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Abstract 

Marine heatwaves (MHWs) have increased in both frequency and intensity since pre-industrial 

times, with tropical ecosystems emerging amongst the most vulnerable. Rising temperatures 

cause thermal stress to many stenothermic (thermally specialized) ectotherms, while also 

increasing their cost of survival due to thermally driven rises in metabolic demand. 

Concurrently, MHWs is thought to facilitate the spread of eurythermic invasive species which 

exhibit broad ranges of thermal tolerance and a capacity to rapidly colonize vulnerable habitats. 

Here, we compare the impacts of moderate (+2 °C) and intense MHW conditions (+4 °C) on the 

juveniles of two Mugilid species found in Hawaiʻi, the native striped mullet (Mugil cephalus; 

ʻamaʻama) and the invasive Marquesan mullet (Osteomugil engeli; kanda). These species 

compete for habitat throughout their life cycle, with O. engeli increasingly dominating mullet 

assemblages across the Hawaiian Islands. Given its invasive status, O. engeli was hypothesized 

to exhibit a greater tolerance to MHW temperatures. Comparisons included seven metrics 

critical for ecological fitness, including five physiological traits spanning standard metabolic rate 

(i.e. metabolic cost of survival, SMR), Q10 of SMR (i.e. thermal sensitivity), maximum metabolic 

rate (MMR), aerobic scope (AS, i.e. maximum surplus capacity for aerobic activities), and critical 

thermal maximum (CTmax, i.e. upper thermal limit for survival). We also compared two 

behavioral responses: preferred temperature (Tpref and maximum avoidance temperature (Tavoid). 

Individuals (Mugil cephalus: 82, Osteomugil engeli: 95)  were randomly assigned to a 

temperature treatment representing ambient temperatures and 5-day MHW conditions typical 

for Hawaiian reefs (ambient summer temperature 27.5±0.1°C, current moderate summer MHW 

29.5±0.1 °C, intense summer MHW 31.5±0.1 °C). Contrary to expectations, native M. cephalus 

showed a 49.0% increase in aerobic scope (AS) at 31.5 °C, while invasive O. engeli experienced a 

27.5% decrease from 29.5 °C to 31.5 °C, denoting strong thermal sensitivity in the capacity of 

physiological functions. Both species hadCTmax values above intense MHW temperatures 

(40.6–41.2 °C for M. cephalus, 40.4–42.0 °C for O. engeli), with O. engeli showing significantly 

higher thermal tolerance (p < 0.005). Temperature preference (Tpref) did not differ across 

treatments for either species. Contrary to expectations, these results suggest M. cephalus may 

be more resilient to MHWs than its invasive competitor and highlight the importance of 

combining physiological and behavioral metrics when predicting MHW impacts on native and 

invasive species. 
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Chapter I: Background 

Pulse heat stress events, otherwise known as marine heat waves (MHWs) are 

recognized as one of the most prominent threats facing tropical coral reefs in this 

century (IPCC, 2021). MHWs are defined as a prolonged period of anomalous warming 

which surpasses the 90th percentile of a region’s past 30-year climatological mean and 

lasts for at least 5 consecutive days (Hobday et al. 2016). MHWs are already occurring 

20-fold more frequently and last 17% longer than in pre-industrial times as a result of 

anthropogenic climate change (Laufkötter, 2020; Oliver  et al., 2018; IPCC, 2021; Hughes 

et al., 2017). Under the highest emission scenarios, MHWs are projected to become 

41-fold more frequent by 2100 (Frölicher & Gruber, 2018). Importantly, the impacts on 

marine ecosystems are also predicted to accelerate as MHWs become more frequent 

and intense (Holbrook et al., 2022; IPCC, 2021; King et al., 2021).  

MHWs compound the effects of average ocean warming trends in a ‘pulse-press’ 

style which abruptly exposes organisms to temperatures past their typical range. These 

pulse-press events leave little opportunity for marine life to acclimate and can push 

ecosystems to a tipping point with potential long-term consequences to biodiversity 

(Grant et al., 2017; Harris et al., 2018). Indeed, the severe consequences of MHWs can 

already be seen globally with instances of ecosystem collapse, mass mortality of marine 

life, alterations to biodiversity, and steep economic losses from fisheries (Barbeaux, 202; 

Cestone, 2016, Cavole, 2016; Caputy, 2016; Kintisch,2015; Meehl, 2019; Mills, 2013, 

Oliver, 2017). Likewise, rising temperatures in marine ecosystems can substantially 

impact biodiversity by altering population ranges and dispersal patterns (Hellmann, 

2008, Grant et al. 2017), including facilitating the spread and establishment of invasive 

species into vulnerable novel ecosystems (Diez et al., 2012; Erlandsson et al., 2006; 

Smith et al., 2023) 

While MHWs occur globally, tropical marine ecosystems are expected to be 

among the most affected by projected MHWs (IPCC, 2021; Holbrook et al., 2022; Hughes 

et al., 2017; Wernberg et al., 2012). Specifically, tropical organisms are especially 

vulnerable to temperature changes as they have adapted to a relatively stable 

temperature range and show limited warming tolerance in comparison to temperate 

organisms (Tewksbury, 2006; Nguyen, 2011, Vinagre et al. 2016). Such thermal 

specialization is thought to have been a selective advantage to minimize maintenance 

costs and optimize energy efficiency related to growth, reproduction, and performance 

(including swimming to forage, predator avoidance, and competitive ability) thereby 

maximizing their ecological fitness  (Rummer, 2014; Bowden, 2014; Nguyen, 2011), but  

at the expense of broader thermal tolerance ranges (Huey & Slatkin, 1976; Pörtner & 

Farrell, 2008). However, this thermal specialization may now be a disadvantage as 

warming of 2-3°C is known to negatively impact the ecological fitness of tropical 

organisms, while opening new dispersal pathways for more thermally tolerant species 
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(Hellmann et al., 2008;  Munday, 2008; Wernberg, 2012;  Johansen, 2011; Spinks, 2021). 

Currently, many tropical fish populations already live close to, or even above their 

optimum temperature range (Huey & Hertz, 1984; Tewksbury, 2006). The impacts of 

MHWs can be best understood through physiological and behavioral responses of 

impacted species. For ectotherms such as fishes, standard metabolic rate (SMR) 

represents the minimum oxygen required to maintain homeostasis (Fry, 1971). Typically, 

SMR increases at a rate of ~2x for every 10 °C increase, defined as Q10 (Rubner, 1883; 

Běhrádek, 1930; Rao, 1954). A Q10 coefficient above ~3 is used as a standard indicator 

for thermal stress in marine fish reflecting steep energetic cost of warming (Clarke & 

Johnston, 1999; Seebacher et al., 2015). Maximum metabolic rate (MMR) represents the 

maximum capacity for oxygen uptake (i.e. respiration following strenuous activity) and 

typically increases with rising temperature before reaching a plateau and an eventual 

decline (Chabot et al., 2016; Norin & Clarke, 2016). The difference between SMR and 

MMR denotes a fish’s Aerobic Scope (AS) which quantifies the remaining oxygen 

available past homeostatic costs available to fuel other critical activities.  As such, AS 

represents a fish’s metabolic capacity to maintain fitness under thermal stress, which 

typically increases with temperature until reaching an optimal peak, then declines, with 

detrimental consequences for that species’ fitness (Johansen & Jones, 2011, Pörtner, 

2010; Pörtner & Knust, 2007; Rummer et al., 2014). 

