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ABSTRACT OF THE DISSERTATION 

 

Climate-fishery interactions in coastal ecosystems 

 

by 

 

Erica M. Ferrer 

 

Doctor of Philosophy in Marine Biology with a Specialization in Interdisciplinary Environmental 

Research 

University of California San Diego, 2023 

 

Professor Octavio Aburto-Oropeza, Chair 

 

Coastal ecosystems and fisheries are complex in terms of the abiotic and biotic processes 

that host them, and the peoples and policies that steward them. This complexity is likely to increase 

under climate change, and our efforts to characterize climate-fishery interactions will be of critical 
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importance for ensuring the long-term “sustainability” of marine ecosystems and ecosystem 

services. To this end, I have oriented my chapters along two major axes: understanding the biology 

and oceanography of coastal ecosystems under climate change; and developing applied science for 

sustainable seafood harvest and fisheries management. 

First, I discuss changes in deoxygenation and its effects on marine organisms within the 

context of the Planetary Boundary Framework1. I propose that deoxygenation be added to the 

framework, discussing five possible “control variables” and the various interactions that exist 

between deoxygenation and other climate change processes.  

With these processes in mind, I explore the effects of “press-pulse” climate stress on Mano 

de León scallops, a commercially-important species traditionally fished throughout Northwest 

Mexico. I find that, while the effects of press-pulse climate stress are generally negative, these 

animals may be more resilient to change than expected. 

In the second portion of my dissertation, I explore which fisheries and fishery species can 

be considered most “climate-friendly” from a carbon perspective. I estimate the carbon footprint 

of several seafood products produced by small-scale fisheries in Northwest Mexico, demonstrating 

how certain types of seafood have a remarkably low carbon footprint. Subsequently, I demonstrate 

how overfishing very likely increases the carbon footprint of seafood and fisheries. 

Looking forward, I hope to use this body of research to expand the intellectual toolkit we 

use for understanding climate-fishery interactions.

 
1 Rockström, J., Steffen, W., Noone, K., Persson, A., Chapin III, F.S., Lambin, E.F., Lenton, T.M., Scheffer, M., 

Folke, C., Joachim Schellnhuber, H., Nykvist, B., De Wit, C.A., Hughes, T., van der Leeuw, S., Henning, R., 
Sverker, S., Snyder, P.K., Costanza, R., Svedin, U., Falkenmark, M., Karlberg, L., Corell, R.W., Fabry, V.J., 
Hansen, J., Walker, B., Liverman, D., Richardson, K., Crutzen, P., Foley, J.A., 2009. A safe operating space 
for humanity. Nature 461, 472–475. 
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CHAPTER 1 

INTRODUCTION 

 

We live on a rich and dynamic planet that is rapidly changing due to a series of 

anthropogenic stressors (Duarte et al., 2020). To protect our planet, our networks, and ourselves, 

we must understand how these stressors manifest in the marine environment, and what 

opportunities exist for mitigation and adaptation. Across the global ocean, a general list of major 

stressors might include overfishing, warming and extreme weather, deoxygenation, and ocean 

acidification, among others. Many refer to these stressors either by name, grouped, or nested within 

a more general reference to “climate change.”  In this dissertation, I focus on climate change, in a 

general sense, and its interactions with marine life and fisheries. 

In the second chapter of my dissertation, I synthesize the impacts of deoxygenation in 

various aquatic habitats. I provide evidence and advance the argument that deoxygenation should 

be considered a 10th “Planetary Boundary,” much like the nine others described in the popular 

Planetary Boundary Framework (Rockström et al., 2009). I identify key deoxygenation thresholds 

for scientists and managers to be aware of, and, subsequently, I synthesize known interactions 

between deoxygenation and six other stressors: climate change, loss of biodiversity, 

biogeochemical flows, land-system change, ocean acidification, and aerosol loading. Recognizing 

the difficulty of a mangers’ job, I explore how each of these thresholds could be applied in practice 

and used to help managers mitigate and adapt to the consequences of declining oxygen in their 

local environment. Although it is primarily intended as an interdisciplinary and science-policy 

piece, this chapter serves as a helpful summary of the physical, chemical, and biological changes 

that are co-occurring in the marine environment and will no doubt alter fisheries (IUCN, 2019). 
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We know that in Northwest Mexico — where the bulk of my Ph.D. research has focused 

— fisheries are undergoing massive changes associated with climate. For instance, the Gulf of 

California has experienced a prolonged period of warming and decreased primary productivity 

over the last decade, following a highly disruptive El Niño event in 2015 (Frawley et al., 2019). 

This has led to profound ecological changes in the region (e.g., Velarde et al., 2015), and 

documented losses of once-profitable fisheries (e.g. Jumbo Squid fishery, Frawley et al., 2019). 

While it remains difficult to ascribe a long-term secular trend, experts are concerned that the ocean 

conditions of the 2010’s may be a harbinger of what’s to come in a warmer world. With increasing 

ocean warming, normal patterns in “ocean weather” will be affected, and we are likely to see more 

stressful norms combined with more frequent and extreme events (IPCC - SROCC Report, 2019). 

For example, in Northwest Mexico, there have been at least three major marine heatwaves since 

1981 (Holbrook et al., 2019).  

In my third chapter, I wanted to test the effects of locally-relevant climate stress on a 

commercially-important species found in Northwest Mexico. Specifically, my colleagues and I 

decided to test the effects of a simulated El Niño and / or a marine heatwave on the survival and 

physiology of Mano de León scallops (Nodipecten subnodosus). I report evidence derived from a 

six-week multiple-stressors experiment conducted at the Universidad Autónoma de Baja 

California (in Ensenada, Mexico). This research was designed to strengthen our understanding of 

organisms under press versus pulse climate stress, and in particular our understanding of 

commercially-important bivalves in a changing ocean (see Kruft Welton et al., 2023). Ideally, this 

research will contribute to the management and restoration efforts of N. subnodosus in the highly-

productive fisheries region of Baja California, Mexico. 
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It is hard to overstate the importance of fisheries in this region (Cisneros-Mata, 2010), and 

in my fourth chapter (Ferrer et al., 2021), I demonstrate how many local small-scale fisheries in 

Mexico provide low-carbon seafood products. Animal taxa such as bivalves, large pelagic fishes, 

and non-resident demersal fishes represent low-carbon fishery options, and many are fished using 

non-invasive gear types. In contrast, some seafood taxa (like shrimp), possess a very high carbon 

footprint and are often fished in ways that are harmful to the environment (e.g., bottom trawling; 

SOFIA Report, 2018). We find that, in many cases, the disparity in carbon footprint between these 

types of seafood can be explained by the type of gear used to fish them. However, there are many 

other factors (both social and ecological) known to underlie “sustainable” seafood and fisheries 

(see SOFIA Report, 2018; Sumaila & Tai, 2020). 

In my fifth chapter (Ferrer et al., 2022), which focuses on the same fisheries highlighted in 

Chapter four, I establish that seafood generated by stocks that are fished sustainably (at or below 

“Maximum Sustainable Yield”) has a significantly lower carbon footprint than seafood derived 

from stocks that are overfished. This relationship suggests that an end to overfishing would likely 

lower the carbon footprint of all seafood; and, as a corollary, suggests that if we rebuild fishery 

stocks, fuel intensity of fishing will decline (Sumaila & Tai, 2020). Colleagues and I were 

presented with a unique opportunity to test this hypothesis when we looked into the curious 

recovery North Atlantic Hake (Merlucius merlucius), described in Appendix A (Martin, Ferrer, et 

al., 2022). Between the years of 2008 and 2018, hake stock in northern Europe increased by nearly 

6-fold, and we were able to demonstrate that as stock biomass increased, fuel intensity decreased 

across all gear types during this period. Cumulatively, this research (Chapter five & Appendix A) 

suggests that, not only is ending overfishing desirable for biological, economic, and social reasons 

(SOFIA Report, 2018), it is also desirable from an emissions and climate-change perspective. 
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Throughout the chapters of my dissertation, I seek to articulate the points of nexus where 

knowledge developed in the multi-disciplinary arenas of climate change science, marine ecology, 

and fisheries oceanography can be used to support healthy ecosystems and thriving coastal 

communities of people. Specifically, the research presented herein describes a wide diversity of 

climate-fishery interactions, from those that exist as co-occurring stressors and feedbacks, to those 

that might constitute types of “solutions” or opportunities for improvement. I hope to use this 

research to help improve management and conservation outcomes for fisheries and coastal 

ecosystems in a warming world. 
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ABSTRACT 

The Planetary Boundary (PB) Framework, originally proposed by Rockström et al. in 2009, 

outlines nine manifestations of, and limitations on, anthropogenic pressure to our biosphere. The 

framework, which is intended to describe the “safe” conditions required for maintaining an 

ecologically-familiar and stable Earth System, has proven impactful across a number of applied-

science, management, and policy arenas over the last decade. As it currently stands, the PB 

framework includes limits like climate change, land-use change, and ocean acidification, but 

overlooks deoxygenation, a critically-important manifestation of anthropogenic stress in our 

biosphere. Deoxygenation — that is, the contemporary and precipitous loss of dissolved oxygen 

across essentially all of Earth’s aquatic habitats — is a global issue that has progressed rapidly 

over the last 50 years. Given the threat of global deoxygenation and the myriad of interactions 

oxygen has with other PBs, scientists have proposed that deoxygenation be added as a 10th PB to 

the already-existing framework. To fully realize this recommendation, it is necessary to discuss 
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real-world “control variables” that can be used to monitor deoxygenation and its extent, relative to 

known biological, chemical, and physical thresholds most would consider “unsafe.” Here, we 

propose five “control variables” that can be used to monitor deoxygenation and our approach 

towards various oxygen / deoxygenation thresholds in situ: a hypoxia threshold; percent oxygen 

saturation; the presence, absence, and behavior of sentinel species; the ratio of oxygen supply-to-

demand (The Metabolic Index, Φ); and “velocity” of the Metabolic Index (CVΦ). We discuss real-

world scenarios where each control variable could be used to monitor and curtail deoxygenation 

and its effects, identifying obstacles that exist in practice. We then highlight key interactions that 

exist between dissolved oxygen and climate change, biodiversity, land-system change, ocean 

acidification, and aerosol loading, all of which are relevant to maintaining climate and ecological 

stability. We conclude with a discussion about how and when deoxygenation control variables can 

be useful for policy-making and management at various scales. 

1. INTRODUCTION 

The Planetary Boundary Framework, originally proposed by Rockström et al. (2009) and 

subsequently updated by others (Steffen et al., 2015; Nash et al., 2017), outlines nine 

manifestations of, and limitations on, anthropogenic pressure to our biosphere. These 

manifestations and limitations, referred to simply as “planetary boundaries” (PBs) delineate what 

Rockström et al. (2009) describe as a “safe operating space for humanity.” Notably, climate change 

and biosphere integrity (i.e., the biodiversity of genes and functional groups) are cited as “core 

boundaries,” with interacting effects across all other Earth-System processes (Rockström et al., 

2009; Steffen et al., 2015). Increasingly so, climate change and biodiversity loss are understood as 

directly connected, and in similar states of crisis (e.g., Pörtner et al., 2021; Pörtner et al., 2023). It 

is thus worth noting how both of these boundaries are directly mediated by levels of dissolved 
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oxygen in our atmosphere, terrestrial soils, freshwater ecosystems, and marine environment — the 

latter of which we focus on here. 

The framework proposes that if any one of Earth’s PBs is surpassed, our climate system as 

we know it will be in jeopardy of change. This helps to paint a fairly intuitive picture of Earth as 

a system of systems, where our contemporary social-ecological “balance” is borne from the 

interaction and stability of multiple “spheres” (UCAR, n.d.). The PB Framework is not entirely 

prescriptive about how human societies should develop in response to these boundaries, however, 

many suggest that operationalizing them may be useful for identifying ‘safe and just corridors [of 

action] for people and the planet’ (Rockstrom et al., 2021). Over the last decade, the PB Framework 

has been applied in a number of research, business, and policy relevant contexts (e.g., O’Neill et 

al. 2018; World Business Council for Sustainable Development – Vision 20502; Pörtner et al., 

2021; Pörtner et al., 2023), having served as a useful reference for those interested in invoking 

several interconnected stressors at once. 

 Among the many anthropogenic stressors evolving on our planet is the rapid loss of 

dissolved oxygen felt across Earth’s hydrosphere. This process is known as “deoxygenation,” and 

presents a serious threat to ecological and climate stability. In popular science media, 

deoxygenation has been described as our oceans, lakes, and other bodies of water “losing their 

breath” (e.g., GO2NE Report, 2018; Poppick, 2019) — an apt analogy given that most aquatic 

animals, and many microorganisms, need oxygen to survive. In less than a century, and in some 

cases just over a decade, the concentration of dissolved oxygen (DO) across the world’s open 

ocean, coastal habitats, and freshwater ecosystems has declined precipitously (GO2NE Report, 

 
2 https://www.youtube.com/watch?v=ajxqpHslf2w 
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2018; Levin, 2018; Jane et al., 2021). Yet, deoxygenation is notably absent from previous iterations 

of the PB Framework (Rockström et al., 2009; Steffen et al., 2015; Nash et al. 2017).  

We argue that deoxygenation should be considered a planetary boundary all its own, with 

one or more “control variables” designed to monitor deoxygenation and prevent us from surpassing 

the “safe” zone in terms of climate-ecosystem stability (Rockström et al., 2009; Steffen et al., 

2015; see also Rose et al., submitted). Here, we begin with a discussion of five relevant control 

variables that can be used to monitor the extent of global deoxygenation (and we summarize its 

current state in the Supplementary Materials section of this text). Subsequently, we discuss key 

interactions that exist between oxygen and established planetary boundaries (PBs), providing 

readers with a novel synthesis of deoxygenation’s effects across the entire Earth System (see also 

IUCN Report, 2019). We go on to include important takeaways for those who work in the realm 

of climate and biodiversity conservation and management, and end with a discussion about how 

this information can be used to create better strategies for the protection of aquatic organisms and 

ecosystems at various scales. 

2. DEOXYGENATION “CONTROL VARIABLES” AND REFERENCE POINTS 

The first step in defining a new planetary boundary, or augmenting one that already exists, 

is articulating the relevant process of Earth-System change, in this case, deoxygenation. Next, one 

must identify one or more “response variables” that reflect the state of that process. So, in the case 

of deoxygenation, we anticipate that most people would find the widespread loss of organisms, 

and the loss of normal chemical and ecological function, to be among the most relevant of response 

variables. With this in mind, we must next attempt to define one or more “control variable(s)” for 

that process — that is, some measure used to determine how close that process is to exceeding 

“safe operating conditions.” In the case of climate change, for instance, many consider the 
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atmospheric concentration of carbon dioxide (parts per million), or the amount of energy 

imbalance present at the top of our atmosphere (watts / m2) as useful control variables (Rockström 

et al., 2009; Steffen et al., 2015). Finally, when defining a PB, it’s important to summarize the 

current state of that process relative to the theoretical operating conditions most would consider 

“safe.”  

Ideally, a boundary’s control variable should be universally applicable for all subsystems 

linked to that boundary, and should function as a robust indicator of process change at scale 

(Steffen et al., 2015). There should also be enough available and reliable data to apply that control 

variable in a meaningful way (Steffen et al., 2015). In the case of deoxygenation, experts from 

across disciplines consider different oxygen thresholds most salient or significant, where all are 

but proxies for Earth’s complex web of aerobic interactions. Even amongst ourselves, as authors, 

we were unable to reach a consensus about which single oxygen control variable or threshold 

matters “most” when it comes to maintaining Earth’s biodiversity and climate. With this in mind, 

we posit that deoxygenation should have more than one control variable, i.e., a set of multiple 

reference points used to monitor the speed and extent of oxygen-related changes. We describe five 

potentially-useful options below (Table 2.1). 

Our recommendation for each control variable is premised on a balance of: (i) long-

standing and cutting-edge deoxygenation research; (ii) data availability; (iii) the utility of defining 

said control variable for scientists and practitioners; and, (iv) the potential for that deoxygenation 

reference point / control variable to assist in monitoring, mitigation, and adaptation. Throughout 

this section, we describe data limitations as well as the infrastructure that does or does not exist 

for using certain control variables in the present day. 
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2.1. A HYPOXIA CUTOFF 

One coarse but potentially useful oxygen threshold and control variable for people to be 

aware of is “hypoxia” — that is, “low oxygen,” or the oxygen level at which organisms begin to 

show negative symptoms of deprivation. Depending on the source / discipline, hypoxia is generally 

defined by an assortment of SI and non-SI units used to communicate the concentration of 

dissolved oxygen. The term “hypoxia” is frequently referenced throughout the scientific literature 

but tends to be a little vague in terms of any precise point value or definition. In much of the 

biological literature, hypoxia is cited as a dissolved oxygen concentration of ≤ 2 mg O2 / L (~60 

μmol / kg), however, this cutoff can mean different things for different species, at various life 

stages, under various temperatures, and so on. We recognize how the hypoxia cutoff of 2 mg O2 / 

L may be too liberal of an estimate when trying to conserve a particular species, or when exercising 

the principles of precautionary management. Indeed, it is estimated that > 50% of all marine 

benthic organisms experience lethal effects before this cutoff (Vaquer-Sunyer & Duarte, 2008). It 

is worth noting, however, that organisms who live in naturally-low oxygen environments (e.g., the 

deep sea) can tolerate fairly low-oxygen conditions below 2 mg O2 / L (Breitburg et al., 2018; 

Gallo et al., 2019; IUCN Report, 2019). Additionally, emerging evidence suggests that organisms 

exposed to high-oxygen or supersaturated conditions (e.g., animals in areas with high primary 

productivity) may be able to compensate for low-oxygen conditions that are short-lived (Giomi et 

al., 2019). 

In their seminal paper, Vaquer-Sunyer & Duarte (2008) suggest that a more conservative 

cutoff of 4.6 mg O2 / L may be most appropriate when defining hypoxia in the marine environment. 

This value (of 4.6 mg O2 / L) represents the point of oxygen availability at which an estimated 

90% of all marine benthic species would avoid lethal consequences related to oxygen supply and 
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demand; specifically, this value is associated with the 90th percentile of the distribution of means 

generated by the authors’ meta-analysis of lethal concentration values reported for 206 benthic 

species, across 872 published articles (Vaquer-Sunyer & Duarte, 2008). With this in mind, we 

recommend defining a hypoxia “zone of uncertainty” between 2 and 4.6 mg O2 / L for most coastal 

environments, and refer to 2 mg O2 / L as a boundary or reference point when discussing hypoxia 

across marine ecosystems ina very general way. 

