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ABSTRACT
Physiological Responses to Hypoxia in Juvenile Flatfishes
by
Juliana Cornett
Master of Science in Marine Science
Moss Landing Marine Laboratories &
California State University, Monterey Bay, 2022
Estuaries serve numerous important ecosystem roles, including providing critical nursery
habitat for juvenile fish. However, due to eutrophication and climate change, estuaries
experience highly variable dissolved oxygen (DO) levels and hypoxic conditions. Though
hypoxia negatively impacts juvenile fish, there are physiological compensatory mechanisms
fish may utilize to mitigate its effects. This study examines the effects of hypoxia on two
ecologically and economically important flatfish species in Elkhorn Slough on California’s
central coast: juvenile English sole, Parophrys vetulus, and juvenile speckled sanddabs,
Citharichthys stigmaeus. I measured metabolic rate, ventilation rate, and hematocrit, as well
as biochemical indicators of hypoxia (hypoxia-inducible factor, HIF-1α, and L-lactate) and
oxidative stress (superoxide dismutase, SOD), following an ecologically relevant, six-hour
exposure to six DO levels ranging from ambient to severely hypoxic: 8.0, 6.0, 4.0, 3.0, 2.0,
and 1.5 mg/L O2. I found that both standard and maximum metabolic rate, as well as aerobic
scope, decreased as DO level declined for English sole. For both species, ventilation rate
increased as DO level decreased, likely as a mechanism to bolster oxygen supply. Both
species also exhibited a significant increase in anaerobic activity (measured as elevated Llactate in muscle tissue) at low DO levels (1.5 mg/L O2 for English sole and 2.0 mg/L O2 for
speckled sanddabs). Overall, all these factors can lead to or indicate decreased survival and
fitness of juvenile flatfish in hypoxic conditions, with lower survival potentially reducing
population size and fishery success. Evaluating thresholds for tolerance of hypoxia may
allow us to predict these changes, as well as determine areas of suitable nursery habitat and
targets for estuarine restoration. Many responses to hypoxia were observed only at very low
DO levels (i.e., 2.0 or 1.5 mg/L O2). These flatfish species appear to have a higher tolerance
for hypoxic conditions than other teleost fishes and may be able to withstand many of the
environmental hypoxia events observed in Elkhorn Slough, provided DO levels do not drop
below lethal thresholds. Species-specific differences were also found. Although hematocrit,
SOD, and HIF-1α did not exhibit significant relationships with DO, hematocrit and SOD
were both higher in speckled sanddabs. Additionally, for two metrics measured, ventilation
rate and L-lactate, speckled sanddabs exhibit a nonlinear response (highest values at mid DO
levels), in contrast to a more linear response for English sole (highest values at low DO
levels), suggesting responses to hypoxia may be employed at different DO thresholds for the
two species. Finally, greater interindividual variation in responses to decreasing DO in
English sole, compared to speckled sanddabs, suggests that English sole are more
significantly impacted by DO level, and potentially less tolerant of hypoxic conditions.
Interspecific variation could potentially alter the relative distribution and abundance of the
two species in this nursery habitat, while interindividual variation could potentially drive
evolutionary change toward greater hypoxia tolerance.

vii

TABLE OF CONTENTS
PAGE
ABSTRACT ........................................................................................................................... VI
TABLE OF CONTENTS ................................................................................................... VII
LIST OF TABLES ................................................................................................................ IX
LIST OF FIGURES ............................................................................................................... X
ACKNOWLEDGEMENTS .............................................................................................. XIV
INTRODUCTION................................................................................................................. 14
METHODS ............................................................................................................................ 23
STUDY SYSTEM ...................................................................................................................... 23
STUDY SPECIES ..................................................................................................................... 24
SAMPLING ............................................................................................................................. 26
MEASURING PHYSIOLOGICAL RESPONSES .............................................................................. 28
Respirometry Trials ........................................................................................................ 28
Ventilation Trials ............................................................................................................ 30
MEASURING BIOCHEMICAL RESPONSES ................................................................................. 34
Hematocrit Measurements .............................................................................................. 34
L-Lactate Assays ............................................................................................................. 35
Superoxide Dismutase Assays ......................................................................................... 35
Hypoxia-Inducible Factor-1α Assays ............................................................................. 36
DATA ANALYSIS ..................................................................................................................... 37
Data Preparation ............................................................................................................ 37
Regression Analysis ........................................................................................................ 38
Analysis of Variance ....................................................................................................... 39
Principal Component Analysis ....................................................................................... 39
Data and Code Accessibility ........................................................................................... 40
RESULTS .............................................................................................................................. 41

viii
MORTALITIES ........................................................................................................................ 41
COMPENSATORY MECHANISMS .............................................................................................. 42
Hematocrit ...................................................................................................................... 42
Ventilation Rate .............................................................................................................. 42
METABOLIC CHANGES ........................................................................................................... 48
Standard Metabolic Rate ................................................................................................ 48
Maximum Metabolic Rate ............................................................................................... 49
Aerobic Scope ................................................................................................................. 50
BIOCHEMICAL CHANGES ....................................................................................................... 54
Hypoxia-inducible Factor-1α ......................................................................................... 54
L-Lactate ......................................................................................................................... 54
Superoxide Dismutase ..................................................................................................... 55
PRINCIPAL COMPONENT ANALYSIS ......................................................................................... 60
SPECIES COMPARISON ........................................................................................................... 67
DISCUSSION ........................................................................................................................ 70
HOW JUVENILE FISH ARE IMPAIRED BY LOW OXYGEN LEVELS ................................................ 72
Compensating for Low DO ............................................................................................. 72
Changes in Metabolic Rate ............................................................................................. 74
Shifts to Anaerobic Metabolism ...................................................................................... 75
Oxidative Stress .............................................................................................................. 77
Changes in Gene Expression .......................................................................................... 78
THRESHOLDS FOR TOLERANCE & SPECIES-SPECIFIC DIFFERENCES ........................................ 79
INTERINDIVIDUAL VARIATION IN RESPONSES TO HYPOXIA ....................................................... 83
IMPLICATIONS FOR ESTUARINE NURSERY HABITAT, OFFSHORE FISHERIES, & BEYOND............ 85
REFERENCES...................................................................................................................... 89

ix

LIST OF TABLES
PAGE
Table 1. Sample size per species (English sole or speckled sanddabs) in either
respirometry or ventilation rate trials for each of the six dissolved oxygen
(DO) treatments: 8.0 (“control”), 6.0, 4.0, 3.0, 2.0, and 1.5 mg/L O2. Also
listed are the measurements taken during each trial (standard metabolic rate =
SMR; maximum metabolic rate = MMR). ...................................................................31
Table 2. Mortalities for each species during overnight hold at ambient conditions or
during exposure to treatment conditions for each DO level. .......................................41
Table 3. Significance of linear regression model with weight (g) and total length (cm)
as independent variables and ambient metabolic parameters (SMR and MMR
in mg/kg/hr) as the dependent variables to account for allometric scaling..................48
Table 4. Comparison between species displaying the significance of species and DO
level as factors, as well as the interaction between species and DO level, from
the results of a two-way ANOVA on each metric as a function of DO and
species. .........................................................................................................................69

x

LIST OF FIGURES
PAGE
Figure 1. Dissolved oxygen (DO) levels over the course of the month of May, 2021
(the time of fish collection) at four sites in Elkhorn Slough ranging from
greatest to least tidal restriction: Azevedo Pond, North Marsh, South Marsh,
and Vierra Mouth. The dashed line represents a “normoxic” 8.0 mg/L O 2.
Data obtained from the NOAA National Estuarine Research Reserve System
(NERRS) System-wide Monitoring Program, accessed via the NOAA NERRS
Centralized Data Management Office website. ...........................................................27
Figure 2. Schematic representation of the respirometry trials, including an illustration
of the respirometry chamber setup (right) and a trial timeline (left), including
timing of changes in dissolved oxygen (DO) and timing of response variable
measurements. The decrease from the ambient DO level to the treatment DO
level took around 30 minutes on average, and the DO treatment was held for a
six-hour period total from the onset of the DO decrease. ............................................32
Figure 3. Schematic representation of the ventilation trials, including an illustration of
the ventilation chamber setup (right) and a trial timeline (left), including
timing of changes in dissolved oxygen (DO) and timing of response variable
measurements. The decrease from the ambient DO level to the treatment DO
level took around 30 minutes on average, and the DO treatment was held for a
six-hour period total from the onset of the DO decrease. ............................................33
Figure 4. Physiological parameters associated with compensatory mechanisms, a)
hematocrit and b) change in ventilation rate, in English sole. Hematocrit is
measured as the percentage of red blood cell volume to total blood volume,
and change in ventilation rate is measured as post-exposure minus preexposure opercular compressions (breaths) per minute. The p-value displayed
on each plot is the significance of a one-way ANOVA between DO level
group means, while letters indicate the results of a Tukey HSD post-hoc test. ...........44
Figure 5. Physiological parameters associated with compensatory mechanisms, a)
hematocrit and b) change in ventilation rate, in speckled sanddabs. Hematocrit
is measured as the percentage of red blood cell volume to total blood volume,
and change in ventilation rate is measured as post-exposure minus preexposure opercular compressions (breaths) per minute. The p-value displayed
on each plot is the significance of a one-way ANOVA between DO level
group means, while letters indicate the results of a Tukey HSD post-hoc test. ...........45
Figure 6. Physiological parameters associated with compensatory mechanisms, a)
hematocrit and b) change in ventilation rate, in English sole. Hematocrit is
measured as the percentage of red blood cell volume to total blood volume,
and change in ventilation rate is measured as post-exposure minus preexposure opercular compressions (breaths) per minute. The p-value displayed
on each plot is the significance of a linear model with DO level as the

xi
independent variable and the physiological parameter as the dependent
variable, while the r-squared value is the goodness-of-fit of the linear model. ...........46
Figure 7. Physiological parameters associated with compensatory mechanisms, a)
hematocrit and b) change in ventilation rate, in speckled sanddabs. Hematocrit
is measured as the percentage of red blood cell volume to total blood volume,
and change in ventilation rate is measured as post-exposure minus preexposure opercular compressions (breaths) per minute. The p-value displayed
on each plot is the significance of a linear (Hct) or nonlinear (ventilation)
model with DO level as the independent variable and the physiological
parameter as the dependent variable, while the r-squared value is the
goodness-of-fit of the model. .......................................................................................47
Figure 8. Physiological parameters associated with metabolic rate in English sole:
a/b) standard metabolic rate (SMR), c/d) maximum metabolic rate (MMR),
and e/f) aerobic scope (SMR subtracted from MMR to determine an
organism’s ability to raise its metabolic rate over resting levels). Plots on the
left side display post-exposure values, while plots on the right side display the
individual pre- to post-exposure change in the parameter. All metabolic
parameters are measured in mg of oxygen consumed per kg of body weight
per hour (mgO2/kg/hr). The p-value displayed on each plot is the significance
of a one-way ANOVA between DO level group means, while letters indicate
the results of a Tukey HSD post-hoc test.....................................................................52
Figure 9. Physiological parameters associated with metabolic rate in English sole:
a/b) standard metabolic rate (SMR), c/d) maximum metabolic rate (MMR),
and e/f) aerobic scope (SMR subtracted from MMR to determine an
organism’s ability to raise its metabolic rate over resting levels). Plots on the
left side display post-exposure values, while plots on the right side display the
individual pre- to post-exposure change in the parameter. All metabolic
parameters are measured in mg of oxygen consumed per kg of body weight
per hour (mgO2/kg/hr). The p-value displayed on each plot is the significance
of a linear model with DO level as the independent variable and the
physiological parameter as the dependent variable, while the r-squared value
is the goodness-of-fit of the linear model. ...................................................................53
Figure 10. Biochemical changes in English sole following acute hypoxia exposure: a)
hypoxia-inducible factor 1-alpha (HIF-1α) concentration (pg/mL) in brain
tissue, b) L-lactate concentration (μM) in muscle tissue, and c) superoxide
dismutase (SOD) concentration (U/mL) in gill tissue. The p-value displayed
on each plot is the significance of a one-way ANOVA between DO level
group means, while letters indicate the results of a Tukey HSD post-hoc test. ...........56
Figure 11. Biochemical changes in speckled sanddabs following acute hypoxia
exposure: a) hypoxia-inducible factor 1-alpha (HIF-1α) concentration (pg/mL)
in brain tissue, b) L-lactate concentration (μM) in muscle tissue, and c)
superoxide dismutase (SOD) concentration (U/mL) in gill tissue. The p-value
displayed on each plot is the significance of a one-way ANOVA between DO

xii
level group means, while letters indicate the results of a Tukey HSD post-hoc
test. ...............................................................................................................................57
Figure 12. Biochemical changes in English sole following acute hypoxia exposure: a)
hypoxia-inducible factor 1-alpha (HIF-1α) concentration (pg/mL) in brain
tissue, b) L-lactate concentration (uM) in muscle tissue, and c) superoxide
dismutase (SOD) concentration (U/mL) in gill tissue. The p-value displayed
on each plot is the significance of a linear model with DO level as the
independent variable and the physiological parameter as the dependent
variable, while the r-squared value is the goodness-of-fit of the linear model. ...........58
Figure 13. Biochemical changes in speckled sanddabs following acute hypoxia
exposure: a) hypoxia-inducible factor 1-alpha (HIF-1α) concentration (pg/mL)
in brain tissue, b) L-lactate concentration (uM) in muscle tissue, and c)
superoxide dismutase (SOD) concentration (U/mL) in gill tissue. The p-value
displayed on each plot is the significance of a linear model with DO level as
the independent variable and the physiological parameter as the dependent
variable, while the r-squared value is the goodness-of-fit of the linear model. ...........59
Figure 14. Principal component analysis (PCA) displaying how much each
physiological variable contributes to the variation in the dataset explained by
the principal components for each species, a) English sole and b) speckled
sanddabs. The physiological variables are Hct (hematocrit, the ratio of red
blood cell volume to total blood volume as a percentage), HypVent (postexposure average ventilation rate in breaths per minute), Lactate (L-lactate
concentration in muscle tissue in μM), SOD (superoxide dismutase
concentration in gill tissue in U/mL), and HIF (hypoxia-inducible factor 1alpha concentration in brain tissue in pg/mL)..............................................................63
Figure 15. Principal component analysis (PCA) displaying the first two principal
components that explain the most variation in the dataset, with individuals
grouped by DO level treatment, for each species, a) English sole and b)
speckled sanddabs. The physiological variables included in the PCA are Hct
(hematocrit, the ratio of red blood cell volume to total blood volume as a
percentage), HypVent (hypoxic average ventilation rate in breaths per
minute), Lactate (L-lactate concentration in muscle tissue in μM), SOD
(superoxide dismutase concentration in gill tissue in U/mL), and HIF
(hypoxia-inducible factor 1-alpha concentration in brain tissue in pg/mL). ...............64
Figure 16. Individual PC scores versus DO (mg/L) for a) PC1 and c) PC2, as well as
variance in individual PC scores versus DO (mg/L) for b) PC1 and d) PC2 for
English sole. The p-value displayed on each plot is the significance of a linear
model with DO level as the independent variable and the physiological
parameter as the dependent variable, while the r-squared value is the
goodness-of-fit of the linear model. .............................................................................65
Figure 17. Individual PC scores versus DO (mg/L) for a) PC1 and c) PC2, as well as
variance in individual PC scores versus DO (mg/L) for b) PC1 and d) PC2 for
speckled sanddabs. The p-value displayed on each plot (a, b, d) is the