Critical Thermal Maximum (CTmax) refers to the maximum temperature an 

organism can withstand before experiencing physiological failure and time-limited 

survival and defines the absolute upper limits for short-term survival (Cox, 1974). For 

fish, this is defined as the temperature which induces a loss of equilibrium (LOE), or the 

inability to hold themselves upright due to temperature-induced collapse of vital 

physiological functions (Beitinger et al., 2000). This trait represents the fundamental 

upper thermal limit of a species and is commonly used to investigate the impacts of 

ocean warming on habitat distribution (Sunday et al., 2012). For instance,  CTmax of the 

freshwater juvenile Liza viagiensis (squaretail mullet) reach ~ 44.0 °C while occupying 

habitats that typically range from 35-39 °C, leaving a survival-buffer zone for larger 

fluctuations in temperature exposure  

While thermal tolerance defines the physical temperature limits a species can 

endure, many species actively select habitats that optimize physiological performance 

through temperature preference (Tpref) (Clark et al., 2013; Payne et al., 2016). In 

response to unfavorably high temperatures, motile organisms can thermoregulate by 

moving to cooler, and more thermally optimal habitats (Gibson, 2003; Harborne, 2013; 

Johnson & Kelsch, 1998; Khan & Herbert, 2012).  This behavioral response helps 

safeguard critical physiological functions, such as AS, by maintaining a buffer for CTmax 

and avoiding harmful temperatures (Kelsch & Neill, 1990; Johnson & Kelsch, 1998; 

Angilletta et al., 2002). For  example, when exposed to elevated temperatures of 

31-33°C, the reef associated Chromis viridis has been shown to seek out cooler 

https://onlinelibrary-wiley-com.eres.library.manoa.hawaii.edu/doi/full/10.1111/gcb.16624#gcb16624-bib-0084
https://onlinelibrary-wiley-com.eres.library.manoa.hawaii.edu/doi/full/10.1111/gcb.16624#gcb16624-bib-0086
https://onlinelibrary-wiley-com.eres.library.manoa.hawaii.edu/doi/full/10.1111/gcb.16624#gcb16624-bib-0097
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temperatures corresponding to its optimal temperature for AS (~29°C) (Habary et al., 

2017). Indeed, behavioral thermal selection is common amongst tropical fish, with many 

species known to migrate from reef flats to adjacent reef crests and slopes during low 

tides when sea surface temperatures can dramatically increase (Casterlin & Reynolds, 

1980; Reynolds & Casterlin, 1981; Angilletta et al., 2006). This behavioral coping 

mechanism of avoiding exposure to deleterious temperatures allows fish to maintain 

their physiological capacity for critical ecological tasks. 

Although metrics exist to examine and predict the consequences of rising MHW impacts 

to tropical ecosystems and individuals species of concern, few studies have been 

completed to date and many critical questions remain. Most comparative MHW 

research on native and invasive competitors has focused on invertebrates such as 

bivalves (Erlandsson et al., 2006; Kenworthy et al., 2018; Schneider et al., 2019; Gilson et 

al., 2021), and macroalgae (Straub, 2019; Atkinson et al., 2020) while studies comparing 

fish species are largely absent. This gap highlights the need for experimental approaches 

directly comparing native and invasive fishes under MHW conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 



9 

Chapter 2: Impacts of marine heatwaves on native and invasive mullet in 
Hawaiʻi 

1 Introduction 

Marine heatwaves (MHWs) have emerged as one of the most prominent threats 
to tropical coral reef ecosystems this century (IPCC, 2021). Driven by anthropogenic 
climate change, these pulse-like thermal anomalies are increasing in frequency, 
duration, and intensity (Oliver et al., 2018; Holbrook et al., 2022). Projections suggest 
their occurrence could rise over 40-fold by 2100 under high-emissions scenarios 
(Frölicher & Gruber, 2018). Already, MHWs have triggered widespread ecological 
disruptions, including mass mortality events, biodiversity loss, and economic impacts on 
coastal communities (Cavole et al., 2016; Oliver et al., 2017; Meehl, 2019). These rapid 
and extreme warming events exceed the acclimation capacity of many marine 
organisms, often leading to abrupt shifts in species distributions and ecosystem 
structure (Grant et al., 2017; Harris et al., 2018; Figueira & Booth, 2010). 

Rising ocean temperatures, particularly during MHWs, may facilitate the spread 
and establishment of invasive species, which often tolerate a wide range of 
temperatures  (euryhterms) and thrive in disturbed environments (Diez et al., 2012; 
Erlandsson et al., 2006; Papacostas, 2017). Indeed, under MHW conditions, eurythermal 
invasive species typically show greater resilience than their native counterparts, 
characterized by lower mortality rates (Kenworthy et al., 2018, Xu et al., 2023), faster 
recovery following disturbances (Schneider, 2008; Sorte et al., 2010; Diez et al., 2012; 
Gilson et al., 2021), and thermally tolerant reproductive capacities (Schemmel, 2019; 
King et al., 2021). As a result, rising temperatures may create new ecological 
opportunities for invasive species to expand beyond their historical ranges and establish 
in novel environments (Smith et al., 2023).  

As invasive species gain a foothold under warming conditions, their presence 
can reshape community structure and disrupt native species interactions. For instance, 
warming can shift competitive dynamics by favoring invaders over thermally sensitive 
native species, especially in degraded or heat-stressed habitats (Diez et al., 2012; 
Erlandsson, 2006; Kenworthy, 2018). As a result, invasive species have been known 
displace natives by monopolizing resources such as food, space, and nursery areas, 
leading to cascading ecological effects including disrupted food webs, reduced 
biodiversity, and the loss of key ecosystem services like fisheries productivity 
(Occhipinti-Ambrogi, 2007; Molnar et al., 2008; Kumschick et al., 2015). For example, 
tropical rabbitfish (Siganus rivulatus and S. luridus) have expanded into the eastern 
Mediterranean under warming conditions, where their herbivory has degraded algal 
forests and displaced native species (Vergés et al., 2014). Similarly, lionfish (Pterois spp.) 
in the western Atlantic have shown significant boosts to juvenile survival and growth 
during warming events, causing them to decimate native reef fish communities and 
trigger trophic collapse (Albins & Hixon, 2008; Whitfield et al., 2007). These examples 
underscore how MHWs can enhance the performance of invaders while simultaneously 
driving long-term ecological degradation and instability in marine ecosystems. 
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The impacts of MHWs can be best understood through physiological and 
behavioral responses of marine organisms. An organism’s fitness in relation to changes 
in temperature is commonly measured through its aerobic scope (AS),  denoting the 
capacity to direct excess energy towards critical physiological functions (Fry & Hart, 
1948; Pörtner & Farrell, 2008). Standard metabolic rate (SMR) represents the cost for 
basic body maintenance which typically doubles for every 10 °C increase (i.e Q10 = 2) 
(Rubner, 1883; Běhrádek, 1930; Rao, 1954). A Q10 coefficient above ~3 is used as a 
standard indicator for thermal stress in marine fish, representing a steep increase in 
basal metabolic cost (Clark & Johnston, 1999). Typically, AS follows a right skewed bell 
curve with a peak at the optimal temperature for physiological function (Topt ), beyond 
which AS declines potentially due to cardiorespiratory limitations which reduce tissue 
oxygen supplies (Pörtner & Knust, 2007). Previous studies have shown that a 2-3 °C 
temperature increase above annual summer conditions impact a range of fitness traits in 
tropical fish related to swimming, growth, and reproduction (Munday et al., 2008; 
Johansen & Jones, 2011; Zarco-Perelló et al., 2012; Johansen et al. 2013, 2015; Rummer 
et al., 2014). Additionally, many tropical fish exhibit behavioral thermoregulation by 
selecting habitats with favorable temperatures (Tpref) to maintain physiological 
performance (Casterlin & Reynolds, 1980; Reynolds & Casterlin, 1981; Kelsch & Neill, 
1990; Johnson & Kelsch, 1998; Angilletta et al., 2002). This strategy allows individuals to 
mitigate thermal stress by avoiding unfavorable conditions, thereby helping to preserve 
aerobic capacity and overall fitness (Gibson, 2003; Harborne, 2013; Johnson & Kelsch, 
1998; Khan & Herbert, 2012). Tropical fish species generally exhibit preferred 
temperatures (Tpref) close to their native range, however, the degree of precision in these 
preferences varies among species, as indicated by differences in the standard deviation 
of Tpref, reflecting potential variability in thermal distribution (Medvick & Miller 1979; 
Reynolds & Casterlin, 1981). The absolute upper thermal limit fish can tolerate for short 
periods before experiencing physiological collapse followed by death is referred to as 
Critical Thermal Maximum (CTmax) (Cox, 1974). This represents the upper limit of the 
thermal window for fish to escape from potential fatal temperatures (Beitinger et al., 
2000).  