For reference, “suboxia,” which is also mentioned throughout the deoxygenation literature, 

refers to a far lower DO threshold of ~0.16 mg O2 / L (5 μmol O2 / kg) (Vaquer-Sunyer & Duarte, 

2008; Breitburg et al., 2018; IUCN Report, 2019). Meanwhile, “anoxia” refers to the complete 

absence of oxygen, be it in the water column, in the sediment, in one’s body tissues, etc. Suboxia 

or anoxia in situ is usually obvious given its profound effects on animal life, and since only a few 

select animals can survive without oxygen (Danovaro et al., 2010; Yahalomi et al., 2020). When 

systems go suboxic or anoxic, animals that can escape, do, and the ones that can’t, perish (e.g., 

fish kills). The presence of suboxic or anoxic conditions has additional implications for the 

processes of remineralization and outgasing of greenhouse gasses, as discussed further in Section 

3. Although these states of low oxygenation are associated with fundamentally different and indeed 

fascinating kinds of biology and biogeochemistry, we argue that these reference points are not 

particularly useful within the PB context because they are so extreme. Meanwhile, at “hypoxic” 

levels of DO, numerous macrofauna can still be found along benthos and within the water column. 

2.2. PERCENT OXYGEN SATURATION (% DO) 

Another measure that we can use to monitor oxygen and identify deoxygenation thresholds 

is the measure of percent oxygen saturation (% DO). This metric is calculated as the concentration 

of DO in situ divided by the maximum concentration of DO that could exist in solution (at that 
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temperature, salinity, and barometric pressure). As a measure, % DO is essentially the same as the 

measure of oxygen’s partial pressure in water, with a multiplicative factor, and reported in a 

different unit. Percent saturation (%) tends to be a little bit easier for people to interpret compared 

to measures of concentration (discussed above), or partial pressure, which is measured in units like 

Pascals (Pa) or milligrams of mercury (mmHG). It is fairly easy, however, to convert between 

units of DO concentration, partial pressure, and percent. The immediate benefits of referring to % 

DO as a control variable is that — in addition to taking temperature and salinity into account — 

it’s fairly easy to interpret, cheap to measure, and the appropriate data have been collected at 

certain sites for decades (Gregoire et al., 2021). Information about oxygen saturation and % DO 

can also be reconstructed using proxies (e.g., Kranner et al., 2022; Limburg & Casini et al., 2018). 

People who are not familiar with aquatic chemistry data can still get a relatively good feel 

for what environmental managers might consider “acceptable” versus “unacceptable” levels of % 

DO, a lot like a letter grade in school. For most coastal organisms that breathe oxygen, levels of 

% DO between 80% and 110% (at 25℃, 30 PSU, and pressure at sea-level) are considered normal 

and saturated (author pers. comm.). Somewhere between 30% and 60% DO is where many coastal 

macrofauna begin to show signs of duress (see Vaquer-Sunyer & Duarte, 2008), and under 30% 

DO saturation is generally considered “hypoxic” for most benthic organisms. In areas with 

naturally-occurring Oxygen Minimum Zones (OMZs), percent saturation values are usually 

measured below 5% (< 20 μmol O2 / L) (Breitburg et al., 2018). Similarly, in areas with strong 

upwelling or highly variable oxygen conditions, % DO values can vary substantially throughout 

the day and by season; for example, in a study conducted by Kroeker et al. (2023) across six coastal 

California sites, lower- and upper-quartile values for % DO ranged anywhere from approximately 

41–85% DO (estimated).  
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Thus, we suggest a % DO boundary around 30% to avoid the bulk of lethal effects on 

small- and larger-bodied organisms found outside of OMZs (see Vaquer-Sunyer & Duarte, 2008).  

2.3. PRESENCE, ABSENCE, AND BEHAVIOR OF SENTINEL SPECIES 

For situations where chemical data may not exist or are spotty, it might make sense to look 

to certain species as indicators of the approximate value and / or unexpected changes in DO. In 

many cases, the presence or absence of “sentinel species” can be used as a flag or rough 

approximation for low-oxygen conditions, where certain guilds and functional groups are 

frequently associated with high levels of oxygen. Similarly, changes in behavior can signal 

changes in oxygen, and the use of sentinel species as indicators may be particularly at the local 

level when traditional or local ecological knowledge is high. In circumstances where chemical data 

are available, monitoring population and behavioral changes among sentinel species can serve as 

an additionally helpful tool for understanding oxygen-related changes in ecology, fisheries, 

tourism, etc. 

An obvious prerequisite for looking to sentinel species as the control variable or indicator 

of choice, is that we must understand which species are most sensitive to low oxygen and oxygen 

variability. We know, for example, that many species of marine predatory fish are vulnerable to 

even small losses in DO, with deleterious effects that are most pronounced among large fish at 

high temperatures and small fish at cool temperatures (Verberk et al., 2022). When DO drops 

below about 5 mg O2 / L, most species of large-bodied marine fish (including sharks, tunas, 

billfishes, groupers, and snappers) will either evacuate the area, or will begin to behave in abnormal 

ways (Stramma et al., 2012; IUCN Report, 2019; Vedor et al., 2021). Where deoxygenation is 

indicated by the absence of large-bodied fishes, it might also be indicated by the presence of other, 

more resistant taxa, such as jellies and bacterial mats. Jellies need oxygen to survive, however, 
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special adaptations allow some species to store oxygen in their tissues for prolonged periods of 

time. This particular adaptation makes them well suited to dominate when their predators evacuate 

an area (Purcell et al., 2001; Ohman, 2019), and unexpected jellyfish blooms may signal local 

deoxygenation events (Purcell et al., 2001; IUCN Report, 2019). Likewise, low-oxygen conditions 

might also be signaled by the presence of certain bacterial mats that do not need a lot of oxygen to 

survive; a notable example of such includes those mats made from bacteria in the genus Beggiatoa, 

which grow like patterns of white cotton carpeting along the benthos, of varying size and texture 

(IUCN Report, 2019). 

The dynamics surrounding sentinel species in freshwater environments are slightly 

different compared to those in marine environments, with a few important similarities. Compared 

to their marine counterparts, freshwater and brackish fish seem better equipped to handle short-

term changes in oxygen — a trait that has most likely evolved from their history in turbid rivers, 

lakes, and streams (Verberk et al., 2022). Fewer fish species can survive prolonged periods of low 

oxygen, however — and popular fishery species, such as sturgeon, bass, and perch appear 

particularly sensitive to low DO (e.g., Stoklosa et al., 2018). Likewise, the presence of armored 

invertebrates, such as crabs and clams, as well as fish and invertebrate eggs, may serve as an 

indication of moderately high DO (Stoklosa et al., 2018). In contrast, soft-bodied invertebrates, 

such as slugs and worms, tend to be fairly resistant to low oxygen levels and may not prove 

particularly helpful as indicator species (Vaquer-Sunyer & Duarte, 2008; Stoklosa et al., 2018). At 

the far end of the DO spectrum, the presence of thick cyanobacteria at the surface of the water may 

signal low oxygen further down the water column, as cyanobacterial mats block light (and 

therefore photosynthesis) from above (e.g., Kosten et al., 2012). 
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Some environmental managers are already looking to sentinel species for information 

about local deoxygenation and hypoxia. For instance, in the City of San Diego, scientists and 

managers are piloting a project which looks at the behavior of oysters, and specifically their gape, 

as an indicator of hypoxia in the local estuary (NCOOS3), among other types of data. In a similar 

vein, fishers and observers can often identify when ocean weather events are occurring or likely 

to occur, based on their observations of animal behavior (e.g., evacuation), catch, and mortality 

(e.g., Cavole et al., 2020). Video footage4 shared by the Oregon Department of Fish and Wildlife 

(ODFW), for example, demonstrates what we might expect to see in terms of deoxygenation-

induced mortality among popular fishery species. In the ODFW video3, we see a trap full of live 

crabs from the local Dungeness crab fishery immersed in mostly clear water to begin with. We 

watch as the water quality changes over the course of about two weeks, and within the span of a 

few days, the crabs inside the trap go from eating and seemingly healthy to deceased. Scientists 

with the ODFW have linked this period of poor water quality with low oxygen, and so the video 

apparently captures the consequences of hypoxia in nearly real-time, and on film.  

In all cases where one might look to sentinel species as indicators of deoxygenation events 

or “safe” levels of oxygen, the importance of local ecological knowledge (LEK), and LEK experts 

who can apply what they know about species and natural history, cannot be understated. 

2.4. THE METABOLIC INDEX: THE RATIO OF O2 SUPPLY-TO-DEMAND (Φ) 

Many of the physiological dynamics that drive the presence or absence of sentinel species 

under deoxygenation conditions can be summarized by “the Metabolic Index” (Deutsch et al., 

2015), that is, the temperature-dependent ratio of O2 supply-to-demand. For an environment to be 

 
3 https://coastalscience.noaa.gov/news/student-developed-sensor-used-to-measure-impacts-of-hypoxia-on-oysters/ 
4 https://oregonmarinereserves.com/2017/09/06/hypoxia-central-coast/ 
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considered ecologically habitable, the Metabolic Index (Φ) must exceed some critical value (Φcrit), 

and is ultimately a measure of aerobic scope in an inherently oxygen-limited environment (Deutsch 

et al., 2015). We know that oxygen demands differ across species and ecosystems, where Φcrit 

values for marine organisms vary from ~1.3 to 6.5 (Deutsch et al., 2015; Deutsch et al., 2020; Penn 

& Deutsch, 2022). As an organism’s demand for oxygen increases (at a certain temperature and 

partial pressure of O2), their Φcrit shrinks and falls towards 1. Vice versa, when organisms require 

less oxygen, their Φcrit value increases. When Φ falls below 1 in an environment, organisms will 

perish, suppress activity, or switch to anaerobic metabolism. 

One of the outstanding problems for applying the Metabolic Index to management situations 

in the present day is that we currently lack metabolic demand data for all phyla, let alone all species 

(Deutsch et al., 2020), and models for oxygen supply are not always accurate. Thus, the Metabolic 

Index would probably be most useful as a control variable in situations where physiological data 

are plentiful and spatial oxygen models are accurate. This metric is likely to become more 

accessible going forward, as we continue to make progress in the field of experimental 

respirometry, and as access to in situ oxygen data grows. 

2.5. CHANGE IN “VELOCITY” OF THE METABOLIC INDEX ( CVΦ) 

The final metric by which we recommend (possibly) monitoring the status of 

deoxygenation is the change in velocity of organisms’ Metabolic Index — that is, the change in 

viable aerobic habitat over a period of time and at a specific spatial scale, given organisms’ 

physiological demands in that context. This proposal applies the idea of “climate velocities” 

(Loarie et al., 2009) to the already-mentioned Metabolic Index (Deutsch et al., 2015), and can 

provide us with a few key insights about the risks of deoxygenation in three-dimensional space 

(Parouffe et al., 2023). “Climate velocity” (CV) is a measure that has traditionally been used to 
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summarize the speed of temperature change over time (℃ / time), versus the change in temperature 

gradient of the local geography (℃ / area). A CV value tells us the speed and direction that a 

particular species will need to move to remain within its climatic niche (Loarie et al., 2009). For 

example, to maintain one’s ideal thermal environment in response to rising temperatures, one 

animal might move a short distance up a seamount, whereas another might have to travel a long 

distance across the open ocean (Brito-Morales et al., 2018). In order to escape climate-induced 

extinction, organisms in areas with low CV values will need to move faster (and in the right 

direction) compared to those organisms with high CV values.  

Analogously, the velocity of the Metabolic Index — what Parouffe et al. (2023) refer to as 

the “climate velocity of Φ,” or CVΦ — can be used to summarize the speed of change in aerobic 

habitat versus the change in aerobic habitat across the local oxygen gradient. In this respect, CVΦ 

values account for deoxygenation extinction risks in both time and three-dimensional space, 

whereas the Metabolic Index is mostly two-dimensional. For example, two similar populations of 

fish, one living nearshore and another living offshore, might have similar Φcrit and Φ values today 

but be differentially exposed to the risks of deoxygenation tomorrow if one has easier access to a 

well-oxygenated area nearby. 

Parouffe et al. (2023) apply this concept of CVΦ to explore changes in the metabolic habitat 

of organisms living in the Peru / Humboldt Current OMZ. Individuals with a CVΦ < 0 are at high 

risk of deoxygenation-induced extinction, whereas individuals with a CVΦ > 0 are at lower risk. 

Through a series of sensitivity analyses, they demonstrate that CVΦ is only weakly dependent on 

the physiological traits of the model organism (Parouffe et al., 2023), suggesting that values for 

CVΦ could be informative even in the absence of strong physiological priors. Ultimately, this 
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control variable might prove most useful in very specific geographic contexts, where downscaled 

oxygen models and habitat data are available. 

 
Table 2.1. Summary information about each proposed control variable. 

Deoxygenation Control 
Variable 

Response Variable(s) Boundary  
(safe operating conditions) 

Hypoxia cutoff (oxygen 
concentration) 

Increased animal die offs 
and ecosystem 
simplification. 
 
Increased biogeochemical 
reactions associated with 
low oxygen, including those 
reactions which impact 
climate change. 

Oxygen concentration > 2 mg / L, as 
this is an approximate physiological 
minimum for many species. 

Percent (%) O2 
Saturation 

A percent saturation > 30% reflects 
an approximate physiological 
minimum for many species. 

Presence, absence, and 
behaviors of Sentinel 
Species 

Increased animal die offs 
and ecosystem 
simplification. 
 
Increased information about 
extirpation and extinctions. 
 
Spatial distribution and 
species habitat change. 

The presence or absence of key 
indicator species, as deemed 
important by local peoples. 

The Metabolic Index 
(Φ)  

Φ = 2–5 (ideal) 
Φ > 1 (physiological minimum) 

The “velocity” of the 
Metabolic Index (CVΦ) 

CVΦ > 0 (lower risk of extinction) 
CVΦ < 0 (higher risk of extinction) 

3. OXYGEN’S INTERACTIONS WITH OTHER PLANETARY BOUNDARIES 

The connections that exist between global deoxygenation and the other nine PBs are 

numerous, but for the purposes of this article, we explore those connections that are relatively well-

known (Table 2.2) and immediately relevant to our determination of deoxygenation control 

variables presented in the previous section. For a comprehensive review of known interactions 

between oxygen and other multiple stressors, we strongly recommend readers also refer to the 

synthesis reports by scientists with the Global Ocean Oxygen Network (GO2NE Report, 2018) 

and the International Union for the Conservation of Nature (IUCN Report, 2019). 
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Table 2.2. Summary of key interactions between (marine) deoxygenation and other planetary boundaries. 

Other Planetary 
Boundary 

Key Interactions with Oxygen 

Climate change 
(Section 3.1) 

Warming caused by climate change leads to oxygen loss via 
changes in solubility, respiration, and ventilation (stratification). 
Conversely, deoxygenation may impact climate via changes to 
biogeochemical cycling, including perturbations to the N cycle and 
the production of Nitrous Oxide (a powerful greenhouse gas), or 
even changes to Blue Carbon (explained in Section 3.5). 

Biogeochemical flows 
(Section 3.2) 

Heavy N and P loading into aquatic environments has led to 
eutrophication and oxygen loss across Earth’s hydrosphere. 
Conversely, deoxygenation reduces the availability of fixed N and 
increases the productivity of Nitrous Oxide through denitrification, 
while internal loading of P can lead to the resuspension of P and 
further decreases in oxygen. 

Biosphere integrity 
(Section 3.3) 

Deoxygenation can lead to physiological impairments among a 
wide assortment of organisms, loss of biodiversity and alterations 
in ecosystem function; there are numerous examples of this 
(already) happening, from the micro to macroscopic. 

Ocean acidification 
(Section 3.4) 

Increased respiration or eutrophication processes can drive local 
ocean acidification (OA). OA and deoxygenation often co-occur 
together, with high nutrients.  

Land-system change 
(Section 3.5) 

Increased nutrient runoff / turbidity near coastlines frequently 
leads to deoxygenation, with possible feedback effects to climate 
regulation via changes in the Biological Pump and Blue Carbon 
stocks. 

Aerosol loading 
(Section 3.6) 

Increased aerosol pollutant deposition of iron can lead to 
accelerated oxygen loss via enhancing surface production and 
consumption at depth. Meanwhile, the cooling effects of aerosols 
lessens the severity of deoxygenation via reducing warming and 
stratification. 

3.1. CLIMATE CHANGE (AND CLIMATE REGULATION) 

As a general rule, the solubility of oxygen in water decreases as temperature rises. In fact, 

about 50% of contemporary oxygen losses in the upper ocean (≤ 1000m) can be attributed to 

temperature changes in oxygen solubility (Schmidtko et al., 2017). Thus, a well-known feature of 
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climate model projections is that, at least in the upper ocean, the extent to which deoxygenation 

will progress in our lifetimes depends directly on our ability to limit greenhouse gas emissions and 

warming (Bopp et al., 2013; Keeling et al 2010; Kwiatkowski et al 2020). Under the most “liberal” 

warming scenarios generated by the UN’s Intergovernmental Panel on Climate Change (that is, a 

worst case scenario of RCP 8.5), Earth’s average air temperature is expected to warm an additional 

~3.7°C by 2100 (relative to the 1986–2005 period), while average sea surface temperature is 

expected to increase by ~2.6°C (IPCC - SROCC Report, 2019). Concomitantly, the rate of 

deoxygenation in the subsurface ocean (100–600m) is projected to increase by approximately 

three-fold (13.3 mmol/m3; Kwiatkowski et al., 2020). In contrast, under the most stringent or 

optimistic climate scenario (RCP 2.6), deoxygenation continues at a much slow rate and average 

ΔDO in the subsurface ocean will potentially stabilize at a rate of loss somewhat similar to that of 

today, 6.4 mmol/m3 (versus current rate = ~4.5 mmol/m3; Kwiatkowski et al., 2020). Meanwhile, 

in the deep ocean, the long-term prognosis changes, with legacy effects of contemporary warming 

projected to play out over millennia. Even if we were to stop emitting CO2 today, deep-sea 

deoxygenation will continue for many centuries (Keeling et al., 2010; Battaglia and Joos, 2018; 

Oschlies, 2021). These figures serve as an important reminder of the thermal inertia that already 

exists within Earth’s climate system, and why it is of the utmost importance that we curb our 

carbon footprint quickly. 

While change in oxygen solubility remains one of the clearest links between climate change 

and global deoxygenation, it is imprecise, and frequently inaccurate, to assume that the severity of 

DO losses will be exactly proportional to changes in temperature. There exist a myriad of physical, 

biogeochemical, and ecological processes (many of which are directly affected by climate change) 

that differentially partition heat throughout the world’s hydrosphere (GO2NE Report, 2018; IUCN 
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Report, 2019). These processes give rise to heterogeneous changes in DO, as evidenced by 

deoxygenation hotspots with unequal rates of loss (Breitburg et al., 2018; Levin, 2018; 

Kwiatkowski et al., 2020). Oxygen stratification, in both freshwater and marine systems, is a huge 

driver of oxygen loss and deoxygenation trends. Under climate change, stratification is likely to 

increase, limiting oxygen exchange between water masses (Oschlies et al., 2018). Simultaneously, 

climate-induced changes in upwelling and deep-water movement may lead to OMZ expansions or 

changes in distribution (Oschlies et al., 2018; Busecke et al., 2022). 

