, if similar to other crab 

species, are likely to worsen with molt progression (Long et al., 2013; Miller et al., 

2016). Two of the acidic conditions larvae were exposed to (pH 7.8, 7.4) represented 

worst case scenarios predicted in the open ocean by years 2100 and 2300, respectively 

(IPCC, 2013), although coastal systems are expected to worsen at a faster rate (Cai et al., 

2017). My final acidic condition (pH 6.8) was not representative of any expected surface 

ocean conditions, and rather served as a baseline for survival and physiological 

responses. However, long-term acidity trends in the Chesapeake evidence female crabs 

are currently exposed to hypercapnic events under pH 7.5 in bottom waters which 

continue to increase in duration (Shen et al., 2020). Further studies should therefore 

expose embryos to these bursts of extreme acidity, as well as determine how oocytes are 

affected in females.  

 As larvae are progressively exposed to increasingly acidic coastal waters, it is 

possible adaptation will occur. I observed varied brood responses that may result in better 

adapted blue crabs by the year 2100. Similar observations have been reported in other 

decapods (Long et al., 2017), whereas certain geographically distinct populations within 
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a species have varied responses (Walther et al., 2010; Niemisto, 2019). Blue crabs in the 

Atlantic are known to contain high genetic diversity (Feng et al., 2017) and are thus well 

situated to adapt to changing conditions.  

 Although this potentially offers good news, we must better understand how 

adaptation could occur. Alternatively, if further research suggests adaptation is not 

occurring at a rapid enough rate, reduced blue crab populations could have broad 

reaching effects across the Chesapeake Bay. As omnivorous predators, blue crabs 

currently control populations of several species at differing trophic levels, including small 

bivalves (Arnold, 1984), smaller crustaceans (Hill & Weissburg, 2013), and small fishes 

(Kneib, 1982). Isotope analysis suggests great flexibility in prey consumption that shifts 

with habitat constraints and prey availability (Mancinelli et al., 2017). This omnivory 

helps to reduce potential trophic cascades in estuaries, provides some buffering effect to 

environmental shocks (Johnson et al., 2014), and may control populations of invasive 

crustaceans (DeRivera et al., 2005). However, smaller populations of blue crabs would 

reduce this service and accentuate trophic cascades, which are currently observed in the 

Chesapeake as a result of eutrophication, invasive species, habitat loss, and climate 

change effects (Kemp et al., 2005). Additionally, various life stages of blue crabs are 

prey for fishes, birds, marine mammals, and cephalopods (Boudreau & Worm, 2012). 

Blue crabs have been identified as a keystone species specifically in salt marshes, where 

they exert control over marsh grass cover through periwinkle predation. Overfishing of 

blue crabs has been postulated as the mechanism for major salt marsh die-offs (Silliman 

& Bertness, 2002). In experiments with other benthic decapod crustaceans, their removal 
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consistently resulted in increased infaunal and epifaunal densities, changes in species 

composition, and sometimes cascading effects (Boudreau & Worm, 2012).  

 With the loss of ground fisheries, invertebrate fisheries have gained commercial 

importance (Choi & Zisserson, 2008). In the Chesapeake Bay, blue crab harvests are the 

largest single source in the US (Miller et al., 2005). The turn of the century brought with 

it an overburdened fishery in degrading habitat with record low production and an 80% 

drop in spawning stock (Lipcius & Stockhausen, 2002). These drastic declines 

precipitated recovery efforts that have successfully and remarkably brought it to current 

healthy population levels (Seitz, 2020). Currently there are no published assessments 

determining the economic impact of this previously observed decline, although it would 

be an excellent case study for determining how future shocks could affect the region. 

Economic considerations have been called for inclusion in management strategies, given 

the socio-economic importance of this species (Chesapeake Bay Commission, 2001), and 

newer models have begun to incorporate these factors (Bunnell et al., 2010). As the 

Chesapeake experiences continued acidification and we consistently expand our 

understanding of its complex effects across the Chesapeake’s systems (Su et al., 2020), it 

is important for further research to explore the interconnection between blue crab 

populations and human society.  

 When considering the effects of future acidification to the blue crab population, it 

cannot be considered in a vacuum. Climate change is expected to intensify storms (IPCC, 

2013), which may have profound effects on recruitment dynamics into the Chesapeake 

Bay (Miller et al., 2019). Therefore, in addition to my observed effects of acidification 
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and temperature on larval survival and fitness, populations could further decline from 

weather related events. Identifying strategies to adapt to a more hostile natural system 

could include aquaculture for early life stages. After reaching the juvenile stage, where 

they can more successfully acclimatize to acidic conditions, crabs could be released into 

the Chesapeake. Previous studies have promoted the feasibility of such efforts and 

evidenced local population surges between 50-250% after release of cultured juveniles 

(Zohar et al., 2008). Although this stock replenishment is technically feasible, such an 

endeavor would require cooperation between multiple stakeholders due to the scale and 

expense of the effort, and is best conducted in focused efforts for local populations 

throughout Chesapeake Bay (Secor et al., 2004). It is thus more likely to be one aspect of 

an approach that would include further management strategies, such as scientifically 

based fisheries management and habitat restoration (Secor et al., 2004). 

 The primary findings of this thesis suggest blue crabs will decrease in response to 

changing environmental conditions. Although there is potential for adaptation, it is wise 

to explore ways to mitigate these effects to the ecosystem and to regional human 

populations. Such pathways may include direct intervention, such as investing in early 

life stage aquaculture, or in less direct means, such as protecting nursery habitat. In 

habitat such as submerged aquatic vegetation, this may have a two-fold effect. Already 

important for juveniles seeking protection from predators (Mizerek et al., 2011), new 

research has discovered its importance for buffering acidification within the Chesapeake 

(Su et al., 2020), which may improve outlooks for the entire estuary. By finding 

sustainable ways to protect sensitive larval stages, we can enable blue crabs to 
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successfully reach this haven and continue to thrive in the Chesapeake Bay for future 

generations.  
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Potential global economic impacts of ocean acidification* 

S.A. Macko, C. Fantasia, & G. Xue 

Abstract 

 The addition of massive amounts of carbon dioxide to the atmosphere and oceans 

as a result of anthropogenic emissions from fossil fuel use, is changing the ocean 

chemistry by increasing acidity through lowering ocean pH. Acidification influence on 

calcareous organisms at primary production levels could lead to catastrophic effects on 

higher organisms of food chains. The ocean influences all activities on Earth, being a 

source of nutrition and energy while simultaneously buffering climate. Fisheries, the 

source of 16% of human nutrition, are already in a state of near collapse for some species 

owing to overfishing and mismanagement of a sustainable infrastructure. The 

modification of the pH of this ecosystem will add further stress to the life cycles of 

marine organisms and will likely impact declining fisheries harvests even further.  

Impacts on larval stages of shellfish, and the reef-building corals add even more to the 

complexity of the effects of “the other carbon dioxide problem” of acidification. We are 

only in the initial stages in the evaluation of the potential economic losses resulting from 

the lower pH, which are likely to exceed a significant portion of the multi-billion dollar 

U.S. fishery harvest. Projections for the global economic impacts of ocean acidification 

are being attempted by combining economic models with ecosystem ones, and including 

the observations derived from laboratory experiments, and suggest that the global impact 

may exceed billions of dollars. 

*Reproduced here with minor alterations; original citation: Macko, S. A., C. M. Fantasia, & G. 

Xue. 2017. Potential global economic impacts of ocean acidification. Center for Oceans Law & 

Policy: International Marine Economy. Eds. M.H. Nordquist, J.N. Moore, & R. Long. 20:79-97. 

doi: 10.1163/9789004323445_003 
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Introduction 

Ocean Acidification Arising from Increased Carbon Dioxide Emissions: The “Other 

Carbon Dioxide Problem” 

Carbon dioxide levels in the atmosphere have now reached over 400ppm, and did 

not seasonally adjust to lower than 400 ppm in 2016 for the first time in the recent history 

of the planet. These levels are more than 40% above the pre-industrial levels of carbon 

dioxide and are a direct consequence of carbon dioxide emissions by human activities 

including the burning of fossil fuels (National Academy of Sciences 2008a; 2008b). With 

the increased atmospheric concentration of carbon dioxide have come increased levels of 

dissolved carbon dioxide in the ocean as marine waters scavenge the gas out of the 

atmosphere thus increasing the amount dissolved in the ocean (Caldeira and Wickett, 

2003). Over the past 100 years, the oceans have absorbed about one third of the carbon 

dioxide emitted by anthropogenic sources. This scavenging of the gaseous carbon dioxide 

can have great and predictable responses in the ocean water chemistry, affecting 

carbonate ion concentrations, calcite and aragonite mineral saturation levels and 

eventually influencing the pH of the ocean water (Figure 1). The ocean carbon cycle 

involves two forms of carbon: organic carbon and the inorganic carbon. The inorganic 

carbon cycle is particularly relevant when discussing ocean acidification for it includes 

the many forms of dissolved CO2. When CO2 dissolves, it reacts with water to form ions 

from the dissolved carbon dioxide: carbonic acid (H2CO3), bicarbonate (HCO3
−) and 

carbonate (CO3
2-). The relative abundance of these species depends on factors such as 

seawater temperature and alkalinity (Tyrrell, 2008a, 2008b). 

http://en.wikipedia.org/wiki/Carbonic_acid
http://en.wikipedia.org/wiki/Bicarbonate
http://en.wikipedia.org/wiki/Carbonate
http://en.wikipedia.org/wiki/Seawater
http://en.wikipedia.org/wiki/Temperature
http://en.wikipedia.org/wiki/Alkalinity
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Although the natural absorption of CO2 by the world's oceans has helped mitigate 

the atmospheric climatic effects of anthropogenic emissions of CO2, it is believed that 

increased levels in the ocean have caused a decrease in pH of approximately 0.15 units on 

the pH scale (Doney, 2006), or a 30% increase in acidity since this scale is logarithmic. 

This increase will likely have negative consequences, primarily for oceanic calcifying 

organisms. These span the food chain from autotrophs to heterotrophs and include 

organisms such as coccolithophores, corals, foraminifera, echinoderms, crustaceans and 

mollusks. The “skeletons” of these organisms are composed of calcite and aragonite 

(mineral forms of calcium carbonate) and are stable in surface waters since the carbonate 

ion is at supersaturating concentrations. However, as ocean pH falls further, so does the 

concentration of this ion, and when carbonate becomes undersaturated, structures made 

of calcium carbonate are vulnerable to dissolution (Feely et al., 2004). The ocean is 

approaching pH levels not seen in millions of years. Increasing ocean acidity (OA) will 

affect a vast majority of marine life (either directly or indirectly), but some of the first to 

feel the effects are shellfish, such as oysters. The “slight” decrease of 0.1 units of pH has 

adverse repercussions on calcifiers. Acidification results in the water becoming unstable 

for calcium carbonate minerals that shellfish produce to make their shells. Without their 

protective shells, oysters are vulnerable and simply cannot live. Although the corrosion of 

their defensive shell seems enough to rapidly increase their death rate, the devastation of 

oysters from acidification goes even further (Waldbusser et al., 2011).  

