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ABSTRACT

Feeding for resilience: how nutrition mediates organismal responses to temperature

by

Emily Adams Hardison

Temperate fishes thrive in dynamic thermal environments, where water temperature can
vary dramatically across days, seasons, and years. To survive in these variable environments,
they must acquire essential energy and nutrients to support their physiological responses to
temperature change. However, climate change is expected to impact the nutritional landscape
(prey options, quality, and quantity) for many marine animals, which may limit their ability
to respond effectively to co-occurring environmental changes, like temperature rise. In my
PhD thesis, I studied how an abundant kelp forest fish, opaleye (Girella nigricans), is
affected by simultaneous changes in their diet and environmental temperature.

One way opaleye may respond to temperature change is by adjusting their diet selection
or ingestion rate to modify their nutritional status. However, my results demonstrate that diet
and temperature have inconsistent effects on the thermal sensitivity of ecologically important
traits and that opaleye are prone to making diet choices that have negative impacts on their
performance in warm water. I also explored the untested hypothesis that nutritional status can
affect the rate of thermal plasticity but found that opaleye’s rate of plasticity was insensitive
to diet. However, their capacity for plasticity was diet-sensitive and could be partially

explained by their fatty acid assimilation. Finally, I found that opaleye energetics and thermal

Xiii



tolerance are impacted by the combined effects of food restriction and dietary fat
composition, where the quality of the fish’s diet can rescue them from the harmful effects of
food restriction. Overall, this dissertation demonstrates that diet mediates thermal plasticity

in ectotherms, like opaleye.
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Brief introduction to chapters

Temperature profoundly impacts ectotherm physiology, ecology, and biogeography
through its thermodynamic effects on biological rates. Despite this, many ectotherms thrive
in dynamic thermal environments, like the intertidal and kelp forests of California, where
temperature can change >6°C in a day and >12°C across seasons. To survive in these
variable environments, the local ectotherms must be adept at thermal plasticity. However,
plastic thermal responses are energetically and nutritionally demanding, suggesting that diet
may mediate their success. In this thesis, I studied the combined influence of diet and
temperature on the thermal plasticity of a temperate omnivorous fish, opaleye (Girella
nigricans). I conducted three large-scale manipulative laboratory experiments on wild-caught
opaleye, where the fish were acclimated to different environmentally relevant diet and
temperature treatments in factorial designs, before being tested for ecologically relevant
traits. My overall objective was to evaluate how variation in diet quality, quantity, and
preference impact thermal plasticity and thermal tolerance in ectotherms.

In Chapter 1, I conducted a comprehensive review which identified several
mechanisms by which diet can influence thermal plasticity and tolerance in ectotherms; each
varying in their empirical support. I also found that several species, across taxonomic groups,
change their diet preference directly in response to temperature. This suggests that some
ectotherms alter their diet to improve their performance across temperatures. I discussed this
along with other diet x temperature implications on ectotherm ecology, farming, and
biogeography.

In Chapter 2, I measured the effect of different diets (designed to mimic natural diet

options of wild opaleye) on the thermal sensitivity of biological rates involved in energetics
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and thermal tolerance (e.g., whole-animal metabolism, sprint speed, heart rate, enzyme
activity, growth). The results contradicted the common assumption that biological rates
should scale similarly with temperature across levels of biological organization, making
individual measures of performance scalable to ecosystem level effects. Further, this study
revealed that diet influences the thermal sensitivity of biological rates in trait-specific ways,
suggesting that different diets may produce performance trade-offs. Ectotherms with broad
diets may be able to regulate their thermal responses through diet selection.

In Chapter 3, I tested the role of diet in determining the rate of cardiac plasticity in
opaleye exposed to a simulated warming event. Cardiac function is implicated as the organ
system setting thermal limits in fishes because of its critical role in oxygen, metabolite,
metabolic waste, and immune factor transport. Here, I found that opaleye acclimated rapidly
after warming, but their thermal limits and acclimation rate were not affected by their diet.
However, the fish’s acclimation capacity for maximum heart rate was sensitive to their diet
treatment. To explore the mechanisms driving observed differences in heart rate, I measured
the fish’s ventricle fatty acid composition, which differed depending on what the fish had
eaten and was significantly related to cardiac performance in ways consistent with
homeoviscous adaptation. These results demonstrate that diet not only impacts thermal
plasticity, but does so on environmentally relevant timescales, and that fatty acid composition
is an important mechanism by which diet may mediate ectotherm thermal responses.

In Chapter 4, I tested the interacting influence of changes in 1) food quantity and 2)
dietary lipid quality on metabolism and thermal tolerance in opaleye. The global availability
of essential omega-3 fatty acids, DHA and EPA, is predicted to decrease with climate

change, which is a major concern for human health. However, DHA/EPA have low melting



points and may reduce warm tolerance in ectotherms. As fish gain most of their energy from
fats, they need to balance assimilating fatty acids against metabolizing them to meet their
metabolic demand. The results indicate that dietary lipids are especially important to consider
in resource poor environments across temperatures, and that diets lower in DHA/EPA
improve opaleye aerobic performance but reduce warm tolerance in these scenarios.
Overall, this dissertation examines when, why, and how diet can influence thermal
plasticity in ectotherms. My results demonstrate that we must consider diet when evaluating
how ectotherms will respond to climate change, as both diet quality and quantity can
interactively affect thermal plasticity. These interactions vary depending on the timescale of
temperature exposure and the trait of interest. Given how understudied this topic is and the
broad implications of the work, I strongly encourage future work examining diet effects on

ectotherm phenotypic plasticity.



I. Chapter 1

1.0 Abstract

The environment is rapidly changing, and considerable research is aimed at
understanding the capacity of organisms to respond. Changes in environmental temperature
are particularly concerning as most animals are ectothermic, and so temperature is considered
a master factor governing their ecology, biogeography, behavior and physiology. The ability
of ectotherms to persist in an increasingly warm, variable, and unpredicTable future is
supported by their nutritional status. Nutritional resources (e.g., food availability, quality,
options) vary across space and time and in response to environmental change, but animals
also have the capacity to alter how much they eat and what they eat, which may help them
improve their performance under climate change. In this review, we discuss the state of
knowledge in the intersection between animal nutrition and temperature. We take an
integrative approach to describe nutritional mechanisms by which diet may impact thermal
performance and discuss the current knowns/unknowns about them. We performed a
comprehensive review of the literature which revealed that diet quality (i.e., macronutrients,
lipid composition, and micronutrients) can affect ectotherm thermal plasticity,
thermoregulatory behavior, diet preference, and thermal tolerance. We finish by describing

how this topic can inform ectotherm biogeography, behavior, and aquaculture research.
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Figure 1.1 Conceptual Figure illustrating ways in which temperature can influence
ectothermic animal nutrition and examples of each scenario. Temperature may impact
ectotherm nutrition by directly impacting food resources (e.g., food availability, food options,
food quality) or by affecting the nutritional requirements of the animal (e.g., specific nutrient
requirements, energy requirements). Importantly, in many cases, animals can respond to
changes in their food landscape or nutritional needs by adjusting how, when, what they
forage for and consume. This can occur through changes in the total amount they consume or
their diet selection.



1.1 Introduction

The Anthropocene is dramatically altering the nutritional landscape of many
ectothermic animals (Poloczanska et al., 2019). Human-impacts like habitat destruction,
overfishing, pollution, drought, and changing temperatures impact what food animals have
available to them and the nutritional quality of their prey. Food provides the energy and
nutrients that animals need to thrive, grow, reproduce, and respond to environmental
stressors. Changes in food availability and nutritional quality could profoundly impact animal
performance, particularly in the face of environmental change. However, animals have the
capacity to modify their diet to regulate their nutritional intake, and by doing so, they may be
able to improve their performance under suboptimal conditions. This review focuses
specifically on how diet impacts thermal performance in ectotherms, as temperature is one of
the most concerning environmental stressors influencing ectotherm physiology and ecology
(Brown et al., 2004; Fry, 1971; Hochachka & Somero, 2002). We address the state of
knowledge, critical gaps, principal physiological and biochemical mechanisms underlying

diet effects on thermal performance, and the implications of this work on ectotherm biology.

1.2 Ectotherm diets can change with temperature

Global climate change is altering ectotherm nutrition through changes in their food
availability, food options, prey quality, inter- and intraspecific interactions, and diet selection
(Figure 1; Birnie-Gauvin et al., 2017; Cross et al., 2015; Poloczanska et al., 2019; Rosenblatt
& Schmitz, 2016; Zhang et al., 2020). Food availability varies spatially and
temporally (Alton ef al., 2020; Arnold ef al., 2010; Birnie-Gauvin et al., 2017; Ho, Pennings

& Carefoot, 2010). Specific prey items can decline on local or global scales, and



temperature-induced changes in ecosystem structure can alter animal food options. These
changes are often environment and location-specific, so we are still learning the many ways
in which this occurs in nature. However, there are several reported predictions and examples
that have important conservation implications for ectotherms.

For example, marine heatwaves in the North American Pacific between 2014-2016
are implicated as the drivers of a wasting disease outbreak that decimated several sea star
species abundance, and reduced canopy forming kelp species in several regions (Beas-Luna
et al., 2020; Cavole et al., 2016). Extreme events, like this, can have lasting impacts on
community composition and allow for species invasions or range shifts; thus, altering food
options (Cavole ef al., 2016; Michaud, Reed & Miller, 2022). In tropical systems, multiple
anthropogenic stressors, such as overfishing of herbivores and omnivores, invasive species,
extreme weather events, and temperature rise, can shift reefs from coral dominated to algae
dominated, which impacts resource availability throughout the ecosystem (Burkepile & Hay,
20006). In terrestrial and freshwater systems, multiple stressors (including rising temperatures)
are reducing Pacific salmon returns, which is lowering seasonal nutrient influxes along the
pacific northwest of North America (Holtgrieve & Schindler, 2011). On land, temperature
rise is related to shifts in species abundance across tundra, grassland, and high latitude
ecosystems (Grim et al., 2013). Other human impacts may also affect food availability in
correlation with changes in temperature. For example, introductions of mosquitofish in
California, USA have caused dramatic declines in wetland zooplankton and
macroinvertebrates (Preston et al., 2017; Rodgers et al., 2019). Anthropogenic change may

also alter animal’s foraging success and/or opportunities (Huey & Kingsolver, 2019). These



examples represent just a few of the many ways in which food availability and food options
are shifting globally, but in context dependent ways.

The nutritional quality of the same diet item can also change with temperature
(Figure 1). For example, the global availability of the essential omega-3 fatty acids,
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), are expected to decline with
increasing temperatures due to climate change (Hixson & Arts, 2016; see section I'V: Lipids).
Warming may also affect dietary fat content. For example, in Tseng ef al. (2021), algae
raised in warmer water had lower amounts of neutral lipids. In another example, the
nutritional quality of giant kelp decreased with rising temperatures in California, USA
(Lowman et al., 2021), shifting from low carbon:nitrogen to high carbon:nitrogen (Lowman
et al.,2021). Changes in nutritional quality are not limited to primary producers. For
example, warmer temperatures are associated with higher cholesterol content in copepods in
Maine, USA (Hassett & Crockett, 2009), and lower carbon: phosphorus in Daphnia sp.
(Prater, Wagner & Frost, 2018).

While temperature can directly impact the nutritional landscape for animals, it also
can affect their nutritional requirements (Figure 1, e.g., energetic needs or specific nutrient
requirements). Importantly, some ectotherms change their diet preference and/or selection to
compensate for changes in their food quantity, food options, food quality, or their nutritional
needs (Boersma et al., 2016b; Carreira et al., 2016; Jang et al., 2015; Rho & Lee, 2017;
Schmitz & Rosenblatt, 2017; Vejtikova et al., 2016). Temperature may also impact diet
selection by altering the animal’s intra/inter-specific interactions, or ability to distinguish
prey items (Schmitz & Rosenblatt, 2017). Much of the focus of diet preference by

temperature research has explored why specific nutrient requirements in some ectotherms



appear to be temperature dependent. For example, some species prefer more carbohydrates
relative to protein in their diet under warmer conditions (Lee ef al., 2015; Rho & Lee, 2017;
see section IV: macronutrient ratios). In some cases, omnivorous aquatic ectotherms also
increase the proportion of plant to animal prey in their diet with temperature (Zhang et al.,
2020). Further, overwintering insects may consume higher amounts of unsaturated fats prior
to winter (Brankatschk ez al., 2018; see section I'V: Lipids). Clearly, diet can change in
correlation with or directly in response to temperature. These changes may have organismal
level consequences that scale to population, species, and ecosystem level effects. In the next

section we discuss the evidence for diet effects on ectotherm thermal performance.

1.3 Physiological Consequences of changing diet with temperature

To assess the state of knowledge of the intersection between diet and temperature on
ectotherm biology, we performed a comprehensive literature search (i.e., using multiple
iterative searches and including papers from reference lists of relevant literature). We looked
for experimental studies with >1 diet treatment and >1 temperature treatment in a factorial
design. Only diets that varied in nutritional composition (i.e. not only ration size or energetic
content) were considered. Studies with >1 diet treatment but only 1 temperature treatment
were also included if thermal limits or behavioral thermoregulation were measured. We
found 146 studies that fit these criteria. The results of this literature search are summarized in
Figure 2, 3.

Most studies were on juvenile fish (74 total fish studies: 50.7%), and assessed the
effects of lipid quality (37 studies; 25.3%) or macronutrient ratios (15 studies; 10.3%) on fish

thermal responses. Larval insects were the second highest studied age group and taxa (31



total insect studies; 21.2%), with most of the research centered on how macronutrient ratios
and temperature impact growth, consumption rates, and development rate. There is little
information about diet and temperature effects on other invertebrates, such as mollusks,
echinoderms, and crustaceans (Figure 2). While findings varied across studies, our search
revealed clear evidence that diet and temperature can interact to influence thermal
performance in ectotherms. To evaluate this evidence, we classified it into two categories:

thermal limits and sublethal effects (Figure 4 and 5).
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manipulations that were made across studies, while the right panel shows the breakdown by

age class examined.
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Figure 1.3 Breakdown of the diet x temperature literature based on what trait(s) were
measured. Colors indicate specific taxonomic groups.

1.3.1 Thermal limits
Studies of extreme thermal limits date back to Fry and colleague’s work in the 1940s

on the zone of thermal tolerance, which defines the range of temperatures over which
ectotherms can survive for short periods of time (Brett, 1944; Fry, Brett & Clawson, 1942;
Fry, 1957). Since its introduction, researchers have conducted thousands of thermal limit
studies across diverse taxa. Meta-analyses of these data have revealed global scale patterns
that have aided researchers and managers alike in identifying species, environments, and
populations most at risk under global climate change (Deutsch et al., 2008, Sunday et al.,
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2014; Sunday et al., 2019). Through this work, we have learned that resistance to extreme
temperatures generally increases with acclimation temperature, but that variation in thermal
tolerance and acclimation capacity exists across populations, congeners, and taxa (Stillman,
2003; Somero, 2010). Ectotherms living in more variable environments tend to have a higher
thermal breadth, while upper and lower thermal limits tend to be higher in ectotherms living
in warmer areas, close to the equator, compared to species living in temperate and polar
regions (Sunday, Bates, & Dulvy, 2011). As climate change increases the mean and
maximum temperatures that ectotherms experience (Poloczanska et al., 2019), those living in
some environments will be at greater risk of exposure to their thermal limits (e.g., intertidal
invertebrates, freshwater species, polar species, tropical species; Hofmann & Todgham,
2010). Despite the massive effort to define thermal limits across taxa, life stages, latitudes,
and environments, there has been surprisingly little research on the impact of diet on thermal
limits (Figure 1.4 and 1.5).

Thermal limits must be interpreted within the context of the exact method used
because the thermal history, rate of temperature change, and endpoint definition can alter the
results (Lutterschmidt & Hutchison, 1997). Very few studies have measured diet effects on
thermal limits with 9 papers using a standard LT or LT50 (endpoint: lethal temperature for
50% of study subjects) and 10 using a critical thermal limit test (endpoint: loss of
equilibrium; Figure 1.3-1.5; note that some papers used both LT and CT test). A small
number of studies measured static thermal tolerance, where ectotherms were exposed to a
heat or cold shock temperature, and their mortality rates (e.g., Harpaz, Becker & Blum, 1999;

Hoar & Cottle, 1952) or rates of immobilization (Coggins, Pearson & Yampolsky, 2021)
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were measured through time (not included in Figure 1.5). More recent studies have examined

cardiac
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Reaction
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Figure 1.4 Hypothesized ways in which diet may influence thermal limits (left panel) or
other traits (right panel) in ectotherms. Left: diet may influence the “zone of thermal
tolerance” by increasing or decreasing cold and warm tolerance limits. Right: diet could
impact ectotherms sub-lethally by affecting the height, breadth, or placement of thermal
performance curves for their biological rate processes (e.g., growth, locomotion,
reproduction, heart rate, digestion).

thermal tolerance using an Arrhenius breakpoint test for maximum heart rate (Dixon et al.,
2023; Hardison et al., 2021; Hardison, Schwieterman & Eliason, 2023; Papadopoulou ef al.,
2022; not included in Figure 1.5).

It is difficult to make generalizations about diet effects on thermal limits based on the
limited body of literature. Of the studies that have measured thermal limits, only one tested
them at more than one acclimation temperature (Hardison ef al., 2021). Most of the available
data is on aquaculture fish using formulated diets that varied in lipid composition. There is

evidence that lipid composition can modify thermal limits in fishes (Abdel-Ghany et al.,

2019; Craig, Neil & Gatlin, 1995; Gomez Isaza et al., 2019). For cold thermal limits, dietary
13



oil type (e.g., coconut, menhaden fish oil, saturated fish oil) altered LT50 in juvenile red
drum (Sciaenops ocellatus) by 5.5°C (from 9.4 to 3.9°C; Craig et al., 1995). Abdel-Ghany et
al. (2019) found similar results of oil type (e.g., fish oil, corn oil, coconut oil, oil mix) on
cold thermal limits in Nile Tilapia (Oreochromis niloticus) fingerlings, where LT50 ranged
from 8.5 (corn oil diet) to 15°C (coconut oil diet). Coconut oil is higher in saturated fats than
corn and fish oil. Highly unsaturated fats are associated with greater membrane fluidity,
while saturated fats are associated with higher membrane stability. This suggests that dietary
lipid composition can alter membrane thermal performance; a mechanism discussed in detail
in Section IV: Lipids.

Evidence for diet-mediated plasticity in upper thermal limits is equivocal, although
only a few studies have assessed it. Total lipid composition (10 vs. 20%) had a significant
effect on CTmax in juvenile barramundi (Gomez Isaza et al., 2019). However, the magnitude
of that difference was only 0.48°C (Gomez Isaza et al., 2019). Similarly, flies
(Pseudosarcophaga afinis) fed a diet high in saturated fats had a longer time to LT50 when
exposed to elevated temperatures compared to those fed a diet high in unsaturated fats
(House, Riordan & Barlow, 1958). Dietary supplementation of L-tryptophan and levan
increased CT and LTmax in Cirrhinus mrigala and Labeo rohita, respectively (Gupta et al.,
2010; Tejpal et al., 2014). Dietary S-alanine supplementation, which decreased
cardiomyocyte taurine uptake, led to an increase in CTmax in Brook Char (Salvelinus
fontinalis; Dixon et al., 2023). In contrast, CTmax and cardiac thermal limits were unaffected
by a brine shrimp or a brine shrimp with algae diet treatment after acclimation to 12 or 20°C
in opaleye (Girella nigricans) (Hardison et al., 2021) and oil type did not influence upper or

lower thermal limits in juvenile angelfish (Ikeda et al., 2011). Given the value of measuring
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thermal limits in ectotherms and the multiple potential mechanisms where diet may alter
them (see section IV), it is critical that we address this knowledge gap. We may be
overestimating thermal limits in ectotherms with reduced diet options due to anthropogenic
impacts. Alternatively, we may be underestimating thermal limits of ectotherms with higher
quality diets or more diet flexibility in the wild than what has been measured in the lab

(Figure 1.4).
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Figure 1.5 Thermal limit data from all fish studies where >1 diet treatment was used and
thermal tolerance was assessed using standardized methodology (for upper thermal limits:
CTmax, LTmax, LT50; for lower thermal limits: CTmin, LTmin). Values are plotted against
their acclimation temperature. Colors indicate a specific study and methodology for the end
point is indicated by the shape (either loss of equilibrium (LOE), lethal temperature 50
(LT50) or lethal temperature (LT)).

1.3.2 Sublethal effects of diet and temperature

While thermal limits define the extreme temperatures ectotherms can survive for
short periods of time, they do not capture sublethal effects of temperature on ectotherm
physiology and ecology. Thermal limits and maximum rate capacities are considered less

plastic than performance traits partitioned within those bounds (e.g., resting/standard
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metabolic rate, growth, consumption); a hypothesis termed ‘plastic floors and concrete
ceilings’ (Araujo et al., 2013; Hoffman & Sgro, 2012; Sandblom et al., 2016). These traits
provide insight into how population growth, species interactions, and behavior shift with
temperature. The higher plasticity of these performance traits also suggests that diet may
have a greater impact on them compared to thermal limits and maximum rate capacities.
Figure 1.3 summarizes the performance traits that have been measured across taxa in
diet by temperature studies. Most of what we know about diet by temperature effects is from
long term growth studies. The combined effects of diet and temperature on other fitness-
enhancing traits, such as metabolism, cardiac function, cognitive function, locomotory
performance, and immune function are understudied. Temperature effects on biological rates
can be described by acute thermal performance curves (TPC), where the rate typically
increases with an acute temperature increase until a peak, after which performance rapidly
declines with any further increases in temperature (Figure 1.4). TPCs provide valuable data
that can be used to inform models and management efforts for ecologically and
environmentally valuable species. However, there are several limitations involved in
extrapolating individual performance curves to larger ecological processes, including that
factors like diet, which are often not considered, can alter the shape (e.g., width, height) of
thermal performance curves and thermal sensitivity of reaction norms (performance at
acclimation conditions; Carreira ef al., 2020; Hardison et al., 2021; Huey & Buckley, 2022,
Sinclair et al., 2016, Figure 1.4). Further, different performance traits can be characterized by
unique TPCs (Clark, Sandblom & Jutfelt, 2013), which may create some important
performance trade-offs if a diet can maximize the performance of one trait at the cost of

maintaining high performance in another (Hardison ef al., 2021). Diet may also alter how
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quickly ectotherms are able to mount an acclimation response (Hardison et al., 2023) which
may be an important, but often overlooked factor in ectotherm thermal biology (Burton,
Ratikainen & Einum, 2022).

Physiological responses differ across taxa, age, biome, environment, and population,
making it difficult to generalize how diet interacts with temperature to affect ectotherm
physiology across traits. Below, we discuss these physiological responses and the potential
mechanisms driving diet impacts on thermal performance. By understanding why and how
diet affects thermal performance, we can make more accurate predictions about the sublethal

consequences of changing diet with temperature on important physiological processes.

1.4 Mechanisms of interaction between diet and temperature on ectotherm

physiology

1.4.1 Macronutrient Ratios

As temperature rises, so does baseline metabolism. To meet a rising metabolic
demand, ectotherms must take in more fuel. One way to accomplish this is by increasing
food intake, which has been demonstrated in many ectotherms across optimal temperatures
(Jutfelt et al., 2021). If only food intake changes with temperature, the overall energy intake
increases while macronutrient ratios, or the ratio of protein to lipid to carbohydrate in the
diet, remain the same. Interestingly, many ectotherms change their preferred macronutrient
ratios, in addition to consumption rates, with temperature (Devries & Appel, 2014; Lee et al.,
2015; Rho & Lee, 2017; Schmitz, Rosenblatt & Smylie, 2016).

The macronutrient ratio hypothesis (MRH) is a leading proposed explanation for why

ectotherms alter macronutrient preferences with temperature. MRH suggests that ectotherms
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preferred protein:carbohydrate changes in response to temperature (Devries & Appel, 2014;
Lee et al., 2015; Lemoine & Shantz, 2016; Schmitz et al., 2016; Rho & Lee, 2017; Rowe et
al., 2018); specifically, protein:carbohydrate decreases as temperature increases. Studies on
MRH emphasize a trade-off between high protein (thought to maximize growth) versus high
carbohydrate diets (thought to maximize energy pay-offs). MRH argues that as metabolic
demand increases with temperature, ectotherms require more efficient, easy to digest sources
of energy. Proponents of this hypothesis reason that carbohydrates are more efficient to
digest in warm conditions relative to protein because protein is not readily stored as fuel in
the body (it is more of a "use it or lose it" nutrient) and contains nitrogen (see section IV:
Limitations and future outlooks), while carbohydrates can easily be stored as glycogen and
do not contain nitrogen. (Lee et al., 2015; Rho & Lee, 2017).

Some studies have found support for MRH (Lee et al., 2015; Rho & Lee, 2017). For
example, Lee et al. (2015) tested the effect of variable protein:carbohydrate in caterpillar
(Spodoptera litura) diets across three temperatures (20, 25, 30°C). As the temperature
increased, the caterpillars preferentially ate higher carbohydrate diets. The researchers
compared performance under fixed-ratio diets to a choice diet and found that across
temperatures the choice diet generally maximized performance (in this case, development
time, pupal mass, and survival rate).

An alternative to the MRH is that higher-protein diets will be preferred as
temperatures increase, to maintain maximal growth and protein turnover in response to an
individual’s rising metabolic demands (Devries & Appel, 2014; Lemoine & Shantz, 2016;
Schmitz et al., 2016; Rowe et al., 2018). In support of this hypothesis, Schmitz et al. (2016)

found that juvenile grasshoppers (Melanoplus femurrubrum) preferred higher

18



protein:carbohydrate at hot temperatures and lower protein:carbohydrate in response to
increased predation risk (due to a higher metabolic demand). They hypothesized that juvenile
grasshoppers consumed more protein at higher temperatures to maximize growth and
thereby, minimize predation risk, since adult grasshopper experience less predation risk
compared to juveniles. This was supported by their finding that differences in
protein:carbohydrate preference between predator exposed and non-exposed grasshoppers
decreased as temperature increased. Similarly, Devries & Appel (2014) found that silverfish
insects (Lepisma saccharina) preferred proportionally higher amounts of protein and lipid
over carbohydrates in their diet as temperature increased.

Recent studies have proposed a derivative of the MRH, called temperature metabolic
stoichiometry hypothesis (TMS hypothesis), which argues that ectotherms will preferentially
consume higher carbon diets (relative to nitrogen and phosphorus) due to their rising
metabolic demands (at the direct cost of growth) as temperatures increase (Boersma et al.,
2016b; Malzahn, Doerfler & Boersma, 2016; Zhang et al., 2020). The TMS hypothesis
follows similar logic to the MRH; however, empirical evidence for this hypothesis is limited
(Boersma et al., 2016b; Malzahn et al., 2016). Anderson et al. (2017) tested the TMS
hypothesis using a modeling approach and found no evidence that zooplankton diets shift to a
higher carbon:nitrogen ratio with temperature. Anderson et al. (2017) discussed how
previous stoichiometric models assumed that consumption rates would not change with
temperature. When Anderson et al. (2017) did not account for changes in consumption with
temperature, their model supported the TMS hypothesis, but once they incorporated
temperature effects on consumption rates, the models predicted that optimal carbon:nitrogen

would not change with temperature. Importantly, the researchers still supported the
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hypothesis that ectotherms require more carbon as temperature increases. However, they
reasoned that the effect of having higher consumption rates in warmer conditions leads to
enough excess carbon in the diet that ectotherms do not have to change their preferred
stoichiometric ratio (Anderson et al., 2017). For additional reading, Cross et al. (2015) wrote
a review of how stoichiometric ratios and temperature may interact, using ecological
stoichiometry and metabolic theory to explain how interactions of stoichiometry and
temperature on an individual level can scale to whole ecosystem effects.

Ruiz et al. (2020) also expanded on the TMS hypothesis, contending that
stoichiometric preference follows a U-shaped response with lower carbon to phosphorus
ratios (corresponding with higher growth) being advantageous at optimal temperatures for
growth. Outside the optimal thermal range for growth, the need to consume high carbon
relative to phosphorus increases. Ruiz et al. (2020) tested this hypothesis using a modeling
and experimental approach in Daphnia sp. and found support for the U-shaped response.
Other traits are also affected by macronutrient concentrations and may create important
performance trade-offs for varying dietary protein:carbohydrate outside of those predicted by
the MRH and TMS hypothesis (Kutz, Sgro & Mirth, 2019). Using a nutritional geometry
framework, Kutz et al. (2019) demonstrated that developmental temperature interacted with
dietary protein:carbohydrate in trait-specific ways in larval Drosophila melanogaster. They
generated an impressive 36 diets that varied in protein:carbohydrate and energetic content
and measured development time, viability, and adult size and morphology after acclimation
to 25 or 28°C. At the current summer temperature (25°C), fly performance was optimal
across a wide nutritional space. However, when flies were reared under a climate-change

scenario temperature (28°C), there were fewer dietary protein:carbohydrate ratios that
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maximized fly performance. This suggests that suboptimal temperatures may limit the diet
options capable of maximizing an animal’s performance. Similarly, cold acclimated Daphnia
sp. had a wide and flattened growth curve in response to being fed a range of
carbon:phosphorus in the diet (Laspoumaderes et al., 2022). However, in warm, the water
fleas’ growth was maximal across a smaller number of diets (Laspoumaderes et al., 2022).
The author’s contend that the optimal ratio of carbon:phosphorus depends on the thermal
sensitivity of metabolic rate, growth, and ingestion, where a higher carbon:phosphorus is
required when an animal’s thermal sensitivity for metabolism exceeds that of ingestion or
growth (Laspoumaderes ef al., 2022). A similar nutritional framework was used in Rowe et
al. (2018) to determine how dietary protein:carbohydrate impacted resting and active
metabolic rate in Damselfish (4budefduf vaigiensis). While the nutritional geometry
framework is experimentally challenging due to the large number of treatments, it provides a
more complete picture of how nutrition and temperature may interact and allows for

determination of complex and multi-optima nutritional effects.

