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ABSTRACT OF THE DISSERTATION

The Effects of Ocean Acidification on the Development, Behavior and Survival of
Marine Fish Eggs and Larvae Inferred from Laboratory and Natural Experiments

by

Sara Shen

Doctor of Philosophy in Oceanography

University of California, San Diego, 2016

Professor David Checkley, Jr., Chair

The physiology, development, behavior and survival of the early life history stages

of marine fish are challenged by increasing carbon dioxide concentrations in the ocean,

known as ocean acidification. A widespread effect of elevated pCO2 on fish larvae is

increased otolith size. To understand the functional consequences of larger otoliths on the

vestibular system of fish larvae, Chapter 2 investigated the vestibulo-ocular reflex (VOR)

of white seabass (Atractoscion nobilis) larvae reared at ∼2500 µatm pCO2. The VOR is

an otolith-dependent response in fish that stabilizes vision during body movement. Larvae

reared at high pCO2 possessed saccular and utricular otoliths that were ∼ 17% and ∼ 38%

xiv



larger in size. Despite the increased otolith size, the gain of the VOR, which describes the

ratio of eye to head amplitude, was not statistically different between treatment (0.39 ±

0.05, n = 28) and control (0.30 ± 0.03, n = 20) larvae.

Fish spawning habitat and survival of offspring are greatly influenced by environ-

mental conditions. In Chapter 3, the effects of pCO2 on the spawning habitat of Anchoveta

(Engraulis ringens) and mortality of eggs and early stage larvae were investigated. Eggs,

larvae, and oceanographic data, were collected across an onshore-offshore gradient in pCO2

that ranged from 167-1392 µatm. pCO2 was statistically significant in explaining egg pres-

ence. The abundance of eggs and relative absence of larvae at high pCO2 suggests that

Anchoveta preferentially spawned at high pCO2 (>800 µatm) and that these eggs had lower

survival.

Fish living in a high-pCO2 world may have to spend more energy on acid-base

balance. Chapter 4 explores the effects of elevated pCO2 on the oxygen consumption rate

(OCR) and abundance of Na+-K+-ATPase (NKA) proteins in white seabass larvae reared at

∼2000 µatm pCO2. OCR, a proxy for aerobic metabolic rate, did not differ significantly

between larvae reared at present-day (0.18 ± 0.03 µL O2 individual-1 h-1, n = 80) and future

(0.19 ± 0.03 µL O2 individual-1 h-1, n = 80) pCO2. Consistent with this finding, the relative

abundance of NKA proteins that fuel important ion exchangers for acid-base balance did

not differ between control and treatment larvae in Western blot and immunohistochemistry

analyses. Mass and length were also unchanged at high pCO2, suggesting larvae were

physiologically robust in these variables to ocean acidification conditions.

xv



Chapter 1

Introduction

1.1 Ocean Acidification

Humans are altering the state of our planet in unprecedented ways through defor-

estation, fossil fuel burning, and other consumptive activities that add carbon dioxide (CO2)

to the atmosphere and cause significant climate change. Furthermore, because the ocean

constitutes approximately 70% of the Earth’s surface area, increasing atmospheric CO2 acts

to increase the partial pressure of CO2 (pCO2) and alter the inorganic carbon chemistry of

the ocean through a process known as ocean acidification (Orr et al. 2005, Doney et al.

2009).

As CO2 enters the ocean, it reacts with water (H2O) to form carbonic acid (H2CO3),

which dissociates into bicarbonate (HCO3
-) and hydrogen ions (H+). The increase in the

concentration of H+ causes a reduction in pH, a measure of acidity, and gives rise to the

term ‘ocean acidification.’ HCO3
- dissociates into H+ and carbonate ions (CO3

2-), further

reducing pH and calcium carbonate saturation state (ΩCaCO3), a thermodynamic property

that describes the degree of saturation of seawater with respect to the mineral calcium

carbonate (Doney et al. 2009).

Atmospheric CO2 has increased from 278 to >400 parts per million (ppm) since

1
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the industrial revolution (Orr et al. 2005, Doney et al. 2009) and is projected to exceed

1000 ppm by the end of the century and 1900 ppm by the year 2250 (IPCC 2013). The

ocean has absorbed approximately 30% of current anthropogenic carbon emissions (Sabine

et al. 2004) and the rate of absorption is outpacing that of the Earth’s natural buffering from

weathering and the preservation of seafloor CaCO3sediments (Hönish et al. 2012). As a

result, ocean pH has already declined 0.1 units and is expected to decline 0.3-0.32 units by

2100 (IPCC 2013).

While it is true that the concentration of CO2 in the atmosphere has been much

higher in the past than it is today, with estimates of 5000 µatm during the Triassic-Jurassic

(T/J) boundary approximately 200 million years ago, it is the combination of the magnitude

of increase and rate at which we are adding CO2 that is unparalleled in Earth history (Hönish

et al. 2012). During the T/J mass extinction, atmospheric CO2 doubled over 20 thousand

years, magnitudes slower than what is occurring presently (Hönish et al. 2012). Therefore,

we are disrupting the equilibrium of the ocean carbon cycle in a way that has never occurred

over the past 300 million years of Earth history (Hönish et al. 2012).

1.1.1 Effects on Young Fish

The multitude of correlated changes that occur in the carbonate chemistry during

ocean acidification make it difficult to assess which variables are most severely affecting

biota. The reduction in Ω may be the culprit for the decline in growth, calcification,

abundance, and survival of many calcifying organisms (Kleypas et al. 1999, Kroeker et

al. 2010, Bednaršek and Ohman 2015). Conversely, it is more likely that the increase in

pCO2 is the largest contributing factor to the effects of ocean acidification on marine fish

because a reduced outward diffusion of CO2 can lower the pH of internal fluids and disrupt

pH homoeostasis (Hayashi et al. 2004, Ishimatsu et al. 2008, Esbaugh et al. 2012, Heuer

and Grosell 2014).
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Several physiological and behavioral differences between the early life history stages

(i.e., eggs and larvae) of marine fish and juveniles and adults may increase the susceptibility

of the former to ocean acidification. Briefly, this includes the lack of functional gills that are

important for ion regulation, reliance on cutaneous diffusion for gas exchange (Rombough

et al. 1988), and passive existence as plankton. The latter means that young larvae cannot

escape exposure to poor environmental conditions. Importantly, high and variable mortality

during the early life history stages, often related to environmental conditions, may be

decisive in generating recruitment variability (Houde 2009).

The effects of elevated pCO2 on marine fish eggs and larvae are diverse and variable

(reviewed in Heuer and Grosell 2014). Elevated pCO2, ranging from 800 to 5000 µatm

can result in developmental abnormalities of larvae, such as tissue and organ damage, and

changes to fatty acid composition (Chambers et al. 2013, Díaz-Gil et al. 2015, Frommel et

al. 2016, others reviewed in Heuer and Grosell 2014). Larvae of some species experience

an increase in size-at-hatch and growth rate (Munday et al. 2009a, Chambers et al. 2014,

Bignami et al. 2014), while others experience a reduction or no change. Perhaps one of the

most widespread developmental changes is the hypercalcification of otoliths (Checkley et

al. 2009, Munday et al. 2011b, Bignami et al. 2013, Maneja et al. 2013, Réveillac et al.

2015, Shen et al. 2016). All bony fish possess three pairs of CaCO3 otoliths that play a vital

role in the auditory and vestibular systems, the latter providing vertebrates with information

about orientation and acceleration (Platt 1983, Goldberg et al. 2012). A 49% increase in

otolith size of larval cobia (Rachycentron canadum) reared at 2100 µatm was predicted to

increase hearing range by 50% (Bignami et al. 2013). In Chapter 2, I explore the effects

of elevated pCO2 and hypercalcification on the vestibular system of white seabass larvae

(Atractoscion nobilis).

The impairment of numerous sensory systems and general cognitive function of the

larvae and juveniles of several species of fish is indicative of an effect of pCO2 on central
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neural processing. Exposure to elevated pCO2 reverses the attraction of young (mostly

tropical) fish to the odors and sounds of predators (Dixson et al. 2010, Simpson et al. 2011)

and favorable settlement habitats (Munday et al. 2009b, Devine et al. 2012, Rossi et al.

2015). The larvae of some species also demonstrate a reduction in anti-predator responses

(Ferrari et al. 2011), lateralization (Domenici et al. 2012) and learning capacity (Ferrari et

al. 2012). The alteration of the γ-aminobutyric acid (GABAA) neurotransmitter receptor

in the brain is thought to be the primary cause of the reversal of these sensory preferences

and behavioral changes (Nilsson et al. 2012, Hamilton et al. 2014). However, there are also

many species of fish that do not experience any negative effects of elevated pCO2 on growth,

development, behavior and survival during the egg and larvae stages (Munday et al. 2009a,

2011a, 2015, Franke and Clemmesen 2011, Frommel et al. 2013, Bignami et al. 2014 Hurst

et al. 2012).

The effects of high CO2 on the mortality of the early life history stages and the con-

sequences for larger-scale population and ecosystem structure are hard to predict, especially

given the fact that some species of fish are affected by ocean acidification conditions more

than others. Settlement-stage damselfish (Pomacentrus wardi) larvae reared at elevated

pCO2 (700-850 µ) with a compromised olfactory system and reduced anti-predator response

behavior experienced 5-9 times higher mortality than control larvae (Munday et al. 2010,

Ferrari et al. 2011). On the contrary, attraction to predator odor, inability to differentiate

among odors of different habitats, and bold behavior observed for damselfish and cardi-

nalfish at natural CO2 seeps did not result in any changes to fish abundance (Munday et

al. 2014). Furthermore, while elevated pCO2 increases the mortality of eggs and larvae

of some species (Baumann et al. 2012, Forsgren et al. 2013, Chambers et al. 2013),

presumably through direct effects on physiology, it can also increase the reproductive output

(number of clutches and eggs per clutch) and survival of eggs for other (mostly benthic

spawning) species (Miller et al. 2013, Welch and Munday 2016). In Chapter 3, I investigate
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whether high pCO2 affects the spawning and mortality of pelagic eggs and young larvae of

Anchoveta (Engraulis ringens) off the coast of Peru.

Ocean acidification can present a physiological challenge for marine fish because

the reduced outward diffusion gradient of CO2 from the body to the seawater can result in

higher CO2 and lower pH in the blood plasma and intracellular fluids (Perry and Gilmour

2006). Much literature exists for freshwater fish documenting that juveniles and adults

compensate for this acid-base disruption through the uptake or retention of HCO3
- and

export of H+ using a variety of ion-transporters that are fueled by ion gradients created by

Na+-K+-ATPase (NKA) in the mitochondria-rich cells of the gills (Perry and Gilmour 2006,

Melzner et al. 2009a). Mechanisms for saltwater fish are less understood but likely include

similar transporters in the exchange of acid-base equivalents. Maintaining pH homeostasis

is an energetically costly process, but an important one as changes in pH can impact cellular

function, metabolism, and eventually the growth and reproduction of fish (Putnam and Roos

1997, Pörtner et al. 2005). For example, NKA pumping for NaCl excretion can account

for as much as ∼25% of the oxygen consumption of the gills in marine fish (Stagg and

Shuttleworth 1982, Morgan et al. 1997). The gradients generated by NKA are used in the

transport of acid-base equivalents. Therefore, the additional cost of maintaining ion and

acid-base regulation at elevated pCO2 may be reflected in an increased oxygen consumption

rate (OCR), a proxy for the metabolic rate (Munday et al. 2009c, Enzor et al. 2013), as well

as increased abundance of NKA proteins (Deigweiher et al. 2008, Melzner et al. 2009b).

In Chapter 4, I investigate how the OCR and abundance of NKA proteins in larval white

seabass are affected by elevated pCO2.

1.2 Outline of the Dissertation

The research in this dissertation furthers our understanding of the effects of ocean

acidification on the early life history stages of marine fish through multiple experiments
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performed at various scales, from an investigation of cellular to whole-animal behavioral

responses in laboratory experiments to that of a large fish population in a high-pCO2

upwelling system and natural experiment.

In Chapter 2, I focused on the effects of elevated pCO2 on otolith morphology and

functionality in larval white seabass (Atractoscion nobilis). There are several studies that

have documented larger otoliths in larvae reared under acidified conditions (Checkley et

al. 2009, Munday et al. 2011b, Bignami et al. 2013, Réveillac et al. 2015, Shen et al.

2016), but the effects on the vestibular system have not been explored. I hypothesized that

elevated pCO2 would increase the size of the utricular otoliths of white seabass larvae and

this would affect vestibular functioning. To test these hypotheses, I reared white seabass

eggs and larvae at 2500 atm pCO2, determined the area of the utricular otoliths, and tested an

otolith-dependent response, the vestibulo-ocular reflex (VOR). The VOR is a compensatory

eye rotation that is stimulated by otolith movement and allows fish and other vertebrates

to maintain their visual acuity during self-movement (Bianco et al. 2012, Goldberg et al.

2012). From these results, I made inferences about the potential effects of larger-sized

otoliths on the vestibular function and survival of marine fish larvae.

In Chapter 3, eggs and larvae of Anchoveta (Engraulis ringens) and oceanographic

data were collected off the coast of Peru during a cruise by the Instituto del Mar del Perú

(Imarpe) in August and September 2013. The cruise study area spanned 10° latitude (1,112

km) and occurred during the peak season for upwelling and Anchoveta spawning. In this

chapter, I used the natural onshore-offshore gradient in pCO2 to investigate the relationship

of Anchoveta eggs and larvae to pCO2, and make inferences about the effects of ocean

acidification on coastal marine fish. Anchoveta are an ideal study organism because they

constitute the world’s largest single-species fishery (FAO 2015), live in one of the highest

pCO2 regions in the world’s ocean (Takahashi et al. 2009), and have a similar life history to

other pelagic fish species. The relative importance of environmental variables in explaining
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egg presence, an index of spawning, and larva abundance were explored using generalized

linear mixed models. Furthermore, the distributions of the largest egg and larva samples

were analyzed in pCO2-salinity space to investigate the potential mortality of eggs and

larvae in high pCO2 waters.