An important aspect of this “other carbon dioxide problem” is that, unlike models 

of climatic warming which are based on complex models of many forcings and 

http://en.wikipedia.org/wiki/Solubility_pump
http://en.wikipedia.org/wiki/Solubility_pump
http://en.wikipedia.org/wiki/Climate_change
http://en.wikipedia.org/wiki/Calcification
http://en.wikipedia.org/wiki/Organism
http://en.wikipedia.org/wiki/Food_chain
http://en.wikipedia.org/wiki/Autotroph
http://en.wikipedia.org/wiki/Heterotroph
http://en.wikipedia.org/wiki/Coccolithophore
http://en.wikipedia.org/wiki/Coral
http://en.wikipedia.org/wiki/Foraminifera
http://en.wikipedia.org/wiki/Echinoderm
http://en.wikipedia.org/wiki/Crustacea
http://en.wikipedia.org/wiki/Mollusca
http://en.wikipedia.org/wiki/Mollusca
http://en.wikipedia.org/wiki/Supersaturation
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feedbacks, heightened acidity, or lower pH of the ocean, is fairly predictable.  The 

mechanisms for increasing acidity are well-established, physical chemical processes: 

increasing carbon dioxide in the atmosphere will increase the amount dissolved in the 

ocean (Figure 2). The pH of the ocean is dependent on the amount of the dissolved CO2. 

The “unknowns” are simply the levels that atmospheric carbon dioxide will reach, and 

the rate at which the surface ocean attains equilibrium with that level. As fossil fuels 

continue to contribute carbon dioxide to the atmosphere, the pH of the ocean will 

continue to decline. 

Most studies have found that coccolithophores, a type of planktonic algae, 

coralline algae, corals, shellfish, foraminifera, and pteropods all experience reduced 

calcification or increased dissolution under lower pH or elevated CO2 (Raven et al.,  

2005). However, a few studies have suggested that with ocean acidification, the direction 

of the response, enhanced or declining, varies between species.  Although the full 

ecological consequences of these changes in calcification are still uncertain, it appears 

likely that many calcifying species will be adversely affected.  Lower pH also appears to 

negatively impact non-calcifying larvae during planktonic stages, affecting hardening of 

chitin and resulting in increased mortality.  

Aside from calcification stress, organisms may suffer other adverse effects, either 

directly as reproductive or physiological effects, including CO2-induced acidification of 

body fluids, or indirectly through negative impacts on food resources.  With diminished 

calcifying planktonic organisms, the entire food resource may be disrupted, with a 

cascading effect up the food chain, should no other primary food source be readily 

http://en.wikipedia.org/wiki/Shellfish
http://en.wikipedia.org/wiki/Pteropod
http://en.wikipedia.org/wiki/Ecology
http://en.wikipedia.org/wiki/Ocean_acidification#cite_note-raven05-8
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available (Kleypas et al., 2006). A change in any part of the food web may have 

consequences on the rest of the food web, ocean biogeochemistry and the whole 

ecosystem. Such a modification has already been observed in the Antarctic: in the 

Southern Ocean GLOBEC study with diminishing krill, predators of krill have turned to 

alternate foods, with associated potential loss of energy from longer food chains or foods 

not supplying appropriate levels of essential biochemical nutrients. These more acidic 

conditions would hinder growth of calcium carbonate shells and skeletons by many other 

marine plants and animals. 

Ocean acidification may also force some organisms to reallocate metabolic energy 

away from feeding and reproduction in order to maintain internal cell pH. It has even 

been suggested that ocean acidification will alter the acoustic properties of seawater, 

allowing sound to propagate further, increasing ocean noise and impacting animals that 

use sound for echolocation or communication.  However, as with calcification, as yet 

there is not a full understanding of these processes in marine organisms or ecosystems.  

Leaving aside direct biological effects, it is expected that ocean acidification in the future 

will lead to a significant decrease in the burial of carbonate sediments for several 

centuries, and even the dissolution of existing carbonate sediments (Ridgewell et al., 

2007; Turley, 2008). Inclusion of biological effects suggests that the ecosystem we know 

as the World’s Ocean, an environment that provides one sixth of the protein consumed by 

humans, is dramatically changing. Many thousands of species of marine organisms will 

be affected directly by acidity, others by modification of the food chains on which they 

depend. At the extreme, large numbers of those species could be lost.  

http://en.wikipedia.org/wiki/Animal_echolocation
http://en.wikipedia.org/wiki/Whale_song
http://en.wikipedia.org/wiki/Ocean_acidification#cite_note-npr-threat-33
http://en.wikipedia.org/wiki/Ecosystem
http://en.wikipedia.org/wiki/Ocean_acidification#cite_note-Ocean_Acidification_and_Krill-34
http://en.wikipedia.org/wiki/Ocean_acidification#cite_note-Ocean_Acidification_and_Krill-34
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Ocean acidification has been seen to destroy ecosystems for marine life and the 

detrimental impacts are evident when looking at oysters, however, it is still not clear how 

capable other carbonate organisms will be in responding to the heightened acidity. Some 

organisms may have a higher resilience against a rise in pH, and therefore may still thrive 

at least for some time. A coral reef in the Western Pacific suggests that some calcifiers 

may be able to adapt. On Palau in the Western Pacific there exists high acidification, low 

aragonite saturation and yet from all appearances, a stable coral reef.  

Despite low pH, carbonate, and aragonite, coral reefs at Palau illustrate high coral 

calcification, diversity, and cover. Calcification in different areas of this reef are found to 

be comparable to reefs with both high and low calcification rates, demonstrating that 

even under the stress induced by these conditions, calcification can occur for at least one 

of the reef building species (Shamberger et al., 2014). 

Similar studies on the resilience of other reefs around the globe are also being 

conducted, including studies in the Eastern Tropical Pacific, Hawaii and near volcanic 

vents. Studies in Eastern Tropical Pacific reefs confirmed a general consensus that there 

would be reduced resilience of coral reefs in response to increasing carbon dioxide 

concentration. The Eastern Tropical Pacific reefs are in zones of upwelling with high CO2 

and nutrient concentrations. However, research found that there was an abnormally low 

saturation of carbonate in this ecosystem, and as a result, these reefs would be more 

susceptible to bioerosion (Manzello et al., 2008).  

A further consequence of ocean acidification will be an impact on humans 

through declining fish harvests resulting in diminishing captures for nutrition and also 
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lower revenues from those captures of shellfish or finfish as well as associated habitat 

loss including that which results in ecotourism benefits in areas like coral reefs. A study 

of US commercial fisheries (Cooley and Doney, 2009) attempted to constrain the 

economic effects of ocean acidification using anticipated increases in atmospheric carbon 

dioxide.  The annual domestic commercial harvest of mollusks alone could ultimately be 

impacted sufficiently to lower revenues by a billion dollars, with the global impact 

reaching many times that amount.   

 At the present time, an assessment is underway on the current statistical tools, 

mathematical models, and experimental designs available for studying ocean acidification 

and how it may affect future economies and commercially important species. At that 

time, there were economic models and biological models, but very few bioeconomic 

models (Hilmi et al., 2013). Recently  two economic models have been modified to 

incorporate biological data into a new dual framework: the Social Welfare Analysis 

(SWA) and the Information B model. The SWA is for data with monetary values that 

proffers how marine ecosystems may best benefit society. Information B is being used for 

non-monetary data that may be quantified in a different manner or potentially only 

qualitatively (Hilmi et al., 2013). Previously, few studies have been available except 

initial studies regarding single species over shorter time frames, with a large amount of 

extrapolation (Hilmi et al., 2013). As a result, there is a need to study carbon dynamics 

within estuaries and coastal systems as well as determining specific impacts on 

commercially fished species. Additionally, more detailed information is needed on the 

production and consumption of market and non-market goods that are affected by OA for 
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SWA and other future models to increase in accuracy (Hilmi et al., 2013). Currently, the 

research is only beginning to understand and evaluate the complexities involved; models 

detailing human activities changing as a result of OA and end-to-end models of OA 

impacts are also required.  

 Some models have been developed which are integrating economics and 

biological principles. Public interest and funding are rising, with calls for more research 

in nearly every new OA publication. Clearly, newer models have more information and 

data to work with, such as one recent model using decision theory approach to 

immediately assist fisheries' responses to OA (Seijo et al., 2016). The support framework 

for this model includes data from recent IPCC pH scenarios and new findings on species' 

responses to OA, and economic data regarding various countries' reliance on fishery 

revenues. Several pH scenarios have been tested with fish of varying longevity and OA 

sensitivities, with the results unveiling significant impacts on economies as well as fish 

populations going forward to 2100 (Seijo et al., 2016). Although high variance between 

species was found in their literature review, the findings illustrate that despite this wide 

margin, negative consequences are predicted for most species. Therefore, fishing 

management plans should immediately be in place to reduce fishing pressures on stocks 

to increase their survival and sustainability (Seijo et al., 2016). The value of detailed 

modeling has not been applied to local environments, leaving that to other studies, 

demonstrating that bioeconomic models can be a highly valuable tool for assessing OA 

and its ramifications. Recently other research reports have specifically evaluated regional 

impacts using a variety of methods in places such as the Mediterranean, Europe, the US 
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and Canada, Australia, and Asia-Pacific.  

Local Economic Impacts 

 Mediterranean: Within this historic region, both aquaculture and capture 

fisheries are present, with aquaculture concentrated in northern Mediterranean countries 

and artisanal capture fisheries primarily located in the southern countries. From this one 

small sea is derived 2% of the world's economic value from fisheries, with its aquaculture 

alone quadrupling in the last decade. Aquaculture employs 123,000 individuals, with 

fisheries employing 250,000, and secondary sectors employ another 210,000 individuals. 

Pelagic fishes compose 53% of capture fishery landings, with aquaculture primarily 

harvesting fish and mollusks (Lacoue-Labarthe et al., 2016). Currently pelagic species 

harvested such as sardines and anchovies have unknown responses to OA. However, 

other fishes have revealed some behavioral and physiological changes (Heuer and 

Grosell, 2014). Some tropical and temperate fishes were observed to have otolith 

enlargement with increased carbon dioxide, a universal bone composed of aragonite that 

is important for orientation and sensing acceleration (Haigh et al., 2015).  