1.4.2 Limitations and future outlooks:

In addition to mixed support, there are several noteworthy limitations to the MRH and
TMS hypothesis. For example, most studies have been conducted on ectotherms in the larval
or juvenile stage. Growth rates change throughout life history, so the cost and benefit of
higher growth compared to higher energy yielding diets may differ with age. Second, MRH
focuses on dietary protein:carbohydrate but does not discuss the effect of lipid composition,
which is also undoubtably important, especially in marine environments, where lipids are a

more bioavailable energy source than carbohydrates and some aquatic animals have lower
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glucose tolerance (Steinberg, 2022; Turchini et al., 2022). Overall, there is a clear need for
more macronutrient by temperature research across environments, taxa, and age classes.

A third limitation is that these hypotheses do not account for variation in nitrogen
excretion across taxa. Protein is the only metabolizable macronutrient class that contains
nitrogen. This nitrogen is released as ammonia during protein catabolism which becomes
toxic if left to accumulate and thus must be excreted or converted to less toxic compounds
(e.g. uric acid, urea). Ammonia production is directly related to the amount of protein
catabolized (Randall & Wright, 1987). Consequently, ectotherms consuming high protein
diets excrete more nitrogen than those consuming low protein diets. Most terrestrial animals
are either ureotelic (excrete urea) or uricotelic (excrete uric acid), while many aquatic
organisms are ammoniotelic (excrete ammonia). The production and excretion of urea and
uric acid are much more energy expensive than the excretion of ammonia (Randall & Wright,
1987). This difference in nitrogen waste removal may reduce the cost of consuming high
protein diets at high temperatures in ammoniotelic animals and could explain some of the

observed differences in macronutrient selection across taxa.

1.4.3 Lipids

Lipid quality can impact thermal limits and other sublethal thermal performance traits
in ectotherms (Abdel-Ghany et al., 2019; Craig et al., 1995; Geiser, Firth & Seymour, 1992;
Hassett & Crockett, 2009; Hoar & Cottle, 1952). Lipids play a key role in cell membranes,
cell signaling, gene regulation, energetics, and more. As membrane fluidity rises with
temperature, ectotherms undergo a process called homeoviscous adaptation to optimize their
membrane performance. This can occur through multiple mechanisms, including remodeling
the components of their cell membranes by exchanging phospholipids, inserting cholesterol
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into membranes, modifying lipids through processes like acetylation or altering membrane-
bound protein concentrations (Hochachka & Somero, 2002). A common mechanism of
homeoviscous adaptation is to adjust the composition of fatty acids in the membrane. As
fatty acid tail length and degree of saturation increases, so does the interaction strength (due
to van der waals interactions) between acyl chains in membranes (Hochachka & Somero,
2002). This means that longer and more saturated fatty acids in the diet decrease membrane
fluidity, while unsaturated fatty acids and fatty acids with short acyl chains in the diet
increase membrane fluidity (Hochachka & Somero, 2002).

There is evidence to support the hypothesis that dietary fatty acid composition can
influence thermal performance in ways predicted by homeoviscous adaptation. For example,
Hardison et al. (2023) found that opaleye fish (Girella nigricans) acclimated to 12 or 20°C
and fed brine shrimp, algae or both, assimilated different fatty acids into their hearts. Fish
with more ventricular unsaturated fats had greater maximum heart rates (i.e. improved
performance) under cold acclimation, but lower maximum heart rates under warm
acclimation (Hardison ef al., 2023). Brankatschk et al. (2018) also found evidence of
homeoviscous adaptation affecting diet preference in Drosophila sp. Interestingly, the flies
preferred plants, which were high in unsaturated fats, compared to yeast at cold “winter”
temperatures (12°C). Plant consumption was associated with higher cold tolerance (e.g.,
greater mobility, higher overwinter survival) and greater tissue PUFA content. Here, the flies
preferentially chose a diet based on fatty acid composition and did so in ways that maximized
survival overwinter. These results are consistent with those from other overwintering insects,
where they increase unsaturated fatty acid composition in winter to ensure sufficient fluidity

for lipid metabolism to occur and membrane composition to stay functional (Sinclair &
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Marshall, 2018). These findings beg the untested question of whether dietary generalist
species have a wider thermal breadth than specialists with constrained diet options. Further,
the incentive to adjust diet preference to assimilate different lipids with temperature may be
stronger for ectotherms living in environments that experience extreme daily or seasonal
temperatures.

It can be energetically expensive to alter the length and degree of saturation for fatty
acids or synthesize lipids de novo (Secor, 2009), and many animals cannot synthesize certain
lipids and must assimilate them from their diet (for relevant review in fish: Turchini ef al.,
2022; in insects: Sinclair & Marshall, 2018). As such, ectotherm tissue lipid composition
often differs depending on its dietary lipid composition (examples: Alhazzaa et al.,

2013; Atwood et al., 2003; Craig et al., 1995; Farkas et al., 1980; House et al., 1958; Vagner
et al., 2019). However, many ectotherms are capable of mounting a high degree of lipid
regulation and tissues can be differentially affected by dietary lipid deficiencies (Skalli et al.,
2006). For instance, Skalli et al. (2006) found that dietary deficiency of certain essential fatty
acids had a larger impact on the fatty acid content of muscle, liver, and gills than that of the
eye and brain tissue in juvenile European sea bass (Dicentrarchus labrax). While many
ectotherms have some capacity to alter acyl chains through desaturase or elongation activity
or prioritize lipid deposition to specific tissues, there is still a strong energetic incentive for
ectotherms to alter their diet strategy if they are placed in temperatures where their current
diet has a sub-optimal lipid profile, as seen in Brankatschk et al. (2018). This energetic trade-
off of synthesizing versus assimilating specific lipids can have consequences on growth. For
example, dietary deficiency of omega -3 fatty acids in Atlantic salmon (Salmo salmar)

resulted in higher bioaccumulation of DHA (i.e., the fish had to spend energy to convert
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ALA to DHA) and consequently lower growth (Zavorka et al., 2021). These types of
energetic trade-offs may be exacerbated in extreme conditions, such as overwinter, where
survival is contingent on successful accumulation and regulation of energy stores.

Other lipids, aside from fatty acids, can provide important performance enhancements
at suboptimal temperatures. Hassett & Crockett (2009) found that copepod growth was
limited by dietary cholesterol content in both their cold (6°C) and warm (25°C) treatment
temperatures. Hassett & Crockett (2009) also sampled the cholesterol content of 9 species of
copepods across a range of habitat temperatures and found a positive correlation between the
amount of cholesterol in the copepod and its habitat temperature as well as the species upper
thermal tolerance.

While we have discussed the effects of dietary lipid quality on ectotherm thermal
performance, there is no consensus on how optimal dietary lipid quantity changes with
temperature. In Jonsson et al. (2013), Atlantic salmon consuming diets with higher a
proportion of lipids and a lower proportion of indigestible materials (e.g., cellulose, rutin)
exhibited higher growth rates, faster development times, and quicker maturation times
regardless of the treatment temperature. However, in a similar study on Rohu, the optimal
lipid concentration changed with temperature (Mishra & Samantaray, 2004). In yet another
study by Sealey et al. (2012), juvenile suckerfish fed high lipid diets had higher growth rates
than those fed low lipid diets across temperatures and dietary protein content. However, the
fish fed the highest protein and lipid diet had reduced thermal tolerance at the warmest
treatment temperature. Other studies have found similar trends, where high lipid content does

not necessarily confer high performance (Guerreiro et al., 2012).

1.4.4 Limitations and future outlooks
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Previous studies have revealed that at least some ectotherms are capable of
preferentially selecting diets based on their lipid composition at different temperatures and
that lipid composition can (but does not always) affect performance in ways predicted by
homeoviscous adaptation. However, there are several gaps in our understanding of dietary
lipid effects on ectotherm thermal biology. Most lipid research has focused on the effects of
fatty acids on growth and thermal limits. These studies were most often performed on
juvenile aquaculture fish using formulated diets that varied in dietary oil type (see section V:
Aquaculture). However, it is important to consider the diverse roles lipids play in cell
biology. Fatty acids are the backbone of many different lipid classes that perform a host
diverse of cellular and organ level functions. For example, phospholipids and sterols are key
components of biological membranes, triacylgycerides are commonly used in energy storage,
certain LC-PUFA can regulate metabolic gene expression by binding to various transcription
factors (Hochachka & Somero, 2002; Turchini ef al., 2022). Lipids are also a primary energy
source for most fishes, but digestive energetics differs across lipid classes (Turchini et al.,
2022). The more hydrophobic a lipid is, the more difficult it is to digest and assimilate,
meaning saturated fatty acids, longer chain fatty acids, and wax esters, are less digestible
than polyunsaturated fatty acids, short-chain fatty acids and triacylglycerides (especially at
lower temperatures) (Bogevik et al., 2010). Lipids also vary in their energy density, with
longer chain saturated fats providing greater energy per unit molecule than short chain or
unsaturated fats. From what we know about homeoviscous adaptation, and the energetics of
lipid biosynthesis, and assimilation, it follows that ectotherms limited to diets containing sub-

optimal lipid quality and quantity at a given temperature may have a reduced capacity for
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membrane plasticity and impaired metabolism, which could scale to whole animal
performance.

It is also important to consider the timescale with which dietary lipids affect
performance, especially for ectotherms living in variable environments. Homeoviscous
adaptation occurs rapidly in some ectotherms (Williams & Hazel, 1994; Wodtke & Cossins,
1991). For example, Williams & Somero (1996) found that Mytilus californianus (an
intertidal mussel native to the West Coast of the United States) remodeled its phospholipid
membrane during tidal cycles in a matter of hours and did so repeatedly. This acute response
suggests that lipid remodeling may be an everyday coping mechanism used by ectotherms
living in highly variable environments. If ectotherms do not have access to the pool of lipids
needed to elicit these responses, then rapid membrane plasticity may either not be possible,
or require de novo synthesis using desaturases or elongases. Ectotherms in variable
environments may prefer diets with high lipid content and diversity to facilitate rapid
membrane plasticity, although this remains to be tested.

Finally, lipid composition may affect metabolic signaling and stress at suboptimal
temperatures. Reactive oxygen species (ROS) can cause damage to cell membranes through a
process called lipid peroxidation (LPO; oxidative degradation of lipids). Fatty acids vary in
their vulnerability to LPO, where polyunsaturated fatty acids are especially vulnerable and
are associated with shortened lifespans in some species (Hubert, 2008; Munro & Blier,
2012), and increased activity of antioxidant enzymes (Gourtay et al., 2020). Higher
concentrations of protein and lipid in the diet are associated with higher ROS production, and
ROS production often increases with temperature (Coggins et al., 2017; Hwang & Lin,

2002). Importantly, antioxidants, like vitamin C and vitamin E, can counteract ROS and
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reduce LPO (see Section IV: Other dietary nutrients, supplements and signaling molecules).
The known effects of temperature and dietary antioxidants are discussed in the next section.
However, the interactions between temperature, dietary lipid quality, antioxidant

concentrations and capacity in the diet are unknown and require further investigation.

1.4.5 Other dietary nutrients, supplements and signaling molecules

Beyond broad macronutrients, numerous other dietary components (e.g. vitamins,
minerals, specific nutrients, signaling molecules) could potentially alter thermal performance
in ectotherms. There are a handful of studies that have explored the interactive effects of
temperature and one specific nutrient or signaling molecule on performance, with mixed
results. The primary motivation for this work has been to inform aquaculture feeding regimes
for economically valuable species. Much of this research has explored antioxidant content
and amino acids or their derivatives on growth and tissue quality (for flavor) across
temperatures.

Antioxidants (i.e., Glutathione, Vitamin C, Vitamin E, Spermine, etc.) scavenge
reactive oxygen species (ROS). As temperatures rise, ROS production generally increases
(Coggins et al., 2017; Hwang & Lin, 2002). Extreme acute and prolonged cold exposure can
also induce oxidative stress (Lu et al., 2019). Therefore, diets with higher antioxidant
concentrations may benefit organisms that are under thermal stress by increasing their
antioxidant capacity. This has been tested in a small number of studies. Coggins et al. (2017)
examined the effect of the antioxidant, glutathione, supplementation on thermal tolerance,
antioxidant capacity, and lipid peroxidation (LPO) in Daphnia sp. and found that as
glutathione concentration increased, so did Daphnia sp. antioxidant capacity. However,

glutathione supplementation did not alter the flies LPO or thermal tolerance. Similarly, [lham
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& Fotedar (2016) found that selenium supplementation (Se is an element in glutathione
peroxidase, which is a vital antioxidant enzyme in red blood cells) increased growth at lower
temperatures and red blood cell count and glutathione peroxidase activity across
temperatures in yellowtail kingfish (Seriola lalandi). Further, Hwang & Lin (2002) tested the
effects of vitamin C supplementation on TBARS (a by-product of LPO) at 25 and 35°C. The
35°C treatment caused higher LPO, which was reduced by dietary addition of vitamin C.
Finally, Lu et al. (2019) found that antioxidant supplementation in zebrafish (Danio rerio)
diets increased the fish’s survival and liver catalase activity during a cold shock experiment
relative to control diets. In contrast to these studies, Olsen, Lovaas & Lie (1999) tested the
interactive effects of the antioxidant spermine, dietary PUFA content, Vitamin E
concentration, and acclimation temperature (0.6 and 12°C) on Arctic Char (Salvelinus
alpinus) and found no evidence that increasing vitamin E above baseline levels or
supplementing the diet with spermine altered oxidative stress (measured using TBARS
assay) across temperatures. While there is evidence that antioxidant supplementation can
increase antioxidant capacity, the impacts of this on performance, oxidative stress and
thermal tolerance were less consistent across studies and may depend on whether the
acclimation temperature fell within the optimal range for the species.

Other studies have investigated how dietary concentrations of essential and non-
essential amino acids (e.g., L-Carnitine, L-Tryptophan, -alanine) alter performance in
ectotherms. However, there are only a few studies that have assessed whether these dietary
requirements change with temperature. For example, Akhtar et al. (2013) found that dietary
supplementation with L-tryptophan mitigated the effects of thermal and salinity stress in the

fish, Rohu (Labeo rohita). In another example, Lamb & Loschiavo (1981) observed an
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interactive effect of dietary lysine concentration and temperature on development rates in
larval beetles (Tribolium confusum), with high lysine plus high temperature treatments
conferring the fastest development times. Finally, in Dixon et al. (2023), brook char
(Salvelinus fontinalis) fed a f-alanine supplementation to reduce cardiomyocyte taurine
uptake, experienced a reduction in maximum heart rate across a thermal gradient, and
improved upper thermal limits. There are many amino acid derivatives which could influence
thermal acclimation responses in ectotherms. For example, L-carnitine (important in lipid
metabolism) supplementation in cichlid fish (Pelvicachromis pulcher) diets increased
survival rates during a cold shock experiment (Harpaz ef al., 1999). In contrast, Dzikowski et
al. (2001) tested the effect of L-carnitine supplementation on guppy reproductive success

across temperatures and found no effect of the diet on reproduction.

1.4.6 Limitations and future outlooks

It is resource and time intensive to study how the dietary concentration of one
nutrient at a time impacts thermal performance. The best model species for this type of work
are ones where large numbers of replicates and treatments can easily be maintained (e.g.,
insects and small crustaceans). However, it is also essential that similar studies are conducted
on vertebrate and larger invertebrate taxa to account for inter-taxon variation in nutritional
and thermal biology. Importantly, different performance traits can be characterized by unique
thermal performance curves (Clark et al., 2013; Hardison ef al., 2021). Therefore, the
optimal concentration of certain amino acids (or their derivatives) for growth may not be the
optimal concentration for thermal tolerance or fecundity. One sector that may have the

resources and incentive for this work is aquaculture (see section V: Aquaculture). Clearly,
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more research is needed regarding the combined effects of temperature and vitamins,
minerals, and other specific nutrients.

Another unexplored area is the relationship between dietary hormones and
temperature. In ectotherms, endogenous hormone production and activity are temperature
sensitive (Farrell, 2011), and exogenous hormones from food can be assimilated and may
have interactive effects with environmental conditions. To illustrate this, consider thyroid
hormone, which regulates thermal acclimation responses in zebrafish (Danio rerio) and
cannot be synthesized de novo by some invertebrates, such as some larval echinoderms
(Little et al., 2013; Little & Seebacher, 2014). Dietary thyroid hormone alters growth and
proximate body composition (i.e., lipid, water, protein, ash content) in red drum (Sciaenops
ocellatus) (Moon, MacKenzie & Gatlin, 1994) as well as the development rate and
metabolism in many marine invertebrates (Little & Seebacher, 2014). Therefore, thermal
acclimation responses may be affected by dietary thyroid hormone concentration, especially
in ectotherms that do not synthesize thyroid hormone de novo. Thyroid hormone is just one
of many hormones that could be assimilated from the diet and interact with temperature to
alter performance in ectotherms.

Finally, dietary microRNAs (miRNAs) could potentially impact thermal performance
in ectotherms, though there is minimal research exploring this possibility to date. MiRNAs
are small, non-coding RNAs that act by silencing genes and thus play a key role in many
biological processes such as cell differentiation, apoptosis, immune function, reproduction,
and the stress response (Raza et al., 2022). In fish, miRNAs have been discovered to be
differentially expressed in response to cold and warm temperatures (Raza et al., 2022) and

have been suggested to potentially target regulatory enzymes for glucose and lipid
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metabolism (Blodorn et al., 2021). Traditionally, miRNAs were considered to be synthesized
and utilized endogenously; however, there is increasing evidence that miRNAs can be
incorporated from exogenous sources to act as cross-kingdom gene regulation (Zempleni et
al., 2015; Zhang et al., 2019). For example, the parasitic plant Cuscuta campestris can
transport miRNAs to their host plants to silence host genes and enhance C. campestris
growth (Shahid et al., 2018). MiRNAs from food can also be absorbed through the digestive
system, into the circulatory system and delivered to tissues (Zhang et al., 2019). However,
evidence of dietary miRNAs playing a functional role is equivocal in humans and animals
(Zhang et al., 2019), and thus, dietary miRNAs remain an exciting avenue for future

investigation.

1.4.7 Digestive Physiology

Ectotherm digestive systems are diverse and vary as a function of age, sex, diet
strategy, species, taxa, environmental conditions, body size, and more (Andrade et al., 2005;
Starck, 2003). However, the multifunctional digestive system is ubiquitously important for
nutrient uptake, osmoregulation, immune function and represents a substantial proportion of
ectothermic energy budgets (Andrade et al., 2005; Grosell, Farrell & Brauner, 2010). For
example, the gut in some fish is estimated to receive 25% of cardiac output in non-digesting
individuals (Farrell, 2016). While the separate effects of diet and temperature on digestive
physiology have been extensively studied in ectotherms, their combined effects remain
poorly understood.

The metabolic cost of digestion, or specific dynamic action (SDA), is the increase in
metabolism that occurs during the consumption, digestion, absorption, and assimilation of a

meal (Secor, 2009). It is well documented that SDA is positively correlated with the
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energetic content of a meal and meal size (Secor, 2009). However, other diet-specific impacts
on SDA are uncertain due to discrepancies in findings across studies. For example, protein
digestion, assimilation, and synthesis are considered to make up a large portion of the SDA
response, with several papers supporting this hypothesis (for an extensive review see Secor,
2009; Andrade et al., 2005); however, there are also studies that report no differences in SDA
in response to changes in dietary protein concentration (using isocaloric diets with varying
protein to lipid ratios in rainbow trout; Eliason, Higgs & Farrell, 2007). This makes
determining the ultimate cause for differences in SDA even more challenging for diet and
temperature effects. To date, one study measured SDA for different meal types across
temperatures (Pérez-Casanova, Lall & Gamperl, 2010). Pérez-Casanova et al. (2010)
measured SDA in Atlantic cod and haddock (Gadus morhua L. & Melannogramus) in
response to different dietary protein to lipid ratio at 2, 6, and 11°C. While diet did not affect
the SDA response, temperature increased resting metabolism and total SDA. Notably, the
researchers used isoenergetic diets with relatively small differences in macronutrient content
(11 versus 16% lipid), and measured SDA on fish fed to satiation (i.e., meal size was not
standardized to body mass; Pérez-Casanova et al., 2010).

While diet and temperature can separately alter the overall SDA response, it is
difficult to resolve the mechanism underlying those differences or predict their interactive
effects. The digestion and assimilation efficiency of specific nutrients/macronutrients can
change with temperature in complex ways. For instance, Plasman et al. (2019) measured the
overall SDA response in lizards (Agama atra) held at 20, 25, or 32°C. Consistent with known
temperature effects, peak SDA increased and gut passage rates decreased at higher

temperatures (although total SDA did not change). While total SDA was the same, protein
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assimilation increased, and both lipid and protein were oxidized on different timescales, with
proteins being metabolized first across temperatures (Plasman et al., 2019). In Clissold,
Coggan & Simpson (2013), locusts (Locusta migratoria) had completely different patterns of
macronutrient digestibility when fed kangaroo grass (Themeda triandra) or wheat seedlings
(Triticum aestivum) after acclimation to 32 or 38°C. Carbohydrate absorption was higher at
32°C, while protein absorption was higher at 38°C, but only in locusts fed kangaroo grass. In
wheat seed fed locusts, the ratio of carbohydrate to protein absorbed did not change with
temperature.

We identified a small number of studies that measured diet by temperature effects on
other measures of digestive physiology, with mixed results. For example, Castafieda ef al.
(2006) did not find a difference in intestinal morphology or multiple digestive enzymes
(i.e., aminopeptidase-N and maltase) between Chilean Giant Frog tadpoles (Caudiverbera
caudiverbera) fed rat chow or spinach. However, temperature altered digestive enzyme
activity and higher temperatures were associated with shorter gut lengths compared to cold
treated tadpoles (Castaiieda et al., 2006). Similarly, inclusion of prebiotic
fructooligosaccharides did not affect most digestive enzymes (e.g., lipase, a-Amylase) or gut
morphology in Gilhead sea bream (Sparus aurata) held at 18 or 25°C, with an exception of
an interactive effect of diet and temperature on total alkaline protease activity in the posterior
gut (Guerreiro et al., 2016). In contrast, Mazumder et al. (2018) found that diet (pellet vs.
shrimp) and temperature had separate (but not interactive) effects on relative gut length and
pepsin activity in malabar blood snapper (Lutjanus malabaricus), where pepsin activity was

higher in the shrimp diet and relative gut length was lower. These results demonstrate how
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complex the combined effects of diet and temperature are on digestive physiology, and how

little we currently know about when and how interactions between the two manifest.

1.4.8 Limitations and future outlooks

Our search revealed that there is an urgent need for more research on diet and
temperature effects on digestive physiology in ectotherms. A few considerations are listed
below. First, some animals can supplement consumption with nutrient absorption directly
from the environment (Blewett & Goss, 2017; Glover, Blewett & Wood, 2016). For example,
some animals can absorb amino acids through their skin (Glover et al., 2016), or gills
(Blewett & Goss, 2017), which should be considered within their energy budget across
temperatures. Second, energetic investments in digestive tissue maintenance and function
vary with diet strategy. For example, herbivores have longer guts than closely related
omnivores, and carnivorous (Caruso & Sheridan, 2011; Horn, 1989). Gut morphology and
surface area are also plastic traits that can change in response to both diet and temperature
(Behrens & Lafferty, 2012; Mazumder et al., 2018). In herbivores, the cost of digestive tissue
maintenance may be higher than that of carnivores. These hypotheses have yet to be tested
but highlight avenues to explore. We should also pursue integrative studies that assess
several measures of digestive physiology across levels of biological organization (from
cellular to metabolism to growth). This will help to clarify diet and temperature effects on
digestion, assimilation, and SDA relative to an individual's overall energy budget.

Ectotherms may also modify their diet selection or ingestion rate to ensure that their
overall energy budget is not constrained. As temperatures warm, standard metabolic rate (i.e.,
the energy required for basic maintenance functions such as protein turn-over, respiration)

typically increases exponentially while maximum metabolic rate (i.e., the peak metabolism
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possible) increases to a point and then usually plateaus or declines. The difference between
maximum and standard metabolic rate is termed the aerobic scope, which represents the
aerobic capacity of an animal to perform fitness-enhancing tasks (e.g., locomotion, digestion,
reproduction). During post-prandial metabolism, oxygen uptake increases until peak SDA
(which scales with meal size). Any remaining aerobic scope during digestion is termed the
post-prandial aerobic scope, and represents the remaining capacity of animals to allocate
oxygen to other activities (e.g. exercise, vigilance against predators, foraging, etc). At
suboptimal temperatures, an animal’s aerobic scope can decrease, while simultaneously, it’s
energetic capacity to effectively digest/assimilate a meal and perform other fitness-enhancing
activities becomes constrained. In this case, animals may consume smaller meals to conserve
their energetic capacity for other fitness enhancing functions (Eliason, Van Wert &
Schwieterman, 2022; Jutfelt et al., 2021, Norin & Clark, 2017). Alternatively, a novel idea
that remains to be explored is that under thermal stress, animals may alter their diet choices
to less energetically expensive options (i.e., to reduce peak SDA) and conserve their post-
prandial aerobic capacity. It should be noted, though, that 1) at extreme temperatures,
animals often cease feeding entirely and 2) there are noTable exceptions to these ideas, like
lionfish (Pterois sp.), which appear to be released from predation pressure and eat maximally

even under thermal stress (e.g., Steell et al., 2019).

1.4.9 Microbiome

The microbiome has wide-ranging effects on host physiology, with studies
demonstrating a role for microbiota in host digestive performance, health, locomotory
performance, cardiovascular function, growth, development, behavior, and even thermal

tolerance (Fontaine, Mineo & Kohl, 2022; Henry & Colinet, 2018; Kohl & Carey, 2016;
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Moeller et al., 2020; Semova et al., 2012; Schretter et al., 2018). Ectotherm intestinal
microbiomes are fascinating communities because they must tolerate the same changes in
environmental conditions as their host (e.g., temperature, salinity), while simultaneously
coping with variation in nutrient availability (i.e., host diet), and habitat structure (i.e.,
intestinal morphology). There is ample evidence that both temperature and diet can
separately affect gut microbiome composition, but their combined effects remain poorly
understood (Ayayee et al., 2020; Bestion et al., 2017; Fontaine, Novarro & Kohl, 2018;
Piazzon et al., 2017; Ramsby et al., 2018).

Diet accounts for a significant proportion of observed variability in microbiome
composition in wild animals (Clements et al., 2014; Kohl & Carey, 2016; Piazzon ef al.,
2017). Microbes can alter host physiology through metabolite signaling (i.e., SCFA's, amino
acid derivatives, vitamins, etc.), and the activity of the microbiome and production of these
molecules depends on host nutrition (Kohl & Carey, 2016). For temperature, ectotherm
microbiomes are subject to the same temperature changes as their hosts, which can have
profound impacts on microbial physiology and microbiome community composition and thus
host physiology (Trevelline et al., 2019; Amphibian: Fontaine ef al., 2018; reptile: Bestion et
al., 2017; Moeller et al., 2020; Sponge: Ramsby et al., 2018).

There is evidence that diet and temperature mediated changes in gut microbiome
composition can have functional consequences on animal performance, although much of
this evidence is correlative. For example, Ayayee et al. (2020) found that diet altered both
standard metabolic rate and microbiome composition in cockroaches, with evidence that the
microbiome's function also changed in response to diet. Aquaculture studies have

demonstrated a more direct role of diet in modifying microbiome function (Piazzon ef al.,
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2017). For temperature, lizards (Zootoca vivipara) held under a natural or climate change
scenario temperature treatment and found that increased temperature caused a 34% reduction
in the gut microbiome's species diversity (Bestion et al., 2017). Notably, survival rates
among the lizards over a year later were positively correlated with microbiome species
diversity. Similarly, wild-caught western fence lizard (Sceloporus occidentalis) microbiome
composition changed with experimental warming and microbiome composition was
associated with heat tolerance in the lizards (Moeller et al., 2020). Fontaine et al., (2018)
found similar effects of increasing temperature on the gut microbiome of salamanders
(Plethodon cinereus), where lower microbial diversity was observed at sub-optimal
temperature treatments. For organisms like corals, whose health is reliant on microbial
symbionts, temperature alters coral health directly through coral bleaching, where the coral
rejects its symbiotic partners in response to elevated temperatures. Interestingly, Rosado et
al. (2019) found that corals (Pocillopora damicornis) inoculated with beneficial microbes
had lower levels of bleaching at high temperatures and reduced bleaching in response to
pathogen challenge. Similarly, the aphid, Acyrthosiphon pisum, had thermal limits that were
determined by the lethal temperature of their symbiotic Buchnera aphidicola (Dunbar et al.,
2007).

Our search identified only three studies that explored the simultaneous effects of diet
and temperature on microbiome composition. One study independently assessed diet and
temperature effects on abalone (Haliotis discus hannai and H. discus hannai x H. fulgens
hybrids) microbiomes (i.e., non-factorial design; Wang et al., 2020). The core microbiome in
their study remained sTable, but there were some differences in microbiome composition in

response to diet and temperature. In Guerreiro et al. (2016), dietary inclusion of
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prebiotic fructo-oligosaccharides did not influence microbiome composition in Gilhead sea
bream (Sparus aurata) held at 18 or 25°C. A third study assessed how dietary lipid
composition and environmental temperature (20 and 26°C) impacted microbiome
composition in yellowtail kingfish (Seriola lalandi) (Soriano et al., 2018). Diet and
temperature interactively influenced microbiome composition, where the diet with the
highest lipid content rescued the harmful effects that the lower (20°C) temperature treatment
had on microbial diversity. It should be noted that the results of this study demonstrated a
stronger effect of temperature than diet, but the authors argue that this was because their diet

treatments were quite similar.