Conversely, there exist pathways through which deoxygenation may alter ecosystems’ 

ability to regulate climate (Table 2.2). For instance, deoxygenation is likely to affect Earth’s 

climate via changes in the Nitrogen cycle, where declining [O2] is associated with increased 

denitrification and the production of Nitrous Oxide (N2O) (Battaglia and Joos, 2017; Schmidtko 

et al., 2017). Nitrous Oxide is produced by microbes during nitrification and denitrification, and 

is a potent greenhouse gas and ozone depletor. The production of N2O is strongly sensitive to 

oxygen levels within the OMZ, and in fact, low-oxygen regions account for the large majority of 

N2O produced by the world's oceans (Bange et al., 2010). Thus, any expansion of OMZs may 

increase the production and emissions of N2O into the atmosphere, which, in turn, would 

exacerbate global warming and a loss of ozone.5 This represents a distinct biogeochemical 

feedback between deoxygenation and climate regulation to be aware of, although the magnitude 

of this shift in N2O equilibrium is still poorly understood, and the time horizon for resulting 

changes is likely to be relatively long (Bange et al., 2010; Battaglia and Joos, 2017; Limburg et 

al., 2017; Busecke et al., 2022).  

 
5 In fact, N2O production is currently recognized as the top contributor to stratospheric ozone depletion, another 
planetary boundary to be aware of (Portmann et al., 2012). 
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To a lesser-known extent, but within an emerging area of research, we expect increasing 

deoxygenation to also be associated with changes in carbon sequestration and aquatic “Blue 

Carbon” stocks. We explain this idea further in Section 3.5, as it has to do with the loss of habitat 

and biodiversity as well as climate. 

3.2. BIOGEOCHEMICAL FLOWS: NITROGEN & PHOSPHORUS LOADING 

While deoxygenation is closely tied to a number of Earth’s biogeochemical flows, 

including Iron, Silicon, and Sulfur, we will focus here on the interactions between deoxygenation 

and Nitrogen (N), and deoxygenation and Phosphorus (P). Since the invention and widespread 

commercial use of synthetic fertilizers over the last two hundred years, flows of N and P have been 

significantly altered by human activities. Considering that the chemical composition of the ocean 

has been fairly stable over the last hundreds of millions of years, even small perturbations to the 

N and P cycles can have significant effects on Earth’s overall biogeochemistry (Watson et al., 

2017; IUCN Report, 2019). In all likelihood, N and P loading probably surpassed any “safe” 

threshold over a decade ago (Rockström et al., 2009; Steffen et al., 2015). 

In coastal waters, deoxygenation is closely tied to nutrient-loading of N and P via terrestrial 

runoff, through a process known as “eutrophication.” Eutrophication is the cycle by which excess 

nutrients lead to hyperactive primary production, followed by the mass mortality of primary 

producers (i.e., algae blooms and busts). Subsequent consumption and respiration of this primary 

productivity (i.e., phytoplankton consumed by microbes), depletes the surrounding waters of 

oxygen and produces carbon dioxide (CO2). Eutrophication is often ephemeral, ebbing and flowing 

with the occasional nutrient injection, such as when it rains and fertilizers are swept off of the land 

and into the sea, or in conjunction with seasonal warming (IUCN Report, 2019). On some 

occasions, however, low-oxygen conditions can persist for months to years, particularly in bodies 
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of water with restricted turnover (Carpenter, 2005). In areas where nutrient injections are 

effectively constant, as is the case for many river deltas and wetlands, low-oxygen conditions can 

be observed year-round (e.g., the Gulf of Mexico, Rabalais et al., 2002). 

Deoxygenation affects nutrient cycling in aquatic ecosystems by altering the chemical 

conditions under which fundamental biological processes play out. These feedbacks can be quite 

complex and it is not entirely clear how the chemical equilibrium of Earth’s hydrosphere will 

adjust in response to the widespread loss of DO (Battaglia and Joos, 2017; Busecke et al., 2022). 

For example, the breakdown of organic matter into its simplest inorganic forms — a process 

known as “remineralization” — can take place through various chemical pathways (as referenced 

above) and is temperature-dependent. At low oxygen levels, the process of remineralization 

typically occurs through the pathway of denitrification, where organic matter reacts with nitric 

acid (HNO3) to form carbon dioxide (CO2), water (H2O), phosphoric acid (H3PO4), elemental 

nitrogen (N2), and Nitrous Oxide (N2O). This represents a loss of fixed nitrogen, which has distinct 

consequences for the growth and survival of primary producers who use fixed nitrogen to build 

their amino acids (Bianchi et al., 2012; IUCN Report, 2019). 

At the same time, it seems as though excess P, both organic and inorganic, can drive the 

release of more P from anoxic sediments (Watson et al., 2017). It has been predicted that as 

phosphoric acid and its derivatives (e.g., H3PO4 and H2PO4-) work their way up the water column, 

they will stimulate primary productivity and N fixation, along with bacterial respiration (Niemeyer 

et al., 2017; Oschlies et al., 2018). On net, this may counteract some of the fixed-N losses from 

denitrification but could also exacerbate local eutrophication and drive a reinforcing (positive) 

feedback loop for additional deoxygenation to occur (Niemeyer et al., 2017; Oschlies et al., 2018). 
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Indeed, physical evidence suggests a close link between P release from sediments and major anoxic 

events of the past, linked to mass extinctions (Watson, 2016; Watson et al., 2017). 

3.3. BIOSPHERE INTEGRITY: LOSS OF BIODIVERSITY 

Severe deoxygenation in the form of hypoxia and anoxia poses an immediate risk of 

asphyxiation to all organisms that “breathe” underwater. Occasionally, we are confronted with the 

profoundly lethal effects of deoxygenation in the form of, for example, mass “fish kills” or coastal 

“dead zones” (Rabalais et al., 2002). But even minor decreases in dissolved O2 can have negative 

consequences for biodiversity, limiting organisms’ aerobic scope(s) and imparting significant 

physiological stress. To give just a few examples, sub-lethal oxygen levels have been shown to 

have (negative) effects on the growth, survival, and abundance of organisms at virtually every 

level of the food web (Vaquer-Sunyer & Duarte, 2008), from zooplankton (e.g., Roman et al., 

1993), to bivalves (e.g., Gobler et al., 2014), cephalopods (e.g., Navarro et al., 2018), crustaceans 

(e.g., Gravinese et al., 2020), corals (e.g., Pezner et al., 2023), pelagic fishes, and benthic fishes 

(e.g., Domenici et al., 2007; Stramma et al., 2012; Vedor et al., 2021). Likewise, hypoxic 

conditions have been shown to alter animals’ reproductive fitness (Thomas et al., 2007), their 

susceptibility to disease (Lehmann et al., 2016), feeding patterns (Bernatis et al., 2007), ability to 

orient, and even their ability to see (McCormick et al., 2019). 

No doubt the threat of global deoxygenation scales up from individual organisms to entire 

ecosystems, however, the full extent of ecosystem-level losses we might expect to see in our 

lifetimes remains largely uncertain (IUCN Report, 2019). Evidence derived from paleo records, 

and corroborated by survey data from contemporary OMZs, suggests that DO is directly related to 

biodiversity: as DO declines, so too does species diversity and evenness (e.g., Sperling et al., 2016; 

Gallo et al., 2020). At least two of Earth’s previous mass extinction events have been linked 
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directly with periods of low ocean oxygen or high DO variability (Keeling et al., 2010; Stockey et 

al., 2021; Kozik et al., 2022). Meanwhile, based on our exploration of modern-day OMZs, it seems 

as though just a few oxygen-resistant species reign supreme when DO is scarce, including some 

species of worms, molluscs, jellyfishes, ctenophores, and specially-adapted fishes (IUCN Report, 

2019; Gallo et al., 2020). These various lines of evidence suggest that modern-day deoxygenation 

is likely to accelerate our current biodiversity crisis and what some consider Earth’s “Sixth Mass 

Extinction” (Barnoski et al., 2011). 

Within the PB Framework, the boundary of “Biosphere Integrity” rests on two sub-

boundaries: (a) genetic and (b) functional diversity (Rockström et al., 2009; Steffen et al., 2015). 

“Genetic diversity” refers to the composition and abundance of genes contained within a 

population or populations, while “functional diversity” refers to the composition and abundance 

of traits represented by organisms in an ecosystem. (Examples of functional traits include 

omnivory, the ability to calcify, burrow, break down waste, and so on.) Respectively, the sub-

boundaries for Biosphere Integrity are defined by the interim control variables of (a) “extinction 

rate” and (b) “Biodiversity Intactness Index (BII).” Extinction rate refers to exactly what you might 

expect, the number of species that go extinct in a certain amount of time, while BII refers to the 

number of ecological guilds that remain represented in an ecosystem. With respect to genetic 

diversity and extinction, deoxygenation is expected to induce widespread extirpation of organisms 

throughout the tropics and subtropics (Penn & Deutsch, 2022). We expect the same with respect 

to functional diversity as well, where, as discussed, DO losses threaten communities of organisms 

in various lake, estuarine, shelf, and open-ocean habitats (IUCN Report, 2019).  
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3.4. OCEAN ACIDIFICATION AND THE COVARIANCE OF AQUATIC 

PARAMETERS 

The relationship between deoxygenation and ocean acidification (OA) is notable in that 

these two processes tend to covary with one another, driven by different-but-interlocking 

mechanisms. OA refers to the increasing acidification / declining pH of seawater borne from the 

increased dissolution of anthropogenic carbon dioxide (CO2) at the ocean’s surface. Occasionally, 

OA will also be used as a shorthand for other processes that produce CO2 in the water column or 

to describe similar chemistry observed in freshwater systems. The dissolution of CO2 in water 

leads to an increase in the concentration of dissolved hydrogen ions (H+), lowering the pH of the 

surrounding seawater. Typically, we observe that as pH in the water column declines, so does 

oxygen availability — a relationship that is primarily mediated by photosynthesis and respiration. 

Powered by solar energy (light), primary producers use CO2 molecules, along with water and 

nutrients, as the chemical building blocks for photosynthesis; this process generates sugar and 

oxygen (DO) as end products. As part of normal aerobic consumption, organisms respire DO from 

their surrounding environment, producing energy and releasing CO2. OA is, therefore, directly tied 

to the ocean’s carbon cycle, which is indirectly connected to oxygen cycle through photosynthesis 

and respiration. 

Scientists who study the effects of multiple stressors on organisms and ecosystems, be it in 

the lab or in the field, are working to elucidate the antagonistic, additive, and / or synergistic effects 

that arise in the presence of low DO and low pH (Kroeker et al., 2017; Gobbler & Baumann, 2016). 

For example, the combination of low oxygen and low pH has been shown to have negative effects 

on the early life stages of numerous larval organisms (e.g., Gobbler et al., 2014), and for some 

adult organisms as well (Gobbler & Baumann, 2016; Kruft Welton et al., 2023). Likewise, there 
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exist theoretical (modeling) interactions between the effects of increasing OA and deoxygenation 

that are associated with negative changes in primary productivity that are mediated, largely, by 

changes in temperature (e.g., Kwiatkowski et al., 2020).  

Because nutrients, such as N and P, tend to be “limiting” reagents for photosynthesis, the 

occasional nutrient injection (from, say, coastal runoff or upwelling) is most often associated with 

an uptick in primary productivity and an increase in respiration. In many real-world examples, 

low-pH and low-oxygen conditions co-occur with high nutrient availability (e.g., Kroeker et al., 

2023). This is usually the case for inland and coastal bodies of water, where terrestrial nutrient 

runoff is high. This is also the case for areas of wind-driven upwelling, where winds move water 

offshore, only to be replaced by cool, nutrient-rich waters from the deep. 

The frequent covariance of low DO, low pH, and high nutrient availability observed in situ 

can make disentangling the impacts of each by itself fairly difficult. It seems that context very 

much matters and that temperature as a fourth co-variate may ultimately determine whether or not 

the biological outcomes of local OA, deoxygenation, and nutrient-loading will be positive or 

negative. For inland and coastal bodies of water where terrestrial nutrient inputs are high, DO is 

low, and pH is low, organisms can be readily pushed beyond their physiological limits come 

summertime (e.g., Rabalais et al., 2002); in scenarios like this, we often observe intense seasonal 

eutrophication and die offs associated with temperature spikes. In areas of coastal upwelling on 

the other hand, where (typically) nutrients are high, DO and pH are low, but temperatures are cool, 

we observe non-uniform and occasionally positive physiological outcomes among organisms and 

ecosystems (e.g., Navarro et al., 2018; Donham et al., 2023). 
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3.5. LAND-SYSTEM CHANGE: HABITAT LOSS & CLIMATE REGULATION 

Steffen et al. (2015) define “land-system change” as, “the area of forested land as a percent 

of original forest cover.” Among other examples (such as desertification, urbanization, etc.), they 

cite agricultural development as a major contributor to contemporary land-system change (Steffen 

et al., 2015). In 2017, Nash et al. expanded this definition of land-system change, renaming the 

boundary “earth surface change,” to account for alterations in marine habitat that “impact climate 

regulation.” They cite the deforestation of mangroves and the disturbance of seafloor sediments as 

two notable examples of changes in the marine environment that have impacts on climate and 

carbon cycling (Nash et al., 2017). 

Earth surface change, such as the development of agricultural land, certainly has effects on 

DO through increased nutrient runoff and eutrophication (as discussed). But, when we consider 

the effects of declining oxygen availability on habitat fragmentation and carbon cycling, 

deoxygenation might be considered a type of land-system change all its own. DO changes in the 

water column have quickly altered habitat availability for pelagic and semi-pelagic organisms (see 

IUCN Report, 2019), particularly those who traverse or spend time near the OMZ. As just one 

example, large predatory fishes, such as billfishes, blue sharks, and tuna must consume a large 

amount of oxygen while hunting. Thus, deoxygenation lessens the availability of foraging habitat 

for these taxa, and in response, their behaviors and aggregations are shifting (Stramma et al., 2012; 

IUCN Report, 2019; Vedor et al., 2021). It appears as though deoxygenation may lead fish and 

invertebrates to congregate nearer to the surface of the ocean, or closer to shore (e.g., Craig, 2012; 

Stramma et al., 2012; Vedor et al., 2021). Habitat loss and degradation of this nature may increase 

the vulnerability of these species to other anthropogenic stressors, such as overfishing (Stramma 

et al., 2012; Vedor et al., 2021), while also threatening critical ecosystem services. 
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As areas of low oxygen expand, we are likely to see changes in aquatic Blue Carbon stocks, 

associated with changes in ecology and biogeochemical cycling (see Mariani et al., 2020; Bianchi 

et al., 2021). While the methods for quantifying Blue Carbon stocks and flux are still fairly new 

(Geraldi et al., 2019; Macreadie et al., 2022), recent theoretical evidence suggests that 

deoxygenation is likely to decrease the ability of the ocean to regulate climate via the loss of large 

predators, fish biomass, and disruptions to the “Biological Pump” (ideas shared at the OBP Fish, 

Fisheries, and Carbon Workshop, March, 20236). This is a rapidly growing area of research, where 

as of now, a few relevant theoretical feedback loops have already been proposed. For instance, the 

ocean helps to sequester a massive amount of anthropogenic carbon dioxide long-term through 

mixing of inorganic carbon (CO2) and the fixation of CO2 into organic detritus that sinks. A portion 

of all carbon present in the ocean’s upper layers sinks into the deep sea via passive and active 

mixing, where it can be stored for millennia. As deoxygenation alters patterns of life and 

biogeochemical cycling throughout the ocean, we expect to see fewer and smaller organisms 

sinking into the deep sea (i.e., less deadfall) (see Mariani et al., 2020; Bianchi et al., 2021; Martin 

et al., 2022). If this expectation holds true, then deoxygenation is a lot like a forest shrinking with 

respect to habitat loss and the loss of climate-regulating services. 

3.6. AEROSOL LOADING (AND CLIMATE REGULATION) 

A lesser-known but exciting area of research has focused on the effects of atmospheric 

aerosol loading and deposition on climate and ocean deoxygenation. Aerosols such as sulfate and 

black carbon (soot) can have pronounced effects on the climate and biogeochemistry of the Earth 

System. For example, volcanic aerosols can cool the land and ocean surface through their direct 

 
6 https://www.us-ocb.org/fish-fisheries-and-carbon/ 
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reflection of shortwave irradiance from the sun (LeGrande et al. 2016), thus increasing [O2] 

solubility and influencing upper ocean stratification (Frölicher et al. 2009; Eddebbar et al., 2019). 

In fact, while most of the changes in ocean oxygen content over the last century are due to 

anthropogenic warming (Schmidtko et al., 2017), external forcing, such as volcanic eruptions, may 

have shielded our atmosphere from some heating and “added” oxygen into the ocean’s interior; 

this is supported by modeling evidence that contemporary deoxygenation has slowed down after 

major volcanic eruptions (Eddebbar et al., 2019; Fay et al., 2023). 

Working in opposition to this pattern of aerosol-induced cooling, which may in fact 

increase DO, the biogeochemical effects of anthropogenic aerosols are expected to decrease DO 

and intensify ocean deoxygenation. Atmospheric aerosol deposition on the sea surface can increase 

the availability of key nutrients that promote primary productivity in the euphotic zone, with 

knock-on effects to oxygen availability down the water column. For instance, the accelerated loss 

of oxygen in the Pacific Ocean basin has been tied to an increase in iron deposition borne from 

aerosol pollutants. The extra iron in the water column intensifies surface primary productivity, 

organic carbon export, and enhanced microbial respiration at depth (Ito et al., 2016). 

The effects aerosols on both ocean temperature and biogeochemistry raise numerous 

questions for those interested in the potential climate-regulating effects of the ocean, which is a 

natural carbon sink and also the subject of various proposals for “climate interventions.” Like 

many, we contend that all forms of climate interventions (i.e., geoengineering) should be 

considered with a high degree of skepticism and caution, particularly given their potential to harm 

aquatic life. Aerosols specifically have been considered for use in solar geoengineering projects, 

including “stratospheric aerosol cooling” and “cloud brightening,” while the atmospheric 

deposition of iron serves as a natural analog for the effects of widespread “iron fertilization” (see 
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NASEM Report, 2022). Similar to the effects of anthropogenic and volcanic aerosol emissions, 

geoengineering methods are likely to have unexpected but potentially pronounced effects on Earth 

and its oxygen cycles. We refer readers to work by Levin et al. (2023), who discuss the risks of 

marine geoengineering in greater detail.  