 As a system, the Mediterranean is nutrient poor with wide seasonal variations in 

acidity. Anthropogenic carbon dioxide absorbing into the sea is much higher than similar 

latitudes due to specific circulation patterns, temperatures, and alkalinity. Currently the 

Mediterranean is experiencing increased water temperatures that has increased mortality 

in mussels, sponges, corals, and the early life stages of several species (Lacoue-Labarthe 

et al., 2016). Disease susceptibility is also expected to increase as pathogens generally 

thrive in warmer waters and species distribution will likely shift. Experts anticipate the 
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combination of OA and warming waters (Lacoue-Labarthe et al., 2016; Weatherdon et 

al., 2015) will increase the negative impacts of each in the highly valued mollusk and red 

coral industries, as well as severely affect subsistence fishing. Beyond those direct 

economic effects, seafood nutritional content may decrease and harmful algal blooms are 

expected to increase, further reducing mollusk harvests (Lacoue-Labarthe et al., 2016).  

 Red coral reefs are an important source for jewelry sales, recreation, and tourism 

within the Mediterranean, but their numbers are expected to significantly decline with 

increased acidity (Rodrigues et al., 2013; Weatherdon et al., 2015; Lacoue-Labarthe et 

al., 2016). In some areas, over-exploitation is already occurring despite its current 

relative abundance and its sensitivity to OA is already established, with overuse only 

expected to worsen. Red coral reefs are also an important habitat as nurseries for various 

fish species, further emphasizing their importance in the region. Using a framework 

utilizing expected magnitude of OA and the values of current fisheries, 

recreation/tourism, and red coral extraction, it was found each of these fields will be 

strongly affected (Rodrigues et al., 2013). 

 Although each part of the Mediterranean will suffer economic losses in the 

various market sectors mentioned, the northern region is expected to suffer the greatest. 

The northern Mediterranean harvests more sensitive fishes that are more susceptible to 

acidification compared to more hardy fishes harvested in the south, such as carp and 

tilapia (Weatherdon et al., 2015).  

 Europe: Higher latitudinal studies exposes increased negative consequences for 

places such as the northern UK and Norway. In 2015 UK calcifying shellfish harvests 
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were worth ₤302 million, or 50% of total marine fisheries value, with shellfish 

aquaculture contributing another ₤33 million. Pinnegar et al. (2015) used three economic 

models to determine outcomes from increased acidity to their waters and found that a Net 

Present Value (NPV) approach determined the losses to be over ₤954 million by 2100 

with a high emission scenario. When income changes and market demand are also 

considered using a Partial Equilibrium model, losses were estimated to be five times 

higher by 2100. Wales and Northern Ireland rely heavily on shellfish capture fisheries 

and aquaculture and therefore will be heavily affected, but absolute losses in revenue will 

be the greatest in Scotland's fisheries. Annually, NPV losses were estimated between two 

extremes: low emissions with low sensitivity and high emissions with high sensitivity, 

with losses spanning from ₤1.4 million to ₤9.1 million. The study concluded with a 

General Equilibrium model displaying systematic feedbacks throughout the economy, 

with fishery revenue losses negatively impacting GDP, employment, manufacturing, and 

services sectors. Although some positive impacts were seen on tax revenue and 

government expenditure, fishery losses would affect domestic trade balance as well as 

world trade balances (Pinnegar et al., 2015).  

 In Norway, a case study was made on Norwegian coastal cod (Voss et al., 2015), 

a fish with wide distributions, significant commercial importance, and high exploitation 

that has already experienced some local stock collapses. Most of the region's fisheries are 

small-scale with traditional methods, resulting in a system less able to withstand shocks. 

Other laboratory studies have revealed severe tissue damage to early life stages with 

increased acidity (Frommel et al., 2012), therefore making this species an ideal candidate 
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for use in an ecological-economic model (Voss et al., 2015). Their model evaluated 

management options at present day, medium, and high acidity levels with associated 

reduced larval recruitment rates. Retaining fish at recent population levels is the first 

management option (1), with optimized management adjusting to status quo acidity levels 

the second option (2), or optimal adaptation of management to acidification in the region 

as the third option (3). The business-as-usual scenario, or option (1), exhibits harvest, 

profits, and spawning stock biomass decreasing with increasing OA. By 1800 µmol 

atmospheric CO2, fisheries turn unprofitable and if CO2 levels continue to increase, stock 

collapses. Using option (2) with present day CO2 levels, stocks may rebuild, harvests will 

be reduced slightly, but profits could increase to US$194 million compared with option 

(1). When medium CO2 levels are used, stock size, harvest, and profits would decrease 

slightly. Under high CO2 conditions, the measures are not enough and the stock will 

collapse. Using the final option (3), stocks are stabilized up to 4200 µmol atmospheric 

CO2, but harvests are small and profits are low (Voss et al., 2015). The authors point out 

their model is unable to account for all of the feedbacks and variables yet unknown in this 

stock's system and explain they cannot make predictions with the model, only give 

examples of potential scenarios that are very likely for small-scale fisheries.  

 North America: In the Northeast Pacific, upwelling, low alkalinity, and other 

natural environmental factors create lower than average acidic conditions, with some 

areas already undersaturated with aragonite, the form of calcite most commonly 

incorporated into species' shells. Current seasonal variations further decrease the 

saturation horizon and reduce acidity during the summer months (Mathis et al., 2015).  
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 Approximately 50% of total US fisheries catch is derived from Alaska with a 

wholesale value of $4.6 billion dollars and employing around 90,000 full time workers. 

Sport and personal fishing support an additional 16,000 jobs and garners $1.4 billion in 

revenue. Half of Alaska's tourism industry, $300 million, is from fish tourism, and 17% 

of its population depend on subsistence fishing. Fishing activities are part of everyday life 

for 95% of the population and 83% harvest fishes (Mathis et al., 2015). In rural areas 

such as the Aleutian Islands, most of their nutrition stems from mollusk harvests. These 

regions are especially susceptible to OA due to anticipated rapid increases in acidity, their 

reliance on subsistence fishing and harvests, lower incomes, higher food prices, and 

paucity of job diversity. Other regions of Alaska are also vulnerable to changes in acidity, 

but southern Alaska ranks highest in a vulnerability scoring (Mathis et al., 2015).  

 One of the largest fisheries in Alaska is the red king crab fishery with $115 

million of revenue every year (Punt et al., 2014). Prior research portrays their early life 

stages are negatively impacted by increased acidity (Long et al., 2013), making this 

species ideal for bioeconomic modeling. The model used here, the Model of Intermediate 

Complexity for Ecosystem assessments (MICE) reveals that harvest yields and profits for 

this species are expected to slowly decline with increasing acidity for the next few 

decades and after 2050 they will decline more sharply. The direct loss per year is 

anticipated to be tens of millions of dollars, but the indirect losses are expected to be 

much greater, although this study did not quantify those losses. Further study is required 

to substantiate their work and to account for other variables in the models (Punt et al., 

2014).  
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 British Columbia also greatly contributes to its nation's GDP, with over 

CAND$650 million from their fisheries and aquaculture. Breaking this down, around 

50% is from recreational fishing of salmon and Pacific Halibut, 15% from capture 

fisheries, and 10% from aquaculture. Capture fishery has steadily declined but 

aquaculture has tripled in size over the past few years (Haigh et al., 2015). Tourism is 

partially included in those numbers through sport fishing and is primarily considered 

separately. As a whole, the salmon and mollusk fisheries are expected to decline due to 

OA, with repercussions on ecotourism and fisheries. No quantitative studies have yet 

been conducted in the region, but Haigh et al. thoroughly review the literature on each 

phyla and determined based on individual case studies that wide swaths of species will be 

negatively impacted in the region, with some of those species commercially important 

(Haigh et al., 2015).  

 Further south in the United States, mollusks comprised 19% of the primary value 

of commercial harvests in 2007, crustaceans yielded 30%, and finfish were 50%. Of those 

finfish, 24% directly prey on calcifiers (Cooley and Doney, 2009). Cooley and Doney 

used the NPV model to forecast potential results through 2050 and found that mollusks 

alone could sustain losses between $1.7-10 billion between 2009-2050. This is a 

conservative figure that only focuses on the mollusk industry and does not account for 

harmful algal blooms that are anticipated to increase due to OA, nor does it account for 

trophic cascades from population losses in mollusks or other species (Cooley and Doney, 

2009). 

 Australia: A qualitative assessment of Australia's prawn and scallop fisheries 
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found the worth of the two industries to equal AUD$121 million and AUD$2 million, 

respectively. Not enough information is available regarding the response of early life 

stages in prawns, but long-term exposure to acidified conditions with increased 

temperatures result in reduced growth, survival, and swimming ability for prawns 

(Richards et al., 2015). There is also little information regarding scallop responses, 

although earlier studies cited in Richards et al. reveal they typically exhibit negative 

responses and are poor ion regulators, making them more sensitive to changes in ions that 

result from changes in acidity. The authors note co-stressors such as a strengthening East 

Australian Current and changes in predator-prey interactions due to OA, but also suggest 

the Queensland prawns are not highly sensitive to OA and have high phenotypic 

diversity. This should assist in natural adaptation, although there are no studies to date on 

the prawns. However, the scallop industry is based entirely on one species of limited 

range that require certain ocean circulations for larvae distribution and settlement. It has 

also been suggested moving all life stages to controlled aquaculture environments in 

order to maintain the industry (Richards et al., 2015).  

 Caribbean Islands and Asia-Pacific: Coral reef services such as shoreline 

protection are roughly valued at $9 billion total worldwide (Winner, 2013). In countries 

such as Tobago, reefs line the island and tourism directly stemming from the reefs 

composed 15% of their GDP in 2006. When indirect income from tourism is included, 

one-third of Tobago's economy stems from their reef system (Winner, 2013). Due to the 

potential sensitivity of these calcifying organisms to OA, such heavy reliance on a fragile 

ecosystem bodes ill for their economic future. In the Caribbean, Tobago is one of many 
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small island countries to have a tourism-based economy that rests on the shoulders of 

coral reefs. 

 In the Asia-Pacific, pH is expected to decrease by 0.3 units, which is expected to 

reduce aragonite saturation by 50% (Heenan et al., 2015). These will likely result in 

shifts with distribution and abundance, forcing fishermen to travel to more distant fishing 

grounds and reducing their net income due to increased travel costs. Losses in production 

are anticipated to increase malnutrition throughout the region, where 50-90% of dietary 

animal protein is derived from fish. Using a qualitative Ecosystems Approach to 

Fisheries Management (EAFM), the region is classified as highly sensitive to CO2 

emissions with low to moderate adaptive capacity (Heenan et al., 2015). Beyond dietary 

needs, Polynesia employs thousands of individuals on remote atolls to collect valuable 

black pearls. With increased OA reducing populations of pearl producing oysters, 

thousands of people with little employment alternatives will lose a large percentage of 

their annual income and thereby reducing local revenue in those distant localities 

(Weatherdon et al., 2015).  