1.4.10 Limitations and future outlooks

If sub-optimal temperatures negatively affect microbiome composition and function
and anthropogenic stress causes changes in food availability and quality, then the interaction
of these two environmental stressors could be detrimental to animal health. It is essential that
researchers continue to investigate how microbiomes are affected by a multi-stress
environment, how these changes alter host physiology, and what we can do to mitigate these
effects. Understanding the functional consequences of these community changes is
technically challenging, especially in wild animals. However, researchers have been able to
explore how changes in the microbiome impact wild animal physiology using some
combination of metabolomics, microbiome manipulations, gnotobiotic animals, RNAseq,
proteomics, metagenomics, imaging, and more. For example, recent studies by Kohl and
coauthors using microbiome manipulations offer further evidence of the importance of the
gut microbiome in ectotherm plasticity and diet and temperature mediating these changes

(Fontaine et al., 2022; Trevelline & Kohl, 2022). In one study, microbiome disruption
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lowered critical thermal maxima and raised thermal minima in wild green frog tadpoles
(Lithobates clamitans) (Fontaine et al., 2022). In Trevelline & Kohl (2022) gut microbiome
composition altered diet selection in mice (Mus musculus). These results highlight how the

microbiome is a central player in ectotherm ecological physiology.

1.4.11 Quantity vs. Quality

Food restriction can change an animal’s energy balance and nutrient assimilation,
which may have downstream impacts on its environmental tolerance and plasticity. Increases
in temperature may force ectotherms to use their diminishing nutrient supply on fueling their
rising metabolic demand at the cost of maximizing other physiological functions (see section
1V: Digestive Physiology for more on this). Some animals may also behaviorally
thermoregulate to compensate for food restriction by moving into cooler areas that reduce
their metabolic demand; a response termed “behavioral hypothermia” (Rodgers ef al., 2019).
These interactions may be further complicated by simultaneous changes in prey nutritional
quality or an animal’s diet selection. To limit the scope of this review, we did not include
food ration as a factor in our literature search, however, it is essential to consider within the
context of diet by temperature effects and thus, we highlight some noTable discussion points
and examples below.

Food ration size can influence thermal tolerance (e.g., CTmax, cardiac breakpoint
temperature), behavior (e.g., foraging time, behavioral thermoregulation), and the thermal
sensitivity of several performance traits (e.g., growth, metabolism, cardiac performance,
etc.). Some studies have shown reductions in thermal tolerance after food restriction (e.g.,
Lee et al., 2016; Nyamukondiwa & Terblanche, 2009; Woiwode & Aidelman, 1992), and

others have not found any influence (Lee et al., 2016; Mclean & Todgham, 2015; Rodgers et
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al., 2019). For sublethal traits, growth typically decreases with food restriction, and the
optimal temperature for growth and thermal breadth is also expected to decrease when
animals eat less (Brett, Shelbourn & Shoop, 1969; Brett, 1971; Huey & Kingsolver, 2019).
Traits can be differentially influenced by food ration and temperature. For example, in larval
white sturgeon (Acipenser transmontanus), growth was antagonistically influenced by cold
water exposure and food restriction, while CTmax increased with acclimation temperature, but
was unaffected by food ration (Rodgers et al., 2019). Similarly, dungeness crabs
(Metacarcinus magister) had lower growth but maintained cardiac thermal tolerance under
food restriction across summer and winter water conditions (Mclean & Todgham, 2015). The
extent to which food restriction impacts performance is likely influenced by some
combination of the animal’s energy stores, metabolic rate, ontogeny (actively growing or
investing in reproduction), and the extent to which the trait matters for the animal’s fitness.

Several behavioral responses are impacted by food restriction and temperature. For
example, food restricted animals often decrease their preferred temperature, presumably to
reduce their maintenance costs (e.g., Gilbert & Miles, 2016; relevant review: McCue, 2010).
Additionally, in Lienart et al. (2014), juvenile damselfish (Pomacentrus chrysurus) did not
respond to predator cues when exposed to simultaneous heat and food stress but showed risk-
averse responses when food was abundant or in cooler water. This indicated that when
conditions were stressful, the fish were more likely to put themselves at risk to meet their
energy needs. In these cases, higher quality foods may rescue some of the negative impacts
of food restriction on behavior.

1.5 Ecological and environmental consequences of changing diet with temperature
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The interactions between the amount of food animals consume, the quality of that
food, and environmental temperature can have significant impacts on ectotherm physiology,
behavior, environmental tolerance, and ultimately, ecology. The extent to which these factors
influence performance depends on how much ingestion is reduced, the exact nutritional
differences in the diet(s), the animal’s prior nutritional state, and the surrounding
environmental conditions. In this section, we discuss some of the broader ecological impacts

of these factors.

1.5.1 Species distributions and range shifts

As temperature profiles and environmental landscapes shift, previously occupied
habitats may become unsuiTable, while others may become more favorable (Deutsch et al.,
2008; Pinsky, Comte & Sax, 2022). Species distributions have been evaluated through
ecological and thermal biology lenses, which has offered insight into ectotherm
biogeography (Deutsch et al., 2008; 2015; Fredston et al., 2021; Pinsky et al., 2019; 2022;
Sunday et al., 2011; 2014; 2019). Physiological thermal tolerance and species interactions
(e.g., competition, predator-prey) are both important for determining species range limits.
Diet interacts with both axes — it can alter thermal performance and is dependent upon the
species that can co-exist under those conditions. Thus, diet strategy and nutrition may also be
critical factors determining a species success and range movements.

For example, consider the distribution of herbivorous and omnivorous fishes in the
Northern hemisphere, which is characterized by high biodiversity (as measured by species
richness) at the equator, but diminishes as latitude increases and water temperature decreases
(Gonzalez-bergonzoni et al., 2012; Floeter et al., 2005; Vejiikova et al., 2016; for critique:
Clements et al., 2009). One of leading explanations of this phenomenon is that cold water
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limits herbivorous fish digestion efficiency (through limitations on their microbiome
function) to the point where they are unable to meet their metabolic demand on a plant-based
diet (temperature physiological constraint hypothesis or TPCH). TPCH suggests that as water
warms, herbivorous fishes ranges may shift towards higher latitudes (i.e., following warmer
water) and omnivorous fish may consume greater proportions of algae in their diets, which
could dramatically alter subtropical and temperate ecosystems (Behrens et al., 2007; Behrens
& Lafferty, 2012; Floeter et al., 2005; Gonzalez-bergonzoni et al., 2012; Vejiikova et al.,
2016).

This hypothesis has been debated, with critics arguing that fish in the southern
hemisphere do not follow the same distribution pattern as those in the Northern hemisphere,
(Clements et al., 2009). For example, the common herbivorous fish, Odax pullus, did not
have diet choice or species distribution trends consistent with this hypothesis in the wild
(Johnson et al., 2020; Trip et al., 2014). Additionally, a recent meta-analysis did not find
support for TPCH in governing herbivorous fish digestion across temperatures (Knight et al.,
2021). These studies discuss alternative hypotheses, such as evolutionary constraints, that
could also explain observed distribution patterns. Clearly, examining these mechanistic links
is challenging and requires input from nutritional ecologists, evolutionary biologists, and
comparative physiologists. While an active area of research, this example highlights how
species distributions may be limited in some ways by their nutritional resources, digestive

physiology, or environmental conditions.

1.5.2 Behavioral thermoregulation

When faced with unfavorable temperatures, ectotherms can acclimate (within-

generation), use transgenerational plasticity (between generations), adapt (takes many
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generations), or move to a more suiTable habitat (Hofmann & Togdham, 2010). Moving
requires a heterogenous environment where preferred temperature(s) are accessible to the
animal. There is evidence that some ectotherm’s temperature preference changes when fed
different diet treatments in the lab (Brzezinski & Von Elert, 2015; Clissold et al., 2013;
Coggan, Clissold & Simpson, 2011). For example, Brzezinski & Von Elert (2015)
demonstrated that certain Daphnia sp. only performed diel migrations from warm water
(associated with higher predators) to cold water (associated with lower predators) when fed a
diet supplemented with EPA, but not in response to cholesterol supplementation. Similarly,
the lizard, Tiliqua rugosa, lowered its selected body temperature by 3-5°C after being fed a
diet high in unsaturated fats (compared to lizards fed a diet high in saturated fats; Geiser et
al., 1992). Differences in lipid quality seem to affect behavioral thermoregulation in ways
predicted by homeoviscous adaptation.

Other animals change their selected body temperature when fed diets that differ in
macronutrient composition; presumably, to optimize their energetics. For example, Coggan
et al. (2011) held locusts (Locusta migratoria) at 32°C and fed them diets consisting of equal
protein:carbohydrate that differed in the total amount of protein and carbohydrate in the diet
(from 15-42%) to vary the diet’s energy density. As nutritional quality (i.e., higher gross
amount of protein and carbohydrates, more energy available) increased, locusts preferred
warmer temperatures that facilitated higher growth rates. In contrast, under nutrient limited
conditions, the locusts chose cooler temperatures that conferred high assimilation efficiency
but lower growth. In another study, locusts fed kangaroo grass had higher protein absorption
in warm conditions but higher carbohydrate absorption at cold (Clissold et al., 2013).

However, when the locusts were fed a different diet of wheat grass, their protein and
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carbohydrate absorption did not change with temperature. When subsequently deprived of
carbohydrates for a few days, locusts preferred colder temperatures (maximized carbohydrate
absorption), but only after being fed kangaroo grass (Clissold et al., 2013). Locusts fed wheat
seedling preferentially chose warmer temperatures, irrespective of prior nutritional state,
which maximized their growth. These results indicate that locusts were able to alter
temperature preference based on prior nutritional history to maximize performance on diets
that varied in their digestibility (Clissold et al., 2013).

Most of the diet studies that measured behavioral thermoregulation are on terrestrial
species. In heterogenous environments where the capacity for thermoregulation can be
higher, selecting for the best temperature to maximize digestive energetics and growth may
be more important than finding a diet that maximizes performance at a given temperature. In
other words, there may be a greater incentive for generalist diet strategies in heterogenous
thermal environments, although this idea has yet to be tested. Lipid quality, in particular,
seems to mediate several ecologically important behaviors and species interactions, such as
predator avoidance (Brzezinski & Von Elert, 2015) and behavioral thermoregulation (Geiser
et al., 1992) in ways that are consistent with homeoviscous adaptation. In contrast,
ectotherms fed different macronutrient ratios appear to select body temperatures that
optimize their energetics, with cooler preferred temperatures reducing growth but slowing
metabolism, digestion and increasing or not changing assimilation efficiency (Clissold et al.,

2013; Coggan et al., 2011).

1.5.3 Aquaculture

A substantial portion of the diet by temperature literature is focused on aquaculture,

as there is a vested interest in determining the best aquafeed ingredients to maintain optimal
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feed conversion ratios, health, and growth under a changing climate. Aquaculture is an
important and ever-growing food sector, but one that must deal with a variety of
sustainability and logistical challenges. These challenges include, but are not limited to,
disease, parasites, interbreeding with native fish, introductions as invasive species, depletion
of forage fish for fishmeal and fish oil, and pollution (Froehlich et al., 2022; Jobling, 2016;
Lafferty et al., 2015; Stentiford et al., 2021). Each of these issues may be exacerbated by
suboptimal nutrition and temperature.

One of the challenges to aquaculture of fed fish (i.e., animals requiring aquafeeds as
opposed to filter feeding animals) is creating sustainable aquafeeds (Bowyer, Qin & Stone,
2013). Forage fish have been commonly harvested for fish meal and oil production, which is
unsustainable as a primary protein source given the rising demand for farmed fish (Oyinlola
et al.,2021). Farmers are interested in finding alternative protein and fat sources to
supplement forage fish. Over time, aquaculture feeds have shifted to include proportionally
more terrestrial ingredients (e.g., soybeen, wheat, nuts, etc) which has effectively lowered the
trophic level of farmed seafood relative to their wild counterparts over the last 20 years
(Cottrell et al., 2021). Plant-meal is generally lower in protein and lacking in the complete
amino acid profile required for carnivorous fish; thus, these feeds require additional
nutritional supplementation (Bowyer et al., 2013; Cottrell et al., 2021). Any differences in
nutrition of farmed vs wild fish may influence their plasticity and environmental tolerance.
As discussed above, an ectotherm’s optimal dietary macronutrient ratios may change with
temperature, their dietary lipid composition can influence their thermal limits, and specific
dietary amino acids and micronutrients may impact their thermal performance (see Section

V).
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When considering the costs and benefits of alternative protein and fat sources in
aquaculture, these interactions require close examination. For example, lipid composition
generally differs between terrestrial plant and fish oil, with fish oil being higher in certain
Omega-3 fatty acids (e.g., EPA and DHA). Further, some plants contain anti-nutrient
compounds, some of which can be inactivated upon heating and will not be discussed in
detail here (For comprehensive discussion of nutrition in aquaculture feeds, we recommend
“Fish Nutrition” textbook; Jobling, 2016). Microbiome “engineering” and prebiotic feed
additives may be able to enhance fish digestion efficiency of plant protein and lipid sources
or improve their immune response, antioxidant capacity, and thermal tolerance at suboptimal
temperatures (for review: Naiel et al., 2022). Farmers may also be able to adjust fish feed
with the seasons to maximize thermal performance in farmed fish. Exploring these
interactions is no small feat given the time and resources needed to undergo feeding and
growth studies on farmed animals. Additionally, reliance on terrestrial crops has its own
environmental costs that should be weighed against alternative ingredients (Cottrell et al.,
2021); although, the environmental impacts of feeding farmed seafood is estimated to be
lower than their terrestrial counterparts (Froehlich et al., 2018). All of this requires further
investigation, but ultimately could help advance sustainable aquaculture practices in a

changing climate.

1.5 Concluding Thoughts

Ectotherm diets are changing due to anthropogenic stress, which profoundly impacts their
thermal performance. When an ectotherm’s food availability, food options or dietary

nutritional quality change, the animal may respond by adjusting their diet or temperature
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selection. Temperature may also directly impact an animal’s nutritional needs, which could
influence its consumption, foraging behavior, performance, and ultimately, it’s ecological
role. Our literature search revealed that diet quality (i.e., macronutrients, lipid composition,
and micronutrients) can affect ectotherm thermal plasticity, thermoregulatory behavior, and
thermal tolerance. Additionally, the microbiome is emerging as a critical player in thermal
biology, digestive physiology, and diet selection. These findings underscore the importance
of considering diet when evaluating how ectotherms will respond to temperature change.
Given the broad implications of this topic and the limited amount of work that has been done,
we strongly encourage future work examining diet effects on ectotherm thermal performance.
By understanding when and why diet and temperature interact, we can make more accurate
and far-reaching predictions across taxa. More broadly, diet may help or hinder animals’
ability to tolerate several other anthropogenic stressors (e.g., salinity, desiccation, pH,
hypoxia, pollution, etc.), and these interactions require further examination. This type of
research requires extensive diet and nutritional information for wild animals, which is
notoriously difficult to obtain. Thus, this effort will undoubtably involve close collaboration
among physiologists and ecologists to identify species and environments of interest and to

uncover the mechanisms driving observed ecological trends.
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Il. . Chapter 2;

2.0 Abstract

Thermal acclimation is a key process enabling ectotherms to cope with temperature
change. To undergo a successful acclimation response, ectotherms require energy and
nutritional building blocks obtained from their diet. However, diet is often overlooked as a
factor that can alter acclimation responses. Using a temperate omnivorous fish, opaleye
(Girella nigricans), as a model system, we tested the hypotheses that (1) diet can impact the
magnitude of thermal acclimation responses and (2) traits vary in their sensitivity to both
temperature acclimation and diet. We fed opaleye a simple omnivorous diet (ad libitum
Artemia sp. and Ulva sp.) or a carnivorous diet (ad libitum Artemia sp.) at two ecologically
relevant temperatures (12 and 20°C) and measured a suite of whole-animal (growth, sprint
speed, metabolism), organ (cardiac thermal tolerance) and cellular-level traits (oxidative
stress, glycolytic capacity). When opaleye were offered two diet options compared with one,
they had reduced cardiovascular thermal performance and higher standard metabolic rate
under conditions representative of the maximal seasonal temperature the population
experiences (20°C). Further, sprint speed and absolute aerobic scope were insensitive to diet
and temperature, while growth was highly sensitive to temperature but not diet, and standard
metabolic rate and maximum heart rate were sensitive to both diet and temperature. Our
results reveal that diet influences thermal performance in trait-specific ways, which could
create diet trade-offs for generalist ectotherms living in thermally variable environments.
Ectotherms that alter their diet may be able to regulate their performance at different

environmental temperatures.
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2.1 Introduction

Understanding the full range and maximum capacity of ectotherm physiological
responses to environmental change is essential to predict species’ vulnerability to global
climate change (Huey et al., 2012; Somero, 2011; Stillman, 2003). Temperature is a critical
environmental factor governing ectotherm physiology, behavior and ecology (Brett, 1971).
The current paradigm suggests that ectotherms have three options when faced with
unfavorable temperatures: they can move to a more suiTable habitat, adapt over multiple
generations or acclimate to the new conditions (Daufresne et al., 2009; Glanville &
Seebacher, 2006; Hofmann & Todgham, 2010; Somero, 2011). Thermal acclimation is an
essential survival mechanism for ectotherms living in variable environments and a critical
coping mechanism against global climate change (Bernhardt and Leslie, 2013; Jackson et al.,
2021; Seebacher et al., 2015). During thermal acclimation, ectotherms undergo reversible
phenotypic changes that improve their performance at a given temperature (Figure 2.1; e.g.
enzyme activity, membrane composition, mitochondrial density, oxygen transport, organ
morphology and function; Anttila et al., 2014; Chung & Schulte, 2020; Ekstrom et al.,
2016; Little et al., 2020a; Seebacher et al., 2015). It is often assumed that ectotherms will
achieve the same level of performance after repeated exposures to a temperature, as long as
all other environmental conditions (i.e. salinity, pH, dissolved oxygen) are held the same
(Sinclair ef al., 2016). To undergo a successful acclimation response, ectotherms require
energy and nutritional building blocks obtained from their diet. Diets vary considerably in
nutritional and energetic content, which suggests that different diets may mediate distinct

thermal acclimation responses (Figure 2.1).
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Food quality and availability can change seasonally, with global climate change and
across habitats (Alton et al., 2020; Arnold et al., 2010; Birnie-Gauvin et al., 2017; Ho et al.,
2010). Many ectotherms are also generalists and vary their diet to meet their nutritional
requirements or maximize energy-use efficiency (Jobling, 2016; Johnson et al., 2017; Kaiser
& Hughes, 1993; Raubenheimer et al., 2005; Rubio et al., 2003, 2009; Sanchez-Vazquez et
al., 1998). Some ectotherms also change their diet with temperature (Boersma ef al.,
2016a; Carreira et al., 2016; Jang et al., 2015; Rho and Lee, 2017; Schmitz and Rosenblatt,
2017; Vejtikova et al., 2016). For example, multiple omnivorous fishes consume higher
proportions of algae as water temperatures increase (e.g. Behrens & Lafferty, 2012; Emde et
al., 2016; Gonzalez-Bergonzoni et al., 2016; Guinan et al., 2015; Prejs, 1984). The exact
reasons for these diet shifts are unknown, with some suggesting that the optimal dietary
protein to carbohydrate ratio for ectotherms differs across temperatures (Lee et al.,

2015; Rho & Lee, 2017; Zhang et al., 2020), or that cold temperature constrains the digestive
physiology of herbivores and omnivores (Floeter et al., 2005; Gonzalez-Bergonzoni et al.,
2012). These proposed explanations hint at a broader hypothesis: that omnivores consume
different proportions of plants and animals to regulate their physiological responses to
changing temperatures. More broadly, any changes in an ectotherm's diet that coincide with a
change in environmental temperature (through differences in dietary preference, availability
or nutrient composition) might alter its thermal performance.

To understand the interaction between diet and temperature, we must consider how
traits critical to survival may be differentially affected (Figure 2.1). Measuring thermal limits
in conjunction with vital biological rates provides comprehensive insight into ectotherm

thermal biology in variable and changing environments (Magozzi & Calosi, 2015). A
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common assumption in thermal biology is that biological rates have the same thermal
sensitivity and that aerobic capacity and baseline metabolism can be used as proxies for
many performance traits (Fry, 1947; Brett, 1971; Claireaux and Lefrangois, 2007; Portner,
2001, 2010; for a critique, see Clark et al., 2013; Schulte, 2015). However, there is growing
support for a multiple-performance, multiple-optima model, which states that thermal
sensitivity differs across biological rates (i.e. absolute aerobic scope, standard metabolic rate,
growth rate, sprint speed) and is not always predicTable based on aerobic capacity or
baseline metabolism (Clark et al., 2013; Dell et al., 2011; Kellermann et al., 2019; Seebacher
et al., 2015). For example, Healy and Schulte (2012) demonstrated that specific growth rate
was negative at temperatures where absolute aerobic scope (i.e. maximum—standard
metabolic rate) was maximal in killifish. This model has been challenging to test empirically
as few performance traits are usually measured per study and these traits are often considered
separately from upper and lower thermal limits (Magozzi & Calosi, 2015). If diet and
temperature together influence biological rates and thermal limits, ectotherms may be
incentivized to make diet choices that improve their thermal responses. However, if fitness-
enhancing traits are differentially affected by diet and temperature, there could be important
performance consequences associated with an ectotherm's ultimate diet choices.

Opaleye (Girella nigricans) are temperate omnivorous fish that consume a greater
proportion of algae in warmer water across their geographic range (Behrens and Lafferty,
2012), which makes them an ideal model for exploring diet effects on thermal acclimation
responses. Here, we tested the hypothesis that when offered a simple choice omnivorous diet
(ad libitum Artemia sp. and Ulva sp.) versus a carnivorous diet (ad libitum Artemia sp. only)

at two ecologically relevant temperatures (12 and 20°C), opaleye would make diet choices
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that altered their thermal acclimation responses in trait-specific ways. As juveniles, opaleye
live in the intertidal zone where they face many challenges, including escaping predators,
maintaining growth rates and dealing with high daily thermal variation (Somero, 2010).
Therefore, we adopted an integrative approach and assessed the opaleye's thermal
acclimation responses at the whole-animal (growth, sprint speed, metabolism, critical thermal
limits), organ (cardiac thermal limits) and cellular (glycolytic capacity, oxidative stress)
levels to compare ecologically and physiologically relevant performance traits and thermal
limits for the fish in their juvenile life stage and identify any trade-offs associated with the
treatment diets. We hypothesized that biological rates would increase with temperature but
have different thermal sensitivities depending on the diet treatment. Specifically, we
predicted that there would be costs to consuming the omnivorous diet (e.g. higher digestive
infrastructure costs resulting in higher maintenance metabolism or reduced growth from
lower protein diet) that would be offset by increases in the performance of other traits (e.g.

thermal limits, sprint performance, glycolytic capacity, oxidative stress).
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Figure 2.1 Conceptual graphs illustrating how diet may affect thermal acclimation responses
and how those effects could be trait specific. (A) Diet can affect thermal performance. The
graph shows how acute thermal performance curves (TPC) shift towards the acclimation
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temperature (Tacc), where blue is the acute TPC after acclimation to cold and red is the acute
TPC after acclimation to warm conditions. Note that both cold and warm acclimation may be
affected by diet, but only potential effects of warm acclimation are displayed for simplicity.
Diet may influence the shape (height and breadth) of those acute TPC (indicated by pink
curves) or the location of the curve along the x-axis (i.e. temperature of peak performance).
These effects could influence the slope of the line between reaction norms (performance at
acclimation conditions, indicated by black lines). (B) Diet and temperature may interact and
have trait-specific effects. The graphs are a series of hypothetical reaction norm plots for
various traits. These traits can have different diet and temperature sensitivities, which could
create performance trade-offs for ectotherms consuming different diets.

2.2 Methods

2.2.1 Fish collection

Juvenile opaleye, Girella nigricans (Ayres 1860), were collected in spring 2019
|experiment 1: respirometry, sprint, growth, critical thermal maxima (CTmax/CTmin); N=144,
mean=s.d. body mass (BM) 14.75+£3.53 g and total length (TL) 9.42+0.76 cm] and in winter
2020 (experiment 2: Arrhenius breakpoint test; N=126, BM 19.5+6.1 g and TL 10.5%1.1 cm)
by seine or hook and line from Santa Barbara Harbor, CA, USA (34.40829, —119.691389).
Fish were transported in coolers (>70% air saturation) to the University of California, Santa
Barbara and held in 95 1 fiberglass flow-through seawater tanks (9—12 fish per tank). Prior to
the start of acclimation, fish were held at ambient conditions (mean+s.d. experiment 1:
13.9+1.1°C and experiment 2: 16.2+0.6°C) and fed ad libitum omnivorous diets (Ulva sp.
and Artemia sp.). All protocols were approved by the Institutional Animal Care and Use

Committee at the University of California, Santa Barbara.

2.2.2 Acclimation and diet treatments

Fish were randomly assigned to one of two ecologically relevant temperatures (12
and 20°C, representative of the low and high seasonal temperatures experienced in Santa

Barbara, CA, USA; Figure 2.2) and fed one of two ad libitum diets (omnivorous: Artemia sp.
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and Ulva sp.; and carnivorous: Artemia sp.) in a factorial design with 3—4 replicate tanks per
treatment. Ulva sp. (collected by hand from Goleta Beach, Goleta, CA, USA)

and Artemia sp. (brineshrimpdirect.com) were replaced every morning. Diets were selected
based on stomach content information from Barry and Ehret (1993), which demonstrated that
both Ulva sp. and small crustaceans constitute a significant portion of wild opaleye diets,

and Behrens and Lafferty (2007), which used Ulva sp. as a representative herbivorous diet
for a lab study on opaleye. Preliminary data demonstrated that Ulva sp.-only diets were not
nutritionally sufficient. Dietary proximate analysis is provided in Table S2.1.

Food consumption rates were assessed during preliminary trials. All tanks were fasted
for 24 h, and then the fish were offered their pre-weighed diet treatment for 1 h. The
remaining Artemia sp. and Ulva sp. were removed and weighed. However, we were unable to
obtain any measurable estimates of Ulva sp. consumption during these brief 1 h trials. At
20°C, Artemia sp. consumption was ~23% lower in the omnivorous treatment (7.39% body
mass) than in the carnivorous treatment (9.58% body mass), suggesting that the fish in the
omnivorous treatment were supplementing their diet with Ulva sp. This is consistent with our
visual observations that the fish readily consumed Ulva sp. in the warm treatment (though
they consistently ate more Artemia sp. compared with Ulva sp.). In contrast, at
12°C, Artemia sp. consumption was only ~10% lower in the omnivorous treatment (3.65%
body mass) compared with the carnivorous (4.07% body mass) and we did not observe the
fish consuming Ulva sp. at this temperature. This suggests that the fish either were not
consuming Ulva sp. or were doing so in small amounts at the cold acclimation treatment.
Further, opaleye ate less at 12°C compared to 20°C. Overall, Artemia sp. consumption was

~55% lower in the cold treatment compared with the warm.
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Temperature and dissolved oxygen content were monitored 1-2 times daily by hand
using a Digi-sense Traceable Singe RTD thermometer (Cole Palmer, IL, USA) and an
OxyGuard handy Polaris 2 dissolved oxygen meter (OxyGuard International A/S, Farum,
Denmark). Oxygen was maintained at >80% air saturation throughout the study. The average
temperature per treatment was 20.0+0.4 and 12.2+0.4°C in the two experiments (mean+s.d.;
determined from in-tank Thermochron 4 K iButtons programmed to record every 20 min).
Fish were acclimated to treatment conditions for 3 weeks prior to experimentation (14 h:10 h
light:dark cycle). All individuals were fasted for 36—40 h prior to respirometry, thermal limit
and sprint testing. All tests were performed at acclimation temperatures unless otherwise

noted.

24 A

20 A

16

Temperature (°C)

12 1

T T Ll T T 1 T 1 T T ] T

Feb.Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Jan.
Month

Figure 2.2 Temperature data collected in 2019 at Stearns Wharf in Santa Barbara, CA, USA
(located next to Santa Barbara Harbor, where fish were collected). The temperature sensor
was mounted at 2 m depth and set to record every 4 min. Blue lines indicate treatment
temperatures (12 and 20°C). Data source: Washburn, 2021 and Southern California Coastal
Ocean Observing System (SCCOOS;

https://www.sccoos.org/data/autoss/timeline/?main=single&station=stearns_wharf).

2.2.3 Intermittent flow respirometry
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Respirometry was conducted using 12 respirometers in one of three sizes: 349, 579
and 711 ml. Water was flushed and recirculated through the chamber at a rate of 2.5 |
min~! (Eheim Universal 300 pumps, Eheim, Germany). Dissolved oxygen was measured
continuously in each respirometer using a robust oxygen probe and Firesting optical oxygen
meter (Pyroscience, Germany).

Fish were transferred with minimal air exposure (<10 s) to a cylindrical chase tank
(20 1), where they were chased by hand for 5 min and then immediately placed in the
respirometers to obtain an estimate of their maximum metabolic rate (MMR) (this chase
protocol was the most effective at eliciting MMR in opaleye; data not shown). Chases
occurred between 10:30 h and 14:30 h and were followed by ~20 h of automated
measurement cycles (15 min total flush/recirculation cycle). Tanks were covered in shade
cloth to minimize potential disturbance. Fish were held at either 20.1+0.6 or 11.8+0.4°C
(mean+s.d.) across all tests. Background respiration was measured before and after each test
for >3 full measurement cycles.

After 20 h in the respirometers, fish were removed and anesthetized in 80 mg I"! MS-
222 buffered with 80 mg 1™! NaHCO;~ (Sigma Aldrich Co., St Louis, MO, USA). Each fish
was weighed (mass in g), measured for TL, and tagged with a unique color code using

Visible Implant Elastomer Tags (Northwest Marine Fisheries Inc., Seattle, WA, USA).
2.2.4 Data analysis for respirometry data

All oxygen consumption data were analyzed in R (version 3.5.1) using best practices

as outlined in Rosewarne et al. (2016) and Chabot ef al. (2016b) (http://www.R-project.org/).

The data were used to calculate four metabolic rate metrics which define an individual's

aerobic energy budget. Standard metabolic rate (SMR) is the baseline metabolic rate needed
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to survive, and MMR is the maximum rate of energy expenditure. The difference between
these two metabolic rates is the absolute aerobic scope (AAS=MMR—-SMR), which is
representative of the aerobic energy budget a fish has to perform all critical biological
processes (Clark et al., 2013). Factorial aerobic scope (FAS=MMR/SMR) is another estimate
of the aerobic energy budget and represents the scope for increasing metabolic rate
proportional to SMR (Clark et al., 2013). Only fish for which >75% of measurements
followed a linear decrease with R>>0.9 were included in SMR analysis (i.e.