xiii
significance of a linear model with DO level as the independent variable and
the physiological parameter as the dependent variable, while the r-squared
value is the goodness-of-fit of the linear model. A nonlinear model was the
best fit for c) PC2 scores and d) PC2 score variance as a function of DO level..........66
Figure 18. DO thresholds where each physiological response was activated, defined
as the mean response at that DO level differing significantly (p < 0.05) from
the mean response at control (8.0 mg/L O2) based on an ANOVA and Tukey
post-hoc test. Grids filled in yellow indicate a significant response in speckled
sanddabs, grids filled in blue indicate a significant response in English sole,
and grids filled in a blue-to-yellow gradient indicate a significant response in
both species. Arrows indicate the direction of response (i.e., higher or lower
than control mean). ......................................................................................................71

xiv

ACKNOWLEDGEMENTS
There are many people to thank for making this thesis project possible. First and foremost, I
would like to thank my primary research advisor, Dr. Cheryl Logan, for being so
inspirational and supportive, and for making me a well-rounded scientist through not only
providing invaluable advice on my research project, but also helping me improve my data
science and science communication skills. I would also like to thank my co-advisor, Dr. Scott
Hamilton, for his support and encouragement, insightful advice and feedback, and seemingly
endless knowledge of both fish and statistics. Additionally, I would like to thank my
committee member, Dr. Amanda Kahn, for providing such a warm welcome to graduate
school in my first year, and for continuing to provide helpful advice and feedback throughout
this thesis project. All three committee members have been so incredibly supportive and
helpful through this thesis project and the entirety of my graduate school experience.
Thank you also to everyone who assisted with this project in a multitude of ways.
Thank you to Grace Teranishi, Alex Stella, and Arie Dash for help with fish care, methods
trials, and everything else. Thank you to Dr. Tom Connolly and Dr. Shelby Ziegler for help
with fish collection, to Alora Yarbrough and Hannah Bruzzio for advice on the OA/DO tent
and respirometry system, and to my UROC students, Jade Betancourt and Kaiku Kaholoaa,
for all your assistance with this project. I would also like to thank the Elkhorn Slough
National Estuarine Research Reserve (ESNERR) for providing data on dissolved oxygen
levels in Elkhorn Slough.
I would also like to thank the generous funding sources that made this project
possible by supporting me and my research. Thank you to the CSU Council on Ocean
Affairs, Science and Technology (COAST), the Myers Oceanographic and Marine Biology
Trust, Marlene Martin and the John Martin Scholarship at MLML, and the CSUMB
Undergraduate Research Opportunities Center (UROC).
I also have many other members of the MLML and CSUMB communities to thank.
Thank you to Dr. Laura Good and Dr. Corey Garza, my supervisors at the Coastal and
Marine Ecosystems Program (CMEP) at CSUMB for giving me such a wonderful job during
my time here at CSUMB, teaching me so much about science education, outreach, and
communication, and being supportive of my role as a student as well. Thank you also to all
past and present members of the Logan Lab at CSUMB and the Ichthyology Lab at MLML,
as well as my cohort at MLML, for your support, feedback, advice, and friendship over the
past three years. In particular, I would like to thank Sarah Klass for her wonderful friendship
and support through a difficult first year of graduate school, Melissa Naugle for being the
best dive buddy and for many study dates at Bookworks and Dust Bowl, and Mari Figueroa
for being so supportive, sharing a love for cute plants, and always being there to talk.
Finally, a huge thank you to my family. Thank you to my parents, Larry and Nicole
Cornett, for always encouraging me to pursue all my interests and goals, for teaching me to
be curious and to think critically, for many trips to the beach and aquarium, and for making
me feel that anything is possible with your love and support. Thank you to my brothers, Nick
and Xander Cornett, for being my best friends, keeping me laughing through everything,
inspiring me through all your accomplishments, and motivating me to always work harder to
be a better role model for you. Thank you also to my boyfriend, Jason Gonsalves, for your
constant words of encouragement and for supporting me in so many ways, including making
lots of much-needed coffee.

14

INTRODUCTION
Estuaries are unique coastal areas where seawater mixes with freshwater input from riverine
sources or terrestrial runoff. Estuaries are highly productive and diverse ecosystems, but
estuarine organisms face strong and highly variable physical stressors, including salinity,
temperature, and dissolved oxygen (DO) levels (Horn & Allen, 1976). Additionally, estuaries
serve numerous ecosystem roles, including providing critical nursery habitat for juvenile fish
(Yoklavich et al., 1991; Gunderson et al., 1990). Nursery habitats are defined as habitats that
contribute a disproportionately large number of recruits to adult populations by area, relative to
all areas that provide suitable juvenile habitat (Beck et al., 2001). For example, juvenile English
Sole from Elkhorn Slough source 45-56% of the adult population in Monterey Bay, even though
Elkhorn Slough constitutes only 6% of suitable juvenile habitat in the area (Brown, 2006).
However, estuaries are highly threatened habitats, heavily impacted by climate change
and warming oceans, as well as pollution and nutrient-loading due to proximity to land-based
sources (Cloern et al., 2010; Altieri & Gedan, 2015; Caffrey et al., 2003; Diaz & Rosenberg,
2008). Terrestrial runoff, especially from agricultural sources, can lead to eutrophication (excess
dissolved nutrients) in estuaries. Eutrophic conditions lead to high phytoplankton biomass due to
high nutrient availability, which then creates hypoxic conditions as microbes deplete oxygen
while decomposing the phytoplankton that sinks to the benthos (Lowery, 1998). Both
eutrophication and hypoxia vary spatially in estuaries, as they are strongly influenced by
residence time and tidal exchange (Hughes et al., 2011). Therefore, water tends to be more
eutrophic and hypoxic farther back in the estuary, in wetlands, or in areas behind water control
structures, and less eutrophic and hypoxic near the mouth of the estuary, which experiences
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higher tidal exchange (Hughes et al., 2011). The extent and severity of hypoxia can be influenced
not only by local environmental conditions, but also by climate patterns, including El Niño and
La Niña cycles (Hughes et al., 2015). Hypoxia is also becoming more prevalent with global
warming, as rising sea temperatures both decrease the solubility of oxygen in water and increase
temperature-based stratification of the water column, which decreases mixing with oxygenated
surface water (Gruber, 2011).
Low oxygen environments are defined as DO levels of less than 2.0 mg/L O2, reaching
anoxia at 0.0 mg/L (Diaz & Rosenberg, 1995). However, marine organisms may be affected by
hypoxia at much higher DO levels. Physiological thresholds for tolerance of hypoxia vary greatly
among species, with a median lethal oxygen concentration of 1.54 ± 0.07 mg/L O2 for fishes
(Vaquer-Sunyer & Duarte, 2008). Above these levels, organisms can still be physiologically
impaired, with a median sublethal oxygen concentration of around 4.41 ± 0.39 mg/L O2 for
fishes (Vaquer-Sunyer & Duarte, 2008; Hrycik et al., 2017). An organism’s hypoxia tolerance
can also be defined by the critical oxygen tension (Pcrit), the point at which oxygen consumption
becomes dependent on environmental oxygen levels, rather than independent (Chapman et al.,
2002). Species-specific differences in this Pcrit value, as well as differences in standard
metabolic rate, can determine minimum oxygen thresholds and shifts in species distributions
(Chu & Gale, 2017).
In estuaries, hypoxic conditions originate in the benthos and often persist there due to a
highly stratified water column with a strong pycnocline (Simpson et al., 1990). Hypoxic
conditions adversely affect the behavior and physiology of benthic dwelling organisms, such as
juvenile flatfish, leading to mortality if oxygen levels drop too low (Jeppesen et al., 2018;
Vaquer-Sunyer & Duarte, 2008). Even at sublethal levels, flatfish exposed to hypoxic conditions
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can experience a significant decrease in predation efficiency (Tallqvist et al., 1999). A study on
slender sole reported reduced growth in populations living in naturally hypoxic (~1.3 mg/L O2
on average) versus oxygenated habitats in British Columbia, even when food was not limited
(Tunnicliffe et al., 2019). Additionally, hypoxic conditions reduce both the amount of suitable
fish habitat and richness and abundance of fish species; one study found that DO was the only
environmental factor consistently correlated with flatfish presence (daytime DO threshold of 4.0
mg/L O2), and that flatfish abundance increased during periods of normoxia (Hughes et al.,
2015). Therefore, hypoxic conditions may strongly influence flatfish nursery habitat and the
productivity of offshore flatfish fisheries.
There are several compensatory, physiological, and biochemical responses to hypoxia in
fish. Though environmental hypoxia may be defined in many ways, one definition is a DO level
that compromises physiological function, such as a DO level that decreases arterial blood oxygen
concentration (Farrell & Richards, 2009); however, this does not necessarily mean that a fish’s
tissues are hypoxic, as oxygen demands can be met through various compensatory mechanisms
(Farrell & Richards, 2009). Compensatory mechanisms that offset tissue level hypoxia include
elevated gill ventilation, whereby increasing the breathing rate delivers more oxygen-depleted
water to the gills, and higher gill perfusion, which increases oxygen transfer from water to the
blood (Farrell & Richards, 2009). Pilot studies on the flatfish, Pacific sanddab (Citharichthys
sordidus) found increases in ventilation rate (number of breaths) following short-term exposure
to ecologically realistic hypoxic conditions, with DO decreasing in a stepwise manner over a
period of six hours from 6.5 to 1.0 mg/L O2 (P. Carilli, CSUMB undergraduate honors thesis). A
study on juvenile southern flounder also reported a negative relationship between ventilation rate
and DO level compared across normoxic, intermediate hypoxic (4.74 mg/L O2), and low hypoxic

