
I 
 

The Morphological and Physiological Adaptations of Benthic Fish Species Associated 

with the Oxygen Minimum Zone within Monterey Bay, California 

 

 

 

 

A THESIS SUBMITTED TO THE GRADUATE DIVISION OF THE UNIVERSITY 
OF HAWAI’I IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE 

DEGREE OF 
 

MASTER OF SCIENCE 
 

IN 
 

OCEANOGRAPHY 
 
 

August 12 2011 
 
 
 

By 
Jason R. Friedman 

 
 
 
 
 

Thesis Committee: 
 

Jeffrey C. Drazen, Chairperson 
Craig Smith 

Timothy Tricas 
 



II 
 

 
 
 

 
 
We certify that we have read this thesis and that, in our opinion, it is satisfactory in scope 

and quality as a thesis for the degree of Master of Science in Oceanography. 

 
 
 
 
 
 
 
 
 
 
 
 
 

THESIS COMMITTEE 
 

  
Chairperson 

 

  
 

  
 

 
 

 
 
 



III 
 

ACKNOWLEDGEMENTS 

 Thanks and considerations go out to my committee members in being able to 

guide my research down a successful path.  Through their constant support and 

constructive criticism, my research has continuously evolved for the better.    

 Many people were responsible for this research being conducted, from collection, 

through data processing, and ultimately analysis.  Assistance in collecting samples from 

the 2009 cruises include: Shaara Ainsley, Mariah Boyle, Nicole Condon, Donna Kline, 

Carrie Laxson, Jackie Lighten, Katie Schmidt, Paul Yancey, and John Yeh.  Many thanks 

go out to the crew of the R/V Point Sur, who were especially accommodating to our 

needs for research.   

 As histology was a fairly new research horizon to me, I had to learn from our 

resident expert at the time, Dr. Rhian Waller.  Through her instruction and support 

facilities, I was able to get histology started for my project.  Many thanks also go out to 

the JABSOM Histocore Facility, specifically Miyoko Bellinger for processing many 

cross sections and doing a phenomenal job under limited time constraints.   

 Many thanks go out to Nicole Condon for her help in collaboration with the 

enzymatic activity levels.  Through sharing the work, we were each able to accomplish 

our respective theses much more efficiently.  Nicole was also able to procure more 

Nezumia samples for processing. 

 Without help from Ocean Office support staff (notably, Nancy Koike and Kristin 

Uyemura) I would have almost certainly forgotten an important form and not been able to 

graduate.   



IV 
 

This work was funded through a grant to Jeffrey Drazen through the National 

Science Foundation (OCE 0727135).  Further funding was provided by NOAA for 

enzymatic assays.  In addition, many thanks to the Leonidas Scholarship for the chance to 

do more histology work.   

Ultimately without the support of family and loved ones, I’m not certain that I 

would have reached this point.  Thanks to friends, family, and specifically Ashley and 

Kenny.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



V 
 

 

 

 

TABLE OF CONTENTS 

Acknowledgments……………………………………………………………….…...III 

List of Tables…………………………………………………………………….......VI 

List of Figures…………………………………………………………………….…...VII 

Chapter I: Combined proximate metabolism and gill morphometrics of fish species 
associated with an oxygen minimum zone 
 
Abstract………………………………………………………………………………........1 
 
Introduction……………………………………………………………...………....……...3 
 
Materials and Methods…………………………………………………………...……....15 
 
Results………………………………………………………………...………………….23 
 
Discussion………………………………………………………………...……………...51 
  
Literature Cited……………………………………………………………………...…...67 
 
 
 
 
 
 
 
 
 
 
 
 



VI 
 

 
 
 
 
 

LIST OF TABLES 
 
 

Table 1. Summary of enzyme activity measurements…………………………………...30 

Table 2. Summary of enzyme activity level relationships with body size ………………31 

Table 3. Summarized gill surface area measurements and body size relationships…......38 

Table 4. Commercial fisheries catch statistics for relevant species……………….…......64 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



VII 
 

LIST OF FIGURES 
 

 
Figure 1. Experimental design with species tested and approximate depth ranges…..….14 