Superimposed on  these physiological principles is  thermal plasticity. Thermal 
plasticity refers to an organism's capacity to adjust physiological traits in response to 
temperature changes, and can be central to understanding MHW impacts to fitness 
(Gaitán-Espitia et al., 2017). For instance, juvenile Mugil cephalus and Osteomugil engeli 
exposed for seven days to temperatures from 20 to 29 °C showed a similar acclimation 
capacity to progressively increase their CTmax with temperature (Sylvester, 1974). 
Interestingly, when exposed to simulated ocean warming cycles of 35–39 °C and 
37–41 °C, the same juvenile mullet species failed to exhibit further increases in  CTmax 
relative to controls at 37 °C, indicating limited plasticity beyond current thermal 
exposure (Eme et al., 2011). Similar patterns have been seen in a separate mullet 
species, Chelon auratus (golden grey mullet), in which juveniles exposed to a +5 °C acute 
temperature increase can show a significant rise in AS within five days. These findings 
highlight  the use of AS and CTmax as sensitive indicators of thermal plasticity and 
comparisons of thermal tolerance or MHW resilience within or among species  
(Grimmelpont, 2023). 
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 Mullets (Mugilids) are prolific in equatorial waters and are an important 
biocultural resource in coastal communities (Uwate and Kunatuba, 1983). In Hawaiʻi, the 
native striped mullet (Mugil cephalus; ʻama ʻama) is a historically important nearshore 
species for commercial, recreational, and subsistence fisheries (Cobb, 1901) and a key 
biocultural species in traditional Hawaiian fish ponds (Loko iʻa) which created critical 
nursery habitats for juveniles seeking shelter from piscivores (Keala, 2007). In contrast, 
the invasive Marquesan mullet (Osteomugil engeli; kanda) is a commercially and 
recreationally unattractive food source with no substantial fisheries in either their native 
or exotic range due to their small size (Froese and Pauly, 2018; Nishimoto et al., 2007). In 
the 1950’s O. engeli was introduced to Hawaiʻi after unintentionally mixing with 
shipments of Marquesan sardines (Sardinella marquesensis), and populations quickly 
established in degraded nearshore habitats (Murphy, 1960; Nishimoto et al., 2007). The 
invasive O. engeli competes with the native M. cephalus for nearshore nursery habitats 
and has already displaced many of the native species since its arrival, with O. engeli now 
being the dominant mullet species in Hawaiian estuaries and reefs (Murphy, 1960; 
Eldredge, 1994; Nishimoto et al., 2007).  This competition is exacerbated by differences 
in breeding cycles where M. cephalus have a single winter spawning season and spring 
recruitment (Major, 1978), while O. engeli spawn and recruit year-round (Schemmel, 
2019). However, instead of directly outcompeting M. cephalus, O. engeli is thought to be 
taking advantage of the space left behind as native mullet populations decline, largely 
due to human impacts such as overfishing, habitat degradation, and the decline of 
traditional Hawaiian fishpond management (Department of Land & Natural Resources, 
1990; Nishimoto et al, 2007). Although  M. cephalus populations are declining, studies 
show that adult abundance is closely linked to juvenile survival and recruitment rates 
(Nishimoto et al., 2007). 

Previous marine heatwave (MHW) events have already caused significant losses 
in Hawaiian fishpond nursery operations. In 2009, two MHW-associated ‘fish kill’ events 
at Heʻeia Fishpond resulted in the death of over 13,000 juvenile Pacific threadfin 
(Polydactylus sexfilis, or moi) held in net pens, resulting in substantial delays to 
production efforts (McCoy et al., 2017). Subsequent monitoring efforts have used in situ 
weather stations and water quality sensors to detect early signs of thermal stress, 
enabling better prediction of future MHW events (McCoy et al., 2017). Long-term sea 
surface temperature data from stations across Kāneʻohe Bay have also helped 
characterize the frequency and intensity of past MHWs. These events highlight the 
vulnerability of culturally significant nearshore fisheries to thermal stress and 
underscore the urgency of understanding how the increasing frequency of MHWs may 
impact other key native species in fishpond production, such as Mugil cephalus. 

The objective of this study is to determine how the growing impacts of MHWs 
may influence ongoing competition between native and invasive mullet in Hawaiʻi.  

We hypothesize that both species will: 
(a)  Exhibit declining AS at MHW temperatures beyond current day maxima due to 
performance limitations at elevated temperatures. 
(b)  Show increasing CTmax with rising acclimation temperature. 
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(c) Use behavioral thermoregulation to select temperatures that optimize AS and avoid. 
harmful thermal exposure.​
 
We further predict that O. engeli will be more thermally resilient than M. cephalus, as 
demonstrated by: 
(d) A significantly smaller reduction in AS under intense MHW conditions. 
(e) A significantly higher critical thermal maximum (CTmax). 
(f) A broader preferred temperature range (Tpref), indicating greater thermal flexibility. 

2 Materials & Methods 

2.1 Ethics Statement 

The experiments performed complied with the ethical standards of the Institutional Animal 
Care and Use Committee at the University of Hawaiʻi at Mānoa, and were approved under 
permit number 3958. Animals were collected under Special Activities Permit 2025-26 permit 
number 5172, issued by the Department of Land & Natural Resources.  

2.2 Study Species and Location 

The two focal species for this study, M. cephalus and O. engeli, are both widely 
dispersed species with tropical and sub-tropical populations. Mugil cephalus is found in every 
major ocean basin, mainly between the latitudes 42°N and 42°S (Uwate & Peniasi, 1983), 
whereas O. engeli is found primarily in the Indo-Pacific from East Africa to the Marquesan and 
Tuamoto Islands (Froese and Pauly, 2018). Both species occupy similar nearshore reef, 
intertidal, and estuarine habitats in Hawaiʻi and compete for nursery space during the juvenile 
stage (Major, 1978; Nishimoto et al., 2007). For this study, juvenile M. cephalus (n = 82) were 
sourced from Waikalua Loko Iʻa (21.4107565°N, -157.7828846°W), where they were raised 
through the Oceanic Institute of Hawaiʻi Pacific University’s hatchery program. These 
individuals weighed between 5.08 g and 29.97 g (mean ± SD: 11.85 ± 5.66 g) and measured 
7.1 cm to 13.6 cm in length (9.45 ± 1.57 cm). Juvenile Osteomugil engeli (n = 94) were 
collected using cast nets along the shorelines of Waikalua Loko Iʻa and Heʻeia Fishpond in 
Kāneʻohe Bay (21°25′50.8″N, 157°48′23.7″W). These fish ranged in weight from 4.85 g to 
22.02 g (11.80 ± 4.26 g) and in length from 7.5 cm to 12.2 cm (9.53 ± 1.26 cm). 

2.3 Marine heatwave treatment 

Following collection, mullet were transported to the Johansen Fish Resilience Lab at 
the Hawai'i Institute of Marine Biology (HIMB) located on Moku o Loʻe (Coconut Island) in 
Kāneʻohe Bay (19.7296° N, 155.0685° W) for temperature treatments and further 
experimentation. Laboratory conditions adhered to a 12:12 hr photoperiod with lights 
turning on and off at 7 AM HST and 7 PM HST respectively. Fish were housed in glass 
aquariums (Aqueon; length = 76 cm; width = 32 cm; height = 32 cm) with flow-through, 
aerated, particle-filtered and UV-sterilized seawater with a salinity of ~35 ppt.  Each tank 
was equipped with an air stone and a standard 800W aquarium heater (TH-08005, Finnex 
Inc., USA) connected to an external temperature regulator (WH1436, Willhi, China) which 
activated when water temperature fell below 0.1°C of the target temperature. Fish were 
acclimated in the lab for 7 days, allowing them to fully adjust to their conditions and resume 
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consistent feeding until MHW treatments began. Fish were fed once daily using ~3 g of 
commercial floating pellets per aquarium (Skretting Classic Fry Floating Pellets 1.5mm; USA) 
until satiated.  

Previous marine heatwaves (MHWs) in Kāneʻohe Bay, Hawaiʻi have been 
characterized using a 26-year (1994–2020) sea surface temperature (SST) dataset from the 
PacIOOS HIMB Weather Station at Moku o Loʻe (Coconut Island; ID: 1612480; 21.433° N, 
157.786° W), the site closest to our collection locations. Long-term observations show that 
MHW anomalies in the bay commonly range between +2 and +4 °C above seasonal 
climatological means (Tran & Johansen, 2023). Experimental treatments were selected to 
reflect this range, simulating both moderate and extreme thermal stress: (1) a +0 °C control 
(ambient summer mean, 27.5 ± 0.1 °C), (2) a +2 °C moderate summer MHW (29.5 ± 0.1 °C), 
and (3) a +4 °C intense summer MHW (31.5 ± 0.1 °C). Individuals were randomly assigned to 
one of the three treatment groups. Under these treatments, we compared (1) physiological 
performance and thermal tolerance, measured via aerobic scope (AS) and critical thermal 
maximum (CTmax), and (2) behavioral thermoregulation through preferred temperature 
(Tpref). MHWs were simulated over five days by increasing water temperature ~1 °C day⁻¹ 
from the ambient summer mean to the treatment peak, then maintaining the peak 
temperature for the remainder of the period. These regimes matched the mean duration, 
maximum heating rate, and maximum intensity of MHWs previously detected on Kāneʻohe 
Bay reefs and projected future conditions (Tran & Johansen, 2023). Water temperature was 
held to ±0.1 °C using 800 W aquarium heaters (TH-08005, Finnex Inc., USA) controlled by 
external temperature regulators (WH1436, Willhi, China). 