4. WHEN TO USE WHICH CONTROL VARIABLE? 

So far, we’ve highlighted the known and potential extent of deoxygenation, the control 

variables (proxies) we can use to measure it as a boundary all its own (Table 2.1), and its 

interactions with other PBs (Table 2.2). One of the practical considerations that we view as critical 

to the application of this research is an understanding of when and where it is most useful to 

reference one deoxygenation control variable over another. The utility of one boundary might only 

be realized at a certain spatial scale, for instance, or with access to a certain amount of data. We’ve 

discussed these considerations throughout the text, and summarize when it might be most useful 

to use each boundary in Table 2.3, here.  
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Table 2.3. A table of information describing when it is either most useful or most difficult to reference a 
certain control variable. 

Control Variable Most useful when… Difficult to use when… 

Hypoxia cutoff (oxygen 
concentration) 

● In the absence of fine-scale 
data. 

● Attempting to conserve / protect a 
wide array of species. 

● No chemical data is available. 

Percent O2 Saturation 
(% DO) 

● In the absence of fine-scale 
data. 

● No chemical data is available.  

Presence, absence, and 
behavior of Sentinel 
Species 

● In the absence of fine-scale 
data. 

● In the presence of robust 
local ecological knowledge.  

● The natural history of the 
ecosystem is not well known. 

The Metabolic Index 
(Φ): the measure of O2 
demand versus supply  

● There is an abundance of 
physiological data for the 
organisms in that 
ecosystem; there exists 
oxygen models for that 
ecosystem / sets of taxa. 

● In the absence of in situ oxygen 
and temperature data. 

● In the absence of oxygen and 
temperature data models. 

● In the absence of organisms’ 
physiological data. 

The “velocity” of the 
Metabolic Index (CVΦ) 

● Most useful in data rich 
scenarios.  

● When trying to prevent 
lethal effects. 

● In the absence of spatially-explicit 
oxygen models. 

5. CONCLUDING REMARKS 

We have demonstrated the remarkable, complex, and far-reaching importance of oxygen 

and deoxygenation in linking Earth’s “core” planetary boundaries: climate change and biosphere 

integrity. We make recommendations for five deoxygenation control variables, and outline 

deoxygenation’s numerous interactions with the other PBs. We discuss when and where it might 

be most useful to reference one control variable over another, recognizing the importance of this 

research in practice. We hope that our breakdown of deoxygenation as a new planetary boundary 

might help to facilitate the integration of deoxygenation into future priorities for environmental 
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policy-making and management. In the words of scientists with the IUCN (2019), 

“[deoxygenation] will not be easy to reverse, but the costs of doing so clearly outweigh the costs 

of any inaction.” With this in mind, we hope that the ideas and information presented herein will 

contribute to deoxygenation mitigation and adaptation efforts, both new and underway. 
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SUPPLEMENTARY MATERIALS 

A. A BRIEF OVERVIEW OF DEOXYGENATION TERMS AND TRENDS 

When we consider deoxygenation in a PB context, its current state probably rests 

somewhere in what Rockström et al. (2009) would refer to as the “zone of uncertainty.” This zone 

refers to states of increasing risk that threaten Earth’s climate-biological resilience (Steffen et al., 

2015). Rapid declines in DO are borne from a multitude of drivers, including anthropogenic 

eutrophication, changes in mixing, and – primarily – global warming (Shepherd et al., 2017; 

Oschlies et al., 2018). Since the start of the Industrial Revolution, the ocean (along with other 

bodies of water) has absorbed greater than 90% of the total excess heat trapped in our atmosphere 

by anthropogenic greenhouse gasses (IPCC - SROCC Report, 2019). As a result, the solubility and 

partial pressure of elemental oxygen (O2) in water has declined across the globe (Oschlies et al., 

2018; IPCC - SROCC Report, 2019). 

The effects of deoxygenation on ecological and biogeochemical functioning can be wide-

ranging and acute, however, the loss (and gain) of oxygen in both marine and freshwater 

environments is a natural process in the sense that such changes have always occurred. In some 

cases, the increase or decrease of DO over millennia has coincided with dramatically altered states 

of Earth’s climate and ecological networks, in that declines in DO have been linked to mass 

extinction events (e.g., Stockey et al., 2021; Kozik et al., 2022), and conversely, periods of elevated 

DO have been linked to evolutionary radiation (e.g., Dahl et al., 2010). Naturally-occurring 

“oxygen deficiencies” (i.e., low-O2 acute events, cycles, and zones) generally arise from weak 

ventilation (low flow, low mixing) and microbial respiration (Sverdrup, 1938; Wyrtki, 1962; 

Karstensen et al., 2008). These deficiencies in DO go by various names in the scientific literature, 

depending on their size, location, root cause, and temporal extent. For example, a naturally-
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occurring, low-oxygen area in the open ocean might be called an “oxygen minimum zone” (an 

OMZ), whereas a persistent low-O2 water mass observed at the mouth of an estuary might be 

referred to “as a dead zone.”7 While it can be difficult to deconvolve natural and anthropogenic 

changes in DO — due, in part, to a lack of data, but also because these changes co-occur and vary 

substantially (Long et al., 2016) — we use the term “deoxygenation” here to refer to the modern-

era and anthropogenic trend of rapid DO losses observed worldwide (Keeling et al., 2010). 

On average, global ocean oxygen levels have declined by about 2% over the last 50 years 

(Schmidtko et al., 2017) with more pronounced rates of oxygen declines observed regionally 

(Levin, 2018), and oxygen losses in freshwater lakes globally have been even greater, about 5–6% 

(Jane et al., 2021). Scientists predict continued and, in some cases, even catastrophic DO declines 

in our lifetimes (Oschlies et al., 2018; IUCN Report, 2019). According to Schmidtko et al. (2017), 

the global oceanic dissolved oxygen content amounts to 227.4 Pmol (1 petamol = 1015 mol), with 

this oxygen inventory non-uniformly distributed throughout the world’s oceans. The area of 

highest loss has been flagged as the North and Equatorial Pacific, and in fact, oxygen losses in this 

region account for nearly 40% of all oxygen losses observed over the past half century (from 1960–

2016) (Schmidtko et al., 2017). Today, the North and Equatorial Pacific regions have an estimated 

rate of oxygen loss of [30 mol / m2 / decade], i.e., over 370 Tmol lost per decade (Schmidtko et 

al., 2017).  

Deoxygenation “hotspots,” such as the North Pacific, have been identified in a number of 

freshwater, coastal, and open-ocean ecosystems, including >390 temperate lakes around the world 

(Jane et al., 2021), >200 coastal sites (Breitburg et al., 2018), large areas of the Northern and 

 
7 Note that the term “deadzone” is a bit of a misnomer in that it implies all living things die or cannot survive in an 
affected area. This is not the case. However, “dead zones” do show low biodiversity. 
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Equatorial Pacific (as stated), areas surrounding the poles, the Southeast Atlantic, and Indian 

Ocean (Levin, 2018). 

While the signal for deoxygenation has been accruing since at least the 1960s (e.g., 

Saramiento et al., 1998; Ito et al., 2017), only about 25 years have passed since the first reports of 

deoxygenation as a global threat were only published (e.g., Sarmiento et al., 1998). Anecdotal 

evidence suggests that the realization of deoxygenation as a cosmopolitan issue has been slow but 

exponential. As a result, many questions about deoxygenation feedbacks, effects, and trajectories 

remain unanswered. The fate of the tropical oxygen minimum zones, for instance, remains highly 

uncertain, with climate models currently disagreeing on the sign and magnitude of future changes 

in this region (Bopp et al 2013; Kwiatkowski et al 2020).  The research presented herein reminds 

us of the many fascinating connections that exist between deoxygenation and the other nine 

planetary boundaries. 
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ABSTRACT 

Climate change, including global warming and the rise in frequency of extreme events, is 

and will continue to have profound effects on species, populations, and ecosystems. A helpful 

framework for understanding the risks to organismal populations brought on by these various 

changes is the “press-pulse” framework, where “press” refers to a chronic stress imposed on a 

population over time, and a “pulse” refers to an acute stress. In the eastern tropical / subtropical 

Pacific, climate change is responsible for a variety of press-pulse changes in “ocean weather,” such 

as exaggerations in the ENSO cycle (El Niño Southern Oscillation) and increased exposure to 

marine heatwaves (MHWs). This complex and changing oceanographic landscape exists as the 

backdrop for species distributed along the temperate and tropical west coast of North and South 

America, including the Pacific Lion’s Paw scallop, Nodipecten subnodosus. N. subnodosus is one 
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of the largest pectinid species in the world (growing > 20cm), whose distribution ranges from 

Northwest Mexico to Peru, with a fascinating history as a target of small-scale fisheries in the 

region of Baja California. For the purposes of understanding the effects of locally-relevant climate 

stress on N. subnodosus, I conducted a six-week multiple-stressor experiment in the lab, designed 

to mimic local temperature and food stress associated with an El Niño “press” and / or a MHW 

“pulse.” I distributed 125 young- / sub-adult scallops across 18 tanks and six experimental 

treatments, where each treatment is defined by a set of three factors: food availability (high or 

low), background temperature (high or low), and the presence or absence of a MHW. I found that 

all three factors had a negative effect on the scallops’ survival, with mixed positive effects on their 

routine metabolism, growth, resistance to lethal temperatures, and gonad size (relative to 

adductor). I find evidence to suggest that scallops may upregulate their metabolism and grow faster 

under warm-water conditions, while down-regulating their metabolism and growth when food 

availability is low. Notably, the presence or absence of a MHW had no effect on growth, but did 

affect the animals’ Lethal Temperature Maxima and (most likely) their gonad size. In contrast, 

neither gonad size nor Lethal Temperature Maxima appear to be affected by background 

conditions nor food availability. I discuss results from this experiment in the wider context of N. 

subnodosus’ biology, and summarize takeaways for those interested in this species of scallop as a 

target for fisheries and aquaculture. Ideally, this work will contribute to the management and 

potential restoration efforts of N. subnodosus in Mexico, and serve as a helpful reference material 

for those interested in understanding similar species in an ever-evolving ocean environment. 

1. INTRODUCTION 

The ocean sequesters a massive amount of heat trapped on our planet by anthropogenic 

greenhouse gas emissions, having warmed by about 1°C (on average) since the start of the 
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Industrial Revolution (IPCC - SROCC Report, 2019). In particular, the upper layers of Earth’s 

ocean, i.e., coastal and euphotic zones, attenuate a disproportionate amount of heat and are 

projected to warm an additional ~0.5°C by mid-century (IPCC - SROCC Report, 2019). Such 

warming already does and will continue to have profound effects on ocean climate and weather — 

from changes in short-term pulses, like Marine Heatwaves (MHWs), to the effects on longer-term 

and cyclic events, such as El Niño and La Niña. In turn, these patterns regulate ecological health 

and fisheries productivity in ways that we should be thinking about long-term in order to manage 

marine resources effectively and with precaution (Bates et al., 2018). 

Ocean “climate” refers to the general behavior of the Earth’s oceanographic system over a 

prolonged period of time, whereas “ocean weather” refers to changes in oceanography that take 

place on the order of minutes to weeks (Bates et al., 2018). The phrase “ocean weather” can also 

be used to refer to extreme events, including marine heatwaves, hurricanes, hypoxia episodes, 

destructive tidal flows (Bates et al., 2018). These events exist against the backdrop of a changing 

climate and a shifting “ecological baseline,” such that populations of marine flora and fauna are 

increasingly vulnerable to environmentally-induced extinction (Harris et al., 2018). 

A helpful framework for understanding the risks to organismal populations brought on by 

our changing (and naturally-variable) climate is the “press-pulse” framework (Harris et al., 2018). 

Using this framework, a “press” stress refers to a chronic stress imposed on a population over an 

extended period of time (e.g., a gradual increase in temperature). “Pulse,” on the other hand, refers 

to a relatively short-but-acute stress (e.g., a MHW). Increasing average temperatures (i.e., global 

warming) superimposed with the increasing frequency of acutely-stressful events, gives rise to an 

increasingly harsh real-world climate, where individuals and populations are more likely to be 

stressed beyond their physiological limits. Indeed, a number of marine organisms already face 



 

 51 

population collapse and / or local extirpation associated with changes in climate and weather, 

including notable crashes documented among sea birds (e.g., Piatt et al., 2020), fishes (e.g., 

Pershing et al., 2015), macroalgae (e.g., Harris et al., 2018; Beas-Luna et al., 2020), and 

invertebrates (e.g., Kluger et al., 2019; Tomasetti et al., 2023). This is not to say that all climate-

related mortality events are borne from press-pulse interactions, nor that the effects of such 

interactions are always deadly — but rather, that by using the press-pulse framework to inform our 

scientific research, we can better identify how chronic and acute stress interact to alter population 

outcomes over time. Equipped with this information, we may be able to make better 

recommendations for biological conservation and fisheries management in response to future 

climate projections and periodicities (Bates et al., 2018; Harris et al., 2018; IPCC - SROCC Report, 

2019). 

Along the west coast of Central and South America, anthropogenic changes in oceanic 

climate and weather have been associated with negative effects on marine organisms, ecosystem 

services, and people (IPCC - SROCC Report, 2019; Muelbert et al., 2021). For example, as a 

consequence of anthropogenic warming, El Niño events (that is, the warm-water phase of the El 

Niño Southern Oscillation) are becoming more severe (Grothe et al., 2019), and are projected to 

occur more frequently in our lifetimes (Cai et al., 2014). El Niño is associated with the warm-water 

lip that develops every four to nine years across the eastern equatorial Pacific, occasionally 

contrasted by the La Niña cool phase of the ENSO cycle. Along with warmer sea surface 

temperatures (from Chile to California), El Niño events are usually associated with heavy rains in 

Central and South America (flooding), decreased precipitation across the Indian Ocean basin 

(drought), decreased upwelling, lower primary productivity, increased animal vagrancies, and 

numerous disruptions to coastal agriculture and fisheries (Cai et al., 2014; Grothe et al., 2019; 
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IPCC - SROCC Report, 2019). Along America’s coastal shelf, El Niño can bring varying oxygen 

and pH conditions to the North or South (Arntz et al., 2006), but almost always brings higher ocean 

temperatures and lower primary productivity. 

  In addition to the “typical” abiotic and biotic stress brought on by an El Niño alone, a 

troubling pattern is beginning to take shape, where the end of an El Niño event is followed by a 

period of extreme heat (Heidemann & Ribbe, 2019; Cheung et al., 2021). While this observed 

pattern is still relatively new, it seems as though marine heatwaves (MHWs)8 of various forms 

may ride on the warm-water inertia of El Niño (Heidemann & Ribbe, 2019; Cheung et al., 2021; 

Amaya et al., 2023). MHW’s have been known to kill both habitat-forming and non-habitat 

forming species, while also jeopardizing human-use and ecosystem services (Frölicher & 

Laufkötter, 2018; IPCC - SROCC Report, 2019; Cheung et al., 2021). MHWs, be them alone or 

in combination with El Niño, reflect great cause for concern — in some cases, profoundly altering 

marine ecosystems. Scientists generally agree that MHWs are becoming more frequent and more 

severe as a direct result of global warming (Frölicher & Laufkötter, 2018; IPCC - SROCC Report, 

2019). In the waters off Baja California, for example (where our study was based), there have been 

at least three MHWs documented since 1981 (Holbrook et al., 2019). 

In an effort to test the press-pulse framework in a way that is both ecologically- and 

socially-meaningful, we applied the framework to a species of scallop that is likely already 

vulnerable to climate change and is of commercial interest in Northwest Mexico (Ruiz-Verdugo 

et al., 2016). Specifically, we tested the effects of El Niño and MHW stress on Pacific Mano de 

León scallops, Nodipecten subnodosus, a species with an interesting history as a fishery target in 

the waters off Baja California. Almeja Mano de Leon, or Lion's Paw scallops as they are often 

 
8 Marine heatwaves are defined by Hobday et al. (2016) as a period of five or more days with “anomalously-warm” 
seawater temperatures. 
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referred to in English, are found along the Pacific coast of Mexico, down to Peru, with a patchy 

distribution across Ecuador (Ruiz-Verdugo et al., 2016; Instituto Nacional de Pesca, 2021). They 

are one of the largest species of swimming scallops in the world (family: Pectinidae), growing up 

to 23 cm in height, over an estimated four to five years (Instituto Nacional de Pesca, 2021). Given 

their impressive size and beautiful orange-pink shell, Mano de León are a valued commodity 

amongst fishers, sellers, and shell collectors. 

In Baja California, N. subnodosus has been the target of small-scale fisheries for 

generations. In recent years, however, the fishery has struggled to stay open (and is currently 

closed) due to a series of poorly-understood population busts. By the late 1960s, wild populations 

of Mano de León in Northwest Mexico were beginning to show signs of over-exploitation, and in 

1970, Mexican fishing authorities imposed a 20-year moratorium on the animals’ harvest (Barrios-

Ruiz et al., 2003). In 1990, the fishery was reopened, and catch trends suggest that wild populations 

had begun to recover (Barrios-Ruiz et al., 2003). The fishery peaked in 1999 at 157 metric tonnes 

of scallop (meat), only to mysteriously collapse again circa 2010 (Barrios-Ruiz et al., 2003; Ruiz-

Verdugo et al., 2016).  

The circumstances that led to this second collapse of Mano de León are not entirely clear 

(Ruiz-Verdugo et al., 2016). Was it overfishing? A handful of years with poor recruitment? A bout 

of parasitism? Or, perhaps, a regional outbreak of disease? Climate change, which is generally 

considered a type of “press” or chronic stress, has also been cited as one of the many possible 

culprits (or co-culprits) for this unexpected collapse (Ruiz-Verdugo et al., 2016). Whatever the 

underlying cause(s), fisheries managers, fishers, and scientists share an interest in understanding 

what exactly happened to Mano de León in this region (Ruiz-Verdugo et al., 2016). 
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This unique interest in Mano de León specifically, as well as a desire to understand the 

effects of press versus pulse climate stress on bivalves more generally (Carrier-Belleau et al., 2021; 

Kruft Welton et al., 2023), helped to orient this study. Results from previous analyses suggest there 

would be negative effects of both press and pulse stress on Mano de León, and perhaps 

synergistically negative, depending on the combination of stressors and measured outcomes 

(Carrier-Belleau et al., 2021; Kruft Welton et al., 2023). We tested the effects of food availability 

and various press-versus-pulse temperature regimes on the survivorship and physiological 

response of young- and sub-adult Mano de León (ranging in height from 4.8–9.3cm), using an 

experimental design of six treatments over six weeks.  