>60 Mo> measurements total per fish; N=6-10 per treatment). SMR was calculated as

the lowest 15% quantile of all recorded measurement cycles (Chabot et al., 2016b). MMR
was calculated as the steepest 120 s slope during the first measurement period (Little et al.,
2020b; N=6—11 per treatment). All presented metabolic rate measurements are body mass
specific (i.e. presented as mg O, kg™! min™!). We tested for the need to account for body size
scaling but given the small size range in the study (8-39 g), we did not find evidence of a
scaling relationship when the data were plotted on log—log plots (data not shown). Given the
lack of knowledge on a species-specific scaling exponent, we did not scale the metabolism to
a common body size using an allometric scaling slope. Background respiration was assessed
and, when applicable, a linear regression was fitted between the pre- and post-background
measurements and subtracted from the corresponding Mo, values (Rodgers et al.,

2016; Rosewarne et al., 2016).

2.2.5 Sprint speed

We used a modified protocol based on Kraskura & Nelson (2018). The setup included
a custom-built acrylic sprint chamber (128 cmx30 cm*30 cm, LxWxH; water height 10 cm;

water volume 41.6 1) with a camera (Canon EOS Rebel T41) positioned above the sprint
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chamber to ensure full view of the work area. Each sprint trial was recorded at 60 frames

s ! and saved for digital analysis. Fish were placed behind a gated and shaded area in a sprint
chamber and habituated to the chamber for 10 min. The gate was removed and the fish were
motivated to sprint by manual chasing. Each fish performed <7 trials with 5 min of recovery
between trials. Only trial videos where the fish had undergone a sprint with (1) a straight path
of >20 cm, (2) an unobstructed view of 50 cm of the chamber, (3) active and continued
bursts, and (4) no back and forth swimming around the chamber were used in subsequent
analysis. Temperature was monitored throughout all trials and remained within +1°C of the
test temperature. All videos used in analysis were visualized and validated by >2 researchers.
Videos were tracked in ImageJ/MtrackJ and subsequently analyzed in R to determine the
fastest 5 frames of sprinting (~10 cm) per trial; 2-3 trials were analyzed per fish and

averaged to determine each fish's sprint performance (cm s™!) (Figs S1 and S2; N=8-10 per

treatment). All fish were given at least 3 weeks of recovery between respirometry or thermal
limit experiments and the sprint test.
2.2.6 Thermal limits: CTnax and CTin testing

We used a standardized critical thermal maxima and minima tests (CTmax and CTuin,
respectively) as described in Beitinger & Lutterschmidt (2011). CTmax and CTwin represent
the most extreme temperatures a fish can survive at for a short period of time. Briefly, 3—4
fish per tank were transferred to the testing tank (78 cmx61 cmx18 cm, LxWxH; water
height 12 cm, water volume 57 1) at their treatment temperature with minimal air exposure
(<10 s; total N=8—12 per treatment). After a brief habituation period (~5 min), the test tank
was heated (CTmax; 1500 W immersion heater, Process Technology, Willoughby, OH, USA)

or cooled (CTmin; 1 HP AquaEuro chiller, AquaEuroUSA, Los Angeles, CA, USA) at a rate
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of ~0.3°C min! until fish lost the ability to maintain their righting response. Temperature
was recorded at the loss of equilibrium and the fish were immediately placed in a recovery
tank at an intermediate temperature before being returned to their treatment tanks. All fish

fully recovered following the critical thermal tests.

2.2.7 Growth

All fish were weighed and measured for length prior to acclimation and again after 8
weeks under treatment conditions (note that some had been randomly removed for tissue
sample collection, see below) to estimate growth across tanks (i.e. average weight gain per

week).

2.2.8 Dissections and frozen tissue assays

Fish from each treatment (V=6 per treatment) were euthanized by cerebral concussion
followed by severing of the spinal cord on day 27-34 of acclimation after the aerobic scope
trials were complete. Morphometrics (body mass and TL) were measured, and a white
muscle and liver sample were flash frozen in liquid nitrogen and stored at —80°C for future
analysis. Stomach and remaining gut contents were emptied and leftover fish remains were
stored at —20°C for proximate analysis (Table S2.1).

For proximate analysis, frozen fish remains were homogenized using a Fisher Brand
Bead Mill 24 and subsamples of the homogenate were weighed and freeze dried (Labconco
Lyophilizer). Protein: Protein content was estimated in triplicate (intra-assay CV% <10%)
using a BCA assay with a 72% TCA precipitation (Pierce BCA kit, ThermoFisher Scientific,
MA, USA), where absorbance was measured at 562 nm. Lipids. Lipid content was estimated

using a chloroform:methanol extraction as described in Mann & Gallager (1985) and Johnson
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et al. (2017). Lipids from 50 mg of freeze-dried homogenized sample were extracted using
100 ul milliQ water and 1.5 ml chloroform:methanol (1:2) (vortexed, incubated at 4°C,
centrifuged at 4000 rpm for 5 min). The supernatant was removed and remaining sample was
re-extracted in 1.5 ml chloroform:methanol (2:1). The supernatants were pooled, mixed with
950 ul NaCl (0.7%), incubated at 4°C for 30 min, then centrifuged (4000 rpm, 5 min), and
the volume of the bottom layer was measured. Dried subsamples of the bottom layer were
used to extrapolate lipid content to the entire sample. Ash Content: Ash content was
determined by drying freeze-dried samples overnight at 100°C to account for any moisture
that returned during sample storage. Samples were then weighed (~30 mg) before being

combusted in a muffle furnace at 450°C for 12 h and then re-weighed.

2.2.9 Lactate dehydrogenase activity

Lactate dehydrogenase activity assays were performed as outlined in Little ef al.
(2020a) as a proxy for glycolytic capacity in white muscle, where high levels of lactate
dehydrogenase activity indicate that the animal has a high capacity to support anaerobic ATP
production to fuel burst swimming or hypoxia tolerance (Little ef al., 2020a). Briefly, white
muscle samples were homogenized in homogenization buffer (0.1% Triton, 50 mmol
I"! Hepes, 1 mmol 1" EDTA, pH 7.4 buffer) before being run in triplicate (intra-assay
coefficient of variation, CV <15%) on a SpectraMax iD3 Multi-Mode Microplate Reader
(Molecular Devices) using a wavelength of 340 nm to measure the disappearance of NADH.

The assay was repeated at 8, 12, 20, 26 and 32°C.

2.2.10 lipid peroxidation assay
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Thiobarbituric acid reactive substances were quantified in the liver to estimate lipid
peroxidation as a proxy for oxidative stress using a commercially available fluorometric
assay kit (Cayman Chemical). Here, higher levels of lipid peroxidation are indicative of
greater oxidative damage to cellular components (Castro et al., 2012). Samples were
homogenized in RIPA buffer and treated according to the manufacturer's instructions before

being run in duplicate at an excitation wavelength of 544 nm and emission wavelength of

590 nm.

2.2.11 Thermal limits: Arrhenius breakpoint temperature test

Arrhenius breakpoint temperature (ABT) tests on the heart were conducted (N=6—14
per test and per treatment) as outlined in Casselman et al. (2012) and Gilbert et al. (2020).
Briefly, fish were anesthetized in seawater containing 80 mg 1" MS-222 buffered with 1 g
1"! NaHCOs ™ before being placed ventral side up in an experimental sling in the test tank (10
| seawater containing buffered 65 mg 17! MS-222). Water was circulated past the gills to
irrigate them. Stainless Steel Needle Tip Electrodes (ADInstruments Inc., Colorado Springs,
CO, USA) were inserted just under the skin to detect an ECG signal, which was amplified
using a Dual Bio Amp amplifier (ADInstruments Inc.) and filtered (filters: 60 Hz Notch
filter; mains filter; low pass: 2 kHz; high pass: 10 Hz; range: 2 mV).

After a 30 min equilibration period at the acclimation temperature (Ferreira ef al.,
2014; Hansen et al., 2017), atropine sulfate was injected intraperitoneally (1.2 mg kg ™! in
0.9% NaCl) to block vagal tone followed by isoproterenol (4 ug kg™! in 0.9% NaCl) to
maximally stimulate f-adrenoreceptors. Any fish that did not respond to the drug injections
or for which experimental error occurred (e.g. water pump failure) were removed from the

analysis and not considered further. These drug concentrations were tested prior to
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experimentation to ensure doubling the concentration did not further increase heart rate (fi;
beats min!). Fifteen minutes after isoproterenol injection, water temperature was heated
(warm ABT test) or cooled (cold ABT test) at 1°C every 6 min (Polystat recirculating
heater/chiller; Cole-Palmer, Vernon Hills, IL, USA). At each 1°C interval, fi and
temperature were stabilized to record a value for fi. This procedure was repeated until the
onset of cardiac arrythmia (7ar), as indicated by a transition from rhythmic to arrhythmic
beating or a missed QRS peak resulting in a precipitous drop in fu (Casselman et al., 2012) or
until the known average CTmax for the species (generally 0—5°C higher than Tar; Chen et al.,
2015; Muioz et al., 2014; Safi et al., 2019), to ensure that curves could later be fitted to the
data for comparisons of acute thermal performance curves across treatments. All fish were

immediately euthanized at the end of the test.

2.2.12 Data analysis for ABT tests

All ECG analyses were performed in LabChart software

(www.adinstruments.com). fg was calculated for each temperature increment from 15
continuous seconds of measurements using automated ECG analysis software in LabChart
(Gradil et al., 2016). The heart may set upper thermal tolerance temperatures in fish (Anttila
et al., 2014; Munoz et al., 2014). The warm ABT test measures three sublethal thermal limits
on cardiac function (7aB, Tpeak, Tarr). Each of these limits indicates transition temperatures
where the heart’s capacity to transport oxygen, nutrients and immune cells becomes
compromised (Anttila et al., 2014; Mufioz et al., 2014). The first thermal limit (7ag) is highly
correlated with the thermal optimum for aerobic scope in other teleosts (Anttila et al.,

2013; Ferreira et al., 2014). Tap was calculated by performing ABT tests on the rising phase

of the thermal performance curve for f using segmented (v1.1-0; Muggeo, 2008) in R. The
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temperature corresponding to the breakpoint in fi was defined as 7ag (warm ABT test)

or TaB-cold (cold ABT test). Overall maximum heart rate (fi,max) Was defined as the

highest fi recorded during the 15 s measurement phases in the warm ABT test and minimum
heart rate (fi,min) was defined as the lowest fi recorded during the 15 s measurement phases
during the cold ABT test. Peak temperature (7peak) was the temperature corresponding

to fH,max-

2.2.13 Statistical analysis

All data were statistically analyzed using R (version 3.5.1). All metrics were
investigated for normality using Shapiro—Wilk tests and quantile—quantile plots, and for
heteroscedasticity using Levene's test. Data that were not normally distributed were log-
transformed before statistical analysis (only FAS). Data are displayed with untransformed
values. All data were statistically analyzed (significance level a=0.05) using a 2-way
ANOVA (Car v3.0-2; Fox & Weisberg, 2011) with post hoc Tukey HSD, except for the
thermal limits from the cold ABT, which were analyzed using a ¢-test. Differences between

treatments were also assessed using Cohen’s D-tests (effsize; https://CRAN.R-

project.org/package=effsize). Note that 12°C fish were not tested for the cold ABT because

of complications surrounding COVID-19 forcing the early shutdown of the experiment. In all
2-way ANOVA tests, significance of interaction between diet and temperature was tested for
and excluded when non-significant. Polynomial curves were fitted to fi data and compared
using Akaike information criterion (AIC), where the fit with the lowest AIC score was
assigned the best fit model, but all models with AAIC<2 were considered (Burnham and
Anderson, 2002). Measures of thermal sensitivity for all biological rates were calculated for

each diet treatment using Q1o values, where:
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R, (10/(T2=T0))

Do = 2
O R,

R, is the treatment mean at 12°C, R; is the treatment mean at 20°C, 77 is 12°C and 7> is
20°C.

2.3 Results

2.3.1 Metabolic rates

Metabolism was influenced by diet and temperature, but each metabolic rate
responded differently (Figs 3 and 4). SMR was 28% higher in the 20°C omnivorous diet
treatment compared with the carnivorous diet treatment, resulting in a significant interaction
between diet and temperature (Figure 2.3A, Table 2.1). This was further supported by a large
effect size between the 20°C treatments (Cohen’s D-test). In contrast, MMR significantly
increased with acclimation temperature, but did not differ across diet treatments (Figure
2.3B,C, Table 2.1). There was a marginal, but not significant diet and temperature effect on
AAS (Figure 2.3C, Table 2.1). This was likely driven by the high individual variability in
MMR, as the effect of diet on AAS had a P-value of 0.087 and medium effect sizes between
diet treatments at 20°C. In contrast, FAS in the 20°C omnivorous diet treatment was
significantly lower than that in the carnivorous diet treatment (diet:
d.f.=1, F=5.796, P=0.023), which was largely driven by a 44% higher FAS (with a large

effect size) in the carnivorous versus omnivorous diet (Figure 2.3D, Table 2.1).

65



31 15 1 15 1 15 1
A c B c D Carnivorous

-
o
1

10 1 10 1

%.ﬁ
oS

[ ]
FAS (MMR/SMR)
(4]

SMR (mg O, kg-1 min-1)

MMR (mg O, kg—1 min-1)
L]

AAS (mg O, kg=1 min-1)

12 20 12 20 12 20 12 20
Temperature (°C) Temperature (°C) Temperature (°C) Temperature (°C)

Figure 2.3 Oxygen uptake rate (mg O kg ™! min!) after an exhaustive chase protocol in
opaleye acclimated to 12 or 20°C and fed either a carnivorous or omnivorous diet. (A)
Standard metabolic rate (SMR), (B) maximum metabolic rate (MMR), (C) absolute aerobic
scope (AAS; MMR—-RMR) and (D) factorial aerobic scope (FAS; MMR/SMR). Blue,
carnivorous diet (Artemia sp.); green, omnivorous diet (Artemia sp. and Ulva sp.).
Lowercase letters indicate significant differences (P<0.05) between treatment groups where
applicable (see Table S2.1 for 2-way ANOVA outputs). Boxplots represent interquartile
ranges (boxes and whiskers), median values (solid lines) and outliers (>1.5 beyond
interquartile range) plotted as data points outside the whiskers.

Table 2.1 Summary statistics for biological rates

Results Statistical parameters
Temp. Carnivorous Omnivorous Diet Temperature DietxTemperature
Biological rate (°C) n Meants.em. n Meants.em. d.f. F P df. F P df. F P
SMR (mg O kg~ min~") 12 6 0.66+0.07 7 0.67+0.14 1 8.577 0.007 1 147.093 <0.001 1 5.282 0.029
20 10 1.62+0.09 10  2.08+0.07
MMR (mg O, kg~"min-") 12 6 5.49+0.28 6 5.15+0.45 1 1.061 0311 1 16.542 <0.001
20 10 7.89+0.69 11 7.23+0.40
AAS (mg O, kg™" min~") 12 6 4.84+0.23 6 4.46+0.41 1 3.131  0.087 1 3.656 0.066
20 10 6.27+0.66 10  5.05+0.40
FAS (MMR/SMR) 12 6 8.81+0.83 6 8.65+1.21 1 5796 0.023 1 52.242 <0.001
20 10  4.94+0.41 10 3.43+0.17
Growth (g week™") 12 3 0.03+0.19 3 0.08+0.01 1 0.003 0958 1 23.498 <0.001
20 3 0.75+0.15 3 0.69+0.16
Sprint speed (cm s~7) 12 10 112.36+4.88 9 110.85¢5.26 1 0.099 0756 1 0.456 0.504
20 8 116.10£546 8 114.26+6.01

Meansts.e.m. for each test group and ANOVA results are presented. SMR, standard metabolic rate; MMR, maximum metabolic rate; AAS, absolute aerobic
scope; FAS, factorial aerobic scope; Temp., temperature, d.f., degrees of freedom.

2.3.2 Other biological rates and traits

Growth rate, sprint speed, lipid peroxidation and lactate dehydrogenase activity were
inconsistently affected by diet and temperature (Figure 2.4). Growth was significantly higher

at 20°C but did not differ across diets (Figure 2.4, Table 2.1; Figure S2.2). Unexpectedly,
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the Q1o value for growth was higher than that for all other rates (28.05) and not close to any

of the Q10 values for metabolic rate (range 1.28—4.12; Figure 2.4, Table 2.1; Figure S2.2).

Proximate analyses for whole tissue did not differ between treatment groups (Table S2.1).
In contrast with growth, maximum sprint speed did not differ in response to thermal

acclimation (Q10=1.04) or diet treatment (Figure 2.4, Table 2.1; Figs S2.1 and S2.2).

Similarly, lipid peroxidation in liver tissue did not differ in response to temperature and
showed a marginal but insignificant effect of diet (Figure 2.4; Figure S2.2; temperature:
d.f.=1, F=0.318, P=0.579; diet: d.f.=1, F=3.260, P=0.085). Lactate dehydrogenase activity in
white muscle was moderately affected by temperature acclimation (Q10=2.10), being higher
at 20°C compared with 12°C, but did not differ across diets (Figure 2.4; Figure S2.3). Lactate
dehydrogenase activity also increased with acute temperature exposure (Figure S2.3).
Overall, Q10 values for the reaction norms differed dramatically across biological rates, with
sprint speed having a Q1o of 1.04 (insensitive to temperature), while growth rate had a Q10 of

28.05 (highly sensitive to temperature) (Figure 2.4).
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Figure 2.4 Reaction norms plotted across all measured biological rates and traits. Average
data from each treatment, scaled to the maximum average treatment value (i.e. the maximum
treatment value is equal to 100%). All values are from fish tested at their acclimation
temperature. Graphs are arranged by level of biological organization (cellular, organ, whole
animal) and labelled by trait: SMR, MMR, AAS (MMR-SMR), FAS (MMR/SMR),
maximum overall heart rate (fi,max), maximum sprint speed, growth rate, lipid peroxidation
(LPO) and lactate dehydrogenase activity (LDH). Q1o values are listed for all biological rate
measurements (i.e. everything except LPO and FAS), as a range when the diet treatments
were statistically different and as individual values when the diet treatments were not
statistically different. Lines and circles indicate reaction norms and colors indicate diet
treatment (blue, carnivorous diet; green, omnivorous diet).
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Table 2.2 Summary statistics for all thermal limits

Results Statistical parameters
Carnivorous Omnivorous Diet Temperature
Thermal limit Temp. (°C) n Meanzs.e.m. n Meants.e.m. d.f. F (or t*) P d.f. F P
CTrmin 12 9 4.4+0.2 10 4.1£0.2 1 1.984 0.168 1 226.206 <0.001
20 12 6.5+0.1 8 6.4+0.1
Tas 12 6 20.1£0.7 7 19.0+0.9 1 2127 0.153 1 110.743 <0.001
20 13 25.4+0.3 14 24.9+0.4
Toeak 12 6 25.7+1.2 7 26.4+0.5 1 0.612 0.439 1 46.990 <0.001
20 13 30.4£0.3 14 29.5+0.4
Tarr 12 6 27.5+1.1 7 28.6+0.5 1 0.021 0.886 1 33.766 <0.001
20 13 31.8+0.4 14 31.2+0.5
CTmax 12 10 31.2+0.2 10 31.3+0.2 1 0.547 0.465 1 500.078 <0.001
20 8 35.0£0.2 10 35.0+0.1
frt,max 12 6 166.6+12.5 7 163.5+6.2 1 5.243 0.028 1 17.669 <0.001
20 13 204.8+4.4 14 184.4+5.4
Tarr-cold 12 NA NA NA NA 18 1.790* 0.090
20 9 5.840.3 11 4.7+0.5
TaB-cold 12 NA NA NA NA 14 —0.493* 0.630
20 8 11.0£1.0 8 11.7+0.8
frt,min 12 NA NA NA NA 18 2.407* 0.027
20 9 44.5+1.9 11 37.4+2.2

Meanszts.e.m. for each test group and ANOVA results are presented. *Note that t-test results are reported on the results of the cold ABT test, as this test was only
run on 20°C acclimation fish because of complications surrounding COVID-19. CTyn, critical thermal minimum; Tag, breakpoint temperature of the heart; Tyeax,
temperature corresponding to maximum heart rate; T, temperature at the onset of cardiac arrhythmia; CT,y, critical thermal maximum; fiy max, maximum heart
rate across entire warm ABT test; fiy min, minimum heart rate during cold ABT test.

2.3.3 Thermal tolerance

All thermal limits increased with acclimation to 20°C (Figure 2.5, Table 2.2). Upper
thermal limits (CTmax, TaB, Tpeak, Tarr) increased by 2.6—5.3°C and CTwin increased by 2.1—
2.3°C with warm acclimation (Figure 2.5, Table 2.2). Surprisingly, fi,max Was significantly
lower in the omnivorous treatments, which was driven by a 10% lower fii,max in the 20°C
omnivorous treatment relative to the carnivorous treatment (Figure 2.5, Table 2.2). As
expected, fu followed the shape of an acute thermal performance curve (TPC), where it
increased with an acute temperature increase until 7peak, at which point fi began declining
with temperature until the onset of cardiac arrhythmia (7ar; Figure 2.5A). Thermal
acclimation to 20°C shifted the acute TPC for fy to the right of the TPC at 12°C (Figure
2.5A). There was evidence to support an effect of diet on model selection for fy in the warm
ABT test, where the best fit model by AIC was a third-order polynomial curve that

incorporated an interaction of acclimation temperature,
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Figure 2.5 Cardiac thermal performance. (A) Individual- and treatment-level responses of
heart rate (fi) of opaleye during acute warming from 12°C (dark blue, carnivorous diet, N=6;
and dark green, omnivorous diet, N=7) or 20°C (light blue, carnivorous diet, N=13; and light
green, omnivorous diet, N=14). Curves are third-order polynomials that account for the
interaction dietxacclimation temperaturexacute temperature. This was determined to be the
best fit model by AIC (Table S2.2). (B) Upper thermal limits across diet and temperature
treatments in opaleye. Circles and triangles indicate mean (+s.e.m.) values for the
carnivorous and omnivorous diet treatments, respectively. (C) Individual- and treatment-level
responses in fi from opaleye during acute cooling from 20°C (light blue, carnivorous diet,
N=9; and light green, omnivorous diet, N=11). Curves are fourth-order polynomials that
account for a fixed effect of diet and acute temperature. This was determined to be the best fit
model by AIC (Table S2.2). (D) Lower thermal limits across diet and temperature treatments
in opaleye. Circles indicate mean (+s.e.m.) values for the carnivorous diet treatment and
triangles indicate mean (+s.e.m.) values for the omnivorous diet treatments. Note that fii
limits are missing from the 12°C treatments because of issues surrounding COVID-19. Tar,
temperature at the onset of cardiac arrhythmia; Tag, breakpoint temperature of the heart;
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Tpeak, temperature corresponding to maximum heart rate; CTmax, critical thermal maximum,;
CTmin, critical thermal minimum.

acute test temperature and diet (Figure 2.5A; Table S2.2). These models demonstrated
that the acute TPC for fu was lower across temperatures in the 20°C choice treatment
compared with 20°C carnivorous treatment, which was consistent with the observed
differences in fimax (Figure 2.5A). Altogether, these results demonstrate that for the 20°C
acclimated fish, the omnivorous diet reduced overall cardiac function across temperatures but
did not affect the upper thermal tolerance limits on the heart.

The results of the cold ABT test showed similar evidence of an effect of diet
on fu and fumin. Here, diet did not have a significant effect on any cold thermal limits
(CTmin, TaB-cold, Tarr-cold), but fitmin was lower (16%) in the omnivorous treatment compared
with the carnivorous treatment at 20°C. There was also evidence to support an effect of diet
on model selection, where the best fit model by AIC was a fourth order polynomial curve
that incorporated an effect of acute test temperature and diet (Figure 2.5C; Table S2.2).

2.4 Discussion

Using an omnivorous fish, opaleye, as a model species, we found evidence that diet
can influence thermal performance in ectotherms and does so in trait-specific ways. This has
critical implications for our understanding of species responses to temperature change.
Specifically, we examined three concepts outlined in Figure 2.1: (1) whether diet and
temperature acclimation can affect thermal performance and limits, (2) whether ecologically
important traits vary in their diet and temperature sensitivity (integrating multiple levels of
biological organization) and (3) whether trait-specific variation in diet and temperature
responses creates performance trade-offs for opaleye fed an omnivorous diet compared with

a carnivorous diet.
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2.4.1 Thermal limits increased with temperature but did not differ across diet treatments

We assessed thermal limits using a standard and commonly used critical thermal (CT)
test, as well as an ABT test, which measures thermal limits of the heart (Casselman et al.,
2012). The heart may be a primary regulator of functional thermal tolerance in fishes. It is
responsible for oxygen, immune cell, metabolite and waste transport around the body and is
thought to be the first organ system to fail at extreme temperatures (Christen et al.,

2018; Eliason & Anttila, 2017). The heart starts showing declines in performance (at 7ag)
~10-20°C lower than CTmax and fails (7ar) at temperatures ~0—5°C lower than CTyax in
fishes (Chen et al., 2015; Mufioz et al., 2014; Safi et al., 2019). As expected, all thermal
limits increased with temperature acclimation and CTmax was 2.7-3.8°C higher than 7.
Opaleye showed a highly plastic acclimation response across all thermal limits, consistent
with other temperate marine ectotherms (Vinagre et al., 2016). However, their thermal limits
did not differ between diets.

While we did not observe a diet difference here, diet quality and quantity can alter
thermal limits in ectotherms (fishes: Hoar & Cottle, 1952; Craig et al., 1995; Abdel-Ghany et
al., 2019; Gomez Isaza et al., 2019; Lee et al., 2016; Turko et al., 2020; Woiwode &
Adelman, 1992). Most previous studies used formulated diets varying in lipid composition;
thus, dietary lipid composition may be a primary factor affecting thermal limits. This is
critical to consider in the context of aquaculture, where animal feeds should be designed to
ensure farmed animals have adequate thermal performance and resistance to suboptimal
temperatures. To our knowledge, this is the first study to test the effect of quasi-natural diets
on the thermal acclimation of critical and cardiac thermal limits in ectotherms. Research with

natural diets is ecologically relevant for ectotherms that consume broad diets and especially
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for fish such as opaleye that seem to change their diet in response to temperature (Behrens &
Lafferty, 2007, 2012; Emde et al., 2016; Gonzalez-Bergonzoni et al., 2016; Guinan et al.,
2015; Vejtikova et al., 2016). Climate change is altering the nutritional landscape for many
aquatic ectotherms (Birnie-Gauvin ef al., 2017; Huey and Kingsolver, 2019). Managers and
biologists should consider the effects of this on ectotherm thermal limits. Thus, future
research should explore whether other natural diets can influence thermal limits in
ectotherms, as this has critical implications for how they may respond to global climate

change.

2.4.2 Thermal acclimation responses did not scale with temperature and diet equally

across biological rates

The biological rates assessed here did not scale with diet and temperature equally.
Thermal sensitivity differed dramatically across biological rates, where sprint speed did not
differ with diet and temperature acclimation (Q10=1.04), lactate dehydrogenase activity was
moderately affected by temperature (Q10=2.10), but insensitive to diet, and growth was
highly temperature sensitive (Q10=28.05), but also not sensitive to the diet treatments used in
this study. These results are consistent with large scale meta-analyses, which have revealed
that Q10 values differ across biological rates (Dell et al., 2011; Seebacher ef al., 2015). Diet
sensitivity was also inconsistent across rates, where SMR and fi max Were sensitive to diet,
but all other rates were not. This was surprising for rates that are known to be impacted by
diet, such as growth rate. Diet has been shown to have interactive effects with temperature on
growth in other ectotherms (Sengalese sole: Guerreiro et al., 2012; rohu: Mishra and
Samantaray, 2004; yellowtail kingfish: [lham & Fotedar, 2016; crustaceans: Malzahn et al.,

2016; Persson et al., 2011; Ruiz et al., 2020; Starke et al., 2020; insects: Kingsolver et al.,
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2006; Lee & Roh, 2010). However, Ulva sp. supplementation has had mixed effects on
growth in aquaculture fish, with some studies showing modest amounts of Ulva sp. reducing
growth, while others finding positive or no effect of Ulva sp. supplementation on growth
(Wan et al., 2019). Future work should explore how broader diet differences affect growth in
relation to other important biological rates.

The effects of temperature on sprint speed in comparison to lactate dehydrogenase
activity were similarly unexpected. Sprinting in fish is primarily driven by glycolytic fast
twitch white muscle (McDonald et al., 1998; Kraskura & Nelson, 2018). Lactate
dehydrogenase is a critical enzyme in lactic acid fermentation during glycolysis. Thus, we
expected that sprint performance would have a comparable thermal sensitivity to lactate
dehydrogenase activity. Lactate dehydrogenase activity increased with temperature
acclimation, suggesting the opaleye had a greater anaerobic capacity at 20°C (McDonald et
al., 1998). However, this did not translate to increases in sprint performance. Other enzymes
in glycolysis could be rate-limiting steps (e.g. phosphofructokinase; McDonald ef al., 1998)
and more highly correlated with sprint speed. Sprint speed has been examined in one other
dietxtemperature study in fishes, which measured macronutrient selection and temperature
effects on damselfish (Rowe et al., 2018). Macronutrient selection did not change with
temperature, but sprint speed was highest in the colder temperature treatment (Rowe ef al.,
2018). Fish use two different swimming modes: anaerobically powered burst swimming and
sustained aerobically powered swimming. These swimming modes may be differentially
affected by diet and temperature. The effect of diet and temperature on aerobically powered
swimming and maximum swim speeds (i.e. maximum swimming speed, Umax, and critical

swimming speed, Ucit) have been assessed in grey mullet (Vagner et al., 2015, 2019), with
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no observed effect of diet, but an effect of temperature on Unmax and no effect of diet or
temperature on Uerir. Given that two metabolic traits, SMR and FAS, were affected by diet
and temperature in this study, future work should explore how aerobically powered
swimming is impacted by different levels of omnivory.