2.4 Assessment of whole-animal aerobic metabolic rates 

Rates of oxygen consumption (MO2) for individual fish at their respective treatment 
temperature was measured using automated intermittent-flow respirometry under the 
guidelines specified by Svendsen et al. (2016). The respirometry system consisted of four 
cylindrical acrylic respirometers submerged in a 147 L experimental tank (length = 93 cm; width 
= 48 cm; height = 33 cm) supplied with particle-filtered, aerated, and UV-sterilized seawater 
with a salinity of 35ppt. Each respirometer had a volume of 220ml (respirometry chamber 
dimension: length = 12.5 cm; diameter = 4 cm). Respirometry chambers maintained a 
volume-to-body mass ratio of approximately 1:18, within the recommended range for 
intermittent-flow respirometry (Cech & Brauner, 2011). Water temperature was maintained at 
the desired treatment temperature within ± 0.1°C using an 800W aquarium heater (TH-08005, 
Finnex Inc., USA) connected to an external temperature regulator (WH1436, Willhi, China) in the 
experimental tank and 36 L sump (length = 25 cm; width = 19 cm; height = 76 cm). Each 
respirometry chamber was connected to a recirculating pump (DollaTek AD20P-1230 E; 240 L/h; 
12 V) to ensure homogenous oxygen mixing. A central flush pump (EHEIM 1048-319; 600 L/h; 
120 V) was connected to all four respirometers. Oxygen saturation in each respirometer was 
measured continuously using fiber optic oxygen sensors and Pyro Oxygen Logger software 
v3.317 (Firesting O2, Pyro Science, Aachen, Germany). AquaResp v3.04 software 
(www.aquaresp.com) was used to automatically calculate mass adjusted oxygen consumption 
rates and to control the duty cycles (flush, wait, measure).  

Fish were starved for 24 hours to avoid measuring the metabolic cost of digestion (i.e. 
specific dynamic action) (Niimi & Beamish, 1974). Background respiration was measured prior 
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to placing fish in the respirometers and again after the fish were removed at the end of the 
experiment to account for microbial respiration. To measure pre/post-background respiration,  
intermittent flush cycles were controlled using AquaResp software settings (flush = 180 sec, wait 
= 60 sec, measure = 1800 sec). Maximum metabolic rates (MMR) were obtained from each fish 
using a standard protocol of manually chasing fish by hand for 3 minutes until 
exhaustion--defined as the point at which the fish can be picked up by the experimenter 
without resistance (Chabot et al., 2016)--followed by 1-min of air exposure (Clark, 2013). 
Individuals that could not sustain evasive swimming for the full 3 minutes were continually 
chased to maintain maximal possible swimming for the remainder of the period. Immediately 
following air exposure, fish were placed directly into cylindrical acrylic respirometers, and MO2 

measurement began within 30 seconds using MMR flush cycle settings (flush = 300 sec, wait = 
30 sec, measure = 60 sec) until three decreasing MO2 values were achieved. This process was 
repeated until all respirometers contained a fish. AquaResp settings were then adjusted (flush = 
300 sec, wait = 60 sec, measure = 90 sec) and fish were left undisturbed overnight (~16 h) to 
measure SMR by allowing fish to reach a steady state minimum MO2. The intermittent flush 
cycles ensured water in each respirometer was fully recirculated every ~7 min to maintain 
oxygen saturation above 80% during experiments. 

 

Figure 1. Diagram of the intermittent-flow respirometry setup used to measure metabolic rates. 

2.5 Determination of Critical Thermal Maximum 

Upper critical thermal limits (i.e. CTmax) followed the methodology of Beitinger et al. 
(2000), defined by Cox (1974) as the temperature at which a fish exhibits a loss of equilibrium 
(LOE). During the experiment, fish were held in one of four mesh covered perforated containers 
(length = 17 cm; width = 12 cm, height = 14 cm) suspended in a 92 L experimental tank (length = 
81 cm; width = 38 cm; height = 30 cm). The system contained filtered, aerated, and UV sterilized 
35 ppt seawater. Water temperature was maintained at the desired temperature within ±0.1°C 
using an 800W aquarium heater (TH-08005, Finnex Inc., USA) connected to an external 
temperature regulator (WH1436, Willhi, China) in the 137 L sump (length = 84 cm; width = 43 
cm; height = 38 cm) which pumped heated water (50°C) into the experimental tank at a 
controlled rate of 0.1°C/minute. Two pumps placed on the bottom of the experimental tank at 
opposite ends ensured sufficient mixing. 
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Fish were starved for 24-hr prior to each experiment, then placed in their respective 
containers set to their initial treatment temperature (i.e. Summer (27.5 C) or MHW (29.5 or 31.5 
C). Heated water from the sump was pumped into the experimental tank, heating the system at 
a constant rate of 0.1°C/min. This relatively slow ramping rate was selected to minimize the lag 
between ambient water temperature and internal body temperature, particularly in 
small-bodied fish, while also avoiding thermal shock or the potential for acclimation during the 
trial (Becker & Genoway, 1979). The system was heated until fish exhibited LOE and the time 
and temperature for each fish was recorded using a digital thermometer (Type T C26 

(temperature resolution: 0.1 °C), Comark
®

, Norfolk, United Kingdom). Upon LOE each fish was 

quickly removed from its respective container using a mesh net and placed into a separate 
aquarium to recover at its original treatment temperature. 

 

Figure 2. Critical Thermal Maximum setup used to assess temperature tolerance.  

2.6 Evaluation of Temperature Preference 

Temperature preference was measured using a dynamic, dual-chamber closed 
shuttle-box system following best practices as outlined by Schurmann et al., 1991 and similarly 
executed in the methodology of Nay et al 2015. This system consists of two 
temperature-controlled choice chambers (diameter = 37.5 cm, depth = 25 cm, water volume = 
19.2 L) connected to 95 L buffer tank reservoirs of either heated (50°C) or cooled (5°C) water. 
Temperature in the buffer tanks was regulated by pumping water through stainless steel coils 
placed in neighboring reservoirs held at steady temperatures of 5.0 °C and 45.0°C, using 
relay-controlled heaters and chillers (Aqua Chiller AACH50HP). A 3.8 x 6.3 cm wide central 
passage between the chambers allowed the fish to freely move between them. Water in the 
chambers circulated concurrently facilitated by buffer tanks (using CompactON 5000 EHEIM 
pumps) to maintain a desired temperature differential of ~2.0 ± 0.01°C between them 
(Schurmann et al. 1991). When the fish resided in the “heating” chamber, the temperature of 
both chambers would gradually increase. Conversely, if the fish resided in the “cooling” 
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chamber, the temperature of both chambers would gradually decrease. By moving between the 
heating and cooling chambers (sensed by the 2 °C differential), the fish actively controlled the 
temperature of its environment to potentially avoid exposure to deleterious temperatures. 

Prior to each experiment, fish were starved for 24-hr (Niimi & Beamish, 1974) and the 
system was flushed with fresh water.  The system was then filled with particle filtered and UV 
sterilized seawater and heated within 0.1°C of the treatment temperature using an 800W 
aquarium heater (TH-08005, Finnex Inc., USA) connected to an external temperature regulator 
(WH1436, Willhi, China). Each experiment started with placing the fish in the “heating” 
chamber randomly assigned to be either the right or left chamber. A video camera (SONY® 
Handycam DCR DVD610) attached to a tripod was linked to a custom software, originally 
developed by Schurman and Steffensen (1991) and later refined by Peterson and Steffensen 
(2003), and aimed at a 45 degree angled mirror 3.8 meters away above the system to track the 
fish’s positionality.  The chambers used a white opaque plastic bottom and infrared backlighting 
(CMVision IP65) to provide a clear visual contrast for tracking during the day and night without 
visual light disturbance of the fish. A PC video frame grabber (USB 2.0 DVD maker®) transmitted 
the video signal to a positioning software (LoliTrack, Loligo Systems®, Tjele, Denmark) informing 
the system to activate or deactivate pumps connected to the heated or cooled reservoirs. Water 
temperature was regulated based on the fish’s positionality using NTC 10k sensor thermometers 
which provided real time temperature data to a computer (Lenovo Thinkpad T400 Windows 10 
32-bit). A dim lamp was used to simulate full moon light, aiding in fish nocturnal navigation. 
Each fish underwent a 24-hr trial including an initial 18-hr ‘training’ period at non-lethal 
temperatures, familiarizing them to the heating and cooling mechanics of the system within a 
min/max temperature boundary of 21.5 °C/33.5 °C.  Immediately following each training period, 
fish were exposed to a 6-hr measurement period in which the temperature boundary was 
greatly expanded to the potentially detrimental temperature range of 10 °C/ 40 °C, fish 
remained under constant monitoring during this period to prevent undue harm. 