In Chapter 4, the physiological effects of elevated pCO2 on larval white seabass

(Atractoscion nobilis) were investigated to gain insight into the possible underlying causes

of the wide range of behavioral and developmental abnormalities in fish exposed to ocean

acidification conditions (reviewed in Heuer and Grosell 2014). Although the mechanisms

of acid-base regulation for larvae are unknown, they are assumed to be similar to those of

juveniles and adults (Rombough et al. 1988). I hypothesized that white seabass larvae reared

at elevated pCO2 would experience an increase in OCR and abundance of NKA proteins

to compensate for internal acid-base disruption. To test these hypotheses, I reared white

seabass eggs and larvae at 2000µatm pCO2, measured the oxygen consumption of larvae at

5 days post-fertilization (dpf), and used Western Blot and immunohistochemistry analysis to

quantify the abundance of NKA proteins. These data provide insight into the energetic costs

of maintaining acid-base balance and the physiological resiliency of fish larvae to elevated

pCO2.
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Díaz-Gil C, Catalán IA, Palmer M, Faulk CK, Fuiman LA (2015). Ocean acidification
increases fatty acids levels of larval fish. Biology Letters, 11:20150331.

Dixson DL, Munday PL, Jones GP (2010) Ocean acidification disrupts the innate ability of
fish to detect predator olfactory cues. Ecology Letters, 13:68-75.

Domenici P, Allan B, McCormick MI, Munday PL (2012) Elevated carbon dioxide affects
behavioural lateralization in a coral reef fish. Biology Letters, 8:78-81.



9

Doney SC, Fabry VJ, Feely RA, Kleypas JA (2009) Ocean acidification: the other CO2
problem. Annual Review of Marine Science, 1:169-192.

Enzor LA, Zippay ML, Place SP (2013) High latitude fish in a high CO2 world: synergistic
effects of elevated temperature and carbon dioxide on the metabolic rates of Antarctic
notothenioids. Comparative Biochemistry and Physiology Part A: Molecular and Integrative
Physiology, 164:154-161.

Esbaugh AJ, Heuer R, Grosell M (2012) Impacts of ocean acidification on respiratory gas
exchange and acidbase balance in a marine teleost, Opsanus beta. Journal of Comparative
Physiology B, 182:921-934.

Ferrari MC, Dixson DL, Munday PL, McCormick MA, Meekan MG, Sih A, Chivers DP
(2011) Intrageneric variation in antipredator responses of coral reef fishes affected by ocean
acidification: implications for climate change projections on marine communities. Global
Change Biology, 17:2980-2986.

Ferrari MC, Manassa RP, Dixson DL, Munday PL, McCormick MI, Meekan MG, Sih A,
Chivers DP (2012) Effects of ocean acidification on learning in coral reef fishes. PLoS One,
7:e31478.

Fisheries and Aquaculture topics. The State of World Fisheries and Aquaculture (SOFIA).
Topics Fact Sheet. Text by Jean-Francois Pulvenis. In: FAO Fisheries and Aquaculture
Department (online. Rome. Updated 19 May 2015).

Forsgren E, Dupont S, Jutfelt F, Amundsen T (2013) Elevated CO2 affects embryonic
development and larval phototaxis in a temperate marine fish. Ecology and Evolution,
3:3637-3646.

Franke A, Clemmesen C (2011) Effect of ocean acidification on early life stages of Atlantic
herring (Clupea harengus L.). Biogeosciences, 8:3697-3707.

Frommel AY, Schubert A, Piatkowski U, Clemmesen C (2013) Egg and early larval stages of
Baltic cod, Gadus morhua, are robust to high levels of ocean acidification. Marine Biology,
160:1825-1834.

Frommel AY, Margulies D, Wexler JB, Stein MS, Scholey VP, Williamson JE, Bromhead
D, Nicol S, Havenhand J (2016) Ocean acidification has lethal and sub-lethal effects on
larval development of yellowfin tuna, Thunnus albacares. Journal of Experimental Marine
Biology and Ecology, 482:18-24.

Goldberg JM, Wilson VJ, Cullen KE (2012) The Vestibular System: A Sixth Sense, PP. 560,



10

Oxford University Press, New York.

Hamilton TJ, Holcombe A, Tresguerres M (2014) CO2induced ocean acidification increases
anxiety in Rockfish via alteration of GABAA receptor functioning. Proceedings of the Royal
Society B: Biological Sciences, 281:20132509.

Hayashi M, Kita J, Ishimatsu A (2004) Comparison of the acid-base responses to CO2
and acidification in Japanese flounder (Paralichthys olivaceus). Marine Pollution Bulletin,
49:1062-1065.

Heuer RM, Grosell M (2014) Physiological impacts of elevated carbon dioxide and ocean
acidification on fish. American Journal of Physiology-Regulatory, Integrative and Compara-
tive Physiology, R1061-R1084.

Hönisch B, Ridgwell A, Schmidt DN, Thomas E, Gibbs SJ, Sluijs A, Zeebe R, Kump L,
Martindale RC, Greene SE, Kiessling W, Ries J, Zachos JC, Royer DL, Barker S, Marchitto
TM Jr., Moyer R, Pelejero C, Ziveri P, Foster GL, Williams B (2012) The geological record
of ocean acidification. Science, 335:10581063.

Houde ED (2009) Recruitment variability. In Fish Reproductive Biology: Implications for
Assessment and Management, PP.91-171, Wiley-Blackwell, West Sussex, UK.

Hurst TP, Fernande ER, Mathis JT, Miller JA, Stinson CM, Ahgeak EF (2012). Resiliency
of juvenile walleye pollock to projected levels of ocean acidification. Aquatic Biology,
17:247259.

IPCC (2013) Climate change 2013: the physical science basis, Chapter 6. In: Stocker TF,
Qin D, Plattner GK, Tignor M and others (Eds.), Contribution of working group 1 to the
fifth assessment report of the Intergovernmental Panel on Climate Change, PP. 465-544,
Cambridge University Press, Cambridge.

Ishimatsu A, Hayashi M, Kikkawa T (2008) Fishes in high-CO2, acidified oceans. Marine
Ecology Progress Series, 373:295-302.

Kleypas JA, Buddemeier RW, Archer D, Gattuso JP, Langdon C, Opdyke BN (1999) Geo-
chemical consequences of increased atmospheric carbon dioxide on coral reefs. Science,
284:118-120.

Kroeker KJ, Kordas RL, Crim R, Hendricks IE, Ramajo L, Singh GS, Duarte CM, Gattuso
J-P (2013) Impacts of ocean acidification on marine organisms: quantifying sensitivities and
interaction with warming. Global Change Biology, 19:1884-1896.

Maneja RH, Frommel AY, Geffen AJ, Folkvord A, Piatkowski U, Chang MY, Clemmesen C



11

(2013) Effects of ocean acidification on the calcification of otoliths of larval Atlantic cod
Gadus morhua. Marine Ecology Progress Series, 477:251-258.

Melzner F, Gutowska MA, Langenbuch M, Dupont S, Lucassen M, Thorndyke MC, Bleich
M, Portner H-O (2009a) Physiological basis for high CO2 tolerance in marine ectothermic
animals: pre-adaptation through lifestyle and ontogeny. Biogeosciences, 6:2313-2331.
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Chapter 3

Spawning and mortality of Anchoveta

(Engraulis ringens) eggs and larvae in

relation to pCO2

3.1 Abstract

The world’s most productive fisheries occur in regions projected to experience intense

ocean acidification. Anchoveta (Engraulis ringens) constitute the largest single-species

fishery and live in one of the highest pCO2 regions in the ocean. pCO2 of the Peruvian

upwelling system exceeds atmospheric CO2 year-round. We investigated the relationship of

the abundance and survival of Anchoveta eggs and larvae to pCO2 in the spawning habitat.

Anchoveta eggs and larvae, zooplankton, and data on temperature, salinity and pCO2 were

collected during a cruise off Peru in 2013. While eggs were most abundant in cool (15-16°C),

lower salinity (34.85-34.90) and higher pCO2 (1000-1100 µatm) water, larvae were most

abundant in warmer (17-18°C), higher salinity (34.90-35.00) and lower pCO2 (500-600

µatm) water. pCO2 ranged from 167-1392 µatm and correlated positively with egg presence,
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an index of spawning habitat. Zooplankton abundance explained significant variability in

the abundance of small larvae. Within the cold coastal water mass, samples with highest

concentrations of eggs were found at significantly higher pCO2 than samples of larvae. Our

results indicate that Anchoveta preferentially spawned at high pCO2 and that these eggs had

lower survival. Understanding the effects of ocean acidification on fish is important for the

future management of fisheries.

3.2 Introduction

Naturally high-pCO2 areas in the ocean, such as eastern boundary upwelling systems

(EBUS) and CO2 vents, offer the opportunity to study the response of marine organisms to

acidified water and to contribute to our understanding of the effects of ocean acidification on

marine life (Pespeni et al. 2013, Munday et al. 2014). Ocean acidification is the increase in

pCO2 and decrease in pH and CaCO3 saturation state, among other changes in the inorganic

carbon chemistry, due to the addition of CO2 to the ocean from fossil fuel burning and other

human activities (Doney et al. 2009). The response of fish to ocean acidification depends

on the type of process evaluated (e.g., behavioral or physiological) and may vary between

species (see review by Heuer and Grosell 2014). However, a general conclusion is that

larvae are more susceptible than juveniles and adults (Heuer and Grosell 2014, Rombough

1988). Furthermore, while declining CaCO3 saturation state may be the factor of greatest

concern for calcifying organisms in an acidifying ocean (Doney et al. 2009), pCO2 may

pose the biggest threat to fish (Heuer and Grosell 2014, Rombough 1988, Kikkawa et al.

2004). Cutaneous gas exchange and a lack of functional gills cause early larval stages of fish

to be especially vulnerable to elevated pCO2 (Rombough 1988). Similarly, the reduction in

the outward diffusion gradient of CO2 from the fish body to the seawater as pCO2 increases

can result in an acidosis and disruption of internal pH homeostasis (reviewed in Heuer

and Grosell 2014, Rombough 1988). Lastly, the highest mortality rates are incurred in the
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egg and larval stages, and the dynamics of these stages are thought to greatly influence

recruitment into fisheries (Houde 1987). Therefore, fisheries in naturally high-pCO2 regions

may be especially at risk from ocean acidification.

Anchovies (Engraulis spp.) are small pelagic fish that occur worldwide in temperate

regions of high productivity, particularly in the coastal upwelling areas of EBUS (Grant and

Bowen 1998, Checkley et al. 2009). Wind-driven upwelling brings cold, nutrient-rich, high

pCO2, low pH waters to the surface and creates a spatial and temporal environmental mosaic

(Chavez and Messie 2009, Copin-Montégut and Raimbault 1994). Anchovy populations

around the globe undergo large fluctuations in biomass in response to environmental changes

on interannual (Ñiquen and Bouchon 2004), decadal (Lluch-Belda et al. 1989, Chavez et

al. 2003, Alheit and Ñiquen 2004) and centennial (DeVries and Pearcy 1982, Finney et

al. 2010) timescales. Notable examples are the collapse of the sardine (Sardinops sagax)

fishery off California in 1947 and Anchoveta (Engraulis ringens) fishery off Peru in 1972

due to changing ocean conditions and overfishing (Checkley et al. 2009, Alheit and Ñiquen

2004). The low level of nucleotide diversity and shallow coalescence of mitochondrial DNA

genealogies of anchovies indicate periodic regional population collapses have occurred in

the past in response to oceanographic processes (e.g. upwelling intensity; Grant and Bowen

1998). Rapid evolutionary adaptation is more likely to occur in populations with high levels

of existing genetic variation and large population size (Pespeni et al. 2013). Therefore,

the strong influence of the environment on the biomass and recruitment combined with the

genetic structure suggest that anchovy populations may be especially vulnerable to climate

change effects such as ocean acidification, in addition to warming and deoxygenation.

The Anchoveta (Engraulis ringens) inhabits the Humboldt Current System and

is important both ecologically and economically. Anchoveta play an important role as a

midtrophic-level species, consuming phytoplankton and zooplankton, while serving as prey

to higher trophic level organisms such as mackerel, hake, seabirds, and marine mammals
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(Jahncke et al. 2004). Anchoveta also support the world’s largest single-species fishery

with landings of 4 million metric tons in 2012 (MMT; FAO 2015). Three distinct stocks are

acknowledged: north-central Peru (4-15°S), Peru-Chile (16-24°S) and central-south Chile

(33-42°S; Alheit and Ñiquen 2004). The north-central Peru (NCP) stock is located within

the highly productive and high pCO2 Peruvian upwelling system and dominates the catch.

Biogeochemical models predict a decline in Anchoveta recruitment with climate change

due to a reduction in primary productivity (Brochier et al. 2013).

The Peruvian upwelling system experiences elevated pCO2 year-round, with concen-

trations exceeding those of other EBUS (Feely et al. 2008, Friederich et al. 2008, Takahashi

et al. 2009). Measurements of pCO2 in the coastal region of Peru can reach 1500 µatm

(Friederich et al. 2008). The greatest disparity between sea surface and atmospheric CO2

among EBUS globally is in the Peruvian upwelling system (Takahashi et al. 2009). Coastal

upwelling systems, including the Peruvian upwelling system, have a lowered buffering

capacity to offset acidification and are at the forefront of observable climate change (Feely

et al. 2008, McNeil and Sasse 2016). Under IPCC RCP 8.5, hotspots of acidification

(pCO2 >1000 µatm) are projected to occur in major fishery zones by mid-century when

atmospheric CO2 is projected to reach 650 µatm (McNeil and Sasse 2016).