The diverse diet and temperature responses that we observed across biological rates
resulted in no consistent pattern in the thermal sensitivity of any metabolic rates or levels of
biological organization. The small number of papers that have measured the interactive
effects of diet and temperature on metabolic rates in other ectotherms have found mixed
results (i.e. insects: Alton et al., 2020; Schmitz & Rosenblatt, 2017; fish: Pérez-Casanova et
al., 2010; Vagner et al., 2015). For example, Vagner et al. (2015) found an interactive effect
of dietary fatty acid composition and temperature on the AAS of juvenile grey mullet. In
contrast, Pérez-Casanova et al. (2010) did not find any effects of macronutrient ratios on
metabolism in juvenile Atlantic cod and haddock. Our results were especially surprising for
SMR, as it is often assumed that maintenance metabolism is coupled to all other biological
rates and should have the same thermal sensitivity (Gillooly et al., 2001; Brown et al., 2004).
Aerobic scope is also considered a master physiological factor that determines the capacity
for all other aerobically powered functions (Fry, 1947; Brett, 1971; Claireaux & Lefrangois,
2007; Portner, 2010), although this idea has been heavily debated (Clark et al.,

2013; Schulte, 2015). Here, AAS did not differ in response to diet or temperature (although
FAS did) and there was also no observed pattern between AAS, SMR and other biological
rates. These results indicate that caution should be taken when using AAS and SMR as
indicators of overall performance or proxies for other biological rates, especially when

predicting the effects of multiple factors, such as diet and temperature.
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2.4.3 Performance costs and benefits for diet choice at different acclimation

temperatures

Contrary to our hypothesis, we did not find evidence of a performance trade-off to the
omnivorous diet used in this study. Instead, opaleye that consumed the omnivorous diet
displayed several higher costs: lower fi1 across a thermal gradient, higher SMR and reduced
FAS when acclimated to 20°C. Given that the thermal limits of the heart did not change with
diet, it was remarkable that diet downshifted the thermal performance curve for fimax. A
reduction in fimax indicates a reduced capacity to transport oxygen, metabolites, immune
cells and waste around the body. There are several potential mechanisms that could have
driven this reduction in fi,max across acute temperatures. For example, differences in the lipid
composition of the diet can impact membrane remodeling, which can affect cardiac function
in fish (Chatelier et al., 2006; McKenzie, 2001). Further, although Ulva sp. contains no
known herbivore deterrents, our results suggest some sort of anti-nutrient effect of Ulva sp.
supplementation, which could have caused the observed reductions in cardiac thermal
performance.

The higher SMR observed in the 20°C omnivorous treatment was expected as
omnivorous and herbivorous animals generally have higher digestive infrastructure costs than
carnivores (e.g. broader digestive enzymes, higher gut surface area; Caruso and Sheridan,
2011; Clements et al., 2009; Horn, 1989). Consistent with the higher SMR at 20°C, the
opaleye in the omnivorous treatment had a reduced FAS (3.43) that was less than half that at
12°C (8.65). In contrast, the carnivorous diet maintained a 44% higher FAS at 20°C (4.94)
compared with the omnivorous diet. FAS is indicative of the amount of scope available to

perform critical biological functions that scale proportional to SMR (Farrell, 2016).
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Digestion generally requires at least a doubling of SMR in many fishes (i.e. FAS>2; Chabot
et al., 2016a; Farrell, 2016; McCue, 2006). This suggests that the opaleye in the omnivorous
treatment at 20°C may have been on the threshold of having limited scope for activities
beyond digestion. As climate change increases the seasonal extreme temperatures and the
frequency of marine heatwaves in the rocky intertidal zone (IPCC, 2019), the opaleye's FAS
will decrease further, which could limit other important biological functions, such as
digestion, and exacerbate energetic tradeoffs associated with different diets. Thus, another
avenue for future research will be to untangle dietxtemperature effects on digestive costs (i.e.
specific dynamic action) in relation to AAS and digestion efficiency (Jutfelt et al., 2021).
Given that opaleye and other omnivorous fishes eat more plants in warmer water in
the wild, we expected there to be a performance advantage to the omnivorous diet. We
measured a suite of traits to test for any performance benefits that may offset the costs of the
omnivorous treatment. Specifically, we explored how diet and temperature affected (1)
thermal tolerance, (2) maximum sprint speed, (3) glycolytic capacity and (4) oxidative stress.
We predicted that because opaleye eat more plants in warmer water (Behrens and Lafferty,
2012), the omnivorous diet would result in higher thermal limits than the carnivorous diet at
20°C. However, we did not find evidence of any benefits to the omnivorous diet. We also
expected that the higher lipid and protein content of the carnivorous treatment would raise
oxidative stress relative to the omnivorous diet. Analysis of lipid peroxidation in liver tissue
revealed a marginal trend of higher oxidative stress in the omnivorous diet treatment.
However, antioxidant capacity could still have been higher in the omnivorous treatment. For
example, Coggins et al. (2017) examined the effect of dietary glutathione supplementation on

thermal limits, antioxidant capacity and lipid peroxidation in Daphnia sp. As the glutathione
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concentration increased, so did total antioxidant capacity, but glutathione supplementation
did not alter lipid peroxidation or thermal limits (Coggins ef al., 2017). In contrast, Castro et
al. (2012) examined the effect of macronutrient ratios (45% and 55% protein) and
temperature acclimation (12 and 18°C) on multiple antioxidant enzymes and lipid
peroxidation in juvenile Senegalese sole. Lipid peroxidation differed across temperature
treatments and was highest in the 55% protein diet (Castro et al., 2012). The limited amount
of research on these interactions and inconclusiveness across studies indicate that more
research is needed to elucidate the role of dietary antioxidants and macronutrient ratios in
regulating oxidative stress across temperatures and taxa.

While it was not within the scope of this study, other important performance traits
may have differed between the diet treatments. These include, but are not limited to,
differences in microbiome diversity and function, visual acuity, cognitive ability, digestion
efficiency and digestive costs relative to aerobic scope, immune function, aerobic swimming
performance and cardiac stroke volume (Glencross & Rutherford, 2010; Koven et al.,

2018; Vagner et al., 2014, 2019). It remains unclear whether opaleye and other omnivorous
ectotherms consume different proportions of plant to animal to regulate their thermal
responses. Here, the opaleye's omnivorous diet did not maximize their performance
compared with a more specialized carnivorous diet. However, many other factors govern diet
choice in the wild, including life history (Zhang et al., 2020), competition (Pfenning, 1990),
predation (Schmitz et al., 2016), food availability (MacArthur & Pianka, 1966) and habitat
structure (Behrens & Lafferty, 2007). Therefore, the ecological benefits of consuming an

omnivorous diet may outweigh the physiological costs.
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Many ectotherms change their diets with temperature; either directly because their
diet preference changes in response to temperature (Boersma et al., 2016b; Carreira et al.,
2016; Devries & Appel, 2014; Lee et al., 2015; Lemoine et al., 2014; Rho and Lee,

2017; Schmitz et al., 2016; Vejtikova et al., 2016) or indirectly because food availability or
the nutritional content of a diet item changes with temperature (Alton et al., 2020; Boersma
et al., 2016b; Cross et al., 2015; Ho et al., 2010). In either scenario, generalist ectotherms
that have the capacity to adjust their diet may be at an advantage compared with those with
more specialized inflexible diets. However, the ultimate diet choices that ectotherms make
may not always be ‘better’ or ‘worse’ because diet and temperature can interact and have
trait-specific effects. Not all diet choices are necessarily adaptive. Irrespective of the reasons
why an ectotherm eats what it eats, our work here demonstrates that diet choices have
consequences. These consequences have far-reaching implications, including whether diet
choice can facilitate geographic range expansion, or colonization of warmer or cooler
habitats; and further, whether specialist diets constrain thermal niches or whether diet can
facilitate differences in acclimation rates or performance under fluctuating temperatures.
Overall, diet should be treated as an interacting factor that has the capacity to modify the
thermal responses of ectotherms.

2.5 Concluding remarks

Thermal acclimation is a key mechanism that ectotherms employ to maintain
performance across a range of temperatures. Acclimation requires energy and nutritional
building blocks that ectotherms obtain from their diet. Here, we explored whether different
diets mediated distinct thermal acclimation responses in an omnivorous fish, opaleye. We

found clear evidence that diet influences thermal acclimation responses. However, there was
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no consistent pattern in how different biological rates responded to the temperature and diet
treatments, with Q1o values ranging from 1 to 28. When confronted with a seasonal warm
temperature (20°C), the opaleye in the omnivorous diet treatment had inferior performance
(higher SMR, lower FAS and lower cardiac performance) relative to the opaleye fed a
carnivorous diet treatment. Global climate change is already changing the average and
extreme temperatures that marine ectotherms experience as well as their nutritional landscape
(IPCC, 2019; Birnie-Gauvin et al., 2017). These environmental changes are likely to interact
and alter many ectotherms' thermal performance in the wild. Incorporating multiple
interacting factors into our understanding of species’ responses to global climate change is
the next step in ensuring that researchers capture the resilience of different species and
populations (Jackson et al., 2021). Accordingly, diet is essential to consider when predicting

ectotherm performance in variable environments and in response to global climate change.
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lll. . Chapter 3

3.0 Abstract

Global climate change is increasing thermal variability in coastal marine
environments and the frequency, intensity and duration of marine heatwaves. At the same
time, food availability and quality are being altered by anthropogenic environmental changes.
Marine ectotherms often cope with changes in temperature through physiological
acclimation, which can take several weeks and is a nutritionally demanding process. Here,
we tested the hypothesis that different ecologically relevant diets (omnivorous, herbivorous,
carnivorous) impact thermal acclimation rate and capacity, using a temperate omnivorous
fish as a model (opaleye, Girella nigricans). We measured acute thermal performance curves
for maximum heart rate because cardiac function has been observed to set upper thermal
limits in ectotherms. Opaleye acclimated rapidly after raising water temperatures, but their
thermal limits and acclimation rate were not affected by their diet. However, the fish’s
acclimation capacity for maximum heart rate was sensitive to diet, with fish in the
herbivorous treatment displaying the smallest change in heart rate throughout acclimation.
Mechanistically, ventricle fatty acid composition differed with diet treatment and was related
to cardiac performance in ways consistent with homeoviscous adaptation. Our results suggest
that diet is an important, but often overlooked, determinant of thermal performance in

ectotherms on environmentally relevant time scales.
3.1 Introduction

Understanding the mechanisms driving thermal tolerance in ectotherms is a primary

focus in ecological physiology. Temperature is one of the most important environmental
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factors governing the physiology, behaviour and ecology of ectotherms (Hochachka &
Somero, 2002; Schulte, 2015). Temperature profiles vary substantially across environments,
and thus endemic ectotherms are adapted to tolerate their local thermal regimes (Somero,
2010). Temperate marine environments are especially thermally dynamic, with changes in
temperature occurring on acute (diurnal), intermediate (seasonal upwelling and marine
heatwaves) and long-term (annual-decadal) time scales (Hobday et al., 2016; Hoshijima &
Hofmann, 2019; Kroeker ef al., 2019). Importantly, climate change is expected to increase
the severity and duration of natural (i.e. upwelling, diurnal cycles) and extreme (i.e. heat
waves) sources of temperature variation (Kroeker et al., 2019; Oliver et al., 2018). To
survive in these dynamic thermal environments, ectotherms must be able to cope with
changes in temperature across all relevant time scales (Kroeker et al., 2019; Sandblom et al.,
2014; Schulte et al., 2011). As such, these ectotherms generally possess the capacity for high
levels of thermal plasticity, otherwise known as thermal acclimation capacity.

Thermal acclimation occurs through a series of phenotypic changes across levels of
biological organization that optimize biological rates, minimize waste production or cellular
damage or conserve energy (Schulte et al., 2011; Dalhoff & Somero, 1993; Anttila et al.,
2014; Ekstrom et al., 2016). While these changes are occurring, the animal’s performance
changes as a function of how long they have been exposed to the new conditions. Thus,
acclimating quickly may be just as, if not more important than full acclimation capacity
(Sandblom et al., 2014; Sidell et al., 1973; Hazel & Prosser, 1974; Johansen et al., 2021),
especially in the context of an increasingly variable environment. As the heart is essential for
ensuring blood circulation, which is critical for transporting nutrients, waste, immune cells

and oxygen, around the body, it is thought to govern thermal tolerance in several ectotherms
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(Eliason & Anttila, 2017) and has been shown to rapidly acclimate to high temperatures in
some temperate fish (Ekstrom et al., 2016; Gilbert et al., 2022). Given that acclimation is a
remodelling process, successful and efficient acclimation requires energy and nutrients.
Thus, the rate of acclimation and overall acclimation capacity for cardiac thermal tolerance
may be dependent on the quality and quantity of what an ectotherm has eaten.

Climate change is predicted to alter food availability, prey nutritional quality, and
diet preference for several ectotherms (Birnie-Gauvin et al., 2017; Cross et al., 2015;
Rosenblatt & Schmitz, 2016; Zhang et al., 2020), yet the interaction of diet and temperature
on thermal performance remains largely unknown. Animals have a remarkable capacity to
vary their diet to meet their nutritional requirements through changes in their consumption
rate or diet selection (Jobling, 2016; Johnson et al., 2017; Raubenheimer et al., 2017).
Generalist ectotherms, like omnivores, can choose between foraging for plants or animals to
meet their nutritional needs (Zhang et al., 2020). Interestingly, some omnivorous aquatic
ectotherms increase the ratio of plant to animal in their diet as temperature increases,
suggesting that the nutritional needs of these ectotherms are temperature dependent (Zhang
et al., 2020). The physiological consequences of these diet shifts are not well understood but
may be associated with altered performance and thermal tolerance (Carreira ef al., 2020;
Chapter 2; Brankatschk et al., 2018). An out- standing question is if the ratio of plant to
animal in an omnivore’s diet affects their thermal plasticity. More specifically, can diet
affect thermal acclimation rates and capacity, and if so, what mechanisms underly these
differences.

Diet quality varies dramatically across prey types. For omnivores, plants tend to be

higher in mineral content, antioxidants and complex carbohydrates, while animal diets tend
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to have higher protein and lipid content. In general, fatty acid (FA) composition also differs
between plants, algae and animals, although the exact composition is also dependent on the
environment (i.e. terrestrial, marine, freshwater) and conditions (e.g. environmental oxygen,
temperature; Turchini ef al., 2022). For example, the global availability of essential omega-3
fatty acids, docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), are expected to
decline due to increasing temperatures associated with climate change (Hixson & Arts,
2016). FA composition can influence membrane fluidity, thermal limits (Abdel-Ghany et al.,
2019; Gomz Isaza et al., 2019), cardiac performance (Vagner ef al., 2019), swimming
performance (McKenzie ef al., 1998), growth (Gourtay et al., 2018), cognitive function
(Zévorka et al., 2021) and diet preference (Brankatschk et al., 2018), suggesting that
variation in FA composition may be an important mechanism underlying thermal
performance differences in ectotherms whose diet changes with temperature.

The objective of our study was to determine whether diet impacts the (1) rate and (2)
capacity of cardiac thermal acclimation in a temperate omnivorous fish, opaleye (Girella
nigricans), during a simulated warming event. We measured thermal performance of
maximum heart rate (fimax) as it is thought to limit thermal tolerance in fishes, and heart rate
is governed by processes occurring across biological lipid membranes (Eliason & Anttila,
2017). Opaleye were fed either a fully herbivorous (ad lib red algae, Gracilaria pacifica),
carnivorous (ad lib brine shrimp, Artemia sp.), or omnivorous (free choice between algae and
Artemia sp.) diet for two weeks at 12°C. We then increased temperature to 20°C, simulating
an acute marine warming event and periodically measured cardiac thermal performance over
the next two weeks while the fish were acclimating to 20°C. We predicted that the lower

energy, lipid and protein content in the algae compared to Artemia sp. would result in lower
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acclimation capacity, slower acclimation rates, and reduced upper thermal limits compared
to the carnivorous treatment. Further, that fish in the omnivorous treatment would have the
highest performance due to the greater diversity of nutrients available, high energetic content
of the diet, and flexibility to choose between the algae and Artemia sp. To examine the
mechanisms underlying observed differences in cardiac performance, we measured the FA
composition of the fish’s ventricles and related FA composition to heart rate and thermal

tolerance.

3.2 Methods

3.2.1 Fish Collection

Juvenile opaleye (estimated to be <1 year old; Bredvik ez al., 2011) were collected in
May-August, 2021 by hook and line from Santa Barbara Harbor, California, USA (34.40829,
-119.691389). Fish were transported in coolers (>70% air saturation) to the University of
California, Santa Barbara and held in 95 L fiberglass flow-through seawater tanks (N = 224
fish total, 14 fish per tank, 4x turnover h™!). Prior to the start of acclimation, fish were held at
ambient conditions (ranged ~12.5-17.5°C throughout the study) for <3 weeks and fed ad
libitum omnivorous diets (Gracilaria pacifica from the cultured abalone farm in Goleta, CA
and Artemia sp. from brineshrijmpdirect.com). All protocols were approved by the
Institutional Animal Care and Use Committee at the University of California, Santa Barbara

(permit No. 935).

3.2.2 Acclimation and Diet Treatments

Opaleye were held at 12°C and fed ad libitum one of the three diet treatments for two

weeks. The diet treatments were 1) carnivorous (Artemia sp.), 2) herbivorous (red macro
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algae native to California called Gracilaria pacifica), and 3) choice omnivorous (Artemia sp.
and algae). Consistent with other aquatic omnivorous ectotherms, opaleye increase algae
relative to prey consumption in the warmer part of their geographic range (Behrens &
Lafferty, 2012). After two weeks, fish were subjected to a cardiac thermal tolerance test
called an Arrhenius breakpoint temperature test (ABT test; outlined below). One to two days
later, temperature in the holding tanks was raised over ~10-12 h from 12 to 20°C
(representative of the low and high seasonal temperatures experienced in Santa Barbara, CA).
As temperate intertidal fish, this rate of temperature change is high for Santa Barbara,
however not unheard of given the ecology of the species and a common rate of change in
more Southern parts of their range. Following the temperature change, individuals from each
treatment were tested using an independent sampling design on day 1 (post-change), 3, 7, and
14-15 for their upper cardiac thermal limits using the same ABT test. The experiment was
replicated 5 times to ensure adequate sample sizes for each timepoint (final N=7-15 fish per
diet treatment per time point). The 5" replicate was only run until day 3 post temperature
change to increase the sample sizes at earlier timepoints. We also included one tank of fish
that were acclimated to 20°C for 4 weeks and tested on week 2 and 4 of acclimation (Figure
S1).

At the time that ABT tests were conducted, body mass and total length were 36.42 +
16.12 g. and 12.18 + 1.87 cm. (mean + SD), respectively and did not differ with diet
treatment. However, conditions factor varied slightly across diet treatments (herbivorous =
1.79 £ 0.13, carnivorous = 1.87 + 0.18, and omnivorous = 1.97 + 0.26 g/cm?; p <0.001; 42 =
25.015). Temperature and dissolved oxygen content were monitored daily by hand using an

Omega Thermocouple (Omega Engineering INC, Norwalk, CT, USA) and an Oxyguard
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handy Polaris 2 (OxyGuard International A/S, Farum, Denmark). Oxygen was maintained at
>80% air saturation throughout the study. Average temperature per treatment was 12.2 +
0.5°C and 20.0 + 0.6°C across replicates (mean + SD; determined using Thermochron 4K
iButtons programmed to record every 20 minutes; accuracy + 1°C and resolution to 0.5°C).
Replicate level temperature data is provided in Table S3.1. Fish were held under a 14:10 h

light: dark cycle.

3.2.3 Direct Field Sampling

We examined how our results compared to seasonally warm-acclimatized opaleye in
the wild. Juvenile opaleye were collected in the August of 2021 (avg. temp for 2-weeks prior
was 18.4 + 1.0°C; mean + SD; N = 10) from Santa Barbara Harbor using hook and line. < 4
fish were caught per day for 3 days. Fish were immediately transported back to the
University of California, Santa Barbara and an Arrhenius breakpoint temperature test
followed by dissection (described below) was conducted within 3 h of being caught using

water from the harbor.

3.2.4 Dissections and Stomach Contents

After each ABT test, fish were euthanized and dissected. Liver and ventricle were
weighed for hepatosomatic index (HSI) and relative ventricular mass (RVM). The ventricle
was flash frozen for later analysis. Fish were not fasted before testing so that we could
evaluate their stomach contents. Fish in the carnivorous treatment had similar results to
fasted opaleye fed brine shrimp and acclimated to 12 and 20°C in Chapter 2. Thus, we do not

anticipate that post-prandial increases in the oxygen uptake rate had a major impact on our
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findings. Stomach contents were weighed and sorted in fish from the omnivorous treatment

to estimate the proportion of algae to brine shrimp (see Table S3.2).

3.2.5 Proximate Analysis

Frozen fish remains on day 14 (after 2 weeks at 20°C and 4 weeks on the treatment
diet; stored at -20°C) were homogenized using a Fisher Brand Bead Mill 24 and subsamples
of the homogenate were weighed and freeze dried (Labconco Lyophilizer). Subsamples of
algae and Artemia sp. were also freeze dried for proximate analysis (see Table S3.3). Protein,
lipid and ash content were estimated as described in Chapter 2. Total fatty acid composition
was determined on ventricles (N = 9 per treatment and timepoint; stored at -80°C) from fish
acclimated 2 weeks at 12°C and 2 weeks at 20°C and diet samples (N = 6 per diet) by gas
chromatography/mass spectroscopy (GC-MS) at the University of California, San Diego
Lipidomics Core using methods outlined in Quehenberger et al. (2010) (see Table S3.4,

Table S3.5). Fatty acids that were “not detected” in the sample were assumed to be 0.

3.2.6 Thermal Limits: Arrhenius Breakpoint Test

ABT tests were conducted as outlined Chapter 2 and Schwieterman et al. (2022) (see
Table S3.6 for specific values). Briefly, fish were anesthetized in seawater containing 80 mg
L! buffered MS-222 and then placed in an experimental sling in a 10 L test tank which
contained a maintenance dose of buffered 65mg L' MS-222. Water was circulated
continuously past the gills throughout the test and stainless-steel needle tip electrodes
(ADInstruments INC, Colorado Springs, CO, USA) were shallowly inserted under the skin

above the heart to detect an ECG signal. The signal was amplified using a Dual Bio Amp
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(ADInstruments INC, Colorado Springs, CO, USA) and filtered (Filters: 60 hz Notch filter;
Mains filter; Low-Pass: 1 Kz; High Pass: 10 hz; Range: 1-2 mV).

After a 15 min equilibration period at the acclimation temperature, atropine sulfate
was injected intraperitonially (1.2 mg kg™! in 0.9% NaCl) to block vagal tone. 15 minutes
later, isoproterenol was injected intraperitonially (4 ug kg™ in 0.9% NaCl) to maximally
stimulate B-adrenoreceptors. In 20°C acclimated fish, water temperature was cooled from 20
to 18°C before the start of the test to provide additional fimax data for breakpoint temperature
calculations. After isoproterenol injection, fish were given a 30-minute equilibration period.
Then water temperature was heated (warm ABT test) at 10°C h! (Polystat recirculating
heater/chiller; Cole-Palmer, Vernon Hills, IL, USA) while continuously recording an ECG
trace. At each 1°C interval, fiimax and temperature were stabilized for 30 seconds to record an
average value for heart rate at the temperature. This procedure was repeated until the onset of
cardiac arrythmia (Tarr). The fish were kept in the test until the next 1°C interval after Tarr
(<6 min) to ensure that the decrease in heart rate following cardiac arrythmia was captured
for fitting thermal performance curves (TPC). Fish were omitted from the analysis when
experimental error occurred (e.g., water pump failure, drug injection complications, or ECG
signal was too noisy for software to interpret; 11% of individuals tested). Cold ABT tests
were only performed on the last day of testing (i.e., day 14/15 post temperature switch; N =
5-7 per diet). The same rate of temperature change (decrease by 10°C h'!) was targeted;
however, below 11°C, the rate of decrease in temperature was harder to maintain and
deviated occasionally from the desired rate (~0.3-1 °C every 6 min). We do not anticipate
that this impacted the results, as Casselman et al. (2012) found that slower rates of

temperature change did not impact ABT test results.
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3.2.7 Data Analysis for Arrhenius Breakpoint Test

At each 1°C temperature increment, fumax Was calculated from 15 continuous seconds
of ECG recordings using automated ECG analysis software in LabChart (AD Instruments;
www.adinstruments.com) (Chapter 2). Three thermal limits were calculated from the warm
ABT test (Tag, Tpeak, Tarr). The lowest thermal limit (Tag) represents when the heart first
starts showing signs of impairment due to temperature. For example, Tas was comparable to
the optimal temperature window for aerobic scope in Pacific salmon (Cassselman et al.,
2012), rainbow trout (Anttila et al., 2013), and goldfish (Ferreira et al., 2014). Tap was
defined as the temperature corresponding to a breakpoint in a plot of log(fimax) against the
Arrhenius temperature. This breakpoint analysis was conducted using segmented package
(v1.1-0; Muggeo, 2008) in R. Note that Tag may be artificially high in the early time points
because the test started at a higher temperature (18 instead of 12°C). For the warm ABT test,
the highest fimax recorded during any 15 s measurement period was designated as the overall
peak heart rate (Peak fiimax). The temperature in which peak fiimax occurred was defined as the
peak temperature (Tpeak). This indicates an important transition temperature where cardiac
arrythmia usually follows shortly thereafter. Finally, Tarr indicates the temperature where
the heart is no longer able to maintain rhythmic beating. At 12 and 20°C, Tarr occurs at
temperatures ~2.7-3.8°C lower than critical thermal maxima (CTmax) in opaleye and thus,

represents a more functional upper thermal limit for these fish Chapter 2.

3.2.8 Statistical analysis

All data were statistically analyzed using R (version 3.5.1). All metrics were
investigated for normality using Shapiro—Wilk tests and quantile—quantile plots, and for

heteroscedasticity using Levene’s test. All data were sufficiently normal with equal variance.
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Acclimation rate data were statistically analyzed (significance level a=0.05) by fitting a
linear mixed effect model where timepoint and diet were included as fixed effects and
replicate number was included as a random effect (Ime4 v1.1-19; Fox, 2011). We ran a 2-
way ANOVA on each model followed by a post hoc Tukey test when significant main effects
were detected. In all 2-way ANOVA tests, the interaction between diet and timepoint was
tested for and excluded when non-significant. Polynomial curves were fitted to acclimation
capacity fumax data (i.e., data from fish held for 2 weeks at 12°C and 2 weeks at 20°C) and
compared using Schwarz Information Criterion (SIC), where the fit with the lowest SIC score
was assigned the best fit model, but all models with ASIC<7 were considered (Table S3.7;
Jerde et al., 2019). Replicate number and individual were included as random effects.

To simplify fatty acid analysis, the DBI and average chain length were calculated for
each sample. DBI =) n X (proportion of FA with n double bonds), where N = the
number of double bonds in a type of fatty acids. Average chain length = Y5 L X
(proportion of FA with n double bonds), where L = the number of carbons in the fatty
acid chain. Linear regressions between DBI or average chain length and all cardiac
parameters (fimax, peak fiamax, Tarr, Tpeak, TaB) were assessed in fish acclimated for 2 weeks
at 12°C and 2 weeks at 20°C. Residual plots of each linear regression model were visually
assessed in R to investigate normality and heteroscedasticity. Complete dietary and tissue
sample FA analysis (i.e., mean + SEM for all FA’s measured) is provided in the supplement

(Table S3.4, Table S3.5).

3.3 Results

3.3.1 Acclimation Capacity
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The thermal acclimation capacity for fiamax Was influenced by diet in opaleye (Figure
3.1, Table S3.8). Model selection revealed strong evidence of an interactive effect of diet and
temperature on the acute TPC for fiimax in the warm ABT test (Table S3.7). The best fit model
by SIC was a third-order polynomial curve that incorporated an interaction of acclimation
temperature (12 or 20°C), diet (herbivorous, omnivorous, carnivorous), and acute test
temperature (Table S3.7). The acute TPC for fiimax followed a traditional shape with a
negative skew, where fimax increased with temperature until Tag, at which point fimax began
leveling off until Tpeak. Tarr generally occurred shortly after Tpeaxk.

Upper thermal limits (Tag, Tpeak, Tarr) increased by an average of 3.3-3.9°C
(irrespective of diet) when switched from 12 to 20°C (Figure 3.2, Table S3.6). While diet did
not affect any thermal limits (diet effect for Tap p = 0.1647, Tpeak p = 0.2269, Tarr p =
0.1998, Table S3.6, S3.7), it did impact the height of the acute TPC (diet effect p <0.001).
For the omnivorous and carnivorous treatments, peak fimax increased during acclimation
from 12 to 20°C (Figure 3.3). In contrast, the herbivorous treatment did not alter peak fimax in
response to warm acclimation (p = 0.9856 from Tukey HSD comparing herbivore treatment
at 12°C to the herbivore treatment after 2-weeks at 20°C). Accordingly, the herbivorous
treatment had a lower A peak fimax (peak fiimax at 20°c - peak fimax at 12°c) of 12.62 bpm
compared to 55.10 and 43.96 bpm for the omnivorous and carnivorous treatments,

respectively.

3.3.2 Acclimation Rate

The majority of the acclimation response for thermal limits occurred in the first 3 days
post temperature change, with an average of 69.2% of the response for Tag, 60.6% for Tprax,
and 60% for Tarr occurring in the first 3 days at 20°C, irrespective of diet (Table S3.9). Diet
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did not impact any thermal limit at any timepoint during acclimation from 12 to 20°C (Figure
3.2, Table S3.8). However, there was an interactive effect of diet and timepoint on peak frimax
(dietxtimepoint p = 0.0128), where it was lower in the herbivorous treatment compared to the
omnivorous (23.3% higher) and carnivorous (16.5% higher) treatments after the 2-week

acclimation to 20°C (Figure 3.3, Table S8).
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Figure 3.1 Dietary effects on cardiac thermal acclimation capacity. Individual- and
treatment-level responses of max heart rate (fiimax) of opaleye during acute warming. Panels
show fish from different diet treatments (from left to right: carnivorous, herbivorous,
omnivorous) that were tested after a 2-week acclimation to 12°C (closed circles) and 20°C
(open circles). Curves indicate treatment level effects after 12°C (solid line) and 20°C
(dashed line) acclimation and are third-order polynomials that account for the interaction
dietxtimepointxacute temperature with random effects of individual fish id and replicate.
This was determined to be the best fit model by SIC (Table S7).

