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Abstract 

 

Locomotor and physiological performances of striped bass relevant to Darwinian fitness 

under natural levels of hypoxia  

Krista Kraskura 

 

Due to climate change and anthropogenic influences, aquatic hypoxia is occurring 

more frequently, is more severe and it persist for longer periods of time. Juvenile striped 

bass being obligate aerobes and occupying an increasingly more hypoxic Chesapeake 

Bay, may be under additional pressures to meet their metabolic needs to support activities 

crucial for Darwinian fitness. The goals here were to investigate several such 

performances under hypoxia: sprint swimming, prey capture, escape response, hypoxia 

tolerance, and respiration rate under low and high flow conditions. Juvenile striped bass 

sprinted slower under hypoxia vs. normoxia in a repeatable manner. Kinematics of prey 

capture and escape response seemed to be unaffected when exposed to hypoxia, but 

motivation to escape and feed was reduced. Their hypoxia tolerance increased over time, 

but was not obviously related to their metabolic rates while swimming. Aerobic 

swimming metabolism was suppressed in hypoxic water. And lastly, all performances 

varied substantially between individuals.  



v 

 

Table of Contents 

 

Chapter 1  

Sprint Swimming .................................................................................................................1 

“Hypoxia and sprint swimming performance of juvenile striped bass, Morone saxatilis.” 

List of Figures .................................................................................................................... ix 

 

Chapter 2 

Escape Response and Prey Capture  ..................................................................................25 

“Escape response and prey capture ability of juvenile striped bass: hypoxia alters 

behavior not kinematics.” 

List of Tables .................................................................................................................... vii 

 List of Figures .....................................................................................................................x 

 

  



vi 

 

Chapter 3 

Hypoxia Tolerance, Swimming, and Respiration Rate ......................................................59 

“Hypoxia tolerance and swimming respiration rate in juvenile striped bass under hypoxic 

conditions, and the relationships between them.” 

List of Tables ................................................................................................................... viii 

 List of Figures ................................................................................................................... xi 

 

Appendices .......................................................................................................................100 

References ........................................................................................................................102 

Curriculum Vitae  ............................................................................................................130 

  



vii 

 

List of Tables 

 

Chapter 2: Escape Response and Prey Capture 

Table 1. Kinematic and speed variables measured to describe escape response. .............47 

Table 2. Kinematic and speed variables measured to describe prey capture ....................48 

Table 3. Escape response performance under normoxia (> 90 % air saturation) and 

hypoxia (approximately 20 % air saturation). ....................................................................49 

Table 4. Mean prey capture performance measures of all individuals (n = 5) under 

normoxic (> 90 % air saturation) conditions. ....................................................................50 

Table 5. The comparison between prey capture performances of three individuals that 

engaged in feeding under both, normoxic and hypoxic conditions. ..................................51 

  



viii 

 

Chapter 3: Hypoxia Tolerance, Swimming, and Respiration Rate 

Table 1. The mean performance, variance, and mixed effect model output summary of 

respiration rate of 18 individual juvenile striped bass under two flow and two oxygen 

conditions.  .........................................................................................................................87 

Table 2. Repeatability and Post Hoc-Tukey’s analysis results of mixed effect model 

investigating the difference in respiration rate of individual striped bass swimming under 

low and high flow under normoxic and hypoxic conditions.  ............................................88 

  



ix 

 

List of Figures 

 

Chapter 1: Sprint Swimming 

Figure 1: Repeatability of sprint swimming performance of fifteen juvenile striped bass 

in water with oxygen regulated at 20 % of air saturation. .................................................22 

Figure 2: Mean sprint swimming performance of fifteen juvenile striped bass in three 

separate trials ordered chronologically ..............................................................................23 

Figure 3: Frequency distribution of which 8 cm laser interval of the SPC recorded a 

maximum sprint speed .......................................................................................................24 

  

  



x 

 

Chapter 2: Escape Response and Prey Capture 

Figure 1. Graphical representation of the escape response experimental set up...............54 

Figure 2. An image of a juvenile striped bass, Morone saxatilis, capturing the prey 

showing all landmark points used in digital analysis.........................................................55 

Figure 3. Responsiveness (%) of startled juvenile striped bass ........................................56 

Figure 4. Prey consumption by each individual striped bass exposed to normoxia and 

hypoxia ...............................................................................................................................57 

Figure 5. Axes of a principal component analysis on prey capture performance under 

hypoxic, 20 % air saturation (AS), and normoxic, > 90 % AS, conditions. ......................58 

. 

  



xi 

 

Chapter 3: Hypoxia Tolerance, Swimming, and Respiration Rate 

Figure 1. Hypoxia challenge tests and respirometry tests schematic timeline ..................93 

Figure 2. Body size (mass, g) and oxygen consumption rate relationship of 18 juvenile 

striped bass .........................................................................................................................94 

Figure 3. Hypoxia tolerance (HT) over time .....................................................................95 

Figure 4. The relationships between increases in hypoxia tolerance (ΔHT), respiration 

rate, and growth rate of juvenile striped bass ....................................................................96 

Figure 5. Respiration rate under different environmental oxygen and flow conditions: H-

LF (hypoxia low flow), H-HF (hypoxia high flow), N-LF (normoxia low flow), N-HF 

(normoxia high flow), N-LF2 (normoxia low flow, recovery) ..........................................97 

Figure 6. The difference between respiration rate of each juvenile striped bass (n=18) 

while swimming against low flow (10.2 cm s-1) and high flow (estimated 67 % Umax) in 

normoxia vs. hypoxia. ........................................................................................................98 

Figure 7. The relationship between the change in hypoxia tolerance of 18 juvenile striped 

bass and their measured increase in oxygen consumption rate while swimming in low and 

high flow under two conditions: hypoxia (20 % air saturation, AS) and normoxia > 90 % 

AS ......................................................................................................................................99 

 



1 

 

 

 

 

 

CHAPTER 1 

Sprint Swimming  

 

 

“Hypoxia and sprint swimming performance of juvenile 
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Abstract 

Annual hypoxia in the Chesapeake Bay has expanded to the point where 

Darwinian fitness of juvenile striped bass (Morone saxatilis) may depend upon their 

ability to perform in low oxygen environments. The locomotion they use in predator/prey 

dynamics relies primarily on white (Type II) muscle that is powered by anaerobic 

metabolic pathways, thus it has generally been thought to be immune to aquatic hypoxia. 

We tested the sprint swimming performance of fifteen juvenile striped bass twice under 

acute hypoxia (20 % air saturation (AS)) five weeks apart and once under normoxia (> 85 

% AS) in between. Most individuals had a significantly lower sprint swimming 

performance under the first hypoxia exposure than in normoxia, and most individuals 

sprinted significantly better in their second hypoxia test. The rank order of individual 

sprinting performances was significantly repeatable when comparing the two hypoxia 

tests, but not when comparing normoxic sprint performance with that under hypoxia. The 

maximum sprinting ability of each individual was also significantly repeatable within a 

given day. Thus, sprinting ability of striped bass under hypoxia is less than in normoxic 

waters, is phenotypically plastic and improves with repetitive hypoxia exposures but is 

unrelated to relative sprinting ability under normoxia. Since energy to fuel a sprint comes 

from existing ATP and creatine phosphate stores, the decline in sprint performance 

probably reflects reduced function of a part of the reflex chain leading from detection of 

aversive stimuli to activation of the muscle used to power the escape response. 
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Introduction 

Low oxygen concentrations in aquatic systems are increasingly common in 

today’s world (Breitburg et al. 2009). A combination of high nutrient loading, warmth, 

low water mixing, and decomposing bacteria produce large hypolimnetic regions devoid 

of oxygen (dead zones) in many lakes and estuaries. In the Chesapeake Bay, for example, 

these dead zones may persist for as much as ½ of the year (Hagy et al. 2004; Kemp et al. 

2005; Scully 2016a). Unfortunately, these dead zones are not static, as strong winds and 

tidal currents can quickly drive hypoxic bottom-water upwards into usually normoxic 

littoral zones (Breitburg 1992; Kemp et al. 2005; Scully 2016a; Scully 2016b). 

Consequently, aquatic organisms can experience acute hypoxia exposure that may 

significantly disturb or completely overwhelm the ability of even motile organisms such 

as fish to escape or acclimate (Domenici et al. 2007; Rice et al. 2013). On such occasions, 

the survivorship and therefore Darwinian fitness of a fish may be directly associated with 

its ability to perform routine biological functions under hypoxic conditions. Aerobic 

swimming performance, measured as Ucrit or Umax (critical swimming speed, and 

maximum swimming speed, respectively), has been studied often and in multiple species 

under hypoxic conditions (Domenici et al. 2013). The general finding from these studies 

is that hypoxia constrains aerobic scope (AS) and thus metabolic power of individuals 

(Fry 1971; Claireaux et al. 2000; Claireaux and Chabot 2016), resulting in a reduced 

maximum sustained swimming capacity (Dahlberg et al. 1968; Bushnell et al. 1984; Dutil 

et al. 2007; Petersen and Gamperl 2010), not unexpected for swimming powered mostly 

by Type I muscle fibers (red) that rely on oxygen for energy transduction (McKenzie 

2011). Only a few studies (Lefrançois et al. 2005; Lefrançois and Domenici 2006; 
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Gotanda et al. 2012 that all measured fast-start escape responses, generally only the first 

70-100 ms of an aversive response) have explored whether hypoxia influences fish 

swimming performances powered mostly by Type II muscle fibers (white) that are fueled 

primarily with anaerobically produced energy (Weber and Haman 1996). To our 

knowledge, no studies have investigated sprint swimming performance, as defined by 

Reidy et al. (2000) and Nelson et al. (2002), of fish under hypoxia. This type of 

locomotor performance is thought to be critical for mortality selection in many fish types 

(Nelson et al. 2002; Handelsman et al. 2010; Oufiero et al. 2011; Vandamm et al. 2012), 

but the direct benefit of high sprinting ability in fish has rarely been tested. Oufiero et al. 

(2011) and Handelsman et al. (2010) report positive relationships between fish sprinting 

capacity and their success in environments with high predation, and Katzir and Camhi 

(1993) and Walker et al. (2005) report similar results for laboratory fish. Therefore, 

sprinting ability might be an important fitness component for many fish species as it is 

often used in escaping from predators and capturing food (Domenici and Blake 1997; 

Nelson et al. 2002), and is likely of equal importance to fishes unwittingly being exposed 

to hypoxic waters.  

The Chesapeake Bay is the nursery for the Atlantic Ocean’s population of the 

culturally and commercially valuable striped bass, Morone saxatilis Walbaum; up to 90% 

of the Atlantic's striped bass population originates in the Chesapeake Bay (Berggren and 

Lieberman 1978). Juvenile striped bass in Chesapeake Bay often occupy the hypolimnion 

(Setzler-Hamilton et al. 1981), an area with high risk of exposure to hypoxia. Because 

these hypoxic zones are mobile, it is unlikely that fish will always be able to escape them, 

and thus will have to be able to perform in these waters if they are to survive. When 
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water-breathing fish in hypoxic waters reach their critical oxygen tension (PO2crit; a point 

at which they can no longer maintain their ordinary metabolic demand aerobically), they 

must rely on supplemental anaerobic metabolism, metabolic arrest, aquatic surface 

respiration or some combination of these to survive until they return to oxygenated 

waters (Chapman and McKenzie 2009). However, the water oxygen tension at which this 

occurs, and also the duration during which fish can operate aerobically at various levels 

of hypoxia varies remarkably among and within a species, including striped bass (Nelson 

and Lipkey 2015). Fish that experience hypoxic conditions often have reduced growth 

(reviewed by Diaz and Breitburg 2009), suppressed immune systems (Burt et al. 2012; 

Lapointe et al. 2014), and changes in escape-associated behaviors, presumably reflecting 

altered brain function (Killen et al. 2012; Lucon-Xiccato et al. 2014). Since, the ability to 

carry out many routine biological functions can be impaired in acute and chronic 

exposure to hypoxic waters, it is possible that sprint swimming, which is critical to 

success in predator/prey interactions, could also be affected by hypoxia. Here we test the 

null hypothesis that sprint swimming performance of juvenile striped bass is unaffected 

by acute hypoxia. Furthermore, because we examined the same individuals twice in 

hypoxia and once in normoxia between the two hypoxia exposures, we can report on the 

repeatability of sprinting performance within and across the contexts of different 

environmental oxygen levels (Killen et al. 2016).  

Methods 

Young of the year striped bass (n = 15) were collected in the summer of 2015 

from the upper Chesapeake Bay and transported to Towson University, where they were 

held in Chesapeake Bay water for 2 days and gradually acclimated to 20°C and 10 ‰ 
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salinity with a maximum temperature change of 2.5°C per day. Fish were held in three 

285 L tanks (n = 5 ± 1, temperature = 20 ± 1.5°C, salinity = 10 ± 1 ‰) with biweekly 20 

– 30 % water exchanges on a 12D:12L light cycle. All animals were fed to satiation at 

least five days a week with commercial pellet food (Hikari tropical food sticks) which 

they readily accepted. At eight weeks post-capture, individuals were anesthetized with 

tricaine methanesulfonate, MS-222 (100 mg L-1, buffered 1:1 with Na+; HCO3), weighed 

(g), and measured for total length (TL) and fork length (FL), and marked with passive 

integrated transponder tags (PIT-tags; Biomark Inc.) for individual identification. Fish 

were allowed a minimum of four weeks to recover from handling and surgery before any 

experimentation.  

Sprint swimming performance was measured in a sprint performance chamber 

(SPC) described by Nelson et al. (2008). Only minor modifications were required to 

allow hypoxia exposure. Briefly, the dimensions of the sprint chamber were 1.5 m 

(length) X 0.15 m (width) X 0.15 m (height). Light-emitting laser diodes (OnPoint 

Lasers, Inc.) were placed on one side of the chamber at 0, 1, 3, 7, 15, 23, 31, and 39 cm 

positions from the sprint starting point. A five mm glass rod was transversely attached to 

the laser lens to refract the laser beam and project a vertical light plane across the 

raceway. The light plane penetrated through a clear plexiglass window on one side of the 

SPC and was detected by eight arrays of Photodarlington detectors (Honeywell 

International, Inc.; 18 sensors/array, 144 sensors total). One sensor was placed vertically 

at every 0.5 cm starting at 0.5 cm from the bottom up to 8.5 cm depth. The light beam 

activated a photoreceptor array that put out a signal to one of eight digital inputs on a 

Powerlab/4S (ADInstruments©, Inc.) interfaced with a computer (Apple, Inc.; 
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MacBook Pro) with LabChart7 (ADInstruments©, Inc.) software. Any disruption 

between the laser light source and the array (e.g. a fish swimming through) was detected 

and recorded by the software. Breakage of the first laser beam acted as the trigger, with 

subsequent beam breakages being recorded to 0.1 msec accuracy. Sprint swimming 

velocity was calculated using recorded times and known distances between arrays. Only 

velocity data from 8 cm intervals (the last four) were analyzed. To control the oxygen 

tension of the sprint chamber, water was supplied to the SPC via an external circuit 

connected to an OXY-REG instrument (Loligo Systems). To maintain oxygenation 

level, a slight flow (< 1 cm sec-1) was directed against the swimming path of the fish in 

the SPC that may have contributed to a slight underestimation of sprint speeds that would 

have been recorded in purely static water.  

Before sprinting, randomly selected individuals were fasted for a minimum of 24 

and a maximum of 48 hours before being transferred without air exposure to the SPC and 

allowed a 1-hour acclimation to the SPC (T = 20.03 ± 0.09 oC, mean ± s.e.m.) (Nelson 

and Claireaux 2005; Handelsman et al. 2010; Killen et al. 2014). Then, for hypoxia tests, 

the oxygen concentration was progressively lowered during the second hour (60 min) 

period to 22.95 ± 0.28 % (mean ± s.e.m.) air saturation (AS; equivalent to 64.4 ± 0.79 

µmol O2 L
-1), a rate of hypoxia development reported by Breitburg (1992) to occur in the 

Chesapeake Bay, by bubbling nitrogen gas into the external circuit of the sprint chamber. 

For the control tests in normoxia, air was bubbled in place of nitrogen to keep any 

bubbling disturbance constant between normoxic and hypoxic tests. Oxygen tension was 

monitored with a galvanic oxygen-sensing probe placed near the holding area of the SPC, 

but in a manner so as not to disturb the fish. Sprinting was initiated after 60 min of 
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oxygen depletion (hypoxia test) or no change (normoxia test) by lifting a retaining gate 

and chasing the fish by hand. Each individual was sprinted a minimum of 5 times with ≥ 

5 min recovery between each trial until 3 quality sprints with a straight path and 

investigator perceived motivation of the fish were obtained. To avoid over-exposure to 

hypoxia, fish in hypoxia were sprinted a maximum of 8 times. The average number of 

trials in hypoxia was: 4.5 ± 2.4 (mean ± SD); and in normoxia was: 6.6 ± 3.8 (mean ± 

SD). No signs of exhaustion or habituation was observed in any of the sprints (see 

“Results” below), and no fish lost equilibrium during experimentation under hypoxia. 