 

Figure 3. Shuttle box experimental setup used to assess temperature preference behavior.  

2.7 Data Analysis 

​ Mass specific MO2 was automatically calculated using AquaResp software V3.04 using a 

linear regression between oxygen concentration and time for each measurement cycle. Only 
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MO2 measurements with an R2 ≥ 0.95 were kept for further analysis. Background respiration 

was determined using a linear regression of microbial MO₂ over time (Roche et al., 2013). This 

regression was used to estimate time-specific background respiration rates for each 

measurement cycle during the trial, which were then subtracted from the corresponding 

whole-animal MO₂ values to correct for microbial activity. 

SMR was determined as the best of four techniques: the mean lowest normal 

distribution (MLND) and the 10%, 15%, and 20% quantiles (q10, q15, and q20) of MO2 values 

(following Chabot et al., 2016). Following Chabot et al. (2016), the MLND method was excluded 

due to a cumulative variance > 5.4, with the 20% quantile method yielding more consistent SMR 

estimates based on visual inspection of MO₂ and variance patterns. The single highest MO2 

value measured during each respirometry trial was used as MMR. 32 out of 63 individuals 

exhibited their highest MO2 peak overnight instead of directly after chase protocols, which may 

happen due to the repayment of oxygen debt from anaerobic activity, delayed cardiovascular 

and ventilatory adjustments, and the release of catecholamines and cortisol which enhance 

oxygen delivery and metabolic recovery (Norin & Clark, 2016). Once SMR and MMR were 

determined, AS was calculated for each fish as the absolute difference between MMR and SMR.  

To demonstrate the sensitivity of SMR between temperature treatments, the Q10 

coefficient of MO2 values was calculated to compare the effects of SMR between temperature 

treatments following (Běhrádek, 1930; Rao & Bullock, 1954) as: Ri denoting SMR and Ti 

denoting temperature at time i. 

 

Temperature preference for each fish was calculated as the mean temperature in the 

chamber occupied by the fish, based on 1-second instantaneous measurements collected over 

the 6-hour shuttle box trial. Mean preferences were compared between species at each 

treatment temperature and within each species across treatment temperatures. This 

continuous averaging approach captures the fish’s overall thermal preference, consistent with 

methods used in previous shuttle box studies (Nay et al., 2015; Habary et al., 2017). 

Prior to statistical analysis, body mass was compared using independent two-sample 

t-tests to assess differences in mass (1) within species across temperature treatments and (2) 

between species within each treatment. For any experiment where a significant difference in 

mass was detected, body mass was subsequently included as a covariate in the model. 

For SMR, MMR, AS, and Tpref, we used analysis of covariance (ANCOVA) with MHW 

treatment and species as fixed effects, body mass as a continuous covariate, and the treatment 

× species interaction. Post hoc Tukey’s Honestly Significant Difference (HSD) tests were used to 
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evaluate pairwise differences among species and treatment combinations for each response 

variable. For each analysis, model assumptions were tested by visually inspecting model 

residuals plotted against fitted values, followed by Shapiro-Wilk’s test of normality and 

Bartlett's test of homoscedasticity or Levene’s test. CTmax did not comply with the assumption of 

normality and was therefore analyzed using a Generalized Additive Model (GAM) to assess the 

fixed effects of treatment and species while including mass as a smooth covariate. Model 

comparisons using chi-square tests evaluated the contribution of each fixed effect. Pairwise 

comparisons of estimated marginal means (EMMs) were performed using Tukey-adjusted 

contrasts to test for differences between species and treatments while controlling for mass 

All statistical analyses were performed in RStudio (Version 2023.12.1 Build 402) with p < 

0.05 as the significance threshold. 

3 Results 

3.1 Mass Distribution 

Significant differences in body mass were detected in several comparisons. In the CTmax trials, 

the M. cephalus 29.5 °C treatment group had significantly lower body mass (mean = 7.68 g) 

compared to both 27.5 °C (mean = 15.48 g; p < 0.001) and 31.5 °C (mean = 15.48 g; p < 0.001). 

Between species, M. cephalus had a higher average mass than O. engeli at 27.5 °C (M. cephalus 

mean = p = 0.0128) and 31.5 °C (p = 0.004), but significantly lower average mass at 29.5 °C (p = 

0.008).  In the temperature preference trials, there was a significant difference in mass for M. 

cephalus between the 27.5 °C (mean = 12.1 g) and 31.5 °C (mean = 7.91 g) treatment groups (p 

= 0.0411). Between species, O. engeli had significantly larger mass at 31.5 °C treatment (p = 

0.0155). There were no significant differences in mass detected for respirometry experiments 

within species across treatments or between species within each treatment (p > 0.05 all) 

3.2 Standard Metabolic Rate 

There was a significant effect of treatment temperature (F₁,₅₆ = 10.86, p < 0.0001) and species 

(F₁,₅₆ = 23.54, p < 0.0001) on SMR, as well as a significant interaction between the two (F₁,₅₆ = 

3.65, p = 0.032). However, mass did not have a significant effect on SMR (F₁,₅₆ = 2.03, p = 0.160). 

Standard metabolic rate (SMR) increased significantly with temperature in both species but 

followed different patterns (Figure 4) resulting in significant differences at 31.5 °C (Δ = –152.92, 

95% CI [–242.69, –63.14], p < 0.0001). In M. cephalus, SMR rose from 268.61 ± 16.11 mg O₂ kg⁻¹ 

h⁻¹ at 27.5 °C to 412.70 ± 29.40 mg O₂ kg⁻¹ h⁻¹ at 31.5 °C (mean + SEM),  a 53.6% increase (Δ = 

140.73, 95% CI [36.15, 245.31], p = 0.003). In contrast, O. engeli peaked at 29.5 °C 

(310.33 ± 17.24 mg O₂ kg⁻¹ h⁻¹), with a non-significant decline at 31.5 °C (257.74 ± 26.27 mg O₂ 

kg⁻¹ h⁻¹), resulting in a non-significant difference between control treatments and intense MHW 

treatments  (27.5–29.5 °C: Δ = 116.63, 95% CI [16.26, 216.99], p = 0.014; 27.5–31.5 °C: p = 

0.411).  
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Q₁₀ values further reflect these patterns: in M. cephalus, Q₁₀ was 3.72 from 27.5–29.5 °C, 2.30 

from 29.5–31.5 °C, and 2.93 across the full range (27.5–31.5 °C). In O. engeli, Q₁₀ was notably 

high from 27.5–29.5 °C (9.93), declined sharply to 0.40 from 29.5–31.5 °C, and averaged 3.15 

across the full range. 

 

 

Figure 4. The effects of moderate (+2°C; yellow boxes) and intense (+4°C; red boxes) marine heatwave (MHW) treatments on 

Standard Metabolic Rate (SMR) of M. cephalus and O. engeli. Individual data points are shown as triangles for M. cephalus, 

and circles for O. engeli. Significance across treatments are shown as capital letters for M. cephalus and lower case letters for 

O. engeli. Brackets above lettering represent significance between species within treatments (ns = no significance, *  = p < 

0.05, ** = p < 0.01, *** = p < 0.001). 

3.3 Maximum Metabolic Rate 

Fish MMR responses were significantly affected by treatment temperature (F₂,₅₆ = 10.75, p < 

0.001), species (F₁,₅₆ = 4.23, p = 0.044), and a significant interaction between between 

treatment temperature and species (F₂,₅₆ = 8.66, p < 0.001). Body mass also had a significant 

effect on MMR response (F₁,₅₆ = 19.57, p < 0.001). 