Each experimental treatment was designed to resemble a locally-relevant and real-world 

climate scenario that has either already occurred or is likely to play out in the region of Northwest 

Mexico. The six treatments used in this experiment (Figure 3.2) are defined by three interacting 

factors: food availability (factor 1: Food is low or high); background temperature (factor 2: 

Background temperature conditions are cool or warm); and heatwave (factor 3: Heatwave is or is 

not in effect). The real-world analogue for each treatment is as follows: (1A) cool “control” 

conditions (21ºC), (2A) warm-water conditions (25ºC), (3A) warm-water and low-food conditions, 

(1B) cool conditions followed by a severe MHW (28ºC), (2B) warm conditions followed by a 

moderate MHW (28ºC), and (3B) warm conditions with low food followed by a moderate MHW 

(28ºC). Note that the warm-water and low-food factors were designed to mimic the oceanographic 

stress associated with El Niño events.  

 We hypothesized that there would be either additive or synergistic negative effects of press 

and pulse stress on the survivorship, growth, and physiology of these organisms (as opposed to 

antagonist or dampening effects). We report changes and discrepancies in the scallops’ 
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survivorship and physiology, derived from a number of observations and physiological assays 

designed to estimate scallops’ survivorship, growth, resting metabolism, resistance to lethal 

lemperatures, gonad size, and gonad development as a function of food availability, background 

temperature conditions, and exposure to MHWs. We use our results to discuss the prognosis for 

this species in terms of a natural fisheries recovery or intentional efforts to cultivate them through 

aquaculture (Ruiz-Verdugo et al., 2016; Instituto Nacional de Pesca, 2021). We anticipate that the 

suite of results gained from this experiment will serve as a helpful reference material for those 

interested in cultivating N. subnodosus in the lab or at sea, testing the effects of press versus pulse 

stress on similar species, and / or integrating the effects of “ocean weather” into projections for 

marine biodiversity and fisheries stability. 

 

 
Figure 3.1. Map of Guerrero Negro, in Baja California Sur, where we collected the scallops. 
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2. METHODS 

The lab experiment underlying this study was conducted during the summer of 2021 in the 

Mollusc Biotechnology Lab at Universidad Autónoma de Baja California (UABC) in Ensenada, 

Mexico. The experiment lasted approximately six weeks (39–44 days, depending on the tank), and 

during this time, we collected a number of physiological data points from the scallops. Subsequent 

analyses associated with this research were conducted from October, 2021, to present at UABC, 

Scripps Institution of Oceanography (San Diego, California), and the University of California, 

Santa Barbara. All of the statistical analyses and figures presented herein were generated using 

Microsoft Exel, R (R Core Team, 2023), Python (Python Software Foundation, 2021), or 

HOBOware9. 

2.1. EXPERIMENTAL DESIGN FROM A BIRD’S EYE VIEW 

As explained, the primary motivation for this experiment was to understand the health and 

resistance of N. subnodosus to locally-relevant press and pulse climate stress, and we therefore 

designed our treatments to resemble the conditions we might see during an El Niño year, or during 

a MHW. In this sense, our experimental design can be described as a “phenomenological” one, 

meaning it was inspired by real-world observations and phenomena that are known to occur 

throughout the Baja California region. We distributed scallops into one of six treatments: 

Treatments 1A, 1B, 2A, 2B, 3A, or 3B. As described previously, our six treatments can be 

summarized as the combination of the following three factors, with two levels each: (1) 

background food availability (HIGH or LOW), (2) background temperature (HIGH or LOW), and 

 
9 HOBOware is available for free download at: https://www.onsetcomp.com/products/software/hoboware#overview 
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(3) the presence or absence of a MHW towards the end of the experiment (heatwave ON / heatwave 

OFF).  See Table 3.1 and Figure 3.2 for a complete breakdown of each treatment. 

During an El Niño year, net primary productivity is typically reduced by 5–10%, compared 

to the average of primary productivity across the region (Racault et al., 2017). Thus, we designed 

two feeding regimens that we felt would be consistent with a reduction in primary productivity 

during an “El Niño-like” year. Here, “high food availability” refers to a daily food ration ranging 

in size from 1.80–2.35 x 1010 cells per scallop per day (where cell counts are normalized to the 

cell size of Isochrysis phytoplankton; Retailleau et al., 2023). In contrast, “low food availability” 

refers to ~70% of that high food ration. In terms of selecting relevant background temperatures, 

we determined that normal Spring / Summer conditions for these animals living in Baja California 

lagoons range from 14℃–26℃, on average10; we therefore selected 21℃ and 25℃ as our two 

realistic Summer background temperatures. Finally, the presence or absence of a heatwave 

(heatwave ON or OFF) refers to the acute temperature increase that occurred in half of all tanks 

during the final two weeks of the experiment (the final 13–16 days, depending on the treatment 

and date of sacrifice). Under MHW conditions, animals were exposed to 28ºC heatwave, regardless 

of previous thermal history, at a rate of +2–3℃ / day. 

One hundred and twenty five (125) individual scallops were placed into one of 18 tanks, 

allowing for an average sample size of seven scallops per tank. Under this design, the tanks 

themselves are our independent units of replication, where nreplicates per treament= 3, ntreatments= 6, 

nindividuals per replicate is 6 or 7, and Ntotal scallops= 125. Individuals were assigned to a tank based on 

which collection period they came from (collection described below in Section 2.2) and their 

relative wet weight at the beginning of the experiment. We did our best to assign scallops from 

 
10 Sea-surface temperatures reported at: https://seatemperatures.net/north-america/mexico/guerrero-negro/ 
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Collection Day 1 and Collection Day 2 evenly across treatments, and to distribute small versus 

large individuals across tanks. Basic summary statistics for our sample population, along with a 

statistical snapshot of each treatment, are presented in Table 3.2. 

Of immediate relevance to readers is a brief introduction to the YSI meter and HOBO 

loggers referenced throughout this Methods section. The YSI meter is a handheld device used to 

take instantaneous point measurements of temperature, barometric pressure, pH, dissolved oxygen, 

and salinity — while the HOBO loggers were used to record in situ measurements of temperature 

over time, continuously. Additional information about these in situ measurements, and records of 

seawater conditions for each tank, can be found in the Supplementary Materials section of this 

text (Figure 3.S1). 

Finally, it is worth mentioning that because this experiment ultimately involved the 

sacrifice of these animals, we strived to adhere to the “4R” rule of “Replace, Reduce, Refine, and 

Recognize” (Erren et al., 2017). This rule recommends that if animals must be sacrificed for a 

given research experiment, we, as researchers, should try to ascertain as much information as 

possible from as few individuals as necessary. Here, we report on the scallops’ growth, resting 

metabolic rates, resistance to Lethal Temperatures, their gonadal mass, and gonad differentiation. 
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Figure 3.2. Experimental Design from a bird’s eye view. 
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Table 3.1. All six experimental treatments and their resemblance to real-world phenomena. 

Treatment 
ID 

Treatment 
Code 

Treatment Description: “press” or 
“pulse” 
stress? 

Real-World 
Analogue 

1A S-C-nH Satiated-Cold-nonHeatwave:  
21°C with 100% food availability 
for the entire experiment (6 weeks). 

NA, “control” 
treatment 

A normal year 

1B S-C-H Satiated-Cold-Heatwave: 
21°C with 100% food availability 
for four weeks with a +7°C increase 
(28°C) for the remainder of the 
experiment. 

pulse A severe MHW 
during a 
normal year 

2A S-W-nH Satiated-Warm-nonHeatwave: 
25°C with 100% food availability  
for the entire experiment (6 weeks). 

press A warm year 

2B S-W-H Satiated-Warm-Heatwave: 
25°C with 100% food availability 
for four weeks, with a +3°C increase 
(28°C) for the remainder of the 
experiment. 

press x pulse A MHW 
during an 
already-warm 
year 

3A U-W-nH Unsatiated-Warm-nonHeatwave: 
25°C with 70% food availability for 
the entire experiment (6 weeks). 

press x press A warm year 
with low 
primary 
productivity 

3B U-W-H Unsatiated-Warm-Heatwave: 
25°C with 70% food availability for 
four weeks, with a +3°C increase 
(28°C) for the remainder of the 
experiment. 

(press x press) 
x pulse 

A MHW 
during an El-
Niño year 
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Table 3.2. A basic statistical summary of our sample population, and sample per treatment (generated at 
the beginning of the experiment). 

Basic Summary Statistics 

 Number of individuals 
at the beginning of the 

experiment 

Average mass (& 
standard deviation) at 

the beginning of the 
experiment 

Median mass at the 
beginning of the 

experiment 

Entire experiment 125 82.2 62.4 

Treatment 1A  
S-C-nH 

21 87.1 53.0 

Treatment 1B 
S-C-H 

20 84.1 71.7 

Treatment 2A 
S-W-nH 

21 80.7 66.0 

Treatment 2B 
S-W-H 

21 80.4 62.4 

Treatment 3A 
U-W-nH 

21 80.7 51.1 

Treatment 3B 
U-W-H 

21 80.7 59.2 

2.2. SCALLOP COLLECTION, ACCLIMATION PERIOD, AND TAGGING 

Scallops, ranging in size from 4.8–9.3cm, were collected in collaboration with local fishers 

(under permit PPF/DGOPA-025/21) from the lagoon ecosystem of Guerrero Negro (Figure 3.1), 

over the course of two collection days in July, 2021 (Collection Day 1: July 2nd and Collection 

Day 2: July 22nd). Guerrero Negro is located on the Pacific side of Baja California Sur, Mexico, 

where temperatures range from approximately 14°C–26°C in the summer months.11 Scallops were 

transferred from the lagoon to the lab using Styrofoam coolers filled with seawater, at a stocking 

density of ~25 scallops per cooler. Using these coolers, the scallops were transported to UABC 

 
11 Sea-surface temperatures reported at: https://seatemperatures.net/north-america/mexico/guerrero-negro/ 
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(Ensenada) over the course of approximately 10 hours. Throughout transport, the temperature of 

the seawater in the coolers was maintained between 19°C–22°C and oxygen saturation was kept 

above 80% using a supplementary oxygen tank. 

  Upon arrival at UABC, scallops were placed in a large 500-L fiberglass “quarantine” tank 

(equipped with recirculating seawater) for two days. Temperature, pH, dissolved oxygen, and 

ammonia were monitored periodically (using the YSI device and ammonia test described below), 

and kept mostly constant. No mortalities occurred during this initial holding period. On the second 

day of quarantine, the scallops were scrubbed free of epibionts and subsequently transferred to a 

large 800-L holding tank, where the temperature was maintained at 19.8°C–23.4°C (during the 

week leading up to the experiment).  

After the scallops were transferred into the holding tank, the quarantine tank was sterilized 

and cleaned for future use. Like those collected before them, scallops collected during the second 

trip (on July 22nd) were held in quarantine for two days, cleaned, tagged, and subsequently 

introduced to the holding tank on July 24th. All scallops were kept in the holding tank until the 

experiment began on August 3rd, 2021. 

  While in the holding tank, scallops were fed daily using primarily Shellfish Diet 1800, a 

highly-concentrated and nutritious mix of five phytoplankton species that is manufactured by Reed 

Mariculture in Santa Barbara, California.12 This feed is generally considered an industry standard 

and has been used in a number of other experiments involving shellfish (e.g., Carrier-Belleau et 

al., 2021). However, in an effort to encourage the best possible growth over the course of the 

experiment, we endeavored to feed our scallops a diet of freshly-cultivated phytoplankton, 

supplemented with Shellfish Diet, whenever possible. We began feeding the scallops this mix of 

 
12 See the Reed Mariculture – Shellfish Diet 1800 product description at: 
https://reedmariculture.com/products/shellfish-diet 
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shelf-stable and fresh phytoplankton shortly before the experiment began (see Section 2.3 for 

details). 

 Notably, on July 11th, 2021, before the experiment began and between the first and second 

collection dates, we observed a die-off of scallops in the holding tank, most likely attributed to 

iron nutrient poisoning from the fresh phytoplankton diet (see Supplementary Materials - Section 

C for details). After closely investigating possible causes of this mortality event, and correcting 

for them, no additional mortalities were observed prior to the experiment starting on August 2nd, 

2021. As a result of this early die-off, we were careful to implement additional redundancies and 

fail-safe measures when testing the quality of seawater and fresh food, before and during the 

experiment. Not only did we test more frequently for excess ammonia (API NH3/NH4+ test kit), 

but in the case of detecting excess nitrates (a proxy for iron), we used more than one type of test 

(API NO3- and NYOS REEFER brand test kits). 

Scallops were assigned a unique ID number and tagged by threading a fine piece of fishing 

line, with a plastic label, through a very small hole on the scallop’s anterior wing (made using an 

extremely small-bit drill). These plastic ID tags allowed us to monitor individuals over time, and 

helped us to ensure that scallops from the first and second collection dates were evenly distributed 

across treatments and tanks once the experiment began. 

2.3. EXPERIMENTAL SETUP & CONTROL OVER SEAWATER CONDITIONS 

Hardware & Sensors 

With respect to experimental set up, we utilized a diversity of hardware and infrastructure 

that was either designed or augmented to support saltwater aquaria. We organized the 18 

experimental tanks (50-gallon plastic tubs) along three two-tiered racks. Each tank was equipped 



 

 64 

with: one 200-watt heater, one HOBO logger, one plastic apparatus designed to recirculate and re-

oxygenate the water (constructed using PVC pipe), one basket to hold the scallops, and two 

biological filters to consume ammonia and excess waste. 

Temperature Control 

We controlled temperature in the experimental tanks using 200-watt Aquatop heaters, 

which were able to maintain temperatures near their designed setpoint13 of 21°C (mean= 21.2°C ± 

s.d.= 0.4), 25°C (mean= 24.9°C ± s.d.= 0.3), and 28°C (mean= 27.9 °C ± s.d.= 0.2). See Figure 

3.S1 which shows temperatures recorded in each tank, over time. 

When transferring the individual scallops from the principal holding tank to their 

experimental tanks, all treatments / tanks began at a setpoint of 21°C. For the treatments where 

background temperature was assigned “HIGH,” we increased the temperature in their tanks at a 

rate of ~1°C per day, until tanks reached 25°C on Day 4 of the experiment. We made sure to 

increase the temperature slowly during this initial period of acclimation, so as not to impose a rapid 

thermal shock on the animals. Later on, when exposing animals in treatments 1B, 2B, and 3B to a 

MHW, we increased the temperature at a higher rate of 2–3°C per day, to mimic the more stressful 

rate of warming typically associated with a MHW. In situ temperature profiles for each 

experimental tank are shown in Figure 3.S1. 

Control of food 

Scallops were fed a mixed solution of fresh phytoplankton and Shellfish Diet 1800 three 

times a day – morning (~10am), afternoon (~2pm), and evening (~7pm) – unless otherwise stated. 

 
13 Note that the heater controls came pre-programmed by the manufacturer and were coded in Fahrenheit as opposed 
to degrees Celsius. Still, we were able to readily manipulate temperature and many of our °C setpoints have a 
reasonable analogue in °F. Specifically, 70°F is roughly equivalent to 21°C, 77°F is exactly equivalent to 25°C, and 
82°F is roughly equivalent to 28°C. 
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Fresh phytoplankton, T-isochrysis galbana and Chaetoceros muelleri, were cultivated in a 

greenhouse space, adjacent to the experimental aquarium. We used a submersible pump to transfer 

the desired volume of fresh phytoplankton from the greenhouse to several large (500-L) holding 

tanks inside the experimental aquarium facility. Phytoplankton coming out on the receiving end of 

the pump were passed through a 20 µm sieve and stirred to ensure that the phytoplankton slurry 

inside the holding tanks was more-or-less homogeneous before feeding. Scallops in “Satiated” 

tanks were fed ~10% of their estimated dry weight every day, based on phytoplankton cell counts 

taken every 2–3 days. Scallops’ diet consisted of fresh T-isochrysis and Chaetoceros, except when 

the density of these fresh phytoplankters was too low, in which case, we compensated with 

Shellfish Diet. Our goal was to supply the scallops in the “Satiated” treatments with enough 

phytoplankton to promote growth, without overfeeding them, while still providing the scallops in 

the “Unsatiated” treatments enough food to avoid starvation. Note that, while the exact cell counts 

fed to the scallops each day varied, depending on the density of live phytoplankton, the “low food” 

ration given to the scallops in “Unsatiated” tanks was always equal to 70% of the normal / “high 

food” ration given to scallops in “Satiated” tanks. In other words, scallops in treatments 3A and 

3B were fed ~70% of the food ration fed to scallops in “Satiated” treatments 1A, 1B, 2A, and 2B. 

As stated previously, the amount of food fed to scallops in “Satiated” treatments ranged from 

~1.80–2.35 x 1010 cells per scallop per day, whereas scallops in “Unsatiated” tanks received ~1.26–

1.65 x 1010 cells per scallop per day.  

2.4. RECORDING MORTALITIES & ESTIMATING LIKELIHOOD OF SURVIVAL 

In general, mortalities were easy to spot, particularly since authors EMF, VH, and ER 

tended to the tanks for several hours a day (feeding the animals, taking water measurements, 

siphoning and cleaning the tanks, etc.); moreover, all animals were intentionally inspected at least 
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once per day. Scallops that were dead or moribund were usually found with their shells gapping 

open and were promptly removed from their tank. We recorded the date of mortality for all animals 

who died prematurely and used these data to generate percent estimates of mortality and a model 

for the likelihood of scallop survival based on the factors we tested. Specifically, to generate our 

model for likelihood of survival, we estimated the fixed effects of each factor (Food Availability, 

Background Temperature, and Heatwave), and their interactions, on the binomial likelihood of a 

scallop being alive (1) or dead (0). We applied the following mixed-effects linear model to our 

data, where “Scallop ID” is plotted as a random effect: 

 

Eq. 1) Survival (YES or NO) = Food (HIGH or LOW) * Background (HIGH or LOW) * 

Heatwave (ON or OFF) + random effects (Scallop ID) 

 

We constructed this model using the “lme4” package (Bates et al., 2015) in R, and provide 

summary statistics for our model parameters as appropriate. 

2.5. GROWTH: COLLECTING MASS DATA OVER TIME AND EVALUATING DAILY 

GROWTH RATES 

The height, width, and wet weight of each individual scallop was measured by the same 

person, author ZG, at the start of the experiment (Week 1: August, 2nd); at the end of every week, 

beginning in Week 3 (Week 3: August 20th, Week 4: August 27th, Week 5: September 3rd); and 

before the animals were sacrificed (Week 6: September 12th–16th, depending on tank number). We 

measured the height and width of each scallop using vernier digital calipers, after which, we 

weighed the scallop on a digital scale. When weighing the scallops, we were sure to let the water 

drip off the animals before placing them on the scale, however, in an effort to reduce stress on the 
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organisms while weighing, we were careful not to shake them dry. We tried to avoid agitating 

them as much as possible, despite the fact that scallops are known to hold some amount of water 

inside their shells while shut. 