The five-minute interval between tests was justified by previous studies showing no trial 

effect with a similar between trial interval, including those with the congener European 

sea bass (Nelson and Claireaux 2005; Claireaux et al. 2007; Handelsman et al. 2010; 

Killen et al. 2014). Each individual had its sprint performance tested on three separate 

occasions, but the order that individual fish were tested within a given occasion was 

selected randomly. In chronological order, the sprint tests that were performed were: 

hypoxia (H1); followed by normoxia (N); and a second hypoxia test (H2). The minimum 

and average time between tests were: 14 and 19 days between H1-N, respectively; 19 and 

28 days between N-H2, respectively; 37 and 48 days between H1-H2, respectively. Each 

fish was weighed and measured on the final day of each sprint test (TLH1 = 138.9 ± 6.5 

(97 - 183) mm, massH1 = 27.7 ± 4.3 (7.6 - 65.6) g; TLN = 143.7 ± 6.4 (100 - 186) mm, 

massN = 31.3 ± 4.6 (8.3 - 69) g; TLH2 = 153.3 ± 6.3 (107 - 194) mm, massH2 = 37.1 ± 4.6 

(11 - 74.4) g; mean ± s.e.m. (range) for all). The fish handling protocol was approved by 

Towson University’s Institutional Animal Care and Use Committee (12042013JN-02). 
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Data were analyzed and tested for significance using R v3.3.1 (2016) software. 

The level of significance in all tests was α = 0.05. Repeatability between the best and 

second best sprints by each individual within each sprint test (N, H1, and H2; i.e. daily 

repeatability) was tested using Pearson’s correlation, and individual repeatability between 

means of three best sprints from each sprint test (H1-N, N-H2, H1-H2; i.e. long-term 

repeatability) were analyzed using Spearman’s rank order correlation, and Kendall’s 

coefficient of concordance (Kendall’s W for H1-N-H2). We used linear mixed-effect 

models (R package lme4::lmer) to (1) test whether size (TL, mm) and growth rate (GR, 

mm (TL) day-1 and g day-1) were covariates affecting sprint speed, to (2) test for the 

effect of which tank the fish were being held in and observed sprinting ability of 

individuals, and to test (3) for significance differences in sprint swimming performance 

among the three sprint tests (H1, N, H2). In models testing for covariates the fixed effects 

were sprint test (H1, N, H2) with the interactions being TL, GR, and holding tank (tested 

separately), and a random effect of individuals. The final model was simply designed 

with a fixed effect of sprint test, and a random effect of individuals. We also used the 

same final model to test for global differences in sprinting ability under hypoxia (with H1 

and H2 combined) and normoxia (N). The random effect of individuals was used to 

account for the repeated measures design. In all models, the slope and intercept were 

allowed to vary for each individual (random effect) in each swim test. We used a Chi-

squared test of independence to test whether within each sprint test (H1, N, H2) an 

animal’s maximum sprint speed was equally likely to occur in any of the 8 cm laser 

intervals (7-15 cm, 15-23 cm, 23-31 cm, 31-39 cm from the start of the SPC) and also to 

test whether maximum sprint speed was independent of swim trial on a given day. 
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Furthermore, we used Analysis of Variance (ANOVA) to find the significance level of 

fixed effects on sprint speed for all mixed-effect models; the tests used Satterthwaite 

approximations to degrees of freedom. Finally, post-hoc Tukey’s HDS test on the final 

model was used to identify differences between least square mean sprint speeds in all 

tests. Sprint swimming performance is reported as the mean of each individual’s top three 

sprints ± s.e.m. throughout the remainder of the manuscript. 

Results 

Repeatability 

Sprint swimming performance of juvenile striped bass was significantly 

repeatable on a daily basis for all three of the sprint tests (rH1 (13) = 0.78, rN (13) = 0.94, 

rH2 (13) = 0.96, p < 0.001 for all, data not shown). The rank order of mean sprint 

performance by each individual was also repeatable over an average of five weeks, when 

both sprints were conducted in water of approximately 20 % AS (Fig. 1; Spearman’s ρ 

(13) = 0.56, p = 0.03). Interestingly, the rank order of performance was shuffled for the 

sprint trial conducted in normoxic water in between the two hypoxia trials (i.e. the best 

sprinter under normoxia was not the best sprinter under hypoxia etc.); thus sprint 

performance between trials conducted in hypoxic water and the trial conducted in 

normoxic water was not considered significantly repeatable (Spearman’s ρN-H1 (13) = 

0.13, p = 0.65; ρN-H2 (13) = -0.46, p = 0.08; Kendall’s W  (H1-N-H2) = 0.38, p = 0.31).  

Effects of hypoxia 

The mean sprint speed of juvenile striped bass was 1.23 ± 0.04 m s-1 in H1, 1.49 ± 

0.05 m s-1 in N, and 1.39 ± 0.07 m s-1 in H2 (Fig. 2A), which were significantly different 
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from each other as indicted by ANOVA (F (2, 23.12) = 31.74, p < 0.001). Post-hoc 

Tukey’s analyses indicated that mean sprint speed in H1 was significantly lower than in 

N (p < 0.001) and that fish sprinting performance was significantly better in the second 

hypoxia trial than the first (p = 0.02). Nine individuals sprinted consistently slower in 

hypoxia than in normoxia, four individuals were not affected by environmental oxygen 

level, and two individuals sprinted better in hypoxia (Fig. 2B). Eleven out of 15 

individuals sprinted better in hypoxia the second time they were exposed to it (Figs. 1 & 

2B). We also found a global significant difference between sprints recorded under 

hypoxia (H1 and H2 combined) and normoxia (F (2, 120) = 16.54, p < 0.001; Post-hoc 

Tukey’s test: p < 0.001).  

Fish behaved differently when sprinted under hypoxia than when sprinted in 

normoxic water. We only used animal velocities recorded from the final four 8 cm 

intervals of the SPC for all analyses and Chi-square analyses showed that for all sprint 

tests, an animal was significantly less likely to have its maximum velocity recorded from 

the final 8 cm interval (Fig. 3). For the two hypoxia tests, the animal was also 

significantly less likely to have its maximum velocity recorded from the third 8 cm 

interval, which was not true in normoxic water (Chi-square test: 2H1 (3) = 10.56, p = 

0.014; 2H2 (3) = 16.96, p < 0.001; 2N (3) = 10.56, p = 0.014) (Fig. 3). There was no 

effect of trial number within a given day on when a fish recorded its maximum velocity 

for any trial under any environmental condition (Chi-square test: 2H1 (7) = 6.91, p = 

0.44; 2H2 (7) = 10.9, p = 0.14; 2N (7) = 1.77, p = 0.97; data not shown), i.e. a fish was 

equally as likely to have its best sprint recorded in its first trial as in its last. 
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Effects of size, growth, and rearing conditions 

Neither fish size or growth rate significantly affected or interacted with sprinting 

ability for any of the sprint trials under any environmental condition. A mixed-effect 

model analyses showed size (TL) to be an insignificant interaction term (ANOVA: F (2, 

22.90) = 1.31, p = 0.29). In addition, growth rate, whether measured as g day-1 or mm 

(TL) day-1 was also an insignificant covariate (ANOVA: g day-1: F (2, 30.57) = 1.91, p = 

0.17; mm (TL) day-1: F (2, 63.438) = 1.38, p = 0.26) in determining the sprint speed of 

juvenile striped bass over the nine week duration of the experiment. Therefore, neither 

individual size or growth rate was included in the primary statistical analyses. However, 

there was a slightly significant interaction between sprinting ability and rearing tank 

(ANOVA: F (4, 23.80) = 3.05, p = 0.04) attributable to one individual having an 

extraordinary improvement in sprinting performance during the second hypoxia test. A 

single fish can have this effect because of the small sample size and their division into 

three holding tanks. The main effect of hypoxia remained clear, such that the tank effect 

was not included in the primary analyses (data not shown).  

Discussion 

Repeatability 

The significant individual repeatability of striped bass sprint performance in 

hypoxic water over five weeks suggests within-context stability of this trait (Killen et al. 

2016). Long-term repeatable sprinting performances have also been reported for the co-

familiar European sea bass, Dicentrarchus labrax (Claireaux et al. 2007), blacknose dace, 

Rhinichthys atratulus (Nelson et al. 2015), guppy, Poecilia reticulata (Oufiero and 

Garland 2009), and Atlantic cod, Gadus morhua (Reidy et al. 2000; Martínez et al. 2002) 
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in normoxic waters, but to our knowledge, this is the first report of long-term significant 

rank order repeatability for sprint locomotion of striped bass or any fish species under 

hypoxic conditions. This is also the first record of daily repeatability for sprint swimming 

performance of fish under hypoxia. The approximate five-week repeatability of 

performance under adverse environmental conditions not only testifies to the utility of the 

method, but also points to the potential of this trait as a fitness parameter for fish 

inhabiting or acutely encountering hypoxic waters (Boake 1989; Oufiero and Garland 

2009). Considering the prevalence and mobility of hypoxic zones in the Chesapeake Bay 

(Breitburg 1992), it is likely that successful ontogeny for resident striped bass will 

include sprint swimming in hypoxic waters. 

Effects of hypoxia 

Sprint swimming performance of juvenile striped bass was phenotypically plastic 

with respect to hypoxia; individuals generally sprinted better during their second hypoxia 

exposure, but when their two hypoxia performances were considered in tandem, they 

were still significantly slower than their intervening sprints conducted in normoxic water. 

Because most, but not all, fish had reduced sprinting ability in hypoxia, whatever caused 

this average dimunition of performance in hypoxia was not uniform across this group of 

fish and could, therefore, contribute to fitness differences upon intrusion of hypoxic water 

into their habitat (Breitburg 1992). This average diminished sprinting performance 

elicited by reducing the oxygen saturation of water to approximately 20 % AS, is not 

predictable from the energetics of swimming. Sprint swimming performance is powered 

by the Type II (white) epaxial and hypaxial musculature that will use “on board” ATP 

and then ATP rapidly regenerated from the creatine phosphokinase (EC 2.7.3.2) and 



14 

 

 

 

myokinase (EC 2.7.4.3) reactions to fuel contraction. Muscle contraction fueled this way 

should, theoretically, be independent of the environmental [O2] (Weber and Haman 1996; 

Kieffer 2000). Although oxygen itself is not required to directly power a sprint, acute 

hypoxia exposure could be indirectly affecting sprinting through its action on other 

physiological systems. Hypoxia reduces an individual’s metabolic scope (Claireaux et al. 

2000; Claireaux and Chabot 2016), changes its energy use patterns, metabolic by-product 

removal (Weber et al. 2016), oxygen extraction from the environment, and delivery to 

tissues (Randall 1982; Sandblom and Axelsson 2006; Petersen and Gamperl 2010). Any 

combination of these effects may lead to energy deficits along the pathway from sensory 

detection to sprint execution (see Lefrançois et al. 2005; Lefrançois and Domenici 2006, 

Lucon-Xiccato et al. 2014). In the chain of events from stimulus detection, through signal 

transmission and re-direction via the peripheral and central nervous systems and finally to 

muscle contraction, there are multiple sites where hypoxia could impede function. 

Several hypoxia-induced nervous system defects have already been reported in fish. 

Visual acuity is impaired in snapper, Pagrus auratus, at 40 and 25 % AS (Robinson et al. 

2013), severe hypoxia disrupts population-level laterization of staghorn sculpin, 

Leptocottus armatus (Lucon-Xiccato et al. 2014), and hypoxia-induced distress can act 

on sensory channels and impede maneuverability resulting in disturbed schooling 

behavior in several fish species (reviewed by Domenici et al. 2007). In mammalian 

systems, one response to acute hypoxia is a neurotransmitter mediated decrease in 

synaptic transmission (Corcoran and O’Connor 2013) that could be relevant here. Finally, 

fish may reprioritize energy demanding tasks behaviorally and/or physiologically to 

optimize energy expenditure (e.g. Axelsson et al. 2002; Jourdan-Pineau et al. 2010), so 
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that initiation and/or continuation of the sprint may be compromised (Lefrançois et al. 

2005; Lefrançois and Domenici 2006). Support for this idea can be gleaned from the 

significant difference between where in the SPC a striped bass’ maximum velocity was 

recorded in hypoxia versus normoxia. Fish seemed unwilling to sprint further than 23 cm 

when in hypoxic water, despite being chased by a human. However, that same fish 

sprinting in normoxia was equally as likely to have its maximum velocity recorded at any 

point up to 31 cm. The co-familiar D. labrax also has demonstrable behavioral changes 

under hypoxia, showing increases in boldness and risk-taking behavior (Killen et al. 

2012). 

Phenotypic plasticity in response to hypoxia exposure was fairly uniform amongst 

this group of wild striped bass collected from the same location. Despite a quite variable 

difference between sprint swimming performance during an initial hypoxia exposure and 

their subsequent normoxic performance, performance during a second exposure to 20 % 

AS water increased by a similar degree in most individuals (�̅� = 0.17  0.07 m s-1; Fig. 

2AB). The significant repeatability of rank order between the two hypoxia trials 

statistically affirms this uniformity of change. A similar relatively uniform improvement 

in hypoxia tolerance (HT) was also observed among a different group of juvenile striped 

bass repetitively subjected to hypoxia challenge tests where loss of equilibrium was the 

endpoint (J.A. Nelson and G.K. Lipkey unpublished observations). Although plastic 

responses to hypoxia at the whole-animal level often appear to be a species-level 

characteristic (e.g. Chapman et al. 2000), the interaction between HT and swimming 

ability are certainly individual characteristics in striped bass. This was manifest in the 

present study by the significant reordering of rank order between sprinting performances 
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under hypoxia versus normoxia, but not in the replicate hypoxia tests. Individual-level 

interactions between HT and swimming were also seen in earlier studies where the rank 

HT measured as loss of equilibrium was significantly repeatable across multiple hypoxia 

challenge tests months apart (J.A. Nelson and G.K. Lipkey unpublished observations), 

yet was unrelated to the rank order of HT measured while the animal was swimming at 

50% of its estimated Ucrit (Nelson and Lipkey 2015). Several physiological and 

morphological traits have been associated with hypoxia-induced plasticity in hypoxia 

tolerance in fish; these factors likely contribute to the plasticity in sprint swimming under 

hypoxia reported here (see Chapman et al. 2000; Nelson and Lipkey 2015; Borowiec et 

al. 2016). The lack of repeatability between an individual’s rank order sprinting ability 

across hypoxic and normoxic conditions suggests that different individuals may be 

selected for in environments with different oxygen availability (for review see Killen et 

al. 2016). However, as important as sprinting performance undoubtedly is to a pelagic 

predator like striped bass, it is unlikely that selection will act on a single trait, especially 

in a dynamic ecosystem like Chesapeake Bay. Several inter-linked traits, including 

thermal tolerance (e.g. oxygen and capacity-limited thermal tolerance, OCLTT; Pörtner 

2010), aerobic scope (AS; for a review see Farrell 2016), capacity to recover from 

environmental stressors (e.g. excess post-exercise oxygen consumption, EPOC; Marras et 

al. 2010), morphology (Conradsen et al. 2016) and ability to fight diseases (Lapointe et 

al. 2014), under variable oxygen conditions will potentially play roles in directing 

selection. Future studies should investigate the role that these traits play in determining 

the Darwinian fitness of striped bass in variable oxygen environments and their coupling 
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or interaction with sprint and other types of swimming performances, as well as their role 

in phenotypically plastic responses that enhance survival.  

Despite the relative preservation of rank order across duplicate sprint trials in 

hypoxic waters, the variance in performances provides some evidence for individual 

differences in the hypoxia tolerance of sprinting performance and in the phenotypic 

response to a hypoxia exposure. The intraspecific variation in sprint performance of 

striped bass in normoxic water (Coefficient of variation (CV (N)) = 14.0 %) was similar 

to that reported for D. labrax (14.3%; Claireaux et al. 2007), but the intraspecific 

variation in sprint performance was greater when the sprint was conducted in hypoxic 

waters, especially the second hypoxia test (CV (H1) = 17.0 %; CV (H2) = 21.3 %). This 

variance undoubtedly has some basis in the genotype, but may also be associated with 

individual-specific life histories before arriving to the lab (Killen et al. 2013; Conradsen 

et al. 2016), variance in the plastic response to a single hypoxia exposure or, most likely, 

combinations of the above. All fish were reared under the same conditions and 

experienced equal amounts of hypoxia exposure in the laboratory, but since these fish 

were wild-caught at ~ 4 months of age, it is entirely possible that they were differentially 

exposed to hypoxia during early ontogeny. So, while the initial decrement of sprinting 

ability under hypoxia definitely varies by individual, there may be additional variance 

that accrues with multiple exposures that is individual-specific but is beyond the scope of 

this experiment to ascertain. Thus, just as proposed trade-offs between aerobic and 

anaerobic swimming are poorly identified (Oufiero and Garland 2009; Marras et al. 2010; 

Marras et al. 2013), the relationships between plasticity of HT, aerobic and anaerobic 
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swimming performance of fish require more investigation if we are to predict the fitness 

of fish that frequently encounter hypoxic waters.  