17
(2.79 mg/L) conditions, and consistently high ventilation rates in oscillating conditions (Taylor
& Miller, 2001). However, a study on marbled sole observed that ventilation rates increased as
DO decreased from normoxic to moderately hypoxic conditions (2.75 mg/L), but then decreased
in severely hypoxic conditions (<2.0 mg/L) (Nishizawa et al., 2017). Similarly, a study on
juvenile flounder reported increased ventilation rates from exposure to 3.0-2.0 mg/L O2, and
decreased ventilation rates from 1.0-0.6 mg/L (Tallqvist et al., 1999). Overall, these studies
indicate that ventilation rate generally tends to increase as DO level decreases, but may drop at
extremely low DO levels. A study that measured ventilation in response to hypoxia in two
flatfishes, plaice and flounder, observed a similar pattern in flounder, with higher ventilation
rates in response to moderate hypoxia and then lower ventilation rates in response to severe
hypoxia (Steffensen et al., 1982). The authors attributed this decrease to a breakdown in
ventilatory compensation at low DO levels, such that the energetic cost of increased ventilation
outweighed the benefits of increased oxygenation (Steffensen et al., 1982)
Additionally, changes in blood biochemistry can occur to offset hypoxia. The oxygen
carrying capacity of blood can be enhanced by increasing hemoglobin concentrations or by
enhancing hemoglobin affinity for oxygen, and the rate of blood flow to the tissues can also be
increased under hypoxic conditions (Farrell & Richards, 2009). Similarly, the oxygen carrying
capacity of blood can be increased by increasing the amount of red blood cells, leading to higher
hematocrit (or Hct, the ratio of red blood cells to total blood volume). Higher Hct in response to
hypoxia has been observed in numerous fish species, including the flatfish southern flounder,
after both acute and long-term exposures to hypoxic conditions (Peterson, 1990; Swift, 1981;
Taylor & Miller, 2001; Silkin & Silkina, 2005).
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However, all the aforementioned compensatory mechanisms are dependent on metabolic
state. If a fish is already at an elevated or maximum metabolic state due to exercise, these
compensatory mechanisms may already be fully utilized to manage the associated functional
hypoxia (Farrell & Richards, 2009). As DO decreases, aerobic scope (the difference between
resting and maximum metabolic rate) will also decrease and physiological functions will be lost
until only basal metabolic functions are maintained (Farrell & Richards, 2009).
Additionally, fish will shift from aerobic to anaerobic metabolism under hypoxic
conditions when a lack of oxygen to the mitochondria limits aerobic ATP production. However,
anaerobic metabolism is less efficient; aerobic catabolism of one mole of glucose produces
around 30 moles of ATP, while anaerobic catabolism of glucose only produces two moles of
ATP (Richards, 2009). Because anaerobic ATP production is far less efficient, the duration of
survival under anaerobic conditions for most fish species is limited if insufficient ATP is
produced to meet metabolic demands (Richards, 2009). The ability to rely on anaerobic
metabolism varies between tissues. For example, brain tissue must rely on aerobic metabolism,
while cellular ATP is not affected by hypoxia in muscle tissue, and liver tissue experiences an
initial drop in ATP under hypoxic conditions but then stabilizes (Richards, 2009).
Anaerobically, ATP can be generated through glycolysis or direct phosphate transfer.
Glucose levels can increase under hypoxic conditions to support anaerobic ATP production via
glycolysis, so changes in concentrations of metabolites (such as glucose) are considered a
secondary response to stress such as hypoxia (Barton, 2002). Glycolysis also leads to lactate
production so changes in blood lactate, as well as changes in metabolic enzyme activity, can be
indicators of where shifts from aerobic to anaerobic metabolism are occurring (Farrell &
Richards, 2009). Lactate levels have been found to significantly increase after six hours of
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exposure to 3.0 mg/L O2 in muscle tissue and after six hours of exposure to 1.5 mg/L O2 in
plasma, muscle, and liver in the flatfish species, turbot (Pichavant et al., 2002).
These physiological and biochemical changes are all responses to acute hypoxia (i.e.,
within hours of the onset of hypoxia), while mechanisms related to acclimation or
acclimatization over longer timescales (days to weeks) primarily involve changes in gene
expression, which are also initiated at the onset of hypoxia (Farrell & Richards, 2009; Gracey et
al., 2001). The hypoxia inducible transcription factors (HIF) are largely responsible for driving
changes in gene expression in response to hypoxia (Richards, 2009). One HIF isoform, HIF-1, is
almost ubiquitously expressed in fish, but expression does vary with tissue type and fish species,
while HIF-2 and HIF-3 expression is more variable (Pelster & Egg, 2018). HIF mRNA and
protein expression can be elevated after only an hour of hypoxia exposure, with expression
typically decreasing after prolonged exposures (Pelster & Egg, 2018). Low DO levels lead to the
formation of a HIF dimer which binds to hypoxia responsive elements (HREs) in the control
regions of many genes, leading to elevated transcription of genes related to hypoxia responses
(Pelster & Egg, 2018). For example, increased hematocrit levels are observed in response to
hypoxia in fish, with the formation of new red blood cells triggered by erythropoietin (EPO),
which is transcriptionally regulated by HIF (Nikinmaa & Rees, 2005). Additionally, studies
suggest that there may be a link between HIF and globin gene expression, which leads to the
formation of hemoglobin, an oxygen transport protein in blood (Nikinmaa & Rees, 2005). There
are other acclimatory changes that occur after long or repeated exposures to hypoxia, including
changes in physiology and morphology to alter oxygen uptake and distribution, as well as to
suppress metabolism. Many of these changes alter either gill structure (e.g., thinning of gill
tissue) or cardiac function (e.g., increase in heart mass) (Farrell & Richards, 2009). A study on
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Eurasian perch found an upregulation of HIF-1 in brain and liver tissue after a 1-hour exposure
to 0.4 mg/L O2 (Rimoldi et al., 2012). HIF-1 has also been found to increase after longer-term
hypoxic exposures, with HIF-1 expression in Atlantic croaker ovaries increasing after being
exposed to 3.7, 2.7, or 1.7 mg/L O2 for three weeks (Rahman & Thomas, 2007).
Exposure to low DO levels may also lead to oxidative stress, which is an accumulation of
reactive oxygen species (ROS) in cells and tissues that can lead to cellular and tissue-level
damage. While hyperoxia (excess oxygen) often leads to oxidative stress, so too can hypoxic
conditions, with responses differing in different fish species (Birnie-Gauvin et al., 2017).
Exposure to low DO may lead to oxidative stress by triggering an organism’s antioxidant
defense, which increases the risk of oxidative stress (Chowdhury & Saikia, 2020). One way that
fish may protect themselves against the damage caused by ROS is by preventing oxidative stress
with antioxidants, including superoxide dismutase (SOD) (Birnie-Gauvin et al., 2017). SOD
activity has been found to vary with DO level, with SOD activity increasing in liver, brain, and
gill tissue in carp after an 8-hour exposure to 1.0 mg/L O2, and increasing in muscle and gill
tissue in spot after a 12-hour exposure to 0.8 mg/L O2 (Víg & Nemcsók, 1989; Cooper et al.,
2002). In the flatfish species, flounder, SOD activity also increased in muscle tissue after a 12hour exposure to 1.875 mg/L O2 (Liu et al., 2021).
The most hypoxia-tolerant fish are found in environments that experience frequent
changes in DO levels, such as the diurnal fluctuations experienced by flatfish in Elkhorn Slough
(Farrell & Richards, 2009). Flatfish are ecologically and commercially important species
(Ambrose, 1976; Barry & Cailliet, 1981). Therefore, determining how hypoxia may alter flatfish
population health and abundance may allow for predictions of future ecosystem dynamics and
fishery success, as physiological studies have been found to be effective means of modeling
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habitat suitability for fishes (Muhling et al., 2017; Teal et al., 2018). Observed physiological and
biochemical changes in response to hypoxia indicate that these fish are diverting finite resources
to stress responses, rather than utilizing them toward increased growth and fitness (Farrell &
Richards, 2009). At extreme levels, hypoxia can lead to mortality, which would decrease flatfish
population sizes and alter ecosystem dynamics. There is a wide range of tolerances for hypoxia
observed in flatfishes. One study utilized a literature review to create a database of Pcrit values
for fishes across 151 species, and larvae and juveniles of the flatfish, Dover sole were the least
hypoxia tolerant species, with a Pcrit of ~3.7-4.4 mg/L O2 (Rogers et al., 2016). For other flatfish
species, Pcrit of European flounder varied depending on the study and temperature, while both
juvenile and adult Greenland halibut were among the most hypoxia tolerant fishes, with a Pcrit of
~1.0-1.5 mg/L O2 (Rogers et al., 2016).
In this study, I investigate the effects of hypoxia on juvenile Speckled sanddabs
(Citharichthys stigmaeus) and English sole (Parophrys vetulus), both abundant species in
Elkhorn Slough that rely on the estuary for nursery habitat. A prior study on hypoxia in Elkhorn
Slough suggest that speckled sanddabs are more tolerant of low DO conditions compared to
English sole based on spatial and temporal patterns of abundance and presence/absence in trawls
in relation to measured DO levels (Hughes et al., 2015). Therefore, the physiological responses
exhibited by these species in response to low DO conditions may also differ, or occur at different
DO thresholds. Based on previous observational studies, I expect that speckled sanddabs will be
more physiologically tolerant of low DO conditions than English sole, and will therefore be
physiologically impaired at a lower DO threshold.
The goal of this study is to determine how these juvenile flatfish species respond
physiologically (e.g., metabolic rate) to decreasing DO levels, and which compensatory
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mechanisms (e.g., hematocrit and ventilation rate) they exhibit to offset tissue-level hypoxia.
Additionally, measuring lactate levels in tissue samples will allow me to determine whether fish
have shifted to anaerobic metabolism in response to low DO, while measuring SOD in tissue
samples will aid in determining whether any oxidative stress occurred in response to hypoxic
conditions. Finally, measuring HIF in tissue samples will serve as a proxy for examining changes
in gene expression triggered by low DO. I expect that juvenile flatfish will be physiologically
impaired, as measured by reductions in standard and maximum metabolic rate, with decreasing
DO. I also expect that juvenile flatfish may compensate by increasing oxygenation of their blood
via rapid ventilation rates and greater hematocrit, and that there may be biochemical indicators of
hypoxia and oxidative stress (lactate, SOD, and HIF) in their tissues as DO level decreases.
An additional goal is to identify specific threshold at which physiological and
biochemical changes are observed to determine the ecological relevance of these findings when
applied to DO levels observed in Elkhorn Slough. Physiological studies provide a means of
determining how hypoxia impacts the performance of individual fish, and such findings allow for
the determination of thresholds for tolerance of hypoxia. While many studies include only two or
three different DO levels, this project included six different DO treatments representative of
levels that have been measured in the natural habitat, with higher resolution at lower levels.
Furthermore, in conjunction with an overarching project monitoring DO levels in Elkhorn
Slough, this project will tie physiological responses to hypoxia with implications for nursery
habitat suitability for juvenile fish in the slough. I predict that a threshold for significant changes
in physiological responses may occur at 4.0 mg/L O2, given that flatfish abundance in Elkhorn
Slough is severely reduced below this DO level (Hughes et al., 2015).
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METHODS
Study System
Elkhorn Slough, one of only a few estuaries along the west coast of the United States, is located
on the central California coast, with the mouth at the head of the Monterey Submarine Canyon in
Monterey Bay. The slough extends four kilometers inland, with an axial length of ten kilometers,
encompassing mudflat and salt marsh habitat (Smith 1973). The main channel is 100 meters
wide on average, with a channel depth of five meters in the main channel at low tide at the mouth
of the estuary, becoming gradually shallower toward the upper slough (Smith 1973). Water
temperatures range from 12 to 26 degrees Celsius and salinity ranges from 17 to 37 ppt
(Yoklavich et al., 1991). Elkhorn Slough is a seasonally inverse estuary, meaning that the typical
salinity gradient of higher salinity near the mouth of the estuary reverses in the summer months
when evaporation leads to hypersaline conditions in the upper estuary (Nidzieko & Monismith,
2013).
Due to its proximity to agricultural areas and a commercial harbor, Elkhorn Slough is
highly influenced by anthropogenic stressors impacting sediment transport and eutrophication in
the estuary. In some parts of the slough, dissolved inorganic nitrogen concentrations doubled
from the 1970s to the 1990s, attributed to increased agriculture, population growth, and the
construction of a golf course (Caffrey et al., 2007). In the combined area of the Elkhorn Slough
watershed, as well as the two nearest watersheds of the Pajaro and Salinas rivers, 75% of the
total land area is devoted to either agriculture or livestock production (Los Huertos et al., 2001).
Runoff from these land areas can lead to high levels of nutrients entering the slough, especially
during the winter months when rain increases runoff. For example, at one of the more tidally
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restricted sites, Azevedo Pond, nitrate concentrations range between 0–20 μM in the summer, but
can reach 450 μM during winter precipitation (Chapin et al. 2004). Dissolved inorganic
phosphorus, though, exhibits the opposite trend, with peaks in the summer months (Caffrey et
al., 2007).
Due to this eutrophication and resultant bursts in productivity, as well as other factors,
Elkhorn Slough experiences significant fluctuations in DO across spatial and temporal scales.
Seasonally, DO levels in the slough are higher in the winter and lower in the summer, except for
in areas near the mouth of the slough where greater tidal exchange leads to the lowest DO levels
occurring in the spring due to upwelling in coastal waters (Santana et al., 2018). During both the
rainy and dry seasons, Elkhorn slough also experiences diurnal fluctuations in DO, with a net
positive oxygen flux during the day when oxygen production via photosynthesis outweighs
oxygen consumption via respiration and a net negative oxygen flux during the night due to
respiration in the absence of photosynthesis (Caffrey et al., 2007). Spatially, the percentage of
time a site in the slough is hypoxic increases in areas with low tidal range, which occur more
often further from the mouth of the slough or due to water control structures (Hughes et al.,
2011).

Study Species
English sole, Parophrys vetulus, can spawn year-round, but spawning typically peaks in the
winter and ranges from September to April (Lassuy 1989). English sole larvae recruit to
estuarine nursery habitat in the spring of their first year, between February and June, with the
first juveniles leaving the estuary in late May, typically in their second year (Boehlert & Mundy,
1987). Juvenile English sole are opportunistic feeders that prey upon several benthic and infaunal
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invertebrates, including polychaetes, small crustaceans, and bivalves, and are preyed upon by
larger piscivorous fishes, birds, and marine mammals (Toole et al., 1987). English sole reach
maturity at around three years old and can live up to almost twenty years, with adult English sole
mostly living in offshore sandy bottom habitat (Lassuy 1989).
Speckled sanddabs, Citharichthys stigmaeus, begin spawning in April and end in
September, with larval abundance peaking between October and November, recruiting to the
slough as larvae the following spring (Ford 1965; Loeb et al., 1983). Juvenile speckled sanddabs
in Elkhorn Slough feed upon small crustaceans, polychaetes, and bivalve siphons (Ambrose
1976), while juvenile and adult speckled sanddabs and are eaten by seabirds (Webb & Harvey,
2015) and marine mammals (Brassea-Pérez et al., 2019). In contrast to English sole, speckled
sanddabs have a shorter lifespan of three to four years, reaching maturity at age two (Ford 1965).
Adult speckled sanddabs are primarily found in shallow, sandy bottom habitats along the coast
(Ambrose, 1976).
While both species are found in Elkhorn Slough as juveniles, their relative abundance and
distribution may vary due to DO level and other environmental factors. In Elkhorn Slough, the
abundance of English sole and speckled sanddabs does not vary between the upper and lower
estuary during periods of normoxia, but abundance significantly declines for both species in the
upper estuary during periods of hypoxia (Hughes et al., 2015). While distribution of both species
is impacted by hypoxia, the impacts of hypoxia on abundance appear to be more severe for
English sole than for speckled sanddabs: in areas at 4.0 mg/L O2, speckled sanddab occurrence
was double that of English sole (40% vs. 20%) during trawl surveys (Hughes et al., 2015).
Farther north in their range, a study on juvenile flatfish, including English sole and speckled
sanddabs, on the Oregon coast found that DO level was a significant covariate with abundance,
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though depth was the primary explanatory variable driving differences in abundance (Sobocinski
et al., 2018).

Sampling
Under approval from SJSU IACUC protocol number 1061 and CDFW Scientific Collecting
permit number S-191050002-19126-001, juvenile English sole and speckled sanddabs were
collected from Elkhorn Slough in late May, 2021. Approximately 120 fish of each species
ranging between 1-10 grams were collected using beach seines and otter trawls and transferred to
the laboratory at Moss Landing Marine Laboratories where they were held at ambient flowthrough seawater conditions for an acclimation period of at least a month prior to the
commencement of trials. During this time, fish were fed to satiation daily using chopped worms,
squid, and shrimp. Physiological trials on juvenile English sole and speckled sanddabs were
conducted between the months of June and September, 2021.
Additionally, as part of the larger project, DO levels were monitored at eight sites in
Elkhorn Slough, both continuously using MiniDOT sensors, as well as weekly with a YSI and
bottle sampling to provide further environmental data. This data, combined with sampling
conducted by the Elkhorn Slough National Estuarine Research Reserve (ESNERR) from
multiple sites in Elkhorn Slough, informs the DO treatment levels and durations chosen for my
study (NERRS, 2015; Hughes et al., 2011). Four sites (Vierra Mouth, South Marsh, North
Marsh, and Azevedo Pond) in Elkhorn Slough are continuously monitored by ESNERR for water
quality parameters, and every site exhibits diurnal fluctuations in DO. Dissolved oxygen levels in
Elkhorn Slough range between 0.0 to 20.0 mg/L O2 depending on site and time of day, and many
sites reach hypoxic levels overnight (Figure 1). All sites experience fluctuations in DO that are
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associated with tidal cycle and time of day, but sites near the mouth of the estuary (Vierra Mouth
and South Marsh) remain closer to normoxic levels and exhibit less diurnal variability in DO. In
contrast, the more inland sites (North Marsh and Azevedo Pond) frequently dip below hypoxic or
anoxic thresholds (Figure 1). English sole have been found in high numbers, especially in the
summer months, at Kirby Park (between North Marsh and Azevedo Pond); speckled sanddabs
are found less frequently at this site, but are occasionally present (Ambrose, 1976). For this
study, fish collection took place nearest the Vierra Mouth water quality monitoring site.