We used these mass data for a variety of purposes, including estimating scallops’ growth 

over time. Daily growth rates were calculated using the following equation (Equation 2): 

 

Eq. 2) Daily growth rate (g / day) = (mass at T2 - mass at T1) / number of days between T2 

and T1.  

 

We estimated the fixed effects of each experimental factor (Food, Background Conditions, 

and Heatwave), plus their interactions, on the daily growth rate of scallops by applying the 

following mixed effects (linear) model to our data: 

 

Eq. 3) Growth Rate ~ Food (HIGH or LOW) * Background (HIGH or LOW) * Heatwave 

(ON or OFF) + random effects (Scallop ID, nested within Tank) 

 

We constructed this model (Equation 3) using the “lme4” package (Bates et al., 2015) in 

R, and provide summary statistics for our model parameters as appropriate. 

2.6. ROUTINE METABOLISM: MEASURING AND EVALUATING ROUTINE 

METABOLIC RATE (RMR) 

We measured routine metabolism (i.e., an organism’s oxygen uptake during normal, 

“routine” activities) at the individual level for 68 scallops, over a week-long period, at the end of 

the experiment. Prior to beginning the respirometry trials, scallops were fasted for 24 hours at the 
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tank level. After fasting, we selected 2–4 scallops per tank (of roughly equal size), and transferred 

them to one of four respirometry chambers set up in the adjacent lab space. (We resumed a normal 

feeding schedule thereafter.) Scallops were selected by authors EH and EMF based on their size 

— small enough to fit in the chamber, but big enough for us to detect a metabolic signal. 

The respirometry chambers (1.505 L by volume) were equipped with Pyroscience oxygen 

sensors embedded in the outflow tube of each chamber. Scallops were placed in one of the four 

respirometry chambers for a total of three hours, during which time, the animals were left 

undisturbed. To avoid calculating scallops’ elevated metabolism while still recovering from 

handling stress, we evaluated scallops Routine Metabolic Rate (RMR) based on measurement 

cycles recorded in only the last half of the trial (i.e., we kept only the observations from the last 

1.5 hours of each 3-hour run). Each measurement cycle lasted 10 minutes, with a 2 minute flush, 

unless otherwise noted.  

All but one individual was kept above 80% oxygen saturation throughout the entire 

duration of the trials (that one individual had a minimum oxygen percent saturation of 71% for 

one measurement cycle, with a mean of 90% saturation). We generated our RMR estimates using 

methods designed for intermittent flow-through respirometry and provide additional details 

regarding our experimental setup and analytical assumptions made in the Supplementary 

Materials section of this text. 

Metabolic rate measurements were computed using the AnalyzeResp_0 package in R 

(developed by Kraskura, 2022; see also Chabot et al, 2016; Little et al., 2020). This package 

computes metabolic rates by applying a series of quality-control filters and computational 

functions to oxygen data collected by the Pyroscience sensors embedded inside the respirometry 

chamber. Ultimately, we used this package to calculate the RMR for our 68 individuals, out of 
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which 63 individuals were associated with usable data; runs from the 5 other scallops were not 

usable due to equipment failure and unexpected spawning during the trial.  

With these RMR estimates in hand, we tested for the effects of (i) test temperature (i.e., the 

temperature at time of trial) and (ii) food availability on the final RMR of scallops using two 

models: a linear model with fixed effects of temperature and food across treatments, and a two-

way ANOVA across the paired satiated-and-unsatiated treatments (treatments 2A and 3A, 2B and 

3B). Our fixed-effects linear model is coded such that RMR is predicted by the test temperature 

conditions as a factor with three levels (21℃, 25℃, or 28℃), “background” temperature 

conditions as a factor with two levels (21℃ and 25℃), and food availability as a factor with two 

levels (HIGH food, LOW food) (Equation 4); we constructed this linear model using the “lme4” 

package in R (Bates et al., 2015). The second, and much simpler model we employ, is a two-way 

ANOVA (Equation 5), which is essentially a simplified linear model that tests for the effects of 

HIGH food availability and LOW food availability at only two temperature conditions (25℃ and 

28℃). Respectively, we constructed these two models using the “lm” and “aov” function in base 

R; we provide summary statistics for our model parameters as appropriate. 

 

Eq. 4) RMR ~ Temperature Conditions (21℃, 25℃, or 28℃) + Food (HIGH or LOW) * 

Background (T/F) + (random effect of tank) 

 

Eq. 5) RMR ~ aov(Temperature Conditions (25℃, or 28℃) + Food (HIGH or LOW)) 
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2.7. LETHAL TEMPERATURE MAXIMA: TESTING AND EVALUATING SCALLOPS’ 

RESISTANCE TO LETHAL TEMPERATURE STRESS 

At the end of the experiment, the scallops were sacrificed as part of a Lethal Temperature 

Maxima (LTM) assay. The purpose of this assay was to determine if there were treatment effects 

on the average thermal maximum of N.subnodosus, defined as the point at which these animals 

stopped responding to stimuli and could no longer survive (i.e., were dead or obviously moribund). 

Organisms were subjected to this assay at the same time as their tank mates, at a rate of 2–

3 tanks per day, one calendar day after individuals from those same tanks were used to assess RMR 

(as described above). Notably, scallops were starved for 24 hours, at the tank-level, before those 

respirometry trials began, and subsequently the fed the night after, as per usual. This suggests that 

organisms were at least partially satiated before they were subjected to the following Lethal 

Temperature test: (1) animals were removed from their tanks, weighed, and transferred (along with 

their biological filters) to one of three LTM tanks set up in the lab. These tanks resembled the 

experimental tanks in virtually all manner (same type of tank, water source, recirculation 

mechanism, and biological filters), with the one exception that these LTM tanks were equipped 

with larger, 500-watt heaters, as well as highly-precise digital temperature controllers. 

Prior to beginning the assay, the LTM tanks were preheated to match the temperature of 

the corresponding experimental tanks. Animals were quickly transferred out of their experimental 

tank, weighed, and placed into the corresponding LTM tank nearby. The scallops were given about 

30 minutes to acclimate to their new environment, and after this initial acclimation period, the 

temperature in the tank(s) was increased at a rate of 0.5°C every half hour. Scallops were monitored 

throughout the test, with continuous visual assessment of the animals’ appearance and overall 
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condition. YSI checks were conducted every 15 minutes to ensure that our temperature control 

was accurate and that oxygen saturation never dropped below 80%. 

To determine when each scallop was no longer responsive or had perished, we ran a small 

plastic baton along the edge of the animal’s mantle whenever mortality seemed likely. In all cases, 

scallops began to gape open over the course of the assay, and their mantles drooped, signaling poor 

health and a gradual loss of motor control. Towards the end of the assay, once the scallops began 

to perish, visual inspection was effectively constant, but we tried to avoid picking up the animals 

and excessive touching. If, upon being touched or poked, the animal did not move and its mantle, 

seemed unresponsive or flaccid, we considered the animal deceased and recorded the time and 

temperature at death. 

We estimated the effect of each factor, and their interactions, on scallops’ Lethal 

Temperature maximum by applying a fixed-effects linear mixed model to all of our data (i.e., 

across all treatments), adhering to the linear relationship described in Equation 6. As before, we 

constructed this model using the “lme4” package (Bates et al., 2015) in R, and provide summary 

statistics as appropriate. 

 

Eq. 6) Lethal Temperature Maximum (℃) ~ Food (HIGH or LOW) * Background 

Temperature (HIGH or LOW) * Heatwave (ON or OFF) 

 

Subsequently, we applied a Tukey post-hoc test to ascertain how values for mean LTM are 

or are not statically-similar between treatments. 
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2.8. REPRODUCTION: DISSECTIONS AND EVALUATING TREATMENT EFFECTS 

ON GONAD SIZE AND DEVELOPMENT 

Upon Time of Death (ToD) — that is, when an animal was pronounced deceased at the end 

of the LTM assay — scallops were dissected by author VH or ER. When conducting dissections, 

we adhered to a standardized protocol of dissection (conducted by order of ToD), weighing, and 

storing. Summarily, we collected blot wet weights for each of the scallop’s viscera and major 

organs, including their adductor muscle, ingestion gland, mantle, foot, gill, and gonad. In cases 

where the individual’s gonad was identifiable (n= 104 out of 125), the person dissecting the 

organism would separate it from the remaining viscera, weigh and record its mass, place the 

animal’s gonad atop a standard waterproof paper quadrat (12.7 cm x 12.7 cm) and take a picture 

of it using a camera affixed to a tripod. 

Using the gonad photographs taken at the time of dissection, we estimated scallops’ total 

gonad area using Vidana software version 1.0.14 This software estimates surface area given a 

known reference length (e.g., a picture scale bar). Author ER hand-traced the gonad’s dimensions 

using a digital tablet, and gonad area was calculated using the Vidana software by applying a 

10,000-point density quadrat to the photograph itself. To ensure that this method of estimation was 

sound, we performed a repeated-measurements test and found a standard deviation between 

measurements of ±0.01cm2, compared to an average gonad area of 5.45cm2. We were also able to 

estimate the likelihood of gonad differentiation / expression based on scallops’ size. Differentiated 

gonad tissue was distinguished based on color — orange for ovary tissue, white for testis tissue — 

again, by author ER. Gonads were visually categorized as differentiated (i.e., male, female) versus 

 
14 http://www.ex.ac.uk/msel/vidana 
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undifferentiated (i.e., not yet reproductive) (Figure 3.3), and all data was recorded in a larger 

spreadsheet. This dataset was compiled and curated in Microsoft Excel, and analyzed using R. 

Measurements of scallops’ width, length, and mass were taken throughout various stages 

of this experiment, as described previously. Thus, paired with dissection data, we can use these 

estimates of mass to generate a ratio of gonad-to-adductor tissue mass (GM:AM) for each scallop. 

This ratio, in theory, can give us some idea about whether or not scallops spend more energy on 

reproduction versus overall tissue growth. Thus, we estimated the fixed effect of each experimental 

factor (and their interactions) on the animals’ GM:AM by applying a linear mixed effects model to 

our data (Equation 7). Like many of our other analyses, we constructed this model using the 

“lme4” package (Bates et al., 2015) in R, and provide summary statistics for our model parameters 

as appropriate.  

 

Eq. 7) Gonad:Adductor Ratio (GM:AM) ~ Wet Weight + Food (HIGH or LOW) * 

Background (HIGH or LOW) * Heatwave (ON or OFF) 

 

Subsequently, we applied a simplified two-way ANOVA to a portion of our data, ignoring 

the effects of Food Availability by restricting our analysis to only those scallops found in Satiated 

treatments (treatments 1A, 1B, 2A, and 2B). That is to say, we ran a two-way ANOVA, using the 

“aov” function in base R, to test whether or not there were statistically-significant effects of 

Background Temperature and Heatwave on the mean value for GM:AM, independent of food. 

Finally, we calculated a binomial logistic growth model for this species, predicting the 

likelihood of gonad differentiation based on shell height (mm). We plot that curve and report 

notable values as appropriate. 
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Figure 3.3. Images of (A) undifferentiated versus (B) differentiated gonad taken from two separate 
individuals of N. subnodosus.In the undifferentiated gonad (A) we can see a pale color for the gonadal mass 
and the intestine, which looks like a black stripe on the leftmost side. Conversely, the differentiated gonad 
(B) shows the presence of ovaries in bright orange and testes in cream white. The dark mass, attached to 
the gonad in both figures, is the individual’s ingestion gland. 

 

3. RESULTS 

3.1. MORTALITY / SURVIVAL 

We recorded the date of mortality for all scallops who perished prematurely and used these 

data to generate survival curves (Figure 3.4). In total, 18 individuals died before the end of the 

experiment, with the majority of those mortalities having occurred in warm-water tanks (see Table 

3.3). Notably, there was a moderate spate of mortalities that occurred from August 21st–22nd, 

during which an entire tank-full of scallops perished (Tank 7B: Satiated-Warm), along with three 

other scallops from Tank 6C (Satiated-Warm). While we cannot ascribe the cause of death with 

certainty, we hypothesize that this event was most likely the result of acute (but fleeting) hypoxia 

that occurred in both tanks following an unexpected spawning event. After spawning, the scallops 

didn’t clear the food in their tank, and YSI measurements for [O2] taken after we noticed the 

scallops poor condition was lower than usual (around 80%). Mortalities subsided after we 

conducted a full water change in the tank, but animals from Tank 7B could not be saved. We 
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discuss this event in greater detail in the Discussion section of this text. If we ignore this event (*), 

the majority of mortalities still stem from treatments with either higher Background Temperature 

(Satiated-Warm-nonHeatwave, n= 1* and Unsatiated-Warm-nonHeatwave, n= 3), or experiencing 

a Heatwave (Satiated-Cold-Heatwave, n= 3; Unsatiated-Warm-Heatwave, n= 1). Remarkably, no 

premature deaths were recorded in any of the tanks when at 21℃ (Table 3.3). 

Results from our assessment of scallop’s predicted likelihood of survival indicate a 

statistically-significant and negative effect of Food Availability, Background Temperature, and 

Heatwave, plus the positive interaction between Background Temperature x Heatwave (all p-

values < 0.05) (Table 3.4). Note that while the negative effect of Food Availability is significant, 

the effect size for this factor on predicted survival is incredibly small, nearly 23- and 26-times 

smaller than the negative effects of Background Temperature or Heatwave, respectively (Table 

3.4).  
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Figure 3.4. Survival curves for all experimental tanks / treatments, where each line signifies the percent of 
animals living in a single tank over time. On the x axis is time, reported as in days into the experiment, 
which lasted a maximum of 45 days. On the y axis is percent (%) of animals still living in the tank. (Notice 
how lines all overlap towards the beginning of the time series since all of the scallops, in all tanks, were 
still alive at this point.) The color of each line indicates the Food Availability and Background Temperature 
conditions of the tank prior to heatwave onset in Days 29–31 of the experiment. The period of time from 
Days 29–31, highlighted by the transparent red block, is when the MHW onset, after which point, 8 of the 
17 tanks still ‘online’ were exposed to a 28℃ heatwave. The gray rectangle at the end of the plot denotes 
the final week of the experiment, where we began to take tanks ‘offline’ for use of the scallops in Lethal 
Temperature assays and dissections. 
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Table 3.3. Mortalities reported by treatment. 

Treatment Number of 
Mortalities 

% of 
Treatment 

% of Total 

Treatment Code 
(n, sample size) 

Background 
conditions 

Heatwave  
(or no heatwave) 

1A  
(n= 21) 

Satiated x Cold nonHeatwave 
(21℃) 

n = 0 (0.0%) (0%) 

1B  
(n= 20) 

Heatwave (28℃) n = 3 (15.0%) (2.4%) 

2A  
(n= 21) 

Satiated x Warm nonHeatwave 
(25℃) 

n = 11* (52.4%) (8.8%) 

*10 scallops died during a single mortality event on August 21st: 
7 from Tank 7B and 3 from Tank 6C. 

2B  
(n= 21) 

Heatwave (28℃) n = 0 (0.0%) (0%) 

3A  
(n= 21) 

Unsatiated x 
Warm 

nonHeatwave 
(25℃) 

n = 3 (14.3%) (2.4%) 

3B  
(n= 21) 

Heatwave (28℃) n = 1 (4.8%) (0.08%) 

 
Table 3.4. Estimated effect size of Food Availability, Background Temperature, the presence / absence of 
a Heatwave, and their interactive effects on likelihood of survival (described by Equation 1). Here, two 
asterisks (**) denote an effect that is statistically significant to the 0.01-level, whereas one asterisk (*) 
denotes an effect that is statistically significant to at least the 0.4-level; effects with no asterisk are not 
statistically significant. “N/A” means not applicable, as in the model did not report an interaction term, 
most likely due to collinearity 

Factor: Food Background 
temperature 

Heatwave Food × 
Background 

Food × 
Heatwave 

Background 
× Heatwave 

Factor effect size  -7.2** -173.4** -205.3** N/A  31.7 197.3 

p-value 0.017** < 0.001** < 0.001** N/A 0.36 < 0.001** 
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3.2. ROUTINE METABOLISM 

To ascertain the effects of Food Availability, Background Temperature, and the presence / 

absence of a Heatwave on RMR, we analyzed the results of two complementary statistical models, 

as described above (Section 2.6). Results from our fixed-effects linear model (Table 3.5), where 

we considered all treatments, indicate a statistically-significant effect of Food Availability (p = 

0.0542) and Test Temperature (p < 0.05) on RMR (Figure 3.5). Meanwhile, results from the 

simple two-way ANOVA (where our analysis was restricted to only four treatments: S-W-nH, U-

W-nH, S-W-H, U-W-H) support the positive effect of Food Availability on RMR (p = 0.0795), 

but do not support the effect of Test Temperature on RMR (p = 0.9097) (Figure 3.5). In other 

words, when we consider the effects of temperature on RMR across a wide range of test 

temperature conditions (21–28℃), there is a noticeable effect of increasing metabolism, but that 

effect disappears between higher temperatures (25º–28℃). 

We found that RMR was highest among animals tested at 28℃, followed by animals at 25℃, and 

21℃. 
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Figure 3.5. Graphs for Routine Metabolic Rate (RMR) across all six treatments, organized by Test 
Temperature (i.e., the temperature that scallops were tested at: 21℃, 25℃, or 28℃), color-coded by 
treatment, and shape-coded by Food Availability. Here, S-C-nH: Satiated-Cold-nonHeatwave, S-C-H: 
Satiated-Cold-Heatwave, S-W-nH: Satiated-Warm-nonHeatwave, S-W-H: Satiated-Warm-Heatwave, U-
W-nH: Unsatiated-Warm-nonHeatwave, and U-W-H: Unsatiated-Warm-Heatwave. Each data point on the 
graph is color-coded and shape-coded, representing the estimated RMR for one individual scallop, with 8–
11 scallops per treatment. 
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Table 3.5. The effect sizes of Test Temperature (21℃, 25℃, or 28℃), Food Availability (HIGH or LOW), 
and Background Temperature (21℃ or 25℃) on predicted routine metabolic rate (RMR). Here, two 
asterisks (**) denote that an effect is statistically significant to at least the 0.05-level, whereas one asterisk 
(*) denotes an effect that is near-statistically significant to the 0.1-level; effects with no asterisk are not 
statistically significant. 