Effects of size, growth, and rearing conditions  

There was no significant effect of size or growth on sprint performance either in 

normoxia or hypoxia. A lack of allometry in sprint performance was also found for a 

large sample of the European sea bass covering a similar size range as the striped bass 

measured here (Handelsman et al. 2010). Even though there is some species-specific 

evidence of existing allometric relationships of several traits that may significantly 

influence sprint swimming performance (e.g. acceleration: Vandamm et al. 2012; Gerry 

et al. 2016, metabolic capacity: Everett and Crawford 2010; Urbina and Glover 2013, 

metabolic enzyme activity: Goolish 1991; Norton et al. 2000), hypoxia tolerance has been 

generally shown to be a size-independent trait in fish (Nilsson and Östlund-Nilsson 

2008), although there are exceptions (Pan et al. 2016). Overall, due to the small size 

range of our fish, relatively short time intervals between tests, and a lack of statistical 

indication of any effects, we concluded that influences of individual size and growth on 

the observed results did not merit further discussion. These juvenile striped bass were 

generally quite active in the 285 L tanks, and low densities they were held at and the 

general improvement in sprint performance from H1 to H2 suggests that they weren’t 

suffering any performance deficits from the lethargy of laboratory residence. A 

significant tank effect arose from a dramatic improvement in performance by one fish 

during its second hypoxia exposure.  
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Summary and perspectives 

In summary, the mean sprinting performance of juvenile striped bass was on 

average lower in hypoxia sprint tests than in a normoxia sprint test. The rank order of 

sprint performance was significantly repeatable between the two hypoxia tests, and 

individual sprinting ability under hypoxia generally improved with a second hypoxia 

exposure. The rank order of swimming ability in hypoxia was different than that in 

normoxia, demonstrating inter-individual variance in response to whatever diminished 

sprint swimming performance in hypoxia. Although the rank order of sprint performance 

was significantly repeatable between the two sprints conducted under hypoxic conditions, 

there was some evidence that the fish were differentially responding to multiple 

exposures. The size of individual juvenile striped bass or their growth rate in the 

laboratory had no significant effect on sprint swimming either within or across the three 

sprint tests. The ability of striped bass to tolerate hypoxia with minimally affected 

swimming performances is likely to be an integral component of Darwinian fitness in 

waters like Chesapeake Bay that experience oxygen deprivation in large volumes of 

water for extended periods of time.  Future research should focus on understanding 

individual-level aerobic and anaerobic limitations, energetic trade-offs, and energy 

allocation pathways of striped bass while swimming in water of varying oxygen content. 
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Figure Legends 

Figure 1. Repeatability of sprint swimming performance of fifteen juvenile striped bass 

in water with oxygen regulated at 20 % of air saturation. The mean sprint swimming 

performance of each individual in its first hypoxia trial (H1) is plotted against its mean 

performance in a second identical trial (H2) approximately five weeks later. Mean sprint 

speeds were calculated from the three top velocity intervals taken from each of three 

separate sprints. Means ± 1 s.e.m. are plotted with a solid line representing the correlation 

between the two trials (Spearman rank order coefficient ρ = 0.56, p = 0.03), and the 

dashed line representing the line of identity.  

Figure 2. Mean sprint swimming performance of fifteen juvenile striped bass in three 

separate trials ordered chronologically. Each fish was sprinted first in water with an 

oxygen content 20 % of air saturation, AS, (H1) followed by a sprint in normoxia ([O2] > 

85 % AS; N) at least 14 days later, followed by a second hypoxic sprint (H2) at least 19 

days later. Panel (A) shows a boxplot where horizontal solid lines are median values of 

all individual mean sprint speeds (n = 3), boxes represent interquartile range (IQR), and 

whiskers show the full range of data excluding outliers (black dots), or values more than 

± 1.5 IQR outside of the box. In panel (B), each symbol represents an individual and lines 

connect that individual’s points (mean of three best sprints) across sprint tests. Sprint 

speed was significantly affected by sprint test (ANOVA, F (2, 23.12) = 31.74, p < 0.001); 

Tukey post-hoc test indicated significant difference between H1 and N tests (p < 0.001), 

but non-significant difference between N and H2 (p = 0.56).   
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Figure 3. Frequency distribution of which 8 cm laser interval of the SPC recorded a 

maximum sprint speed. The numbers 7-15, 15-23, 23-3, and 31-39 correspond to four 8 

cm intervals from the sprint start point (0 cm) in the SPC. A total of 45 sprints (the three 

best for each fish, n = 15) are plotted for each sprint test (first hypoxia exposure H1, 

second hypoxia exposure H2 and then normoxic N). Fish under hypoxia (approximately 

20 % of air saturation) were significantly less likely to have their maximum velocity 

recorded from the third 8 cm interval (23-31 cm in the SPC). The probability of obtaining 

a maximum sprint speed in any of 8 cm intervals was significantly affected by hypoxia 

(Chi square test of Independence: 2H1 (3) = 10.56, p = 0.014; 2H2 (3) = 16.96, p < 

0.001; 2N (3) = 10.56, p = 0.014). 

  



22 

 

 

 

Figure 1 

 

  



23 

 

 

 

Figure 2. 

 



24 

 

 

 

Figure 3 

 

  



25 

 

 

 

 

 

CHAPTER 2 

Escape Response and Prey Capture  

 

 

“Escape response and prey capture ability of juvenile striped bass: hypoxia alters 

behavior not kinematics.” 

 

Krista Kraskura 
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Abstract 

Successful engagement in predator-prey relationships is a crucial part of an 

individual’s fitness, which comprises both the ability to escape from predation and 

capture prey. These performances may become extremely important and determinant 

when environmental conditions are not optimal. Juvenile striped bass inhabiting the 

Chesapeake Bay may become unavoidably exposed to hypoxia, and if they are to survive 

they must remain motivated and successful in catching prey and escaping from predators. 

Thus, the aim of this study was to investigate the kinematics and behavior of fast-start 

escape responses and prey capture performances of juvenile striped bass exposed to 

realistic hypoxic (20 % air saturation, AS) and optimal, normoxic conditions (>90 % 

AS). The responsiveness to escape inducing stimuli was significantly reduced under 

hypoxia, but when responsive, the locomotor ability seemed to remain unaffected. 

Similarly, with the prey capture performance, only three out of five individuals engaged 

in feeding when oxygen levels dropped near 20 % AS. While kinematics and locomotion 

were largely unaffected by hypoxia, a principal component analysis on prey capture 

revealed that ‘timing variables’ explained 44.5 % of the total variance, and maximum 

kinematic excursion variables explained 18.5 % of the variance observed in this dataset. 

From the available data, we may suggest that if juvenile striped bass are going to remain 

active in predator-prey interaction under hypoxia, their performance may be only 

minimally affected.  
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Introduction 

Seasonal hypolimnetic hypoxic zones as well as anoxic (dead) zones in many 

aquatic systems, including the Chesapeake Bay, continue to expand in volume, becoming 

more severe, and persistent (Hagy et al. 2004; Diaz and Rosenberg 2008; Breitburg et al. 

2009). Hypoxia may affect fish directly by altering their physiological processes (for 

reviews see Claireaux and Chabot 2016; Farrell 2016), thus setting limits to engage in 

energetically expensive activities such as swimming, feeding and reproduction (Chapman 

and McKenzie 2009), or indirectly via population level and ecosystem changes, e.g. 

relocation and redistribution of conspecifics as well as individuals from other species 

inhabiting the ecosystem (Breitburg 1992; Bell and Eggleston 2005; Chapman and 

McKenzie 2009). As a result, species interactions, including predator-prey interactions, 

may be affected by hypoxic water (Breitburg et al. 1994; Chapman and McKenzie 2009). 

But because not all species and individuals within a species are affected similarly by 

hypoxia, there will be “winners” and “losers” when the environment becomes hypoxic; 

the identity of these winners or losers can vary according to species tolerances but also 

substantially according to the individual tolerances within a species (Abrahams et al. 

2007; Nelson and Lipkey 2015). Furthermore, several limiting variables, such as the rate 

of oxygen displacement, persistence of low oxygen levels, availability of refuge, and 

ability to acclimate will likely dictate or contribute to the animals’ responses or their 

potential success in hypoxia (Breitburg 1992; Breitburg et al. 1994).  

 Two thirds of the Chesapeake Bay waters are hypoxic from early spring until fall 

(Hagy et al. 2004; Breitburg 2002). Although highly motile species such as fish can often 

avoid the hypolimnetic dead zone, strong winds and tidal currents can quickly draw these 
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severely hypoxic waters upwards into surface layers (Breitburg 1992; Kemp et al. 2005; 

Scully 2016a) consequently exposing fish in the epilimnion to acute hypoxia. Striped 

bass are an ecologically, recreationally, and economically valuable species in the 

Chesapeake Bay; because the Chesapeake Bay is the nursery for up to 90% of the 

Atlantic population (Berggren and Lieberman 1978), their seasonal abundance means 

they are important components of Bay food webs at all ages (Fay et al. 1983). At the 

juvenile stage, they are preyed upon by large predatory piscivores, and if close to the 

surface they may become prey for piscivorous birds (Fay et al. 1983). On the other hand, 

striped bass are voracious predators mostly feeding on highly motile smaller pelagic fish 

and zooplankton (Cooper et al. 1998; Walter et al. 2003). Hypoxic conditions may not 

only force striped bass to relocate to possibly more vulnerable locations, but also their 

prey densities, composition, and distribution may change, likely increasing their 

challenge to acquire food (Breitburg et al. 1994). In addition, hypoxia-exposed 

individuals will be coping physiologically with the lack of oxygen that can potentially 

affect any predator-prey associated locomotive and behavioral performances, including 

unexpected ones like sprinting performance (see chapter: Sprint swimming; Domenici et 

al. 2007; Chapman and McKenzie 2009; Domenici et al. 2010; Domenici et al. 2013). To 

survive and maintain their fitness under hypoxic conditions, individuals will have to find 

a way to effectively engage in predator-prey interactions, i.e. both feeding and escaping 

predation.   

Predator evasion is crucial to survival, and the escape response in fish 

morphologically similar to striped bass typically starts with a C-bend (stage 1), followed 

by a contralateral muscle contraction (stage 2) and sprint or steady coasting away from 
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the threat (stage 3) (Domenici and Blake 1997; Blake 2004; Nowroozi and Brainerd 

2013). Fast-start responses are primarily powered by anaerobically produced energy and 

mediated by a large pair of neurons called Mauthner cells that allow fish to respond 

within a couple of ms (~5-10) (Domenici 2011). It is a well conserved trait, but also 

evolves quickly in the presence of selective pressures (Domenici and Blake 1997; Blake 

2004). The fast-start consists of behavioral components (e.g. responsiveness, latency, 

directionality) and locomotive-kinematic components (e.g. escape velocity and 

acceleration, turning angle and rate) (Domenici and Blake 1993; Domenici 2011), and 

can be influenced by factors such as body form and size (Webb 1978; Blake 2004; Gerry 

et al. 2012), ontogeny (Wakeling et al. 1999; Gerry et al. 2016) and the type and direction 

of the stimulus initiating the response (Eaton and Emberly 1991; Domenici 2010). 

Furthermore, fast-start escape responses can vary among- and within- species (Jornod and 

Roche 2015; for review see Domenici 2010). The fast-start escape response of fishes has 

been heavily studied, however, the effects of environmental conditions on escape 

response have only been minimally addressed. For example, temperature is known to 

affect fast-start response in some species (reviewed by Domenici and Blake 1997; Lyon 

et al. 2007; Nasuchon et al. 2016), and hypoxia affects fast-starts (Lefrançois et al. 2005; 

Lefrançois and Domenici 2006; Gotanda et al. 2012), but these results remain 

controversial and more studies on different species are needed to make ecologically 

relevant conclusions. The present study investigates and characterizes the escape 

response of juvenile striped bass under hypoxia and normoxia, with the complementary 

goals of evaluating whether fast-start performance could explain the previously observed 

decrease in sprint swimming under hypoxic water in the same individuals examined 
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earlier (see chapter 1: Sprint swimming) and whether it relates to their ability to capture 

prey. This study can also address the question of whether relative performance of 

individuals is the same across different levels of environmental [O2]. 

Prey capture performance is another measure of potential importance to 

Darwinian fitness for fish feeding under any environmental conditions, including 

hypoxia. Generally, three well conserved motor pattern strategies (often in some 

combination) can be employed to capture prey, those include suction feeding, ram 

feeding, and biting (Liem 1980; Wainwright 2002). Based on their morphology and 

ecological niche, striped bass are best suited for suction feeding by approaching elusive 

highly motile prey from a distance with high attack (ram) speed (Cook 1996; Grubich 

2001; Carroll 2004; Day et al. 2015). Both cranial and axial fast glycolytic muscles 

power expansion of the buccal cavity to accelerate prey and water into the mouth (Camp 

et al. 2015; Day et al. 2015, Westneat and Olsen 2015). Although, kinematics and 

behavior of prey capture are considered by many to be stereotypical traits acquired 

through evolution (Grubich 2001, Wainwright 2002), a number of species can exhibit 

modulatory multiplicity of feeding styles under direct effects of varying biological 

conditions (Wainwright 2002). Common examples include modulated prey capture in the 

presence of different prey types and sizes (Nemeth 1997; Wainwright and Friel 2000; 

Ferry-Graham et al. 2001), and level of satiation (Sass and Motta 2002; reviewed by 

Wainwright 2002). There are very few documented studies on prey capture modulation 

under altered physical-environmental conditions, such as those associated with global 

climate change and/or anthropogenic influences like O2, pH, CO2 levels, temperature, and 

(or) turbidity (e.g. Wintzer and Motta 2004; Meager et al. 2005; deVries and Wainwright 
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2006; Sloan and Turingan 2012, Allan et al. 2017). To our knowledge, no study reports 

on prey capture under varying oxygenation levels for any fish species. In this study, the 

goals were to characterize the kinematics of prey capture of juvenile striped bass under 

normoxic and environmentally realistic hypoxic conditions, to compare recorded 

behavior and kinematics across two environmental oxygen levels, and to integrate these 

results with those from fast-start analysis.  

Both prey capture and fast-start are explosive performances predominantly 

powered by white glycolytic muscles, thus are not expected to be affected by 

environmental hypoxia. But some studies have shown behavioral and locomotive changes 

in fish under hypoxic conditions; the underlying mechanisms are still unknown but 

hypothesized to be neural. This is the first report of prey capture and suction feeding 

performance for any fish under hypoxia, and the first study where both performances, 

escape response and prey capture, are examined in the same individuals allowing to 

explore context dependent performances intra-individually as well as inter-individually. 

Overall, the goal of this study is to help expand our understanding of predator-prey 

performances in hypoxic water for juvenile striped bass, thus helping evaluate their future 

success in an increasingly hypoxic Chesapeake Bay. 

Methods 

Animals 

The juvenile striped bass that were used for all tests here (sample sizes for each 

test indicated below) were the same individuals that were tested for maximal sprint 

performance (chapter 1: Sprint swimming). Fish were collected in the summer of 2015 

from the upper Chesapeake Bay and transported to Towson University, where they were 
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gradually acclimated over 2 days to the rearing conditions of 20°C and 10 ‰ salinity 

with a maximum temperature change of 2.5°C per day. Fish were held in three 285 L 

tanks (temperature = 20 ± 1.5°C, salinity = 10 ± 1 ‰), water was exchanged biweekly 

(20-30 % volume) to maintain optimal water quality conditions. Photoperiod was set to 

12D:12L. Animals were fed to satiation at least five days a week with commercial pellet 

food (Hikari tropical food sticks). Four weeks before the first prey capture test, fish diet 

was switched to live guppies, Poecilia reticulata, and minnows, Pimephales promelas, 

and they were kept on this diet until the end of all experiments. For identification 

purposes, fish were implanted with passive integrated transponder (PIT-tagged) at eight 

weeks post-capture. Individuals were anesthetized in MS-222 (100 mg L-1, buffered 1:1 

with Na+; HCO3), weighed (g), and measured for total length (TL) and fork length (FL), 

then marked with the PIT-tag (Biomark Inc.). Fish were allowed a minimum of four 

weeks to recover from handling and surgery before they were subjected to tests of any 

kind, and they were not handled for 8 weeks before any of the tests in this study. 

Experimentation took place in May-June 2016, and August-September 2016 examining 

escape response and prey capture, respectively. The fish handling protocol and research 

procedures were approved by Towson University’s Institutional Animal Care and Use 

Committee (12042013JN-02 and 03312014CO-02). 

Escape response (ER) 

Experimental set up  

A fast start tank (h = 40 cm, d = 130 cm) with supplemental hypoxia circuit was 

used for all escape response tests. The tank had a restricted circular experimental area (84 

cm in diameter). A submersible LED light strip was placed on the side walls to make it a 
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non-preferable location for the fish to reside and to help provide adequate illumination 

for filming. A one cm square grid was placed on the bottom of the experimental area and 

used for distance calibration in digital analysis. We used a scaffold built on the tank to 

center the camera and attach a PVC pipe above the experimental area. The PVC pipe 

terminated 10 cm above the water level (depth = 15 cm) and was used to direct a rubber 

ball to a fixed spot to initiate an escape response while avoiding escape behaviors due to 

visual stimulation by the falling ball. Two submersible pumps and airstones were used to 

facilitate gas (nitrogen and air) distribution, thus ensuring uniform oxygen conditions 

within the tank. The experimental setup is represented graphically in the Figure 1. 

Oxygen concentration (% AS) in the tank was monitored and recorded during all 

experiments using galvanic oxygen probes (OxyGuard Mini Probe, Loligo Systems). 

The flow in the experimental area was negligible. This experimental set up allowed 

oxygen level control without noticeable disturbance to the fish. 

Escape response (ER) test  

Eleven individuals had their ER performance tested under two conditions: 

hypoxia (H) and normoxia (N). The experimental order of individuals and tests, e.g. 

which individual was subjected to which test first was selected randomly. Fish that were 

tested under hypoxia first were given a minimum of seven days of recovery, and those 

tested under normoxia first were given a minimum of two days of recovery before being 

tested again. Feeding was discontinued at least 24 hours before any experimentation. The 

selected individual was transferred without air exposure to the experimental area in the 

fast start tank and allowed to acclimate for 60 min (air saturation, AS = 98.9 ± 1.32 %, 

salinity = 10.6 ± 0.84 ‰, T = 19.9 ± 0.69 oC; mean ± SD for all). For ER tests in hypoxic 
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water, AS % was gradually lowered at an ecologically relevant rate to 20 % AS 

(equivalent to 1.8 - 2.0 mg O2L
-1; Breitburg 1992) over 60 min, by bubbling N2 gas in the 

circulating water. The oxygen level was monitored and maintained at 20 ± 1 AS % while 

testing using an OXY-REG instrument (Loligo Systems). In normoxic tests, air was 

bubbled in place of N2 gas and the AS % in water was maintained at > 95 % AS for the 

ensuing 60 min. The LED lights were turned on at the start of the experiment. An escape 

response stimulus was given only when fish were in a static position or gliding slowly 

and positioned a minimum of one estimated fish length away from the wall but not 

directly under the PVC pipe. A test subject was given 60 min to voluntarily move around 

the experimental area before initiating a fast-start. If the fish never took a position as 

described above, a non-aggressive, but motivating stimulus (e.g. calm tapping on the 

other side/against the restrictive wall) was applied to encourage the individual to 

reposition. Escape responses were recorded with a GoPro Hero 4 camera (GoPro, Inc.) at 

240 frames s-1 and all videos analyzed afterwards.  