Maximum metabolic rate increased significantly with temperature in both species, but their 

thermal performance curves diverged at the 31.5 °C intense MHW treatment (Figure 5). In M. 

cephalus, MMR rose from 670.32 ± 58.03 to 1011.18 ± 45.91 mg O₂ kg⁻¹ h⁻¹ between 27.5 °C and 
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31.5 °C (Δ = 319.91, 95% CI [109.85, 529.98], p = 0.0005). In contrast, O. engeli peaked at 29.5 °C 

(950.58 ± 49.71 mg O₂ kg⁻¹ h⁻¹), with a significant increase from 27.5 °C (Δ = 252.08, 95% CI 

[40.47, 443.68], p = 0.009) followed by a significant drop at 31.5 °C (Δ = –224.62, 95% CI 

[–404.94, –44.30], p = 0.007). 

 

Figure 5. The effects of moderate (+2°C; yellow boxes) and intense (+4°C; red boxes) marine heatwave (MHW) treatments on 

Maximum Metabolic Rate (MMR) of M. cephalus and O. engeli. Individual data points are shown as triangles for M. cephalus, 

and circles for O. engeli. Significance across treatments are shown as capital letters for M. cephalus and lower case letters for 

O. engeli. Brackets above lettering represent significance between species within treatments (ns = no significance, *  = p < 

0.05, ** = p < 0.01, *** = p < 0.001). 

3.4 Aerobic Scope 

Treatment temperature significantly affected AS (F₂,₅₆ = 4.36, p = 0.017), but species had no 

significant effect (F₁,₅₆ = 0.17, p = 0.68). A significant interaction between  between treatment 

temperature and species was detected (F₂,₅₆ = 5.38, p = 0.0073). Mass was a strong predictor of 

AS (F₁,₅₆ = 18.11, p < 0.001). 

In M. cephalus, AS showed a non-significant rising trend from 401.71 ± 56.73 mg O₂ kg⁻¹ h⁻¹ at 

27.5 °C to 598.49 ± 31.93 mg O₂ kg⁻¹ h⁻¹  at 31.5 °C (mean ± SEM, Δ = 179.19, 95% CI [–4.19, 

362.57], p = 0.059) (Figure 6). In contrast, O. engeli peaked at 29.5 °C (640.25 ± 47.34 mg O₂ kg⁻¹ 

h⁻¹), then dropped significantly at 31.5 °C (463.99 ± 40.65 mg O₂ kg⁻¹ h⁻¹; Δ = –172.71, 95% CI 
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[–330.13, –15.30], p = 0.024). Between-species comparisons showed no significant differences 

at any temperature (all p > 0.2). 

 

Figure 6. The effects of moderate (+2°C; yellow boxes) and intense (+4°C; red boxes) marine heatwave (MHW) treatments on 

Aerobic Scope (AS) of M. cephalus and O. engeli. Individual data points are shown as triangles for M. cephalus, and circles for 

O. engeli. Significance across treatments are shown as capital letters for M. cephalus and lower case letters for O. engeli. 

Brackets above lettering represent significance between species within treatments (ns = no significance, *  = p < 0.05, ** = p < 

0.01, *** = p < 0.001). 

3.5 Critical Thermal Maximum  

There was a significant effect of treatment temperature (χ² = 1.71, df = 2, p = 0.016), species (χ² 

= 4.24, df = 1, p < 0.001), and mass had a significant effect on (F1,1 = 6.17, p = 0.016) on CTmax. 

With M. cephalus, CTmax did not differ significantly across treatments (p > 005 for all 

comparisons), with mean values peaking at 29.5 °C (40.9 ± 0.1 °C, mean + SEM) before returning 

to baseline levels at 31.5 °C (40.7 ± 0.1 °C, mean + SEM) (Figure 7). In contrast, O. engeli showed 

a clear increase in CTmax across treatments, rising from (41.0 ± 0.3 °C, mean + SEM) at 27.5 °C to 

(41.8 ± 0.1 °C, mean + SEM) at 31.5 °C. This increase was statistically significant between the 

control and intense MHW treatment (estimate = –0.399, SE = 0.139, t = –2.873, df = 57, p = 

0.0004). Between-species comparisons revealed that M. cephalus had significantly lower CTmax 

than O. engeli at 31.5 °C (estimate = –0.884, SE = 0.20, t55  = –4.34, p < 0.001). 
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Figure 7. The effects of moderate (+2°C; yellow boxes) and intense (+4°C; red boxes) marine heatwave (MHW) treatments on 

Critical Thermal Maximum (CTmax ) of M. cephalus and O. engeli. Individual data points are shown as triangles for M. 

cephalus, and circles for O. engeli. Significance across treatments are shown as capital letters for M. cephalus and lower case 

letters for O. engeli. Brackets above lettering represent significance between species within treatments (ns = no significance, 

*  = p < 0.05, ** = p < 0.01, *** = p < 0.001). 

 

3.6 Temperature Preference 

There was a significant effect of species on Tpref (F₁,₄₂ = 7.11, p = 0.011), but no significant effect 

of treatment temperature (F₁,₄₂ = 3.12, p = 0.082) and no interaction between species and 

treatment (F₁,₄₂ = 0.12, p = 0.734). There was also no  difference in Tpref between species across 

all temperature treatments (27.5°C: Δ  =2.99, 95% CI = [-1.91, 7.91], p =  0.460; 29.5°C: Δ  = 

2.02, 95% CI = [-3.94, 7.98], p = 0.910; 31.5°C: Δ  =-2.98, 95% CI = [-2.79, 8.76], p = 0.064).  

For M. cephalus, Tpref values on average were lowest at 27.5 °C (26.9 ± 1.5 °C, mean ± SEM)  and 

highest at 29.5 °C (28.9 ± 1.8 °C, mean ± SEM). For O. engeli, values tended to be lowest at 

27.5 °C (29.9 ± 0.9 °C, mean ± SEM) and highest at 31.5 °C (31.8 ± 0.8 °C, mean ± SEM) at 31.5 °C 

(Figure 8). Bartlett’s test of homoscedasticity  showed that temperature preference in M. 

cephalus  was more variable  than O. engeli (M. cephalus SD = 4.40, O. engeli: SD = 2.64; K2 = 

5.65, p = 0.0175). 
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Figure 8. The effects of moderate (+2°C; yellow boxes) and intense (+4°C; red boxes) marine heatwave (MHW) treatments on 

the temperature preference (mean) of M. cephalus and O. engeli. Individual data points are shown as triangles for M. 

cephalus, and circles for O. engeli. Significance across treatments are shown as capital letters for M. cephalus and lower case 

letters for O. engeli. Brackets above lettering represent significance between species within treatments (ns = no significance, 

*  = p < 0.05, ** = p < 0.01, *** = p < 0.001).  
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4 Discussion 

The capacity for the invasive O. engeli to outcompete native M. cephalus populations is 

evident in Hawaiʻi. Since its arrival in 1950’s, this species has established major populations 

across every major Hawaiian island (Maciolek, 1984; Mundy, 2005; Schemmel et al., 2019; 

Parenti et al., 2020), occupying similar habitats as M. cephalus at all life stages and frequently 

displacing native mullet populations (Nishimoto et al.,  2007). Osteomugil engeli is currently the 

dominant species in Hawaiʻi, with previous surveys in Kauaʻi finding them to be as much as 80% 

of the mullet sampled (Eldredge, 1994). Theory suggests that the physiological and behavioral 

metrics allowing dominance of O. engeli today are only going to increase in a warming world, 

spelling disaster for the remnant populations of cephalus throughout Hawaii. In this study, we 

compared the impacts of rising temperatures on juveniles of two competing mullet species 

found in Hawaiʻi, the native Mugil cephalus and the invasive Osteomugil engeli. Contrary to our 

expectation that the invasive O. engeli would exhibit greater thermal performance and 

tolerance, this species experienced a significant decline in AS between 29.5°C and 31.5°C, 

whereas the native M. cephalus maintained a stable AS across the same temperatures. Both 

species showed CTmax substantially above current and predicted MHW temperatures, and there 

were no statistically significant differences in temperature preference between the two species. 

However, M. cephalus exhibited a broader range of preferred temperatures, as reflected by 

wider interquartile ranges and higher standard deviations. As such, our data suggest that native 

M cephalus is more thermally resilient than expected and that the increasing impact of MHWs 

may become a greater threat to the invasive O. engli than its native competitor.  