Anchoveta respond to environmental fluctuations by altering their habitat use and

reproductive strategy. For example, during El Niño events, Anchoveta migrate further south,

nearer to the coast, and into deeper water to seek refuge from warm sea surface temperatures

(Ñiquen and Bouchon 2004). Fecundity and spawning frequency are reduced, and the

spawning season is delayed and extended (Ñiquen and Bouchon 2004, Perea and Buitrón

2001). While adults can change their behavior to cope with suboptimal environmental

conditions, the early life history stages of many fish species are planktonic and thus are

largely unable to escape exposure to stressful conditions. Furthermore, the peak spawning

season for Anchoveta (August-November) occurs during maximum upwelling activity
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(Friederich et al. 2008, Lett et al. 2007), resulting in the spawning and development of

eggs and larvae at high pCO2. Cutaneous gas exchange and the lack of acid-base and ion

regulatory mechanisms (Rombough 1988) may increase the susceptibility of eggs and larvae

spawned at high pCO2.

Exposure to naturally high and variable pCO2 may increase the capacity of popu-

lations and species to acclimate (phenotypically change) and adapt (genetically change)

to ocean acidification. For example, rearing eggs and larvae of Atlantic herring (Clupea

harengus) and Baltic cod (Gadus morhua) at pCO2 of 3000-4000 µatm had no effect on

hatching success or rates of survival, growth and development. These fish spawn at a depth

and time of year when pCO2 is naturally high (>1000 µatm) in the Baltic Sea (Franke and

Clemmesen 2011, Frommel et al.. 2013). Purple sea urchin (Strongylocentrotus purpuratus)

from the California Current System have divergent transcriptomes along latitudinal gradients

in pCO2 associated with variations in upwelling strength (Pespeni et al. 2013). In addition,

epigenetic transgenerational plasticity (parental conditioning) has been shown to mediate the

negative effects of elevated pCO2 on the offspring of Atlantic silverside (Menidia menidia)

as well as Sydney rock oysters (Saccostrea glomerata) and cinnamon clownfish (Amphiprion

melanopus; Murray et al. 2014). These results suggest that pCO2 variability may be a strong

selective force for diverse taxa.

We use the Peruvian upwelling system, with its naturally high pCO2 and large

Anchoveta population, as a natural experiment to investigate the relationship of pelagic fish

eggs and larvae to pCO2. We posed the following questions: (1) What is the surface water

pCO2 in the spawning habitat? (2) Are eggs and larvae found in areas of high pCO2? (3)

Does pCO2 affect the mortality of eggs and larvae? To address these questions, we examined

the distribution and abundance of Anchoveta eggs and larvae across an inshore-offshore

gradient of pCO2 over 10° latitude (1,112 km) off Peru during the spawning and upwelling

season in August 2013.
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3.3 Materials and Methods

3.3.1 Cruise Information

Eggs and larvae of the north-central Peru stock of Anchoveta (Engraulis ringens)

and oceanographic data were collected during a 30-day cruise in August-September 2013.

The cruise, Crucero Pelágico 1308-09, was conducted by the Instituto del Mar del Perú

(Imarpe) on the RV José Olaya Balandra. It was comprised of parallel transects separated

by 15 nm and from the coast to ∼ 90 nm offshore, encompassing the Anchoveta spawning

habitat from Puerto Pizarro (3°S) to Callao (12°S).

3.3.2 Oceanographic Data

Temperature, salinity and pCO2 were measured continuously and recorded at 1-

minute intervals from water sampled with the vessels seawater system at 3-m depth using

a thermosalinograph (Sea-Bird Electronics Inc., Bellevue, WA, Model SBE-45) and flow-

through sensor based on membrane equilibration and non-dispersive infrared spectrometry

(KM Contros GmbH, Kiel, Germany, Model HydroC®CO2 FT), respectively. Ten seawa-

ter samples from a depth of 3 m were taken at selected stations for the analysis of total

alkalinity and dissolved inorganic carbon (Andrew Dickson, Scripps Institution of Oceanog-

raphy, La Jolla, CA) to corroborate flow-through pCO2 measurements. In addition to these

oceanographic variables measured in situ, satellite data were retrieved from the CoastWatch

repository (http://coastwatch.pfeg.noaa.gov) for surface concentrations of chlorophyll a (mg

m-3). An 8-day composite of chlorophyll a within a 15-km radius of egg and larva stations

was obtained from the AquaModis Net Primary Productivity.
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3.3.3 Eggs and Larvae

Eggs were collected continuously at a depth of 3 m in 20-minute intervals using

the Continuous Underway Fish Egg Sampler (CUFES) (Checkley et al. 1997). CUFES

concentrates and filters pelagic fish eggs from a continuous flow (0̃.5 m-3 min-1) of seawater

through 330-µm mesh (Checkley et al. 1997). Concentration is reported as eggs m-3.

Volumetric concentration (eggs min-1 or eggs m-3) at 3 m is highly correlated with areal

abundance (eggs m-2) over the range of distribution of pelagic eggs (Checkley et al. 1997,

Checkley et al. 2000). Eggs were counted onboard and preserved in 2% Formalin-seawater.

Larvae were collected on station using a Hensen net of 60 cm diameter and 330-µm-

mesh towed vertically from a depth of 50 m (Ayón et al. 2008). Larvae were counted and

measured to the nearest 0.1 mm using a light microscope (Nikon Metrology, Inc., Brighton,

MI, Model E600) and preserved in 70% Ethanol. Lengths were not adjusted for shrinkage

during collection and preservation. The remaining zooplankton were preserved in 2%

Formalin-seawater buffered with borax. Zooplankton volume (ml m-3) was measured using

the displacement method following the removal of large gelatinous organisms (Ayón et al.

2008). Maps of the concentration of eggs and larvae with pCO2 and salinity interpolations

to a 0.1° grid were created using MATLAB (The Mathworks, Inc., Natick, MA, USA).

3.3.4 pCO2 Data Processing

The HydroC® CO2 FT automatically performed zero gas measurements every 12

hours. These zero readings in combination with calibration information were used to

apply a drift correction based on absolute sensor runtime (Fietzek et al. 2014). Pre- and

post-deployment calibrations were performed for the range of 200-2200 µatm in July and

November 2013, respectively. The response time (RT; time constant, t63%) of the sensor

varied throughout the deployment due to a variable flow of the ship’s seawater system

and fouling. To account for the effect of variable RTs on the series, two corrections were
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performed as described in Fiedler et al. (2012) and the final RT-corrected series was created

from these two data sets. One correction considered a ‘slow’ RT of 1200 seconds and the

other assumed a ‘fast’ RT of 300 seconds. These RT corrections represent a slow seawater

flow and fouling influence as well as a fast seawater flow within an un-fouled system,

respectively. The two time constants were derived as representative values from the pCO2

data during the times of signal recovery after the regular zero gas measurements.

A linear regression (R2 = 0.99) of temperature measurements at 3 m depth obtained

from Niskin casts during sampling stations (n = 50) and temperature measurements from

the thermosalinograph installed within the flow-through setup onboard was used to convert

the RT-corrected pCO2 at the sensor to pCO2 in situ at 3 m (Takahashi et al. 1993).

Time periods of variable seawater flow were removed from the final data as their quality

was unknown. We estimated the uncertainty of the data by calculating the percentage

difference between the RT-corrected in situ pCO2 and the pCO2 calculated from three

discrete reference seawater samples analyzed for DIC and TA using the software CO2Calc

(http://pubs.usgs.gov/of/2010/1280/). pCO2 obtained using the HydroC® CO2 FT agreed

well with pCO2 derived from DIC and TA of the discrete seawater samples, differing by less

than 1.5%. Therefore, we conservatively attribute an uncertainty of 1.5% for the majority

of measurements. Over short periods and in times of large pCO2 gradients, the uncertainty

could be as high as 10% due to discrepancies in the sensors actual RT in the field and the

RT assumed during processing.

3.3.5 Spatial Generalized Linear Mixed Models

We constructed a set of candidate models (SM Table 1) to evaluate the relative

influence of oceanographic variables on the distribution and abundance of eggs and larvae.

Specifically, we evaluated the influence of temperature, salinity, pCO2, satellite chlorophyll

a and zooplankton displacement volume on the presence of eggs and abundance of larvae of
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SL <5 mm. Sixty percent of CUFES samples did not contain eggs, precluding the use of

zero-inflated or abundance-based models. Furthermore, the full extent of where spawning

occurred is better captured by using presence and absence data. Small larvae (SL <5 mm)

were analyzed because they were more abundant than older and larger larvae, their collection

was more contemporaneous with measurements of environmental conditions, and, since

they likely would be less effective in avoiding the net, catches are probably more reflective

of actual abundance than would be for larger larvae.

We performed logistic regressions with a binomial distribution and logit link to

model the effects of temperature, salinity, pCO2 and chlorophyll a on egg presence. Larva

abundance was modeled using generalized linear models with a Poisson distribution and log

link. Zooplankton displacement volume was included as an additional predictor variable.

Models included either temperature or salinity, and either temperature or pCO2 due to strong

correlations between these variables (Pearsons r >0.6; SM Table 3). Linear and quadratic

terms were included in models because the probability of egg presence can peak across a

range of conditions (Asch and Checkley 2013). Egg and larvae data were standardized by

subtracting the mean and dividing by the standard deviation prior to model fitting. Spatial

autocorrelation, detected by global Morans I, was accounted for through the use of spatial

generalized linear mixed models (SGLMM), which consider spatial autocorrelation as a

random effect (Rousset and Ferdy 2014). In R v.3.1.2 (R Core Team 2013), the function

corrHLfit in the package ‘spaMM’ was used to obtain penalized quasi-likelihood estimates

of parameters in egg and larvae models and Matérn correlation parameters.

The relative plausibility of the candidate SGLMMs to describe egg presence and

larva abundance was determined using Akaikes Information Criterion adjusted for small

sample sizes (AICc; SM Table 2) (Burnham and Anderson 2002). We calculated the ∆AICc

and scaled the models by their Akaike weight. Parameter estimates of models with Akaike

weights >10% of the model with the lowest AIC were averaged to account for model
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selection uncertainty (Burnham and Anderson 2002) using the R package ‘AICcmodavg.’

Ninety-five percent confidence intervals were constructed around parameter estimates for

each predictor variable in the model. Parameters were interpreted as significant if confidence

intervals did not overlap zero (Burnham and Anderson 2002).

We constructed partial effects plots to illustrate the effect of individual predictor

variables on the probability of egg capture and predicted number of larvae after removing the

linear effects of other variables in the model. Partial effects were calculated by allowing the

variable of interest to take on measured values while all other predictor variables in the model

were fixed at their median value (Weber and McClatchie 2010). Predicted probabilities

and counts were averaged within 0.5-unit bins to provide a clearer picture of the central

relationships.

3.4 Results and Discussion

3.4.1 Distribution and Abundance

236,200 eggs were collected in 867 CUFES samples from the habitat of the NCP

stock of Anchoveta in August and September 2013. Eggs were most abundant near the coast

and found primarily between 7 and 10°S (Fig. 1), consistent with other years (Santander and

de Castillo 1973, Santander and Flores 1983, Ayón 2008). Compared to the southern range

(∼ 15°S) of the spawning habitat, this area is characterized by a wider continental shelf,

increased stability of the physical environment, higher retention rates, and better feeding

conditions for larvae, all factors that likely contribute to making this area a preferred location

for spawning (Lett et al. 2007, Santander and Flores 1983, Walsh et al. 1980).

Eggs were abundant, with a mean of 27 eggs m-3 and maximum of 2,000 eggs m-3

(Fig. 1). Maximal egg concentration was 1-3 orders of magnitude greater than that of the

central-south Chile stock of E. ringens (33-42°S) in 1995 (Castro et al. 2000),Engraulis



36

mordax in the California Current over several years, 1998-2001 (Checkley et al. 2000, Asch

and Checkley 2013) and Engraulis encrasicolus in the Benguela Current from 1986-1993

(Van der Lingen and Huggett 2003). The frequency of occurrence of eggs was maximal

in water of high pCO2 (1000-1100 µatm), cold temperature (15-16°C) and relatively low

salinity (34.85-34.90) (Fig. 2). More than half of the eggs (53%) were found in this salinity

range. Therefore, egg concentration was highest in the cold, coastal water mass (CCW;

Swartzman et al. 2008), characterized by low temperature (14-18°C) and low salinity (34.9).

Chlorophyll a estimated from satellite imagery ranged from 0.2 to 16.7 mg m-3.

1,157 Anchoveta larvae were collected at 74 stations using the Hensen net. Of these

larvae, 716 measured <5 mm in standard length (SL). pCO2 data were available for 683 of

these small larvae at 71 stations. The horizontal distribution of small larvae (SL <5 mm),

hereafter referred to as larvae, was similar to the egg distribution, although samples with

large numbers of larvae were collected further offshore (Fig. 1). Samples had a mean of 10

larvae m-3 and a maximum of 51 larvae m-3 (Fig. 1).