Treatment: Test temp. 
21℃  

Test temp. 
25℃  

Test temp. 
28℃ 

Food: 
HIGH 

Background 
temperature: 25℃  

Total effect 
size 

1A (S-C-nH) 1.44** 0 0 0.38* 0 1.82* 
(1.82) 

2A (S-W-nH) 0 2.20* 0 0.38* -0.21 2.58* 
(2.37) 

3A (U-W-
nH) 

0 2.20** 0 0 -0.21 2.20** 
(1.99) 

1B (S-C-H) 0 0 2.20** 0.38* 0 2.58* 
(2.58) 

2B (S-W-H) 0 0 2.20** 0.38* -0.21 2.58* 
(2.37) 

3B (U-W-H) 0 0 2.20** 0 -0.21 2.20* 
(1.99) 

3.3. GROWTH 

A visual assessment of daily growth rates over time (Figure 3.6) suggests that differences 

in growth rates, though statistically significant (Table 3.6), are small. Results from our mixed-

effects linear model predicting daily growth rates (Equation 2) suggest that daily growth rate is 

significantly increased by Food Availability - HIGH (effect size= 0.30, p > 0.05) and Background 

Temperature - HIGH (effect size= 0.21, p > 0.05), and that the interaction between Food 

Availability x Background Temperature is large and negative (effect size= -0.25, p > 0.05), such 

that animals in Satiated-Warm conditions grew slightly slower than animals in Satiated-Cold 

conditions. Meanwhile, the presence / absence of a Heatwave was not a statistically-significant 

predictor of daily growth rates (p= 0.375, effect size= -0.11). The interactions between Food 
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Availability (HIGH) x Heatwave (ON), and Background Temperature (HIGH) x Heatwave (ON), 

were not statistically-significant (p > 0.05) and very small (effect sizes= 0.03 and 0.06, 

respectively). Daily growth rates were highest among scallops in the Satiated-Cold tanks (rate = 

0.30 g / day), followed by scallops in the Satiated-Warm tanks (rate = 0.26 g / day), followed by 

scallops in the Unsatiated-Warm tanks (rate = 0.21 g / day) (Table 3.7). Note that these results 

were consistent between the simpler, alternative models we ran. 

 

Table 3.6. Effect size of Food Availability, Background Temperature, presence / absence of a Heatwave, 
and their interactive effects on daily growth rates. Here, two asterisks (**) denote an effect that is 
statistically significant to at least the 0.05-level, whereas one asterisk (*) denotes an effect that is near-
statistically significant to the 0.1-level; effects with no asterisk are not statistically significant. 

Factor: Food Background 
temperature 

Heatwave Food × 
Background 

Food × 
Heatwave 

Background 
× Heatwave 

Factor effect size  
(95% Confidence 
Interval) 

0.30** 
(0.21, 
0.38) 

0.21** 
(0.13, 0.29) 

-0.11 
(-0.34, 
0.13) 

-0.25** 
(-0.40,  -

0.11) 

0.03 
(-0.16, 
0.22) 

0.06 
(-0.13, 0.25) 

p-value < 0.001** < 0.001** 0.375 0.001** 0.758 0.544 
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Table 3.7. Estimated daily growth rates (g / day) based on fixed and interactive effects of Food Availability, 
Background Temperature, Heatwave. Here, two asterisks (**) denote an effect that is statistically 
significant to at least the 0.05-level, whereas one asterisk (*) denotes an effect that is near-statistically 
significant to the 0.1-level; effects with no asterisk are not statistically significant. And, here, “n.a.” means 
that the effect of that factor was “not applicable” to that treatment. 

Treatment: Food Background 
Temperature 

Heatwave Food × 
Background 

Food × 
Heatwave 

Background 
× Heatwave 

Total 
effect 
size 

1A (S-C-nH) 0.30** n.a. n.a. n.a. n.a. n.a. 0.30** 
(0.30) 

1B (S-C-H) 0.30** n.a. -0.11 n.a. 0.03 n.a. 0.30** 
(0.22) 

2A (S-W-
nH) 

0.30** 0.21** n.a. -0.25** n.a. n.a. 0.26** 
(0.26) 

2B (S-W-H) 0.30** 0.21** -0.11 -0.25** 0.03 0.06 0.26** 
(0.24) 

3A (U-W-
nH) 

n.a. 0.21** n.a. n.a. n.a.  n.a. 0.21** 
(0.21) 

3B (U-W-H) n.a. 0.21** -0.11 n.a. n.a. 0.06 0.21** 
(0.16) 

 



 

 83 

 

Figure 3.6. Individual daily growth rates across repeated measures (i.e., over time), shown by treatment. 
Here, S-C-nH: Satiated-Cold-nonHeatwave, S-C-H: Satiated-Cold-Heatwave, S-W-nH: Satiated-Warm-
nonHeatwave, S-W-H: Satiated-Warm-Heatwave, U-W-nH: Unsatiated-Warm-nonHeatwave, U-W-H: 
Unsatiated-Warm-Heatwave. On the x axis are our repeated measures, indexed by time, where the time 
between each point is equal to approximately equal to one week. On the y axis, we have estimates for daily 
growth rate reported in grams per day (g / day). Measures for daily growth rates were calculated using 
Equation 2 (for each individual scallop) at Week 3, Week 4, Week 5, Week 6, and at the end of the 
experiment, such that each data point shown here reflects an estimate for daily growth for one scallop at 
one point in time. Note that animals in the Satiated-Cold-nonHeatwave (S-C-nH) treatment had only four 
repeated measures for daily growth due to a scheduling conflict with RMR sampling (hence the missing 
data points at repeated measure 4). Tracks for daily growth over time are shown for each scallop, connected 
by the thin dashed lines between points. The red dotted line, shown between repeated measures 2 and 3, 
indicates the point in time after which treatments did or not experience a MHW. 

 

3.4. LETHAL TEMPERATURE MAXIMA 

 According to results from our linear fixed-effects model, only Heatwave had a detectable 

effect on Lethal Temperature Maxima (effect size= 0.04, p value= 0.056) (Table 3.8). Indeed, the 

average Lethal Temperature among individuals from treatments experiencing a Heatwave was 

0.7ºC higher than those not experiencing a Heatwave (35.6ºC versus 34.9ºC). However, when 
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testing across treatments (as opposed to testing the effects of specific factors), Lethal Temperature 

Maxima (LTM) between a handful of treatments were revealed to be statistically-different from 

one another (Figure 3.7; results from Tukey post-hoc test). Specifically, four out of the six 

treatments had LTM means that were statistically indistinguishable from one another, while the 

Satiated-Cold-nonHeatwave treatment has a mean LTM that is statistically different, and lower, 

than all of the others except for the Satiated-Warm-nonHeatwave treatment (which is statistically-

similar, though not identical). The final noteworthy result from this analysis is that the mean Lethal 

Temperature maximum for scallops reared under Unsatiated-Warm-Heatwave conditions is 

statistically different (and higher) from all the other means except for that of the Satiated-Cold-

Heatwave tank. The average LTM observed across all six treatments was 35.6℃ (± SEM= 0.1℃), 

where individual  means for each treatment are reported in Figure 3.7 and effect sizes are reported 

in Table 3.8. 
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Figure 3.7. Results from our Lethal Temperature assay, where each data point represents the average Lethal 
Temperature Maximum recorded for an individual scallop, color-coded and grouped by treatment. On the 
x axis, we have Lethal Temperature reported in ℃, and on the y axis, we have treatments listed (where S-
C-nH: Satiated-Cold-nonHeatwave, S-C-H: Satiated-Cold-Heatwave, S-W-nH: Satiated-Warm-
nonHeatwave, S-W-H: Satiated-Warm-Heatwave, U-W-nH: Unsatiated-Warm-nonHeatwave, U-W-H: 
Unsatiated-Warm-Heatwave). Across each set of points is a large black dot with whiskers, marking the 
mean and range in Standard Error of the mean (SEM) for that treatment. Two outlier points, in treatments 
S-W-H and U-W-H, are identified and labeled; these two outliers are shown here for transparency but were 
excluded from our calculation of mean and SEM. Above each set of points is the density distribution for 
those data, modeled using the geom_flat_violin() function available through R package “PupillometryR” 
(Forbes et al., 2020). Letter labels, shown to the lefthand side of each distribution, denote results from our 
Tukey posthoc test, where treatments with the same letter are statistically-similar to one another. 

 

Table 3.8. Effects of Food Availability, Background Temperature, presence / absence of a Heatwave, and 
their interactive effects on Lethal Temperature Maxima, as derived from our linear fixed-effects model 
(Equation 5) and excluding extreme outliers (n=2). Here, the one value listed in bold and marked with an 
asterisk (*) is statistically significant to the 0.1-level, while the other effects are not statistically 
significant. 

Factor: Food “Background” 
temperature 

Heatwave Food × 
Heatwave 

Background × 
Heatwave 

Factor effect size  
(95% Confidence 
Interval) 

-0.02 
(-0.04, -

0.01) 

0.01 
(-0.01, 0.04) 

0.04* 
(0.00, 
0.08) 

0.00 
(-0.03, 0.03) 

-0.02 
(-0.05, 0.01) 

p-value 0.183 0.263 0.056* 0.988 0.188 
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3.5. GONAD MASS AND DIFFERENTIATION 

Results from our linear fixed-effects model predicting GM:AM (Equation 6) indicate no 

effect on GM:AM ratio from any of the experimental factors we tested, except for a statistically-

significant interaction between Food Availability and Heatwave (Table 3.9; Figure 3.8). And, 

when we controlled for the effect of Food Availability by ignoring the data from the Unsatiated 

treatments and applying a two-way ANOVA to only the Satiated treatments, we see a potentially 

positive effect of heatwave on GM:AM ratio with a p value of 0.11 (Table 3.10). 

Regarding the likelihood of gonad differentiation, our binomial logistic regression (Figure 

3.9) shows the relationship between shell height (mm) and predicted likelihood (1 - Yes 

differentiated, 0 - Not differentiated). The mean shell height for scallops with differentiated gonad 

was 66.1mm (n= 80), compared to a mean height of 58.8mm for the undifferentiated scallops (n= 

24), and the average height of all scallops dissected= 64.4mm (n= 104). Interestingly, the smallest 

differentiated individual was also the smallest scallop we dissected at the end of the experiment, 

with a shell height of 47.7mm. Within our sample, there were no scallops over ~65mm in height 

whose gonad tissue remained undifferentiated, however, results from our logistic regression 

indicate that, any one scallop with a shell height of 65mm, has an 80% chance of having 

differentiated gonad (Figure 3.9). This likelihood creeps towards 100% as shell height increases, 

and at a shell height of 85mm, any one randomly sampled scallop would have a 96% likelihood of 

having differentiated gonad. 
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Figure 3.8. Gonad:Adductor ratio by treatment, where each datapoint represents the Gonad:Adductor ratio 
estimated for an individual scallop, color-coded and grouped by treatment. On the x axis is the unitless ratio 
of Gonad:Adductor tissue, and on the y axis is treatment (where S-C-nH: Satiated-Cold-nonHeatwave, S-
C-H: Satiated-Cold-Heatwave, S-W-nH: Satiated-Warm-nonHeatwave, S-W-H: Satiated-Warm-
Heatwave, U-W-nH: Unsatiated-Warm-nonHeatwave, and U-W-H: Unsatiated-Warm-Heatwave). Across 
each set of points is a black dot with whiskers, marking the mean and range in Standard Error of the mean 
(SEM) calculated for each treatment. Two outlier points are identified and labeled in treatments S-W-H and 
U-W-H; these two outliers were excluded from our calculation of mean and SEM. Finally, above each set 
of points is the density distribution for those data, modeled using the geom_flat_violin() function in R 
(package “PupillometryR”, Forbes et al., 2020). 

 

Table 3.9. Summary of our full mixed-effects linear model estimating the ratio of Gonad:Adductor tissue, 
predicted by the fixed effects of Food Availability, Background Temperature, the presence / absence of a 
Heatwave, and their interactions, with tank modeled as a random effect (Equation 6). Here, two asterisks 
(**) denote an effect that is statistically significant to at least the 0.05-level, and effects with no asterisk are 
not statistically significant. 

Factor: Viscera blot 
weight (g) 

Food
  

Background 
temperature 

Heatwave Food × 
Heatwave 

Background 
× Heatwave 

Factor effect size  
(95% Confidence 
Interval) 

1.03** 
(1.02, 1.04) 

 

0.91 
(0.55, 
1.50) 

1.18 
(0.72, 1.96) 

0.67 
(0.27, 
1.62) 

2.21** 
(1.05, 
4.63) 

0.99 
(0.47, 2.08) 

p-value < 0.001** 0.716 0.506 0.365 0.036** 0.984 
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Table 3.10. Summary output from our simplified ANOVA model, where the ratio of Gonad:Adductor 
tissue is predicted by the fixed effects “Background Temperature, the presence / absence of a Heatwave, 
and the interactive effects between these two factors, with tank modeled as a random effect. Here, (**) 
denotes an effect that is statistically significant to at least the 0.05-level, and effects with no asterisk are not 
statistically significant. 

Factor: Viscera blot 
weight (g) 

“Background” 
temperature 

Heatwave Background × 
Heatwave 

Factor effect size  
(95% Confidence 
Interval) 

1.02** 
(1.01, 1.03) 

 

1.20 
(0.74, 1.95) 

1.46 
(0.92, 2.32) 

1.00 
(0.50, 2.02) 

p-value < 0.001** 0.450 0.1100 0.990 

 

 
Figure 3.9. Binomial logistic regression (thick black line) showing the relationship between overall shell 
length (millimeters, x axis) versus the likelihood that any one scallop, at that size, will have sexually mature 
gonads (likelihood values range from 0 to 1, y axis). Here, each point represents an individual scallop that 
was dissected as part of the experiment. The color of each data point indicates whether or not that individual 
had differentiated (i.e., sexually mature) gonad tissue, where points shown in light blue were 
undifferentiated, and points shown in dark orange were differentiated. 
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4. DISCUSSION 

 Results from this study provide us with a few key takeaways about the effects of press-

pulse climate stress on N. subnodosus (Table 3.11), along with potentially useful information for 

those interested in the effects of press-pulse stressors on bivalves and bivalve rearing. Ideally, 

these results will contribute to the restoration and management of Mano de León in Northwest 

Mexico, and we therefore highlight specific findings that may be useful for fisheries and 

aquaculture below. 

4.1. HOW DO THESE ANIMALS (N. SUBNODOSUS) RESPOND TO PRESS VERSUS 

PULSE CLIMATE STRESS?  

Evidence from the present study suggests that, for this particular species (N. subnodosus), 

mortality increases under both press and pulse stress. Meanwhile, the sub-lethal effects of low 

Food Availability, high Background Temperature, and the presence / absence of a MHW are 

numerous but not unilaterally negative, nor negative in the same ways. Here, we synthesize the 

effects of these factors / stressors, and their interactions, across all measured physiological 

indicators, in tandem (Table 3.11). We use this section to describe our results in the context of 

lethal and sublethal effects posed by press-pulse conditions to individual scallops and populations 

of N. subnodosus more generally. With respect to lethal effects, we measured scallops’ mortality 

throughout the experiment (and estimated likelihood of survival), as well as their resistance to 

Lethal Temperatures at the end of the six weeks. With respect to sublethal effects, we measured 

estimates for scallops’ routine metabolism, growth, and reproductive capacity (gonad size and 

differentiation).  
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Mortalities were highest in the Satiated-Warm tanks, dominated by one mortality event in 

particular that occurred before heatwave onset (from August 21st–22nd), in Tanks 7B and 6C 

(Figure 3.4). During this time, the seven scallops in Tank 7B (Satiated-Warm) perished, along 

with three other scallops from Tank 6C (Satiated-Warm). While we cannot ascribe their cause of 

death with certainty, we can speculate based on physical clues noted at the time of the animals’ 

mortality. Throughout the day on August 21st, scallops in Tanks 7B and 6C did not clear their 

normal food ration and water in their tanks began to look green and sudsy (a tell-tale sign of gamete 

release). We found it unusual that the scallops were not eating and began to suspect that something 

was wrong in the afternoon of August 21st, at which point we also noticed that the animals looked 

‘unwell’. At that time, we took additional YSI measurements, all of which were normal except for 

dissolved oxygen (% DO), which was a little lower than usual, at about 80%. Mortalities occurred 

that evening and we conducted a full water change in both tanks that night; unfortunately, 

mortalities continued into the next day and the animals from Tank 7B could not be saved.  

We speculate that this event was most likely the result of rapid and acute hypoxia, 

following unexpected spawning events in both tanks that (we assume) led to changes in the 

scallops’ metabolism and appetite. Scallops released gametes and eventually stopped eating, at 

which point we noticed the tank’s poor condition and began to monitor individuals for signs of 

mortality. Release of gametes likely led to a decline in the amount of dissolved oxygen available 

in the tank, that can, theoretically, be explained by a higher respiration rates among the scallops, 

their gametes, and bacteria inside the tank. Low-oxygen conditions, along with food left uneaten, 

may have contributed to eutrophication and asphyxiation. If this suspicion is correct, it would 

suggest that scallops living under higher temperature regimes  — with lower oxygen and / or under 

higher nutrient loads (Carrier-Belleau et al., 2021) — might be more susceptible to mortality 
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during periods of reproduction and spawning. This is consistent with previous research by 

Salgado-García et al. (2020), who suggest that Mano de León’s overall performance and survival 

may be challenged during peak reproductive stages and under extreme heat. Given the limits of 

our experimental design and the physical measures we took (or did not take), we cannot rule out 

the possibility that these mortalities were an artifact of the experiment itself (a “fluke”). If we 

choose to ignore these mortalities in Tank 7B (n= 7) and Tank 6C (n= 3), the highest mortality 

rates were observed among those individuals in the Satiated-Cold-Heatwave tanks and the 

Unsatiated-Warm-nonHeatwave tanks (Table 3.3). Remarkably, no mortalities (0%) were 

observed under “control” conditions (Satiated-Cold-nonHeatwave). 

While the scallops reared under control conditions suffered the least in terms of mortality, 

they were also the most vulnerable to lethal heat stress imposed at the end of the experiment. 