Figure 2. Description of gill surface area determination…………………………….......20 

Figure 3. Glycolytic index (PK:CS ration) for species examined……………………….32 

Figure 4. Gill surface area relationships with body size for species examined……….…34 

Figure 5. Mass-specific gill surface area comparisons…………………………………..36 

Figure 6. Enzyme activity levels for Pleuronectiformes…………………………………39 

Figure 7. Gill morphometrics for Pleuronectiformes………………………………….....41 

Figure 8. Enzyme activity levels for Scorpaeniformes………………………………......43 

Figure 9. Gill morphometrics for Scorpaeniformes……………………………………...45 

Figure 10. Enzyme activity levels for Gadiformes…...... ……………………………….47 

Figure 11. Gill morphometrics for Gadiformes………………………………………….49 

Figure 12. Mass-specific gill surface area compared by ambient oxygen condition…….51 

Figure 13. Mass-specific gill surface area compared by median depth of capture…...….52 

Figure 14. CS activity relationship with mass-specific gill surface area…….…………..53 



1 

 

ABSTRACT 

Oxygen minimum zones (OMZs) are globally distributed low oxygen regions which 

drastically affect biomass and diversity of benthic communities.  Recently documented 

expansion of low-oxygen waters along both continental shelf and slope habitats has the 

potential to radically alter species depth distributions, especially for those species which 

do not have the capability to survive in reduced dissolved-oxygen environments.  In order 

to understand how fishes thrive in persistently low oxygen, 10 species of benthic fishes 

were sampled from Monterey Canyon, California U.S.A., which features a prominent 

OMZ.  Fish adaptation to low oxygen was assessed through observations of oxygen 

demand (metabolic measurements, Vmax) and oxygen supply (gill surface area).  Six 

species commonly found in the OMZ were compared to four others that were restricted to 

waters above or below the OMZ.   Comparisons were tested within three orders to 

minimize phylogenetic effects. The six OMZ inhabiting species had different methods of 

coping with low oxygen.  Proximate metabolism showed no distinct trend toward aerobic 

suppression or heightened reliance on anaerobic metabolism as might be expected in 

areas of low oxygen but there was a wide range of enzyme activities reflecting 

differences in activity amongst the fishes.   Flatfishes had the lowest enzyme activities 

but demonstrated no differences in metabolism with habitat type, yet the OMZ-dwelling 

Microstomus pacificus has 1.8-3 times larger gill surfaces than similarly sized flatfishes 

from higher oxygen waters.  In scorpaeniform fishes, high aerobic metabolism was 

accompanied by large gill surface areas in two routine swimming OMZ-dwelling species 

(Anoplopoma fimbria, Careproctus melanurus), while low aerobic metabolism and small 

gills were observed in the sedentary Sebastolobus species.  In gadiform fishes, no 
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differences were measured in enzyme activity levels, but larger gill surfaces were 

observed in OMZ-dwelling Nezumia liolepis.  Additionally, how each group attains 

larger gill surface area is highly divergent, with differences in primary filaments (lengths, 

counts) and secondary lamellae (bilateral area, density), suggesting no clear convergent 

trend across taxa and that compensation can occur many ways in gill architecture.  In 

light of recent OMZ expansion, several species studied may have to shallow their vertical 

distributions.  On the other hand, some species are OMZ specialists and will likely 

experience range expansion in the future.     
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INTRODUCTION 
 

Environmental adaptation is a critical factor in determining species distributions, 

especially in the aquatic realm where physical and chemical variables exhibit steep 

gradients with respect to changing depth.  These gradients form environmental barriers 

which organisms can either adapt to, or be restricted by (Childress and Seibel 1998).  In 

particular, the Oxygen Minimum Zone (OMZ) presents a decreased level of dissolved 

oxygen content in region-specific waters from approximately 200 meters to 1000 meters.  