Digital analysis  

Recorded videos were converted from mp4 format to frame-image sequence using 

ImageMagic® software. The following selected parts from each video were used for 

analysis: (1) the frame when the ball first comes in contact with the water and (2) frame 

sequence starting with the first detectable movement of fish and covering a minimum of 

stages 1 and 2 of the fast-start (stages defined and described in-text and reviewed in detail 

by Domenici and Blake 1997). All images were imported in ImageJ software and 

digitized on an (x, y) coordinate plane using MtrackJ plugin. Three following points were 

tracked: the estimated center of mass of fish (CoM; point at the beginning of first dorsal 
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fin), the tip of the snout, and the stimulus (approximate middle point of the ball at the 

time it came in contact with water).  

All further analyses were done in R v3.3.1 software (2016). First, each derivative 

step of CoM and head was smoothed using a local polynomial regression fitting function 

statistic to minimize human tracking errors. A list of calculated kinematic and behavioral 

variables of interest with their descriptions are provided in Table 1.  

Statistical analysis  

Pearson’s Chi-square test with Yates’ continuity correction was used to test the 

null hypothesis that the probability that fish will or will not respond to provided stimulus 

is independent of environmental oxygen levels (N and H), and a Chi-square test for given 

probabilities (50%) was used to test whether the probability to respond within each test 

(N and H) was the same. All locomotive-kinematic variables were tested for significance 

using Welch’s two sample t-test.  

Prey capture  

Experimental set up   

Prey capture experiments, both in hypoxic and normoxic water, were conducted 

in the housing fish tanks. During tests under hypoxia, submersible pumps were used to 

create uniform oxygen conditions. The flow created during a hypoxia test was equal to 

that fish experienced on a daily basis and while tested under normoxia. Currents were 

measured using a flowmeter (Flo-mate 2000, Marsh-McBirney Inc.) in at least 5 

randomly selected locations throughout the tank to ensure that conditions were similar. 

Prior to each test, a galvanic oxygen probe (OxyGuard Mini Probe, Loligo Systems) was 
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calibrated and placed in the tank to control and monitor [O2] in the water using the OXY-

REG instrument (Loligo Systems). Disturbances to the fish were minimized at all times.  

Prey capture test  

Juvenile striped bass were tested in 2 groups (n = 3; n = 2) to maintain 

competition for food between individuals and help motivate strikes. Each group was 

tested a total of 4 times, in chronological order: under normoxic conditions (N1), hypoxic 

(H1), repeated normoxic (N2), and repeated hypoxic (H2) conditions. Time periods 

between experimentation was as follows: 10-13 days between N1-H1, 5-8 days between 

H1-N2, and 7-9 days between H2-N2. Temperature and salinity in all tests were 

maintained at 20 ± 0.5 oC (mean ± SD) and 10 ‰, respectively. During normoxic tests 

(N1, N2), oxygen level in the water was maintained at > 90 % AS. For H1 and H2, the 

oxygen level was gradually lowered to 20% AS over a period of 1 h by bubbling nitrogen 

gas (followed the same procedure as described above for the escape response tests); 

hypoxia level was kept stable at 20 ± 1 % AS during feeding. After completion of the test 

in hypoxic water, the tank was re-oxygenated (optimal AS for this species approximately 

>80 %AS was reached in approximately 40 min). No fish lost equilibrium during 

experimentation. 

All prey capture events were filmed using a high speed camera (Fastec IL3-100S, 

Fastec Imaging, Corp.) at 1000 frames s-1. A Nila Zaila LED light (Nila, Inc.) was used to 

provide proper lighting condition for filming at given speeds. Before each series of tests, 

an image of a ruler placed in the filming frame were captured and used in later data 

analysis to calibrate distance variables. Individual prey fish, one at the time, were 

introduced to the tank using a plastic tube. Two prey species were used: minnow, 
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Pimephales promelas, for the larger striped bass (n = 3) and guppy, Poecilia reticulata, 

for smaller individuals (n = 2); prey adjustments were made to minimize the potential 

confounding effects of different predator to prey size ratio (Osse et al. 1997; Lundvall et 

al. 1999). We did not observe any changes in motivation or behavioral differences in 

feeding between individuals fed different prey. All prey fish had their caudal fin cut 

before being introduced in the tank to limit movement and spatial dispersion of feeding 

strikes. Feeding was discontinued 48 hrs before any testing. All strikes and capture 

success (captured/ not captured with the first attempt) of each individual were reported, 

but only explosive motivated strikes in which fish were oriented laterally to the camera 

were used for digital analysis.  

Digital analysis  

All videos were digitized on an (x, y) coordinate plane using ImageJ software 

with the MtrackJ plugin. The following nine landmarks were tracked (Fig. 2; Oufiero et 

al. 2012): 1- the upper tip of the jaw, 2- the lower tip of the jaw, 3- fixed point on the 

upper dorsum, 4- fixed point on the lower dorsum, 5- the estimated CoM of the prey, 6- 

the posterior spot on mandible, 7- fixed point on the upper cranium, 8- fixed point on the 

lower cranium, 9- fixed point on the lower jaw, between points 2 and 6.  

Further analysis was done in R software (2016). Using the landmark points (Fig. 

2) several kinematic variables were calculated. For all kinematic-displacement variables, 

the corresponding speed was calculated using the generic formula, speed = derivative 

distance traveled at each times step / 0.001 s. Table 2 summarizes all calculated variables, 

which were smoothed using a local polynomial regression method (R package stats:loess) 

to minimize human tracking error. Lastly, all maximum (peak) excursion values and their 
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timing within the prey capture events were also calculated. Prey capture is defined here 

as the event beginning at the time point when gape is 30 % of the maximum opening and 

ending at the time point when the prey crosses the line between upper and lower jaws 

(points 1 and 2).   

Statistical analysis  

We used R software and principal component analysis (PCA; R package 

stats::pca) to analyze 10 variables simultaneously and find the relationships among them. 

All maximum kinematic displacement variables, their timing, and attack speed were used 

to create the correlation matrix. We also ran a PCA excluding attack speed from the 

original 10 variables selected to evaluate the role of attack speed during prey capture. The 

broken stick criterion was used to justify our selection of PC axes, and their use in further 

analysis and discussion.  

Results 

Escape response  

Responsiveness was dependent on environmental oxygen levels (Chi-square test: 

2 (1) = 12.07, p < 0.001). A fish was equally likely to respond or not respond to stimuli 

under normoxia, whereas under hypoxia responsiveness was significantly reduced (Chi-

square test: 2 H(1) = 28.17, p < 0.0001; 2 N(1) = 12.07, p = 0.86; Fig. 3). Among 33 

given stimuli in normoxic water (total for all fish) 16 induced ER, while only 5 out of 41 

stimuli induced an ER while under hypoxia (Fig. 3). There were 9 ‘responders’ under 

normoxia, and only 4 under hypoxia. Two individuals that where 100% responsive in 

normoxia never engaged in an ER under hypoxia. The statistical sensitivity investigating 
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locomotive and behavioral components of the ER was too low due to the low sample size 

and (or) low responsiveness in hypoxic water; thus no significant differences were found 

(data summarized in Table 3). 

Prey capture 

All individuals were highly motivated to feed under normoxic conditions, but 

only three out of five tested individuals engaged in feeding under hypoxia (Fig. 4AB). 

When feeding, the prey capture success, that is the prey was captured with the first 

attempt, was >99 % regardless of ambient oxygen levels. Two principal component (PC) 

axes were identified that explained a total of 63 % of the variance in our data with 

performances from all tests included, N1, N2, H1, H2. The first axis (PC1) loaded heavy 

on all timing variables and explained 44.5 % of the total variation; more negative values 

indicate faster displacement of the neurocranium and more rapid prey capture overall 

(Fig. 5, Table 5). The second axis was interpreted as an “explosiveness-displacement” 

axis as indicated by positive loading of maximum kinematic excursion values and 

explained 18.5 % of the variance (Fig. 5, Table 5). The attack speed had very little 

influence on prey capture, as inferred from the negligible change in PCA results when 

attack speed was included or not included (data not shown). No clear indication of 

separation between prey capture/suction feeding performances in hypoxic and normoxic 

water was found (Fig. 5). And none of the mixed effect model results indicated 

significant difference between any performance measures. 
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Discussion 

Escape response 

Responsiveness to startle stimuli under hypoxia was significantly reduced in 

juvenile striped bass. Under aerobically, constrained conditions, engaging in escape 

response may be energetically very costly (Webb 1978). Furthermore, there is a proposed 

trade-off between energy spent during escape and the level of perceived risk of getting 

eaten by a predator, which may determine the response decisions in fish (reviewed by 

Domenici 2010). Therefore, the reduced responsiveness observed here is likely a result of 

fish minimizing their energy expenditure and/or the stimulus was not threatening enough. 

The reduced % responsiveness under hypoxia is reported in two other fish species: an 

approximately 50% reduction in the co-familiar European sea bass, Dicentrarchus labrax 

(Lefrançois and Domenici 2006) and in golden grey mullet, Liza aurata (Lefrançois et al. 

2005). In these studies, the responsiveness in normoxic conditions was close to 100% 

which is higher than we observed (Lefrançois et al. 2005; Lefrançois and Domenici 2006; 

Marras et al. 2011). This difference may arise from the experimental set up, the 

personality or motivation of the fish (Webb 1984), or may be a species-specific factor 

(Webb 1986). Studies examining escape response in fish rarely report % responsiveness, 

thus more extended comparisons to our reported levels of responsiveness even under 

normoxia is limited. Other behavioral measures, latency and directionality, were not 

affected by the 20 % AS hypoxic conditions of this study. Similarly, no change in latency 

was found in L. aurata (tested at 10 and 20 % AS; Lefrançois et al. 2005) and D. labrax 

(tested at 10 and 20 % AS; Lefrançois and Domenici 2006) when exposed to acute 

hypoxia, but decreased latency (individuals responded sooner) was found in African 
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cichlid, Pseudocrenilabrus multicolor victoriae, that was reared in hypoxic water, 1.1 mg 

O2 L
-1 (approximately 13 % AS) (Gotanda et al. 2012). Despite the lack of more 

comparable studies in fish, the inconsistency between these few studies may be a result of 

species-specific physiologies, their ecology and avoidance strategies, or the variation in 

methods (reviewed by Domenici et al. 2010). Lastly, hypoxia has shown to decrease or 

alter escape behaviors in a few other systems, including juvenile and adult scallops 

(Brokordt et al. 2013) and freshwater clam (Saloom and Duncan 2005), suggesting that 

the hypoxia-effects on short explosive movements like fast-start in fish are not universal 

and require more research. Which hypothesized intrinsic factors, i.e. energetics or neural 

impairment, may causes any alterations in escape behaviors and decisions made is still 

unknown and may not be the same across taxa. 

No significant difference between any locomotive performances of ER under 

hypoxia vs. normoxia was found. Since only 4 fish responded to stimuli, the small sample 

size may have limited our evaluation, but our results suggest that, if responsive, juvenile 

striped bass will be able to evade predation under hypoxia with similar success to that 

under normoxia. Walker et al. (2005) demonstrated that successful evasion of predation is 

associated with ability of prey to turn rapidly and at high speeds during the first part of 

the fast-start. Therefore, the main performance measures critical to successful escape are 

hypothesized to be velocity, acceleration, turning angle and rate (Webb 1986; Walker et 

al. 2005). The maximum velocities (1.36 m s-1, mean in normoxia) recorded here are 

comparable to those attained by similar size D. labrax (Lefrançois and Domenici 2005; 

Marras et al. 2011), and also other fish species (short-horned sculpin: Beddow et al. 1995, 

golden grey mullet: Lefrançois et al. 2005, bluegill: Gerry et al. 2012, tropical spiny 
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chromis: Ramasamy et al. 2015, and tropical damselfish: Jornod and Roche 2015). Also, 

the mean turning rates, 2256 o s-1 (Turesson et al. 2009; Marras et al. 2011; Jornod and 

Roche 2015), maximum acceleration, 53 m s-2 (Beddow et al. 1995; Walker et al. 2005; 

Lefrançois et al. 2005; Lefrançois and Domenici 2006; Marras et al. 2011, Gerry et al. 

2012; Ramasamy et al. 2015), and turning angle, 86.5o (Marras et al. 2011) recorded here 

under normoxia are consistently within the same ranges as reported in other studies. But 

noteworthy, the between and within species variance for these performances are very 

high (Marras et al. 2011; Jornod and Roche 2015).  

To our knowledge, this is the first report describing escape response of striped 

bass of any age at any condition. In natural environments, both juvenile striped bass and 

approaching predators would be under the influences of hypoxia (Breitburg 1992), 

therefore the potential for survival of juvenile striped bass will likely depend on hypoxia 

effects on both themselves and the predator (Robb and Abrahams 2003). Furthermore, in 

the wild, hypoxia rarely, if ever, will affect physiology and behavior of individual fish in 

an independent manner. Particularly, in the Chesapeake Bay system where environmental 

conditions, including dead zones, are changing on a seasonal basis (Najjar et al. 2010), 

other factors like temperature, turbidity, light conditions, species distribution and their 

population characteristics will all interact with low oxygen availably to further determine 

how striped bass may respond to predation threats (for reviews see Domenici 2011; 

McBryan et al. 2013). Nevertheless, much more research is needed to objectively 

evaluate the escape ability of juvenile striped bass under any ecologically relevant 

conditions.  
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Prey capture 

Not all individuals tested were interested in feeding when ambient oxygen levels 

were dropped to 20 % AS. Decreased food consumption under hypoxia is not an 

uncommon finding in striped bass and other fish (Breitburg et al. 1994; Pichavant et al. 

2001; Brandt et al. 2009; Townhill et al. 2017). Breitburg et al. (1994) reports on 

decrease in amount of food (fish larvae) consumed by juvenile striped bass with 

decreasing oxygen availability, and when exposed to the same level of hypoxia (~ 2 mg 

O2 L
-1) as used here the total food consumption was half of that under normoxia 

(Breitburg et al. 1994). However, in Breitburg et al. (1994) the food consumption is 

reported for groups of fish, lacking individual specific evaluation. Despite the small 

sample size in our study, the inter-individual variance in feeding behavior is obvious 

(Fig. 4AB). This finding may be associated with their relative hypoxia tolerances (not 

tested here) or the available scope for aerobic activity, for example digestion (Fry 1971; 

Claireaux and Chabot 2016). Striped bass are a social species forming schools at this 

stage (Fay et al. 1983), it is likely that established dominances in the tank played a role in 

their feeding behavior. In our study, the two individuals who did not capture prey were 

both from the same housing tank, but in the meantime, feeding also was drastically 

decreased in one individual from a separate group (Fig. 4AB). The amount of food 

consumed by each individual in a group is a common measure of dominance in social 

fish like striped bass (e.g. Metcalfe et al. 1995), therefore it would be interesting to 

explore whether dominance hierarchies in juvenile striped bass or other fish are changed 

when encountering hypoxia. Especially, because previous studies in our lab reported no 
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correlation between juvenile HT and individuals social rank in juvenile striped bass 

(Lipkey 2012).  

Neither, kinematics or locomotion of juvenile striped bass differed significantly 

between prey captures performed in hypoxic and normoxic water. It may be that our 

sample size was too small to indicate any significant differences, or the kinematic and 

locomotive components of prey capture are mostly unaffected by low (20% AS, Table. 5) 

environmental oxygen levels in this species. Performance scores on timing axis (PC1) 

from all tests (N1, N2, H1, H2) overlap in PCA multidirectional space, but prey captures 

performed in both hypoxia tests (H1 and H2) tend to be more restricted in the space they 

occupy along the displacement axis (CV (N) = -506.02 %, CV (H) = 116.10 %; PC2; 

performance scores under hypoxia all lay on the upper half indicating larger 

displacement) (Fig. 5). Reduced variability of locomotive performances in fish under 

challenging conditions vs. optimal conditions has been observed before (e.g. Killen et al. 

2013; Killen et al. 2016; Norin et al. 2016).  

With a focus on the performance in normoxia, the prey capture kinematic 

measures analyzed here are well within the range of those found in literature (Table 4) 

(Richard and Wainwright 1995; Cook 1996; Ferry-Graham et al. 2001; Gibb and Ferry-

Graham 2005; deVries and Wainwright 2006; Higham et al. 2006; Tran et al. 2010; 

Oufiero et al. 2012; Sloan and Turingan 2012). To our knowledge, this is the first report 

describing prey capture performance of any fish under hypoxic conditions, which limits 

any cross-species comparison. Poulin et al. (1987) reported a partly relevant study where 

an individual cichlid, Astronotus ocellatus, was given 12 prey fish, guppies, P. reticulata, 

under hypoxic conditions; they found increased capture latency, decreased probability to 
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capture prey and loss of interest in prey. The authors hypothesized that changes in 

feeding behavior were a result of increased aquatic surface respiration (ASR) by a 

predator and possible task prioritization within their scope of activity (Poulin et al. 1987). 