Figure 1. Dissolved oxygen (DO) levels over the course of the month of May, 2021 (the time of fish collection) at
four sites in Elkhorn Slough ranging from greatest to least tidal restriction: Azevedo Pond, North Marsh, South
Marsh, and Vierra Mouth. The dashed line represents a “normoxic” 8.0 mg/L O2. Data obtained from the NOAA
National Estuarine Research Reserve System (NERRS) System-wide Monitoring Program, accessed via the NOAA
NERRS Centralized Data Management Office website.
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Measuring Physiological Responses
Prior to the commencement of each trial, each individual fish was measured for weight in grams
(to the nearest 0.01 g) and total length in centimeters (to the nearest 0.01 cm). These metrics
were used to account for mass-specific metabolic rate and differences in metabolic rate due to
allometric scaling.
Hypoxic conditions were created in a laboratory setting to determine physiological
responses. A regression design was utilized, with six-hour exposures at six different dissolved
oxygen (DO) treatments: 8.0, 6.0, 4.0, 3.0, 2.0, and 1.5 mg/L O2. Six-hour exposures were
chosen to be an environmentally realistic duration of hypoxia that fish may experience overnight
in Elkhorn Slough. Dissolved oxygen was maintained at the proper concentration by bubbling N2
gas into tanks, utilizing the Loligo Systems computer-controlled monitoring system with oxygen
optodes. Set points were maintained by the opening and closing of solenoid valves attached to a
tank of liquid N2. A DO level of 8.0 mg/L O2 is considered “normoxic,” and studies have shown
a less than 20% probability of juvenile English sole being present in trawl surveys conducted in
Elkhorn Slough when DO is less than 4.0 mg/L O2, and a less than 40% chance of juvenile
speckled sanddabs being present at this DO level (Hughes et al., 2015). To determine potential
physiological DO thresholds, my DO treatments decrease in smaller increments below this 4.0
mg/L O2 level.
RESPIROMETRY TRIALS
A Loligo Systems intermittent flow respirometry system was used to measure standard metabolic
rate (SMR) and maximum metabolic rate (MMR) pre- and post-hypoxia exposure. The
intermittent flow respirometry system followed a cycle of a 5-minute flush, a 1-minute wait
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period, and a 5-minute measurement period, with DO measurements taken every 1 s during this
period. Fish first underwent an MMR measurement at ambient conditions, followed by a 24-hour
recovery at ambient conditions. MMR was measured by removing each fish from the
respirometry chamber, chasing the fish for five minutes with a net in a bucket of seawater at the
same DO level as the chamber, and then immediately placing the fish back in the respirometry
chamber for the MMR measurement. While many studies opt to measure MMR during periods
of continuous swimming in a flume, a review comparing swim flume and exhaustive chase
methods across 121 species of fishes found little difference between the two methods (Killen et
al., 2016). Additionally, species that do not swim for prolonged periods (e.g., benthic species
such as flatfishes) may not be motivated to swim in a flume, making the chase method more
appropriate (Norin & Clark, 2015; Killen et al., 2016).
The next day, SMR was measured under ambient conditions during a two-hour period.
DO levels were then decreased to the specified treatment level, with the decrease occurring over
30 minutes on average, and each individual was held for a six-hour period from the onset of DO
decrease (Figure 2). During this period, SMR measurements were taken every second (1 Hz).
During the final two hours, MMR measurements were taken again for each fish following the
same procedure described above (Figure 2). The difference between SMR and MMR at both
ambient and hypoxic conditions allows for the calculation of aerobic scope, which is the capacity
of an individual to raise its metabolic rate over its resting metabolic rate.
Each DO treatment level consisted of a sample size of eight juvenile English sole in the
respirometry trials (Table 1). Only four juvenile fish were used for the speckled sanddab
respirometry trials, and due to issues associated with the seals of the larger respirometry
chambers needed for the speckled sanddabs, I was unable to obtain usable metabolic data for this
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species. As the Loligo system can only accommodate four fish at once, only one treatment level
was run at a time and each treatment level was run twice, with the order determined randomly.
VENTILATION TRIALS
Video recordings were utilized to measure ventilation rates (breaths) under each DO treatment
for eight juvenile flatfish of each species (Table 1). Fish used for the ventilation trials differed
from those individuals used for the respirometry trials. Baseline videos of ventilations were
recorded during the last 30 minutes of the two-hour acclimation period in ambient conditions.
Video was also recorded for 30 minutes during the last hour of each six-hour DO treatment for
each individual to determine how ventilation rates change in response to each DO treatment
(Figure 3). Opercular compressions of the gills were counted during three, randomly selected
one-minute sections of video to calculate the average number of ventilations during both the
ambient and DO treatment periods (Mattiasen et al., 2020). Averaging across an additional oneminute section of video did not significantly change the average for a subset of videos sampled.
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Table 1. Sample size per species (English sole or speckled sanddabs) in either respirometry or ventilation rate trials
for each of the six dissolved oxygen (DO) treatments: 8.0 (“control”), 6.0, 4.0, 3.0, 2.0, and 1.5 mg/L O2. Also listed
are the measurements taken during each trial (standard metabolic rate = SMR; maximum metabolic rate = MMR).
DO Level
(mg/L O2)

Trial Type

English sole
samples size (n)

Speckled sanddab
sample size (n)

Measurements Taken

8.0

Respirometry

8

4

SMR, MMR

8.0

Ventilation

8

8

Ventilations; blood/tissue samples

6.0

Respirometry

8

4

SMR, MMR

6.0

Ventilation

8

8

Ventilations; blood/tissue samples

4.0

Respirometry

8

4

SMR, MMR

4.0

Ventilation

8

8

Ventilations; blood/tissue samples

3.0

Respirometry

8

4

SMR, MMR

3.0

Ventilation

8

8

Ventilations; blood/tissue samples

2.0

Respirometry

8

4

SMR, MMR

2.0

Ventilation

8

8

Ventilations; blood/tissue samples

1.5

Respirometry

4

4

SMR, MMR

1.5

Ventilation

8

8

Ventilations; blood/tissue samples
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Figure 2. Schematic representation of the respirometry trials, including an illustration of the respirometry chamber
setup (right) and a trial timeline (left), including timing of changes in dissolved oxygen (DO) and timing of response
variable measurements. The decrease from the ambient DO level to the treatment DO level took around 30 minutes
on average, and the DO treatment was held for a six-hour period total from the onset of the DO decrease.

33

Figure 3. Schematic representation of the ventilation trials, including an illustration of the ventilation chamber setup
(right) and a trial timeline (left), including timing of changes in dissolved oxygen (DO) and timing of response
variable measurements. The decrease from the ambient DO level to the treatment DO level took around 30 minutes
on average, and the DO treatment was held for a six-hour period total from the onset of the DO decrease.
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Measuring Biochemical Responses
Biochemical analyses were performed to examine physiological responses to hypoxia at the
molecular level. At the end of the six-hour DO exposure for the ventilation trials (Figure 3),
surviving fish from each treatment were euthanized, and blood samples were taken to examine
hematocrit levels. Additionally, gill, liver, brain, and muscle tissue were dissected from fish
following the ventilation trials. Tissues were flash frozen in liquid nitrogen and stored at -80℃
for subsequent measurements of L-lactate, SOD, and HIF-1α. Based on both prior studies in
flatfish and preliminary analyses to determine which tissues were reactive with assay kits used,
muscle tissue was selected for lactate assays (Pichavant et al., 2002), gill tissue for SOD
assays (Víg & Nemcsók, 1989; Cooper et al., 2002), and brain tissue for HIF assays (Rimoldi et
al., 2012; Tiedke et al., 2014).
HEMATOCRIT MEASUREMENTS
Blood was collected into hematocrit microcapillary tubes via caudal ablation. Due to low blood
volume, only one microcapillary tube of blood was collected for each fish and there was no
replication. These tubes were centrifuged in a hematocrit centrifuge at 12,000 rpm for three
minutes to induce separation into three distinct layers. These layers were measured on a manual
microcapillary hematocrit reader, which allowed for the calculation of hematocrit by placing the
bottom of the red blood cell layer on the “0%” line, the top of the plasma layer on the diagonal
“100%” line, and then rotating an arm to the top of the red blood cell layer/bottom of plasma
layer. The arm then pointed to the hematocrit percentage, the ratio of red blood cell volume to
total blood volume. Higher hematocrit levels, which can increase the amount of oxygen bound
by blood under hypoxic conditions, have been documented as a response to both acute and long-

35
term exposure to low DO conditions (Yamamoto et al., 1985; Peterson, 1990; Taylor & Miller,
2001).
L-LACTATE ASSAYS
Lactate assays were used to measure L-lactate levels in muscle tissue samples (L-Lactate Assay
Kit I, Eton Bioscience, cat. no. #1200014002), as lactate can accumulate with anaerobic
respiration and indicates a shift from aerobic to anaerobic metabolism (Virani & Rees, 2000). To
perform these assays, muscle tissue (~0.05 g) was homogenized 1:8 in molecular grade Ethanol
using a Qiagen Tissuelyser at 50 Hz for 2 minutes, and the homogenate was incubated at 4℃ for
one hour. Following the one-hour incubation, samples were centrifuged at 10,000 rcf for 10
minutes at 4°C, and then supernatant was collected. Supernatant remained undiluted for English
sole, and was diluted 1:1 with deionized water for speckled sanddabs, to remain within standard
curve concentrations. The supernatant was added to wells on a 96-well plate, and a standard
curve was also run with L-lactate standard and L-lactate assay buffer combined at different
concentrations (ranging from 0-3000 μM) to allow for calculation of L-lactate concentration in
the samples. Samples were run in triplicate on the plate, and standards were run in duplicate. Llactate assay solution was added to each well for a 30-minute incubation at 37°C. Following the
incubation period to allow the colorimetric reaction to occur, the reaction was stopped with
acetic acid and the microplate was read at 490 nm on a TECAN microplate reader at room
temperature, with the intensity of the color corresponding to the L-lactate concentration.
SUPEROXIDE DISMUTASE ASSAYS
Superoxide dismutase (SOD) was measured in gill tissue using a colorimetric assay (Superoxide
Dismutase (SOD) Colorimetric Activity Kit, Invitrogen by Thermo Fisher Scientific, cat. no.
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#EIASODC). To prepare the samples, gill tissue (~0.02 g) was homogenized in phosphate
buffered saline (PBS) (0.5 mL per 100 mg tissue) using a Qiagen Tissuelyser at 50 Hz for 2
minutes, then centrifuged at 1,500 rcf for 10 minutes at 4°C. Supernatant was collected, and then
diluted 1:4 in assay buffer. Diluted samples were added to the wells of a 96-well plate, in
addition to standards (ranging from 0-4 U/mL) to run a standard curve. Samples were run in
triplicate on the plate, and standards were run in duplicate. Substrate was then added to each
well, followed by a chromogenic detection agent (xanthine oxidase) before a 20-minute
incubation at room temperature. After the incubation, the plate was read on a TECAN microplate
reader at room temperature to measure absorbance at 450 nm. SOD concentration in the samples
was then calculated using measured absorbances and the standard curve. SOD concentration
(U/mL) was defined as one unit, “U,” of SOD being equal to the amount of enzyme causing half
the maximum inhibition of the reduction of 1.5 mM Nitro blue tetrazolium in the presence of
riboflavin at 25°C and pH 7.8.
HYPOXIA-INDUCIBLE FACTOR-1α ASSAYS
HIF-1α expression in brain tissue was measured using an Enzyme-Linked Immunosorbent Assay
(ELISA) (Hypoxia Inducible Factor 1, Alpha (HIF-1alpha), ELISA Kit, My Bio Source, cat.
no. #MBS015808). To prepare the samples, ~0.02 g brain tissue was homogenized in PBS (100
μL per 10 mg tissue) using a Qiagen Tissuelyser at 50 Hz for 2 minutes, then centrifuged at
1,000 rcf for 20 minutes at 4℃. Supernatant was collected, and remained undiluted if volume
was sufficient. If volume was insufficient, samples were diluted with sample diluent provided
and the dilution factor was recorded for use in correcting the absorbance calculations. The
supernatant was then added to a 96-well plate with wells coated in an anti-HIF-1α primary
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antibody, and standards (ranging from 0-200 pg/ml) were also added to run a standard curve.
Samples were run in triplicate on the plate, and standards were run in duplicate. Then a
secondary antibody (HRP-conjugate reagent) was added before a 60-minute incubation at 37℃.
Following the incubation and a washing step, two chromogen solutions were added to the wells
to initiate a colorimetric reaction. After another incubation at 37℃ for 15 minutes, a stop
solution was added and then the intensity of the color was read using spectrophotometry on a
TECAN microplate reader at 450 nm at room temperature. HIF-1α concentration in samples was
calculated using the standard curve that was run alongside the samples.

Data Analysis
DATA PREPARATION
For the MMR data, I selected only MMR MO2 measurements where the R-squared value
provided by the Loligo AutoResp software was greater than or equal to 0.95. A high (>0.95) Rsquared value indicates a reliable MO2 value by testing for a sound linear relationship of oxygen
decreasing over time (Loligo Systems). For the SMR data, I calculated the average of all MO2
measurements with an R-squared value greater than or equal to 0.95 in the last hour of ambient
(pre-exposure) conditions for pre-exposure SMR and the last hour of hypoxic (post-exposure)
conditions for post-exposure SMR in R using the tidyverse package (Wickham et al., 2019). All
MO2 measurements meeting those criteria within the final hour, 10 minutes at minimum, were
averaged to determine an average pre- and post-exposure SMR value. Aerobic scope was
calculated by subtracting that average SMR value from the MMR value for both pre- and postexposure time periods. In addition to analyzing post-exposure values for each variable, the
change in each metabolic parameter (MMR, SMR, and aerobic scope) in response to the DO
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treatment was also calculated by subtracting the pre-exposure value from the post-exposure
value, and this change in response was also used in analyses to account for interindividual
variation in metabolic rates.
For the ventilation data, the number of breaths per minute was counted during three,
randomly selected minutes within the last 30 minutes of both the ambient (pre-exposure) and
hypoxic (post-exposure) periods, and these three ventilation rate values were averaged. If
opercular compressions were not visible based on the fish’s position, a different random 1minute section was substituted if the fish was visible during a different portion of the 30-minute
time period. Change in ventilation rate was calculated as each individual’s averaged preexposure ventilation rate subtracted from the averaged post-exposure ventilation rate.
For all biochemical assays (L-lactate, SOD, and HIF-1α), samples were run in triplicate.
The two absorbances with the smallest percent difference were averaged, and this value was used
to calculate analyte concentration via a standard curve. All standard curves had R 2 values greater
than or equal to 0.95 for L-lactate assays, and greater than or equal to 0.99 for SOD and HIF-1α
assays. If samples had no absorbance values with less than 5% difference for L-lactate and SOD,
the sample was rerun if sufficient tissue remained. I used a higher absorbance variation threshold
of 10% for the HIF-1α assay only because absorbances had greater variation than for L-lactate or
SOD, and brain tissue amounts were too small to rerun any assays.
REGRESSION ANALYSIS
I used a regression approach to test how each physiological response variable changed as a
function of DO level across the six DO treatments with linear models using the “stats” package
in R (R Core Team, 2021). If the physiological variable appeared to exhibit a nonlinear response
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as a function of DO level, I used a nonlinear regression approach using the “caret” package in R
(Kuhn, 2022). The physiological response variables analyzed are post-exposure values and the
pre- to post-exposure change in SMR, MMR, aerobic scope, and ventilation rate, as well as postexposure hematocrit, L-lactate, SOD, and HIF-1α. The regression analyses allowed for
determination of whether these physiological parameters were significantly affected by the
decreasing DO levels associated with increasingly hypoxic conditions.
ANALYSIS OF VARIANCE
I ran a one-way analysis of variance (ANOVA) on each physiological parameter (SMR, MMR,
aerobic scope, ventilation rate, hematocrit, L-lactate, SOD, and HIF-1α), as a function of DO
using the “stats” package in R to determine potential threshold levels based on whether there was
significant variation in the means of each variable among the DO level groups. I then ran a
Tukey HSD post-hoc test to determine which DO levels significantly differed from each other
for each variable using the “stats” and “multcompView” packages in R (R Core Team 2021;
Graves et al., 2019). In contrast to the regression analyses that showed more general
relationships between physiological parameters and DO levels, these ANOVA analyses allowed
for a specific determination of DO thresholds where these physiological changes took place.
PRINCIPAL COMPONENT ANALYSIS
I ran a Principal Component Analysis (PCA) on all physiological parameters obtained from the
ventilation trial fish to further examine DO thresholds and interindividual variation associated
with these parameters, using the packages “stats” and “factoextra” in R (R Core Team, 2021;
Kassambara & Mundt, 2020). As a different subset of fish was used for the metabolic trials, I
could not include metabolic parameters (SMR, MMR, and aerobic scope) in this analysis.
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Therefore, the variables included in the PCA were hematocrit, post-exposure ventilation rate, Llactate, SOD, and HIF-1α. I plotted the PCA in two ways: with contributing factors and their
relative contribution to the principal components based on eigenvalues, and with individuals
grouped by DO level. I then saved the PC scores for both PC1 and PC2 to use as a multivariate
index of how fish responded to the DO treatments. I also calculated the variance in these PC
scores grouped by DO level, and ran a linear regression analysis on both individual PC scores
and the variance in PC scores as a function of DO levels, for both PC1 and PC2.
DATA AND CODE ACCESSIBILITY
All data and scripts used for data analysis are publicly available in a repository on GitHub at
https://github.com/julianacornett/flatfish-hypoxia-thesis.
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RESULTS
Mortalities
There were no mortalities for speckled sanddabs during acute exposure to hypoxia treatments.
For English sole, only one mortality occurred during hypoxic exposure, in the 1.5 mg/L O2
treatment group. Three English sole mortalities occurred during the overnight hold at ambient
conditions, one each in the 8.0, 4.0, and 3.0 mg/L O2 treatment groups, presumably due to
unrelated causes (Table 2).
Table 2. Mortalities for each species during overnight hold at ambient conditions or during exposure to treatment
conditions for each DO level.
DO Treatment Level (mg/L O2)