93



260 -

‘E 2204 @)
s O
E
]E: 180 1 _
> o
3
o 140-
Pre 1 3 7 14
Switch
Time (days)

Figure 3.2 Dietary effects on thermal acclimation rate for cardiac thermal limits. Individual-
and treatment-level acclimation rate responses for upper thermal limits (Tag, Tpeak, TarR)
across diet treatments and timepoints in opaleye. Colors distinguish diet treatments (red:
carnivorous, green: herbivorous, yellow: omnivorous). Individual responses are indicated by
the translucent points, and treatment level mean (= SEM) are overlayed with connecting
lines. Different letters indicate significant differences across time points (p <0.05) by Tukey
HSD. Each thermal limit was analyzed independently. There were no significant effects of
diet on any thermal limit.
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Figure 3.3 Dietary effects on thermal acclimation rate for peak fiimax. Individual- and
treatment-level acclimation rate responses in peak fimax across diet treatments and timepoints
in opaleye. Colors distinguish diet treatments (red: carnivorous, green: herbivorous, yellow:
omnivorous). Individual responses are indicated by the translucent points. Treatment level
mean (£ SEM) are overlayed with connecting lines. There was a significant interactive effect
of diet and timepoint (P = 0.0128; Table S3.8) on peak fiimax.
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3.3.3 Warm versus cold thermal limits and seasonally acclimatized fish

A group of carnivorous fish were tested after an extended acclimation period to 20°C (2
and 4 weeks) (Figure S3.1). Peak fimax increased from 2 to 4 weeks while Tpeak and Tarr did
not change, indicating the opaleye could have continued acclimating a bit more if the
acclimation time had been extended to 4-weeks across treatments (Figure S3.1). The fish
tested in the acclimation rate experiment had an average peak fiimax 0f 207.78 + 6.04 bpm and
31.4 £ 0.3°C Tarr after 14 days at 20°C compared to 213.20 + 5.94 bpm and 32.7 = 0.4°C
from opaleye held 4 weeks at 20°C. Thus, the majority of the opaleye’s acclimation response
was complete by week 2 post-temperature change, which is a more representative timescale

for what they experience in the wild.
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Figure 3.4 Comparison of treatment to opaleye literature values in peak fiimax. Comparing
mean peak fimax values from current treatments to seasonally acclimatized opaleye as well as
all other available literature values on opaleye (Chapter 2; Schwieterman et al., 2022). Light
Gray filled triangles indicate mean values from other studies on opaleye. Colors distinguish
diet treatments used in this study (red: carnivorous, green: herbivorous, yellow: omnivorous).
Dark gray circle indicates the mean for seasonally acclimatized opaleye. Shaded rectangles
indicate = SEM for each treatment in this study. Dashed lines indicate acclimation or
acclimatization temperature (from prior 2 weeks) in this study.
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On the last timepoint (day 14 at 20°C), both upper and lower thermal limits for fiimax
were assessed. Diet did not affect either upper (see Table S8) or lower thermal limits (Diet
effect on Tarr-cold %> = 0.660, df =2, pr>y* = 0.719). For the cold ABT test, Tarr - coLp was
5.3 £0.2°C for the herbivorous, 5.5 + 0.5°C for the omnivorous, and 5.8 = 0.6°C for the
carnivorous.

Seasonally acclimatized opaleye (i.e., tested immediately following wild capture)
experienced an average intertidal temperature of 18.4 + 1.0°C (mean + SD) in the 2 weeks
prior to field sampling. Fish sampled in the late summer (August) had cardiac and
morphometric performance that was closest to the herbivorous treatment at 20°C (Figure
3.4), with an average peak fimax of 185.96 & 7.29 bpm and Tag of 23.4 £0.3°C, Tprax of 28.9
+ 0.6°C, and Tarr of 30.6 = 0.7°C. Further, HSI was an average of 1.1% and RVM was
0.059%, where HSI was most similar to the herbivorous treatment at 12 and 20°C (1.1 and

0.8%, respectively).

3.3.4 Cardiac Fatty Acid Analysis

Diets and ventricles differed in their fatty acid composition (Table S4, Table S5,
Figure S2). The algae had lower fatty acids overall and displayed higher proportions of
saturated fats compared to brine shrimp (Table S3.4). In the ventricle, however, the DBI was
highest in the 20°C herbivorous treatment, which was largely driven by differences in DHA
content at that time (Table S3.5, Figure S3.2). Fish in the herbivorous treatment also had
lower amounts of fatty acids with 18 carbon chains (e.g., oleic, linoleic, y-linolenic)
compared to the carnivorous and omnivorous treatments (Table S3.5, Figure S3.2). Variation
in_fimax could be partially explained by differences in ventricle DBI. For example, 12°C

acclimated fish showed a significant positive relationship between DBI vs. fiimax at 12°C (p =
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0.018; R? = 0.25; Figure 3.5a), while 20°C acclimated fish displayed a significant negative
relationship between ventricle DBI vs. fiimax at 20°C (p = 0.009; R? = 0.24; Figure 3.5) and
ventricle DBI vs. peak fiimax (p = 0.002; R? = 0.32; Figure 3.5¢). There was no relationship
between DBI vs. peak fiimax in 12°C acclimated fish (p = 0.182; R? = 0.07; Figure 3.5¢). DBI
and average chain length were highly positively correlated, irrespective of diet (p < 0.001; R?
= 0.98). Thus, similar trends in average chain length vs cardiac parameters were observed.
Several other significant correlations existed between cardiac parameters and specific fatty

acid content (Figure 3.5d; Figure S3.3).
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Figure 3.5 Fatty acid analysis from opaleye ventricles. Plots a-c show linear regressions
between DBI and famax from opaleye across all diet treatments, where shapes indicate
different diet treatments (carnivorous: circle, herbivorous: triangle, omnivorous: square). a)
SHmax at 12°C from 12°C acclimated opaleye b) fimax at 20°C from 20°C acclimated opaleye
c¢) Absolute peak fimax from 12°C (blue) and 20°C (red) acclimated opaleye. Equations are
presented for significant linear regressions between parameters (p<0.05). There was no
significant relationship between peak fimax and DBI for 12°C acclimated fish. d) Correlations
between cardiac parameters and individual fatty acids or fatty acid summary metrics from
20°C acclimated fish ventricles (made using ‘Corrplot’ verson 0.84 in R). Numbers and
colors indicate the correlation coefficient. Non-significant correlations are crossed out (alpha
<0.05).
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3.4 Discussion

Diet is an understudied factor that could impact the rate and capacity for thermal
acclimation in ectotherms. Here, we measured how diet impacted the time course of cardiac
thermal plasticity in a temperate omnivorous fish, opaleye, during a simulated warming
event. We found that diet did influence the acclimation capacity for fimax but not the rate of
acclimation. We also examined how cardiac thermal performance related to ventricle fatty
acid composition and found significant relationships between fatty acid composition and
Jumax. This has important implications for our understanding of species vulnerability to rising

temperatures.

3.4.1 Thermal acclimation capacity was diet dependent

In the face of ongoing anthropogenic changes to temperature and food resources
(Oliver et al., 2018), it is critical to consider if nutrition can mediate ectotherm resilience.
Here, diet clearly impacted cardiac remodeling for fimax, but it did not alter the acclimation
capacity of thermal limits (Tas, Tpeak, or Tarr). In all diet treatments, thermal limits
increased with warm temperature acclimation, consistent with cardiac responses observed in
opaleye and many other fishes (Anttila et al., 2014; Chapter 2). For this generalist
omnivorous species, a short-term shift to a lower energy, lipid, and protein diet did not
constrain the fish’s thermal limits or their ability to acclimate them to a higher temperature.
Further, the more nutritionally diverse (omnivorous) diet treatment here did not result in
higher thermal limits than the other diet treatments.

Instead, the height of the acute TPC for fimax, but not the breadth of the TPC, was
sensitive to diet. Consequently, diet determined thermal plasticity for fiimax, With fish in the

herbivorous treatment undergoing the lowest change in peak fiimax between 12 and 20°C.
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Similar diet effects on TPCs for famax have been found in two other studies (Chapter 2;
Papadopoulou et al., 2022). In Chapter 2, Ulva sp. consumption lowered peak fimax, but not
Tag, Treak, or Tarr in opaleye at 20°C (Figure 4). In Papadopoulou ef al. (2022), allicin
supplementation reduced fimax across temperatures in exercise trained trout. Our data add to
growing evidence that the amplitude of the acute TPC is more plastic than the breadth of the
curve. While our results are from measures of cardiac performance, other performance
metrics may follow similar patterns. For example, in some cases aerobic capacity may be
more sensitive in amplitude, rather than breadth (Norin ef al., 2014; Scheuffele et al., 2022).
Differences in the amplitude of acute TPCs can alter functional thermal tolerance. Even
though thermal limits were not impaired by diet here, the reduced fimax in the herbivorous
treatment indicates that fiiscope (max — resting heart rate) could have a narrower thermal
breadth if there were not corresponding decreases in resting heart rate (Eliason ef al., 2013).
In this case, performance under realistic temperature scenarios, or functional thermal
tolerance, may be impaired, while more commonly measured extreme thermal limits (e.g.,
CTmax, LTs0, Tarr) remain the same. Notably, our findings on fed opaleye here were similar
to results on opaleye that were fasted before testing, indicating that being fed did not have a
major impact on fumax (Chapter 2). However, metabolism (and thus heart rate) increase during
digestion and the metabolic cost of digestion can differ depending on an animal’s diet
(Eliason et al., 2008). Thus, the scope for heart rate during digestion may also vary with diet
and could limit functional thermal tolerance in opaleye.

Opaleye are generalists that feed on a mixture of macro-algae, and small invertebrates
(e.g., small crustacea, hydroids), but are known to eat proportionally more prey in the colder

part of their geographic range (Behrens & Lafferty, 2012). At least in the short term, algae
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consumption in this study was not associated with any decrease in cardiac thermal
performance at cold temperatures (12°C). Notably, opaleye in the herbivorous treatment had
lower HSI (1.1%) than the carnivorous (3.1%) and omnivorous (3.0%) treatments at 12°C,
indicative of an energetic disadvantage. However, more research is needed to determine the
energetic and performance costs associated with herbivory in active fishes at cold
temperatures and how the ecological role of herbivorous and omnivorous fish will change

with an increasingly warm and more variable thermal environment.

3.4.2 Thermal acclimation rate did not change with diet

In temperate environments, temperature often changes on shorter timescales than it
takes for full thermal acclimation to occur (Hoshijima & Hofmann, 2019). For the endemic
ectotherms, plasticity within the first few days after a temperature shift may be more
important than overall acclimation capacity. However, most thermal performance data is
collected on ectotherms that are fully acclimated to treatment conditions (generally > 2
weeks), leading to overestimations of real-world thermal limits and performance. If diet can
alter the rate of acclimation, this could incentivize temperate fish to modify their diet with
temperature.

As expected, thermal limits increased throughout the 2-week acclimation to 20°C, but
surprisingly, there were no differences between diets. We did not observe any differences in
acclimation rate despite HSI being higher in the carnivorous and omnivorous treatments
(indicative of greater energy stores) after the initial 2-week acclimation to 12°C. All thermal
limits showed a similar logarithmic relationship with time, consistent with acclimation rate
studies using a critical thermal maxima test to estimate thermal limits (Fangue et al., 2014;

Healy & Schulte, 2012). These results add further evidence that consuming a lower quality
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diet (i.e., algae) did not impair thermal limits in opaleye, at least on timescales that are
environmentally relevant.

Thermal limits were not affected by diet, but peak fimax was, where fish from early
timepoints had similar cardiac performance irrespective of diet, but performance diverged
between the herbivorous and carnivorous/omnivorous treatments during the last week of
acclimation to 20°C. Given the greater nutritional diversity (e.g., availability of micro and
macronutrients), and flexibility in the omnivorous treatment and that opaleye, and many
other aquatic omnivores (Zhang et al., 2020), appear to consume greater proportions of algae
in their diet in warmer water, we suspected the fish in the omnivorous treatment would have
faster acclimation rates relative to those in the carnivorous and herbivorous treatments.
However, we did not observe this. While fish in the omnivorous treatment had higher fimax
across temperatures than those in the herbivorous treatment after 2 weeks at 20°C, they had
similar performance to the carnivorous treatment across all metrics and timepoints.

Notably, the fish at 12°C were much less likely to have food in their stomachs at the
time of sampling, so it was not possible for us to estimate the exact ratio of algae to brine
consumption at that time. However, we only started detecting small amounts of algae
consumption on day 3 after raising the tank temperature to 20°C. The lack of differences
between the carnivorous and omnivorous treatments may have resulted from fish not eating
algae long enough for it to impact their heart rate. While not within the scope of this studys, it
would be interesting to extend out to longer timepoints and see if prolonged acclimation to
the omnivorous treatment at 20°C results in even greater algal consumption and higher
cardiac performance. In Chapter 2, opaleye acclimated to three weeks on an omnivorous diet

(consisting of Ulva sp and brine shrimp) had slightly reduced cardiac thermal performance
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relative to a carnivorous treatment, indicating that 3-4 weeks at a given temperature may be
necessary to observe subtle diet effects. Consistent with this, Sandblom et al. (2014)
demonstrated that the metabolism during digestion (or specific dynamic action) and standard
metabolic rate took between 4 to 8 weeks to fully acclimate after switching from 10 to 16°C
in shorthorn sculpin (Myoxocephalus scorpius).

There are a small number of studies that have measured how quickly cardiac
performance acclimates in fish, without a diet manipulation (Ekstrom et al., 2016; Gilbert et
al., 2022; Sutcliffe et al., 2020). Interestingly, all studies found that temperate fish rapidly
acclimate, with most of their response occurring within 3 days. Ekstrom et al. (2016)
measured fHscope in rainbow trout (Oncorhynchus mykiss) acclimated from 9 to 16°C and
tested at 16°C. fumax increased after 1 day at 16°C, and then began decreasing as acclimation
occurred. These results were consistent with data from the herbivorous treatment, where fimax
at 20°C increased within 3 days of acclimation, but went back down by 2-weeks at 20°C. In
contrast, the famax for the carnivorous and omnivorous treatments remained high throughout
acclimation to 20°C. Gilbert et al. (2022) used the ABT test to determine how fimax changed
during acclimation from 10 to 18°C in rainbow trout. In line with our results here, trout also
underwent >50% of their acclimation response for fiimax in the first 72 hours post temperature
change.

The speed with which temperate fishes, like trout and opaleye, mount an acclimation
response indicates that acclimation rate may be a conserved and selected upon factor,
although this has yet to be tested. This work demonstrates how essential it is that we integrate
time of exposure into our modelling of thermal tolerance and predictions of species responses

to climate change. While these fish rapidly acclimate, they are still most vulnerable in the
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first few days after a temperature change, as their thermal tolerance has not fully
compensated, and they are actively remodeling. It is logistically challenging to gather these
data, but once in hand, they can be used to predict performance in complex environments,

under variable, more realistic conditions.

3.4.3 Fatty acid composition

Fatty acids serve many important functions, including as the phospholipid tails in
biological membranes. Changes in fatty acids and membrane performance can impact
cellular processes occurring across them, such as membrane bound enzyme activities,
membrane potential, and ion movement (Hochachka & Somero, 2002; Turchini et al., 2022),
which can have consequences for organ and whole-animal performance. Although membrane
fatty acid composition is tightly regulated, composition and content differ greatly across diets
and animal fatty acid composition can be related to fatty acid composition of the diet (Farkas
et al., 1980; Chatelier et al., 2006). Consequently, dietary fatty acid composition can
influence cardiac function, whole-animal metabolism, and swimming performance in fish
(Vagner et a;., 2019; McKenzie et al., 1998; Chatelier ef al., 2006). For example, in Chatelier
et al. (2006), seabass (Dicentrarchus labrax) had lower cardiac output and aerobic scope
when fed a diet containing fish oil as opposed to canola oil or palm oil. The effect of dietary
lipids on CTmax and lethal thermal limits has also been assessed in a handful of studies, with
mixed results. Oil type did not influence upper thermal limits in juvenile angelfish (Ikeda et
al., 2011), but total lipid composition (10 vs. 20%) had a significant effect on CTmax in
juvenile barramundi (Gomez Isaza et al., 2019). The effect of dietary fats on cardiac thermal
plasticity in fish is relatively unknown. In our study, ventricle fatty acid composition was
related to fimax and acclimation temperature.
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DBI is a measure of how “unsaturated” a tissue sample is on average, with higher
DBI indicating a greater presence of double bonds in the fatty acid tails (Winnikoff ez al.,
2011). Here, cold-acclimated fish had higher heart rates (improved cardiac performance)
when their ventricle fatty acids had more double bonds (DBI), or more fluid membranes
(thus counteracting the cold). The opposite trend was observed for warm-acclimated fish:
they had improved cardiac performance when their ventricles had fewer double bonds, or
reduced membrane fluidity. In particular, saturated fatty acid (SFA) content appeared to drive
the relationship between fiimax and DBI in 12°C acclimated fish, while highly unsaturated
fatty acids (HUFA) appeared to be the major driver of the negative relationship between DBI
and fimax /peak fimax in 20°C acclimated fish. DBI and average chain length were also
positively correlated, meaning that fish with more unsaturated fats in their ventricle also had
longer FA chains. While adding double bonds lowers the melting point and increases
membrane fluidity, lengthening the carbon chain raises the melting point and increases
membrane stability (Hochachka & Somero, 2002). Thus, the fish may have increased the
carbon chain length to partially compensate for their higher DBI.

Even though the algal dietary fatty acid composition had a higher proportion of
saturated fats, the herbivorous treatment at 20°C had the highest ventricle DBI, which was
largely driven by differences in the HUFA, DHA. DHA is an essential fatty acid critical to
cognitive function and development (Pilecky et al., 2021). However, it has six double bonds,
resulting in a melting point of -44°C. It is unclear why the herbivorous fish ventricles
contained more HUFAs, like DHA, relative to SFAs at 20°C. One potential explanation is
that the herbivorous fish were metabolizing the SFAs or prioritizing their deposition in other

tissues, as SFA have higher energy density compared to HUFAs of the same length (although
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digestibility is lower). Given the lower lipid content of the herbivorous diet, the fish could
have prioritized meeting their metabolic demand over optimizing their membrane fluidity.

Given the high degree to which cells can regulate membrane performance and the
many other functions for lipids in the body, it is not surprising that only ~20-30% of the
variation in fimax could be explained by fatty acid composition. Christen ef al. (2020) found
significant negative linear relationships between thermal limits (time to CTmax) and omega-3
fatty acid composition in Salvelinus alpinus, Salvelinus fontinalis, and their hybrids. Here,
there were some significant correlations between specific fatty acids and cardiac thermal
limits, although there was no significant linear regression found between overall DBI and
cardiac thermal limits. While not evaluated here, other factors, such as sterol composition
(Hassett & Crockett, 2009), phospholipid class (Guderley, 2004) and phospholipid fatty acid
composition (Guderley et al., 2008), are known influencers of membrane performance that
may have differed between the fish ventricles at the time of sampling and could explain more
of the variation in heart rate across treatments.

The global availability of the essential omega-3 fatty acids, DHA and EPA, are
expected to decrease with increasing temperatures associated with climate change (Hixson &
Arts, 2016; Pilecky et al., 2021). While there is concern over the predicted reduction in the
global availability of omega-3 FAs, the results here indicate that higher tissue SFA is
associated with improved cardiac performance in warm for opaleye. In other words, shifts in
global FA composition may be of concern for human nutrition and other measures of fish
performance (e.g., fish cognitive health), but could also mediate cardiac upper thermal

tolerance in fishes.
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3.5 Conclusion

Our results demonstrate that for generalist species, like opaleye, variation in diet is an
important modulator of thermal plasticity on environmentally relevant timescales. While diet
did not affect the fish’s thermal limits for fimax or acclimation rate, it did impact the height of
their acute TPC. Thus, ectotherm thermal performance changes as a function of exposure
time, and the amplitude of acute TPCs can be influenced by the animal’s nutrition.
Mechanistically, fatty acids were related to heart performance, indicating that they may be a
primary regulator of cardiac thermal performance in ectotherms. While temperate fish, like
opaleye, have a remarkable capacity for rapid thermal plasticity, they are still most
vulnerable in the first few days after a warming event, as they have yet to fully compensate
for changes in temperature. These results highlight the importance of accounting for changes

in nutrition, and thermal exposure time when assessing ectotherm thermal tolerance.

106



IV Chapter 4

4.1 Introduction

Climate change is altering food availability and the nutritional quality of plants and
animals in marine food webs, which may exacerbate the harmful effects of other
environmental stressors on marine life (Chapter 1). For example, in 2014-2016, a series of
marine heatwaves known as “the blob” reduced primary production in several of the Pacific
Northwest’s iconic giant kelp forests (Michaud et al., 2022). Reductions in food, along with
the unprecedented heat, are implicated as the cause behind rapid declines in many sessile
invertebrate species, with several forests suffering lasting changes in community composition
and animals range shifts (Michaud et al., 2022; Sanford et al., 2019; Beas-Luna et al., 2020).
In other systems, like coral reefs, variation in nutrient availability, due to thermal
stratification in the water column and nutrient pollution from terrestrial run-off, exacerbate
the harmful effects of extreme temperature events on coral health, causing devastating
impacts to the entire reef community (Ezzat et al., 2019; Zaneveld et al., 2016). In order to
predict how ecosystem-level changes will manifest in future extreme temperature and food-
stress events, it is critical that we better understand the organismal consequences of changing
ocean temperature and animal nutrition.

In addition to changes in food availability, ocean warming is expected to reduce the
abundance of omega-3 poly unsaturated fats (n-3 PUFA), EPA and DHA, in aquatic food
webs (IPCC, Hixson & Arts, 2016; Tan ef al., 2022). DHA and EPA can be synthesized to
some degree in vertebrates from the essential fatty acid ALA (18:3 n3), but the process is
energetically expensive and so dietary sources of these nutrients are critical for marine fish to

maintain high levels of tissue n-3 PUFA (Pilecky et al., 2021). Given that DHA and EPA are
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made almost exclusively in aquatic environments, humans rely heavily on seafood for these
nutrients. While these predictions are alarming from a human health and nutrition standpoint,
they are also concerning from an animal physiology perspective, as EPA and DHA are
critical for animal growth, cognition, vision, membrane bound protein function, metabolism,
and more (Pilecky et al., 2021; Tan et al., 2022). However, there is an important trade-off
here that must also be considered. Many n-3 PUFA have low melting points and raise
membrane fluidity when assimilated into cell membranes due to lower bonding strength to
neighboring fatty acids (Hochachka & Somero, 2002). Cells must maintain a precise balance
between membrane fluidity and stability to ensure optimal cross-cell communication,
signaling, metabolism, action potentials, and performance of other cellular functions
(Hochachka & Somero, 2002). Thus, high dietary n-3 PUFA content may improve membrane
performance in cold, while reducing performance in warm conditions.

In line with this prediction, under cold conditions, high PUFA diets are often
beneficial. For example, drosophila could not survive overwinter without eating a high PUFA
diet (Brankatscht ef al., 2018) and several species have improved cold tolerance after being
fed diets with more n-3 PUFA, compared to those with higher saturated fatty acids (SFA)
(Abdel-Ghany et al., 2019; Craig et al., 1995). In contrast, juvenile Atlantic salmon (Sa/mo
salar) fed diets deficient in n-3 PUFA had lower mitochondrial efficiency and growth in cold
and warm water (13 and 18°C; Zavorka et al., 2021). Therefore, while abundance of dietary
n-3 PUFA has been shown to improve cold performance in animals, reduction in dietary n-3
PUFA does not necessarily confer them with greater warm performance. These trade-offs
may be exacerbated by concurrent changes in food availability and environmental

temperature.
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As temperature rises in ectothermic animals, like fish, so does their metabolic demand
(Schulte ef al., 2015). While many animals compensate for their rising metabolism by simply
eating more, this may not always be possible if food availability is simultaneously changing
or temperatures are too warm for the animal to efficiently forage, ingest, or digest a meal
(Jutfelt et al., 2021). Many fish use fats as a primary fuel source (Turchin et al., 2022), and
so increases in temperature or reductions in food availability can affect how the fish uses its
dietary fats; whether it be as fuel to meet their metabolic demand or in assimilating the fats
into tissues for growth, reproduction, or maximizing thermal tolerance and performance. This
suggests that when food is abundant, fat quality might have a lesser impact on performance
and animals may easily meet their metabolic demand while simultaneously maximizing their
performance of other traits.

Ultimately, when an animal’s nutritional status changes it may impair their energy
balance and ability to tolerate co-occurring stressors and environmental extremes. Here, we
examined the combined effects food restriction, dietary n-3 PUFA composition, and
temperature on the energetics, thermal tolerance, and cardiac thermal performance of the
temperate omnivorous fish, opaleye (Girella nigricans). We collected wild-caught juvenile
opaleye and acclimated them in a factorial design to two environmentally relevant
temperatures (presumed optimal: 15°C and climate-change scenario: 22°C), while
simultaneously manipulating the amount of food they were offered (either a high or low
ration), and the amount of n-3 PUFA in their diet (n-3 PUFA enriched high fat diet or n-3
PUFA poor lower fat diet). Then, we measured their metabolism using aquatic respirometry,
warm and cold tolerance using an Arrhenius Breakpoint Temperature (ABT) test for cardiac

performance and critical thermal minima (CTwm) test, and nutritional status (from organ

109



morphometrics and whole fish fat and protein composition). We hypothesized that (1)
opaleye would be able to eat more to improve their thermal tolerance and aerobic
performance, especially in the climate-change scenario temperature, (2) dietary fat quality
would have a greater impact on opaleye performance when their food was restricted, and (3)
under food restriction, the n-3 PUFA enriched diet would improve the fish’s cold tolerance
and give them an energetic advantage (due to the high fat composition of the diet), possibly
at the cost to maintaining a high warm tolerance in the fish. By understanding how these
various co-occurring changes interact, we can better predict the impacts of environmental

change on marine life and food web dynamics.

4.2 Methods

4.2.1 Collections

Juvenile opaleye were collected using hook and line in the summer of 2022 from
Santa Barbara Harbor, Santa Barbara, CA, USA and brought back to the Eliason seawater lab
at the University of California, Santa Barbara in well oxygenated coolers (>70% air
saturation). Once in the lab, they were held in a flow-through system using 95 | fiberglass
tanks. The fish were grouped by size class to avoid bullying and distributed equally across
treatments (7-9 fish per tank; 3 replicate tanks per treatment; total N = 200 fish). Before
acclimations began, fish were held in ambient ocean temperature conditions (14.8 + 0.5°C;

mean = SD) and fed Artemia sp. (brine shrimp).

4.2.2 Treatments
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Opaleye were held at two environmentally relevant temperatures (presumed optimal:
15°C and climate change-scenario: 22°C) and fed on one of two ration levels (high ration:
20% bm day! in wet weight or low ration: 8% bm day! in wet weight) and two brine shrimp
types (n-3 PUFA enriched brine shrimp or normal brine shrimp; Hakari brand). Standard
brine shrimp is generally low in n-3 PUFA, thus, we classified these diets as 1) High ration
n-3 PUFA enriched, 2) Low ration n-3 PUFA enriched, 3) High Ration n-3 PUFA-poor, 4)
Low ration n-3 PUFA-poor. The two brine shrimps also differed in their overall lipid
composition, with the n-3 PUFA enriched diet having greater lipid composition overall (lipid
=11 vs. 17 % of dry weight, protein = 38% of dry weight in both diets). Most of the
differences in fat composition were driven by differences in n-3 PUFA, however, a few other
fatty acids that made up a smaller proportion of dietary fats (e.g., 16:0, 16:1) also differed
between the two diets. The exact differences in fatty acid composition between the diets are
presented in Table 4.1. The ration sizes were set to be a high growth ration under the current
summer extreme temperature of 22°C vs a maintenance ration at 22°C. We chose to
standardize the amount of food offered across acclimation temperatures to maximize the
ecological relevance of the diets. If we had reduced the amount of food in the colder
treatment, this would suggest that food availability decreases at moderate temperatures
(15°C), which is not the case in this system.

Fish were fed across two daily feedings: morning (~10-11:00 am) and afternoon
(~3:00-4:00 pm). During feeding, the standpipe was covered in a fine mesh filter that ensured
no brine shrimp was lost down the drain. The fish were allowed to feed freely for 30 minutes
with the filter on before it was removed and replaced with the usual standpipe cover (which

had larger holes to avoid clogging and subsequent tank overflow from fecal matter and
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leftover food). Across most treatments, fish generally ate all of the brine shrimp in the first
10-15 minutes of the feeding, with exception of the 15°C-acclimated high ration treatments,
where the fish always had leftover food in the tank.

Temperature was heated and cooled at the building level. The 22°C treatment also
had one 800-Watt immersion heater (Finnex, McCook, IL, USA) placed inside the tank to
ensure it was maintained at 22°C. Temperature and oxygen were monitored daily with
an Omega Thermocouple (Omega Engineering, Norwalk, CT, USA) and Oxygaurd Handy
Polaris (OxyGuard International A/S, Farum, Denmark). Temperature was also continuously
monitored using ibuttons (iButtonLink LLC, Whitewater, WI, USA) programmed to record
every 15-20 minutes. Average temperatures for each tank are reported in Supplemental Table
4.1, but the overall average across all tanks throughout the study was 15.2 + 0.6 and 21.9 +

0.4 (mean £ SD).