Compared to eggs, larvae were most abundant in lower pCO2 (400-500 µatm),

warmer (17-18°C), and more saline (34.90-35.00) water (Fig. 2). The distribution of larvae

approximated that of seawater pCO2, peaking in the mid-range of pCO2, with 48% of larvae

found between 400-600 µatm. Only 17% of larvae were found at salinity <34.90, where the

majority of eggs were collected. Larvae were found within the CCW, but to a larger extent

within the mixed coastal-subtropical (oceanic) water mass (MCS), characterized by salinities

of 35.05-35.10 and temperatures of 14-18°C (Swartzman et al. 2008). Chlorophyll a ranged

from 0.3-5.8 mg m-3 and zooplankton displacement volume, an index for zooplankton

abundance, ranged from 0.2-13.0 mg m-3.
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3.4.2 pCO2

pCO2 ranged from 167-1392 µatm, consistent with the range of ∼150-1500 µatm

measured during 2004-2006 in this region (Friederich et al. 2008). Approximately

74% of the measurements during 2004-2006 exceeded atmospheric pCO2 (378 µatm;

http://www.esrl.noaa.gov/gmd/ccgg/ globalview/index.html) by more than 100 µatm and 8%

had values that were more than twice atmospheric pCO2 (Friederich et al. 2008). In compari-

son, 84% of our data exceeded atmospheric pCO2 (393 µatm; http://www.esrl.noaa.gov/gmd/

ccgg/globalview/index.html) by more than 100 µatm and 23% were greater than twice at-

mospheric pCO2 (756 µatm). However, the majority of high values (pCO2 >1000 µatm)

in 2004-2006 were observed further south (14-16°S) than the main spawning area and our

study region. Our findings indicate that the spatial extent of high pCO2 water in the main

spawning habitat (7-12°S), as well as the maximal concentration of this water, was greater

in 2013 compared to 7-9 years ago.

3.4.3 Spawning Habitat Characterization

Standardized, model-averaged parameter estimates of temperature, salinity, pCO2

and chlorophyll a indicate that pCO2 was the only statistically significant variable in

predicting egg presence (Table 1). The relationship of pCO2 to egg presence was positive

and quadratic (Table 1), as seen in the partial effects plot (Fig. 3). The probability of

collecting eggs increased from 0.30 to 0.97 as pCO2 increased from the mean of 641 µatm

to 1198 µatm (Fig. 3).

To our knowledge, this is the first report of pCO2 as a variable that significantly

characterizes the spawning habitat of anchovy species. Temperature and salinity, often with

chlorophyll a concentration, have been identified as important factors in the characterization

of spawning habitat for anchovy in the California Current (Checkley et al. 2000, Asch and

Checkley 2013, Weber and McClatchie 2010, Reiss et al. 2008) and Benguela Current
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(Twatwa et al. 2005). Our results are consistent with others (Reiss et al. 2008, Loeb and

Rojas 1998) showing temperature and salinity alone do not define the spawning habitat

of Anchoveta in the Humboldt Current. Furthermore, while a strong, positive relationship

between egg abundance and prey availability was found for Anchoveta off Chile (Castro et

al. 2000), we did not find a significant relationship between chlorophyll a and egg presence

for Anchoveta off Peru.

Model estimates show a significant negative quadratic relationship between the

abundance of larvae and zooplankton displacement volume (Table 1; Fig. 3). Larva

abundance peaked at mean zooplankton volume of 3.0 ml m-3. (Fig. 3). The zooplankton

includes both predators and prey of Anchoveta larvae. Therefore, the relationship we

observed may be partially explained by the match in the timing and location of first feeding

by Anchoveta larvae with plankton production (Castro et al. 2000, Cushing 1990), as

well as by predation on larvae by large zooplankton. Consistent with this explanation, the

occurrence of both Anchoveta eggs and larvae off Chile and sardine eggs off California is

positively correlated with zooplankton and negatively correlated with predatory zooplankton,

respectively (Checkley et al. 2000, Castro et al. 2000).

3.4.4 Mortality

Samples with the highest concentrations of eggs were collected within the CCW

at relatively low salinity (34.90 ± 0.01; mean ± standard deviation) and high pCO2 (930

± 211 µatm) waters (Fig. 4). In contrast, large concentrations of larvae were widespread

within the CCW and MSC, with the centroid at a higher salinity (34.98 ± 0.06) and lower

pCO2 (552 ± 183 µatm) than that for eggs (Fig. 4). With two assumptions, our results

suggest that eggs spawned at high pCO2 (>800 µatm) suffered higher mortality than those

spawned at lower pCO2.

Our first assumption is that measurements of the environment made during the
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collection of eggs and larvae reflect the conditions during the spawning and early life history

development. Support for this assumption comes from a surface drifter deployed at 16°S in

2005 that recorded warming of <1°C and a decline in pCO2 of <150 µatm (Friederich et al.

2008) over the course of one week. We collected and analyzed data of eggs, which hatch in

∼ 2 days at 17°C (Santander and de Castillo 1973), and larvae of SL <5 mm, corresponding

to first-feeding larvae approximately one week in age (Ware et al. 1981). This assumption is

also important for the interpretation of the SGLMM results. Our second assumption, related

to the first, is that the eggs and larvae we collected were not advected into the sampling area.

Due to the effects of salinity on egg buoyancy (Sundby and Kristiansen 2015) and the weak

swimming ability of small planktonic larvae (Ware et al. 1981), horizontal transport of eggs

and larvae into water masses of differing salinities is assumed to be negligible.

Samples with abundant eggs and larvae were collected in waters of significantly

different pCO2 (t-test, p-value <0.001). The expected decrease in pCO2 due to primary

production and outgassing during the 5-7 day development of eggs into young larvae is

approximately 200 µatm (Friederich et al. 2008). Therefore, the difference in pCO2 between

the centers of distribution of eggs and larvae of more than 200 µatm is consistent with the

hypothesis that eggs spawned within the CCW at high pCO2 suffered a higher mortality

rate (Fig. 4). The larvae we collected were most likely survivors of eggs spawned at

low-to-intermediate pCO2 (<800 µatm). Conversely, the absence of large concentrations of

larvae at pCO2 between 700 and 1000 µatm, with one exception, suggests that eggs spawned

at pCO2 >900 µatm, which constitutes the majority of eggs, did not survive to the larval

stage.

3.4.5 Implications

Our data are consistent with the hypothesis that Anchoveta spawned in areas with

environmental conditions that were not optimal for egg and larva survival during the austral
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spring of 2013. Egg frequency of occurrence, probability of collection and concentration

were maximal at high pCO2 and low salinity, indicating Anchoveta selected water with

these conditions for spawning. However, larva frequency of occurrence and concentration

were highest at low pCO2 and high salinity, consistent with high mortality rates of eggs at

high pCO2. Thus, while the majority of spawning occurred near the coast in waters of high

pCO2, eggs spawned further offshore in waters of salinity 34.91-35.0 and pCO2 <900 µatm

appear to have contributed to the majority of the survivors at the larval stage.

An alternative interpretation of our results is that temporal and spatial variation in

spawning during the cruise could explain the absence of eggs at higher salinity and lower

pCO2, and of larvae at lower salinity and higher pCO2. Histological samples of ovarian

tissues from adult Anchoveta indicate a daily spawning fraction of ∼10% during the peak

spawning period (Ayón and Buitron 2008). Given that our sampling encompassed the entire

spawning habitat of the NCP Peru stock and occurred over several weeks, we assume that

spawning was continuous, leading to a stable age distribution (Lo et al. 1989).

It is also important to note that there are other variables that we did not measure

that may affect the distribution and abundance of eggs and larvae and whose mechanistic

relationship may have been captured by the environmental variables we measured. A notable

example is oxygen, which is strongly correlated with pCO2 (Reum et al. 2015) and an

important variable affecting fish distributions in the Humboldt Current (Bertrand et al. 2011).

However, while the correlation of O2 and pCO2 is strong at depth, the surface ocean is

typically high in O2 despite elevated pCO2. Of the 47 samples of surface (0m) oxygen

taken during the cruise, 15 of these were taken in seawater with pCO2 >800 µatm and O2

ranged from 2.15 to 5.18 mL L-1. More research on how O2 decreases with depth in the

region where eggs and larvae reside is needed to understand whether the effects we observed

could have been partially explained by oxygen profiles. Lastly, variables related to water

column structure and horizontal flow have increased the power of models to predict anchovy
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spawning habitat in the California Current (Weber and McClatchie 2010, Asch and Checkley

2013) and had these variables been explored, they may also have contributed to a better

understanding of our findings.

While Anchoveta and other small pelagic fish species generally display high spawn-

ing plasticity, there are ecological and evolutionary limits to this plasticity (Ciannelli et

al. 2015) that may become more important as ocean acidification intensifies. Our results

indicate that the ability to complete the pelagic larval life stage is a constraint (Ciannelli

et al. 2015) that may become more severe in the future as the availability of low pCO2

water is reduced. Presumably, Anchoveta have evolved to spawn in areas where larvae can

survive since eggs hatch in approximately two days. It is possible that while the CCW is

productive with optimal temperature and salinity, increasing pCO2 will cause this habitat to

become less suitable over time. The mechanism by which fish sense changes in pCO2 is

not entirely clear, and may involve changes in gene regulation via activation of a soluble

adenylyl cyclase (Tresguerres et al. 2010). Whether Anchoveta can sense the increasing

acidity of the historically optimal spawning habitat and move to lower pCO2 waters also

depends on the relative constraint of the other environmental properties to their survival.

Whether our findings are representative of other years and other species of fish in

EBUS and other naturally high-pCO2 regions is a question that merits attention. Together,

Anchoveta, Alaska Pollock (Theragra chalcogramma), Skipjack tuna (Katsuwonus pelamis),

sardines (Sardinella spp.) and Atlantic herring (Clupea harengus) comprise 19% of the

world’s global marine fish catch (FAO 2015). Due to the fact that the biological processes

that produce high pCO2 also support large fish populations (remineralization of organic

matter into inorganic nutrients), the major fisheries of the world are largely found in naturally

high-pCO2 regions. These regions, such as waters off Alaska, the North Atlantic (especially

near the Arctic) and EBUS, are expected to experience ocean acidification much earlier than

other areas of the world’s ocean (McNeil and Sasse 2016). Thus, understanding the effects
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of ocean acidification on marine fish is important for the management and sustainability

of fisheries in the future and requires the long-term monitoring of pCO2, the most likely

variable affecting fish response to ocean acidification (Heuer and Grosell 2014, Rombough

1988, Kikkawa et al. 2004), concurrent with the collection of eggs and larvae.

The management strategies of Anchoveta and Pacific sardine (Sardinops sagax)

incorporate climate variability to some degree, and may serve as a model for the sustainable

management of fisheries in the face of climate change. For example, the EUREKA Program

of the Instituto del Mar del Perú enables managers and scientists to repurpose the fishing fleet

for a rapid stock assessment of Anchoveta during the onset of an El Niño event (Schreiber

et al. 2011). The harvest control rule for Pacific sardine (Sardinops sagax) depends on

temperature in the southern California Current System (Hill et al. 2014). These progressive

management strategies are testimony to the importance of, and ability to, consider the

impacts of climate on the sustainability of commercial fisheries. In the future, EUREKA

cruises and harvest control rules may be triggered by extreme upwelling or La Niña events

that are characterized by high pCO2. It is timely to consider how climate change, particularly

ocean acidification, may be incorporated into fishery management strategies.
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3.6 Figures

Figure 3.1: Maps of eggs and larvae.
Maps of the concentration of (A) eggs and (B) larvae of standard length <5 mm. Lengths of the
black lines correspond to the concentration of eggs and larvae at stations where samples were
collected. Interpolated measurements of (A) pCO2 and (B) salinity are shown in the background.
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Figure 3.2: Frequency distributions of eggs and larvae.
Frequency distributions of eggs (black lines), larvae (red lines) and sampling effort (dashed gray
lines) in relation to (A) pCO2, (B) temperature and (C) salinity. Data for pCO2, temperature
and salinity were binned into 100-µatm, 0.5-°C and 0.05-intervals and a spline was performed to
generate smooth curves.
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Figure 3.3: Partial effects diagrams for egg capture and larva abundance.
Partial effects diagrams of (A) pCO2 on the probability of egg capture and (B) zooplankton
displacement volume on the abundance of larvae. Data were standardized prior to model fitting.
Mean and standard error are shown for bins of 0.5-unit.
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Figure 3.4: pCO2-salinity diagram for eggs and larvae.
pCO2-salinity diagram for all seawater measurements (gray plus signs), CUFES samples con-
taining >1000 eggs m-3 (black circles) and samples of larvae containing >40 larvae m-3 (red
diamonds). The centroids of the distributions are indicated by the black and red plus signs.
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3.7 Tables

Table 3.1: Parameter estimates for egg presence and larva abundance.

Standardized, model-averaged parameter estimates and lower and upper 95% confidence
intervals for candidate models that describe the relationship between egg presence and
abundance of larvae, and oceanographic variables. Quadratic terms are denoted as the
parameter squared. Data were standardized prior to model fitting by subtracting the mean
and dividing by the standard deviation. Significant (p-value <0.05) parameter estimates are
in bold.