Global Economic Impacts 

 Fisheries and shoreline protection from coral reefs cumulate into a worth of 

approximately $30 billion annually (Winner, 2013). Within this, capture fisheries 

produce 80-85 million tons/yr and the fastest growing food sector of aquaculture grows at 

least 8% annually (IUCN, 2015). Of those capture fishes, the top ten are finfish species 

(IUCN, 2015), with this class of fish revealing altered predator-prey interactions and 

impaired locomotion under acidified conditions (Haigh et al., 2015). This large industry 
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directly supports 120 million people, with 35 million of those classified as fishermen and 

96% of the total concentrated in developing countries. Over 90% of those fishermen are 

in small-scale fisheries, known to absorb fewer shocks than large-scale fisheries (IUCN, 

2015). Without including socioeconomic benefits of subsistence and recreational fishing, 

commercial fisheries alone produce a global GDP of $274 billion annually. These 

numbers are despite the fact that over 50% of marine stocks are over-exploited and they 

only include reporting OECD countries (IUCN, 2015). Over-exploited stocks may be 

larger than this, but unfortunately data were not available for all countries. Reduced stock 

sizes increases the chances for OA impacts. Although there are dozens of case studies 

setting forth the plausibility of recuperating depleted stocks, most require government 

intervention (IUCN, 2015), which is often only possible with a strong and wealthy 

centralized government that may not be equally available to OA susceptible countries.   

 Focusing solely on global mollusk fishery harvests, 16 million metric tons were 

harvested in 2007 that was worth $15 billion. These were unevenly distributed across the 

nations, with nutritional dependence clearly linked to culture and geography. Island and 

Pacific nations derive a significant portion of their GDP from mollusk exports, with many 

of them poverty stricken nations with a fair amount of their population already 

malnourished (Cooley et al., 2012).  

 Using a Vulnerability Assessment Approach (VAA) to evaluate the impacts of 

OA and human population growth on future per capita mollusk protein availability 

worldwide attributes the greatest vulnerability to developing countries. Those most 

susceptible to harvest declines were Senegal, Madagascar, Gambia, Mozambique, and 



Appendix I: Economic Impacts of Acidification 128 

 

Haiti. Those vulnerable to import declines were Solomon Islands, Jamaica, Belize, Cook 

Islands, and Sudan (Cooley et al., 2012). Although there are many more factors at play 

potentially skewing the results of the VAA, general trends reveal aragonite saturation 

decreasing heavily in the above geographic regions while simultaneously mollusk 

consumption is increasing yearly by a factor of three. Mollusks are some of the most 

vulnerable to OA, but increased protein demands in these countries force them to rely 

more heavily on this delicate organism (Cooley et al., 2012). 

 Expanding the view to encompass capture fisheries as a whole, there is high 

confidence in the AR5 prediction that calcifiers will be negatively affected and therefore 

impact their fisheries' harvests. Trophic cascades are expected as sensitivity affects 

differing species, with a large proportion of risk in the tropics. The IPCC predicts the 

Caribbean will start experiencing net revenue losses in 2015 from a combination of OA 

and temperature increasing (Weatherdon et al., 2015). By 2050, this synergy will likely 

result in losses of 10% to their net present value in the UK, during which time the 

Mediterranean loses red corals and sponges. Corrosion from increased acidity will also 

likely increase maintenance costs for various structures and Arctic Indigenous peoples' 

culture will be significantly altered (Weatherdon et al., 2015).  

 Aquaculture effects are more varied with location, species, and method. Regions 

expected to have higher vulnerability are Asia, the Caribbean, and Latin America, along 

with the southern Mediterranean and Polynesia (Weatherdon, et al., 2015).  

 Beyond capture fisheries and aquaculture, the ocean provides less quantifiable 

benefits related to coastal tourism and protection, biodiversity, recreational benefits, and 
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carbon sequestration, although this last one is plainly a double-edged sword. Although 

monetary benefits for each of these are sometimes difficult to assess (Brander et al., 

2014), their importance is evident within island nations, where coastal tourism, 

recreation, and other ecosystem services represent a significant proportion of their 

economy. When OA is combined with sea level rise, warming, and increased storm 

surges, the cumulative economic effect is anticipated to be momentous (Weatherdon et 

al., 2015). Carbon sequestration in the oceans will be reduced and coral reef impacts are 

expected to outstrip mollusk fishery losses by 2100, although more data are needed for 

quantified impacts (Brander et al., 2014; Rodrigues et al., 2013).  

 One high profile ecosystem at risk are coral reefs. Many studies have been 

conducted on the impacts of OA to this apparently fragile system, with consensus that 

increased acidity results in coral death (Andersson et al., 2013). Coral reefs provide 

shoreline protection, food, and income for approximately 500 million people; depending 

on which CO2 scenario is used, losses from OA can range from $500-$870 billion 

(Turley and Gattuso, 2012).  

 A wide variety of species are expected to suffer detrimental effects from OA. 

Vertebrate early life stages, olfactory, visual and audiological senses, and physiology 

have all characterized negative effects (Branch et al., 2013). Invertebrates have been 

covered extensively above and also reveal difficulty adjusting to increased acidity, with 

calcifiers faring the worst. But beyond harvested species themselves, habitat loss is also 

expected. Algae turfs may be able to out-compete kelp forests, a rich and diverse 

community that offers copious protection for young fishes from predators. One study 
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found sea urchins thrive near CO2 vents, meaning the primary consumer of kelp may 

increase. Even a small number of urchins may destroy a large section of kelp forest 

(Branch et al., 2013). Repercussions through the food web must be accounted for as well, 

as population densities of prey and predator shift in response to habitat loss and ocean 

acidification itself (Branch et al., 2013).  

 Examples from regions and worldwide delineate that although we do not entirely 

understand the ramifications, the information we do have illustrates potential impacts to 

be far reaching. Even so, there are management options for mitigating consequences on 

fishery harvests, habitats, and economies.  

Potential Mitigation Options 

 One of the most readily apparent solutions is to reduce the amount of CO2 

currently present in the atmosphere (Pinnegar et al., 2015). As more CO2 is released via 

fossil fuels and other anthropogenic sources, that which was sequestered in the ground 

now changes the balance of CO2 in the atmosphere and then changes the balance of 

dissolved CO2 in the oceans. To correct the current imbalance requires the input of CO2 

to be reduced. Although in theory the solution is easily understood and agreed with, 

actually reducing the input requires policy makers, green energy innovators, and a 

collective social consciousness of the issue. Intergovernmental panels such as the UN 

may be key for an international agreement (Turley and Gattuso, 2012), but this will also 

require more time than the situation feasibly allows. Therefore, it can only be one prong 

of the maneuver for mitigating OA.  

 The second easiest solution is to finance more research funding (Pinnegar et al., 
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2015; Richards et al., 2015). Most research thus far available has been based on 

laboratory findings or from observations of CO2 vents in the deep ocean. Unfortunately, 

although laboratory studies can be good for preliminary results, they are very artificial 

environments that can only mimic a small fraction of the variables at play in natural 

environments such as predator-prey interactions, food web cascades, habitat effects, 

pollution, and many other factors. The CO2 vents are a welcome step above laboratory 

testing, but even so face their own challenges. As part of the deep ocean, most harvested 

fishes and their habitats, such as reefs and kelp forests, never come in contact with the 

vents. Extrapolations may certainly be made, but in such a small habitat any results may 

be skewed by recruitment. Dives to these areas are few simply because of the expense 

associated with it. By increasing funding for scientific research into CO2 vents and OA in 

general, more robust results are achievable.  

 One research topic in particular, phenotypic variability, has yielded some 

promising results (Hilmi et al., 2013; Parker et al., 2011; Evans and Hofmann, 2012). 

This research is based on the mechanisms underlying natural adaptation at the molecular 

level. Some studies attribute certain oysters with more resilience to increased acidity 

when compared with allopatric populations (Parker et al., 2011). By utilizing the 

populations better suited to OA, harvest quotas may be maintained without species' loss. 

This phenotypic variability may be used for other mollusks as well (Cooley et al., 2012) 

in addition to other organisms altogether (Hilmi et al., 2013). One molecular technique 

includes evaluating gene expression, physiological plasticity, and evaluating the species' 

response to the sublethal stress of OA (Evans and Hofmann, 2012). One stress response 
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pathway in particular, the Cellular Stress Response (CSR), is a good indicator of a 

species' resilience to the stress of acidification (Evans and Hofmann, 2012). Therefore, 

part of this research should include searching for underutilized species that contain more 

phenotypic variability and shift harvests towards those hardier species (Pinnegar et al., 

2015). 

 Both CO2 reduction and continuing research are important for developing 

solutions, but each of these require a substantial amount of time before results are 

evident. They should still be pursued by politicians, scientists, and economists, but more 

immediate steps for mitigation are still possible. Management plans for all calcifying 

organism fisheries should be updated to include OA impacts on that species (Richards et 

al., 2015). Transitioning toward aquaculture for some of the most sensitive species and 

increasing the flexibility in capture fisheries will also help mitigate stock collapses or 

economic shocks for small, fishing dependent, countries (Richards et al., 2015).  

 Despite the broad and deep consequences of ocean acidification, there is hope. 

Changes must be enacted to delay, mitigate, and guard the ocean from too much of a 

good thing. These changes are easy to enact compared to future damage control scenarios 

and yet require collaboration between many arenas and countries. It can be done, with the 

ready and active help of all who will listen. Therefore, for the good of diverse 

ecosystems, fauna, and people groups, may action through research and altered policy 

and current management practices be accomplished.  
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Figure I.1. Chemical processes involved in ocean acidification. Figure courtesy of NERC 

and the UK Ocean Acidification Program. 
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Figure I.2. Correlation between rising atmospheric concentration of carbon dioxide with 

increase in the concentration of carbon dioxide dissolved in seawater. Note seawater pH 

decreases since it is a negative logarithm function of the increasing carbon dioxide 

concentration. Figure courtesy the National Oceanic and Atmospheric Administration. 
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Appendix II: 

An overview of ocean acidification: relationships* 

S.A. Macko & C.M. Fantasia 

 

Abstract  

The current concentration of atmospheric carbon dioxide (CO2) surpasses 400 

ppm, resulting in increasingly higher levels of this gas being absorbed into the ocean and 

reacting with ocean water. This process is changing the acidity of the global ocean, with 

increased acidity already observed in higher latitudes and more changes expected in the 

future. Historically, ocean pH has averaged near 8.1, with historical changes occurring 

gradually. However over the past few decades this rate of change has increased 

dramatically, lowering the pH by about 0.1 (a 30% increase in acidity) and affecting the 

buffering capability of the ocean. Many studies have found negative physiological effects 

on a wide range of calcareous organisms, from phytoplankton to shellfish to predators. 