However, individuals in our study never engaged in ASR, and for individuals who did 

feed under hypoxia the motivation and capture latency remained high for all times. 

Interestingly, modulation and/or negative effects on suction feeding in fish has been 

shown under different environmental temperature levels (Wintzer and Motta 2004; Allan 

et al. 2017, but see deVries and Wainwright 2006; Sloan and Turingan 2012), and CO2 

(Allan et al. 2017). What are, if any, the effects of hypoxia on suction feeding in fish may 

provide a new yet unexplored research avenue. The interest on rapidly changing 

environment effects on ecologically crucial performances like prey capture is growing, 

and despite the lack of significant alterations in feeding kinematics and locomotion in 

juvenile striped bass, the potential for it should not be ignored and more research across 

different species be performed.  

Summary  

 The kinematics and locomotive ability of either escape response and prey capture 

of juvenile striped bass were not significantly altered under hypoxic conditions. 

However, the responsiveness or engagement in escape behavior was significantly lower 

when exposed to 20 % AS. Similarly, when oxygen level dropped to 20 % AS interest in 

feeding halted in some individuals, was clearly reduced in others, but was maintained in 

some tested individuals. Differential behavioral responses were observed between 

individuals in both tests, suggesting that different individuals may be selected for in 

‘fitness’ advantage under differential oxygen levels, i.e. normoxic vs. hypoxic. Because 
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of low sample sizes and low responsiveness in these studies, no further ecologically 

relevant conclusion may be inferred. Meanwhile, the results of this study also don’t 

exclude the potential of hypoxia (20 % AS) to have an effect on predator-prey 

relationships of juvenile striped bass in the Chesapeake Bay. Future studies should 

investigate feeding behavior and escape response of a higher number of individuals 

across a gradient of hypoxia, and throughout ontogeny.  
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Table 1. Kinematic and speed variables measured to describe escape response. 

Parameter Definition 

% responsiveness the fraction of the total provided stimulus that induced an 

ER in fish 

latency (s) the time interval between the stimulus onset (t0; time when 

ball hits the water) and the first detectable movement of fish 

(t1) 

Distance, Dist (m) the distance between CoM and stimulus at t0 

ERtype the type of response: double bend (DB) or single bend (SB) 

(Domenici 1997). Associated time points: t1 – time at the 

beginning of fast-start, t2 – time at the end of “C” formation, 

also end of stage 1 and SB escape response, and t3 – time at 

the end of stage 2 and DB response 

Amax, Amean (m s-2) the maximum and mean acceleration measured during ER 

Vmax, Vmean (m s-1) the maximum and mean speed measured during ER 

TRmax, TRmean (
o s-1) the maximum turning rate during formation of “C”, and 

return 

TA (o) the turning angle; the angle between CoM and head at t0 and 

t2 if ERtype = SB, and between t0 and t3 if ERtype = DB 

S1A, S2A (o) the bending angles of stages 1 and 2; the angle between 

CoM and head at t1 and t2, and t1 and t2, respectively 

S1time, S2time (s) the duration of stage 1 and 2, the time interval between t1 

and t2, and t2 and t3, respectively 

S1dist, S2dist (m) the net distance traveled during stages 1 and 2, respectively 

ET (o) the escape trajectory; the angle created between CoM and 

stimulus at t0 and CoM and head at the end of ER 

ERdist (m) the net distance traveled during the escape response 

ERtime (s) the time interval between t1 and t3 if ERtype = DB, and 

between t1 and t2 if ERtype = SB 
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Table 2. Kinematic and speed variables measured to describe prey capture.  

Kinematic variables: 

gape (cm) the distance between points 1 and 2 

jaw protrusion (cm) the distance between a midpoint between points 1 

and 2 (mid-gape) and point 8 

lower jaw rotation (o) the angle formed between points 9, 6, and 8 

cranial rotation (o) the angular rotation of head, points 7 and 8, in 

relation to the body, points 3 and 4 

strike distance (cm) the distance between mid-gape and estimated CoM 

of the prey, point 5, at the time when gape is open 

at 30% of max 

Speed variables:  

attack speed (cm s-1) the speed at which midpoint between points 3 and 4 

(mid-body) moved 

gape speed (cm s-1) the speed of displacement of mid-gape point 

jaw protrusion speed (cm s-1) the speed of displacement of mid-gape in relation to 

the mid-body 

lower jaw rotation speed (o s-1) angular speed of angle formed between points 9,6, 

and 8 

cranial rotation speed (o s-1) the angular speed of cranial rotation 
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Table 3. Escape response performance under normoxia (> 90 % air saturation) and 

hypoxia (approximately 20 % air saturation).   

 Normoxia (n = 14) Hypoxia (n = 5) 

Dist (m)  0.31 ± 0.024 0.29 ± 0.063 

ERtype SB = 7; DB = 7 DB = 3; SB = 2 

Escape Trajectory (o) ‡ 130.35 ± 21.56 158.82 ± 39.0 

TA (o) ‡ 86.15 ± 14.37 69.53 ± 30.12 

TRmean (o s-1) 1654.9 ± 184.6 1210.2 ± 531.7 

TRmax (o s-1) 2256.9 ± 393.8 2958.2 ± 307.4 

Vmean (m s-1) 0.84 ± 0.06 0.82 ± 0.03 

Vmax (m s-1) 1.36 ± 0.12 1.52 ± 0.09 

Amean (m s-2) 26.87 ± 2.77 29.06 ± 4.48 

Amax (m s-2) 53.02 ± 6.3 76.89 ± 18.9 

ERdist (m) 0.031 ± 0.004 0.035 ± 0.005 

S1A (o) ‡ 96.41 ± 13.55 85.67 ± 24.07 

S2A (o) ‡ 26.12 ± 4.87 31.80 ± 2.86 

S1time (s) 0.04 ± 0.005 0.04 ± 0.009 

S2time (s) 0.02 ± 0.002 0.03 ± 0.007 

S1dist (m) 0.019 ± 0.004 0.016 ± 0.006 

S2dist (m) 0.021 ± 0.001 0.023 ± 0.003 

Latency (s) 0.06 ± 0.007 0.05 ± 0.01 

ERtime (s) 0.05 ± 0.005 0.06 ± 0.008 

t1 (s) 0.06 ± 0.007 0.06 ± 0.014 

t2 (s) 0.102 ± 0.009 0.095 ± 0.019 

t3 0.109 ± 0.007 0.122 ± 0.019 

The sample size indicated represents the total escapes analyzed, not 

individuals. Reported are the mean values and standard error of all analyzed 

escape response parameters. For the description of variables see Table 1. No 

significant differences between given performance measures were found. 
‡ The angles reported above are adjusted to a 180-degree scale. TA: it 

eliminated the right left turn; Escape trajectory: this adjustment allows 

evaluation of whether most escapes were away or towards the stimulus 

(Domenici and Blake 1997)  
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Table 4. Mean prey capture performance measures of all individuals (n = 5) under 

normoxic (> 90 % air saturation) conditions.  

 Normoxia (n = 64) 

Max gape (cm) 2.14 ± 0.043 

Max jaw protrusion (cm) 0.39 ± 0.016 

Max cranial rotation (o) 13.58 ± 0.93 

Max lower jaw rotation (o) 20.44 ± 1.38 

Max attack speed (cm s-1) 62.70 ± 2.22 

Max jaw protrusion speed (cm s-1) 31.54 ± 1.36 

Max gape speed (cm s-1) 109.88 ± 4.43 

Max cranial rotation speed (o s-1) 1220.13 ± 82.25 

Strike distance (cm) 3.13 ± 0.11 

TTPC (s) 0.043 ± 0.002 

TTPG (s) 0.041 ± 0.001 

Time to max jaw protrusion (s) 0.040 ± 0.002 

Time to max lower jaw rotation (s) 0.039 ± 0.002 

Time to max cranial rotation (s) 0.035 ± 0.002 

n indicate the total prey capture events analyzed. See 

table 2 for full description of performance parameters.  
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Table 5. The comparison between prey capture performances of three individuals that 

engaged in feeding under both, normoxic and hypoxic conditions.  

 
Normoxia 

(n = 21) 

Hypoxia 

(n = 18) 

PC1‡ PC2‡ 

Max gape (cm) 2.45 ± 

0.054 

2.37 ± 

0.065 

- 0.51 

Max jaw protrusion (cm) 0.39 ± 

0.033 

0.37 ± 

0.035 

- 0.23 

Max cranial rotation (o) 11.99 ± 

1.08 

11.57 ± 

1.75 

- -0.44 

Max lower jaw rotation (o) 23.45 ± 

2.87 

25.59 ± 

2.50 

- 0.57 

Max attack speed (cm s-1) 76.54 ± 

3.94 

69.53 ± 

3.91 

- 0.30 

Max jaw protrusion speed (cm s-1) 31.83 ± 

2.30 

29.36 ± 

3.00 

- - 

Max gape speed (cm s-1) 131.96 ± 

8.53 

107.72 ± 

8.48* 

- - 

Max cranial rotation speed (o s-1) 1505.81 ± 

144.02  

1051.9 ± 

151.10** 

- - 

Strike distance (cm) 3.69 ± 

0.14 

3.29 ± 

0.24 

- - 

TTPC (s) 0.043 ± 

0.003 

0.046 ± 

0.004 

-0.45 - 

TTPG (s) 0.040 ± 

0.003 

0.044 ± 

0.004 

-0.45 - 

Time to max jaw protrusion (s) 0.038 ± 

0.003 

0.042 ± 

0.005 

-0.45 - 

Time to max lower jaw rotation (s) 0.037 ± 

0.003 

0.042 ± 

0.004 

-0.45 - 

Time to max cranial rotation (s) 0.031 ± 

0.002 

0.035 ± 

0.005 

-0.39 - 

The sample sizes indicated if for total analyzed videos 

The air saturation levels were >90 % air saturation, AS, and approximately 20 

% AS for normoxia and hypoxia tests, respectively 

* t-test results: t = -2.02, df = 36.79, p = 0.05 (Welch approximation for d.f.) 

** t-test results: t = -2.17, df = 36.39, p-value = 0.04 (Welch approx. for d.f.) 

 ‡ only PC scores above 0.2 or below -0.2 are reported  
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Figure Legends 

Figure 1. Graphical representation of the escape response experimental set up. The 

numbers indicate the following: 1) the experimental area with 1 cm grid bottom; fish can 

freely move around this area, 2) the external area used to create uniform hypoxia with 

minimal disturbance to fish, 3) air stones (4 total), used to bubble air during a normoxia 

test or nitrogen gas to create hypoxia, 4) an external hypoxia circuit tank filled with glass 

beads to optimize gas diffusion in water, 5) a computer interfaced with OXY-REG 

instrument (Loligo System) used to control and monitor [O2], 6) nitrogen gas tank, 7) 

galvanic oxygen probe (OxyGuard Mini Probe, Loligo Systems) monitoring oxygen 

level in the experimental area. The X represents the location where ball was dropped to 

induce an escape response in fish. The arrows indicate direction of the water flow, and 

the fine-dashed line represents the air or N2 gas flow. 

 Figure 2. An image of a juvenile striped bass, Morone saxatilis, capturing prey showing 

all landmark points used in digital analysis. The 9 landmark points were tracked over the 

time of the full prey capture event and used to extract the kinematic-speed variables (see 

Table 1). The points correspond to the following: 1- the upper tip of the jaw, 2- the lower 

tip of the jaw, 3- fixed point on the upper dorsum, 4- fixed point on the lower dorsum, 5- 

the estimated CoM of the prey, 6- the posterior spot on mandible, 7- fixed point on the 

upper cranium, 8- fixed point on the lower cranium, 9- fixed point on the lower jaw, 

between points 2 and 6.  

Figure 3. Responsiveness (%) of startled juvenile striped bass. The responsiveness is 

expressed as the fraction of individuals that responded to the simulated predator stimulus 

under normoxic conditions (N; air saturation. AS > 90 %) and hypoxic conditions (H; AS 
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= 20 %). Responsiveness was dependent on environmental oxygen availability (Chi-

Square tests: 2 (1) = 12.07, p < 0.001). It was less likely that fish responded to stimuli 

under hypoxia (Chi square test: 2 H (1) = 28.17, p < 0.0001; 2 N (1) = 12.07, p = 0.86). 

Figure 4. Prey consumption by each individual striped bass exposed to normoxia and 

hypoxia. Panel A: The percent prey from total introduced consumed by each individual 

under hypoxic (H, approximately 20 % air saturation, AS) and normoxic (N: > 90 % AS) 

conditions. Panel B: A Plot representing individual specific variance in engagement or 

interest in feeding across different environmental [O2]. Each fish is marked with a 

different symbol and line; fish marked with squares (Indiv. 3 and 5) were housed/tested 

together, and all others were kept/tested together in a different tank. 

Figure 5. Axes of a principal component analysis on prey capture performance under 

hypoxic, 20 % air saturation (AS), and normoxic, > 90 % AS, conditions. Two axes, PC1, 

and PC2, as retained by broken stick criterion are plotted and explained 63% of variance 

in our data. PC1 was a “timing axis” (higher values indicate longer kinematic 

displacement time, e.g. it takes longer to open the jaw, or longer to catch a prey), and 

PC2 was identified as a “displacement-explosiveness axis”, in which higher scores 

represent larger maximum displacement of neurocranium parts involved in feeding (e.g. 

maximum gape, jaw rotation, jaw protrusion). In this multidimensional space, no 

significant separation between in prey capture performance measures under normoxia (N, 

black circles) and hypoxia (H, grey triangles) was identified.  
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CHAPTER 3 

Hypoxia Tolerance, Swimming, and Respiration rate  

 

 

“Hypoxia tolerance and swimming respiration rate in juvenile striped bass under hypoxic 

conditions, and the relationships between them.” 

 

 

Krista Kraskura 
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Abstract 

Hypoxia in the Chesapeake Bay has become an emerging concern over the last 

decades as regions with low oxygen availability are increasing and expanding in volume. 

For juvenile striped bass that rely on oxygen for survival, this will add an additional 

metabolic pressure to perform energetically expensive activities, including swimming. 

When under hypoxia their Darwinian fitness may depend on their hypoxia tolerance (HT) 

and/or ability to escape the hypoxic region by swimming away from it. In this study we 

measured i) HT expressed as cumulative oxygen deficit DCO of 18 juveniles striped bass 

twice, 11 weeks apart, and ii) measured their oxygen consumption rate while swimming 

in low flow (10.2 cm s-1) and high flow (estimated 67 % Umax, maximum swimming 

speed) under normoxia (> 90 % air saturation) and hypoxia (20 % AS). The rank order of 

individual HT was significantly repeatable over the 11-week period, and HT increased 

significantly in all but two individuals. Expectedly i) metabolism was lower while 

swimming against low flow regardless of available oxygen levels, and ii) oxygen 

consumption rate was significantly lower in high flow hypoxia tests, than it was under 

normoxia. There were no significant relationships between individual HT and their 

metabolism while swimming under any conditions. No trade-offs between ability to 

increase HT (ΔHT) and metabolic performances were identified, except for a significant 

negative relationship between ΔHT and respiration rate in low flow. Lastly, both HT and 

respiration rate varied substantially among individuals suggesting that they may respond 

to, and be affected by, hypoxia differently. Future research is required to elucidate our 

findings and make any ecologically relevant conclusions.  
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Introduction 

Metabolism is a series of chemical processes that enables animals to extract 

energy and essential nutrients from foodstuffs to be used in biological structures and 

functions. Metabolic rate (MR), typically measured as oxygen consumption (Nelson and 

Chabot 2011) is one of the most commonly studied physiological parameters that is often 

directly related to an animal’s ecology and its fitness (Fry 1971; Claireaux and Lefrançois 

2007; Killen et al. 2010). Metabolic capacity determines an organism’s ability to perform 

and efficiently budget all oxygen-requiring activities critical to fitness, such as food 

acquisition, digestion and assimilation, growth, reproduction, locomotion, and immunity 

(Breitburg et al. 2009; Jourdan-Pineau et al. 2010; Domenici et al. 2013; Killen et al. 

2013; Lapointe et al. 2014; Claireaux and Chabot 2016). However, these costly activities 

will have to trade-off within aerobic scope (AS) or the window between an animal’s 

standard metabolic rate (SMR – the basal metabolism required to sustain life) and 

maximum metabolic rate (MMR – maximum aerobic metabolic activity attainable) (Holt 

and Jørgensen 2015).  

Aquatic hypoxia or low dissolved oxygen availability has become a serious 

ecological and economical concern in coastal areas (Diaz and Rosenberg 2008; Breitburg 

et al. 2009; Diaz and Rosenberg 2011). A combination of factors influence the severity, 

magnitude, and persistence of hypoxic or dead zones (Breitburg 1992; Scully 2016a; 

Scully 2016b). In most cases, warmth and nutrients, primarily nitrogen from 

anthropogenic activities, boosts planktonic production in the epilimnion of stratified 

water bodies; the unconsumed fraction dies, sinks and adds to the organic matter for 

bacterial decomposition that gradually removes oxygen from the hypolimnion (Diaz and 
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Rosenberg 2008). Yet, strong winds and tidal currents can acutely drive the severely 

hypoxic bottom waters to the otherwise normoxic surface layer (Breitburg 1992, Kemp et 

al. 2005, Scully 2016a, Scully 2016b). Different organisms have varying hypoxia 

tolerances (HT) (Mandic et al. 2009a; Bickler and Buck 2007), and they may 

differentially respond to hypoxia. For water breathing fish, the ability to tolerate and 

escape hypoxia in a manner that is energetically efficient will become crucial if they are 

to survive (Rice et al. 2013). Therefore, an individual’s success under hypoxia depends 

on its ability to tolerate hypoxia, that is access environmental and internal oxygen stores, 

and respond behaviorally (e.g. become quiescent, engage in aquatic surface respiration, 

ASR) and/or physiologically (increase ventilation, reprioritize and/or limit metabolic 

processes or undergo some degree of metabolic arrest) before hypoxia overwhelms their 

system (Rice et al. 2013). When energetically feasible, fish will likely try to avoid 

encroaching hypoxia by swimming away towards more oxygenated locations, thus 

physiological responses to hypoxia while swimming are equally important to those 

measured in static water and probably more ecologically relevant (McKenzie et al. 2007; 

Nelson and Lipkey 2015).  