4.2.3 Timeline of testing

Following >2 weeks of acclimation, we tested the fish’s metabolism using
intermittent flow aquatic respirometry (testing occurred during week 2-3.5 of acclimation),
warm tolerance using an Arrhenius breakpoint test (week 3.5-5 of acclimation), and cold
tolerance using a CTwmn test (week 5-5.5 of acclimation). Fish were weighed every ~1.5-2
weeks to update ration sizes if they grew. After 3-5 weeks of acclimation some fish in the
high omega-22°C treatments began developing signs of disease. Thus, the remaining fish in
this treatment were humanely euthanized and CTwmin tests were not performed on this

treatment. Only visibly healthy fish from all treatments were included in the dataset.
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Table 4.1. Dietary fatty acid composition

i A Concegtration of fatty aciq in Artemia sp.
T e " diets (pmol/mg wet tissue)
# of double bonds) n-3 PUFA deplete n—.?a PUFA
enriched
12:0 1.733 £ 1.002 35+0.2
14:0 34.167 £20.611 91.7 £13.061
15:0 23.233 +£11.441 26.233 +£10.058
16:0 590.133 + 302.617 846.3 +48.257
16:1 134.167 + 64.443 426.3 +75.771
17:0 29.333 £6.301 37.333 £9.356
17:1 0.500 + 0.100 2.7+ 1.819
18:0 245.400 + 101.001 528.6 £ 111.221
18:1 1467.033 + 783.804 1320.067 £ 79.79
18:2 240.067 + 145.201 451.133 £29.272
2271.567 £
18:3 n3 881.567 +£395.995 414865
18:3 n6 69.967 + 48.700 88.5+7.318
18:4 517.667 £ 308.732 963.933 +483.335
20:0 3.133 £ 1.501 12.967 + 3.683
20:1 16.500 £ 7.275 53.367 + 10.536
20:2 5.433 +2.589 17.267 £1.29
20:3 n3 13.733 £3.787 74.6 £ 40.428
20:3 n6 6.467 +3.950 15.7 £ 1.808
20:3n9 0.167 = 0.058 2.333 +1.097
20:4 70.567 + 37.838 111.633 +42.394
20:5 276.933 +31.089 1541 + 680.309
22:0 1.133 £ 0.603 2.333 +0.551
22:1 0.667 +£0.153 5+1.249
22:2 0+0 0.667 £ 0.153
22:3 0.133 +£0.058 1.267 £0.153
22:4 0.767 = 0.586 4.967 + 1.801
22:5n3 2.767 £ 1.234 172 + 73.904
22:5n6 6.467 + 5.348 24.933 £ 9.465
22:6 36.000 + 15.997 1405.9 + 673.577
23:0 0.167 =0.058 0.367 +£0.058
24:0 0.333 £0.058 0.9+0.346
24:1 0.167 + 0.058 2.867 +0.321
26:0 0.267 = 0.058 0.567 £0.379
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Represented are means + SD of fatty acids in the two different Artemia sp. diets. Fatty acids
are listed as the carbon chain length: number of double bonds and n followed by a number
indicates the placement of a double bond when multiple options for the placement are
possible. Shaded rows denote omega-3 fatty acids, with 18:3 n3 = alpha-linolenic acid; 18:4
= stearidonic acid; 20:3 n3 = dihomo-alpha-linolenic acid; 20:5 = eicosapentaenoic acid; 22:3
DTrE; 22:5 n3 = docosapentaenoic acid; 22:6 = docosahexaenoic acid.

4.2.4 Metabolism: Set up and trials

Metabolism was estimated using aquatic intermittent flow respirometry and best

practices as described in Chapter 2. Methods are described using guidelines outlined in
Killen et al., 2021. Fish were placed in plastic respirometers (0.57-1.90 L based of fish size;
calculation includes recirculation loop tubing volume; fish size to chamber volume ratios
ranged = 16-46; mean + SD = 29 + 7). Each respirometer was connected to a recirculating
pump (Eheim Universal 300 pumps, Eheim, Germany) via clear PVC tubing and calibrated
to a flow 150 L/hour using flow valves set in the recirculation line. All respirometers were
also attached to a flush pump (Eheim Universal 300) set to flush at a rate of 150 L/hour,
which was connected to a timer which turned it on and off. The combined flush and
recirculation cycle lasted 15 minutes, but the exact timing of each measurement phase varied
depending on temperature and animal size to ensure adequate O levels were maintained
throughout the trials, while simultaneously capturing a linear decrease in O» with a high R?
value. Oxygen was recorded continuously throughout the trials using Pyroscience Firesting
fiberoptic oxygen probes and meter (Pyroscience, Germany), which recorded every ~1
second. The probe was set in the recirculation loop. Oxygen probes were calibrated using a
2-point calibration following manufacturer’s instructions (0% made by mixing sodium sulfite
in freshwater and 100% using aerated seawater) before the trials. The calibration was

checked periodically throughout the trials to ensure recalibration was not necessary over the

short duration that trials occurred (~1.7 weeks).
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During the trials, the fish were placed in the respirometers overnight for ~20 hours to
determine standard metabolic rate (SMR). The tanks were covered in shade-cloth lids and all
trials occurred in isolated environmental chambers to ensure minimal disturbance to the
animals. Animals were fasted 24 hours prior to the start of the trial. The trial tanks were
plumbed to the UC Santa Barbara flow-through seawater system, with seawater that was
gravity sand filtered to 20 microns. Heating was maintained using in bath submersible
heaters (Finnex, McCook, IL, USA) and was maintained between 14.25-16.27 or 21.04-22.86
°C (max and min temperature recorded across trials in each acclimation treatment). The
following morning, the fish were removed from the chambers and chased for five minutes

before being immediately returned to the respirometer to capture MMR (Chapter 2).

4.2.5 Metabolism: Data analysis

SMR was calculated as the low 15% quantile of all measurement cycles.
MMR was calculated as the steepest slope from the first measurement cycle lasting 120 s.
However, during spontaneous activity overnight a few fish reached higher MO2 values. In
this case, that highest value recorded was used. Absolute aerobic scope (AAS) was MMR —
SMR, and Factorial Aerobic scope was MMR/SMR. To calculate these metrics, the
following pipeline was conducted: The first and last 30 seconds of each measurement phase
were removed from analysis to avoid any mixing or pump delays. Background respiration
was estimated before and after each trial in at least 3 measurement cycles. In instances where
background respiration was present, we assumed a linear relationship between the pre- and
post-trial background measurements and subtracted the subsequent estimates of background
from the according MO, values (ranged from 0-48% of signal in a single measurement, but

the average background across any overnight trial was always <32%). We statistically
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confirmed that there was no relationship between the amount of background in a trial and the
estimate of SMR for that trial. While oxygen was well maintained during trials (at well over
80% air saturation for >95% of the time in the chamber), during bouts of overnight
spontaneous activity, oxygen occasionally and briefly dipped below 80% air saturation;
generally, when the lights turned on or off in the environmental chamber where the fish were
tested. Individuals were excluded from the dataset if oxygen fell below 65% air saturation
during any bouts of activity (n = 3 fish). We tested for evidence of body size scaling by
comparing mixed effect models (using Schwarz information criterion; SIC) that varied in
their scaling coefficient (e.g., global fish coefficient 0.89, isometric scaling, or slope of the
log-log plot) and did not find sufficient evidence of an allometric scaling relationship to
transform the data (Jerde et al., 2019). All respirometry data and relevant meta data (e.g., fish
body mass, chamber volume, etc.) will be provided in an online dryad repository upon

publication. Sample sizes for each treatment ranged 9-13 and are reported in Table 4.2.

4.2.6 Warm Tolerance (Arrhenius breakpoint temperature - ABT — test)

Warm thermal tolerance was measured as outlined in Chapter 2 and 3. Briefly, the
fish were anesthetized in seawater containing buffered MS-222 at their acclimation
temperature and placed ventral side up in an experimental sling with water continuously
circulating over their gills. To measure heart rate, a stainless-steel needle-tip electrode was
inserted just under the skin on the ventral side of the fish above the heart. The ECG signal
was amplified using a dual bioamp and filtered as described in Chapter 3.

The fish were given a 30 minute habituation period in the 10L test tank before being
injected intraperitonially with atropine (1.2 mg kg-1 in 0.9% NacCl) followed by isoproterenol

(4 ug kg-1 in 0.9% NaCl) to induce maximum intrinsic heart rate. After a 15 min
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equilibration period, temperature was increased at a rate of 1°C every 6 minutes while
continuously recording heart rate. At each 1°C interval, the temperature was stabilized to
allow for a 15 second period of ECG at that temperature. The fish were kept in the test until
the degree just following the onset of cardiac arrhythmia (Tarr), at which point the fish was
removed from the test tank, immediately euthanized and subsequently dissected for organ
and body morphometrics.

The data were analyzed in LabChart (www.adinstruments.com). Estimates of

maximum heart rate (famax) were taken from 15 s of continuous ECG recordings at each 1°C
temperature interval. For each individual, two upper thermal limits were determined, (1)
Treak Was the temperature corresponding to the highest maximum heart rate and (2) Tarr
was the temperature at which arrhythmia occurred. Both represent important transition
temperatures where further increases in temperature are met with rapid declines in heart

performance. Sample sizes for each treatment ranged 7-12 and are reported in Table 4.3.

4.2.7 Cold Tolerance (Critical thermal minimum — CTy test)

Cold tolerance was assessed as outlined in Chapter 2 using a standardized critical
thermal minimum test (CTwmv). The opposite of CTmm is CTmax, which is a measure of
warm tolerance (see Chapter 2). Here we opted to use the ABT test to measure warm
tolerance instead of CTmax because it provides information about a fish’s heart performance
and its warm tolerance limits. Also, Tpeak and Tarr are generally much lower than CTmax,
and are considered more physiologically relevant estimates of the warmest temperatures fish
can survive at. However, running the ABT test in reverse (i.e., cooling the water instead of
heating it) is a much longer test than CTwmin, but provides more conservative estimates of

cold tolerance in opaleye. For example, in Chapter 2, a breakpoint temperature at cold was
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not able to be estimated in several fish, and Tarr at cold was lower than CTwmm by 0.7-1.7°C
(see Chapter 2). Thus, we opted to use CTm for cold tolerance and the ABT test for warm
tolerance. To run the CTwmn test, 7-15 fish (larger fish were tested at lower tank density) at a
time were placed into the ~57 L experimental tank and given 10 minutes to adjust to the new
environment. The water was cooled using a 1 HP AquaEuro chiller (AquaEuroUSA, Los
Angeles, CA, USA) and sea ice at a rate of decline of ~0.3°C per minute. CTmmv temperature
for each fish was recorded at the exact time when they lost equilibrium for a period of 5 s.
Immediately following loss of equilibrium, each fish was removed from the experimental
tank and placed into a recovery tank at an intermediate temperature before being returned

back to their original tanks. Sample sizes for each treatment ranged 10-14.

4.2.8 Dissections and proximate analysis

Fish that were tested in the ABT test were weighed, measured for total length and
dissected for ventricle and liver mass. A subset of the fish were stored at -20°C for whole-
fish proximate analysis. Proximate composition (i.e., moisture, lipids, protein, ash) for the
diets and whole fish was determined using methods outlined in Chapter 2. Fatty acid
composition was determined for the diets at UCSD lipidomics core using methods outlined in

Quehenberger et al. (2010).

4.2.10 Statistical Analysis

All data were statistically analyzed in R studio (version 4.2.3) For all metrics, we
tested for heterogeneity of variance using Levene’s test and normality using a shapiro wilke’s
and visual assessment of quantile-quantile plots. Traits were log transformed before

statistical analysis when they did not meet the assumptions (i.e., HSI). A 3-way anova was
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run to test for the impacts of acclimation temperature, diet type, and ration size (car package
version 3.1-2) followed by a post-hoc Tukey HSD for significant main effects (emmeans
package version 1.8.5). We tested for a three-way interaction but dropped the interaction
when found to be non-significant. Because we did not obtain CTmiv data on fish fed the n-3
PUFA enriched diet at 22°C, we analyzed the CTwmin data in two parts: first comparing data
from 15°C acclimated fish and then comparing high and low ration and acclimation
temperature effects, but only in low n-3 PUFA fed fish. Thermal performance curve data was
analyzed by comparing various polynomial mixed effects models using SIC, where the best
fit model was the one with the lowest SIC value, but all models within 7 of the best fit model
were considered. The models we compared varied in their main effects, but all accounted for

individual as a random effect.

4.3 Results

4.3.1 Metabolism

Standard metabolic rate increased with acclimation temperature but was not affected by
ration size or diet type (Table 4.4, Figure 4.1). Maximum metabolic rate and absolute aerobic
scope both increased with acclimation temperature and were impacted by an interactive
effect of ration size and diet type (Table 4.4, Figure 4.1). Within a diet type, ration size did
not impact maximum metabolic rate or absolute aerobic scope. However, when the fish’s
food was restricted, the opaleye fed the n-3 PUFA deplete diet had 11-19% higher maximum
metabolic rate and 15-23% higher absolute aerobic scope across both acclimation

temperatures compared to the fish fed an n-3 enriched diet (Table 4.4, Figure 4.1).
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Table 4.2: Summary statistics for respirometry metrics

Temp Ra.tion Diet Type n SM_lll (IPg.PZ MM}I (l'nglOz AA§ (Il.lg_?z FAS
(°C) | Size kg™ min™) kg™ min™) kg min”) | (MMR/SMR)

low omega-poor |13 | 1.71£0.04* | 6.68+0.32" | 530+0.26" | 4.12+0.18"

15 omega-enriched | 11 | 1.74 £0.06* | 5.60 +0.28> | 4.32+0.19" | 3.50 £ 0.09°
high omega-poor |12| 1.81+0.07* | 6.67+0.17* | 4.86+0.16 | 3.74£0.15°
omega-enriched | 11| 1.85+0.08" | 6.43 £0.32* | 4.69 £0.25* | 3.56 £0.13°

low omega-poor |11| 2.46+0.12° | 9.38+0.33% | 6.92+0.36° | 3.91£0.26"

” omega-enriched | 11 | 2.58 £0.12° | 8.46+0.36° | 6.01 £0.29 | 3.38 £0.15°
high omega-poor | 9 | 2.67+0.11° | 8.57+0.34% |591+0.29%"| 324+0.11°
omega-enriched | 11 | 2.60 £ 0.13"° | 8.77 £ 0.41% | 6.16+0.41%" | 3.44 +£0.20°

Means + SEM for each test are presented. MMR, maximum metabolic rate; SMR, standard
metabolic rate; AAS, absolute aerobic scope; FAS, factorial aerobic scope. Letters indicate
post-hoc results for comparisons made on significant main effects. Note that only significant
main effects were run through post hoc analysis.

Factorial aerobic scope was influenced by a similar interactive effect of ration size
and diet type, where low ration n-3 PUFA poor diets conferred ~17% higher factorial aerobic
scope compared to low ration n-3 PUFA enriched diets (post hoc p =0.0038) and 14% higher
than the high ration n-3 deplete and 15% higher than the high ration n-3 PUFA enriched diet

(Table 4.4, Figure 4.1). However, acclimation temperature did not impact factorial aerobic

scope (p = 0.052).
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Figure 4.1. Ration, diet type, and temperature effects on whole-animal metabolism. Oxygen
uptake rate (mg O, kg™ ! min™!) after an exhaustive chase protocol in opaleye acclimated to 15
or 22°C and fed either a high or low ration diet and n-3 enriched or deplete food source. (A)
Standard metabolic rate (SMR) is indicated by circles and maximum metabolic rate (MMR)
is indicated by triangles, (B) absolute aerobic scope (AAS; MMR—RMR) and (C) factorial
aerobic scope (FAS; MMR/SMR). Open shapes indicate low ration treatments and filled in
shapes indicate high ration treatments. Colors indicate diet type, with purple illustrating
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responses from fish fed a n-3 PUFA deplete diet and green showing fish fed a n-3 PUFA
enriched diet. Individual responses are indicated by the smaller translucent points, and
treatment level mean (£ SEM) is overlayed in the larger shape.

4.3.2 Cardiac thermal tolerance

Maximum heart rate followed a classic thermal performance curve shape, where it
increased with temperature until Tpeak, and then rapidly declined before Tarr. The curves
also shifted right on the x-axis with acclimation to the heatwave treatment of 22°C (Figure
4.2). When comparing these thermal performance curves across treatments, the best fit model
was a third order polynomial that accounted for an interactive effect of ration size and
acclimation temperature with a random effect of fish ID — formula: Imer(bpm~poly(temp,3)
* ration size * acclimation temperature (°C) + (1|fish id)), with the next best model having a
delta BIC of 28.461 (Figure 4.2). Diet type did not emerge as a factor influencing the overall
thermal performance curves; however, it did have an interactive effect on trait values of
interest that were calculated from the curves (Tpeak, Tarr, Peak fiimax; Table 4.5, Figure 4.3).
Here, ration size and diet type had significant interactive effects on all traits, where higher
ration diet led to higher Tpeak, Tarr, Peak fimax, but only in fish fed the diet containing
minimal n-3 PUFA. Peak fiimax did not change with acclimation temperature, but Tarr and

Treak increased slightly with acclimation to 22°C.
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Figure 4.2. Dietary effects on acute TPC for maximum heart rate. Individual- and treatment-
level responses of maximum heart rate (fimax) of opaleye during acute warming. Colors
distinguish fish from different diet treatments (blue: 15°C acclimated; red: 22°C acclimated)
and shades indicate ration size (darker colors indicate high ration). The thin lines are data
from individual fish and the thicker curves are the treatment level effects determined from
model comparison. The best fit model was a third-order polynomial that accounted for an
interaction acclimation temperature x ration size with random effects of individual fish id.
This was determined to be the best fit model by SIC (Table S4.1).

Table 4.3: Summary statistics for thermal tolerance metrics and morphometrics

T(ﬁgp fg::; DietType | n | ez‘;‘l)f::‘)““x T(g‘é‘)" f:g;‘ HSI | RVM
| omegapoor | 11| 18458618 S o el Il ot

L e e | 2 2 2 o
vy | |2 P05 | o | o | il | osor
enriched | 11] 208652683 | i | “0e | a0 | 00010

) o omega-poor | 9 | 185.57 +£4.40° 2094%; 3;)17?,; 068'823: 069040811%
enriched | 7 | 20583+881° 301. é‘jf: 3(%.'62"? 1(5%0179; 0(5.0050521%
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high

o | 314+ | 328+ | 1423+ | 0053+

omega-poor | 10 | 209.55+9.45 0.9¢ 1.0d° 0.136% 0.002°
omega- 1301 | 319+ | 2191+ | 0,054+
enriched | 11| 205 T4E838 1 g hae | g gpe | g 170% | 00020

Means + SEM for each test are presented. Tpeak, temperature corresponding to maximum
heart rate; Tarr, temperature at the onset of cardiac arrhythmia; Peak fiimax, maximum heart
rate achieved during the warm ABT test; HSI = hepatosomatic index; RVM = relative
ventricular mass. Letters indicate post-hoc results. Note that only significant main effects
were run through post hoc analysis.

Table 4.4. Statistics outputs from ANOVA for all metrics from the respirometry trials.

Parameter Factor Sum Sq df F value P value
Ration 0.241 1 2.599 0.111
Diet Type 0.021 1 0.230 0.633
SMR Temperature 14.109 1 152.464 <0.001
Ration 0.231 1 0.203 0.653
Diet Type 6.516 1 5.723 0.019
Temperature 134.019 1 117.708 <0.001
MMR Ration x Diet Type 4.758 1 4.179 0.044
Ration 1.114 1 3.461 0.066
Diet Type 2.247 1 6.979 0.010
FAS Ration x Diet Type 1.753 1 5.445 0.022
Ration 1.065 1 1.204 0.276
Diet Type 5.068 1 5.728 0.019
Temperature 47.534 1 53.722 <0.001
AAS Ration x Diet Type 4.958 1 5.603 0.020
Table 4.5. Statistics outputs from ANOVA for metrics from the ABT test.
Parameter Factor Sum sq df F value P value
Ration 19.052 1 5.782 0.019
Torax Diet Type 0.390 1 0.118 0.732
Temperature 54.708 1 16.601 <0.001
Ration x Diet Type 31.450 1 9.544 0.003
Ration 13.641 1 3.998 0.049
Tare Diet Type 3.809 1 1.116 0.294
Temperature 88.114 1 25.823 <0.001
Ration x Diet Type 23.770 1 6.966 0.010
Ration 8427.167 1 16.212 <0.001
Peak fumax | Diet Type 43.649 1 0.084 0.773
Ration x Diet Type 2633.309 1 5.066 0.027
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Figure 4.3. Ration, diet type, and temperature effects on cardiac thermal limits and peak
fumax. For all plots, colors distinguish diet types (purple: n-3 PUFA poor, green: n-3 PUFA
enriched), with high ration treatments indicated by the filled in circles and low ration
indicated by the open circles. Individual responses are indicated by the smaller translucent
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points, and treatment level mean (= SEM) is overlayed. (A) Individual- and treatment-level
responses for warm tolerance (Tprax) across diet treatments and acclimation temperatures in
opaleye. (B) Individual- and treatment-level responses for cold tolerance (CTmin) across diet
treatments and acclimation temperatures in opaleye. (a) Individual- and treatment-level
responses for peak fimax across diet treatments and acclimation temperatures in opaleye.

4.3.3 CTuiv

CTwmin decreased with acclimation to 15°C, indicating an improved cold tolerance at
the colder acclimation temperature (ration: df = 1, f-stat = 8.046, p = 0.007; temperature: df =
1, f-stat = 821.811, p <0.001; Figure 4.3). CTmmn was also impacted by ration size, where
high ration diets slightly improved the fish’s cold tolerance by ~0.3°C. Finally, fish fed n-3
PUFA enriched diets had surprisingly higher CTmiv (worse cold tolerance) across both ration
sizes in the 15°C-acclimation treatment by ~0.3°C (ration: df = 1, f-stat = 11.628, p = 0.0013;

diet type: df = 1, f-stat = 11.261, p = 0.0016; Figure 4.3).

4.3.4 Morphometrics

Opaleye had slightly higher RVM after acclimation to 15°C (~6% higher than at
22°C; p = 0.036), but their RVM was not influenced by diet (p = 0.165). However, HSI was
affected by all three treatment variables (diet type: df = 1, f-stat = 68.657, p < 0.001; ration
size: df = 1, f-stat = 27.309, p < 0.001; acclimation temperature: df = 1, f-stat = 67.341, p <
0.001; note that HSI data were log transformed for analysis) and an interactive effect of
ration size and acclimation temperature (df = 1, f-stat = 8.318, p = 0.005). The heatwave
temperature led to lower HSI across diet treatments and the enriched n-3 PUFA diet resulted
in higher HSI (Table 4.5). Additionally, the higher ration diet resulted in higher HSI, but only

at 22°C.
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4.4 Discussion

4.4.1 Opaleye can eat more to improve their thermal performance across temperatures

We found strong evidence that higher food availability improves performance across
a wide range of temperatures in opaleye, regardless of their dietary fat composition. Fish that
were fed more had higher maximum heart rates across a thermal gradient, improved cold
tolerance (CTwmin), and higher HSI at 22°C. Food restriction can alter ectotherm behavioural
thermoregulation, risk-taking behavior, growth, metabolism, and environmental tolerance
(Rodgers et al., 2019; Huey & Kingsolver, 2019; Gilbert & Miles, 2016; McCue,

2010; Lienart et al., 2014). For example, food restriction can reduce thermal tolerance in
some species (Lee et al., 2016; Nyamukondiwa & Terblanche, 2009; Woiwode & Aidelman,
1980), although not all species react to food restriction in the same way across traits (Rodgers
et al., 2018; Mclean & Todgham, 2015; Lee et al., 2016). For our results, food restriction
universally impaired cold tolerance, but only impacted warm tolerance in fish fed a n-3
PUFA deplete diet. This demonstrates the importance of considering both quality and quality
in concert.

Interestingly, we did not observe any benefits to aerobic performance resulting from
the higher ration treatments. Food restriction often leads to metabolic depression in animals,
which causes reductions in their SMR and can lead to artificially high aerobic scope (see
Burton et al., 2011 for relevant review). However, we did not observe this here, potentially
because our most restricted treatment was still a maintenance ration for these fish. Further
food restriction would likely result in metabolic depression in this species, however more
research is necessary to determine the threshold ingestion rate that would elicit this response

in these fish, and how that threshold varies depending on prey quality.
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We originally predicted that ration size would have a greater impact on performance
under the marine heatwave treatment of 22°C. The rations were standardized to be a high
growth and maintenance ration for the 22°C acclimated fish. At 15°C, the fish in the low
ration treatments were being fed more than a maintenance ration and the fish in the high
ration treatments never finished all the food that they were offered. Thus, we expected the
fish’s performance between high and low ration treatments to converge at 15°C. Instead, we
found the exact opposite. The opaleye displayed dramatic differences in maximum heart rate
at both acclimation temperatures, indicating that even small differences in their food intake
can have large thermal performance consequences at both optimal and suboptimal

temperatures.

4.4.2 Dietary fat quality had a greater impact on opaleye thermal performance when

their food was restricted

Outside of HSI, diet type had no impact on any thermal tolerance or metabolic traits
in high ration fed fish. However, in support of our hypothesis, diet quality had several
impacts on the fish’s performance when they were food limited. Fish in the n-3 PUFA poor
treatments had higher maximum metabolic rates, absolute and factorial aerobic scope at both
acclimation temperatures when compared to their n-3 PUFA enriched counterparts,
indicating that this diet led to greater aerobic performance in food restricted opaleye. In
contrast, Tpeak, peak famax and Tarr were impacted by an interaction between ration size
and diet type, where n-3 PUFA enriched diets rescued the impacts of eating less on the fish’s
heart thermal performance. In other words, high and low ration diets conferred the same
warm tolerance in fish fed the n-3 PUFA enriched diet, but not in the fish fed the n-3 PUFA

poor diet. Fish fed the low ration n-3 PUFA deplete diet had impaired warm tolerance.
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It is not clear why the lower fat/n-3 PUFA deplete diet caused higher aerobic
performance in the fish compared to the higher fat/higher n-3 PUFA diet (in food restricted
individuals). Interestingly, these results were driven by differences in maximum, not standard
metabolic rate and were observed across both acclimation temperatures. To better understand
the mechanism underpinning these trends, our future work will investigate phospholipid
profiles in ventricles from these fish. These data will uncover how the pressures placed on
these fish in their respective treatments impacted their nutrient assimilation, and whether
variation in nutrient assimilation to metabolically critical organs like the heart, can explain
variation observed in cardiac performance and whole animal metabolism. Overall, these
results highlight an idea described in detail in Chapter 2 of this thesis - that different diets
may produce thermal performance trade-offs, where they may maximize the performance of

one trait while minimizing performance of another (See Chapter 2 Figure 1.1).

4.4.3 Under food restriction, the n-3 PUFA enriched diet did not confer greater cold

tolerance

In contrast to our hypothesis, n-3 PUFA enriched diets impaired cold tolerance
compared to the n-3 PUFA poor diets. This was a highly unexpected finding that we have yet
to fully understand. Given that 15°C is not a “cold” temperature for this species, it may be
that the opaleye did not assimilate n-3 PUFA in large amounts regardless of diet type.
Running comprehensive lipidomic analyses on tissues of interest (i.e., heart, brain, etc.)
would help resolve some of these outstanding mechanistic questions. Although, fat
composition and assimilation can differ depending on tissue type (Skalli et al., 2006), so any
future work would need to consider how nutrient assimilation may vary across tissues and

impact thermal tolerance of different organ systems independently. Especially, given that
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CTwm is caused by neural disfunction, while Tpeak and Tarr are measures of heart thermal
tolerance.

We also anticipated that warm tolerance may be higher in the n-3 PUFA poor diet
during acclimation to 22°C, especially in the high ration treatment. However, we did not
observe this. Given that the diets differed in fat amount and composition, it may be that the
n-3 PUFA enriched diets had enough saturated fats to maintain high warm thermal tolerance
and metabolized or used the n-3 PUFA in other organ systems besides the heart. A next step
will be to conduct follow up studies using custom research diets which vary in (1) their fat
amount, but have the same ratios of fatty acids, and (2) the fatty acid composition, but have
the same total amount of fat in the diet. Work has been done in other species, where oil type
or oil inclusion was manipulated in aquaculture fish pelleted diets and subsequently, warm or
cold thermal tolerance was measured (Abdel-Ghany et al. 2019; Craig et al., 1995; Gomez et
al., 2019). However, these studies were almost exclusively conducted at one acclimation
temperature and used high ration feeding regimes. To better understand how diet impacts
thermal performance in wild animals, it is essential to consider quantity and quality effects
simultaneously. This means we need to continue diverting resources to food web research as
well as studies on the ingestion rates of wild animals to ground our experiments in realistic

diet scenarios.

4.4.4 Dietary effects on warm vs cold tolerance

Diet had a much greater impact on warm tolerance than it did on cold tolerance in
opaleye. Temperature acclimation only increased the fish’s warm tolerance by 1.3-2.7°C
(Treak change across diets) while ration size caused a ~2.2°C increase in warm tolerance in

the n-3 PUFA poor fed fish. In contrast, acclimation temperature caused a ~3.4°C change in
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the fish’s cold tolerance, while diet altered their cold tolerance by only 0.3-0.4°C. These
differences could be because we used two different assessments of thermal tolerance (heart
thermal tolerance vs CT test), or it may indicate the fish’s cold tolerance is more sensitive to
temperature acclimation, while their warm tolerance is more sensitive to their diet. 22°C is
especially warm for this population (see Chapter 2), and the fish may have reduced capacity
to increase their upper thermal limits and may be nearing a thermal ceiling at that

temperature (Sandblom et al., 2016).