The level of oxygen in these OMZs is typically reduced by an order of magnitude relative 

to waters above and below the OMZ core; an OMZ layer is characterized with a 

dissolved oxygen content of less than 0.5ml O2 L
-1 seawater (Levin 2002).  While anoxic 

and hypoxic conditions exist elsewhere in the ocean, Oxygen Minimum Zones differ 

because they are both spatially and temporally stable, and occur in midwater regions 

which impinge onto the continental shelf and slope.   

The sharp decline of oxygen availability over short vertical distances has been 

postulated to present a distributional boundary to many megafauna (Levin and Gage 

1998).  While the standard definition of 0.5ml O2 L
-1 provides a good base for identifying 

OMZs, not all taxa are inherently restricted by this specific oxygen concentration (Seibel 

2011).  However,  sampling vertically through reduced oxygen waters has found a 

positive relationship with dissolved oxygen content and total macrofaunal biomass in 

many different geographical locations (Levin 2003).  In the California Current system, 

benthic macrofauna show a drastic reduction in both diversity and individual density 

within waters of less than 0.5ml O2 L
-1 (Mullins et al. 1985). 
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Recent data have indicated an expansion in the vertical dimension of several 

OMZs (Stramma et al 2008, Brewer and Peltzer 2009, Bograd et al 2008).  Further 

examination of global data-sets shows that depth alteration of low oxygen waters is not 

restricted to the California Current system.  Tropical OMZs have been simultaneously 

shoaling and deepening (tens of meters in either direction) for the past four decades 

(Stramma et al 2008).  Horizontal expansion of OMZs along coastlines which did not 

previously experience low oxygen waters has also been reported.   Waters in the Alaskan 

Gyre in the North Pacific have shown a shoaling of hypoxic waters (defined as 60μM = 

1.4 ml O2 L
-1) from 400 m to 300m within the last five decades (Whitney et al. 2007).  

Additionally, the California Current system off southern California has shown decreased 

oxygen waters creeping shallower and closer inshore, with the hypoxic boundary (60μM) 

shifting 90 meters vertically in the last three decades (Bograd et al. 2008).      

While OMZs are long-lived phenomenon, shallow-water coastal anoxic events 

which occur on annual time scales have also been shown to increase in both severity and 

frequency (Chan et al 2008).   These events feature drastically reduced dissolved oxygen 

content in shallower portions along the continental shelf on a seasonal time scale.  The 

ecological effects of these eutrophication-induced events are devastating – the Chan 

study observed the benthos through video transects and noted a complete displacement of 

shallow-living rockfish species when oxygen concentrations sank below OMZ-core 

values.   

How organisms respond to these environmental changes will depend upon their 

specific physiological and morphological adaptations.   However, little is known about 

differences between OMZ dwelling benthic fish species and closely-related taxa which 
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do not inhabit these waters, either due to low oxygen or other factors such as reduced 

food availability or other necessary resources.     

Despite reduced oxygen concentrations, various pelagic taxa can persist in OMZs 

with the use of special adaptations, primarily through increased oxygen extraction and 

using sparsely available oxygen efficiently (Childress and Seibel 1998).  Fishes have two 

primary mechanisms of coping with persistent low oxygen waters (Childress and Seibel 

1998):  The first involves increased extraction of oxygen from the water (via increased 

ventilatory surface areas, increased oxygen binding efficiency of hemoglobin, reduced 

distances of diffusion) and the second is a change in the utilization of oxygen brought 

into the body for metabolism (either increased reliance on anaerobic pathways for ATP 

generation or reduced overall metabolic activity levels).  As these adaptive strategies are 

not mutually exclusive, it is necessary to study both aspects in conjunction as one 

pathway may be compensating another – specifically, as aerobic metabolism is so much 

more energetically efficient than anaerobic pathways, there is a continued importance to 

extract as much oxygen as possible, in spite of low ambient concentrations (Hochachka 

and Somero 2002). 