Swimming in fish is one of the major determinants of an individual’s Darwinian 

Fitness (Blake 2004; Langerhans and Reznick 2010). Two modes, aerobic and anaerobic 

swimming, are used by fish to perform their daily tasks. Migration, foraging, and 

maintenance of position against the current rely primarily on aerobic swimming using 

slow-oxidative muscles (red) and theoretically can be carried out indefinitely if enough 

oxygen and fuel substrates (lipids, carbohydrates, and protein) are obtained and 

distributed throughout the working organism (McKenzie 2011). During anaerobic 
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swimming, fast-twitch muscles (white) are used to power fast, explosive, burst-type 

performances after which recovery is required to replenish exhausted endogenous energy 

stores (McKenzie 2011). The two swimming modes may trade-off (Blake 2004, but see 

Claireaux et al. 2007; Marras et al. 2013) or be supplementary to each other when 

conditions require, e.g. burst-and-coast-swimming or swimming under hypoxic 

conditions (Dutil et al. 2007). Both maintenance of swimming ability and the efficiency 

of swimming are crucial in hypoxic waters when aerobic potential suffers. Metabolic rate 

measured as oxygen consumption rate (�̇�O2) is used to determine energetic costs of 

physiological and locomotive activities in fish (Nelson 2016). Furthermore, swimming 

ability is dependent on metabolic power that in turn relies on cardiovascular and 

respiratory capacity (Randall 1982). Therefore, hypothetically, individuals with low 

metabolic rates per unit mass performing the same task may be at an advantage when 

oxygen availability is limited. Metabolic performance and requirements during 

swimming under hypoxia may be under selective pressures in fish that frequently 

encounter oxygen deprived environments.  

Hypoxia tolerance will play an important role in determining when individuals 

leave hypoxic conditions (more tolerant individuals are shown to leave hypoxia last), 

how internal energy stores are partitioned or prioritized (Claireaux and Chabot 2016), and 

the extent of physiological homeostasis perturbation, thus also recovery or even overall 

survival. Quantification of loss of equilibrium (LOE) is one of the valuable methods used 

to measure or express ecologically relevant HT in fish (Crans et al. 2015; Nelson and 

Lipkey 2015; Borowiec et al. 2016). The baseline levels of HT vary between (Chapman 

et al. 1995; Nilsson and Östlund-Nilsson 2003; Mandic et al. 2009a) and within fish 
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species (Pihl et al. 1991; Nelson and Lipkey 2015), and can be limited by O2 uptake at the 

gills (Nilsson 2007), tissue O2 demand (Mandic et al. 2009a), and blood O2 carrying 

capacity (Nikinmaa 2001). Hypoxia tolerance can be gained through phenotypic 

plasticity that will occur over individuals’ lifetime or through evolution over generations 

(Chapman et al. 2000). Phenotypically, HT will be gained through some combination of 

molecular, morphological, and physiological changes that enhance any of the steps in the 

cardiovascular and respiratory cascade (Randall 1982; Hochachka et al. 1996).  

All physiological performances, swimming ability, HT, and metabolic capacity, 

are closely linked. While each has been studied individually from an evolutionary and 

ecological perspective for several decades, the likely existing trade-offs and 

interdependencies between any of these traits are not commonly addressed and are still 

unclear (Fu et al. 2011; Crans et al. 2015; Nelson and Lipkey 2015; Pang et al. 2015). 

Moreover, swimming performance, hypoxia tolerance, and metabolism are plastic traits 

in most fish and will change to best suit the given environment (Fu et al. 2011; Killen et 

al. 2013; Fu et al. 2014; Norin et al. 2016; Killen et al. 2016). Yet, it is unlikely that 

plasticity and selection will work in isolation on one trait. Given how rapidly aquatic 

environments are changing, it has become especially important to investigate variation, 

phenotypic plasticity, and their associated underlying mechanisms in fish to better 

understand and predict an individual’s Darwinian fitness.  

The aim of this study was to investigate hypoxia tolerance, expressed as time to 

loss of equilibrium (LOE) when exposed to hypoxia, metabolic rate (oxygen 

consumption) during low and medium flow conditions under normoxic and hypoxic 

conditions, and any possible interaction between these physiological measures. In this 
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study, I used wild juvenile striped bass, Morone saxatilis (Walbaum, 1972), native to the 

Chesapeake Bay where they naturally encounter hypoxia. Previous research has shown 

that HT of juvenile striped increases when exposed to hypoxia multiple times (Nelson 

and Lipkey, unpublished data) and also found a lack of relationship between an 

individual’s HT in minimal flow conditions versus that while swimming (Nelson and 

Lipkey 2015). Similar results were presented by McKenzie et al. (2007) who reported 

modulated responses to hypoxia of sturgeon while resting vs. swimming. It is evident that 

different physiological mechanism may be responsible for HT under the different 

physiological states of resting and swimming. This study further investigates the potential 

relationships between swimming, metabolic activity, and HT. The major questions posed 

here are: 1) is metabolic rate while resting or swimming predictive of an individual’s 

hypoxia tolerance? 2)  how does an individual’s metabolic rate differ when swimming 

under hypoxia or normoxia 3) how are individual differences in metabolic rate, if any, 

correlated to their HT and plasticity of HT? and, 4) how variable and repeatable are the 

physiological traits measured here? All of these questions are ecologically and 

evolutionary relevant, and are addressed in the following experiments. 

Methods 

Fish collection and maintenance 

Fish (n = 18) were collected in the summer of 2016 from the Potomac River near 

its confluence with the Chesapeake Bay and transported in river water (T = 26oC, salinity 

= 6 ‰) to Towson University. Fish were acclimated to lab conditions by lowering the 

temperature 2.5 oC per day, and kept in three 285 L tanks (n = 6 per tank) under optimal 

conditions (T = 18.7 ± 0.7 oC (mean ± SD); salinity = 10 - 11 ‰) with a photoperiod 
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cycle of 12L:12D. Water quality was maintained by weekly water exchanges (30 – 40 % 

total volume) with resultant [NH3/NH4
+] = 0 ppt; [NO2] = 0.28 ± 1.7 ppt and [NO3

-
 ] = 

62.9 ± 33.62 ppt (mean ± SD). Fish were fed once daily with commercial food (Hikari 

tropical food sticks), at least 6 times a week. After > 10 weeks of acclimation all 

individuals were anesthetized with MS-222 (100 mg L-1, buffered 1:1 with Na+; HCO3), 

weighed (g), measured (total length, TL; fork length, FL) and PIT tagged (PIT-tags; 

Biomark Inc.) for identification purposes. Fish were given 2 months of recovery from 

PIT-tagging before any experimentation. The fish handling protocol was approved by 

Towson University’s Institutional Animal Care and Use Committee (12042013JN-02). 

Hypoxia challenge test (HCT)  

A HCT was performed twice; HCT1 was performed at the beginning of the 

experiment, 4 weeks before the first respirometry trial (see next section Respirometry), 

and HCT2 was performed 10 days after the final respirometry trial (HCT1 and HCT2 

were 11 weeks apart; Fig. 1). The methods described below were followed in both HCTs. 

All individuals (n = 18) were transferred to the experimental tank (THCT1 = 18.8 oC, THCT2 

= 18.0 oC, salinityHCT1, HCT2 = 10 ‰, [O2]HCT1,HCT2 > 90 % air saturation, AS) without air 

exposure and were allowed to acclimate for 24 hours. Feeding was discontinued 24 hrs 

before transfer and while in the experimental tank. Oxygen levels at the start of the HCTs 

were [O2]HCT1, HCT2 = 92 % AS, which was reduced to 10 ± 2% AS over an hour, a rate 

reflective of the most rapid hypoxia incursions into Chesapeake Bay littoral zones 

(Breitburg 1992), by bubbling nitrogen gas directly into the tank. Two calibrated oxygen 

sensing optodes PreSens were used to monitor oxygen concentration during 

experimentation; the % AS was recorded using a Powerlab/4S (ADInstruments©, Inc.) 
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interfaced to a computer running LabChart7 (ADInstruments©, Inc.) software. Oxygen 

concentration was maintained at 10.82 ± 0.74 % AS and 10.23 ± 0.30 % AS (means ± 

SD) for 4 hours during HCT1 and HCT2, respectively. No individuals lost equilibrium up 

to this point, so oxygen concentration was further gradually lowered at an average rate of 

1.03 % AS hr-1 during HCT1, and 0.86 % AS hr-1 during HCT2 until they did. At the 

point of loss of equilibrium (LOE; when individual fish could not maintain an upright 

position for > 10 s) individual fish were immediately removed from the experimental 

tank, identified, placed in fully oxygenated water, and the time of the LOE was recorded 

to the closest minute. Recorded times were used to determine each individual’s HT 

expressed as cumulative oxygen deficit (DCO) (Nelson and Lipkey 2015). Briefly, to 

calculate the DCO, when oxygen concentration (% AS) is plotted as a function of time, 

DOC is the difference between the area under the hypothetical curve in normoxic water 

(initial % AS at the beginning of experiment) and an actual % AS until the LOE (Nelson 

and Lipkey 2015). DCO for each individual was calculated by summing integrated areas 

between every two time points recorded, every second, and reported in %*h (%*min in 

Nelson and Lipkey, 2015). The 30th second of the min recorded for LOE was used as the 

stop point for integration. All individuals fully recovered from both HCTs. Fish were 

measured and weighed after each HCTs (TLHCT1 = 133 ± 9 (119 - 145) mm, massHCT1 = 

23.2 ± 5 (15.6 - 31.3) g; TLHCT2 = 157 ± 13.5 (134 - 179) mm, massHCT2 = 37.3 ± 10. 8 

(21.2 - 57.9) g; mean ± SD (range) for all).  

Respirometry  

Oxygen consumption was measured in Brett-type swim tunnel-respirometer 

Loligo with working area (length = 28 cm, width = 7.8 cm, d = 8.2 cm) and volume 
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5.25 L. The swim tunnel-respirometer bath was supplied with UV sterilized (UV 

sterilizer, Vecton ®) and biologically filtered water. Airstones were placed in an external 

circuit and respirometer bath to control oxygen concentration. Water temperature was 

maintained at 19.8 ± 1 oC with a circulating water bath (Polytemp, Polyscience®). 

A randomly selected individual was transferred to the swim tunnel-respirometer 

without air exposure and acclimated for 24 hrs in a 10.2 cm s-1 current. Acclimation time 

was selected based on a preliminary test of juvenile striped bass investigating oxygen 

consumption rate over a period of 48 hrs; fish calmed and O2 consumption normalized 

within 24 hrs after handling. The working area containing the fish was darkened at all 

times to reduce the stress of the fish. After acclimation, oxygen consumption rate (�̇�O2, 

μmol min-1, see eq. 1) was measured in normoxic water (N) at low flow (LF, 10.2 cm s-1), 

then the water velocity was increased at the rate of 6 cm s-1 min-1 to the high flow (HF) 

regimen 28.9 ± 1.7 cm s-1 min-1
 (velocity equivalent to 67 ± 3.5 % of individuals 

estimated Umax (maximum swimming speed) as determined from a dataset on largemouth 

bass (Micropterus salmoides) of similar size swum at the same temperature; Beamish 

1970). The fish were allowed to adjust to the HF for 10 min before measuring oxygen 

consumption (N-HF test). Next, the current was decreased to LF at the same rate (6 cm s-1 

min-1), and �̇�O2 was measured immediately to monitor recovery from the HF exercise 

(N-LF2 test). Following this test, the oxygen concentration in the water was lowered to 

approximately 20 % AS over a period of 1 hour, and the same experimental procedure 

described above was repeated under hypoxic conditions (H-LF and H-HF tests; recovery 

was not measured). Figure 1 graphically represents the experimental progression. The 

fish were immediately removed from the working area after completion of last test under 
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hypoxia, or if fish was unable to maintain its position in the respirometer and was resting 

against the back grid (only one individual). Oxygen levels were maintained between 93.5 

- 100 % AS in normoxia tests (N-LF, N-HF, N-LF2; Fig. 1), and 17 - 26 % AS in 

hypoxia tests (H-LF, H-HF; Fig. 1). All closed respirometry tests consisted of three 

cycles of 10 min of measuring and a 5 min flush. Before being returned to their housing 

tank, each individual was anesthetized in MS-222, measured and weighed. Background 

or bacterial oxygen consumption was measured after every experiment and each 

individual’s �̇�O2 was corrected to account for it (see eq. 1). The oxygen consumption 

rate was calculated using the following equation:  

�̇�𝑂2 = (𝑠𝑙𝑜𝑝𝑒𝑓𝑖𝑠ℎ − 𝑠𝑙𝑜𝑝𝑒𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎) ∗ (𝑉𝑟𝑒𝑠𝑝 −  𝑚𝑓𝑖𝑠ℎ)    eq. (1) 

where �̇�O2 is oxygen consumption rate (μmol min- 1); slopes were obtained by fitting 

linear regression on [oxygen] decrease in water over time (μmol L-1 s-1); Vresp = volume of 

respirometer (measured manually, 5.25 L); m = mass of fish measured in kg.  All 

methods complied with the protocols approved by the Towson University’s Institutional 

Animal Care and Use Committee (New IACUC approved protocol # 1611000152). 

Statistical analysis  

All data were analyzed in R v3.3.1 software (2016). The rank order repeatability 

of hypoxia tolerance (DCO) across 11 weeks and 4 days was statistically determined using 

Spearman’s rank order and Kendall rank correlation tests. The significance between 

sample mean hypoxia tolerance between two HCTs was tested with a paired t-test. 

Coefficient of variation (CV % = (SD/mean)*100 %) was calculated to determine 

variation in the HT for each test. 
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The significance level of the correlations between oxygen consumption rate and 

individual size (g) and growth rate (GR, g day-1) was determined using Pearson’s 

correlation. Because the metabolic scaling coefficient may change depending on the 

swimming activity and oxygen availability (Everett and Crawford 2010; Urbina and 

Glover 2013), only the data from the normoxic low flow tests were plotted and used to 

analyze size and growth effects. To correct for this size effect, the oxygen consumption 

rate for all individuals in all tests was size-adjusted to mean sized fish in our sample (29.3 

g; 18.2 - 46.6 g range) using allometric relationship �̇�O2 = 3.39*mass(g) + 27.5 (Fig. 2). 

Whether the mean oxygen consumption rate between tests was repeatable was tested 

using Spearman’s rank order correlation. The non-parametric test was chosen because it 

allows to test for repeatability or stability in each individual’s relative rank position in 

each test while avoiding artificially inflating variance associated with different flow and 

oxygen regimens. Coefficient of variation, CV %, was also calculated for all respirometry 

tests.  

Linear mixed effect model, LMM, (R package lme4::lmer) analysis was used to 

examine differences between respiration rate in different respirometry tests: N-LF, N-HF, 

N-LF2, H-LF, H-HF (Fig. 1). First models were designed to test for possible interacting 

factors (temperature and water velocity, estimated 67 % Umax) with the fixed effect 

(respirometry test), but none were significant and excluded from further analyses. Linear 

mixed effect models were further used to test for the main effect of respirometry test on 

oxygen consumption rate. Individual was included as a random effect in all mixed effect 

models to account for the repeated measures design. ANOVA with Satterthwaite 

approximation for degrees of freedom and Post hoc Tukey’s tests were used to determine 
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significance levels in any differences between �̇�O2 under different oxygen and flow 

conditions. For LMM statistical analyses we used a dataset containing each individual’s 

mean respiration rate (n = 3) for each treatment.  

Results 

Hypoxia tolerance (HT) 

HT expressed as cumulative oxygen deficit (DCO) was significantly repeatable 

over 11 weeks (Spearman’s ρ = 0.59, p = 0.012; Kendall’s τ = 0.45; p = 0.009; Fig. 3A). 

All except two individuals were more hypoxia tolerant in the second HCT; the average 

increase of HT (DCO) of each individual was 127.44 ± 24.58 (%h, mean ± s.e.m.) (Fig. 

3AB). This increase was statistically significant in our sample (paired t-test: t (17) = - 

5.18, p < 0.001). HT did not correlate with an individual’s body size in any of the tests 

(HCT1: Pearson’s r = 0.14, p = 0.6; HCT2: Pearson’s r = 0.21, p = 0.4; data not shown), 

but the increase in hypoxia tolerance (ΔHT) was significantly positively correlated with 

growth rate, in other words individuals with higher growth rates had a greater increase in 

HT (ΔHT) (Fig. 4A). The level of hypoxia tolerance varied substantially between 

individuals (CV (HCT1) = 14.14 %; CV (HCT2) = 18.98 %).  