Changes in metabolic demand across temperature exposures are a key indicator of 

thermal stress. As expected, both species followed a typical ectothermic pattern of steadily 

increasing SMR across all treatments, with M. cephalus showing a significant 53.64% increase 

between ambient summer (27.5 °C) and intense MHW (31.5 °C) treatments (Q₁₀ = 2.93), 

including a continued rise between moderate (29.5 °C) and intense MHW conditions (Q₁₀ = 

2.30). Although SMR of O. engeli, increased by 31.45% over the full range (Q₁₀ = 1.98), contrary 

to our predictions, this species also exhibited atypical SMR patterns with highly variable Q₁₀ 

values: a significant increase from 27.5 °C to 29.5 °C (Q₁₀ = 9.92; p = 0.014), followed by a 

plateau between 29.5 °C and 31.5 °C (Q₁₀ = 0.39; p = 0.411). This nonlinear response suggests 

that O. engeli may have reached or exceeded its thermal limit under intense MHW conditions, 

potentially experiencing cardiorespiratory or cellular constraints (Bennett, 1990; Bennett, 2011). 

Indeed, while fish typically exhibit Q₁₀ values between 2 and 3 for resting metabolic rate (Clarke 

& Johnston, 1999), higher and lower values have been documented in species experiencing 

extreme thermal stress. For example, stickleback fish (Pungitius pungitius) exhibited a Q₁₀ of 7.4 

between 0–5°C, likely due to extremely low baseline metabolic rates around 0°C that inflate Q₁₀ 

when metabolism sharply increases with modest warming (Scholander et al., 1953). Similar 

trends in polar fish (Q₁₀ > 6) have been attributed to impaired protein folding and molecular 

rigidity at 0°C, followed by abrupt metabolic activation at even slight temperature increases 

(Peck, 2022). Likewise, given metabolic rates are constrained by thermodynamics causing rising 
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biochemical reactions rates and oxygen consumption with rising temperature, Q10 values below 

1 would likely indicate the breakdown of key processes or the cessation of some organ functions 

(e.g. digestion) (Bennett, 1990; Bennett, 2011). Although, some earlier reports of unusual Q₁₀ in 

fish have been criticized as artifacts of outdated respirometry techniques and inadequate 

handling protocols, rather than true stenothermy (Steffensen, 2002), the analogous results 

found here were conducted using state-of-the-art high-resolution intermittent flow-through 

respirometry, suggest the unusual high and low Q₁₀‘s are true indications of thermal stress. Thus 

O. engeli appears to exhibit much greater thermal sensitivity than the native M. cephalus.  

While AS did not differ significantly between species overall, their species-specific 

responses across temperature treatments reveal important differences in thermal resilience 

mirroring the patterns seen in Q10 (Figure 6). At 31.5 °C, M. cephalus maintained a stable AS, 

indicating its ability to preserve aerobic surplus and support fitness-enhancing activities such as 

swimming, foraging, and reproduction under thermal stress. In contrast, O. engeli exhibited a 

significant reduction in AS at 31.5 °C compared to 29.5°C, denoting a diminished capacity to 

maintain physiological performance. This decline in aerobic surplus indicates that O. engeli may 

have surpassed its functional thermal limits at this temperature, resulting in insufficient 

metabolic capacity to support essential physiological functions under intense MHW conditions.  

Despite these differences in aerobic performance, both M. cephalus and O. engeli 

demonstrated a capacity for short-term thermal tolerance. Across treatments, both species 

exhibited CTmax values exceeding 40 °C, indicating the physiological ability to withstand brief 

exposure to temperatures substantially above typical ambient conditions. Notably, O. engeli had 

a significantly higher CTmax than M. cephalus under MHW treatments (Figure 7), suggesting a 

greater upper thermal limit and potentially an increased ability to briefly tolerate or escape 

extreme heat events. This elevated thermal threshold likely reflects adaptation to tidepool, 

estuarine, and shallow coastal habitats, where fish regularly encounter short-term temperature 

spikes (Sylvester, 1974; Major, 1978; Schemmel et al., 2019). For M. cephalus, the plateau of 

CTmax despite showing the capacity to increase SMR with warmer temperature treatments aligns 

with the “plastic floor and concrete ceiling” framework (Sandblom et al., 2016; Vaughan et 

al.,2025). This model posits that while some species exhibit plasticity in resting metabolic traits 

with rising temperatures (i.e., SMR), their upper thermal limit remains fixed (i.e., CTmax), 

representing an evolutionary wall in the context of ocean warming. Similar patterns have been 

observed in juvenile Liza vaigiensis (squaretail mullet), which failed to raise CTmax when exposed 

to conditions beyond their native thermal range (Eme et al., 2011). In contrast, O. engeli 

exhibited a higher CTmax in 31.5 °C exposed individuals relative to 29.0 °C exposed individuals, 

suggesting greater short-term plasticity in thermal tolerance. However, this apparent advantage 

may be undermined by a concurrent decline in aerobic scope, indicating a reduced capacity to 

sustain physiological performance and effectively compete for habitat space under sustained 

thermal stress. Thus, although CTmax provides insight into an organism’s ability to survive acute 

temperature extremes for brief periods of time, it does not reflect the capacity to maintain 

ecological function under more realistic, sub-lethal and persistent conditions. In this context, 
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the declining aerobic scope of O. engeli at temperatures well below its CTmax raises questions 

about whether its upper thermal plasticity translates to a true competitive advantage during 

marine heatwaves. 

In response to stressful thermal conditions, some fish are known to regulate 

temperature driven physiological processes by selecting for more optimal habitat conditions 

(Kelsch & Neill, 1990; Johnson & Kelsch, 1998; Angilletta et al., 2002). This study detected no 

significant differences in Tpref between species or treatment temperatures, suggesting both 

species utilize thermal selection (Figure 8). Contrary to our initial hypothesis, however, the 

native M. cephalus demonstrated greater variability in temperature preference (SD = 4.40 °C) 

than the invasive O. engeli (SD = 2.64 °C), denoting a broader or less selective thermal niche. 

These results potentially reflect differences in thermal specialization or behavioral plasticity. On 

average, both species preferred temperatures consistent with the  thermal regimes typical of 

their current geographic ranges (M. cephalus: 11.3–27.9 °C; O. engeli: 25.4–29.3 °C; Froese & 

Pauly, 2024). This may be due to differences in distribution with M. cephalus found in tropical, 

sub-tropical, and temperate environments (Major, 1978), while O. engeli is restricted to tropical 

environments in the Indo-Pacific (Uwate & Peniasi, 1983; Froese & Pauly, 2018). As ocean 

temperatures rise, O. engeli’s narrower thermal preference may constrain its habitat use, 

forcing individuals to actively seek cooler microhabitats to remain within their narrow range of 

preference. In contrast, the broader Tpref exhibited by M. cephalus could allow for greater 

flexibility in habitat selection, potentially enabling juvenile recruits to exploit warmer or more 

variable environments that O. engeli may avoid. This behavioral plasticity may create 

opportunities for M. cephalus to persist or expand into newly available ecological niches as 

marine heatwaves and thermal variability intensify. 

In summary, this study reveals clear physiological and behavioral differences in thermal 

responses between native M. cephalus and invasive O. engeli juveniles under simulated MHW 

conditions. Both species demonstrated high tolerance to short-term exposure well beyond 

MHW temperatures (Figure 7). However, contrary to expectations, my results indicate that the 

invasive O. engeli are more sensitive to MHWs than the native M. cephalus, demonstrated by 

declines in physiological function and performance at 31.5°C (Figure 6) Combined with a 

tendency to behaviorally avoid deleterious heat exposure, this may create a thermal niche 

opportunity for M. cephalus, whose stable metabolic performance and broader temperature 

preference during MHWs could allow it to expand into habitats that become thermally 

unsuitable for O. engeli.  

While most studies on thermal sensitivity in these species have focused on juvenile or 

larval stages (Sylvester, 1975; Walsh et al., 1991), improved juvenile survival in M. cephalus has 

been linked to increased adult abundance in nearby fisheries (Nishimoto et al., 2007). 

Therefore, if MHWs enhance the recruitment success of M. cephalus by creating unfavorable 

conditions for their competitor, these effects may scale up to benefit adult populations and 

bolster fisheries productivity. Future research should investigate physiological and behavioral 
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responses for mature M. cephalus life stages and to show how chronic exposure to elevated 

temperatures may affect reproductive timing and output. These studies might benefit from 

including habitat use across ontogeny, and optimal temperatures for O. engeli embryonic 

development and larval survival. Importantly, this study underscores the complexity of 

predicting the impacts of rising temperatures on species interactions, highlighting that 

physiological or behavioral resilience alone may not safeguard native species like M. cephalus 

from ongoing ecological pressures.  