As a method of increasing oxygen extraction, gill surface area has been shown to 

be an incredibly plastic morphological variable dependent on ambient oxygen 

concentrations.  Furthermore, a 7.5 fold increase in gill surface area can be manifested 

within one week of inducing low oxygen concentration in certain types of carp which 

endure hypoxic conditions seasonally, and can even be reversed easily with addition of 

dissolved oxygen to deprived water (Sollid et al 2003, Sollid et al 2005).  The only 

physical characteristic differing in these animals at these short time scales is the exposure 
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of secondary lamellae by the reduction of surrounding cellular tissue thus altering the 

diffusive distance and area for each secondary lamellae, which was also observed by 

Mitrovic et al. (2009). These secondary lamellae are the actual site of gas exchange in the 

gills, while primary filaments serve as a structural support to attach secondary lamellae 

together.  Further alteration of gill architecture, including changes in primary filament 

length, secondary lamellae density, or growth of additional primary lamellae has not been 

examined in these studies.     

An increase in the surface area allows for more contact with the water, thereby 

increasing the total oxygen in contact with the gill tissue.  In oxygen minimum zones, 

midwater fishes and mysids have exhibited increased gill surface areas (Childress and 

Seibel 1998), as have benthic polychaetes (Lamont and Gage 2000).  Certain species of 

sculpin, exposed to daily low oxygen waters from tide-pool cycling, have shown to have 

larger mass-specific gill surface areas than those which do not experience these 

environments (Mandic et al. 2009).  Benthic fish species present in persistently low 

oxygen waters have not been examined, however they should have high mass-specific 

gill surface areas compared to their closely related sister taxa living outside OMZs if 

routine aerobic metabolism is to be maintained.  

Gill surface areas are largely variable and dependent upon many ecological and 

biological factors.  Species of fish with higher routine metabolism for constantly active 

swimming, like tunas, have much higher mass-specific gill surface area than other 

shallow water fishes (Hughes 1984).  Furthermore, deep sea species of fishes have some 

of the smallest recorded mass-specific surface areas for any bony fishes measured, which 

is likely explained by their “sluggish” activity levels (Hughes and Iwai 1978).  In these 
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studies, many metrics of the architecture are variable, including total number and length 

of primary filaments, bilateral surface area and density of secondary lamellae (Hughes 

and Morgan 1973).   

Another possible method of adaptation to reduced oxygen environments is an 

altered metabolism.  Some species which inhabit persistent low oxygen regions reduce 

mass-specific oxygen consumption (Childress 1995).  In addition, the critical partial 

pressure of these OMZ-adapted organisms is much lower than related species living in 

higher ambient dissolved oxygen waters (Childress and Seibel 1998), which suggests 

metabolic plasticity and the ability to suppress aerobic metabolism in order to meet local 

environmental demands.  Both of these adaptations allow crustaceans, cephalopods and 

midwater fishes to endure lower oxygen levels by regulating their intake and demand.  

Enzyme activities from tissues can be used to approximate whole-body metabolism 

(Seibel and Drazen 2007, Somero and Childress 1980) and are easily obtained from tissue 

samples collected post-mortem.     

As individual components metabolism are inherently energetically costly, 

requiring the use of many substrates, enzymes and products, it stands to reason that 

maximal enzyme activity levels are only maintained if necessary; as such, unused 

capacity is irrelevant and costly to maintain, and thereby selectively lost (Hochachka and 

Somero 2002).  Assays of tissues enzymatic Vmax can be thought of as being a marker of 

the highest metabolism needed for the animal, which can be adopted through either 

bolstering or suppression of selected pathways based on individual needs in specific 

environments (Childress and Seibel 1998).   
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Metabolic assays can be split into two major functional groups; enzymes within 

the citric acid cycle (e.g. Malate Dehydrogenase, Citrate Synthase) which use oxygen to 

drive ATP phosphorylation, and enzymes dealing with pyruvate production and 

fermentation (e.g. Pyruvate Kinase, Lactate Dehydrogenase, respectively) which require 

no oxygen for production of ATP, but are much less energetically efficient.  Citrate 

synthase has been proven to correlate well with mass-specific oxygen consumption 

(Seibel et al. 2000) and can therefore provide a robust link between aerobic metabolism 

without requiring direct respirometry measurement.      