Respiration while swimming  

The individual mean oxygen consumption rate was significantly different under 

different flow and oxygen level conditions (ANOVA: F (4, 71.99) = 46.98, p < 0.001; 

Fig. 5, Table 1). Tukey’s Post hoc analysis results are summarized in Table 2. As 

expected, �̇�O2 was significantly higher in high flow than in low flow conditions under 

both normoxia and hypoxia (N-LFvsN-HF: p < 0.001; H-LFvsH-HF: p < 0.001; Fig. 5, 
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Table 2), and there was no difference between metabolic rate in two low flow normoxia 

tests (N-LFvsN-LF2; p = 0.1; Table 2). Oxygen consumption rate was significantly lower 

under hypoxia than normoxia in high flow conditions (N-HFvsH-HF: p < 0.001; Table 2). 

And considerable inter-individual variance was found in all respirometry tests as 

indicated by CV % that ranged between 12.4 % - 24.8 % (Table 1). The mean oxygen 

consumption was significantly correlated with size (mass, g; Pearson’s r = 0.83, p < 

0.001; Fig. 2) and slightly, yet significantly-negatively correlated with growth rate 

(Pearson’s r = -0.24, p = 0.01; Fig. 4B).  Size also significantly positively correlated with 

Δ�̇�O2 (difference between respiration rate in LF and HF; Pearson’s r = 0.39, p = 0.017, 

data not shown). An individual’s relative rank position of respiration rate was 

significantly correlated between the low and high flow tests under the same oxygen levels 

(LFvsHF: p < 0.05 for both N and H, Table 2), in other words, the individuals with higher 

�̇�O2 in low flow also had higher �̇�O2 in high flow in hypoxic and normoxic conditions. 

But when comparing �̇�O2 across the same flow conditions but at different oxygen levels, 

no significant relationship was identified (N-LFvsH-LF Spearman’s ρ = 0.33, p = 0.19, 

Pearson’s r = 0.44, p = 0.07; N-HFvsH-HF Spearman’s ρ = 0.42, p = 0.08, Pearson’s r = 

0.22, p = 0.38; Table 2). Lastly, the relative magnitude that individuals increased their 

oxygen uptake rate while swimming in normoxic water (Δ �̇�O2 = 85.79 ± 12.17, mean ± 

s.e.m.) was greater compared to that while swimming in hypoxia (Δ �̇�O2 = 47.33 ± 5.17, 

mean ± s.e.m.) and the correlation between the two was not significant and individual 

rank order was not maintained (Spearman’s ρ = 0.33, p = 0.18; Pearson’s r = 0.33, p = 

0.19; Fig. 6).   
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HT, swimming and respiration  

There was no significant correlation between HT measured either before or after 

the respirometry tests and �̇�O2 under any test conditions (H, N, high and low flow). 

There was also no relationship between ability to increase oxygen consumption while 

swimming (both H and N, Δ�̇�O2) and ability to increase HT over time (ΔHT) (Pearson’s 

r = 0.09, p = 0.6; Fig. 7). However, there was a significant negative relationship between 

ΔHT and �̇�O2 in low flow conditions under normoxia (Pearson’s r = -0.51, p < 0.001; 

Fig. 4C), hypoxia (Pearson’s r = -0.29, p = 0.04; Fig. 4C) and when combining normoxia 

and hypoxia tests (Pearson’s r = -0.32, p < 0.001; Fig. 4C); this relationship was not 

significant at high flow conditions. 

Discussion 

Hypoxia tolerance (HT) 

Juvenile striped bass are relatively hypoxia tolerant, yet their baseline HT levels 

vary substantially between individuals. Likewise, HT expressed as DCO ranged between 

10-40 % h (methods slightly different from those described here, see Claireaux and 

Chabot 2016) in co-familiar European sea bass, Dicentrarchus labrax (Claireaux and 

Chabot 2016, see also Claireaux et al. 2013), and Nelson and Lipkey (2015) reported CV 

of 33.3 % in HT (DCO) of juvenile striped bass while swimming in minimal flow (for 

variation in other species see Mandic et al. 2009a; Mandic et al. 2012; Crans et al. 2015). 

Fish from this cohort were able to tolerate ≤ 10 % AS in 20oC (equivalent to ~ 0.9 mg O2 

L-1) between 3 to 7 hours before they lost equilibrium, which increased to 5 to 10 hours 

when tested again in approximately 11 weeks. This level of increase in HT is not 
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necessarily expected, because these fish were not hypoxia-acclimated and experienced 

only two acute hypoxia exposures while kept in the laboratory (including the first HCT) 

before they were re-tested for their HT. Furthermore, striped bass have not been 

recognized by investigators to be a particularly hypoxia tolerant species (e.g. Dixon et al. 

2017). However, similar levels of HT and potential for plasticity were observed in 

juvenile striped bass before (Nelson and Lipkey, unpublished data). The underlying 

mechanisms of this plasticity are still unknown.  

Generally, more HT fish are physiologically acclimated and/or adapted by having 

higher blood hemoglobin concentrations (Fu et al. 2011), higher hemoglobin-oxygen 

(Hb-O2) affinity (low P50, Richards 2011; Mandic et al. 2009a; but see Crans et al. 2015), 

increased capacity for anaerobic and decrease in aerobic metabolism while the overall 

whole-organism metabolism decreases (i.e. change in key enzyme activity; ATP 

turnover: Hochachka et al. 1996; Martínez et al. 2006; Richards 2011; Zhu et al. 2013; 

Crans et al. 2015). Morphologically hypoxia tolerant counterparts often have increased 

total gill surface area, TGSA (Nilsson 2007; Chapman et al. 2008; Mandic et al. 2009a; 

Richards 2011; Fu et al. 2011; Crans et al. 2015). Hypoxia acclimation can enhance one 

or more of these physiological and morphological parameters as it has been observed in 

several species of African cichlids (Chapman et al. 2008) in killifish, Fundulus grandis 

(Martínez et al. 2006; Borowiec et al. 2015), goldfish, Carassius auratus (Fu et al. 2011), 

Atlantic cod, Gadus morhua (Claireaux and Dutil 1992; Petersen and Gamperl 2010), and 

largemouth bass, M. salmoides (Gaulke et al. 2014). While these findings suggest that 

their HT also increases the actual increase in HT measures (Pcrit, PO2 at LOE, or time to 

LOE) are rarely re-tested (but see Fu et al. 2011; Borowiec et al. 2015).  
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On the other hand, during acute hypoxia exposure, fish exhibit a variety of 

defensive and protective responses, these include i) behavioral responses: ASR, observed 

personally but not well documented in striped bass (Dixon et al. 2017; Mandic et al. 

2009b, but see Nelson and Lipkey 2015), boldness and avoidance (Domenici et al. 2013; 

Killen et al. 2013), ii) physiological responses: increased ventilation rate (Randall 1982), 

bradycardia (Petersen and Gamperl 2010), decreased cardiac volume (Petersen and 

Gamperl 2010), iii) biochemical responses: increased [Hb] (Wang et al. 2017), increased 

red blood cell count (Wang et al. 2017), increase in activity of anaerobic metabolic 

enzymes (Omlin and Weber 2010; Borowiec et al. 2015; Crans et al. 2015) and activity 

of aerobic metabolic enzymes (Crans et al. 2015), iv) and molecular responses: 

upregulation of major molecular gene expression regulator HIF-1 that regulates 

expression of many genes downstream (reviewed in Wu 2002), and differential protein 

expression profiles in muscle (Wulff et al. 2012). Note, that these responses that include 

all levels of biological organization, molecular, biochemical, physiological, 

morphological, and even organismal, are very diverse and not always parallel between 

studies involving different methodologies and species. Overall, the potential for 

phenotypic plasticity, underlying mechanisms, and the timescale at which changes will 

occur appear to be species and individual specific (Chapman et al. 2008; Borowiec et al. 

2015; Joyce et al. 2016). Nevertheless, more research is necessary to explain the gain in 

hypoxia tolerance in fish and mechanisms in place to withstand hypoxia.  

The hypoxia tolerance we report is comparable to that observed in juvenile striped 

bass previously (Lipkey 2012). Similarly, the co-familiar, European sea bass, D. labrax, 

are able to withstand < 20 % for up to ~ 9 h before LOE (Joyce et al. 2016), while 
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rainbow trout, Oncorhynchus mykiss, tolerated < 10 % AS for 5h (Roze et al. 2013). We 

also demonstrate a highly repeatable inter-individual variance of HT in juvenile striped 

bass. High between individual variation in numerous performance traits are often 

observed in fish (e.g. HT: Nelson and Lipkey, unpublished data; Roze et al. 2013; 

Borowiec et al. 2015; Joyce et al. 2016, metabolism: Metcalfe et al. 2016, locomotion: 

Nelson and Claireaux 2005; Marras et al. 2013), and is important and necessary if the 

trait is to be targeted by natural selection (Dohm 2002). Joyce at al. (2016) and Faust et 

al. (2004) suggest that the variance in whole-animal HT is directly associated with 

individual cardiac tolerance to hypoxia. Hearts from hypoxia-tolerant individuals of the 

same species produced significantly more force than hypoxia-sensitive counterparts 

(Joyce et al. 2016), and HT fish experienced lower reduction in cardiac function, i.e. 

lower decrease in cardiac output and stroke volume (note that authors in this study did 

not directly test individuals with the variant HT, but examined a suggested hypoxia 

tolerant subpopulation of the same species; Faust et al. 2004). Besides cardiac function, 

other physiological and morphological functions as discussed above can likely explain 

the existing variance in HT, but research addressing direct correlations is still underway 

(Davies et al. 2011; Borowiec et al. 2015). It also cannot be excluded that the method 

used to determine HT may affect the variation observed (e.g. Mandic et al. 2012). The 

responses to hypoxia and HT may differ depending on the nature of hypoxia encountered, 

i.e. the rate of oxygen depletion (Snyder et al. 2016), duration and severity of hypoxia 

(Plante et al. 1998), and even the time of the day (effect of circadian rhythm of fish) 

(Snyder et al. 2016).  
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Striped bass have been shown to actively avoid hypoxia (< 20 % AS; < 2 mg O2 

L-1) in the Chesapeake Bay (Kraus et al. 2015). But we demonstrate here and in the 

previous studies in our lab that juvenile striped bass can tolerate < 20 % AS for a 

substantial period of time not only when minimally active, but also while swimming 

(Nelson and Lipkey, unpublished data; Nelson and Lipkey 2015). But the method used to 

quantify HT may create some uncertainty. Tolerance to hypoxia is often quantified as 

critical oxygen tension or concentration (Pcrit; [O2]crit), an environmental PO2 or [O2] at 

which animals begins oxyconforming (when resting oxygen consumption becomes 

dependent on environmental O2, but this method excludes an individual’s potential for 

anaerobic metabolism; Mandic et al. 2009a; Nilsson and Östlund-Nilsson 2003; Crans et 

al. 2015; Borowiec et al. 2016), or as the PO2 and [O2] at which loss of equilibrium 

(LOE) occurs (Crans et al. 2015; Borowiec et al. 2016). Although, environmental PO2 at 

Pcrit and LOE are not always the same (Crans et al. 2015; Borowiec et al. 2016; Claireaux 

and Chabot 2016; but see Snyder et al. 2016), both methods are commonly used and 

proven to be valuable measures of HT.  

More hypoxia tolerant individuals are likely to be more successful in 

environments like the Chesapeake Bay where hypoxia severity and persistence is 

predicted to keep increasing (Keeling et al. 2010). Generally, hypoxia tolerance can be 

acquired via two routes, evolution via natural selection and phenotypic plasticity, or a 

combination of both. As we demonstrated, the relative HT is a stable trait (repeatable 

rank order of HT) that varies between individuals, and fish from this cohort expressed a 

relatively uniform increase in HT with acute hypoxia re-exposure. Altogether, these 

findings suggest that both routes to increased HT are likely to occur in wild striped bass.  
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Respiration while swimming 

As expected, oxygen consumption rate increased when juvenile striped bass swam 

at higher flow regardless of ambient oxygen levels (Petersen and Gamperl 2010; Pang et 

al. 2015). The �̇�O2 was significantly lower at high flow when individual fish swum 

under hypoxic vs. normoxic conditions. The inability to increase oxygen consumption at 

high flow under hypoxia is likely due to limited oxygen uptake capacity at the gill and/or 

their limited ability to transport or use that oxygen resulting in a reduced scope for 

aerobic activity under hypoxia (Fry 1971; Petersen and Gamperl 2010; Claireaux and 

Chabot 2016). Aerobic scope sets the limit for the ability of the animal to increase 

aerobic metabolism (Norin and Clark 2016). Despite the decreased amount of oxygen 

consumed, all except one juvenile striped bass maintained their position in the swim 

tunnel-respirometer, so they were generally able to meet their energy demands over 

approximately 50 min to support swimming at selected speeds.  

Metabolism is influenced by a combination of biotic and abiotic environmental 

factors (Fry 1971; Bushnell et al. 1984; Claireaux and Legardère 1999), physical and 

physiological activity (Webb 1971; Fu et al. 2011), lifestyle (Eliason and Farrell 2016), 

and is species and individual specific (Norin and Malte 2011; Norin and Malte 2012; 

Pang et al. 2015). We identified substantial levels of inter-individual variance in �̇�O2 

(CV 12.5-24.9 %) in juvenile striped bass, which is a common finding in metabolic 

parameters across many fish species, CV (AMR) of 15-20 % reported in young brown 

trout, Salmo trutta (Norin and Malte 2011), CV (AMR) 17.5 % in European sea bass, D. 

labrax (Marras et al. 2013), CV (AS) 32.5 % in Atlantic cod, G. morhua (Reidy et al. 

2000) (for review see Metcalfe et al. 2016). Further, supporting our results Nelson and 
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Claireaux (2005) reported on increased �̇�O2 CV % with increasing swimming activity on 

similar-size D. labrax tested at swim speeds of 0.45, 0.65, and 0.85 m s-1. The likely 

contributors to the observed variation may be individual specific SMR (Norin and Malte 

2011; Norin and Malte 2012; reviewed in Claireaux and Chabot 2016), metabolic enzyme 

activity (e.g. liver cytochrome c oxidase: Norin and Malte 2011), cardiac capacity 

(Farrell et al. 2009) or context-dependent individual life histories (developmental 

plasticity: Chapman et al. 2008; life history: Killen et al. 2016). Furthermore, hypoxia 

may reduce this variability due to metabolic constraints (Norin et al. 2016). It is 

suggested that heritable, genetic variation provides raw material for natural selection to 

act upon (Dohm 2002), thus these performances are currently a potential object for 

selection. But whether the source of this variation is environmental or genetic, or both is 

unknown. 

The swim speeds selected here were not exhaustive to these fish as indicated by 

immediate recovery (the oxygen consumption returned to that during acclimation or the 

first respirometry test, Fig. 5; or no visible sign of exhaustion, e.g. resting against the 

back grid, were observed) from the HF test under normoxia. It further suggests that under 

optimal conditions these fish relied mostly, if not only, on aerobic respiration at the 

selected speeds (Domenici et al. 2013). On the other hand, under hypoxia, the high flow 

speed may be nearing their Ucrit values. Previously reported results show substantial 

reduction in Ucrit when fish were swum under similar or even milder levels of hypoxia as 

used here; Ucrit reduced by approx. 30% in Altantic cod, G. morhua (Dutil et al. 2007; 

Petersen and Gamperl, 2010); by approx. 20 % in rainbow trout, O. mykiss (Bushnell et 

al. 1984), black carp, Mylopharyngodon piceus (Pang et al. 2015), coho salmon, 
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Oncorhynchus kisutch, and largemouth bass, M. salmoides (Dahlberg et al. 1968). 

Whether juvenile striped bass were approaching exhaustion and/or used anaerobic 

respiration during at H-HF swim is unclear but not unlikely (Domenici et al. 2013). 

Although, burst-and-coast swimming, indicative of anaerobic swimming (Dutil et al. 

2007), was not observed at any of the trials. Future studies may incorporate the 

measurement of excess post exercise oxygen consumption (EPOC) or muscle and/or 

blood lactate level to investigate this further (Virani and Rees 2000, Omlin and Weber 

2010; Weber et al. 2016, but the lactate levels may not be indicative of individual’s HT in 

juvenile striped bass, J.A. Nelson and G.K. Lipkey, unpublished observations).  

HT, swimming and respiration  

We did not find any direct relationships or trade-offs between an individual’s 

hypoxia tolerance measured in either of the HCTs and metabolic rate in any of the 

respirometry tests (N and H in high and low flow). Recently, several studies have 

addressed potentially existing trade-offs or complementarity between hypoxia tolerance 

and aerobic swimming ability in fish (both swimming speed and efficiency) (Fu et al. 

2011; Fu et al. 2014; Crans et. al. 2015). However, there is no consensus how these traits 

trade-off in different species and individuals (Nilsson et al. 2007; Fu et al. 2011; Fu et al. 

2014; Crans et al. 2015). Traits underlying both HT and swimming ability include 

increased ability for gas (O2, CO2) exchange at the gill (higher TGSA: Fu et al. 2011; 

Crans et al. 2015), more efficient O2 transport to the tissue (i.e. increased oxygen carrying 

capacity: Fu et al. 2011; heightened pH sensitivity of Hb-O2 binding affinity: Crans et al. 