Species

Ambient Mortalities

Exposure Mortalities

8.0

English sole

1

0

6.0

English sole

0

0

4.0

English sole

1

0

3.0

English sole

1

0

2.0

English sole

0

0

1.5

English sole

0

1

8.0

Speckled sanddab

0

0

6.0

Speckled sanddab

0

0

4.0

Speckled sanddab

0

0

3.0

Speckled sanddab

0

0

2.0

Speckled sanddab

0

0

1.5

Speckled sanddab

0

0
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Compensatory Mechanisms
HEMATOCRIT
Based on an ANOVA, mean hematocrit (Hct) for each DO level group varied significantly as a
function of DO for English sole (p = 0.05, F5,38 = 2.46) (Figure 4a). While there was not a
significant difference between groups based on a Tukey HSD post-hoc test, Hct was lowest in
the 1.5 and 4.0 mg/L treatments and highest in the 8.0 mg/L treatment. There was also a
significant difference in Hct for speckled sanddabs as a function of DO levels (p = 0.02, F5,42 =
2.94) (Figure 5a). Hematocrit was highest in the 6.0 and 3.0 mg/L O2 groups, and lowest in the
8.0 and 4.0 mg/L O2 groups, and based on a Tukey HSD post-hoc test, the 3.0 mg/L O2 group
had a significantly higher mean Hct than the 8.0 mg/L O2 group did for speckled sanddabs
(Figure 5a).
Based on a regression analysis, there was not a significant linear relationship between Hct
and DO for either species. For English sole, there was a non-significant positive trend between
Hct and DO (p = 0.12, R2 = 0.056, F1,42 = 2.48) (Figure 6a). For speckled sanddabs, there was a
non-significant negative trend between Hct and DO (p = 0.09, R2 = 0.061, F1,46 = 3.00) (Figure
7a).
VENTILATION RATE
Based on an ANOVA, mean pre- to post-exposure change in ventilation rate for each DO level
group varied significantly as a function of DO level for English sole (p = 0.005, F5,39 = 3.99)
(Figure 4b) and speckled sanddabs (p <0.001, F5,38 = 26.31) (Figure 5b). For English sole, there
was a consistent increase in ventilation rate as DO decreased. The 2.0 and 1.5 mg/L O2 groups
had a significantly higher mean change in ventilation rate than the 8.0 mg/L O2 group based on a
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Tukey HSD post-hoc test (Figure 4b). For speckled sanddabs, ventilation rate was lowest at 8.0
mg/L O2 and highest at moderate DO levels (Figure 5b). All non-control DO level groups (6.0,
4.0, 3.0, 2.0, and 1.5 mg/L O2) had a significantly higher mean change in ventilation rate than
control (8.0 mg/L O2). In addition, the 4.0 mg/L O2 group also had a significantly higher mean
change in ventilation rate than either the 1.5 or 2.0 mg/L O2 groups (Figure 5b).
Based on a regression analysis, there was a significant negative linear relationship
between the pre- to post-exposure change in ventilation rate and DO for English sole, with
ventilation rate increasing as DO level decreased (p < 0.001, R2 = 0.23, F1,43 = 12.74) (Figure
6b). For speckled sanddabs, there was a significant nonlinear (quadratic) relationship (p < 0.001,
R2 = 0.71, F1,42 = 53.66), with the mid-range DO levels (6.0, 4.0, and 3.0 mg/L O2) having the
greatest increase in pre- to post-exposure ventilation rate (Figure 7b).
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Figure 4. Physiological parameters associated with compensatory mechanisms, a) hematocrit and b) change in
ventilation rate, in English sole. Hematocrit is measured as the percentage of red blood cell volume to total blood
volume, and change in ventilation rate is measured as post-exposure minus pre-exposure opercular compressions
(breaths) per minute. The p-value displayed on each plot is the significance of a one-way ANOVA between DO
level group means, while letters indicate the results of a Tukey HSD post-hoc test.
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Figure 5. Physiological parameters associated with compensatory mechanisms, a) hematocrit and b) change in
ventilation rate, in speckled sanddabs. Hematocrit is measured as the percentage of red blood cell volume to total
blood volume, and change in ventilation rate is measured as post-exposure minus pre-exposure opercular
compressions (breaths) per minute. The p-value displayed on each plot is the significance of a one-way ANOVA
between DO level group means, while letters indicate the results of a Tukey HSD post-hoc test.
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Figure 6. Physiological parameters associated with compensatory mechanisms, a) hematocrit and b) change in
ventilation rate, in English sole. Hematocrit is measured as the percentage of red blood cell volume to total blood
volume, and change in ventilation rate is measured as post-exposure minus pre-exposure opercular compressions
(breaths) per minute. The p-value displayed on each plot is the significance of a linear model with DO level as the
independent variable and the physiological parameter as the dependent variable, while the r-squared value is the
goodness-of-fit of the linear model.
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Figure 7. Physiological parameters associated with compensatory mechanisms, a) hematocrit and b) change in
ventilation rate, in speckled sanddabs. Hematocrit is measured as the percentage of red blood cell volume to total
blood volume, and change in ventilation rate is measured as post-exposure minus pre-exposure opercular
compressions (breaths) per minute. The p-value displayed on each plot is the significance of a linear (Hct) or
nonlinear (ventilation) model with DO level as the independent variable and the physiological parameter as the
dependent variable, while the r-squared value is the goodness-of-fit of the model.
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Metabolic Changes
Due to technical issues associated with the seals of the larger respirometry chambers needed for
the speckled sanddabs, I was unable to obtain usable metabolic data for this species. All
metabolic data presented here are for English sole only. For the English sole, there was not a
significant relationship between fish weight and ambient standard or maximum metabolic rate,
nor between fish total length and ambient standard or maximum metabolic rate (Table 3). This
indicates that allometric scaling was not a significant factor contributing to differences in
metabolic rate between fish.

Table 3. Significance of linear regression model with weight (g) and total length (cm) as independent variables and
ambient metabolic parameters (SMR and MMR in mg/kg/hr) as the dependent variables to account for allometric
scaling
Metabolic Parameter
(mg/kg/hr)

Significance of Linear Regression
with Weight (g)

Significance of Linear Regression with
Total Length (cm)