Eggs Larvae
Variable Estimate LCI UCI Estimate LCI UCI
Temp -0.12 -0.30 0.06 0.10 -0.30 0.49
Temp2 0.14 0.00 0.28 -0.02 -0.19 0.15
Sal -0.06 -0.25 0.13 0.02 -0.15 0.19
Sal2 0.02 -0.10 0.14 0.00 -0.11 0.11
pCO2 0.19 -0.01 0.38 -0.03 -0.24 0.18
pCO2

2 0.52 0.37 0.68 0.02
Chl 0.02 -0.30 0.34 0.04
Chl2 -0.02 -0.10 0.06 -0.02
Zoo 0.21
Zoo2 -0.37

-0.13 0.17 
-0.33 0.41 
-0.16 0.13 
-0.44 0.85 
-0.73 -0.01
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Chapter 4

Physiological resilience of white seabass

(Atractoscion nobilis) larvae to ocean

acidification

4.1 Abstract

Developmental and behavioral effects of elevated pCO2 on the early life history

stages of fish are presumed to result from compensatory processes that restore acid-base bal-

ance during respiratory acidosis. While measurements of blood chemistry are needed to ad-

dress this question, measurements of aerobic metabolism and abundance of ion-transporting

proteins can provide insight into the physiological changes that occur when larvae are

exposed to elevated pCO2. Oxygen consumption rate (OCR) and abundance of Na+-K+-

ATPase (NKA) proteins were measured in 5-day-old white seabass (Atractoscion nobilis)

reared at control (560 ± 32 µatm) and treatment (1971 ± 55 µatm) pCO2. We hypothesized

that larvae would increase production of NKA proteins to facilitate the compensation of

extra- and intra-cellular fluid pH, and experience a higher OCR in response to increased NKA

55



56

protein abundance. We found no effect of elevated pCO2 on both OCR and NKA protein

abundance. OCR was 0.18 ± 0.03 µL O2 individual-1 h-1 for control larvae (n = 45) and 0.19

± 0.03 µL O2 individual-1 h-1 for treatment larvae (n = 45). An approximate mass-specific

OCR for control and treatment larvae of 1.06 ± 0.16 µL O2 µg-1 h-1 (n = 16 groups of 5

larvae) was within the range reported for larvae of other fish species. The relative abundance

of NKA proteins as determined by Western blot analysis did not differ significantly between

control and treatment larvae. Similarly, there was no treatment effect of pCO2 on the number

of cells immunopositive for NKA. Immunostaining revealed hundreds of cells containing

NKA concentrated between the head and anus of both control and treatment larvae. The lack

of effect of elevated pCO2 at the cellular level was reflected in the maintenance of growth.

Larvae at high pCO2 did not differ in length or mass from larvae at low pCO2.The data

suggest that the additional energetic costs of mitigating respiratory acidosis when larvae

are exposed to elevated pCO2 are small. Near-future concentrations of CO2 are likely to

reduce, but maintain, the outward diffusion gradient of CO2 in young larvae. Furthermore,

the presence of numerous cutaneous mitochondria-rich cells that contain NKA, the high

mass-specific metabolic rate and the physiological properties of larval hemoglobin may

collectively act to reduce the negative impacts of ocean acidification on the metabolism of

fish larvae.

4.2 Introduction

Exposure to elevated pCO2 within the range projected for the next several centuries

with ocean acidification (∼2000 µatm; IPCC 2013) lowers the outward diffusion gradient of

CO2 and leads to respiratory acidosis in adult fish (Perry and Gilmour 2006, Esbaugh et al.

2012, 2016, Heuer and Grosell 2014). This is because the pCO2 of the ocean, ranging from

values undersaturated (∼150-250) to oversaturated (∼1500) with respect to the atmosphere

(Friederich et al. 2008, Feely et al. 2008) is lower than the internal CO2 in the blood of
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fish, which can range from 3000 to 9900 µatm pCO2 (Melzner et al. 2009b). Juvenile

and adult fish compensate for this acid-base disruption through the uptake or retention of

HCO3
- and/or extrusion of H+ using Cl-/HCO3

- and Na+/H+ exchangers and Na+/HCO3
-

transporters (Perry and Gilmour 2006, Melzner et al. 2009a, Heuer and Grosell 2014).

Measurements of the blood chemistry of adult estuarine red drum (Sciaenops ocellatus) and

gulf toadfish (Opsanus beta) revealed elevated CO2 and HCO3
- concentrations within hours

after exposure to 1000 and 1900 µatm pCO2 that acted to restore internal pH (Esbaugh et

al. 2012, 2016). For example, after a 24-hour exposure to 1900 µatm pCO2, gulf toadfish

blood CO2 increased from about 2 to 3.5 mmHg and HCO3
- concentrations increased from

approximately 3.5 to 6.5 mM (Esbaugh et al. 2012).

The transport of ions is fueled by ion gradients created by Na+-K+-ATPase (NKA)

in the mitochondria-rich cells (MRC) of the gills (Perry and Gilmour 2006, Melzner et

al. 2009a,b). When exposed to very high pCO2 (∼6,000-10,000 µatm), adult Atlantic cod

(Gadhus morhua) and common eelpout (Zoarces viviparous) experienced a 1.5- to 2-fold

increase in NKA abundance and activity (Deigweiher et al. 2008, Melzner et al. 2009b).

This increase in ion transporting capacity is suggestive of the need for fish to use more

energy for maintaining osmoregulation and acid-base balance. The response of NKA in adult

fish exposed to lower pCO2 (∼1000-3,000 µatm) is more varied, with observations ranging

from a doubling of NKA protein activity (Esbaugh et al. 2016) to a transient decrease in

activity and return to control levels (Esbaugh et al. 2012) to no change in protein abundance

or activity at all (Melzner et al. 2009b). Regardless, there is reason to hypothesize that

NKA abundance and activity may be useful indicators of the ion-regulatory capacity of fish

exposed to elevated pCO2.

The additional energetic costs of maintaining or upregulating homeostatic processes

at high pCO2 that result in increased NKA abundance may also increase oxygen consumption

rate (OCR). In fact, the NKA pump itself is energetically costly and can account for
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∼25% of the oxygen consumption of the gills in marine fish (Stagg and Shuttleworth 1982,

Morgan et al. 1997). Oxygen consumption is a proxy for the rate of aerobic metabolism

(Fry 1971). Routine or resting metabolic rate refers to the oxygen uptake of non-fed and

inactive fish, although small and infrequent movements are taken into account (Chabot et al.

2016). Generally, adult fish are able to maintain normal OCR under high- pCO2 conditions

(Ishimatsu et al. 2008, Melzner et al. 2009b, Couturier et al. 2013, Esbaugh et al. 2016),

although changes in OCR of cardinalfish (Ostorhinchus spp.; Munday et al. 2009) and

Antarctic notothenioids (Trematomus spp.;Enzor et al. 2013) exposed to 1000 µatm pCO2

ranged from a 10% decrease to a 200% increase. The multitude of effects of elevated pCO2

on the early life history stages of fish (reviewed by Heuer and Grosell 2014), including

changes to growth (Munday et al. 2009a, Baumann et al. 2012) and biomineralization

(Checkley et al. 2009, Bignami et al. 2013, Shen et al. 2016), could reflect changes in

energy allocation and thus be associated with elevated OCR.

Due to the difficulty of measuring the blood chemistry of small fish larvae only a

few millimeters in length, the physiological response of young larvae to elevated pCO2

and mechanisms of acid-base regulation is unknown but assumed to be similar to that

of juveniles and adults. In fact, many of the effects of elevated pCO2 on young fish are

presumed to be the downstream consequence of compensatory processes to restore internal

pH during respiratory acidosis. While the gills, particularly the lamellae, are highly efficient

organs for gas and ion exchange in juveniles and adults, they are not fully functional until

metamorphosis for many species of marine fish (Rombough et al. 1988). The numerous

NKA-containing MRCs located on the body, yolk-sac epithelium and gill wells of larvae that

are morphological similar to adult gill cells are sufficient for performing ion regulation until

gill MRCs become functional (Lasker and Threadgold 1968, Hiroi et al. 1998). Furthermore,

the large surface area to volume ratio of larvae and thinness of the skin (<3 µm) facilitate

cutaneous gas diffusion (Rombough et al. 1988). Lastly, 20-50% of the total energy budget
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of adult marine fish is used by NKA pumps for osmoregulation (Gibbs and Somero 1990,

Bœuf and Payan 2001). The fact that osmoregulation occurs during the egg and larval stages

(Alderdice 1988, Lasker and Theilacker 1962, Varsamos et al. 2005) suggests that extant

NKA pumps are also capable of performing acid-base regulation, which carries much lower

energy requirements compared to acid-base regulation.

The maintenance of pH homeostasis is critical to the survival of all organisms in

all stages of life because changes in pH can impact cell-to-cell signaling, cell motility,

gene expression, metabolism, and whole animal performance (Putnam and Roos 1997).

If more energy is required for pH and acid-base regulation in a high-pCO2 world and the

increased oxygen demand is not met, tissues can become hypoxic and slow down protein

synthesis, with consequences for growth and reproduction (Pörtner et al. 2005). In the early

life history stages of fish, even small changes in growth and mortality rates can result in

order-of-magnitude changes in the recruitment and the size of adult populations (Houde

1987). Given the many effects of elevated pCO2 on young fish and the importance of these

early life history stages to the size and sustainability of adult populations, it is important

to understand the physiological mechanisms underpinning the observed behavioral and

developmental changes in order to better predict the impacts of future ocean acidification on

fish populations.

In this study, we measured the OCR and abundance of NKA in white seabass

(Atractoscion nobilis) larvae reared at control (560 ± 32 µatm; mean ± standard error) and

elevated (1971 ± 55 µatm) pCO2 until 5 days post fertilization (dpf). We hypothesized

that rearing larvae at high pCO2 would induce a respiratory acidosis and, in response,

larvae would increase NKA production to help maintain their internal pH. Furthermore,

we hypothesized that the increase in NKA abundance in treatment larvae would be evident

in immunohistochemical images of larvae as a higher number of immunopositive cells for

NKA. Lastly, we hypothesized that the increase in NKA abundance would correspond with
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an increase in OCR, indicative of the increased demand for acid-base regulation.

4.3 Materials and Methods

4.3.1 Experimental System

The experimental system from Checkley et al. (2009) was expanded to include 6

(3 control, 3 treatment) water-jacketed, 5-L glass vessels with jacket water maintained at

18.0°C. Vessels were continuously bubbled with a certified air-CO2 gas mixture of 400

µatm pCO2 (control) and 2500 µatm pCO2 (treatment). The average pCO2 of control and

treatment vessels was 560 ± 32 µatm and 1971 ± 55 µatm, respectively (Table 1). Control

and treatment vessels had an average pH of 7.92 ± 0.02 and 7.42 ± 0.01, respectively (Table

1). The pCO2 of treatment vessels in EX 2 was lower than in other experiments, with values

near 1800 µatm.

On the morning of an experiment, newly fertilized eggs (<12 hours post-fertilization)

of white seabass (Atractoscion nobilis) were obtained from the Leon Raymond Hubbard,

Jr., Marine Fish Hatchery at the Hubbs-SeaWorld Research Institute (HSWRI) in Carlsbad,

California, USA. Four-hundred eggs were transferred into each of the experimental vessels

containing filtered seawater fully equilibrated at the control or experimental pCO2 and

reared for five days, resulting in 5 dpf larvae. Larvae from the first three experiments (EX

1, EX 2, EX 3) were used for microrespiration measurements, Western blot analysis and

immunohistochemistry. Standard length measurements were made on live larvae following

OCR measurements in EX 1 and EX 2. Larvae from the fourth experiment (EX 4) were

dried on Teflon at 50°C for 24 hr to estimate dry mass, measured to the nearest 1 µg. Groups

of five larvae were measured and the total mass was divided by five to obtain an estimate of

individual mass.
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4.3.2 Seawater Carbonate Chemistry

On the first day of each microrespiration experiment, 250 mL seawater samples were

collected from each vessel and poisoned with 100 µL of mercuric chloride for the measure-

ment of inorganic carbon chemistry. Total alkalinity (AT) and dissolved inorganic carbon

chemistry (DIC) were measured using open-cell potentiometric titration and coulometry,

respectively. The software CO2Calc (http://cdiac.ornl.gov/ftp/co2sys) was used to estimate

pH and pCO2 from the measured AT and DIC. Results for seawater samples from EX 4 are

currently being processed, but are likely to be similar to those for previous experiments.

HSWRI provided data for temperature and pH of the broodstock tanks on the mornings that

eggs were collected for experiments, as well as the most recent measurement of AT, which

was taken no more than 2 days from the day of egg collection. pCO2 of the broodstock

environment of newly fertilized eggs was estimated from these values using CO2Calc.

4.3.3 Oxygen Consumption Rate

The oxygen consumption rate (OCR) of larvae at 5 dpf was measured using a

Unisense MicroRespiration System and accompanying software, SensorTrace Rate (Unisense

A/S, Aarhus, Denmark). Five larvae were removed from an individual vessel and placed into

a 4 mL glass microrespiration chamber containing seawater from that vessel. The chamber

was placed onto a magnetic stir rack (MR-rack) and the seawater was stirred at 600 rpm by

a glass-embedded micromagnet separated from the larvae by a stainless steel mesh net. The

magnetic stir rack holding the chamber was submerged in a water bath at 18.0°C. Larvae

were allowed to acclimate for 10 min before oxygen measurements were recorded.

An oxygen microsensor (OX-MR) was inserted into the chamber through a capillary

in the lid. The microelectrode measured the partial pressure of oxygen as it diffused across

a silicone membrane to an oxygen-reducing cathode polarized against an internal Ag/AgCl

anode. The resulting signal was measured by a picoammeter (Microsensor Multimeter).
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Oxygen concentration was measured for 50 min, during which the larvae were visually

inspected for 1 min every 15 min to observe behavior. OCR measurements were performed

in duplicate using 2 chambers simultaneously, each containing 5 larvae from the same

vessel and an oxygen microsensor. Oxygen measurements were also recorded in EX 3 for

blanks that contained only seawater from each vessel to obtain the background microbial

respiration rate (∼50%), which was removed from the OCR measurements in all experiments.

Following oxygen measurements, the standard lengths of larvae in EX 1 and EX 2 were

measured to the nearest 0.1 mm using a dissecting microscope.

The day before the OCR measurements, the oxygen microelectrodes were pre-

polarized to remove oxygen that had accumulated within the electrolyte during storage. The

calibration chamber (Cal300) was filled with seawater and bubbled with air vigorously for

5 min before the microsensors were submerged. Pre-polarization was complete when the

signal stabilized (40 min to 2 hr). The 0-calibration chamber was filled with an anoxic

solution (0.1M sodium ascorbate and 0.1M NaOH) and the silicone tube attached to the

lid was filled with seawater. The calibration chamber and the microelectrodes were stored

overnight in deionized water in an 18.0°C water bath.