2015), and more efficient ATP use to complete a given task (e.g. basic metabolic needs, 

or active swimming; see Randall 1982; Hochachka et al. 1996; Mandic et al. 2009a). On 
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the other hand, several proposed trade-offs may exist. For example, HT is often 

associated with high Hb-O2 affinity (Mandic et al. 2009a) but opposed to that, lower Hb-

O2 affinity facilitating O2 unloading at the working tissue may be better in supporting 

high intensity swimming. Also, heavily sought after, is a trade-off between aerobic and 

anaerobic-glycolytic capacity (e.g. muscle types, muscle capillarity, metabolic enzyme 

activity, aerobic and anaerobic capacity of heart), which also may emerge as a trade-off 

between aerobic swimming ability and HT (Crans et al. 2015). For example, individuals 

with higher anaerobic capacity may survive severe hypoxia longer (reliance of glycolysis 

when ambient [O2] drops below Pcrit and/or anaerobic capacity of heart: Petersen and 

Gamperl 2010; Joyce et al. 2016), whereas those of higher aerobic capacity may be 

‘better swimmers’ (Crans et al. 2015). Importantly, not all traits associated with high HT 

or aerobic swimming capacity can be gained via plasticity or acclimatization, some are 

genetically acquired through evolution (Kaufman et al. 1997; Mandic et al. 2009a). Based 

on the available literature, it seems probable that phenotypically gained traits (TGSA, 

[Hb], lower Pcrit) are more likely to work in the same direction facilitating both HT and 

high intensity swimming capacity (Fu et al. 2011), whereas traits that have a genetic basis 

may trade-off to maximize or even specialize in one trait at the expense of reduction in 

the other trait (Fu et al. 2014, Crans et al. 2015; see also developmental plasticity, 

Nilsson et al. 2007). The cost of the plasticity vs. the potential gain also must be 

considered, for example, increased TGSA will likely increase HT, but it comes with its 

associated maintenance costs. Our results do not differentiate between the trade-off or 

complementation hypotheses. The relationship between HT and swimming efficiency in 

juvenile striped bass is still to be explored. There could be several reasons as to why we 
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did not identify any trends, for example, the flow levels selected did not test for 

individual maximum performance abilities (e.g. ‘better swimmers’ with higher Ucrit 

shown to have lower HT; Crans et al. 2015) nor was it to an individual specific % of 

Umax. We also do not have data on individual’s SMR and other metabolic parameters, 

thus physiologically relevant hypoxia tolerance measurements (i.e. Pcrit). In the meantime, 

the lack of any signs of trade-offs indicate that more hypoxia tolerant individuals can be 

as good and possibly even ‘better’ swimmers than less hypoxia tolerant counterparts. 

Hypothetically, individuals that can gain hypoxia tolerance at minimal expense, and are 

simultaneously tolerant to hypoxia and efficient swimmers may be selected in hypoxic 

environments. In addition, the high variance and natural maintenance of this variation in 

all traits indicate that that different individuals may be better suited or at an advantage 

under differential environmental conditions (Killen et al. 2016).  

Unlike HT as an independent measurement, we found an unexpected significant 

negative relationship between the increase in individual’s hypoxia tolerance (ΔHT) and 

respiration rate in all low flow swim tests. This relationship was especially pronounced 

for normoxic swim tests, but still highly significant in hypoxic swim test and when all 

were combined. Not tested here, but if this relationship is related to individual SMR, our 

negative relationship may underlie that having lower SMR may enhance HT as found in 

other species (Mandic et al. 2009a). Also interesting, was a finding that growth rate 

positively significantly correlated with ΔHT, and negatively correlated with oxygen 

consumption rate under normoxia while swimming at low flow. This is unusual, because 

fish with higher metabolic demand typically eat and metabolize more food, thus have 

higher growth rates than their low-MR counterparts (Norin et al. 2016). Meanwhile, 
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energy from foodstuffs has to be budgeted or traded between growth, reproductive and 

physical activity and other physiological processes (Claireaux and Chabot 2016), likely 

including acclimatization-plasticity to hypoxia or potentially other conditions (e.g. 

McBryan et al. 2013). While the relationship between growth rate and swimming �̇�O2 

was significantly negatively only in low flow tests (significance was lost in high flow 

tests), it is not evident what trade-off may operate between swimming performance, 

respiration rate, and GR in this group of juvenile striped bass. Generally swimming 

capacity (burst type: Billerbeck et al. 2001; Killen et al. 2014, and sustained swimming: 

Billerbeck et al. 2001) is reduced in ‘fast growers’ (Handelsman et al. 2010). 

Furthermore, it is unexpected that individuals highly investing in growth, also have the 

highest increase in hypoxia tolerance. The reports on GR and body size on ability to 

environmentally acclimate and adapt are very scarce. In agreement with our findings, a 

fast-growing strain of rainbow trout was more hypoxia tolerant than was a slow growing 

strain (Roze et al. 2013). In reef fish, during larval to juvenile development when rapid 

growth and metabolism reorganization occur, metabolic demand (SMR) and their 

superior aerobic swimming performance dropped but simultaneously juveniles gained 

hypoxia tolerance (lower Pcrit) (Nilsson et al. 2007). Although, only size, not growth rate 

was used to draw size-HT relationships, it demonstrated that higher GR can potentially 

lead to a higher increase in HT (Nilsson et al. 2007). In contrast, Sundt-Hansen et al. 

(2007) reports on transgenic enhanced-growth coho salmon larvae being less tolerant to 

hypoxia than slow growing wild type fish. Rapid growth, thus higher body size and 

possibly reproductive output, and high aerobic metabolic capacity are likely, but not 

necessarily, evolutionary favored traits in some fish species (Burton et al. 2011), but their 
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consequences or ability to acclimate to hypoxia are poorly explored. Also, because we 

don’t know the underlying mechanism(s) of increase in HT, the energy costs of it are also 

unknown.  

Other important factors to consider from our study are variation in performances 

within and across performances. As discussed above, inter-individual variation likely 

arises from varying SMR, MMR, AS, basline HT, other intrinsic and extrinsic life history 

related factors. But there is also a significant level of intra-individual variation, for 

example under the same flow conditions (LF and HF) the relative rank of the magnitude 

by how much individual increases its oxygen consumption under normoxic conditions (Δ 

�̇�O2 - N) is not the same as that under hypoxia (Δ �̇�O2 - H). This may be related to their 

AS, however, we don’t know what fraction of their available AS each individual is using 

while swimming under hypoxic conditions, and whether this fraction remains the same 

across different oxygen conditions. Studying a different group of juvenile striped bass, 

Nelson and Lipkey (2015) demonstrated lower HT for swimming than resting fish, but 

they also reported the lack of relationship between an individual’s rank order of HT 

between the swimming and resting states, which lines up with our results presenting the 

reordering of �̇�O2 under two flow tests, and intra-individual variance. Everett and 

Crawford (2010) studied divergent populations of gulf killifish, F. grandis, occupying 

environments with different environmental oxygen patterns and found significant 

differences in routine oxygen consumption rates at low environmental [O2] in individuals 

from different populations, while their HT measured as Pcrit was uniform across 

populations. Also, �̇�O2 of F. grandis under hypoxia was not related to the same 

individual �̇�O2 in normoxia (Everett and Crawford 2010). Their results agree with ours 
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in that the metabolic rate and differences in metabolic rate when exposed to hypoxic or 

normoxic conditions may not explain an individual’s HT, and it further suggest that 

plasticity of HT is species specific and may require different environmental HT-inducing 

stimuli (e.g. seasonal, daily, infrequent hypoxia exposures). Lastly, another source of 

variation may be differential scaling of metabolic rate between resting and swimming 

animals or fish exposed to hypoxia (Everett and Crawford 2010; Urbina and Glover 

2013; Roze et al. 2013). 

Summary, future perspectives and ecological relevance  

 Here we report significant rank order repeatability and plasticity in hypoxia 

tolerance of juvenile striped bass. While held in the lab conditions, 18 juvenile striped 

bass were acutely exposed to hypoxia three times, including hypoxia tolerance tests, and 

at the last exposure their HT was significantly higher than that tested approximately 11 

weeks prior. What the underlying biochemical, physiological, and/or morphological 

mechanisms of this ability to increase HT are remains unknown and may be investigated 

in the future experiments. In between the HT tests, each individual was swum under low 

flow (10.2 cm s-1) and high flow (their estimated 67 % Umax) in normoxic and hypoxic 

water, and their oxygen consumption rate measured. As expected, their aerobic metabolic 

capacity was suppressed under hypoxia, and oxygen consumption rate was higher when 

swimming in high flow. But more interestingly, relative individual hypoxia tolerance, 

whether measured before or after the respirometry tests, was not correlated with their 

respiration rate at any flow or oxygen level conditions. This finding is worth further 

investigation, because many physiological (e.g. oxygen carrying capacity, tissue oxygen 

demand, SMR, MMR, AS) and morphological (total gill surface area) traits are 
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associated with both aerobic swimming metabolic capacity and hypoxia tolerance 

performances and the trade-offs, if any, between them are still not clear in juvenile 

striped bass. Change in HT, however, significantly negatively correlated with an 

individual’s �̇�O2 while swimming in low flow under normoxia. Nevertheless, the 

identification and evaluation of trade-offs remain a current challenge in the field of fish 

physiology (Marras et al. 2013; Svendsen et al. 2015). 

We report on substantial but repeatable inter-individual variation in all 

physiological performance parameters measured here. Variation in traits important to 

Darwinian fitness is maintained in the natural setting, it not only provides a raw material 

for natural selection to act upon, but also may be highly beneficial in rapidly changing 

environments. For example, it is very likely that different individuals will be selected 

under differential environmental conditions, with differential oxygen availability. The 

source of the variation we observed is uncertain. It is ecologically important to further 

investigate whether it has genetic and environmental basis and what role it plays in the 

environment.  

Lastly, two limitations of this study include: i) the HF tests were estimated 67 % 

of each individuals Umax (Beamish 1970) and their actual Umax was unknown, and ii) a 

lack of measurement of SMR, MMR, and AS. Having these data available, may have 

helped to better explain some of the observed relationships or lack of them. There is a 

great potential for future research in juvenile striped bass and other fish species. 
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Table 1. The mean performance, variance, and mixed effect model output summary of 

respiration rate of 18 individual juvenile striped bass under two flow and two oxygen 

conditions.  

LMM: oxygen consumption  ~ test + (1| ID)  

 Mean d.f. t-value 
Lower 

CI 

Upper 

CI 
CV %† 

H-LF 107.80 72 15.35 94 122 17.22 

H-HF 155.13 72 22.09 141 169 19.28 

N-LF 128.81 72 18.34 115 143 15.29 

N-HF 214.60 72 30.56 201 228 24.78 

N-LF2 125.86 72 17.92 112 140 12.39 

Respiration rate expressed in �̇�O2 (μmol min- 1), and data are corrected 

for fish size. 
† Calculated separately, not and output of LMM  

H = hypoxia (20 % air saturation, AS); N = normoxia ( > 90 % AS); LF 

=  low flow (10.2 cm s-1); HF =  high flow (estimated 67 % Umax); 
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Table 2. Repeatability and Post Hoc-Tukey’s analysis results of mixed effect model 

investigating the difference in respiration rate of individual striped bass swimming under 

low and high flow under normoxic and hypoxic conditions. 

 
Estimated 

 difference 

Repeatability: 

Spearman’s ρ 

Repeatability:  

Pearson’s r 

H-HF vs. H-LF 47.327 *** 0.59 * 0.68 * 

N-LF vs. H-LF 21.006 0.33 0.44 

N-HF vs. H-LF 106.799 *** 0.09 -0.046 

N-LF2 vs. H-LF 18.061 0.20 0.25 

N-LF vs. H-HF -26.322 * 0.28 0.31 

N-HF vs. H-HF 59.472 *** 0.42 0.22 

N-LF2 vs. H-HF -29.266 ** 0.51 * 0.52 * 

N-HF vs. N-LF 85.794 *** 0.38 0.26 

N-LF2 vs. N-LF -2.945 0.73 *** 0.62 *** 

N-LF2 vs. N-HF -88.739 *** 0.61 ** 0.62 ** 

Significance levels indicated:  * p < 0.05; ** p < 0.01, *** p < 0.001 

H = hypoxia (20 % air saturation, AS); N = normoxia (> 90 % AS); 

LF =  low flow (10.2 cm s-1); HF =  high flow (estimated 67 % Umax) 
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Figure Legends 

Figure 1. Hypoxia challenge tests and respirometry tests schematic timeline. The first 

hypoxia challenge test (HCT1), was performed 4 weeks prior the first respirometry test, 

and HCT2 was performed 10 days after last fish was tested in the respirometer (HCTs 

indicated in light grey boxes). In between the HCTs, one at the time, randomly chosen 

fish were subjected to the respirometry test; i) an individual was acclimated for 24 h in 

low flow (10.2 cm s-1) (dark grey), ii) oxygen consumption rate (measured as rate of 

oxygen decrease �̇�O2, mmol s-1, in the respirometer, expressed as �̇�O2, see calculations in 

text) was measured under normoxia (97-100 % AS) indicated in green boxes and hypoxia 

(20 % AS) in red boxes. Tests in low flow, 10.2 cm s-1, are in light colored boxes, and 

dark colored boxes = tests in high flow, or at flow of estimated 67% Umax. All tests 

consisted of three cycles of 10 min of measuring and a 5 min flush.  

The numbers in figure represent the following: 1 and 5) velocity increased to 67% Umax at 

a rate 6 cm s-1 min-1 while flushing from previous respirometry measurement cycle/test; 2 

and 6) followed by a 10 min acclimation to increased water velocity; 3) velocity was 

decreased at the same rate as it was increased also while flushing from respirometry; 4) 

oxygen concentration was decreased to 20 % AS over a period of an hour.  All fish were 

weighed and measured after HCT1, immediately after the respirometry test and after 

HCT2.  
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Figure 2. Body size (mass, g) and oxygen consumption rate relationship of 18 juvenile 

striped bass. Data from respirometry tests under low flow in normoxic water (N-LF and 

N-LF2, three measurements per fish in each test) represented. Metabolic rate significantly 

increased with increasing body mass (solid line represents regression line; Pearson’s r = 

0.85, p < 0.001). 

Figure 3. Hypoxia tolerance (HT) over time. Panel A: Rank order repeatability of each 

individual striped bass’ hypoxia tolerance; HT expressed as cumulative oxygen deficit 

(DCO; Nelson and Lipkey 2015), and was significantly repeatable over period of 11 weeks 

and 4 days (solid line is regression line, dashed line represents the line of identity; 

Spearman’s ρ = 0.59, p = 0.012; Kendall’s τ = 0.45; p = 0.009). Panel B: Histogram of 

HT (DCO) in a group of 18 juvenile striped bass in the first hypoxia challenge test (HCT1) 

and the second test (HCT2); the average increase of HT (DCO) of each individual was 

127.44 ± 24.58 (%h, mean ± s.e.m.).  

Figure 4. The relationships between increase in hypoxia tolerance (ΔHT), respiration 

rate, and growth rate of juvenile striped bass. Panel A: A plot representing significant 

positive relationship between individual growth rate and ΔHT (solid line is a regression 

line; Pearson’s r = 0.25, p = 0.02). Panel B: A plot showing a significant negative 

relationship between �̇�O2 in low flow normoxic conditions (respiration rate is size 

adjusted; n = 3 for each fish in two low flow tests) and their growth rate, g day-1 (solid 

line is a regression line; Pearson’s r = -0.24, p = 0.01). Panel C: A plot showing 

significant negative relationship between ΔHT and average (n=3) �̇�O2 in low flow 

conditions under normoxia (empty triangles, dashed regression line; Pearson’s r = -0.51, 
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p < 0.001), hypoxia (filled triangles, solid regression line; Pearson’s r = -0.29, p = 0.04) 

and when combining normoxia and hypoxia tests (Pearson’s r = -0.32, p < 0.001).  

Figure 5. Respiration rate under different environmental oxygen and flow conditions: H-

LF (hypoxia low flow), H-HF (hypoxia high flow), N-LF (normoxia low flow), N-HF 

(normoxia high flow), N-LF2 (normoxia low flow, recovery). In the boxplot the 

horizontal solid lines are median values of all individual respiration rate measurements (n 

= 3 in each test, diamonds for hypoxia, and circles for normoxia tests, darker color for HF 

tests, empty for LF tests), boxes are interquartile ranges (IQR), and whiskers comprise 

the full range of data excluding outliers defined as the values more than ± 1.5 IQR 

outside of the box. Oxygen consumption rate was significantly different between the tests 

(ANOVA: F (4, 71.99) = 46.98, p < 0.001).  

Figure 6. The difference between respiration rate of in each juvenile striped bass (n=18) 

while swimming against low flow (10.2 cm s-1) and high flow (estimated 67 % Umax) in 

normoxia vs. hypoxia. The increase in oxygen consumption rate (Δ�̇�O2) in normoxia (N, 

>90 % air saturation, AS) was not statistically correlated to that in hypoxia (H, ~ 20 % 

AS) (Spearman’s ρ = 0.33, p = 0.18; Pearson’s r = 0.33, p = 0.19). 

Figure 7. The relationship between the change in hypoxia tolerance of 18 juvenile striped 

bass and their measured increase in oxygen consumption rate while swimming in low and 

high flow under two conditions: hypoxia (20 % air saturation, AS) and normoxia > 90 % 

AS. Metabolic rate, �̇�O2, was measured of all individuals under hypoxia and normoxia 

while swimming against low flow (10.2 cm s-1) and high flow (their estimated 67 % 

Umax) and change, Δ�̇�O2, calculated for each condition. Each individuals relative 

hypoxia tolerance, HT, was measure twice ~ 11 weeks apart, and change in HT 
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calculated. The relationship was insignificant regardless of oxygen levels. Black triangles 

and solid line correspond to hypoxia respirometry tests; empty triangles and dashed line 

show results of normoxia tests. 
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Appendices  

IACUC approval number: 12042013JN-02 

New IACUC protocol # 1611000152 approved (approval # pending): 
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IACUC approval number: 03312014CO-02 
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