Ecologically, potential trophic cascades have been observed in laboratory experiments. 

These studies often utilize the lower pH predictions derived from the International Panel 

on Climate Change (IPCC) evaluations of the continued rise in the atmospheric carbon 

dioxide content. Owing to the well-understood physico-chemical processes of ocean 

acidification, future pH predictions are especially robust, relying chiefly on the amount of 

CO2 entering the atmosphere and the rate of oceanic absorption by the ocean.  

 

 

*Reproduced here with minimal alterations; original citation: Macko, S. A., & C. M. Fantasia. 

2018. An overview of ocean acidification: relationships. Center for Oceans Law & Policy:The 

Marine Environment and United Nations Sustainable Development Goal 14, Life Below Water. 

Eds. M.H. Nordquist, J.N. Moore, & R. Long. 21:391-417. doi: 10.1163/9789004366619_025 
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Introduction 

 Carbon dioxide (CO2) levels in the atmosphere have now seasonally surpassed 

400 ppm, a direct consequence of the increased levels of carbon dioxide emissions by 

human activities, including the burning of fossil fuels. Directly relating to these increases 

is the increased level of dissolved carbon dioxide in the ocean, which results from marine 

waters scavenging the gas from the atmosphere (Caldeira & Wickett, 2003). Over the 

past 100 years, the oceans have absorbed approximately one third of the carbon dioxide 

emitted by anthropogenic sources (Le Quere et al., 2012). This absorption of the gaseous 

carbon dioxide can have great and predictable responses in the ocean water chemistry, 

affecting carbonate ion concentrations, calcite and aragonite mineral saturation levels, 

and eventually influencing the pH of the ocean water. The inorganic carbon cycle is 

particularly relevant when discussing ocean acidification (OA) for it includes the many 

forms of dissolved CO2. When CO2 dissolves, it reacts with water to form ions from the 

dissolved carbon dioxide: carbonic acid (H2CO3), bicarbonate (HCO3
-), and carbonate 

(CO3
2-; Figure 1). Each of these species' relative abundance is dependent upon other 

factors such as seawater temperature and alkalinity (Tyrrell, 2008a, 2008b).  

 Although the natural absorption of CO2 by the world's oceans has helped mitigate 

the atmospheric climatic effects of increased CO2, it is believed that increased levels in 

the ocean have caused a decrease in pH of approximately 0.15 units on the pH scale 

(Doney, 2006), or a 30% increase in acidity due to the logarithmic nature of this scale 

(Figure 3). Such a decrease is expected to have negative consequences for many species, 

as outlined below, due to the “skeleton” of these organisms being composed of calcite 
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and aragonite, two mineral forms of calcium carbonate. Currently these skeletons are 

stable in surface waters because the carbonate ion is present in supersaturated 

concentrations. However, as ocean pH falls further, so will the concentration of this ion. 

When carbonate becomes undersaturated, structures made of calcium carbonate are 

vulnerable to dissolution (Feely et al., 2004). In the current ocean system, supersaturation 

occurs in the surface waters, with undersaturation developing in the deeper waters. The 

boundary line between the two is named the aragonite saturation horizon and is 

anticipated to creep nearer the surface as time progresses (Feely et al., 2016).  

 An important aspect of this “other carbon dioxide problem” is that, unlike models 

of climatic warming which are based on complex mathematics of many forcings and 

feedbacks, heightened acidity in the ocean is fairly predictable. The mechanisms for 

increasing acidity are well-established, physical chemical processes: increasing carbon 

dioxide in the atmosphere will increase the amount dissolved in the ocean. The pH of the 

ocean is dependent on that amount of dissolved CO2. The unknowns are merely the levels 

that atmospheric CO2 will reach and the rate at which the surface ocean attains 

equilibrium with that level. As such, with continued fossil fuel usage, carbon dioxide will 

continue to increase in the atmosphere and the pH of the ocean will continue to decline.  

A brief history of atmospheric concentrations of carbon dioxide and its effect on ocean 

acidity 

 Historically, the climate has fluctuated in concordance with atmospheric carbon 

dioxide concentrations, as evidenced in ice records containing air pockets of ~400,000 

years old (Honisch & Hemming, 2005). One such ice core, the Vostok ice core, has been 
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analyzed over the past 50 years to determine carbon dioxide concentrations in ancient 

history. Several studies have been published on the data within the ice; one such study 

found that in the past 420,000 years, no CO2 concentrations have surpassed our current 

400 parts per million (ppm) of CO2 (Petit et al., 1999). Due to well-understood physic-

chemical processes, a relationship between ocean pH and atmospheric carbon is 

established, allowing for the use of known principles to translate atmospheric CO2 into 

pH values (Honisch et al., 2012). To understand older carbon dioxide and thus pH levels, 

marine organismal proxies are commonly utilized, with foraminifera shells widely 

accepted. Oftentimes, stable isotopes from carbon may communicate the ancient pH and 

atmospheric carbon levels. A recent advancement utilizes boron isotopes incorporated 

into foraminifera tests (Sanyal et al., 2000; Honisch et al., 2012), but due to this 

chronometer's newness, some researchers suggest more parameterization is required to 

better constrain the information obtained (Pagani et al., 2005). Others have argued that 

when careful data collection, management and analysis procedures are maintained, this 

tool is quite accurate (Honisch et al., 2007). Within the scientific literature, it appears that 

researchers are slowly beginning to accept this new technique; one study compared their 

results from boron isotope procedures to the widely accepted standard of the Vostok ice 

core. They found that both methods co-varied strongly and followed similar atmospheric 

CO2 concentrations, suggesting that when the organisms are properly cleaned and 

collected from well-preserved sediment cores, using only one species and all of the same 

size, this method is equal with ice core data (Honisch & Hemming, 2005). As such, our 

understanding of the atmosphere in older time periods may be expanded (Honisch et al., 
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2012). When an epibenthic species of foraminifera incorporating high amounts of boron 

into their tests were used to determine whether there is any difference between 

interglacial and glacial pH values, the authors discovered pH and carbonate 

concentrations to be more similar than expected to interglacial periods (Honisch et al., 

2008). Other studies have suggested variation of 0.3 pH units (Sanyal et al., 1995; 1997), 

but most authors suggest a difference between 0.07 and 0.1 pH units over millions of 

years (Figure 3). All in all, this time of earth's history contained bottom waters near 8.0 

pH, quite close to today's values (Honisch et al., 2008). Another study looked at a profile 

of middle Miocene to late Pleistocene epochs and found the pH of oceans to be similar to 

modern oceans (Palmer et al., 1998), although during the Cenozoic era atmospheric CO2 

concentrations underwent wide and erratic swings (Pearson & Palmer, 2000).  

 Ocean pH has been pretty stable with increasing atmospheric CO2 stability 

starting ~24 million years ago (Pearson & Palmer, 2000). Even so, interdecadal variations 

of pH have been observed on reefs in the Pacific Ocean, where they co-vary closely with 

the Interdecadal Pacific Oscillation (IPO) that changes every ~50 years. Using a 300 year 

old coral, they looked at boron isotope composition and suggest that these natural pH 

variations may help mitigate the effects of ocean acidification on this coral reef in the SW 

Pacific (Pelejero et al., 2005).  

 Although it is known that ocean pH varies with atmospheric CO2, there are some 

that suggest modern variation may be orders of magnitude faster than historic changes 

(Honisch et al., 2012). Over the past 300 million years, carbon dioxide never topped 7500 

ppm, with those changes in concentration occurring over millions of years in a gradual 
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fashion owing to tectonic and biological influences. Using three models, a generic ocean 

circulation model, a geochemical model, and a four box model, one study found the 

carbonate/pH system is best suited to buffering gradual changes in CO2, with abrupt 

changes in CO2 concentrations resulting in swings of ocean pH. Between the three 

models, the following factors were included: changes in temperature, sedimentation, and 

weathering; carbonate/silicate mineral weathering (terrestrial), production of these 

minerals in shallow water, production/oxidation of biogenic carbonate minerals, air-sea 

gas exchange (C), and transport of C via advection, mixing, and biological processes 

(Caldeira & Wickett, 2003).  

A brief summary of biological impacts:  

 Within the past decade, single species studies studying the effect of ocean 

acidification have filled peer-reviewed journals, with a wide variety of taxonomies 

represented. Represented here will be a cursory synopsis of affected organisms based on 

broad taxonomic standing.  

 Phytoplankton: Although high CO2 can primarily be beneficial for photosynthetic 

species (Burkhardt et al., 2001; Rost et al., 2003; Trimborn et al., 2008), certain 

phytoplankton have reacted negatively to increased acidity, such as Trichodesmium, a 

genus of cyanobacteria that is prevalent throughout tropical and subtropical oceans. In 

laboratory studies, low pH environments of 7.8 revealed that growth and N2-fixation 

significantly decreased as a result of decreased efficiency of the enzyme nitrogenase, 

which increased in concentration with decreased pH. Growth is highly dependent on 

limiting nutrients like iron, and may have synergistic limiting effects on colony growth. 



Appendix II: Acidification Review 144 

 

In the center of large colonies, carbon dioxide may become the limiting factor and 

mitigate negative impacts of CO2-derived acidity. In associated field studies, nitrogen 

fixation was again significantly reduced, especially in iron poor regions. This suggests 

the combination of iron poor and CO2 rich regions may interact to reduce N2-fixation 

more than in the presence of one variable. Since Trichodesmium contributes up to 50% of 

new nitrogen to marine systems, this decline in nitrogen may seriously affect organisms 

dependent upon this new nitrogen (Hong et al., 2017).  

 Another type of phytoplankton, coccolithophore Emiliania huxleyi, is also likely 

negatively impacted by changes in acidity, as seen in laboratory experiments (Meyer & 

Riebesell, 2015). A recent mesocosm experiment within a Norwegian fjord supports 

these laboratory findings. As the most significant producer of calcium carbonate in 

pelagic zones, their population reduction could impact oceanic albedo, CO2 uptake, and 

carbon flux. In this mesocosm experiment, not only did population size decline, but the 

survivors were unable to form blooms. These blooms, or exponential colony growth, 

currently occur anytime there are plentiful resources, but these findings reveal that in the 

future this may not happen. This loss of blooms meant a reduction of particle sinking 

velocities by 30% and organic matter dropping to sediment was reduced by 25% 

(Riebesell et al., 2017). Such losses could significantly impact benthic organisms that are 

highly dependent on detritus filtering from above and thus contain trophic repercussions.  