On the morning of OCR measurements, the microsensors were briefly polarized

(10 min) as before. A two-point calibration was performed by measuring the signals of the

microsensors in anoxic seawater in the 0-calibration chamber and in seawater saturated with

oxygen by rigorous air bubbling for 5 min.

4.3.4 Western Blot Analysis

Following the microrespiration experiments, all larvae remaining in the vessels were

harvested and flash-frozen in liquid nitrogen for Western blot analysis. Samples of frozen

larvae (n = 20-60) were sonicated on ice for 20 s, homogenized in 600 µL of homogenization

buffer (BHH: 12 µL, PMSF: 3 µL, and DTT: 0.6 µL), and centrifuged at 500 rcf for 10
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min at 4°C to remove debris. The total protein concentration of the crude homogenate was

determined by Bradford Protein Assay (BPA), a colorimetric assay based on the change in

color of the Coomassie brilliant blue G-250 dye, and performed in triplicate. Samples were

divided into aliquots based on protein concentration and stored at -80°C.

To prepare for Western blot analysis, samples were thawed, mixed with 90% 4x

Laemmli buffer and 10% Beta-Mercaptoethanol, and heated for 5 min at 70°C. Five µg of

total protein from each sample were separated by molecular weight in an Any kD, Mini-

PROTEAN® TGX Stain-FreeTM Precast Gel (Bio-Rad Laboratories, Inc., Hercules, CA,

USA) by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) at 200V

for 45 min. Proteins were transferred to Polyvinylidene difluoride (PVDF) membranes

using the Trans-Blot® TurboTM System (Bio-Rad Laboratories, Inc., Hercules, CA, USA)

semi-dry transfer cell for 30 min at 25V.

Western blots were blocked in Tris-buffered saline with 0.1% Tween (TBS-T) and

10% nonfat dry milk for 1 hr at room temperature, then incubated overnight with a mono-

clonal mouse anti-chicken NKA antibody that targeted the alpha-subunit (1:1000 dilution in

blocking buffer) at 4°C on a shake table. This antibody was deposited to the Developmental

Studies Hybridoma Bank by DM Fambrough and has been tested against fish (DSHB Hy-

bridoma Product a5). After 3 washes in TBS-T for 20 min each, the blots were blocked for

1 hr and incubated with a secondary goat anti-mouse NKA antibody (1:10,000 dilution in

blocking buffer) at room temperature on a shake table. Blots were washed as before.

Blots were analyzed using chemiluminescence on a ChemiDocTM MP system with

Image LabTM software (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Band fluorescence

was quantified using Image LabTM software (Bio-Rad Laboratories, Inc., Hercules, CA,

USA). Protein abundance was based on the chemiluminescent signal and expressed relative

to a standard that was used in all gels. The standard contained larvae from EX 1 that were

reared in a cold room at 18.0°C in a 5 L beaker with bubbled air. The standard was diluted in
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EX 3 and the relative abundance of NKA was multiplied by this dilution factor to facilitate

comparisons among experiments.

4.3.5 Whole-body Immunohistochemistry

For each experiment, larvae from 1 control and treatment vessel each were preserved

in 4% paraformaldehyde for 4 hr, transferred to 50% ethanol overnight, and stored in

70% ethanol for whole-body immunostaining. Three larvae from each experiment were

immunostained with the same mouse monoclonal antibody raised against the α-unit of NKA

used in Western blot analysis. Three larvae from each experiment were not incubated with

the NKA antibody and served as controls. Larvae were stained with prediluted reagents

of the VECTASTAIN® Universal HRP Kit (Peroxidase) R.T.U. (Ready-to-Use) (Vector

Laboratories, Inc., Burlingame, CA, USA). As instructed, larvae were rinsed with 3%

hydrogen peroxide for 10 min, normal goat serum (NGS; prediluted to 2.5%) for 30 min,

and incubated overnight at room temperature with a mouse anti-goat NKA antibody (1:1000

dilution in 2.5% NGS). The following day, samples were rinsed three times with PBS for

5 min each before incubation in the universal pan-specific secondary antibody for 30 min,

followed by another three PBS washes. Samples were immersed in peroxidase-streptavidin

complex for 15 min, stained with 3,3-diaminobenzidine tetrahydrochloride for 15 min, and

then rinsed in deionized water before imaging. Images of larvae were taken at each focal

level using a Canon Rebel T5i camera (Canon U.S.A., Inc., Melville, NY, USA) on a Leica

DMR compound microscope (Leica Microsystems, Inc., Buffalo Grove, IL, USA), stacked

using the imaging software Helicon Focus 6 (Helicon Soft Ltd., Kharkov, Ukraine), and

stitched using Adobe Photoshop’s automated photomerge process (CS5). Measurements

of standard length and counts of immunopositive cells were performed on masked images

using ImageJ (https://imagej.nih.gov/ij/).
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4.3.6 Data Analysis

A linear regression of oxygen concentration over time was performed and the slope

of the line was estimated as the group OCR for the group of 5 larvae. The OCR of EX 3

blanks using control (treatment) seawater was subtracted from the group OCR of control

(treatment) larvae to remove the contribution of bacterial respiration. The OCR of an

individual larva was estimated by dividing the group OCR by five. Statistical analyses were

performed on individual-based OCR (µL O2 ind-1 h-1). Standard-length measurements of

larvae in EX 1 and EX 2 enabled the determination of length-based OCR (µL O2 mm-1

h-1). The averages of dry mass measurements of control and treatment larvae in EX 4

were used to calculate an approximate mass-specific OCR (µL O2 mg-1 hr-1) for larvae in

all experiments. Length-based and approximate mass-specific OCR are available in the

Supplemental Information (Table S1).

OCR, relative abundance of NKA, and larval standard length data were analyzed

using Analysis of Variance (ANOVA), with pCO2 and experiment as predictor variables.

A linear regression was used to find the relationship between the standard length of larvae

that were used in immunohistochemistry and the number of cells that were immunopositive

for NKA in those larvae. The residuals of this model were then analyzed using ANOVA

with pCO2 and experiment as predictor variables. Lastly, dry mass measurements in EX 4

were analyzed using ANOVA with pCO2 as the predictor variable. Model residuals for all

response variables were normal distributed, as determined by Shapiro-Wilks tests. Tukey

Honestly Significant Difference test (Tukey HSD) was performed for predictor variables

that were significant to identify what group differed from the other groups. Results were

considered significant at p <0.05. Statistical analyses were performed in R version 3.1.2 (R

Foundation for Statistical Computing, Wien, Austria).
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4.4 Results

There was no effect of pCO2 on the dry mass of larvae at 5 dpf (ANOVA: F(1) =

0.46, p = 0.51), with control larvae at 0.17 ± 0.01 mg (n = 45) and treatment larvae at 0.18

± 0.01 mg (n = 45). There was no effect of pCO2 on the standard length of larvae in EX 1

and EX 2 (ANOVA: F(1) = 0.63, p = 0.43), but there was a significant effect of experiment

(ANOVA: F(1) = 20.21, p <0.0001) with larvae in EX 2 being significantly smaller (3.53 ±

0.01 mm; n = 59) than larvae in EX 1 (3.63 ± 0.02 mm; n = 60).

As a result of respiration by larvae, oxygen declined linearly within the microrespi-

ration chambers (Fig. 1). Visual observations of larvae during experiments revealed that

the larvae in both control and elevated pCO2 treatments were mostly inactive, engaging in

swimming bursts only to re-orient themselves. pCO2 did not affect the OCR of 5-day-old

larvae (ANOVA: F(1) = 0.048, p = 0.83; Fig. 2). Average OCR was 0.18 ± 0.03 µL O2 ind-1

h-1 for control larvae and 0.19 ± 0.03 µL O2 ind-1 h-1 for treatment larvae. Across experi-

ments, OCR ranged from 0.09 to 0.34 µL O2 ind-1 h-1 (Table S1). There was a significant

effect of experiment (ANOVA: F(2) = 33.89, p <0.0001; Fig. 2) with all experiments having

a significantly different mean OCR from each other (Tukey HSD p <0.05).

Western blots using an NKA antibody identified a single band at ∼100 kDA in the

whole-body crude homogenates of larvae (Fig. 3; Table S2). The relative abundance of NKA

was not significantly related to pCO2 (ANOVA: F(1) = 2.11, p = 0.17; Fig. 4) or experiment

(ANOVA: F(1) = 2.80, p = 0.10; Fig. 4).

Immunohistochemistry revealed an abundance of cells that were immunopositive for

NKA concentrated around the middle of the larvae (Fig. 5). NKA positive cell abundance

decreased between the anus and end of the caudal fin. Qualitatively, spatial distribution did

not appear to differ between control and treatment larvae (Fig. 5). There was a significant

positive and linear relationship between larva standard length and the number of cells

immunopositive for NKA on the body (R2 = 0.67, F(16) = 32.20, p <0.0001). The number
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of immunopositive cells standardized to larva length did not differ significantly between

control and treatment larvae (ANOVA: F(1) = 3.09, p = 0.10) with an average of 565 ± 52

cells for control larvae (2.79 ± 0.09 mm) and 688 ± 19 cells for treatment larvae (2.92 ±

0.04 mm; Table S3). There was no effect of experiment (ANOVA: F(2) = 1.83, p = 0.20). No

cells were identified in the control larvae that were not incubated with the NKA antibody.

4.5 Discussion

White seabass larvae at 5 dpf appear to be physiologically resilient in the variables

measured to pCO2 projected for the year 2300 if carbon emissions continue unabated

(∼2000 µatm; IPCC 2013). We found no effect of pCO2 on OCR or NKA abundance.

Consistent with this finding, larvae did not differ in length or mass when reared at elevated

pCO2. Together, these results suggest that larvae were able to maintain acid-base regulation

when exposed to elevated pCO2 without compromising somatic growth. The high mass-

specific metabolic rate and the physiological composition of the respiratory pigment of

fish larvae may help to explain the relative resiliency of white sebass larvae to these pCO2

concentrations.

The approximate mass-specific OCR of white seabass calculated using the average

dry mass for control (0.17 ± 0.01 mg) and treatment (0.18 ± 0.01 mg) larvae in EX 4 ranged

from 0.56 to 1.93 µL O2 mg-1 h-1. These values are comparable to those for the young

larvae of other species of fish (Table 7 of Houde 1989). For example, OCRs range from

0.30 µL O2 mg-1 h-1 for Atlantic herring (Clupea harengus) to 19.7 µL O2 mg-1 h-1 for lined

sole (Achirus lineatus) (Houde 1989). Since experiments were performed with groups of

larvae, it is important to note that a ’calming effect’ resulting in a reduction of metabolic

rate has been observed for shoaling and gregarious damselfish Chromis viridis when groups

of larvae were used for OCR measurements (Nadler et al. 2016). In comparison to larval

OCR, the OCR of an adult tropical reef fish in warm water is around 200-300 mg O2 kg-1
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h-1 (Munday et al. 2009, Couturier et al. 2013) and that of a fish in cold temperate or polar

waters ranges from 10 to 40 mg O2 kg-1 h-1 (Melzner et al. 2009b, Enzor et al. 2013).

We make two important assumptions in the calculation of approximate mass-specific

OCR. First, we assume that the dry mass did not differ between control and treatment larvae

in EX 1-3, as was shown for larvae in EX 4. Second, we assume that the average dry mass

of larvae in these experiments was equal to that in EX 4. For these reasons, we use the term

approximate mass-specific OCR and provide these results for comparison to OCR values

in the literature. An important assumption in the calculation of OCR standardized to the

individual is that the measured contribution of bacterial respiration to the group OCR in EX

3 is representative of that in EX 1 and EX 2.

The mass-specific metabolic demand of fish larvae is typically much higher than that

of juveniles and adults (due to the rapid growth of metabolizing tissue), with OCR declining

50-80% as mass increases by four orders of magnitude (Post and Lee 1996). For the same

reason, the CO2 concentrations of the extracellular fluids and cells of larvae, while unknown,

are likely to approach or exceed those of the older life stages. Blood CO2 concentrations for

adult fish range from 3000-4900 µatm during periods of inactivity to 9900 µatm following

exercise (Melzner et al. 2009b). Therefore, adults, and presumably also larvae, are still

able to maintain an outward (although reduced) gradient of CO2 when exposed to CO2

concentrations projected for the next several centuries with ocean acidification. Furthermore,

extant NKA protein abundance and activity are adept at maintaining acid-base and pH

balance when internal CO2 is exceedingly high on a daily basis.

The chemical and physiological properties of the larva polymorph of hemoglobin

may help to offset the effects of elevated pCO2 on larval fish OCR. Larval hemoglobin has a

higher oxygen affinity than the adult form for freshwater rainbow trout (Salmo gairdnerii

irideus), marine eelpout (Zoarces viviparous) and many other lower, non-aquatic vertebrates

(Rombough 1988, Ingermann 1992). Larval hemoglobin also has a reduced Bohr effect
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and Root effect, which describe the negative effect of pH on oxygen affinity and carrying

capacity, respectively (Rombough 1988). These properties of the respiratory pigments may

safeguard young larvae from oxygen limitation during periods of high environment pCO2.

Our finding that pCO2 does not greatly affect NKA protein abundance supports

the lack of an effect on OCR. The energetic cost of NKA pumping can account for ∼25%

of branchial oxygen consumption in adult fish (Stagg and Shuttleworth 1982, Morgan et

al. 1997). An increase in NKA abundance and activity has only been shown for adult

fish exposed to pCO2 >5000 µatm pCO2 (Deigweiher et al. 2008, Melzner et al. 2009b).