Ambient SMR

p = 0.64

p = 0.28

Ambient MMR

p = 0.75

p = 0.74

STANDARD METABOLIC RATE
Based on an ANOVA, mean post-exposure SMR for each DO level group did not vary
significantly as a function of DO (p = 0.89, F5,37 = 0.33) (Figure 8a). However, mean pre- to
post-exposure change in standard metabolic rate (SMR) for each DO level group did vary
significantly as a function of DO for English sole (p = 0.04, F5,37 = 2.68) (Figure 8b), with the
decline in SMR being greatest at 1.5 mg/L and 2.0 mg/L O2 and lowest at 6.0 mg/L and 8.0 mg/L
O2. While a Tukey HSD post-hoc test did not show any significant differences between DO level
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groups, the greatest difference in means occurred between the 1.5 mg/L and 6.0 mg/L O2
treatments (Figure 8b).
Based on a regression analysis, there was not a significant linear relationship between
post-exposure SMR and DO (p = 0.64, R2 = 0.005, F1,41 = 0.22) (Figure 9a). However, there was
a significant positive relationship between the pre- to post-exposure change in SMR and DO (p =
0.003, R2 = 0.19, F1,41 = 9.84), with SMR decreasing as DO level decreased (Figure 9b). For all
DO levels below 6.0 mg/L O2, most individual fish experienced a decrease in SMR following
exposure (Figure 9b).
MAXIMUM METABOLIC RATE
Based on an ANOVA, mean post-exposure MMR for each DO level group did not vary
significantly as a function of DO (p = 0.59, F5,38 = 0.75), but there was still a positive trend, with
MMR decreasing as DO decreased (Figure 8c). However, mean pre- to post-exposure change in
maximum metabolic rate (MMR) for each DO level group did vary significantly as a function of
DO for English sole (p < 0.001, F5,35 = 6.23) (Figure 8d). Based on a Tukey HSD post-hoc test,
the 1.5 mg/L O2 group had a significantly greater mean change (decrease) in MMR than all DO
groups other than 2.0 mg/L O2 (Figure 8d). For post-exposure MMR, there was also much higher
interindividual variation at higher DO levels, especially at the 8.0 mg/L O2 control (Figure 8c);
this trend between interindividual variation and DO level was not observed for post-exposure
SMR (Figure 8a).
Based on a regression analysis, there was a marginally non-significant linear relationship
between post-exposure MMR and DO (p = 0.08, F1,42 = 3.15) (Figure 9c). Even though there was
not a significant relationship, there was still a noticeable trend of decreasing MMR with
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decreasing DO. There was a significant positive relationship between the pre- to post-exposure
change in MMR and DO (p < 0.001, R2 = 0.33, F1,39 = 19.56), with MMR decreasing as DO level
decreased (Figure 9d). For all DO levels below 6.0 mg/L O2, most individual fish experienced
reduced MMR following exposure (Figure 9d).
AEROBIC SCOPE
Mean post-exposure aerobic scope was marginally non-significant as a function of DO level (p =
0.07, F5,36 = 2.26) (Figure 8e). However, there was a trend for aerobic scope to decrease with
decreasing DO levels. Aerobic scope was also much more variable at high DO levels (driven by
an increased variance in MMR values at high DO levels), but was consistently lower at the
lowest DO levels. Because the change in both SMR and MMR varied significantly with DO
level, with a more significant change in MMR, the change in aerobic scope (the difference
between SMR and MMR) also varied significantly with DO level. Based on an ANOVA, mean
pre- to post-exposure change in aerobic scope for each DO level group varied significantly as a
function of DO (p = 0.05, F5,33 = 2.45) (Figure 8f). Based on a Tukey HSD post-hoc test, the 1.5
mg/L O2 group had a significantly greater mean change (decrease) in MMR than all the fish in
the 8.0 mg/L O2 group (Figure 8f).
Based on a regression analysis, there was also a significant positive linear relationship
between post-exposure aerobic scope and DO (p = 0.001, R2 = 0.23, F1,40 = 12.15) (Figure 9f),
with post-exposure aerobic scope decreasing with decreasing DO levels. There was also a
significant positive relationship between the pre- to post-exposure change in aerobic scope and
DO (p = 0.01, R2 = 0.15, F1,37 = 6.60), with aerobic scope decreasing as DO level decreased
(Figure 9e). There was greater inter-individual variation in aerobic scope, with 1.5 mg/L O2
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being the only DO level where most individual fish experienced a decrease in aerobic scope
following exposure (Figure 9e).
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Figure 8. Physiological parameters associated with metabolic rate in English sole: a/b) standard metabolic rate
(SMR), c/d) maximum metabolic rate (MMR), and e/f) aerobic scope (SMR subtracted from MMR to determine an
organism’s ability to raise its metabolic rate over resting levels). Plots on the left side display post-exposure values,
while plots on the right side display the individual pre- to post-exposure change in the parameter. All metabolic
parameters are measured in mg of oxygen consumed per kg of body weight per hour (mgO2/kg/hr). The p-value
displayed on each plot is the significance of a one-way ANOVA between DO level group means, while letters
indicate the results of a Tukey HSD post-hoc test.
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Figure 9. Physiological parameters associated with metabolic rate in English sole: a/b) standard metabolic rate
(SMR), c/d) maximum metabolic rate (MMR), and e/f) aerobic scope (SMR subtracted from MMR to determine an
organism’s ability to raise its metabolic rate over resting levels). Plots on the left side display post-exposure values,
while plots on the right side display the individual pre- to post-exposure change in the parameter. All metabolic
parameters are measured in mg of oxygen consumed per kg of body weight per hour (mgO2/kg/hr). The p-value
displayed on each plot is the significance of a linear model with DO level as the independent variable and the
physiological parameter as the dependent variable, while the r-squared value is the goodness-of-fit of the linear
model.
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Biochemical Changes
HYPOXIA-INDUCIBLE FACTOR-1α
Based on an ANOVA, the mean concentration (pg/mL) of hypoxia-inducible factor 1-alpha
(HIF-1α) in brain tissue for each DO level group did not vary significantly as a function of DO
level for either species (English sole: p = 0.26, F5,35 = 1.38, Figure 10a; speckled sanddabs: p =
0.17, F5,42 = 1.63, Figure 11a). However, HIF concentration was slightly higher at 2.0 mg/L O2
for English sole (Figure 10a), and slightly higher at 1.5 mg/L O2 for speckled sanddabs (Figure
11a). There was also no significant relationship between HIF-1α and DO level based on a
regression analysis for either English sole (p = 0.82, R2 = 0.0014, F1,39 = 0.05) (Figure 12a) or
speckled sanddabs (p = 0.47, R2 = 0.011, F1,46 = 0.53) (Figure 13a).
L-LACTATE
Based on an ANOVA, mean concentration (μM) of L-lactate in muscle tissue for each DO level
group varied significantly as a function of DO level for both species (English sole: p < 0.001,
F5,40 = 6.90, Figure 10b; speckled sanddabs: p = 0.01, F5,42 = 3.35, Figure 12b). Based on a
Tukey HSD post-hoc test, the 1.5 mg/L O2 group had a significantly higher mean L-lactate
concentration than all DO level groups other than 4.0 mg/L O2 for English sole (Figure 10b), and
the 2.0 mg/L O2 group had a significantly higher mean L-lactate concentration than both the 6.0
and 8.0 mg/L O2 groups for speckled sanddabs (Figure 11b).
Based on a regression analysis, there was a significant negative relationship between Llactate and DO for both species, with L-lactate concentration increasing as DO decreased for
English sole (p = 0.025, R2 = 0.11, F1,44 = 5.35) (Figure 12b) and speckled sanddabs (p = 0.004,
R2 = 0.17, F1,46 = 9.24) (Figure 13b).
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SUPEROXIDE DISMUTASE
Based on an ANOVA, mean concentration (U/mL) of superoxide dismutase (SOD) in gill tissue
varied significantly as a function of DO level for English sole (p = 0.04, F5,40 = 2.54) (Figure
10c), but not for speckled sanddabs (p = 0.28, F5,41 = 1.32) (Figure 11c). For English sole, the 1.5
mg/L O2 group had a significantly higher mean SOD concentration than the 2.0 mg/L O2 group
based on a Tukey HSD post-hoc test (Figure 10c). Though not significant, SOD concentration
was highest at 4.0 mg/L O2 for speckled sanddabs (Figure 11c).
Based on a regression analysis, there was not a significant relationship between SOD and
DO level for either species (English sole: p = 0.16, R 2 = 0.044, F1,44 = 2.02, df = 44, Figure 12c;
speckled sanddabs: p = 0.59, R2 = 0.0065, F1,45 = 0.29, Figure 13c).
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Figure 10. Biochemical changes in English sole following acute hypoxia exposure: a) hypoxia-inducible factor 1alpha (HIF-1α) concentration (pg/mL) in brain tissue, b) L-lactate concentration (μM) in muscle tissue, and c)
superoxide dismutase (SOD) concentration (U/mL) in gill tissue. The p-value displayed on each plot is the
significance of a one-way ANOVA between DO level group means, while letters indicate the results of a Tukey
HSD post-hoc test.
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Figure 11. Biochemical changes in speckled sanddabs following acute hypoxia exposure: a) hypoxia-inducible
factor 1-alpha (HIF-1α) concentration (pg/mL) in brain tissue, b) L-lactate concentration (μM) in muscle tissue, and
c) superoxide dismutase (SOD) concentration (U/mL) in gill tissue. The p-value displayed on each plot is the
significance of a one-way ANOVA between DO level group means, while letters indicate the results of a Tukey
HSD post-hoc test.
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Figure 12. Biochemical changes in English sole following acute hypoxia exposure: a) hypoxia-inducible factor 1alpha (HIF-1α) concentration (pg/mL) in brain tissue, b) L-lactate concentration (uM) in muscle tissue, and c)
superoxide dismutase (SOD) concentration (U/mL) in gill tissue. The p-value displayed on each plot is the
significance of a linear model with DO level as the independent variable and the physiological parameter as the
dependent variable, while the r-squared value is the goodness-of-fit of the linear model.
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Figure 13. Biochemical changes in speckled sanddabs following acute hypoxia exposure: a) hypoxia-inducible
factor 1-alpha (HIF-1α) concentration (pg/mL) in brain tissue, b) L-lactate concentration (uM) in muscle tissue, and
c) superoxide dismutase (SOD) concentration (U/mL) in gill tissue. The p-value displayed on each plot is the
significance of a linear model with DO level as the independent variable and the physiological parameter as the
dependent variable, while the r-squared value is the goodness-of-fit of the linear model.
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Principal Component Analysis
For English sole, the first two principal components explain 62.9% of the variation in the
ventilation fish dataset, with principal component 1 (PC1) explaining 41.3% of the variation and
principal component 2 (PC2) explaining 21.6% of the variation. For English sole, hematocrit
(Hct) and hypoxia-inducible factor-1 (HIF-1α) have negative associations with PC1, while Llactate, superoxide dismutase (SOD), and post-exposure ventilation rate (“HypVent”) all have
positive associations with PC1 (Figure 14a). Post-exposure ventilation rate and Hct have
negative associations with PC2, while HIF-1α, SOD, and L-lactate have positive associations
with PC2 for English sole (Figure 14a). HIF-1α and L-lactate have the strongest contribution to
the principal components. Post-exposure ventilation rate and SOD have moderate contributions
to the principal components, while Hct has the smallest contribution to the principal
components.
For speckled sanddabs, the first two principal components explain 50.1% of the variation
in the ventilation fish dataset, with PC1 explaining 25.6% of the variation and PC2 explaining
24.5% of the variation. For speckled sanddabs, Hct and SOD have the strongest negative
association with PC1, and L-lactate also has a negative association with PC1 (Figure 14b). HIF1α and post-exposure ventilation rate have positive associations with PC1 for speckled sanddabs.
L-lactate and post-exposure ventilation rate have negative associations with PC2, while HIF-1α,
Hct, and SOD have positive associations with PC2 (Figure 14b). For speckled sanddabs, HIF-1α
and post-exposure ventilation rate have the strongest contributions to the principal components.
Hct and L-lactate have moderate contributions to the principal components, while SOD has the
smallest contribution to the principal components.
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There was a significant linear relationship between DO level and the individual principal
component scores for both species. For English sole, I observed a significant negative linear
relationship between PC1 scores and DO level (p = 0.01, R2 = 0.17, F1,36 = 7.12), with the PC
scores increasing as DO decreases (Figure 16). This can be visually observed when individuals
are grouped by DO level, where the lowest DO level (1.5 mg/L O2) exhibited the strongest
positive association with PC1, and the highest DO level (8.0 mg/L O2) exhibited the strongest
negative association with PC1 (Figure 15a). For English sole, SOD, L-lactate, and post-exposure
ventilation rate are positively associated with PC1, while Hct is negatively associated. I did not
detect a significant linear relationship between PC2 scores and DO level for English sole (p =
0.86, R2 < 0.001, F1,36 = 0.03) (Figure 16). For speckled sanddabs, there was no significant linear
relationship between DO level and PC1 scores (p = 0.98, R2 < 0.001, F1,41 < 0.001), but I did
detect a significant nonlinear relationship between DO level and PC2 scores, best fit by a
quadratic regression (p < 0.001, R2 = 0.32, F3,39 = 9.26), with PC2 scores highest at intermediate
DO levels (4.0 and 3.0 mg/L O2). The association between PC2 scores and DO level was driven
by ventilation rate and lactate concentration, which showed similar patterns with responses
peaking at intermediate DO levels. The greater spread when grouped by DO level in the English
sole data (Figure 15a), compared to the greater overlap in the speckled sanddab data (Figure
15b), visually indicates that English sole may be more strongly impacted by DO level than
speckled sanddabs, with PC1 (the principal component that explains the most variation) being
strongly associated with DO level for English sole, but not for speckled sanddabs.
Interindividual variation in physiological responses within a treatment depended on DO
exposure for English sole, but not sanddabs. I observed a significant negative linear relationship
between the variance in PC1 scores as a function of DO level for English sole (p = 0.002, R2 =
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0.92, F1,4 = 47.41) (Figure 16), with variance in physiological responses increasing as DO level
decreased. Considering the variables associated with these principal components (Figure 14a),
this suggests that interindividual variation in SOD, L-lactate, and post-exposure ventilation rate
may increase as DO level decreases, while interindividual variation in Hematocrit may decrease
as DO level decreases for English sole. In contrast, there was not a significant linear relationship
between variance in PC2 and DO level for English sole (p = 0.45, R2 = 0.15, F1,4 = 0.72) (Figure
16), nor was there any significant relationships between the variance in PC scores and DO level
for speckled sanddabs (PC1 scores: p = 0.31, R2 = 0.25, F1,4 = 1.33; PC2 scores, nonlinear: p =
0.31, R2 = 0.54, F2,3 = 1.78, Figure 17).
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Figure 14. Principal component analysis (PCA) displaying how much each physiological variable contributes to the
variation in the dataset explained by the principal components for each species, a) English sole and b) speckled
sanddabs. The physiological variables are Hct (hematocrit, the ratio of red blood cell volume to total blood volume
as a percentage), HypVent (post-exposure average ventilation rate in breaths per minute), Lactate (L-lactate
concentration in muscle tissue in μM), SOD (superoxide dismutase concentration in gill tissue in U/mL), and HIF
(hypoxia-inducible factor 1-alpha concentration in brain tissue in pg/mL).
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Figure 15. Principal component analysis (PCA) displaying the first two principal components that explain the most
variation in the dataset, with individuals grouped by DO level treatment, for each species, a) English sole and b)
speckled sanddabs. The physiological variables included in the PCA are Hct (hematocrit, the ratio of red blood cell
volume to total blood volume as a percentage), HypVent (hypoxic average ventilation rate in breaths per minute),
Lactate (L-lactate concentration in muscle tissue in μM), SOD (superoxide dismutase concentration in gill tissue in
U/mL), and HIF (hypoxia-inducible factor 1-alpha concentration in brain tissue in pg/mL).
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Figure 16. Individual PC scores versus DO (mg/L) for a) PC1 and c) PC2, as well as variance in individual PC
scores versus DO (mg/L) for b) PC1 and d) PC2 for English sole. The p-value displayed on each plot is the
significance of a linear model with DO level as the independent variable and the physiological parameter as the
dependent variable, while the r-squared value is the goodness-of-fit of the linear model.
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Figure 17. Individual PC scores versus DO (mg/L) for a) PC1 and c) PC2, as well as variance in individual PC
scores versus DO (mg/L) for b) PC1 and d) PC2 for speckled sanddabs. The p-value displayed on each plot (a, b, d)
is the significance of a linear model with DO level as the independent variable and the physiological parameter as
the dependent variable, while the r-squared value is the goodness-of-fit of the linear model. A nonlinear model was
the best fit for c) PC2 scores and d) PC2 score variance as a function of DO level.
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Species Comparison
I found a significant difference between species for most physiological parameters measured.
Excluding metabolic data, all physiological parameters measured, other than HIF-1α, exhibited a
significant difference between species, based on a two-way ANOVA with the factors of DO
level, species, and the interaction between the two. I was unable to compare metabolic
parameters between species because no usable metabolic data for speckled sanddabs was
obtained. For hematocrit, species was a significant factor (p < 0.001, F1,80 = 150.58), while DO
was not (p = 0.10, F5,80 = 1.93); however, there was a significant interaction (p = 0.005, F5,80 =
3.67), indicating that the significance of the species factor varied based on DO level (Table 4).
For English sole, Hct is highest at the highest DO level (8.0 mg/L O2), followed by a decrease at
6.0 and 4.0 mg/L O2, an increase at 3.0 and 2.0 mg/L O2, and then a slight decrease again at 1.5
mg/L O2. For speckled sanddabs, the trend is opposite, with the lowest Hct at the highest DO
level (8.0 mg/L O2). While there is a trend of increased Hct with decreasing DO for speckled
sanddabs, there is some oscillation between DO levels, with highest Hct at 6.0 and 3.0 mg/L O2.
Speckled sanddabs also have significantly higher Hct than English sole at all DO treatment levels
other than control (8.0 mg/L O2).
Species was also a significant factor for ventilation rate (p < 0.001, F1,77 = 64.05), as were
DO (p < 0.001, F5,77 = 13.59) and the interaction between the two (p < 0.001, F5,77 = 12.63). For
English sole, ventilation rate is lowest at 8.0 mg/L O2, then increases slightly at mid-range DO
levels (6.0, 4.0, and 3.0 mg/L O2), and increases most significantly at 2.0 and 1.5 mg/L O2. The
pattern differs significantly for speckled sanddabs, which exhibit a large increase in ventilation
rate at mid-range DO levels (6.0, 4.0, and 3.0 mg/L O2), followed by a slight decrease at 2.0 and
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1.5 mg/L O2. Additionally, the ventilation rate increase for speckled sanddabs at those mid-range
DO levels is greater than the ventilation rate increase for English sole at any DO treatment.
While HIF-1α did not vary significantly with either species or DO, there was a significant
difference in L-lactate based on species (p < 0.001, F1,82 = 583.11), DO (p = 0.004, F5,82 = 3.76),
and the interaction between the two (p = 0.001, F5,82 = 4.37) (Table 4). Both species
demonstrated increased L-lactate concentrations as DO level decreased, but concentrations
peaked at different DO levels, with the highest L-lactate concentration at 1.5 mg/L O2 for
English sole and at 2.0 mg/L O2 for speckled sanddabs. Additionally, L-lactate concentrations for
speckled sanddabs were consistently higher than L-lactate concentrations for English sole across
all DO treatments. This demonstrates that lactate is significantly impacted by both species and
DO level. SOD varied significantly based on species (p < 0.001, F1,81 = 734.94), but not based on
DO (p = 0.26, F5,81 = 1.33), or the interaction between species or DO (p = 0.17, F5,81 = 1.61),
indicating that differences in SOD between the two species was not impacted by DO level, with
speckled sanddabs having higher SOD concentrations than English sole across all DO levels
(Table 4).
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Table 4. Comparison between species displaying the significance of species and DO level as factors, as well as the
interaction between species and DO level, from the results of a two-way ANOVA on each metric as a function of
DO and species.
Metric

Species Factor

DO Factor

Interaction

Direction of Difference

p-value

F-statistic

p-value

F-statistic

p-value

F-statistic

Hematocrit

<0.001

F1,80 = 150.58

0.10

F5,80 = 1.93

0.005

F5,80 = 3.67

Higher in sanddabs

Ventilation

<0.001

F1,77 = 64.05

<0.001

F5,77 = 13.59 <0.001

F5,77 = 12.63

Higher in sanddabs

HIF-1α

0.54

F1,77 = 0.38

0.30

F5,77 = 1.23

0.13

F5,77 = 1.77

n.s.