 In the Southern Ocean off the coasts of Antarctica, researchers have initiated 

studies on diatoms evaluating the combination of ocean acidification and changes in 

irradiance. One such study looked at constant and dynamic light regimes combined with 
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pCO2 of 390 and 1000 ppm in order to determine changes in growth, elemental 

composition, primary production, and photophysiology. It was found that under dynamic, 

or changing, light with increased pCO2 (lower pH), diatoms (Chaetoceros debilis) 

experienced reduced growth and strongly reduced primary productivity. Additionally, 

energy transfer efficiency was substantially reduced, which affected the ability to transfer 

light energy into biomass (Hoppe et al., 2015). In another study, three important diatom 

species (Chaetoceros debilis, Fragilariopsis kerguelensis and Phaeocystis antarctica) 

were tested for their response to the combination of low or high CO2 and low or high 

irradiance. Despite increased CO2, neither growth nor particulate organic carbon (POC) 

increased under either light scenario for any species; in fact, POC content declined in one 

(F. kerguelensis) and growth declined in another (C. debilis). Additionally, both of these 

species experienced decreased photochemical efficiency. As a result of these 

environmental changes, both species employed diverging photoacclimation strategies, 

with C. debilis increasing Chlorophyll a (Chl a) and fucoxanthin and F. kerguelensis 

decreasing Chl a and reducing rates of electron transport. The third species, P. antarctica, 

manifested more tolerance for increased acidity combined with irradiance changes 

(Trimborn et al., 2017). 

 Zooplankton: One intensively studied zooplankton well known for its negative 

response to ocean acidification are pteropods. In particular, these organisms already 

experience shell dissolution in natural environments along the California coast, with 

severe dissolution expected to triple by 2050. As an important prey group for birds, 

fishes, and whales, their mortality due to increased CO2 will significantly influence 



Appendix II: Acidification Review 146 

 

trophic systems in high latitude regions (Bednarsek et al., 2014). Since this system is 

naturally high in CO2 due to various environmental factors such as upwelling and coastal 

circulation patterns, it was difficult to determine how much of these impacts are directly 

related to anthropogenic sources until recently. New data suggest that average surface 

carbon derived from anthropogenic sources is nearly twice the natural amount of carbon 

present, which has caused the natural aragonite saturation horizon to move up the water 

column by 30-50 m since the pre-industrial period. This has resulted in pteropod shell 

dissolution increasing between 19-26% since that time (Feely et al., 2016).  

 Although prior studies set forth potentially neutral outcomes for calanoid 

copepods in the year 2100 at a pCO2 of 1000 ppm (Weydmann et al., 2012; McConville 

et al., 2013), and others reveal lethal and sub-lethal effects only occurring at extreme 

pCO2 levels that are beyond any climate scenarios (Watanabe et al., 2006; Pascal et al., 

2010), a recent study suggests negative impacts on the juvenile stage (nauplii), a stage 

that had been previously ignored. They found mortality increased three times the current 

mortality under predicted pCO2 for the year 2100 (1000 ppm). Other stages, including 

eggs and adult stages, did not share this trend until pCO2 reached 3000 ppm. Since 

copepods are one of the primary means by which biomass moves up the food chain, 

meaning they are a primary food source, their sensitivity to OA will likely strongly 

impact trophic systems as well as biogeochemical cycles (Cripps et al., 2015).  

 Although brine shrimp are not indigenous to marine systems, this small 

crustacean is often used as a model for determining stress responses on the zooplankton 

community as a whole. There are several species of brine shrimp, with Artemia salina 
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being the most commonly used species for scientists and as feed in aquaculture. Although 

no significant changes in morphology were observed, hatching rates were significantly 

reduced, survival decreased, and growth slowed during later stages in comparison to 

control groups. Additionally, key enzymes were impacted by acidification stress, 

evidencing changes in activity in tests groups at 7.6 and 7.8 pH (Zheng et al., 2015). 

Currently, the IPCC predicts a pH of 7.8 for average ocean values in 2100 (IPCC, 2007); 

7.6 pH is a more localized pH prediction. In a different model species, Artemia 

franciscana, hatching rates were also reduced, most significantly at pH 7.0. In their 

highest pH test group of 7.6, the hatch rate was reduced compared with the control, but 

less drastically (Salma et al., 2012). 

 Shellfish: Certain populations of shellfish have found to be susceptible to 

increased acidity in laboratory conditions (Gazeau et al., 2013), whereas other 

populations have been more resistant, suggesting a species by species approach may be 

necessary for determining how much of this group will experience detrimental effects. In 

sea urchins, early developmental stages are the most at risk, with deformed physiology 

and delayed development occurring under IPCC climate scenarios for 2100, which 

projects ocean acidity will reach a lower limit of 7.5 pH (Zhan et al., 2016). Oysters are a 

primary study group that illustrates high susceptibility to changes in acidity. One model 

bivalve, Crassostrea virginica, highlights these sensitivities. When exposed to pH 7.5, 

mortality significantly increased, with reduced shell mass in comparison to the control as 

well as reduced soft tissue mass (Beniash et al., 2010). Many oyster species reside within 

estuaries and coastal regions, which fluctuate widely in daily pH values as the currents 
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and tides of the system changes. In another study with Crassostrea virginica, a long-term 

dataset of pH values for the Chesapeake Bay proves that pH is already commonly lower 

than the average ocean pH prediction of the IPCC for 2100 (IPCC, 2007). Their own 

laboratory data support the other findings, namely that after a change in pH of ~0.5 units, 

oysters are negatively impacted. However, they did suggest that increased salinity and 

warmer water temperatures helped offset the decrease in biocalcification (Waldbusser et 

al., 2011). An earlier study highlights the sensitivity of early life stages for shellfish in 

general after evaluating the response of clam, oyster, and scallop species to predicted 21st 

century pH values (Talmage & Gobler, 2009). However, bivalves are not the only early 

life stage shellfish to experience negative impacts; at least one species of juvenile squid 

(Doryteuthis pealeii) had delayed development, reduced size, and abnormal statolith 

shape. This bone like structure is important for balance and motion detection (Kaplan et 

al., 2012).  

 Fishes: As the most commercially important groups, a wide proportion of fish 

families have been studied in laboratory settings. One such species is the little skate 

((Leucoraja erinacea). This skate is especially sensitive to temperature changes, but 

when researchers included increasing acidity, these impacts were significantly 

exacerbated on the organisms from a Gulf of Maine population. However, less of an 

impact was observed on the organisms collected from George's Bank slightly further 

south in North America. These findings prove that even within the same species, different 

populations may experience divergent effects of increased CO2 (Santo, 2015). 

 In the liver and gill cells of cod, the effects of elevated CO2 (hypercapnia) 
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resulted in decreased metabolism in liver cells, with depressed respiration in gill cells. 

Additionally, ion regulation became increasingly expensive in liver cells, but became less 

expensive for gill cells (Stapp et al., 2015), revealing that varied responses exist within 

the cells of organisms. This may enhance, mitigate, or cancel out any organism's 

responses, but at the current time this is uncharted territory.  

 A population of Atlantic silversides (Menidia menidia) detected what may be 

better news. Over the breeding season, it was found this wild population exhibited 

seasonally changing responses to ocean acidity. Their native breeding grounds naturally 

become more acidic (pH 7.67) over the summer season, with young adapting to this 

change naturally. Young that were from the early offspring fared far worse in lower pH 

conditions compared with young from later batches. It was concluded there may be 

maternal provisioning or epigenetic transgenerational plasticity (TGP) occurring within 

the genome. If it is the latter, this is the first time it has been observed in a wild 

population, although it has been observed in laboratory settings (Murray et al., 2014). 

TGP describes changes in the DNA that allows for organisms to adapt more quickly than 

previously thought. However, few other species have found such plasticity in acidic 

conditions, with far more displaying detrimental effects. Even so, scientists are finding 

some neutral effects, as with some tropical prey fishes and predators with their oxygen 

intake. Under hypercapnic conditions, there were few signs of oxygen deprivation, at rest 

or at maximum capacity (Couturier et al., 2013).  

 Using natural daily variability of pH conditions on a coral reef, current reef fishes 

experience in short daily bursts higher CO2 than what has been determined as critical CO2 
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levels in a laboratory setting (~600 ppm). In current conditions of 400 ppm, the length of 

time exposed to this level of CO2 is short enough to detect little effect on the fishes in this 

shallow reef system. However, both the exposure time and the magnitude of CO2 will 

increase in the future, requiring further studies that look at pH values even lower than the 

average ocean pH predicted for the year 2100 (Shaw et al., 2013).  

 One group of fishes that has been severely underrepresented in acidification 

studies are the scavengers. As the recyclers of the oceans, their reaction to increased 

acidity is an important component to maintaining the health of oceanic systems. Even less 

is known regarding abyssal creatures' responses, but at least one study has conducted an 

in situ experiment to determine whether deep-sea scavengers are affected by ocean 

acidification. The two scavengers studied (an eelpout and octopus species) determined no 

response to increased acidity, although the prey fishes all died, regardless of treatment 

(Barry & Drazen, 2007). Thus, at least two species of scavengers are potentially safe 

from increased CO2, although follow up studies are needed to confirm these results. In 

general, fishes are able to compensate in the short-term to decreasing pH, but after 

chronic exposure, significant effects are seen across a variety of physiological systems. 

Over time, it is possible for them to adapt, but more studies are needed to assess this 

assumption (Heuer & Grosell, 2014). 

 One of the most iconic organisms that people associate with the ocean is the 

shark. Even this cartilaginous fish may not be entirely immune to the impacts of 

acidification, with studies discovering reduced odor tracking abilities (Dixson et al., 

2015), reduced growth, and impaired hunting behavior (Pistevos et al., 2015). A third 
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study suggested some effects on neurophysiology, though no negative impacts were 

observed on growth, metabolic rate, aerobic scope, or skin morphology (Green & Jutfelt, 

2014).  

 Marine mammals: Other predators of the sea, such as marine mammals, are also 

expected to feel the impacts of a warming ocean and increasing acidity. Although they 

may not experience direct effects to their physiology or behavior, they will experience 

changes in prey distribution. This is especially significant for species with limited habitat 

like the vaquita (Phocoena sinus), or species that live at high latitudes. Sea ice is an 

important habitat for narwhals, beluga whales, bowhead whales, and polar bears; 

changing sea temperatures are expected to further decrease its extent. Additionally, many 

baleen whale species migrate to the high latitudes to feed on plankton, of which many 

important species reveal high sensitivity to increased acidity (Simmonds & Isaac, 2007). 