Increasing NKA production may be too costly, especially for larvae with a high metabolic

demand, and unnecessary, given the efficiency of cutaneous gas exchange and osmoreg-

ulation of eggs and larvae. Tseng et al. (2013) demonstrated that exposure of Japanese

ricefish (Oryzias latipes) larvae to 1,200-4,200 µatm pCO2 resulted in a higher expression

of mRNA for genes involved in acid secretion (50-71% for Na+/H+ exchanger) and HCO3
-

regulation (61-123% for Na+/HCO3
- exchanger), and a 70% increase the expression of three

NKA isoforms. Unfortunately, no measurements of NKA protein abundance or activity or

metabolic rate were made to elucidate the effects of these changes.

In our study, the measured pH of the broodstock tanks on the morning of egg

collection for EX 1-3 ranged from 7.24 to 7.39 (HSWRI, personal communication). We

estimate that pCO2 ranged from 1051 to 2481 µatm. This raises the question of whether

the larvae we tested are adapted to high-pCO2 and low pH conditions. Multi-generational

and transplant experiments have demonstrated that some of the adverse effects of elevated

pCO2 on the growth, metabolism and survival of the larvae and juveniles of several species

of fish are absent when offspring are spawned from parents living in high-pCO2 conditions

(Murray et al. 2013, Miller et al. 2012, Cattano et al. 2016). Similarly, the eggs and

larvae of Atlantic herring (Clupea harengus) and Baltic cod (Gadus morhua), spawned in

naturally high-pCO2 conditions (>1000 µatm), are unaffected by elevated pCO2 in ocean
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acidification experiments. Our understanding of the role of epigenetic and evolutionary

adaptation in shaping the response of individuals and populations to ocean acidification is

far from complete.

Our results suggest that pCO2 of 2000 µatm predicted for the world’s ocean by

2300 as a result of ocean acidification do not have a detrimental effect on the physiology,

metabolism and growth of young white seabass larvae. The high mass-specific metabolic

rate of larvae compared to the older life stages, ability of larvae to perform energetically-

expensive osmoregulatory processes using energy generated by NKA, proficiency of epithe-

lial MRC in gas and ion exchange prior to gill development, and physiological characteristics

of larval hemoglobin are consistent with the observed resiliency of white seabass larvae to

elevated pCO2. Larvae appear able to cope with elevated pCO2, experiencing no changes in

somatic growth, without having to modify cellular or metabolic processes. Our research

raises many questions that highlight the need for basic research on larval fish physiology,

including the mechanisms for acid-base regulation, the chemical composition of the blood

and intracellular fluids, and the energetic costs of homeostatic processes (osmoregulation

and acid-base regulation). A better understanding of larval fish physiology will enable ocean

acidification researchers to make more informed inferences about their results and better

predictions about the impacts of elevated pCO2 on fish over their entire life cycle.
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4.7 Figures

Figure 4.1: Oxygen concentration as a function of time.
Oxygen concentration (µmol O2 L-1) as a function of time (s). Lines show the decline in 
oxygen within a microrespiration chamber containing five larvae at control (black) and 
treatment (red) pCO2 during EX 1-3.
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Figure 4.2: Oxygen consumption rates of larvae.
Bars show the oxygen consumption rates (µL O2 ind-1 h-1 ± SEM) of thirty larvae at control
(gray) and treatment (red) pCO2. Dots are OCR values for each of the three control (C1, C2,
C3) and three treatment (T1, T2, T3) vessels. The OCR dataset is available in the Supporting
Information (Table S1).
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Figure 4.3: Western blots for NKA in the crude homogenate of larvae.
Western blots of crude homogenates of larvae at 5 dpf using an antibody against NKA.
Abbreviations are as follows: EX= Experiment, C= Control pCO2, T= Treatment pCO2 and
L= Ladder. Numbers following C and T indicate the vessel number. (a) Cut-outs of bands at
∼ 100 kDA pertaining to NKA. There were not enough survivors from C1 and T3 in EX
3 to perform Western blot analyses. (b) Full Western blot for EX 2 showing only bands at
∼100 kDA were detected.
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Figure 4.4: Relative abundance of NKA in crude homogenates of larvae.
Bars show the abundance of NKA (± SEM) in larvae at control (gray) and treatment (red) 
pCO2 relative to a standard. Dots represent measurements for each of the vessels. The 
dataset is available in the Supporting Information (Table S2).
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Figure 4.5: Immunohistochemical staining of larvae with an NKA antibody.
Image of larvae at 5 dpf with cells stained with an NKA antibody. Images show the distribution
of cutaneous immunopositive cells for larvae at (a) control and (b) treatment pCO2. The dataset
of cell counts is available in the Supporting Information (Table S3).
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4.8 Tables

Table 4.1: Seawater carbonate chemistry measurements.

Values are measured salinity (Sal), temperature (Temp), total alkalinity (AT) and dissolved
inorganic carbon (DIC) for each vessel within each experiment (EX). Partial pressure of
CO2 (pCO2) and pH were estimated using the software CO2Calc.

Date EX Vessel Sal Temp (°C) AT
(µmol kg-1)

DIC
(µmol kg-1) pCO2(µatm) pH

06/20/16 1 1 33.64 18.0 2262.02 2102.25 601 7.89
06/20/16 1 2 33.62 18.0 2270.18 2095.74 552 7.93
06/20/16 1 3 33.65 18.0 2269.91 2092.49 543 7.93
06/20/16 1 1 33.61 18.1 2262.51 2271.59 2097 7.39
06/20/16 1 2 33.64 18.0 2259.42 2268.87 2094 7.39
06/20/16 1 3 33.64 18.0 2264.31 2276.62 2145 7.38
07/04/16 2 1 33.61 18.0 2269.18 2061.71 454 7.99
07/04/16 2 2 33.61 18.0 2263.51 2094.85 569 7.91
07/04/16 2 3 33.64 18.0 2268.01 2078.31 503 7.96
07/04/16 2 1 33.60 18.0 2263.1 2253.03 1799 7.45
07/04/16 2 2 33.61 18.1 2269.54 2258.19 1792 7.46
07/04/16 2 3 33.62 18.0 2263.53 2251.85 1777 7.46
08/02/16 3 2 33.63 18.0 2257.87 2070.32 506 7.96
08/02/16 3 3 33.62 18.1 2247.71 2123.29 754 7.80
08/02/16 3 1 33.63 18.0 2262.57 2266.27 2005 7.41
08/02/16 3 3 33.62 18.1 2244.54 2252.21 2061 7.40



78

4.9 References

Alderdice DF (1988) Osmotic and ionic regulation in teleost eggs and larvae. In: Fish
Physiology Volume 11, PP.163242, Academic Press, San Diego, CA.

Bœuf G, Payan P (2001) How should salinity influence fish growth? Comparative Biochem-
istry and Physiology Part C: Toxicology and Pharmacology, 130:411-423.

Cattano C, Giomi F, Milazzo M (2016) Effects of ocean acidification on embryonic respira-
tion and development of a temperate wrasse living along a natural CO2 gradient. Conserva-
tion Physiology, 4:cov073.

Chabot D, Steffensen JF, Farrell AP (2016) The determination of standard metabolic rate in
fishes. Journal of Fish Biology, 88:81-121.

Checkley DM Jr, Dickson AG, Takahashi M, Radich JA, Eisenkolb N, Asch R (2009)
Elevated CO2 enhances otolith growth in young fish. Science, 324:1683-1683.

Couturier CS, Stecyk JA, Rummer JL, Munday PL, Nilsson GE (2013) Species-specific
effects of near-future CO2 on the respiratory performance of two tropical prey fish and their
predator. Comparative Biochemistry and Physiology Part A: Molecular and Integrative
Physiology, 166:482-489.
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Pörtner HO, Langenbuch M, Michaelidis B (2005) Synergistic effects of temperature ex-
tremes, hypoxia, and increases in CO2 on marine animals: from Earth history to global
change. Journal of Geophysical Research, 110:C09S10.



81

Post JR, Lee JA (1996) Metabolic ontogeny of teleost fishes. Canadian Journal of Fisheries
and Aquatic Sciences, 53:910-923.

Putnam RW, Roos A (1997) Intracellular pH. In Handbook of Physiology, Cell Physiology,
PP. 389-440, Oxford University Press, New York.

Rombough P (1988) Respiratory gas exchange, aerobic metabolism, and effects of hypoxia
during early life. In: The Physiology of Developing Fish, PP.59-161, Academic Press, San
Diego, CA.

Stagg RM, Shuttleworth TJ (1982) The effects of copper on ionic regulation by the gills of
the seawater-adapted flounder (Platichthys flesus L.). Journal of Comparative Physiology,
149:83-90.

Tseng YC, Hu MY, Stumpp M, Lin LY, Melzner F, Hwang PP (2013) CO2-driven seawater
acidification differentially affects development and molecular plasticity along life history of
fish (Oryzias latipes). Comparative Biochemistry and Physiology Part A: Molecular and
Integrative Physiology, 165:119-130.

Varsamos S, Nebel C, Charmantier G (2005) Ontogeny of osmoregulation in postembryonic
fish: a review. Comparative Biochemistry and Physiology Part A: Molecular and Integrative
Physiology, 141:401-429.



Chapter 5

Conclusion

A review of the literature on the effects of ocean acidification on the early life stages

of marine fish reveals a complex and somewhat contradictory picture of how fish will be

impacted in the future under IPCC scenarios of climate change. The lack of a unifying

response of fish to predicted concentrations of pCO2 is also evident within my dissertation

research. In Chapter 2, white seabass (Atractoscion nobilis) larvae reared at 2500 µatm

pCO2 experienced increased otolith growth. However, larger sized utricular otoliths did not

severely impact vestibular function, as tested by the VOR. Similarly, white seabass larvae

that were born and raised at 2000 µatm pCO2 in Chapter 4 did not experience any changes

in NKA protein abundance and location, OCR, or somatic growth. Together, these findings

suggest that white seabass larvae may be less affected by future increases in seawater pCO2

than the larvae of other species of fish. In contrast, Anchoveta (Engraulis ringens) in Chapter

3 appear to preferentially spawn in waters of high pCO2 in the Peruvian upwelling system.

The eggs and larvae may also experience higher mortality rates when born at high pCO2,

although this hypothesis requires additional years of data for a more complete and robust

analysis. Therefore, Anchoveta, with an affinity for spawning in high pCO2 waters that may

have consequences for larval survival, could be considered a species that will be negatively

affected by ocean acidification. The findings presented in this dissertation contribute to the

82
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growing body of literature of the effects, including lack of effects, of ocean acidification on

the early life stages of marine fish.

In an attempt to answer the question, ‘How will ocean acidification affect fish?’ ocean

acidification scientists have performed hundreds of experiments on numerous species of fish

and found themselves confronted with confusing, conflicting, and sometimes uninformative

results. I too am included in this body of scientists, adding to the number of response

variables and species that have been tested for ocean acidification impacts, and not finding

any strong, undeniable effects in either the positive or negative direction for the two species

I studied. As I near completion of my PhD research, I come to the conclusion that the

answer to the question posed above, and the motivating question of my research, will depend

on the species. I recognize that this fact will make it considerably more challenging for

the state and federal government to prepare and potentially mitigate the ecological and

socioeconomic effects of climate change and ocean acidification. I also recognize that the

apparent lack of conclusive effects of ocean acidification on fish in the scientific arena can

be incentive to postpone conversations between scientists, managers, fishermen, and policy

makers about how to effectively consider and plan for impacts. Therefore, as I transition

from the world of pure academic research to a career at the intersection of science and

policy, and anticipate the challenges that will come with changing management or policy to

reflect best available science, I encourage ocean acidification researchers to consider ways to

synthesize existing literature results to create a more unifying picture of the overall impacts

of ocean acidification on fish.

A clearer picture of the effects of ocean acidification on the early life history stages

of fish may emerge from exploring and characterizing the effects of ocean acidification

on ‘functional groups’ of marine fish (e.g., benthic vs. pelagic spawners, temperate vs.

tropical species). The early life history development of fish can vary greatly between

benthic-spawned and pelagic-spawned fish. For example, larvae that are born from benthic-
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spawned eggs are often larger and more developed at hatch, with strong sensory and

swimming abilities, compared to larvae from pelagic eggs. Furthermore, synthesizing

results by geographic distribution could also yield new insights. For example, tropical reef

fish have a narrower thermal window than temperate fish and their capacity for aerobic

performance and growth may be impacted to a greater extent by ocean acidification due to

the elevated temperatures of their environment. I also think that utilizing natural gradients

(e.g., spatial and temporal) in pCO2 will allow scientists to gain a better understanding of

whole-scale (e.g., population, ecosystem) responses. The use of natural pCO2 vents, spatial

gradients in pCO2 caused by upwelling, and temporal variability of pCO2 has allowed ocean

acidification researchers to see the long-term and cumulative effects of elevated pCO2 on

entire ecosystems. These are two suggestions that may help scientists to better predict and

formulate hypotheses about the potential effects of ocean acidification.

Throughout the time it has taken me to complete my PhD research, I have come

to appreciate the complexity and importance of the issue of ocean acidification. Although

still in its infancy, the field of ocean acidification has shown that there will likely be serious

consequences for some organisms (i.e., corals, plankton, crustaceans) while others may

not be greatly affected by a future high-pCO2 ocean. Where the early life history stages

of fish reside on the spectrum of severity of ocean acidification impacts is not completely

understood. Given the ecological and economic importantance of fish and fisheries, this is

an increasingly important question to answer.
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A.1 Figures

Figure A.1: Steps to the quantification of the eye angle of fish larvae in Matlab.

(a) Eye area is selected as ROI. (b) Grayscale threshold is applied to image. (c) Image is
converted from grayscale to binary. Occlusion of the boundary of the eye by a shadow
prevents the use of the whole eye to determine rotation angle. (d) A portion of the eye
with a defined edge is selected and used in further analysis. (e) Angle of rotation of the
eye is calculated using Radon transformation and defined as θ. Dashed boxes indicate area
selection. These images are from Video S1.