 

Chapter 3: Conclusion/ Broader Perspectives 

This study revealed that juvenile native M. cephalus are more resilient to MHW 

conditions than the invasive O. engeli. At intenseMHW temperatures of 31.5°C, O. engeli 

exhibited a significant reduction in AS, suggesting a decline in physiological capacity and 

potential onset of cardiorespiratory limitations at high temperatures. In contrast, M. cephalus 

exhibited a plateau in AS indicating a potential thermal optimum for physiological function at 

these temperatures. Both species have the temporary capacity to escape deleterious 

temperatures with a high CTmax(>40°C) which surpasses intense MHW scenarios for the test 

region.  While there is no significant difference in Tpref, M. cephalus exhibits a broader 

preference range than O. engeli which appears to select within a narrow range of their thermal 

optimum. Contrary to the common expectation that invasive species are generalists, these 

results suggest that juvenile O. engeli may function as thermal specialists, operating within a 

limited range optimal for physiological performance (Rummer, 2014; Bowden, 2014; Nguyen, 

2011). Although cold tolerance and physiological or behavioral performance at cooler 

temperatures have not yet been tested, the observed thermal responses align with the known 

geographic distributions of the two species: O. engeli is restricted to tropical Indo-Pacific regions 

(Froese and Pauly, 2018), whereas M. cephalus occupies a much broader thermal range, 

spanning tropical, subtropical, and temperate environments (Uwate & Peniasi, 1983). Despite 

differences in thermal preference range, the consistent selection of current conditions by both 

species suggests that increasing ocean warming and marine heatwave events may drive juvenile 

recruits to shift toward cooler habitats, resulting in temperature-induced range restrictions. 

While these physiological differences help explain thermal performance under the acute 

heat stress generated by recurrent MHWs, long-term population success may also be shaped by 

differences in reproductive strategies and anthropogenic habitat degradation (Schemmel, 2019; 

Julis, 2007; Sakihara et al., 2017). Differences in spawning periods have been identified as a key 

factor contributing to the success of O. engeli in displacing M. cephalus in Hawaiʻi  (Schemmel, 

2019). Mugil cephalus requires 2–3 years to reach sexual maturity and reproduces exclusively 

during the cooler winter months (Major, 1978). In contrast, O. engeli reaches sexual maturity 

within 6–7 months and spawns year-round, suggesting a broader thermal window for 

reproduction (Schemmel, 2019). Habitat degradation may further exacerbate these differences 

in recruitment rates. Juvenile M. cephalus are thought to favor specific algal assemblages such 
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as Melosira moniliformis, which is maintained by periodic freshwater flooding events (Julius, 

2007). However, modification of stream and estuary habitats has altered algal communities 

away from those preferred by M. cephalus, while the generalist diet of O. engeli allows it to 

thrive under these degraded conditions (Julius, 2007). Additionally, the spread of invasive 

vegetation has transformed estuarine habitats in ways that may disproportionately hinder M. 

cephalus recruitment while having minimal impact on O. engeli (Sakihara et al., 2017). Taken 

together, the flexible reproductive strategy, rapid maturation, and tolerance for altered habitat 

conditions likely enable O. engeli to rapidly colonize and dominate areas where M. cephalus 

populations have declined. This dynamic may help explain the widespread success and 

continuing expansion of O. engeli across the Hawaiian Islands (Department of Land & Natural 

Resources, 1990; Nishimoto et al., 2007). 

In addition to differences in reproductive timing, embryonic development and larval 

survival may represent critical life stages where M. cephalus is especially vulnerable to elevated 

temperatures. Rising sea surface temperatures may further inhibit reproductive success, as M. 

cephalus exhibits optimal hatching and larval development at 25.5°C, while temperatures 

approaching 32°C exceed embryonic thermal tolerance limits (Walsh et al., 1991). Similar 

thermal constraints have been observed in Mugil liza (Lebranche mullet), a closely related 

species, which demonstrated highest hatching and larval survival between 17°C and 23.9°C, 

temperatures typically associated with cooler winter conditions (Angelo et al., 2024). As MHW 

events continue to drive seasonal warming, these developmental thresholds may further limit 

recruitment success in M. cephalus, compounding the effects of habitat loss and competitive 

displacement by O. engeli. 

Importantly, the thermal preference patterns observed here offer a glimmer of hope for 

the native M. cephalus. Although both species may shift their habitat use as temperatures 

exceed present-day conditions, the narrower Tpref of O. engeli suggests it may experience greater 

reductions in suitable habitat than the less selective M. cephalus. Such differences in juvenile 

preference ranges could increase spatial separation between the species under warming 

scenarios, potentially reducing habitat competition for M. cephalus.  While rising temperatures 

are often predicted to expand the distribution of invasive species (Diez et al., 2012; Erlandsson 

et al., 2006; Smith et al., 2023), our findings highlight a rare case in which the habitat range of a 

native species may be less impacted than its invasive competitor.  

Mugil cephalus has a long history as a critical biocultural resource, particularly within the 

native Hawaiian fishpond culture (Keala, 2007). As such, the partial resilience of juvenile M. 

cephalus to MHW conditions makes it a strong candidate for future fishpond stocking, 

particularly if the impact of MHws can be managed within fish ponds. Accordingly, long-term 

environmental monitoring at Heʻeia Fishpond in Kāneʻohe Bay, Oʻahu (one of the largest fish 

pond in the Hawaiian Islands, Lopera et al., 2022) has shown that a combination of weather 

station data and in situ water quality sensors can be used to detect early warning signs of 

MHWs (McCoy et al., 2017) and allow preparatory mitigation strategies. In particular, periods of 
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slackening trade winds and surface water temperatures elevated 2–3°C above baseline were 

associated with fish mortality events and linked to the onset of El Niño. Management strategies 

such as adjusting water flow, relocating net pens, implementing aeration, and flexible harvest 

schedules have since been described as adaptive management strategies to maintain conditions 

within tolerance of M. cephalus but not O. engeli. Taken together, the presence of a thermally 

tolerant priority species and the capacity for environmental forecasting suggest that revitalized 

loko iʻa may represent a viable, climate-adaptive fisheries model. Supporting the restoration 

and proper management of these traditional systems may provide Hawaiʻi with both a culturally 

rooted and ecologically resilient solution to future climate challenges with benefits to key 

species such as M. cephalus. 

While this study demonstrates that juvenile M. cephalus possess a physiological capacity 

to tolerateMHWs, and potentially reduced thermal sensitivity compared to juvenile O. engeli, 

the impacts of rising temperatures are likely to vary across life stages (Walsh et al., 1991, Lan et 

al., 2014). Despite this apparent resilience in juvenile stages, M. cephalus embryonic 

development and reproduction capacity appear particularly vulnerable to warming, with 

elevated temperatures potentially reducing hatching success and limiting access to suitable 

spawning habitats (Walsh et al., 1991). Additionally, mature M. cephalus breeding populations 

appear to select for cooler temperatures for spawning migrations (Major, 1978; Lan et al., 

2014). These findings underscore the need to examine thermal responses across ontogeny, as 

juvenile tolerance does not necessarily equate to long-term population viability. Similarly, 

although O. engeli juveniles show signs of physiological stress under MHW conditions, their 

broader reproductive window and rapid maturation may still confer a demographic advantage 

under future warming scenarios, which warrant further investigation. Ultimately, the effects of 

MHWs on native and invasive species are complex and context-dependent, requiring integrative 

research that considers physiological limits, reproductive capacity, and potential shifts in habitat 

use and distribution over time. 
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Appendix Supplemental Tables 

 

Table S1: Results for ANCOVA tests assessing fixed and covariate effects for SMR, MMR, AS, and 
Tpref mean. Bold text indicates significant effects (p<0.05). 
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Table S2: Results for post-hoc Tukey HSD test assessing group contrast comparisons for SMR, 
MMR, AS, and Tpref mean. Bold text indicates significant differences (p<0.05). 
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Table S3: Results for GAM test assessing fixed and covariate effects for CTmax. Bold text indicates 
significant effects (p<0.05). 

 
 

Table S4: Results for Estimated Marginal Means test assessing group contrast comparisons for  
CTmax.. Bold text indicates significant differences (p<0.05). 
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