Previous studies of OMZ dwelling fishes have found mixed results in terms of the 

species metabolic levels in response to low oxygen.  Migratory midwater fishes which 

enter the OMZ daily did not exhibit any differences in glycolytic enzyme activities 

relative to shallow species (Childress and Seibel 1998), however benthic species which 

inhabit the OMZ core for longer durations appear to have altered metabolisms (Vetter et 

al 1994, Yang et al 1992, Yang and Somero 1993, Vetter and Lynn 1997).  Previous work 

on enzyme activity ratios has been performed on Microstomus pacificus, which shows a 

decrease in anaerobic enzyme activity levels in the OMZ-dwelling individuals (Vetter et 

al 1994).  This could be the result of ontogenetic migration into the oxygen poor OMZ-

core waters, as the fishes become less active swimmers.  Conversely, Sebastolobus 

altivelis shows higher anaerobic activity in the core of an OMZ, possibly to offset a 

reduction in aerobic metabolic activity (Vetter and Lynn 1997).   

While the flatfishes show increased reliance on aerobic pathways, Yang et al 

(1992) found the heart of S. alascanus to be anaerobically poised (higher relative 

activities of anaerobic enzymes compared to aerobic enzymes), suggesting the heart 
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tissue can endure low levels of oxygen.  Also, red muscle in OMZ-core dwelling 

rockfishes exhibit high levels of LDH activity, suggesting anaerobic poise.  Yang and 

Somero (1993) suggest that S. alascanus might not be able to live fully aerobically, and 

has adopted anaerobism to bolster ATP generation.   

Anoplopoma fimbria has consistently high aerobic and anaerobic enzyme activity 

levels and overall metabolism appears unaffected by low oxygen (Sullivan and Somero 

1983), therefore this species will show no differences with depth which will make the 

species a good control for all Scorpaeniform fishes.  

Oxygen concentration is not the only factor likely to affect metabolism ; there is a 

common theme of reduced metabolic activity in fishes with increasing depth of 

occurrences (Drazen and Seibel 2007) and this factor must be considered when 

evaluating adaptation to the OMZ.   

In this study, I seek to determine differences in enzyme activity levels and gill 

surface area measurements in 10 species of fishes living within, across, and outside of the 

OMZ off of California.  Species presented in this study will be taxonomically distinct, as 

such phylogeny is a large evolutionary constraint.    Species will be compared within 

phylogenetic groups, at ordinal levels, to assess if there is an overall consistent strategy in 

dealing with persistently low oxygen waters.   

I predict an overall weak suppression of aerobic metabolism, with possible 

compensation by higher anaerobic metabolic activity levels due to low oxygen in the 

habitat of OMZ-dwelling species based from previous literature findings.  Furthermore, I 

expect gill surface measurements to be drastically higher in low oxygen waters to 

increase oxygen extraction from seawater, as gills have shown to be a very plastic 
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morphological factor and are proportionally large in species typically dwelling in low 

oxygen water.    By examining both parameters of oxygen uptake and demand, this study 

will characterize their ability to deal with reduced oxygen availability.  Through this 

characterization I hope to gain insight on the species whose distributions appear restricted 

by these OMZ boundary depths, determine how species can be adapted to persistently 

low oxygen waters, and assess possible consequences that may arise from OMZ depth 

changes.  
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MATERIALS AND METHODS 

Oxygen profile data was obtained courtesy of the Monterey Bay Aquarium 

Research Institute (MBARI).  CTDO measurements from the ROV Ventana were taken 

one month before initial sampling in April 2009 within the canyon network and show the 

existence of an OMZ between 460 meters – 1020 meters (Figure 1).Distributional 

patterns derived from our trawl data and the Pacific West Coast Slope Trawl Survey 

(Lauth 2000) were used to divide fishes into taxon-specific groups based on depth of 

occurrence, specifically in relation to the depth of the Oxygen Minimum Zone present 

within this region.  Fish species were divided into three categories based on depth of 

occurrence; shallow species existing at depths shallower than the OMZ, OMZ-core 

species existing throughout the low oxygen waters, and deep species having depth ranges 

typically below the deeper OMZ boundary (1020m).  Two of the three orders of fishes 

examined here have species living above, below, and within the OMZ waters.  In addition 

to their distribution patterns, the species were chosen based on probability for capture in 

Monterey Canyon.  Species with large abundances in given depth zones (shallow, OMZ, 

deep) were chosen for comparison to relatives (i.e. confamilial) in neighboring depth 

zones (Figure 1).   