4.5 Conclusion

As marine fish gain most of their energy from fats, they must balance assimilating
them into tissues against metabolizing them to meet their metabolic demand. Their capacity
to maintain an optimal balance between the two may be impaired by reductions in food,
declines in valuable nutrients, and co-occurring environmental stressors, such as rising
temperature. Here, we assessed the impacts of changes in the amount of food, along with the
amount of omega-3 fatty acids in the diet, on opaleye metabolism and thermal tolerance after
acclimation to two environmentally relevant temperatures and found that dietary fat quality
had a greater impact on opaleye performance when the fish were fed /ess across both
temperatures. Specifically, diets low in n-3 PUFA conferred higher aerobic scope but led to
lower upper thermal limits. Ration size was also an important determinant of thermal
performance, where fish fed high ration diets had higher maximum heart rates across
temperatures and slightly better cold tolerance. These results demonstrate how important it is
to consider diet when evaluating ectotherm responses to climate change, as diet quality and

quantity can interactively affect thermal plasticity and tolerance.
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Appendix

Table S2.1 Dietary and whole-body Proximate composition (% wet weight)

Dietary Proximate composition (% wet weight)

Experiment 1 Experiment 2
Ulva Artemia Ulva Artemia

% Moisture 82.04+1.63 87.48 £ 0.91 75.33 +3.81 86.83 +£0.38
% Protein 1.47+0.27 4.75+0.51 1.95+0.88 5.59+0.62
% Lipid 0.42 +0.05 1.23+0.14 0.55+0.10 1.84 + 0.08
% Ash 10.71 £ 1.87 1.44 £ NA 9.93 £ NA 1.78 £ 0.04

Whole body Proximate composition (% wet weight)

12°C 20°C

Carnivorous Omnivorous Carnivorous Omnivorous
% Moisture 70.15+1.15 72.25+1.40 72.98 £0.74 71.79 £ 0.45
% Protein 13.40+1.09 1391 £1.21 12.61 £1.45 10.76 £ 0.85
% Lipid 3.88+0.41 3.08+£0.25 3.70 £ 0.63 3.93+0.16
% Ash 5.45+0.84 431+0.50 4.60 £ 0.60 5.26 + 0.60

Represented are means and standard error values for dietary proximate composition in
Ulva sp., Artemia sp., and proximate body composition from whole opaleye from
experiments 1 and 2. Proximate body composition were statistically analyzed using 2-
way ANOVA and no significant differences were found between treatment groups.
When sample size <3 standard error was not calculated and is listed as NA.
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Table S2.2 AIC Outputs for Polynomial Curves

AIC outputs for warm ABT test fumax polynomial curves

Model Formula df AIC AAIC
Model 1 | poly(acute_temp, 3) * diet * temp + (1 | fish_id) 18 | 5282.61153 0
Model 2 | poly(acute_temp, 3) * temp + diet + (1 | fish_id) 11 | 5295.12706 | 12.515531
Model 3 [ poly(acute temp, 3) * temp + (1 | fish_id) 10 | 5297.84122 | 15.2296905
Model 4 | poly(acute_temp, 2) * diet * temp + (1 | fish_id) 14 | 5331.73874 | 49.1272062
Model 5 | poly(acute_temp, 3) * diet + temp + (1 | fish_id) 11 | 5425.26489 | 142.653365
Model 6 | poly(acute temp, 4) + temp + diet + (1 | fish_id) 9 | 5427.25882 | 144.64729
Model 7 | poly(acute_temp, 4) + temp * diet + (1 | fish_id) 10 | 5428.15216 | 145.540635
Model 8 | poly(acute temp, 3) + temp + diet + (1 | fish_id) 8 | 5429.2756 | 146.664069
Model 9 | poly(acute_temp, 3) + temp * diet + (1 | fish_id) 9 [ 5430.17554 | 147.564011

Model 10 | poly(acute temp, 3) + temp + (1 | fish_id) 7 | 5432.27141 | 149.659875
Model 11 | poly(acute temp, 3) + diet + (1 | fish_id) 7 | 5433.3873 | 150.775766
Model 12 | poly(acute_temp, 3) + (1 | fish_id) 6 | 543591176 | 153.300235
Model 13 | poly(acute_temp, 2) + temp + diet + (1 | fish_id) 7 | 5491.9684 | 209.356872
Model 14 | poly(acute temp, 2) + temp * diet + (1 | fish_id) 8 | 5492.77923 | 210.167701
Model 15 | acute temp + temp + diet + (1 | fish_id) 6 | 5742.45159 | 459.840058
Model 16 | acute temp + temp * diet + (1 | fish_id) 7 | 5743.27212 | 460.660589
Model 17 | acute temp + temp + (1 | fish_id) 5 | 5745.43438 | 462.822848
Model 18 [ acute temp + diet + (1 | fish_id) 5 | 5749.62894 | 467.017406
Model 19 | acute temp + (1 | fish_id) 4 | 5751.89944 | 469.287913
AIC outputs for cold test fimax polynomial curves

Model Formula df AIC AAIC
Model 1 | poly(acute _temp, 4) + diet + (1 | fish_id) 8 | 1620.06402 0
Model 2 | poly(acute temp, 4) * diet + (1 | fish_id) 12 | 1623.74238 | 3.67835332
Model 3 | poly(acute_temp, 3) + diet + (1 | fish_id) 7 | 1636.74603 | 16.6820023
Model 4 | poly(acute temp, 3) * diet + (1 | fish_id) 10 | 1639.36915 | 19.3051258
Model 5 | poly(acute_temp, 3) + (1 | fish_id) 6 | 1640.02832 | 19.9642973
Model 6 | poly(acute temp, 2) * diet + (1 | fish_id) 8 | 1640.27173 | 20.2077023
Model 7 | poly(acute_temp, 2) + diet + (1 | fish_id) 6 [ 1641.6658 | 21.6017758
Model 8 | acute temp + diet + (1 | fish_id) 5 | 1992.02421 | 371.960185
Model 9 [ acute temp + (1 | fish_id) 4 | 1994.25531 | 374.191287

Represented are model formulas as input into R and AIC output results. df = degrees of freedom,
AIC = Akaike Information Criterion AAIC = AIC(model)—AIC(min AIC value), acute temp =
acute temperature, fish_id = individual fish.
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Figure S2.1 Figure illustrating repeatability of sprint performance across individuals. Each
dot indicates a max sprint performance (cm s™!) calculated from an individual sprint trial.
Colors indicate treatments with dark blue (carnivorous diet at 12°C), dark green (omnivorous
diet at 12°C), light blue (carnivorous diet at 20°C), light green (omnivorous diet at 20°C).
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Figure S2.2 Performance in opaleye acclimated to 12°C or 20°C and fed either a carnivorous
(blue) or omnivorous (green) diet. Presented are A) sprints measured as speed in cm s™! and
B) sprints measured as speed in BL s™!, C) Growth rate (average fish mass (g) gained per
week per tank) D) Lipid Peroxidation (LPO) in liver tissue measured as malondialdehyde
concentration (MDA) in umol gram! of liver tissue. In panel A, B, D box plots represent
interquartile ranges (boxes and whiskers), median values (solid lines) and outliers (> 1.5
beyond interquartile range) are plotted as data points outside the whiskers. In panel C, large
circles and triangles indicate mean (= SEM) values for the carnivorous (4rtemia sp.) and
omnivorous diet treatments (Artemia sp. and Ulva sp.), respectively.

155



250

Carnivorous, 12
Carnivorous, 20
) Omnivorous, 12
I
£ 2001
£ I
I
(@)]
S 150
=
=
2 1001
=
)
(@)
©
L 50
Qo
—
0

10 15 20 25 30
Temperature (°C)

Figure S2.3 Lactate dehydrogenase (LDH) activity in pmol per gram wet white muscle
tissue weight in opaleye acclimated to 12°C (dark colors) or 20°C (light colors) and fed
either a carnivorous (4Artemia sp., represented as blues) or omnivorous diet (Artemia sp. and
Ulva sp., represented as greens). Circles represent mean values and error bars indicate SEM.
For each sample, LDH activity was measured at 5 different temperatures (8, 12, 20, 26,
32°C). Lactate dehydrogenase activity was higher at 20°C compared to 12°C but did not
differ across diets. Lactate dehydrogenase activity also increased with acute temperature
exposure. Acute temp: df =4, x? = 1061.711, p<0.001; acclimation temp: df = 1, > = 5.132,
p = 0.023; diet: df = 1, %’ = 0.172, p = 0.679; acute temp X acclimation temp: df =4, ¥* =
22.526,p <0.001.
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Table S3.1 Ibutton data from temperature acclimations

12°C | 20°C
Replicate Carn Herb Omni Carn Herb Omni
1 121+0.7 | 11.5+0.5 | 12.6+£0.5| 20.1+£0.7 | 19.6+0.8 | 204+0.5
2% 123+04 | 12.1+0.6 | 11.7£0.5| 20.0+£0.5 | 20.6+0.6 | 20.4+0.5
3 120+03 | 125403 | 12.1+£03 | 195+03 [199+04|19.6£0.5
4 11.6+0.2 | 11.9+0.2 | 125+03 | 20.1+£0.2 | 20.0+0.3 | 20.8+0.3
5 122+04 | 12.6+0.2 | 123+04| 202+03 | 20.8+0.2 | 20.7+£0.3

Represented are mean (£SD) for Ibutton (temperature logger, Maxim Integrated) data
from each experimental replicate. *indicates some Ibutton data missing in middle,
however daily checks were consistently within the temperature range.

Table S3.2 Stomach content information for omnivorous treatment

# Fish with | Ogo stomach | Brine shrimp | Ogo:total

# Fish with brine contents stomach stomach

0go shrimp (% body contents (% | contents

Timepoint detected detected mass) body mass) (%)

Before change (12°C) 0/11 4/11 0.0000 0.0631 0.0000
Day 1 at 20°C 0/12 2/12 0.0000 0.1529 0.0000
Day 3 at 20°C 2/12* 3/12 0.0005 0.1576 0.3163
Day 7 at 20°C 1/8%* 5/8 0.0000 0.2133 0.0000
Day 14 at 20°C 11/22%** 14/22 0.1005 0.3344 23.1088

Represented are the number of fish with ogo and brine shrimp detected in their stomach
contents at the time of sampling. The amount of each diet item found in the stomach is
calculated as the percent body mass of the individual fish and is presented as the average
across all fish at that timepoint. *1 fish regurgitated ogo during test and no brine shrimp was
detected in the tank. Therefore, not included in % body mass calculations. ** Ogo detected in
gut, but stomach was empty. Therefore, not included in % body mass calculations. ***For 2
fish there was no brine shrimp left in tank at the time of sampling. These are included in %
body mass calculations.
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Table S3.3 Dietary and whole-body proximate composition (% wet weight)

Dietary Proximate Composition (% dry weight)

Gracilaria Artemia sp
pacifica ]
% Protein | 20.73 +2.86 28.34+£1.41
% Lipid 3.70+0.72 11.03£0.30
% Ash 16.69 + 3.84 12.38 £0.62
Whole Body Proximate Composition (% dry weight)
Carn Herb Omni
% Protein | 37.41 +£4.27° 35.57 £2.02° 43.02£2.29*
% Lipid 18.57 £0.972 7.24+0.91° 20.74 +0.67°
% Ash 14.76 + 1.512 23.40 +2.45° 11.91 £0.52°

Represented are means and standard error values for dietary proximate composition in
Gracilaria pacifica (n = 6 per measure), Artemia sp. (n = 3 per measure), and proximate
body composition from whole opaleye (minus some dissected out organs; n = 7-8 per diet
treatment) sampled on day 14 post temperature change to 20°C. Proximate body
composition for opaleye were statistically analyzed using 1-way ANOVA and post-hoc

Tukey HSD when appropriate. Letters indicate significant differences between treatment
groups.
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Table S3.4 Dietary fatty acid composition

Summary Statistics for diet samples (mean £ SEM)
Fatty Acid Brin? (pmol/mg dry Ogo.(pmol/mg dry
tissue mass) tissue mass)
12:0 128.53 £12.73 63.93 +14.92
14:0 1657.06 + 159.76 859.68 + 186.96
15:0 210.11 £ 15.99 4341 +12.12
16:0 4294.66 + 544.33 5989.52 + 1318.51
16:1 6075.68 = 557.75 254.34 + 106.97
17:0 146.19 £12.99 14.35 £ 3.68
17:1 267.59 £21.37 10.76 £ 4.14
18:0 1805.23 + 307.00 407.58 + 84.66
18:1 12260.74 + 1554.57 952.27 +£232.51
18:2 7902.38 + 798.00 100.43 +39.05
18:3:n3 21160.92 + 2028.76 151.75 +125.90
18:3:n6 417.99 £+ 63.66 12.63 £3.27
18:4 10300.76 = 795.33 60.88 +41.12
20:0 18.12+2.53 0.36 £0.36
20:1 184.85£19.19 10.21 +£2.01
20:2 241.25+24.54 42.26+8.72
20:3:n3 630.41 £58.71 5.06 £3.70
20:3:n6 124.87 £ 14.10 43.28 +£8.44
20:3:n9 80.91 £11.19 18.07 £3.41
20:4 1681.76 + 203.53 439.00 + 85.99
20:5 4746.66 £ 366.01 81.71 £ 36.17
22:0 11.37+£1.42 478 £1.31
22:1 620141 9.01 +£1.14
22:2 0.93 £0.08 2.28+0.68
22:3 6.89 +£1.25 0.14+0.14
22:4 18.01 £ 1.85 4.00 = 0.63
22:5:n3 63.48 + 6.59 1.16+0.82
22:5n6 117.7+15.13 243 +1.27
22:6 837.4 £59.68 9.46 +7.94
23:0 1.45+0.17 0.09 +0.09
24:0 3.89£0.46 3.17+1.10
24:1 0.48 £0.16 23.13+6.23
26:0 1.67£0.31 0+0
Chain Length 17.88 £0.01 16.46 £ 0.04
DBI 1.83 £0.02 0.46 +0.03
HUFA 8308.10 + 658.63 604.29 + 95.47
MUFA 18795.54 +£1974.30 1259.72 + 344 41
PUFA 40024.24 + 3217.62 370.22 +208.94
SFA 8278.27 £ 959.33 7386.85 + 1609.52
total 75406.44 £+ 6579.36 9621.30 +2077.09

Means + SEM for each fatty acid from diet samples. Fatty acids are also summarized by
average chain length, number of double bonds (DBI), and amount of saturated fatty acids
(SFA; no double bonds), monounsaturated fatty acids (MUFA; one double bond),
polyunsaturated fatty acids (PUFA; 2 double bonds at any chain length or greater than 2
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double bonds and less than 20 carbons in the chain), and highly unsaturated fatty acids
(HUFA; greater than or equal to 3 double bonds and 20 or more carbons in the chain length).
Samples are standardized to dry weight and presented as pmol/mg of dry tissue mass. Fatty
acids are reported as chain length: number of double bonds.

Table S3.5 Ventricle fatty acid composition

Summary Statistics for ventricle fatty acids (mean £ SEM)
Carnivorous (pmol/mg Omnivorous (pmol/mg Herbivorous (pmol/mg
Fatty tissue) tissue) tissue)

Acid 12 20 12 20 12 20
12:0 15.59 + 18.41 12.31 £ 1534 + 16.00 + 1639+
' 2.27 1.91 1.79 1.40 2.09 1.99
140 136.07 + 141.63 + 133.40 145.18 9232+ 106.24 +
' 18.47 19.32 17.64 14.85 3.95 5.71
15:0 5213 4432 + 49.72 + 46.66 + 4543 £ 47.96 +
) 6.00 3.04 6.73 2.97 4.71 4.11

16:0 4578.38 = 4683.44 + 4329.96 + 467441 £ 4645.31 3973.04 +
' 480.57 343.79 450.18 380.33 550.05 365.53
16:1 544.14 434.74 + 588.10 437.28 + 314.76 + 267.19 =
) 109.41 56.81 117.04 50.4 34.22 15.88
17:0 92.60 £ 80.37 + 84.84 + 89.62 + 85.42 + 75.72 +
' 11.92 5.26 9.88 7.18 11.87 9.07
61.11 55.40 + 60.32 + 62.98 £ 30.08 +
171 8.88 2.98 11.48 7.15 3799 4.7 2.87
180 2539.88 + 233591 + 2131.24 + 2457.98 £ 2389.31 + 2352.46 +
' 361.60 155.54 244.57 220.51 289.46 228.23
18:1 4529.38 + 4372.17 £ 4612.46 £ 496147 + 1782.38 + 1289.18 +
) 751.19 570.61 702.39 865.48 241.04 123.98
182 1010.21 £ 1088.89 + 970.44 + 1146.77 £ 409.98 + 242.10 +
' 155.47 108.89 128.08 147.78 48.51 18.15
18:313 1442.08 £ 1470.50 + 1734.98 + 1616.48 + 256.34 + 154.56 +
o 332.62 220.14 313.34 258.19 28.55 21.71
21.82+ 19.93 + 2371+ 2041 +
18:3:n6 360 260 736 204 9.50+0.96 | 7.76 +0.57
18:4 108.43 + 89.41 + 133.33 + 96.04 + 2793+ 21.78 £
) 24.04 10.65 19.25 16.34 2.65 4.16
20:0 22.13 £ 14.14 + 20.71 + 17.57+ 15.00 + 13.86 +
' 3.94 2.65 3.90 2.03 2.18 2.09
201 204.10 = 138.43 200.21 + 149.32 + 98.97 + 72.90 £
' 35.68 14.88 30.87 16.86 11.37 6.96
138.10 = 123.64 + 130.59 + 129.89 + 90.48 +
20:2 15.79 541 16.24 10.26 7.85 63.54+4.8
20:3:n3 211.89 + 245.16 = 230.06 + 248.74 + 94.04 + 61.83 £
o 28.03 15.21 31.46 24.89 7.87 8.35
20:316 212.26 + 190.42 + 221.90 + 186.93 + 137.73 + 96.56 +
o 20.51 13.90 19.06 13.17 13.76 6.11
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soamo | 23314% | 22650+ | 28876+ | 26904 | 19077+ | 25456+
3 35.10 34.14 30.02 31.03 31.78 27.85
S0 | 455423+ | 44062+ | 529624% | 501489+ | 401509+ | 507891+
: 497.59 499.04 417.69 419.83 563.10 394.71
205 | 191887+ | 207328 | 228173+ | 189119% | 139957+ | 78510+
: 230.56 155.61 2743 157.76 187.62 79.69
2:0 | 7294177 | 478124 | 573136 | 570+ 1.11 | 3.16£0.62 | 1.69=0.44
, 2778 + 1524 = 16.59 +
2:1 o -y 2279+ 4.6 A 9.12+136 | 6.11+0.89
220 | 9.88+1.52 | 849080 | 838145 | 9.90+1.55 | 430£0.60 | 2.71=0.36
23 | 974+1.62 | 9.10£0.79 | 9.29+1.78 101' 163; 410+0.59 | 2.16+0.40
oy | 28362+ | 30736+ | 29683= | 29528+ | 27149+ | 28857+
: 2030 28.93 41.22 16.64 2231 21.99
vpis | 186578+ | 187732+ | 194269+ | 183916+ | 157826+ | 147707+
P 202.43 174.26 240.84 74.25 159.58 168.74
ysmg | 22527+ | 29253+ | 23342+ | 28944+ | 22441+ | 21640+
i 10.94 2034 12.50 9.26 27.72 15.51
pe | 857693 | 882027+ | 1019278+ | 870684= | 911259+ | 1208871+
: 916.91 999.92 818.83 996.29 1073.22 1536.26
23:0 | 2134038 | 127032 | 1522030 | 1.86£0.38 | 1.43£036 | 1224027
24:0 | 3.66+055 | 222049 | 2.67£0.58 | 3.23+£0.76 | 3.64+122 | 231+0.68
, 1243 = 1126+ 13.83 + 10.67 =
24:1 e e 8.87 + 131 o8 o 9.20 £ 0.94
26:0 | 121+041 | 0.80=0.46 | 1.06£0.56 | 1.51+0.97 | 2.91+1.85 | 1.19=0.81
Chain | 1944+ 19.44 = 19.61 + 19.44 = 20.04 =
Length 0.10 0.14 0.11 0.14 19.7£0.12 0.11
DBI | 3.15+0.12 | 3.17£0.16 | 3.38+0.12 | 3.15+0.16 | 3.41£0.14 | 3.77=0.13
spa | 45107+ | 32730 | 677317+ | 745906+ | 729994% | 659208+
802.35 465.78 709.04 604.58 841.02 600.46
MUEA | 537894% | 502724% | 549274+ | 564147 | 225388+ | 167466+
903.34 634.32 846.69 934.43 277.05 144.16
pUEA | 2730.52% | 280087+ | 300143+ | 301949+ | 79853% | 49244+
516.94 343.35 468.02 417.67 72.62 39.43
HUEA | 1809173 % | 1848256+ | 209937+ | 1875166+ | 17028.04= | 20349.94+
1442.71 1541.71 1178.24 1210.11 1401.78 1756.79
| 3365229+ | 3363799 % | 36261.02% | 3487169+ | 2738048+ | 29109.08 %
ota 3054.71 1264.95 | 2414.87 1209.08 | 210791 2045.39

Means + SEM for each fatty acid from ventricle samples taken after 2 weeks at 12°C and 2
weeks at 20°C. Fatty acids are also summarized by average chain length, number of double
bonds (DBI), and amount of saturated fatty acids (SFA; no double bonds), monounsaturated
fatty acids (MUFA; one double bond), polyunsaturated fatty acids (PUFA; 2 double bonds at
any chain length or greater than 2 double bonds and less than 20 carbons in the chain), and
highly unsaturated fatty acids (HUFA; greater than or equal to 3 double bonds and 20 or
more carbons in the chain length). Samples are presented as pmol/mg wet tissue mass. Fatty
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acids are reported as chain length: number of double bonds. Carnivorous = brine diet,

omnivorous = ogo + brine diet, herbivorous = ogo diet.

Table S3.6 Summary Statistics for all metrics from the ABT test.

Mean + SEM

Timepoint Diet n Peak fumax Tas Treak Tarr
Before Cam 10 | 163824603 | 212406 | 263+05 | 282+0.6
change Herb 10 | 165.74+781 | 204+08 | 269+06 | 28.0+0.5
(12°C) Omni 11 164.78 721 | 21.0+0.5 | 27.1+0.7 | 28.5+0.9
Camn 9 18136672 | 22507 | 271207 | 286+0.7
D%Olcat Herb 11 17456571 | 23203 | 28608 | 29.7+0.9
Omni 10 | 17734£679 | 23.6:05 | 274204 | 28306
Camn T 193.94+7.18 | 23504 | 284+05 | 302405
D'%fcat Herb 9 18456+525 | 233+0.7 | 28503 |302+023
Omni T 189.83+5.17 | 23804 | 295406 | 30.6+0.7
Camn 19500449 | 24102 | 282404 | 299405
D%]Cat Herb 186.03+7.87 | 241402 | 285+0.6 | 32.1+0.3
Omni 7 | 20573+ 1058 | 24206 | 28806 | 313+ 1.1
Camn 12 | 207.78+604 | 245+04 | 30.0+04 | 31403
Dazyoié at Herb 11 17836547 | 24403 | 30.1+1.0 | 32.1£0.9
Omni 15 | 21988+5.65 | 254+04 | 302+04 |31.9+04

Means + SEM for each test are presented. Tag, breakpoint temperature of the heart; Tprak,
temperature corresponding to maximum heart rate; Tarr, temperature at the onset of cardiac

arrhythmia; Peak fiimax, maximum heart rate achieved during the warm ABT test.
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Table S3.7

SIC outputs for warm ABT test acclimation capacity polynomial curves

Model# | df | SIC ASIC Formula

Model 1 | 27 | 8848.30 | 0.00 | poly(temp, 3) * acc temp * diet + (1 | fish id) + (1 | rep)

Model 2 | 33 | 8874.08 | 25.78 | poly(temp, 4) * acc temp * diet + (1 | fish id) + (1 | rep)

Model 3 | 15 | 8966.85 | 118.55 | poly(temp, 4) * acc temp + diet + (1 | fish_id) + (1 | rep)

Model 4 | 13 | 8968.92 | 120.62 | poly(temp, 4) * acc temp + (1 | fish_id) + (1 | rep)

Model 5 | 13 | 8980.37 | 132.07 | poly(temp, 3) * acc temp + diet + (1 | fish id) + (1 | rep)

Model 6 | 11 | 8982.16 | 133.86 | poly(temp, 3) * acc temp + (1 | fish_id) + (I | rep)

Model 7 | 15 | 9172.63 | 324.33 | poly(temp, 3) * diet + (1 | fish_id) + (1 | rep)

Model 8 | 10 | 9175.00 | 326.70 | poly(temp, 3) + acc temp + diet + (1 | fish_id) + (1 | rep)

Model 9 | 11 | 9181.22 | 332.92 | poly(temp, 4) + acc temp + diet + (1 | fish id) + (1 | rep)

Model 10 | 13| 9185.91 | 337.61 | poly(temp, 4) + acc temp * diet + (1 | fish_id) + (1 | rep)

Model 11 | 7 | 9195.89 | 347.59 | poly(temp, 3) + (1 | fish_id) + (1 | rep)

Model 12 | 15 | 9602.05 | 753.75 | temp * acc temp * diet + (1 | fish_id) + (1 | rep)

Model 13 | 8 | 9633.44 | 785.14 | temp + acc temp + diet + (1 | fish_id) + (1 | rep)

Model 14 | 10 | 9634.98 | 786.68 | temp + acc temp * diet + (1 | fish_id) + (I | rep)

Model 15 | 6 | 9636.42 | 788.11 | temp + acc temp + (1 | fish_id) + (1 | rep)

Model 16 | 5 | 9656.92 | 808.61 | temp + (1 | fish id) + (1 | rep)

Model 17 | 7 | 9658.25 | 809.95 | temp + diet + (1 | fish_id) + (1 | rep)

Represented are model formulas as input into R and SIC output results. df = degrees of
freedom, SIC = Schwarz Information Criterion ASIC = SIC(model)—SIC(min SIC value),
temp = acute temperature, acc temp = acclimation temperature (12 or 20°C), fish_id =
individual fish., rep = replicate number of experiment.

Table S3.8 Statistics outputs from ANOVA for all metrics from the ABT test.

Parameter Factor Chisq | Df | Pr(>Chisq)
Timepoint 71.6087 | 4 <0.001
Peak fumax | Diet 143710 | 2 <0.001
Diet x Timepoint | 19.4204 | 8 0.0128
Tag Timepoint 120.9319 | 4 <0.001
Diet 3.6067 2 0.1647
Tosax Timepoint 57.8216 | 4 <0.001
Diet 2.9669 2 0.2269
Tare Timepoint 69.3436 | 4 <0.001
Diet 3.2205 2 0.1998

Table S3.9 % Acclimated for thermal limits across timepoints

T (% acclimated) | Terak (% acclimated) | Tarr (% acclimated)
Diet | Day1l | Day3 | Day7 | Dayl | Day3 | Day7 | Day1 | Day 3 | Day 7
Carn | 394 | 69.7 | 909 | 21.6 | 56.8 51.4 12.5 62.5 53.1
Herb | 68.3 | 70.7 | 80.5 53.1 50.0 | 50.0 | 415 53.7 | 100.0
Omni | 59.6 | 63.8 | 74.5 9.7 774 | 54.8 -5.9 61.8 82.4
Represented are the percent (%) of the total acclimation response for cardiac thermal limits
(day 14 at 20°C - day 14 at 12°C) that was achieved on day 1, 3, 7 during acclimation to
20°C. Values are calculated as 100 x (thermal limit on day X at 20°C - thermal limit on day
14 at 12°C) / (thermal limit on day 14 at 20°C - thermal limit on day 14 at 12°C), where X =

163




the day of testing. Tas = breakpoint temperature of the heart; Tpeak = temperature
corresponding to maximum heart rate; Tarr = temperature at the onset of cardiac arrhythmia.
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Figure S3.1 Cardiac performance in opaleye acclimated to 20°C for 2 or 4 weeks and fed a
carnivorous diet. Presented are box plots of A) Peak fiimax (bpm), B) Treax (°C) and C) Tarr
(°C). Box plots represent interquartile ranges (boxes and whiskers), median values (solid
lines) and outliers (> 1.5 beyond interquartile range) are plotted as data points outside the
whiskers. Groups were compared using a two-tailed t-test. Peak fiimax was found to be
significantly different after 4 weeks compared to 2 weeks (p = 0.026). However, Tpeak and
Tarr were not significantly different between timepoints (p = 0.126 and p = 0.257

respectively).
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Figure S3.2 Mean + SEM for various fatty acids in opaleye ventricles acclimated to 12°C
(closed circles) and 20°C (open circles). Colors indicate diet treatment, with carnivorous =
red, herbivorous = green, omnivorous = yellow.
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Figure S3.3 Linear regressions between various measures of max heart rate (famax) in 12 and
20°C acclimated opaleye and fatty acids. Each column is a different category of fatty acid
presented as the proportion of the ventricle, with saturated fatty acids (SFA; no double
bonds), monounsaturated fatty acids (MUFA; one double bond), polyunsaturated fatty acids
(PUFA; 2 double bonds at any chain length or greater than 2 double bonds and less than 20
carbons in the chain), and highly unsaturated fatty acids (HUFA; greater than or equal to 3
double bonds and 20 or more carbons in the chain length). Lines are overlayed on plots
where there was a significant linear regression between parameters (alpha <0.05). Equations
and R? values are provided in each significant plot. Colors indicate acclimation temperature
(red = 20°C, blue = 12°C). Symbols indicate diets, with herbivorous = triangle, omnivorous =
square, carnivorous = circle.
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Table S4.1: Ibutton data

TSmp Rgtion Diet type Replicate tank

°C) S1Z¢€ repl rep2 rep3
low omega-enriched 15.1+£0.5 153+0.5 15.1+0.6
5 omega-poor 15.0+£0.5 14.8+0.6 15.7+£0.5
high omega-enriched 15.6+0.4 149+0.5 153+0.5
omega-poor 15.5+0.7 153+04 149+0.6
low omega-enriched 21.8+04 223+04 21.6£0.5
” omega-poor 21.9+£04 21.9+£0.3 21.7+£0.3
. omega-enriched 21.7+£0.3 21.9+04 21.9+04
high omega-poor 2104 | 220+04 | 222403

Represented are mean (£SD) for Ibutton (temperature logger; iButtonLink LLC, Whitewater,
WI, USA) data from each experimental replicate tank.
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