As a quarter of the world's cetaceans are currently considered endangered, prey loss or 

change in habitat places further stress on an already stressed community (Simmonds & 

Eliott, 2009). One study suggested some harbor porpoises may be starving as a result in 

prey population declines (sand eels), stating that these populations have been reduced as a 

direct result of climate forcing (Macleod et al., 2007). However, it is difficult to 

statistically say that porpoise starvation is a direct result of declining prey populations or 

climate forcing (Simmonds & Eliott, 2009).   

 Summary: Meta-analysis compiled on 228 studies on ocean acidification from 

various taxa determined how biological responses may affect the ocean as a whole. 

Looking at older meta-analyses, they discuss how responses are highly variable between 
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organisms and trophic levels, with differing responses between early and later life stages 

and geography. When they pooled taxa together, OA significantly affected growth, 

development, survival, abundance, and calcification. Upon separating them, corals, 

coccolithophores, and mollusks reveal the greatest average loss in calcification. When 

they included elevated temperature, the above variables were dampened, but were not 

statistically significant. They did detect that some fleshy algae and diatoms may 

marginally benefit from OA, though overall systems as a whole are negatively impacted 

(Kroeker et al., 2013).  

The ecological effects from ocean acidification:  

 Within the past ten years, more studies have focused on the effects of acidification 

throughout an ecosystem. Some have prioritized certain systems, such as coral reefs 

systems, whereas others evaluate cascading effects through trophic levels. These studies 

differ from biological studies in that physiological responses of individuals play a 

reduced role in determining how a system will respond as a whole to decreased pH 

(Ferrari et al., 2015). Additionally, many of the studies incorporate warmer waters in 

order to simulate as much as possible natural environmental conditions of future oceans. 

In keeping with this goal of natural environmental conditions, mesocosm studies are the 

most common, where organisms are placed within an existing natural structure, such as a 

reef or fjord, and CO2 is pumped into their netted cages.  

 Microbial: Due to the mixed responses of primary producers to ocean 

acidification, heterotrophic bacteria have the potential to be heavily influenced by 

changes in their feed availability. In environments already reduced in nutrients, 
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phytoplankton are the sole source for organic carbon (Hoikkala et al., 2009). As such, 

increasing inorganic carbon does not mean increasing organic carbon for secondary 

consumers (Thingstad et al., 2008), but may mean significant alterations to current 

biogeochemical cycles. A recent study has evaluated nutrient limited mesocosms in the 

Baltic Sea in an attempt to understand this underrepresented group in OA literature. Their 

data suggest that bacteria are indirectly impacted by acidification and may be altering the 

composition of the bacterial community, with further statistical analysis determining 

there will very likely be changes in functional groups of bacteria and phytoplankton. 

They conclude that the future ocean may have increasing autotrophic biomass during low 

nutrient periods, with decreased heterotrophic composition and biomass, ultimately 

decoupling phytoplankton and microbial dynamics. The paramount result of these 

changes would be impacts on the global carbon pump (Hornick et al., 2017), although 

more research is required to quantify these impacts.  

 A review of papers highlighting the interaction of bacteria and OA offers some 

clues to potential effects on microbially-mediated processes. They found that bacterial 

primary production exhibits mixed responses to increased acidity, suggesting species-

specific responses. In those species that respond well to OA, increasing eutrophication 

and anoxia may result in the surface oceans. Some N2-fixers gained energy from 

increased carbon availability and as a result were able to increase nitrogen fixation (Das 

& Mangwani, 2015), although this is not true for all nitrogen fixers (Hong et al., 2017). 

In other studies, trace gas emissions significantly decreased. One such trace gas is 

dimethyl sulfide (DMS), an important atmospheric gas that assists in the formation of 
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clouds by acting as a platform for water vapor condensation. This gas, a by-product of 

microbial metabolism, is directly sourced from marine bacteria and may decrease from 

indirect impacts of OA. The study also highlighted the changes in microbial diversity and 

competition as a direct result of pH changes, with pathogenic microorganisms 

significantly increasing. This also relates to biofilms, which are an important community 

structure that support microorganisms and eukaryotes. As they change in diversity, 

reverberations would be felt throughout the trophic levels (Das & Mangwani, 2015).  

 Quorum sensing (QS) is a method many species of bacteria utilize in order to 

communicate with host species such as corals, sponges, algae, and animals (Dobretsov et 

al., 2009). In low pH environments, it appears that QS processes are affected, shifting the 

dominant bacterial species to sub-dominant positions (Krause et al., 2012). This may 

result in higher order species composition also changing, as in the case of algae Ulva 

species, which respond to QS by increased spore settlement (Das & Mangwani, 2015). 

 Phytoplankton: In oligotrophic environments such as the Mediterranean Sea, the 

presence of limiting nutrients such as iron are more important to phytoplankton growth 

than increasing carbon dioxide amounts. However, when these limiting nutrients are 

freely available, increased carbon dioxide may influence phytoplankton populations. In a 

series of mesocosm studies in oligotrophic and mesotrophic environments, only limited 

benefits were observed from increased CO2 during this short-term experiment. However, 

including vertical mixing and weather conditions over long-term studies may change 

these results (Gazeau et al., 2017). In a long-term mesocosm experiment within the North 

Sea off of Sweden, total primary production did not increase, nor did photoacclimation, 
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although phytoplankton biomass increased under OA conditions. As a whole, their results 

suggest the phytoplankton community is affected by OA during certain seasons, which 

may affect overall ecosystem functions in the long-term (Eberlein et al., 2017). Another 

study highlighting iron limited regions in the Weddell Sea in Antarctica found that iron 

richness with increased CO2 resulted in significant taxonomic shifts. When iron was 

limited and CO2 abundant, species shifts occurred, despite no change in primary 

production. As such, there are strong differences in species composition with changing 

CO2 levels. The species that are more abundant in high CO2 conditions are heavier 

species, which translates to faster sinking rates into the deep sea and may alter the current 

biological pump rates in certain areas of the Southern Ocean (Hoppe et al., 2013). Such 

modifications could reverberate through the wider ecosystem, as the Southern Ocean is 

an important feeding ground for a wide variety of organisms. With faster sinking rates for 

the primary food source, food availability may be shortened.  

 Many open ocean regions in the world experience iron depleted conditions. Other 

studies have found that decreasing pH may ultimately reduce the bioavailability of iron in 

these same spots. Laboratory experiments with acidified water and diatoms reveal 

decreased iron uptake as is predicted according to iron chemical reactions. A secondary 

set of experiments in the Atlantic determined that diatoms and coccolithophores reduce 

iron uptake in natural environments enriched with CO2. Since iron is an important 

mineral in photosynthesis, further reduction in its concentrations will increase iron stress 

in phytoplankton populations throughout oligotrophic regions (Shi et al., 2010). A later 

study also focusing on bioavailability conducted a mesocosm experiment in the northeast 
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subarctic Pacific, a region of high nutrients and low chlorophyll concentrations. In 

acidified conditions, Chl a was significantly reduced and particulate organic carbon was 

reduced. Certain species of phytoplankton were reduced compared to other species 

(Melancon et al., 2016), supporting earlier findings regarding species composition 

changes (Hoppe et al., 2013). The reduction of Chl a would be a direct result of 

decreased iron availability due to its importance in photosynthetic processes. This set of 

researchers used iron rich dust in order to simulate natural iron deposition (Melancon et 

al., 2016).  

 Overall, phytoplankton have exhibited varied responses to decreasing pH, making 

it difficult to determine a holistic response. In a meta-analysis publication, observations 

of diverse taxonomic groups were assembled to determine responses of phytoplankton as 

a whole. Their diverse range of responses were then incorporated into a global marine 

ecosystem model in order to determine how current phytoplankton populations may be 

impacted in future oceans. Their model revealed that OA is more potent than warming 

water or low nutrients (Dutkiewicz et al., 2015).  

 Zooplankton: Far fewer studies have explored the ecological impact on 

zooplankton communities, but one recent report has begun to bring light into this void. A 

mesocosm study over 113 days off the coast of Sweden using end of the century CO2 

levels found that young copepods are the most sensitive organisms, with little to no effect 

on adults. They found community structure remained relatively stable, but the sensitivity 

of young copepods may affect biomass transfer to higher trophic levels in future oceans 

(Alguero-Muniz et al., 2017).  
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 Fishes: In a predator-prey relationship study, one juvenile prey species increased 

their maximum oxygen intake under acidified conditions, with one other juvenile prey 

species and their predator evidencing neutral effects. As such, near future oceans do not 

seem to have negative metabolic effects on any of these species. Additionally, it is easy 

to observe there are varied aerobic responses between species, with one juvenile prey 

even displaying augmented aerobic scope (Couturier et al., 2013). This suggests that 

some fishes will not experience direct physiological aerobic stress. Another study looked 

at CO2 vents in the northern and southern hemispheres and corroborated other studies' 

reduced predator avoidance, but they also found that in regions with shelter-rich habitats, 

this altered behavior does not truly impact their survival. Overall, altered abundances of 

predators and prey were observed, in addition to habitat availability. These changes could 

have wide reaching consequences throughout ecosystems (Nagelkerken et al., 2015).  

 Beyond predator-prey interactions, at least one study determined that increasing 

CO2 has significant impacts on sound absorption within ocean waters. Sound absorption 

in water is dependent upon dissolved oxygen levels, sulfur and nitrogen levels, pH, and 

temperature. One of the two buffering systems involved in regulating pH, the boric acid 

system, is more effective at absorbing low-frequency noises in higher pH waters. This 

means that in future oceans with a conservative pH decrease of 0.15 units would result in 

20% reduction in sound absorption. Adding increased temperature of 3° C results in 

further loss between 5-10% (Hester et al., 2008). Such changes could significantly alter 

underwater communication between a variety of organisms. It is already known that 

cetacean communication is disrupted from underwater ship communication (McQuinn et 
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al., 2011); with amplified noises in future oceans, this may be further accentuated.  