Scorpaneiform fishes were comprised of the following species:  Anoplopoma 

fimbria (Anoplopomatidae), a wide ranging, highly migratory species capable of living 

through all depth ranges for this study and undergoing an ontogenetic migration into 

deeper depths with age (Sullivan and Somero 1983, Jacobson et al. 2001, Kimura et al. 

1998); Careproctus melanurus (Liparidae), a small bodied snailfish purported to be an 

OMZ specialist with a range restriction to low oxygen waters (Stein et al. 2006); Sebastes 
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diploproa (Scorpaenidae), a shallow living rockfish restricted to high oxygen waters 

above the OMZ (Vetter and Lynn 1997), Sebastolobus alascanus (Scorpaenidae), a large-

bodied thornyhead with an ontogenetic shift into the OMZ as individuals age (Yang et al. 

1992, Jacobson and Vetter 1996), and finally Sebastolobus altivelis (Scorpaenidae), a 

thornyhead fully restricted to OMZ waters throughout its entire life history (Vetter and 

Lynn 1997, Jacobson and Vetter 1996).  While the Sebastolobus species are 

morphologically and behaviorally distinct from Sebastes (Sebastolobus is overall more 

sedentary and lacks a gasbladder), this comparison was chosen due to availability of 

samples.   

Pleuronectiform fishes were comprised of the following species:  Errex zachirus 

(Pleuronectidae), a shallow living abundant flatfish found in high oxygen waters above 

OMZ depths (Vetter et al. 1994); Microstomus pacificus (Pleuronectidae), a flatfish 

which undergoes ontogenetic migration with adults residing in the OMZ core (Vetter et 

al. 1994, Jacobson et al. 2001), and finally Embassichthys bathybius (Pleruonectidae), a 

flatfish restricted to depths below OMZ waters with large layers of gelatinous tissue and 

high water content (Vetter et al. 1994).   

Gadiform fishes were comprised of two species: Nezumia liolepis (Macrouridae), 

a small-bodied grenadier with a vertical distribution limited to lower dissolved oxygen 

waters (Hoff et al. 2000), and Coryphaenoides acrolepis (Macrouridae), a large bodied 

grenadier with a predominately deeper depth distribution with peak abundance below 

OMZ waters (Iwamoto and Stein 1974, Stein and Pearcy 1982, Matsui et al. 1990).   

Fishes were collected from various depths within the Monterey Bay canyon 

network in April and October 2009 (one additional sample of Nezumia liolepis was 
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obtained in June 2010 from groundfish slope survey under NOAA’s National Marine 

Fisheries Service division).  Samples were obtained from otter trawls, beam trawls, and 

long lines deployed off of the UNOLS vessel R/V Point Sur.  Trawls fished along contour 

and they were equipped with an acoustic pinger enabling accurate, real-time depth to be 

monitored.  Median depths of individual trawls was later converted into dissolved oxygen 

concentration for testing.    

Upon retrieval of the nets or lines, fishes were immediately sorted on ice and kept 

cool until they could be processed (typically less than an hour after net retrieval).  Fishes 

were selected to encompass a large diversity of size, as both metabolism and gill surface 

area are allometric factors.  Trawl depths were chosen across the OMZ, with trawls above 