According to results from our LTM assay, scallops from the Satiated-Cold-nonHeatwave tanks 

averaged a Lethal Temperature maximum of 34.4℃ (± SEM= 0.2) — a full 1.2°C lower than the 

population-wide mean (35.6℃ ± SEM= 0.1℃). The average Lethal Temperature maximum of 

scallops from control conditions (Satiated-Cold-nonHeatwave) was statistically different from 

four of the five other treatments. Meanwhile, the average Lethal Temperature Maxima of scallops 

from the Satiated-Cold-Heatwave treatment was statistically indistinguishable from that of 

scallops in the Satiated-Warm-Heatwave treatment. This suggests that scallops’ immediate thermal 

history and exposure to elevated temperatures may prime them to handle acute hyperthermia, 

while, in contrast, scallops’ thermal history from weeks prior does not appear to be important in 

the same way. Cumulatively, these results suggest that exposure to elevated temperatures 

immediately preceding a MHW may pre-condition them to handle ensuing high heat, but that the 

full extent of their thermal history may not matter. 
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It appears as though all individuals of N. subndosus, regardless of treatment conditions, hit 

a thermal “ceiling” somewhere between 34°C and 36.3℃, according to our LTM test; in fact, 92% 

of all observations from the LTM assay fall within this small temperature range. This finding is 

approximately consistent with results from a previous study conducted by González Estrada 

(2003), who reports an observed thermal maximum for Mano de León of 28℃–31.4℃, over 96 

hours of exposure (note that our assay was much shorter, no more than 7 hours). While the 

differences in average thermal maxima observed between treatments are noteworthy, Mano de 

León scallops living in the lagoon ecosystem of Guerrero Negro do not (or very rarely) experience 

temperatures above 30℃. Thus, results from this assay may only tell us so much in terms of Mano 

de León’s “real-world” vulnerability to extreme heat, but can be useful when placed in a wider 

physiological context. 

The evidence for a clear thermal maximum among N. subnodosus at very high temperatures 

goes hand in hand with results from our analysis of routine metabolism. We measured RMR among 

scallops from all six treatments at the end of the experiment, at the appropriate test temperature 

(21℃, 25℃, or 28℃). Results from our RMR analysis suggest a positive effect of temperature on 

metabolism between 21℃ and 25℃, and 21℃ and 28℃ — with no statistical differences between 

the average RMR of scallops at 25℃ and 28℃. This suggests that within the temperature range of 

21℃ and 25℃, N. subnodosus can upregulate their metabolism in response to rising temperatures, 

but, somewhere in the range of 25℃ to 28℃, they hit a “metabolic ceiling” (some thermal 

maximum) and cannot up-regulate their metabolism any further (Figure 3.5). Estimates for RMR 

tell us roughly how much energy is required to maintain an animal’s normal bodily functions, 

including the energy required for the oxygenation of tissues, regulation of internal biochemical 

function, and minimum motor activity. 
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In ectotherms, RMR is directly proportional to growth, where higher metabolism is 

strongly correlated with higher growth rates (Zuo et al., 2012). This paradigm is consistent with 

the results from our mixed effects model for daily growth, where Food Availability and 

Background Temperature both had positive (but interacting) effects on daily growth rates (Table 

3.6). We can look at our estimates of daily growth alongside our estimates for RMR for a better 

understanding about how much energy N. subnodosus needs to survive (i.e., RMR) versus thrive 

(i.e., grow) under various oceanographic conditions. Interestingly, it seems as though N. 

subnodosus may down-regulate their metabolism in response to lower food availability (Figure 

3.5), as scallops reared in Unsatiated tanks had lower RMR values relative to their Satiated 

counterparts. 

Considering these various lines of physiological evidence (i.e., mortality, resistance to 

Lethal Temperatures, metabolic rate, and growth rates), it seems as though high food availability 

may offset the thermal stress (and metabolic demands) imparted by higher temperatures. It also 

seems possible that these scallops may be able to “eat their way out of a bad situation,” up to a 

certain point, with “diminishing returns” on food availability at higher temperatures. There exists 

a likely tradeoff between growth and resistance to hyperthermic shock, since scallops from 

treatments with higher food availability appear to grow faster, but also appear to be more 

susceptible to Lethal Temperatures. 

While the presence or absence of a MHW may not alter the overall growth of these 

organisms, MHWs may change how they partition energy and growth among certain organs. 

Evidence from our analysis of the scallops’ gonad tissue indicates that MHWs have a likely 

positive effect on the ratio of Gonad to Adductor mass that is near significant (p > 0.11), suggesting 

that MHWs may cause N. subnodosus to “ripen” faster under stressful heat conditions. This finding 
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is consistent with the Temperature Size Rule for ectotherms, which posits that, with increasing 

temperature, ectotherms mature faster and at smaller body sizes (Zuo et al., 2012). Because N. 

subnodosus relies on its adductor muscle for movement (e.g., when swimming or escaping 

predators), understanding how they partition their physiological resources in response to high heat, 

is likely of interest to those concerned with the population dynamics of this species in a warmer 

world. 

4.2. LOOKING AHEAD: CLIMATE-RESILIENCE IN SCALLOP AQUACULTURE 

Because of the low feed, space, technology, and energy required to successfully cultivate 

most bivalves, many view bivalve aquaculture as a highly promising source of “food for the future” 

(Costello et al., 2020). Evidence suggests that not only has aquaculture been underutilized as a 

source of global food security, it has the potential to grow sustainably as a practice / industry for 

decades to come (Costello et al., 2020). Integral to the success and sustainability of bivalve 

aquaculture, however, is a robust understanding of how target species may respond to increasing 

environmental change (Kluger et al., 2019; Costello et al., 2020).  

Several scallop species exhibit poorly-understood cycles of population “boom-and-bust” 

that are thought to be linked to changes in climate (e.g., Kluger et al., 2019; Tomasetti et al., 2023). 

This dynamic is evidenced by the fisheries trajectory of Mano de León in Baja California (as 

discussed), and by other examples from scallop fisheries around the world (e.g., Arntz et al., 2006; 

Kluger et al., 2019; Tomasetti et al., 2023; Pales Espinosa et al., 2023). One notable example 

derives from the bay scallop fishery off the coast of Peru, where, beginning in the late 1990s, 

small-scale aquaculture production of bay scallops Argopecten purpuratus surged, only to crash 

catastrophically in 2017 (Kluger et al., 2019). Temperature spikes > 10ºC and salinity drops (-9–

30 PSU), associated with a localized El Niño, led to a near-complete die off of all benthic 



 

 96 

organisms in the area, and financial hardship rocked the local aquaculture sector (Kluger et al., 

2019). This is just one example where scallop busts can be clearly linked to changing 

oceanographic conditions. It is in this context then that we argue how the research presented herein 

serves as an important reference material for those who are interested in further establishing the 

link between environmental variability and changes in scallop populations. Likewise, we can use 

this information to help “ready” the Mano de León fishery and aquaculture sectors for a future 

under climate change. 

5. CONCLUSION 

We report the physiological outcomes associated with high and low food availability, 

background temperature, and the presence / absence of a MHW across observations of N. 

subnodosus' resting metabolic rate, growth, gonad mass, gonadal differentiation, mortality, and 

resistance to Lethal Temperatures. By recognizing, testing, and characterizing the effects of press 

and pulse stressors specifically, we can begin to understand the effects of a changing climate on 

organisms, like Mano de León, in a more nuanced way. We can use this information to develop 

our understanding of scallops’ resistance and resilience to various types of environmental change, 

from low primary productivity, to extreme heat, and other multiple stressors. Based on our results 

and understanding of the local climate system in Northwest Mexico, we recommend future studies 

explore the effects of food and temperature along with changes in pH, salinity, and, in particular, 

dissolved oxygen on the health of N. subnodosus. Subsequently, we can apply this knowledge of 

multiple stressors to create more robust conservation and management strategies. To this end, it is 

our hope that the suite of results generated by this research will contribute to the effective 

restoration and management of N. subnodosus in Baja California, and serve as a helpful reference 

material for those interested in cultivating similar species of scallops in a changing ocean. 
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SUPPLEMENTARY MATERIALS 

A. HOBOs AND YSI DATA 

HOBO sensors  and a YSI multimeter were used during the experiment to collect time series data 

for temperature, light, oxygen concentration, salinity and barometric pressure inside each of the 

experimental tanks (n= 18) and LTM tanks (n= 3, described in Section 2.1). The HOBO Onset 

loggers collected data at 15-minute intervals from the start of the experiment (on August 2nd, 

2021) to the end of experiment (end date varies by tank). Each logger was placed on the bottom of 

the tank, zip-tied to a small weight, and placed away from air pipes that might disturb temperature 

recordings throughout the experiment. Once the experiment was completed, the logger data were 

offloaded using HOBOware15, and the data were then transferred into excel and R to generate 

useful graphs (Figure 3.S1). 

Both the YSI and HOBOs were used to keep track of seawater quality and to ground-truth 

experimental accuracy over time. As stated, the  HOBOs collected temperature and light 

measurements continuously, every 15 minutes, and were used for data analysis after the 

experiment ended, while the YSI was used to manually collect observations of temperature, 

dissolved oxygen, salinity and barometric pressure, every morning before feeding. In this sense, 

the YSI measurements were more immediately useful to us in terms of improving animal 

husbandry and responding to equipment malfunctions in real time.  

 
15 HOBOware is available for free download at: https://www.onsetcomp.com/products/software/hoboware#overview 
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B. ANALYSIS OF HOBO AND YSI TEMPERATURE TIME SERIES 

We organized all of the tank data collected by the HOBO sensors and YSI, and analyzed 

in situ conditions across tanks and treatment (see Figure 3.2 or Table 3.1). As a reminder, the six 

treatments were as follows:  

● S-C-H:  Satiated x Cold x Heatwave 

● S-C-nH: Satiated x Cold x nonHeatwave 

● S-W-H: Satiated x Warm x Heatwave 

● S-W-nH: Satiated x Warm x nonHeatwave 

● U-W-nH: Unsatiated x Warm x nonHeatwave  

● U-W-nH: Unsatiated x Warm x nonHeatwave  

All animals were held at ~21℃ prior to the starting the experiment (see Section 2.1 for 

details), thus all of the tanks' temperature time series start out at ~21℃. They either remain at that 

temperature for the next several weeks if they are a “cold” tank, or experience a gradual (+1℃) 

increase every day for the next four days if they are a “warm” tank (plateauing at 25℃).  The 

heatwave, which begins towards the end of the experiment (on August 29th), bumps the 

temperature up to 28℃ at a rate of +2℃ / day for all tanks of interest. Here, “Satiated” refers to 

tanks with adequate food availability, while “Unsatiated” indicates reduced food availability.  

Within treatments, most of the tank replicates show similarities in terms of their physical 

seawater conditions. Of note, however, is the mortality event that occurred in Tank 7B (see Section 

2.2), which resulted in the loss of this entire tank and the truncation of the timeseries (timeseries 

for that tank ended on August 22nd). Additionally, in Tank 7C, we discovered that there was a 

major drop in temperature, most likely due to temporary heater malfunction; we were, however, 

able to get the temperature for that tank back to “normal” within 24 hours. 
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C. UNDERSTANDING THE DIE-OFF THAT OCCURRED PRIOR TO THE START OF 

THE EXPERIMENT 

 While the circumstances that led to the rather large die-off of scallops on July X were not 

immediately clear at the time, the situation improved fairly quickly and mortalities subsided after 

we conducted a full water change / flush of the holding tank’s biological filter. Temperature, pH, 

and dissolved oxygen in the tank at the time of this event were all normal — that is, unremarkable 

according to our repeated YSI and HOBO measurements. Likewise, a variety of chemical assays 

revealed normal levels of ammonia and no detectable levels of chlorine in the seawater. Now, we 

are reasonably confident that this die-off was due to a prolonged period of exposure to excess 

nutrients, resulting from measurement error and equipment failure since the chemical kit we used 

to monitor nitrate concentrations in the bags of live phytoplankton was revealed to be faulty just a 

few days later (nitrate, NO3- is a proxy for iron loading). In short, we believe that it was the first 

introduction of live phytoplankton as food, dosed with high iron, that led to this event. 
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Figure 3.S1. Temperature measurements from each of our 18 experimental tanks, with three tanks per 
treatment (hence the 18 separate panels organized in six rows of three). Each tank was home to 6–7 scallops 
that experienced the temperature conditions shown here, from Day 1 of the experiment (August 2nd) until 
Day 45 of the experiment (September 16th). On the x axis is time (date), and on the y axis is temperature 
(℃). Each line depicts one of three alternate and complimentary timeseries collected for temperature: (1) 
temperature measurements over time, collected every 15 minutes, according to the HOBO sensors (grey 
line); (2) average daily temperature over time, according to the HOBO sensors (blue line); and (3) daily 
temperature over time, according to our YSI measurements (orange line). Red vertical lines indicate the 
initial acclimation period for each tank, and black vertical lines denote the period of marine-heatwave onset. 
Here, S-C-nH: Satiated-Cold-nonHeatwave, S-C-H: Satiated-Cold-Heatwave, S-W-nH: Satiated-Warm-
nonHeatwave, S-W-H: Satiated-Warm-Heatwave, U-W-nH: Unsatiated-Warm-nonHeatwave, and U-W-
H: Unsatiated-Warm-Heatwave. 
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Figure 4.1. Map showing the eight different communities in which we work and have collected samples from. 
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Figure 4.2. Shows the flow of data used throughout our analyses.  
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Table 4.1. Lists the 29 taxa represented by the sample we collected in Northwestern Mexico 
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Table 4.2. Lists Emission Intensity (EI) estimates and protein footprint estimates for each class of organism, with 
95% confidence intervals listed beneath each estimate 
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Table 4.3. Characteristics of each small-scale fishery (SSF) beyond Emission Intensity (EI) estimates 
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Figure 4.3. Graphs depicting goodness-of-fit results for multiple linear regression models Y1, Y2, Y3, when applied 
to individual trips (A) and small (100-member) fleets (B). 
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Figure 5.1. Infographic showing our methodological flow from Section 2.1 to 2.5.  
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Figure 5.2. Map of Baja California, where each circle represents a fishery office recorded in the CONAPESCA 
database, and each square demarcates the approximate spatial footprint of fishing trips for which there exists records 
of fuel consumption 
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Figure 5.3. A plot of the raw data showing (A) mean and (B) demeaned values for estimates of fuel intensity. 
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CHAPTER 6 

CONCLUSIONS 

 

Understanding the effects of climate change on both ecosystems and organisms is essential 

for identifying sustainable seafood options and fishery management strategies. Acting in reverse, 

identifying sustainable seafood options will help us to maintain healthy marine ecosystems and 

organismal populations under mounting anthropogenic stress. Here, I conclude with the major 

insights I’ve generated from each chapter, as well as the insights I’ve gained by understanding 

these projects in tandem. 

In Chapter two of my dissertation, I synthesize the impacts of deoxygenation across the 

aquatic realm, and within the context of the Planetary Boundary Framework. I identify five control 

variables associated with important thresholds of dissolved oxygen (DO), including: (1) hypoxia 

cutoffs, (2) percent DO saturation, (3) presence, absence, and behavior of sentinel species, (4) the 

Metabolic Index, and (5) the “velocity” of the Metabolic Index. I go on to describe known 

interactions between DO and six of the nine other planetary boundaries: climate change, loss of 

biodiversity, biogeochemical flows, ocean acidification, land-use change, and aerosol loading. In 

this chapter, which is primarily intended as a science-policy piece, I synthesize new and emerging 

areas of research that might help us understand, mitigate, and adapt to the effects of deoxygenation 

in a changing climate. 

Understanding the importance of climate change in the realm of fisheries and fisheries 

management, I explore effects of press versus pulse climate stress on Mano de León scallops 

(Nodipecten subnodosus) in Chapter three. I report on changes in scallops’ survivorship and 

physiology from across six phenomenologically-relevant treatments, designed to mimic an El Niño 
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and / or a marine heatwave (MHW) events. From this study, I found that scallop mortality increases 

slightly under both press and pulse stress, with statistically-significant effects of food availability, 

background temperature, and MHWs on the likelihood of their survival. I also find evidence to 

suggest that scallops may be down-regulating their metabolism and shunting energy towards 

reproduction (gamete growth) under MHW conditions. This research bears tremendous promise 

in terms of helping to identify the vulnerabilities of Mano de Léon scallops to fishing pressure and 

aquaculture production in a warmer and more climatologically volatile world. Results from this 

study may also be helpful for those interested in cultivating similar species scallop when and where 

El Niño and MHWs are likely to occur. 

In Chapters four and five, I pivot away from the study of biogeochemical stressors on 

fisheries and fishery species, towards an investigation of fishing in relation to global warming. 

Specifically, I chose to investigate the importance of small-scale fisheries (SSFs) and the seafoods 

they provide, in the context of climate change and greenhouse gas emissions. I demonstrate how 

many of the SSFs in Mexico provide low-carbon seafood products, and examine what it means for 

a seafood or fishery to be truly “climate-friendly” in my fourth chapter. In my fifth chapter, I show 

that seafood generated by stocks that are fished sustainably (at or below MSY) has a significantly 

lower carbon footprint than seafood derived from stocks that are overfished. This relationship 

suggests that an end to overfishing would likely lower the carbon footprint of seafood, which 

reflects an exciting opportunity for us to overlap our climate and fisheries management goals. This 

research is further supported by an ancillary study that I conducted with colleagues, presented in 

Appendix A, which demonstrates an association between rebuilt stock biomass and increased fuel 

efficiency (for the hake fishery in Northwest Europe). 
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Results from my dissertation research have led me to conclude that fisheries and fishery 

species are probably more resilient to changes in climate than we think, but their resistance and 

resilience to future change will depend heavily on conscientious fisheries management, and in 

particular our efforts to ameliorate overfishing. Attempting to fish, protect, or rebuild fisheries and 

fishery stocks with an incomplete understanding of future climate change, though necessary, is a 

lot like trying to find something in the dark: we are basically guaranteed to overlook some 

important details. Thus, moving forward, I hope to use this body of work help “illuminate” the 

best pathways forward in terms of sustainable fisheries harvest and management in a warmer 

world. I also hope to expand the network of tools we use to understand climate-fishery interactions 

by publishing each chapter of this research through peer-review, and by connecting what I’ve 

learned throughout my PhD experience to my future research and scientific endeavors. 
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APPENDIX A 

 
Appendix A, in full, is a reprint of the material printed in Frontiers in Marine Science, 

and appears as: Martin, A. H., Ferrer, E. M., Hunt, C. A., Bleeker, K., and Villasante, S. 

Frontiers in Marine Science. (2022). The dissertation author was the secondary investigator and 

co-author of this paper. 
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Figure A.1. Map showing the combined ICES Subareas and Divisions where the northern and southern hake stocks 
are distributed. 
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Table A.1. International Council for the Exploration of the Sea (ICES) Annexes and the fishing areas they 
encompass. 
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Table A.2. The reported total landings and estimated total fuel, mean Fuel Intensity (FI), and mean Emission Intensity (EI) for hake 

Figure A.2. Boxplot of individual Fuel Intensity (FI) estimates for 2008 and 2016  
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Figure A.3. Swept area by otter trawls by country for 2008 and 2016 
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Figure A.4. Swept area by otter trawlers that landed hake for Spain, France, and the United Kingdom in 2008 and 
2016 overlaid with muddy sediment types 
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Table A.3. Organic carbon (OC) impacts of hake fisheries in France, Spain, and the United Kingdom. 

Figure A.5. Conceptual diagram of emissions and OC impacts by segment  
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