L-lactate

<0.001

F1,82 = 583.11

0.004

F5,82 = 3.76

0.001

F5,82 = 4.37

Higher in sanddabs

SOD

<0.001

F1,81 = 734.94

0.26

F5,81 = 1.33

0.17

F5,81 = 1.61

Higher in sanddabs
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DISCUSSION
In this study, I compared the physiological responses of two juvenile flatfish species, English
sole and speckled sanddabs, to hypoxic conditions while determining the threshold dissolved
oxygen levels for negative impacts. At six DO levels ranging from normoxic to severely
hypoxic, all within environmentally-realistic levels for Elkhorn Slough, I measured
compensatory mechanisms, metabolic responses, and biochemical indicators of hypoxia and
oxidative stress. Overall, I found that juvenile flatfishes were physiologically impaired by
hypoxic conditions, as measured by decreasing standard and maximum metabolic rates and
aerobic scope in English sole, and increased ventilation rate in both species. Changes in
biochemical indicators of hypoxia and oxidative stress were not as prevalent as expected, but
there was a significant increase in L-lactate at extremely low DO levels for both species. While
juvenile flatfishes were physiologically impaired by hypoxia, the threshold for tolerance of
hypoxic conditions, at least for acute exposures, was lower than the hypothesized 4.0 mg/L O2,
with most physiological parameters only differing significantly from normoxic (8.0 mg/L O2)
levels when DO levels decreased to 1.5 or 2.0 mg/L O2.
Increased ventilation rate was the most widely observed physiological response, and the
only response where DO thresholds for activation, defined as the mean response at that DO level
differing significantly (p < 0.05) from the mean response at control (8.0 mg/L O2) based on an
ANOVA and Tukey post-hoc test, overlap between the two species (Figure 18). Pre- to postexposure change in ventilation rate was elevated compared to control fish ≤6.0 mg/L O2 for
speckled sanddabs, and ≤2.0 mg/L O2 for English sole. For the other compensatory mechanism
measured, hematocrit, there was only a significant increase above control levels at 3.0 mg/L O2

71
for speckled sanddabs, coinciding with increased ventilation rate (Figure 18). The greatest
number of overlapping physiological responses occurred at 1.5 mg/L O2 and 2.0 mg/L O2;
increased ventilation rate, decreased MMR and aerobic scope, and elevated L-lactate levels in
muscle tissue were observed in English sole at 1.5 mg/L O2, while increased ventilation rate and
L-lactate levels were both observed at 2.0 mg/L O2 in speckled sanddabs (Figure 18).