87

A.2 Methods pertaining to Figure S1

Figure S1 illustrates the image analysis process using a sample video frame. The

first step was to select the region of interest (ROI) containing the eye (Fig. S1a). Second,

a threshold was used to convert the image from grayscale to binary (Fig. S1b, c). The

threshold value demarcated the eye from the background and varied with illumination.

However, in many videos, shadows obscured a portion of the boundary of the eye in the

binary image as seen in Fig. S1c. Therefore, an unobstructed portion of the eye was

selected from the grayscale image and used in further analysis (Fig. S1d). The angle of

rotation of this section of the eye was calculated to represent the angle of the entire eye.

The calculation was done using Radon transformation, whereby the image is projected from

Cartesian coordinates (x, y) to polar coordinates (n, θ) along a series of lines (A) oriented

θ (0-179°) clockwise from the x-axis (Deans1993, Fig. S1e). The Radon transform R(n,

θ) was performed using the function radon and is the sum of the grayscale intensities of

the pixels along the vector n perpendicular to A for all values of θ. When the edge of the

eye has been detected, the magnitude of the vector n is maximized and the corresponding

angle of the eye is known. Modifications were then made to eye data to ensure accurate

measurements of eye rotation. The first step was to review the videos and remove anomalies

in the eye data clearly attributed to head movement during respiration. The second step was

to center the data at zero to remove the effect of variation in the position of the fish larvae in

the Pasteur pipette.
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A.3 Tables

Table A.1: Data for all fish larvae in VOR experiments.

Bottle indicates the experimental vessel in which a fish larva was reared. Fish larvae are 
associated with a unique ID. Gain and phase shift are defined in the text.

Date Experiment Bottle pCO2
(µatm) ID Gain Phase Shift

(°)
10/28/14 VOR 1 A 400 3 0.64 -8.8
10/28/14 VOR 1 A 400 12 0.26 40.2
10/28/14 VOR 1 A 400 13 0.24 -1.8
10/28/14 VOR 1 A 400 41 0.09 15.1
10/28/14 VOR 1 A 400 43 0.28 -7.9
10/28/14 VOR 1 C 2500 5 0.22 -21.9
10/28/14 VOR 1 C 2500 7 0.41 -27.6
10/28/14 VOR 1 C 2500 27 0.24 4.0
10/28/14 VOR 1 C 2500 35 0.87 36.5
10/28/14 VOR 1 C 2500 39 0.12 -5.9
11/5/14 VOR 2 A 400 25 0.40 -3.2
11/5/14 VOR 2 B 400 26 0.33 -15.7
11/5/14 VOR 2 A 400 30 0.38 -8.1
11/5/14 VOR 2 B 400 37/2 0.31 -2.6
11/5/14 VOR 2 B 400 40 0.11 -4.8
11/5/14 VOR 2 B 400 62 0.26 -30.2
11/5/14 VOR 2 C 2500 16 0.26 32.2
11/5/14 VOR 2 C 2500 19 0.23 -10.5
11/5/14 VOR 2 C 2500 33 0.19 9.2
11/5/14 VOR 2 C 2500 46 0.28 4.9
11/5/14 VOR 2 C 2500 47 0.27 -5.0
11/5/14 VOR 2 C 2500 52 0.40 8.9
11/5/14 VOR 2 C 2500 55 1.15 8.3
11/5/14 VOR 2 C 2500 59 0.34 -24.7
11/5/14 VOR 2 C 2500 61 0.35 -9.1
2/3/15 VOR 3 A 400 20 0.44 -35.3
2/3/15 VOR 3 A 400 26 0.21 38.6
2/3/15 VOR 3 A 400 27 0.45 -10.8
2/3/15 VOR 3 A 400 27/2 0.26 -40.5
2/3/15 VOR 3 A 400 36 0.23 4.7
2/3/15 VOR 3 A 400 40 0.09 0.6
2/3/15 VOR 3 A 400 41 0.53 -2.1
2/3/15 VOR 3 A 400 43 0.20 4.9
2/3/15 VOR 3 A 400 57 0.30 -28.8
2/3/15 VOR 3 C 2500 12 0.73 38.4
2/3/15 VOR 3 D 2500 15 0.35 -29.8
2/3/15 VOR 3 C 2500 18 0.34 -61.4
2/3/15 VOR 3 C 2500 31 0.40 -82.2
2/3/15 VOR 3 C 2500 33 0.85 4.5
2/3/15 VOR 3 D 2500 45 0.30 20.9
2/3/15 VOR 3 D 2500 46 0.27 35.9
2/3/15 VOR 3 C 2500 47 0.43 -10.8
2/3/15 VOR 3 C 2500 49 0.16 -8.8
2/3/15 VOR 3 D 2500 53 0.45 13.9
2/3/15 VOR 3 C 2500 62 0.19 11.5
2/3/15 VOR 3 C 2500 64 0.46 -8.9
2/3/15 VOR 3 C 2500 70 0.16 -4.0
2/3/15 VOR 3 C 2500 72 0.54 -5.0
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B.1 Tables

Table B.1: Candidate models for egg presence and larva abundance.

Candidate models that describe the relationship between egg presence and abundance
of larvae, and oceanographic variables. Quadratic terms are denoted as the parame-
ter squared. Data on zooplankton displacement volume were only available for lar-
vae and therefore zooplankton displacement volume (Zoo) is not included in candidate
models for egg presence. Models included temperature or salinity, and temperature or
pCO2 due to strong correlations between these variables (Pearsons r >0.6; SI Table 3).

Candidate Models
Eggs
Chl + Chl2

Temp + Temp2

pCO2 + pCO2
2

Sal + Sal2

Temp + Temp2 + Chl + Chl2

Sal + Sal2 + Chl + Chl2

Sal + Sal2 + pCO2 + pCO2
2

Chl + Chl2 + pCO2 + pCO2
2

Sal + Sal2 + pCO2 + pCO2
2 + Chl + Chl2

Larvae
Chl + Chl2

Temp + Temp2

pCO2 + pCO2
2

Sal + Sal2

Zoo + Zoo2

Temp + Temp2 + Chl + Chl2

Temp + Temp2 + Zoo + Zoo2

Sal + Sal2 + Chl + Chl2

Sal + Sal2 + pCO2 + pCO2
2

Sal + Sal2 + Zoo + Zoo2

pCO2 + pCO2
2 + Zoo + Zoo2

Chl + Chl2 + pCO2 + pCO2
2

Chl + Chl2 + Zoo + Zoo2

Temp + Temp2 + Chl + Chl2 + Zoo + Zoo2

Sal + Sal2 + pCO2 + pCO2
2 + Chl + Chl2

Sal + Sal2 + pCO2 + pCO2
2 + Zoo + Zoo2

Sal + Sal2 + Chl + Chl2 + Zoo + Zoo2

pCO2 + pCO2
2 + Chl + Chl2 + Zoo + Zoo2

Sal + Sal2 + pCO2 + pCO2
2 + Chl + Chl2 + Zoo + Zoo2
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Table B.2: Pearson’s r correlations.

Pearson’s r correlations between oceanographic, egg (n=724) and larvae (n=65) data.

Eggs Larvae
Variable Temp pCO2 Chl Temp pCO2 Chl Zoo
Sal 0.77 -0.45 -0.51 0.75 -0.36 -0.49 0.03
Temp -0.63 -0.43 -0.69 -0.46 -0.14
pCO2 0.25 0.26 -0.02
Chl -0.01
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Table B.3: Model selection summary results for egg presence and larva abundance.

Summary results of model selection for the relationships between egg presence and
abundance of larvae, and oceanographic variables. Values are Akaike Information
Criterion scores corrected for small sample size (AICc), the change in AICc from
the lowest AICc score (∆AICc), and the Akaike weights for candidate models.

Candidate Models
Eggs AICc ∆AICc Weight
pCO2 + pCO2

2 881.5 0.7
Chl + Chl2 + pCO2 + pCO2

2 884.9 3.4 0.1
Sal + Sal2 + Chl + Chl2 884.9 3.4 0.1
Sal + Sal2 + pCO2 + pCO2

2 952.8 71.3 0.0
Sal + Sal2 954.4 72.9 0.0
Temp + Temp2 + Chl + Chl2 964.4 82.9 0.0
Chl + Chl2 965.2 83.8 0.0
Temp + Temp2 968.6 87.1 0.0
Sal + Sal2 + pCO2 + pCO2

2 + Chl + Chl2 976.8 95.3 0.0

Larvae AICc ∆AICc Weight
Zoo + Zoo2 384.2 0.0 0.5
Temp + Temp2 + Zoo + Zoo2 385.6 1.4 0.2
pCO2 + pCO2

2 + Zoo + Zoo2 387.2 3.0 0.1
Sal + Sal2 + Zoo + Zoo2 387.9 3.7 0.1
Chl + Chl2 + Zoo + Zoo2 388.2 4.1 0.1
Temp + Temp2 + Chl + Chl2 + Zoo + Zoo2 389.1 4.9 0.0
Sal + Sal2 + pCO2 + pCO2

2 + Zoo + Zoo2 390.6 6.4 0.0
Sal + Sal2 + Chl + Chl2 + Zoo + Zoo2 391.5 7.3 0.0
pCO2 + pCO2

2 + Chl + Chl2 + Zoo + Zoo2 391.8 7.6 0.0
Temp + Temp2 392.0 7.9 0.0
pCO2 + pCO2

2 393.5 9.4 0.0
Sal + Sal2 394.0 9.8 0.0
Chl + Chl2 394.6 10.4 0.0
Sal + Sal2 + pCO2 + pCO2

2 + Chl + Chl2 + Zoo + Zoo2 394.9 10.7 0.0
Temp + Temp2 + Chl + Chl2 396.0 11.8 0.0
Sal + Sal2 + pCO2 + pCO2

2 396.5 12.4 0.0
Chl + Chl2 + pCO2 + pCO2

2 398.0 13.8 0.0
Sal + Sal2 + Chl + Chl2 398.0 13.9 0.0
Sal + Sal2 + pCO2 + pCO2

2 + Chl + Chl2 401.1 16.9 0.0
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C.1 Tables

Table C.1: Oxygen consumption rates of larvae.

Oxygen consumption rates (OCR) of larvae at 5 dpf standardized to individual (ind-1),
standard length (mm-1) and average dry mass (µg-1) of control or treatment larvae in EX 4.
Length-based OCR are unavailable for larvae in EX 3 because no measurements of standard
length were performed. Abbreviations are as follows: C= Control and T= Treatment pCO2.

Date EX pCO2 Vessel OCR
(µL O2 ind-1 h-1)

OCR
(µL O2 mm-1 h-1)

OCR
(µL O2 µg-1 h-1)

06/20/16 1 C 1 0.24 0.064 1.42
06/20/16 1 C 2 0.13 0.037 0.78
06/20/16 1 C 3 0.20 0.055 1.18
06/20/16 1 T 1 0.16 0.045 0.91
06/20/16 1 T 2 0.19 0.051 1.05
06/20/16 1 T 3 0.15 0.041 0.84
07/04/16 2 C 1 0.11 0.032 0.66
07/04/16 2 C 2 0.09 0.026 0.56
07/04/16 2 C 3 0.10 0.028 0.57
07/04/16 2 T 1 0.15 0.043 0.87
07/04/16 2 T 2 0.12 0.033 0.67
07/04/16 2 T 3 0.11 0.031 0.62
08/02/16 3 C 2 0.31 NA 1.84
08/02/16 3 C 3 0.27 NA 1.62
08/02/16 3 T 1 0.34 NA 1.93
08/02/16 3 T 3 0.26 NA 1.49
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Table C.2: Relative abundance of NKA proteins in the crude homogenate of larvae.

Relative abundance of NKA proteins in crude homogenates of larvae at 5 dpf. Abun-
dance is relative to the standard, comprised of the crude homogenate of larvae from
EX 1 that were reared in a cold room at 18°C in a 5 L beaker with bubbled air.

Date EX pCO2 Vessel Relative Abundance
06/20/16 1 C 1 8.0
06/20/16 1 C 2 2.4
06/20/16 1 C 3 8.1
06/20/16 1 T 1 3.7
06/20/16 1 T 2 3.6
06/20/16 1 T 3 9.4
07/04/16 2 C 1 6.8
07/04/16 2 C 2 6.9
07/04/16 2 C 3 9.4
07/04/16 2 T 1 7.3
07/04/16 2 T 2 2.9
07/04/16 2 T 3 5.7
08/02/16 3 C 2 5.2
08/02/16 3 C 3 3.2
08/02/16 3 T 1 2.8
08/02/16 3 T 3 1.2
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Table C.3: Counts of NKA-immunopositive cells on the bodies of larvae.

Counts of the number of cutaneous immunopositive cells stained 
with an anti- NKA antibody and standard lengths of larvae.

Date EX pCO2 No. NKA cells Larva SL (mm)
06/20/16 1 C 680 3.2
06/20/16 1 C 654 3.0
06/20/16 1 C 829 3.2
06/20/16 1 T 733 3.1
06/20/16 1 T 609 3.0
06/20/16 1 T 690 3.0
07/04/16 2 C 472 2.6
07/04/16 2 C 376 2.4
07/04/16 2 C 379 2.6
07/04/16 2 T 748 2.9
07/04/16 2 T 746 2.9
07/04/16 2 T 743 2.9
08/02/16 3 C 568 2.6
08/02/16 3 C 443 2.6
08/02/16 3 C 680 2.8
08/02/16 3 T 635 2.9
08/02/16 3 T 637 2.7
08/02/16 3 T 653 2.9
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