 Coral reef systems: A fair amount of research has been dedicated to the effect of 

OA on coral reefs. Since these systems are the most productive regions in otherwise 

oligotrophic waters, the potential loss of the foundation of this system, calcareous corals, 

would be detrimental to the entire region. Ecologically, these reefs are nurseries for a 

wide variety of important fishes. Beyond fishery importance, most reefs surround island 

nations in tropical waters whose primary revenue is highly dependent upon tourism 

(Macko et al., 2017). Without these reefs, several island nations would lose tourist 

revenue as well as an important local food source. One recent study used an ecological-

economic model to determine commercial fishery losses in reef systems, with a high 

emission, worst case scenario resulting in $40-69 billion lost globally (Speers et al., 

2016). Within OA studies, a wide variety of results have been observed, with some 

species increasing in sensitivity and others displaying greater resistance (Macko et al., 

2017). Using two coral species in one taxa and two calcified algae in another, one 

mesocosm study looked at their responses in Hawaii, French Polynesia, and Japan, where 

environmental conditions differ. These four species are common to reefs throughout the 

Pacific. Their results determine two coral species and one algae species were insensitive 

to OA, with the second algae species only sensitive in certain regions. Although warming 

temperature was not included, it appears that at least some common species will survive 

in future oceans and although OA may reduce biodiversity on reef systems, certain 

species may be resilient (Comeau et al., 2014). Even so, another mesocosm study in 

southern Australia hypothesized that corals in general are currently experiencing 
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decreased calcification rates in comparison with pre-industrial rates. In order to determine 

this, they used sodium hydroxide (NaOH) to increase total alkalinity within a secluded 

lagoon and evaluated the response of corals in the lagoons. Over 15 days, NaOH was 

introduced to the system in order to restore total alkalinity to known pre-industrial values. 

Net community calcification increased as a result, suggesting they are currently 

experiencing reduced calcification rates and that certain isolated lagoons and bays may be 

able to undergo remediation via NaOH (Albright et al., 2016). Beyond reef calcifiers, 

fishes in reefs may be sensitive to synergistic effects of temperature and elevated carbon 

dioxide. With both stressors present, some fish species evidenced much higher predation 

rates (30-70%) than present rates. Although one species consumed more oxygen under 

high temperature/CO2, they did not experience greater predation, which is an unexpected 

finding. As such, predicting the effects of temperature and CO2 on the community and 

ecological level is not as simple as extrapolating from prior physiological experiments 

(Ferrari et al., 2015), accentuating the need for more mesocosm studies that incorporate 

heightened temperature and elevated CO2.   

Trusting Climate Models: 

 Comprehensively discussing climate models and their accuracy is beyond the 

scope of this paper, but an introduction to this topic is important for any conversation 

about the future state of the oceans. This final section is meant to introduce how models 

are developed, their parameterization, and how models are verified. Some models were 

introduced over twenty years ago and scientists may now assess their accuracy, which 

will also be briefly explored.  
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 How models are developed and parameterized: A good portion of the complexity 

within models is due to the systems they are attempting to explain and then predict. An 

accurate assessment of forest systems, for example, requires knowledge of forest ecology, 

biogeochemical cycling, hydrology, radiative forcing, and a host of other biotic and 

abiotic factors. The same broad expanse of specialized knowledge is required for ocean 

models and includes information on ocean currents, atmosphere-ocean interactions, land-

ocean interactions, biogeochemical cycling, geology, and more.   

 Starting near the middle of the 20th century, researchers began to build models to 

understand how aspects of a system affect other parts of the same or differing system. In 

ocean studies, some of the earliest models assumed a simple ocean without any 

circulatory dynamics. In 1987, at least one model began incorporating simple circulation, 

with atmospheric cloud layers, boundary layers, and solar radiation and its seasonal 

variation. They also used a mixed layer that accounts for heat distribution and movement 

in the upper 50 meters of the ocean. Sea ice formation and melting was also accounted, in 

addition to its associated effects on albedo and therefore solar heat absorption and loss 

(Wilson & Mitchell, 1987). Since then, models have only become more complex with the 

ability of computers to perform more advanced calculations in shortened time frames. 

The mathematics involved in each of the variables within a model are based on decades 

of field observation combined with theory that have then been tested against natural 

systems. Those formulas that have consistently tracked with natural observations are 

trusted as fairly good mathematical representations of natural events. Some equations are 

based on tried and true Newtonian physics formulas, with others based on other, trusted, 
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formulations. In the thirty years since 1987, each variable within models have been 

refined and verified via the scientific community at large, with continued refinement 

arriving in many publications, increasing our understanding of climate sensitivity at its 

upper and lower bounds (Knutti & Hegerl, 2008).  

 One extremely important parameter for climate models involves the pathways 

carbon travels through the ecosystem. The global carbon cycle is a familiar concept for 

anyone having taken an introductory biology course, but most are not familiar with the 

methods determining those pathways and how the mass of carbon moving through the 

systems are evaluated. Since carbon dioxide is a component of this cycle, accurately 

quantifying where carbon goes after entering the ocean is valuable information for 

creating an accurate climate model. However, even quantifying the global carbon cycle is 

a monumental task that requires detailed knowledge and quantifiable data in many sub-

disciplines of environmental science, thus demanding a community of experts sharing 

their information and critiques. Fortunately, such a community exists, and has established 

a baseline for analyzing global movement of carbon. Their model of carbon cycling 

accounts for fossil fuel combustion, cement production, emissions associated with goods 

and services, deforestation, fire, and vegetation photosynthesis and respiration. In order 

to predict future changes in carbon amounts, they also determined the rates of change in 

land use, ocean sink, terrestrial sink, and atmospheric changes. Their study reveals carbon 

from human usage has increased steadily and at times abruptly between 1959 and 2011, 

with their model suggesting no abatement. Additionally, their work highlighted the 

importance of oceans as a sink for carbon dioxide (Le Quere et al., 2012).  
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 This work on the global carbon budget has significantly improved current 

understanding of the carbon cycle and thus less parameterization is required in this 

region. However, other large scale processes are unresolved and require usage of 

simplified physical models in order to include these processes within climate models. 

Each of these are able to be mathematically “tuned” in order to best fit past observations, 

since the mechanisms of these processes are not completely understood (IPCC, 2007).  

 Coupling atmosphere and ocean models: Evaluating the future ocean's well-being 

is dependent on not one, but two models- atmospheric and oceanic. Coupling the two 

models requires the same collaborative effort as with global climate models and many 

researchers have done so. Coupled models have been developed at least since the 1970's 

with moderate success at replicating current system dynamics (Bryan et al., 1975) and 

have continued to undergo refinement as dynamic oceans are incorporated with sea ice 

(Wilson & Mitchell, 1987), and newer atmospheric developments are incorporated 

(Tardif et al., 2014). More recently, researchers have been able to better quantify the 

effect of glacial processes on the rate of climate change (Ganopolski & Rahmstorf, 2001), 

with studies seemingly agreeing that more feedback mechanisms are activated (Cox et 

al., 2000) and that the overall result is accelerating changes on a global scale (Ganopolski 

& Rahmstorf, 2001; Cox et al., 2000).  

 Model verification and prediction accuracy: At this point in the scientific 

discussion, a wide plethora of studies have published their own model's predictions, 

refined parameters, evaluated local, regional, and global scales, and determined feedback 

mechanisms. Many of these suggest wide ranging negative consequences, accelerated 
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pace, and describe the culpability of humans using isotopic methodology for proof. 

However, a model's results must match reality for anyone to believe and react to this 

information; in short, these results must be verified. As a result, every respected 

published model has been verified against observational data pertaining to the correct 

scale and system (Bryan et al., 1975; McNeil & Matear, 2008; Knutti & Sedlacek, 2012).  

 Even when a model is describing well-defined systems, with proper 

parameterization, and has been verified through more than one relevant dataset, a model 

may still be wrong. Nature still has the capability to follow undefined oscillations in 

atmospheric cycles, affecting a wide range of physical processes. With such complexity 

contained within global climate models, concern over their accuracy is legitimate and 

must be addressed. Some studies have collated several model predictions in order to 

determine the overall predictability of climate models, determining that although there 

are widespread projected CO2 level pathways, this is a consequence of the climate system 

and cannot be reduced (Roe & Baker, 2007). Additionally, accuracy improves when 

models such as the CMIP5 (Coupled Models Intercomparison Project 5) are applied at or 

above the regional and decadal scale, due to averaging out of errors (Sakaguchi et al., 

2012). At this point in climate studies, some older models have made predictions that 

may now be compared to current climate. The authors took 18 climate models, split the 

dataset into 15 year sections starting in the 1950s, and determined how well they 

predicted El Nino (ENSO) oscillations in the Pacific Ocean. In general, they did very 

well (Risbey et al., 2014). Climate models have been doing extremely well predicting 

global surface temperature for over 40 years, and in fact there are some studies that 
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suggest IPCC estimates are underestimating the effect of climate changes on the ocean, 

particularly in regards to sea level rise (Roe & Baker, 2007). Looking at just three simple 

climate models from climate scientist James Hansen reveal that his predictions in the 

1980s track well with observed average global temperatures, with observations 

reasonably correlating with his moderate CO2 scenario (Mann & Gaudet, 2017). Beyond 

these, the IPCC AR5 contains an entire chapter discussing the validity of climate models, 

evaluating how well they have performed and are performing, and conclude they are 

reasonably trustworthy (Flato et al., 2013). 

Summary and Conclusion: 

 The prospect of an acidifying ocean is one that civilization must directly confront 

in order to maintain current norms in economy, commercial fisheries, tourism, and 

ecological diversity. The very vastness of the ocean means any changes to its body will 

reach out and touch a wide variety of systems upon which humans and animals depend. 

From microbes to marine mammals, coral reefs to high latitude feeding grounds, and 

coastal cities to rural communities relying on ecotourism, many important aspects are 

likely to be affected. Based on the extensive work within climate modeling, we can 

accept certain high and low CO2 predictions, allowing us to prepare our future 

generations for the likelihood of an altered environment and how that will affect our 

species. As we deal with a problem that may impact the trajectory of our known world, 

we cannot not be hesitant in action, for it is better to enact rational policies now than to 

wait until we pass the tipping point.  
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Figures:  

 

Figure II.1. The process of ocean acidification. As CO2 enters the water, it reacts with 

water to produce carbonic acid. Carbonic acid then splits into hydrogen ions and 

bicarbonate ions. Bicarbonate then splits into hydrogen ions and carbonate ions. This 

increase in hydrogen results in increasingly acidic conditions. 
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Figure II.2. Correlation between rising atmospheric concentration of carbon dioxide with 

increase in the concentration of carbon dioxide dissolved in seawater. Note seawater pH 

decreases since it is a negative logarithm function of the increasing carbon dioxide 

concentration. Figure courtesy the National Oceanic and Atmospheric Administration. 

 

Figure II.3. Changes in average ocean pH over time. Includes expected pH up to 2100. 

Modified from Honisch and Hemming, 2005.  
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