Figure 18. DO thresholds where each physiological response was activated, defined as the mean response at that
DO level differing significantly (p < 0.05) from the mean response at control (8.0 mg/L O2) based on an ANOVA
and Tukey post-hoc test. Responses without a significant difference from control at any DO level (SMR, SOD, and
HIF-1a) were excluded from this figure. Additionally, metabolic data was not available for speckled sanddabs, so
MMR and aerobic scope rows are for English sole only. Grids filled in yellow indicate a significant response in
speckled sanddabs, grids filled in blue indicate a significant response in English sole, and grids filled in a blue-toyellow gradient indicate a significant response in both species. Arrows indicate the direction of response (i.e., higher
or lower than control mean).
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How Juvenile Fish are Impaired by Low Oxygen Levels
COMPENSATING FOR LOW DO
When environmental DO levels decrease, fish may prevent tissue-level hypoxia by
employing compensatory mechanisms. These mechanisms may include several physiological
changes that increase the oxygenation of blood and tissues in response to low DO, but the two in
particular that were measured in this study are ventilation rate and hematocrit (Hct). Both species
compensated for hypoxia by increasing their ventilation rate, with fish increasing breaths per
minute as DO level decreased. This higher ventilation rate increases oxygenation via a larger
volume of water passing over their gills. Even though the water contains less dissolved oxygen,
fish can still maintain adequate oxygenation if the volume of poorly oxygenated water is
increased. Elevated ventilation rate in response to decreasing DO levels is a widely observed
physiological response, with many prior studies on flatfishes finding higher ventilation rates at
moderate to low levels of hypoxia (Tallqvist et al., 1999; Taylor & Miller, 2001; Nishizawa et
al., 2017). However, increased ventilation rate may come at a cost, as it requires greater energy
expenditure by the fish. A study on Nile tilapia found that the metabolic cost of ventilation
significantly increased under hypoxic conditions, with 3% of oxygen uptake (VO2) being
devoted to ventilation under normoxic conditions, while 18% of VO2 was devoted to ventilation
at 2.63 mg/L O2 (Fernandes & Rantin, 1994). More significant energy expenditure may be very
problematic under hypoxic conditions. I observed decreased standard and maximum metabolic
rate with decreasing DO in English sole, meaning they are producing less energy at lower DO
levels (Figures 8 & 9). I also observed significantly increased muscle lactate at the 1.5 mg/L O2
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in English sole (Figure 10b), indicating a shift to anaerobic metabolism, which is less efficient
than aerobic metabolism (Richards, 2009).
While neither species exhibited a significant linear relationship between DO level and
Hct, there was a significant increase in Hct at 3.0 mg/L O2 compared to control (8.0 mg/L O2) for
speckled sanddabs. This nonlinear response, with a stronger response at more moderate levels of
hypoxia, is mirrored in other physiological metrics measured for this species, including
ventilation rate and L-lactate. However, this differs from the typical linear relationship of Hct
increasing with decreases in DO that other studies have reported (Taylor & Miller, 2001;
Aboagye & Allen, 2017). One explanation for the lack of an observed hematocrit response is that
the low DO exposure did not occur for a sufficiently long duration to elicit increased
erythropoiesis in most treatments. A study on Pacific sanddabs that also utilized a six-hour
exposure, with a stepwise decrease from 6.5 to 1.0 mg/L O2, found no significant change in
hematocrit, although there was a slight increase compared to the control group (P. Carilli,
CSUMB undergraduate honors thesis). One study that reported a negative relationship between
hematocrit and DO levels in the flatfish southern flounder measured hematocrit after 5 and 27
days of exposure (Taylor & Miller, 2001). However, hematocrit may be elevated in response to
hypoxia over shorter time frames in other species, with one study finding significant increases
after a 3-hour exposure in rock perch and sea carp (Silkin & Silkina, 2005). Another study on
juvenile American paddlefish found significant increases in Hct in response to both 3.57 mg/L
and 2.14 mg/L O2 treatments following both acute and chronic exposures ranging from 0.25-72
hours. Another caveat with the Hct data was that there was insufficient blood volume to fill more
than one microcapillary tube due to the small size of the juvenile fish, and replication with at
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least two, if not three, microcapillary tubes is recommended (Snieszko et al., 1960). Therefore,
lack of replication potentially reduced the robustness of this dataset.
CHANGES IN METABOLIC RATE
Energy is produced via metabolism, and all metabolic parameters measured were reduced under
hypoxic conditions in English sole. Even at a resting state, there was a significant positive linear
relationship between change in SMR and DO level, with a greater decrease in SMR as DO level
decreased (Figure 9b), indicating reduced energy production at lower DO levels. This issue
becomes more severe when MMR is considered, as there was an even more significant positive
relationship between change in MMR and DO level, with a greater decrease in MMR as DO
level decreased. Change in aerobic scope, the difference between SMR and MMR (i.e., a fish’s
ability to raise its metabolic rate over resting levels) also had a significant positive linear
relationship with DO level, with a greater decrease in aerobic scope as DO level decreased. One
potential limitation of the MMR data is the use of the exhaustive chase method, instead of the
swim flume method, due to the benthic nature of flatfishes, though there should be little
difference between the two methods (Killen et al., 2016). However, some differences in MMR
could be due to differing responsiveness to the chase method between individual fish.
Other studies have also reported significant changes in either MMR or aerobic scope in
response to hypoxia with fewer studies observing changes in SMR. A study on the flatfish Dover
sole, utilizing 12-hour hypoxic exposures, reported that aerobic scope declined beginning at 3.2
mg/L O2, while resting metabolic rate did not decline until 1.0 mg/L O2 or lower (van den
Thillart et al., 1994). A study on juvenile Greenland halibut, another flatfish species, found that
both MMR and aerobic scope were significantly decreased at ~2.0 mg/L O2, but SMR was not
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significantly impacted (Dupont-Prinet et al., 2013). Similar findings have also been observed in
other fish species, with a study on juvenile copper and blue rockfish finding that both MMR and
aerobic scope significantly decreased at 6.0, 4.1, and 2.2 mg/L O2, but SMR was not
significantly impacted (Mattiasen et al., 2020). However, a study on Pacific sanddabs reported
significantly lower SMR at 1.0 mg/L O2 (P. Carilli, CSUMB undergraduate honors thesis).
If juvenile fish are unable to raise their metabolic rate over resting levels at lower DO
levels, as evidenced by reduced MMR and aerobic scope, then they may only maintain functions
necessary for homeostasis. Other “non-essential” functions, such as growth, will be reduced,
which could significantly impair the success of juvenile fish utilizing nursery habitats for those
purposes. A study on juvenile English sole found a significant reduction in growth at 1.4 mg/L
O2, similar to the 1.5 mg/L O2 threshold where I observed significant reductions in English sole
metabolic rate (Bancroft, 2015). Additionally, reduced MMR and aerobic scope will reduce a
fish’s mobility, and make them less able to capture prey and escape predation, which could lead
to reduced growth and increased mortality, respectively. A study on juvenile flounder that
examined mortality, ventilation rate, and predation efficiency under hypoxic conditions found
decreased predation efficiency at DO levels below 3.0 mg/L O2, in addition to significant
mortalities below 1.0 mg/L O2 (Tallqvist et al., 1999).
SHIFTS TO ANAEROBIC METABOLISM
In the absence of sufficient oxygen, fish may also switch to anaerobic metabolism for energy
production. However, anaerobic metabolism is far less efficient than aerobic metabolism, so fish
are still limited in their ability to meet their energy demands and unable to persist long-term with
anaerobic metabolism alone (Richards, 2009). Measuring lactate concentration is one way to
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determine if fish are switching to anaerobic metabolism as lactate is a byproduct. For both
species, a negative relationship between L-lactate concentration in muscle tissue and DO level
was observed as hypothesized, with L-lactate concentration increasing as DO level decreased.
This indicates that juvenile English sole and speckled sanddabs may both experience less
efficient energy production in hypoxic environments. Greater L-lactate in muscle tissue after the
same duration of hypoxic exposure, at both 3.0 and 1.5 mg/L O2, was also found in a prior study
on the flatfish turbot (Pichavant et al., 2002). That study also measured lactate in liver tissue and
in plasma, and found that lactate levels did not significantly vary at 3.0 mg/L O2, but were
significantly higher at 1.5 mg/L O2 for both liver tissue and plasma (Pichavant et al., 2002).
One potential limitation of my study is measuring L-lactate in muscle tissue as the only
indicator of anaerobic metabolism. Prior studies indicate that muscle lactate may increase at
higher DO thresholds than other tissue types or blood samples, and suggest that the overall
pattern of response may be similar across tissues. For example, one study reported a similar
pattern of lactate level increasing for both liver and muscle tissue, as well as plasma, although
the concentrations varied (Pichavant et al., 2002). Another study measuring blood lactate in sole
found a significant increase in lactate concentrations at DO levels lower than the DO levels
utilized in this study, finding significantly increased blood lactate after 12 hours of exposure to
1.0 and 0.5 mg/L O2 (van den Thillart et al., 1994). Lactate levels may be expected to increase at
such extremely low DO levels, where fish are forced to rely upon anaerobic metabolism after
other compensatory mechanisms have failed to sufficiently increase oxygenation to allow for
aerobic metabolism. As such, lactate may be expected to significantly increase at DO levels
below the DO levels at which other compensatory mechanisms have been found to significantly
increase. This is demonstrated by a significant increase in ventilation rate beginning at 2.0 mg/L
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O2 for English sole, with significantly increased L-lactate at 1.5 mg/L O2. In speckled sanddabs,
ventilation rate significantly increases at mid-range DO levels higher than the 2.0 mg/L O2 for
English sole, and the significant L-lactate concentration threshold of 2.0 mg/L O2 is also higher
than the 1.5 mg/L O2 threshold for English sole. This may indicate that speckled sanddabs are
better able to compensate for low DO levels because they are able to begin utilizing
compensatory mechanisms at higher thresholds, and potentially respond to hypoxia faster as a
result. However, this higher threshold could also indicate a lower tolerance for declining DO.
OXIDATIVE STRESS
Additionally, an oxidative stress response was observed in English sole at the lowest DO
level (1.5 mg/L O2), as evidenced by an increase in the concentration of SOD in gill tissue. This
was not observed in speckled sanddabs, nor was there a significant linear relationship between
SOD and DO level for either species. It is possible that higher SOD concentrations would have
been observed upon recovery at normoxic conditions following hypoxic exposure because
reactive oxygen species (ROS) typically increase at higher oxygen saturations. Alternatively, the
duration of exposure may have been too short to elicit an increase in SOD concentrations, as
some prior studies have only found increases in SOD in gill tissue after 8-12 hours of hypoxic
exposure (Víg & Nemcsók, 1989; Cooper et al., 2002). While this study could have been
strengthened by measuring SOD in multiple tissue types, gill tissue was chosen because SOD in
gill tissue was found to increase in response to hypoxia in studies in other studies that measured
SOD in gill, muscle, and liver tissue (Cooper et al., 2002), and in gill, liver and brain tissue (Víg
& Nemcsók, 1989). While SOD in liver tissue did show a significant increase in response to
hypoxia in carp (Víg & Nemcsók, 1989), it did not consistently increase in response to hypoxia
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in spot (Cooper et al., 2002), so gill tissue seemed to be a better representative tissue type for
measuring SOD.
CHANGES IN GENE EXPRESSION
There was also no significant relationship between the concentration of HIF-1α in brain tissue
and DO level. This may indicate that the hypoxic exposure was not severe or long enough to
trigger changes in gene expression in response to hypoxia. Brain was found to be the tissue with
the greatest gene expression change in response to hypoxia in the flatfish species, flounder
(Tiedke et al., 2014). A study on a different fish species, Eurasian perch, also found high HIF-1α
expression in brain tissue, as well as in heart, spleen, and eye, after only a 1-hour exposure to
hypoxia, but the level of hypoxia chosen was more severe at only 0.4 mg/L O2 (Rimoldi et al.,
2012). On the other hand, HIF expression in Atlantic croaker varied at more moderate DO
exposures similar to the levels used in this study, but after longer exposures; a significant
increase in HIF-1α expression in brain, heart, liver, and gonads occurred after three days to one
week of exposure at 1.7 mg/L O2, and in ovaries after three weeks of exposure to 1.7, 2.7 and 3.7
mg/L O2 (Rahman & Thomas, 2007). The methods of both of these studies differed from the
methods I used, with mRNA transcript copy number found via RT-qPCR (Rimolid et al., 2012)
or Northern blot analysis (Rahman & Thomas, 2007). Increased HIF-1α mRNA expression does
not always lead to increased protein expression which could explain the discrepancy in findings
(Kopp et al., 2011). It is also possible that post-translational modifications to HIF-1α occurred
under hypoxia but were not measured in this study. In addition, because both studies observed
different HIF expression patterns in different tissue types, my study could have been
strengthened by measuring HIF-1α levels in multiple tissues. However, due to limited tissue and
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assay kit availability, brain tissue was chosen due to high HIF-1α expression being found in this
tissue in response to hypoxia across multiple studies in other fishes (Rimolid et al., 2012;
Rahman & Thomas, 2007).
Thresholds for Tolerance & Species-specific Differences
For ventilation rate in both species there was a significant negative linear relationship with DO
level, and for metabolic rate metrics in English sole there was a significant positive linear
relationship with DO level. Therefore, these physiological parameters begin to change even at
mid-range DO levels, indicating that juvenile fish may start to experience negative physiological
impacts even at DO levels only slightly lower than normoxic. For speckled sanddabs,
significantly higher ventilation rates are observed at all DO levels lower than the normoxic 8.0
mg/L O2, while for English sole, ventilation rate is not significantly increased above the
normoxic ventilation rate until 2.0 mg/L O2. Similarly, metabolic rate metrics (SMR, MMR, and
aerobic scope) in English sole were significantly lower compared to normoxic values at either
2.0 or 1.5 mg/L O2, depending on the metric. While some changes in metabolic rate and
ventilation rate were seen at higher DO levels, other biochemical changes such as increased
concentration or oxygen affinity of hemoglobin or increased blood flow rate (Farrell & Richards,
2009), may buffer the significance of the effects until a lower DO level is reached.
The higher tolerance for low DO levels observed in speckled sanddabs based on field
surveys in Elkhorn Slough (Hughes et al., 2015) could be explained by the higher hematocrit
levels and ventilation rates observed in speckled sanddabs compared to English sole (Table 4).
Higher ventilation rates would increase the amount of oxygenated water passing over their gills,
while higher hematocrit indicates a higher oxygen carrying capacity in their blood, with both of
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these factors increasing their tolerance of hypoxic conditions. Higher baseline hematocrit
observed in speckled sanddabs compared to English sole is likely an evolutionary difference
between the species. Another study compared blood biochemistry of closely-related flatfish
species, plaice and flounder, finding that the more hypoxia-tolerant flounder have higher
hematocrit and greater oxygen-affinity of hemoglobin (Weber & Wilde, 1975). While these
fishes inhabit similar habitats in their juvenile life stage, their adult habitats differ, with flounders
being found in shallower and more environmentally variable habitats. This is potentially
mirrored in speckled sanddabs and English sole, with English sole having a greater depth range
of 0-550 meters compared to 0-366 meters for speckled sanddabs; additionally, speckled
sanddabs are typically found in habitats much shallower than their lower limit, often less than 60
meters (Washington Department of Fish and Wildlife). The higher levels of L-lactate and SOD
found in speckled sanddabs compared to English sole (Table 4) could indicate that speckled
sanddabs are shifting to anaerobic metabolism at higher DO levels and mounting a stronger
response to oxidative stress, both of which could mitigate the impacts of hypoxia. While it could
be argued that these higher thresholds indicate a reduced tolerance, I would have expected more
severe negative impacts (e.g., increased mortality, or a significant increase in SOD with
decreasing DO) if this were the case.
A significant increase in L-lactate concentration at very low DO levels, 2.0 mg/L for
speckled sanddabs and 1.5 mg/L for English sole, may indicate that the threshold where fish shift
to anaerobic metabolism is quite low for acute exposures. At least for short-term exposures, other
compensatory mechanisms, such as increasing ventilation rate, could ensure sufficient oxygen to
continue aerobic metabolism as long as DO levels do not drop below these thresholds. This low
threshold is also observed for SOD, which only significantly increased at 1.5 mg/L O2 in English
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sole, indicating 1.5 mg/L O2 may be the threshold where significant oxidative stress occurs for
this species, while the threshold may be even lower for speckled sanddabs. However, six hours
may be too short of an exposure for some of these responses to hypoxia to be mounted.
Nevertheless, six hours represents an ecologically realistic exposure duration based on DO levels
that tend to fluctuate on diurnal cycles, being much lower at night, in the Elkhorn Slough
(Caffrey et al., 2007; NERRS, 2015). Some prior studies have observed similar responses in this
timeframe, including a study on the flatfish turbot which reported increased lactate in muscle
tissue after six hours of exposure to both 3.0 and 1.5 mg/L O2 (Pichavant et al., 2002). On the
other hand, some studies have only observed an increase in SOD in gill tissue over a longer
timeframe and lower DO levels: after an 8-hour exposure to 1.0 mg/L O2 in carp, and after a 12hour exposure to 0.8 mg/L O2 in spot (Víg & Nemcsók, 1989; Cooper et al., 2002). Future
studies could utilize a longer DO exposure (i.e., 8 or 12 hours), or instead better simulate the
diurnal fluctuations observed in Elkhorn Slough by exposing fish to daily, 6-hour exposures over
multiple days.
Given that only one hypoxia-related mortality occurred during these short-term exposures
at the lowest DO level (1.5 mg/L O2), these species are clearly quite hypoxia tolerant, at least
over a short duration of exposure, as the median lethal oxygen concentration for fishes overall is
1.54 ± 0.07 mg/L O2 (Vaquer-Sunyer & Duarte, 2008). This high hypoxia tolerance has also
been observed in Pacific sanddabs, closely related to speckled sanddabs, with a reported Pcrit of
2.0 mg/L O2 (P. Carilli, CSUMB undergraduate honors thesis). Future work could include longer
exposures, as well as lower DO levels, in addition to comparisons between lab and field trials.
Such experiments could examine how fish may respond in more tidally restricted areas that may
be hypoxic, or even anoxic, for longer periods of time. While locations near the mouth of the
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slough, including where we collected fish, do not typically experience DO levels this low, more
tidally restricted sites (e.g., Azevedo Pond and North Marsh) do experience DO levels this low
and even lower (Figure 1). Duration of exposure can vary from hours at North Marsh to days at
Azevedo Pond.
It is worth noting that thresholds observed in laboratory settings may differ from
thresholds seen in the natural environment due to behavioral responses. In the natural
environment, fish may be able to move away from hypoxic areas or swim to the surface to
breathe oxygenated surface water or air. However, even if hypoxia does not directly cause
mortalities due to these behavioral responses, it could reduce the amount of suitable nursery
habitat if fish are being forced to leave certain areas of the slough and could increase predation
risk on juvenile fish as they swim to more exposed areas and the surface. Studies have
demonstrated that juvenile English sole have decreased survival in predation trials relative to
other closely related flatfishes, due to both increased high-risk behavior and decreased inhibition
in the presence of predators relative to other flatfish species measured (Ryer et al., 2008; Ryer et
al., 2012). This increased predation risk could be worsened under hypoxic conditions if
behaviors to compensate for hypoxia further increase predation risk. For example, a study on
juvenile flounder observed increased surface breathing behavior at DO levels lower than 3.0
mg/L O2 (Tallqvist et al., 1999). A study on juvenile summer flounder found increased
swimming speed in response to decreasing DO, likely as a mechanism to escape hypoxic areas,
until 1.4 mg/L O2, at which point swimming speed decreased, in addition to more erratic
swimming upon recovery from hypoxic conditions (Brady & Targett, 2010). In addition to these
behaviors potentially making juvenile flatfish more susceptible to predation, it may also become
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energetically taxing for a primarily benthic fish like these flatfish species to frequently leave the
benthos to breathe in the upper water column or at the surface.
Additional studies could examine physiological and biochemical responses during the
post-hypoxic exposure recovery period to determine how fish are affected upon the return to
normoxic conditions. Such designs may also capture stronger oxidative stress responses. Elkhorn
Slough experiences frequent fluctuations between normoxic and hypoxic DO levels (primarily
on a diurnal basis due to timing of oxygen production via photosynthesis, but also on a
semidiurnal basis to a lesser extent due to tidal influences; Caffrey et al., 2007), and the ability to
examine and compare responses both during and following hypoxia could more fully elucidate
responses that may be occurring in the natural environment.
Interindividual Variation in Responses to Hypoxia
In addition to differences in response to hypoxia between the two species, there may also be
variation in how individual fish respond physiologically to hypoxic conditions within a dissolved
oxygen treatment. There was significant interindividual variation in metabolic parameters for
English sole, with a significant decrease in interindividual variation with decreasing DO level for
both MMR and aerobic scope, but not for SMR. This indicates that when fish are expending
more significant energy at a higher metabolic state, their metabolic rate may be more strongly
influenced by available oxygen, while individual differences may play a stronger role in
metabolic rate at a resting state when oxygen demand would not be as high. A study on
responses to hypoxia in gulf killifish found significant interindividual variation in metabolic rate,
and found that interindividual variation was higher at higher DO levels, which is the same trend
observed in my study (Virani & Rees, 2000). They attributed decreased interindividual variation
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in metabolic rate at lower DO levels to a restricted capacity for oxygen uptake, due to a reduction
in activity and ability to raise ventilation rates at lower DO levels (Fry, 1971; Virani & Rees,
2000). Future studies may also consider running individual fish through multiple rounds of
metabolic rate trials to determine levels of intraindividual variation.
Interindividual variation was also observed in the principal component analysis of other
physiological responses. Variance in PC1 increased as DO level decreased for English sole
(Figure 16), corresponding to increased interindividual variation in SOD, L-lactate, and postexposure ventilation rate as DO level decreases, and decreased interindividual variation in
hematocrit as DO level decreases. This indicates that as DO levels decrease, there is increased
variation in how individual fish compensate for decreasing DO by increasing ventilation rate,
undergoing shifts to anaerobic metabolism (increased L-lactate), and experiencing oxidative
stress (increased SOD). While not measuring changes in variance in response to DO level, a
study on enzyme activities (including SOD and lactate dehydrogenase) in response to hypoxia in
spot found high interindividual variation, with interindividual variation within DO treatments
often exceeding the variation between treatment means (Cooper et al., 2002). The authors
suggested that some of this interindividual variation could be the result of a preconditioning
response from prior hypoxic exposures (Cooper et al., 2002).
Unlike English sole, there was not a significant change in variance with DO level for
either PC1 or PC2 for speckled sanddabs. These results suggest there may be significant
differences in how individual juvenile English sole respond to hypoxic conditions, with some
individuals exhibiting a higher tolerance for low DO, while others are more significantly
impaired. If hypoxic events are frequent or severe enough in Elkhorn Slough, they may exert a
selective pressure where English sole with poor hypoxia tolerance may not survive, while
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individuals with higher tolerance for hypoxia will be better able to survive and experience higher
fitness, potentially shifting the population to greater hypoxia tolerance over time. The high level
of variability in response to hypoxia in this species suggests a high level of adaptive potential,
which may be beneficial in terms of a population-level response to hypoxic conditions over time.
A study comparing responses to the combined stressors of hypoxia and temperature on fishes
suggests that intraspecific variation could lead to increased tolerance through adaptive change
(McBryan et al., 2013). The less significant individual differences observed in speckled sanddabs
in response to decreasing DO potentially suggests that speckled sanddabs already have a higher
tolerance for low DO conditions, and may have evolved to be better suited to survive hypoxic
events. On one hand, speckled sanddab populations may be able to adapt more quickly to
environmental stressors because they have a significantly shorter lifespan compared to English
sole (3-4 years versus 20 years). On the other hand, they may have also less standing
physiological variation on which selection could act if hypoxia worsens.
Implications for Estuarine Nursery Habitat, Offshore Fisheries, & Beyond
Hypoxia presents an ecological and economic challenge to the coastal zone by impacting
numerous ecologically and commercially significant species. Understanding the mechanisms by
which hypoxia impacts estuarine organisms can help determine solutions to mitigate the effects
of hypoxic conditions in estuaries. In particular, flatfish may serve as an indicator species for
assessing the need for, and impacts of, estuarine management and restoration to mitigate hypoxic
conditions. This research helps elucidate the effects of anthropogenic changes to flatfish nursery
habitat, which may inform projections of how flatfish fisheries will respond to climate change
conditions. Physiology-based models, including aerobic scope models, have been found to be
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effective in predictive modeling of habitat suitability because aerobic scope can be impacted by a
number of environmental factors, and reductions in aerobic scope indicate a reduction in
performance that can be related to species abundance and distribution (Teal et al., 2018). Taking
an interdisciplinary approach and combining findings from physiological studies and fisheries
data could further strengthen these models and our understanding of how fishes respond to their
environments, subsequently strengthening our ability to predict fishery dynamics (Horodysky et
al., 2015).
Speckled sanddabs and English sole in Elkhorn Slough serve as excellent models for
determining both how juvenile flatfish respond physiologically to hypoxic conditions, and how
nursery habitat function may be impaired by hypoxia. Elkhorn Slough is a critical nursery
ground for many fish species, and is a biodiversity hotspot in the Monterey Bay region as the
only major estuary within around 350 km of coastline. Therefore, the results of this study could
be broadly important for ascertaining the health of this estuarine system in terms of nutrient
loading and hypoxic events if flatfish can be utilized as an ecological indicator species. The
physiological results from these experiments also help explain observations of apparent
ecological thresholds for flatfish presence in Elkhorn Slough (Hughes et al. 2015). Furthermore,
data on the effects of hypoxia on juvenile flatfish demonstrates how DO levels may impact
flatfish nursery habitat, and consequently, offshore flatfish fisheries. As approximately 50% of
the adult English sole population in Monterey Bay utilized Elkhorn Slough as a nursery habitat
in their juvenile life stage (Brown, 2006), stressors experienced by juveniles in Elkhorn Slough
may have a significant impact on the adult population. Flatfish likely experience the strongest
hypoxia exposure as juveniles in their estuarine nursery habitat compared to the adult offshore
habitat where DO levels are likely not as low, meaning this nursery habitat stage may be a
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critical step in determining the fitness of the adult offshore population. Additionally, a study that
examined metabolic responses to hypoxia in both juvenile and adult Greenland halibut found that
juveniles were significantly less tolerant of hypoxia than adults, based on Pcrit (Dupont-Prinet et
al., 2013). A review on phenotypic plasticity in fishes in response to environmental stressors,
including hypoxia, suggests that exposure to hypoxia in early life stages may lead to an increased
tolerance of hypoxia at later life stages, but may also negatively impact growth and development
(Vagner et al., 2019).
In addition to offshore fisheries, the findings of this research may have applications in
aquaculture. Numerous flatfish species are currently farmed in aquaculture, including species of
turbot, halibut, sole, and flounder (Brown, 2002). However, compared to other fish species
farmed in aquaculture, relatively little is known about the biology of commercially important
flatfish species, which require different conditions and care than other finfish (Brown, 2002;
Cerda & Manchado, 2013). This study expands knowledge around how flatfish respond
physiologically to environmental stress, particularly hypoxia, which could be applied to
determining optimal conditions for raising flatfish in aquaculture, as well as indicators of
physiological stress in flatfish. For example, specific DO thresholds below which physiological
changes are seen could be utilized as levels for seawater systems to alert to low DO levels
necessitating supplementation of oxygen with air stones or a similar mechanism. In terms of
physiological stress indicators, ventilation rate is one of the first metrics to change in response to
decreasing DO and measuring ventilation rate would be a fairly low effort process to quickly
assess physiological stress related to DO levels in an aquaculture setting, with no detrimental
impacts on the fish.
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However, potential applications are not limited to flatfish. This research can deepen the
understanding of how organisms respond metabolically and biochemically to hypoxia, as well as
the thresholds below which these changes are seen. Additionally, results can inform future
studies in other species and nursery habitats by providing suggestions for both environmentallyrealistic DO levels to utilize and physiological metrics to test that were responsive to DO level
changes in this study. Nursery habitats are an important coastal resource, making it critical to
understand how hypoxia will affect the ability of estuaries functioning in this capacity. Although
the research was performed on speckled sanddabs and English sole in Elkhorn Slough, the results
may be applicable to other estuarine species, as well as to work in other estuaries along the
California coast and beyond.
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