460 meters depth capturing fishes shallower than the OMZ, trawls targeted at the core of 

low oxygen concentration around 750 meters, and further trawls conducted below 1020 

meters to capture the deepest species for the three distinct depth classes of fishes.   
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Figure 1.  Distribution of selected species against oxygen concentration. The ten species of fishes for analysis are presented figuratively against 
two oxygen profiles sampled in the California Current System.  The red profile was collected in March 2009 in Monterey Canyon by MBARI’s 
ROV Ventana.  The blue profile was collected in 1993 180 nautical miles northwest of the canyon.  The dashed lines represent the depths of the 
OMZ boundary (460 meters, 1020 meters).  Fishes are characterized by their general habitat based on previous trawl records (Lauth 2000, Vetter 
et al. 1994, Vetter and Lynn 1997, Jacobson et al. 2001, Stein et al. 2006, Hoff et al. 2000).  
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White muscle samples were taken from underneath the first dorsal ray, medial to 

the body, and promptly flash frozen in liquid nitrogen.  Long term storage was at -80ºC 

and samples were processed within 18 months of capture.  The right half of the gill 

basket was dissected from fishes immediately after capture and placed in a buffered 10% 

formalin solution for preservation.  Immediately before processing, arches were 

transferred to 50% ethanol to facilitate ease of handling for measurements, photography 

and histology. 

Enzymes: 

Enzyme activity levels were measured from the two distinct pathways available to 

organisms for generating ATP; anaerobic (glycolysis and lactate fermentation) and 

aerobic (citric acid cycle).  Enzymes measured from the citric acid cycle are good 

indicators of aerobic metabolism.  Citrate synthase (CS), an enzyme located within the 

mitochrondrion, is the first enzyme to shuttle product through the citric acid cycle 

(Childress and Somero 1979).  Citrate synthase is an important indicator of routine 

metabolism, which requires oxygen to phosphorylate ADP and generate energy for the 

routine activity and swimming (Dickson 1995).  Malate Dehydrogenase (MDH) is an 

intermediary member of the citric acid cycle (Childress and Somero 1979).  Both aerobic 

indicators typically show negative trends with increasing body size, similar to mass-

specific oxygen consumption.   

Other enzymes were measured as indices of anaerobic glycolysis.  Lactate 

Dehydrogenase (LDH) is an enzyme involved in the terminal reaction of fermentative 

ATP generation and is a good measure of burst locomotory capacity in oxygen deprived 
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conditions (Childress and Somero 1979).  Pyruvate Kinase (PK) is the last step in 

pyruvate formation before shuttling to the citric acid cycle and is therefore a good overall 

indicator of anaerobic metabolic potential.  Both anaerobic indicators generally scale 

positively with increasing body mass (Somero and Childress 1980). 

Enzymatic analyses were run according to the protocols established by Childress 

and Somero (1979).  Samples were homogenized in a 10:1 dilution using a titrated tris-

buffer solution (pH of 7.55 at 10.0ºC).  Samples were homogenized in Duall-Kontes glass 

tissue grinders while on ice to remain cool and prevent protein and enzyme denaturation.  

Citrate Synthase was run first and without centrifuging the homogenate, as significant 

loss of activity (~30% reduction) was observed for spun samples.  Subsequently, the 

homogenate was centrifuged (5000 g for five minutes) prior to analysis of Pyruvate 

Kinase, Lactate Dehydrogenase, and Malate Dehydrogenase.  Samples were run in a 

Shimadzu UV-1601 spectrophotometer equipped with a multi-cell changer and mated to 

a water bath run to ensure a constant reaction temperature of 10ºC.  Desiccated air was 

blown in constantly to reduce condensation effects inside the spectrophotometer. 

Reactions measured the rate of change in products (citrate synthase) or substrates 

(lactate dehydrogenase, pyruvate kinase, malate dehydrogenase).  In all cases the 

maximal reaction velocity (Vmax) was measured under substrate saturated conditions and 

is a function of both individual enzyme efficiency and concentration.  Final reaction 

concentrations, for 2.01 ml of reaction, were as follows:   

Citrate synthase:  50 mM Imidazol  (pH = 8.0 at 10 °C), 2 mM MgCl
2
, 0.1 mM 5,5-

dithiobis-(2-nitrobenzoic acid), 0.1 mM acetyl-CoA, 0.5 mM oxaloacetate.  Lactate 
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dehydrogenase: 80 mM imidazole (pH = 7.80 at 10 °C), 100 mM KCl, 150 μM NADH, 2 

mM sodium pyruvate.  Malate Dehydrogenase: 100 mM Tris-HCl (pH = 8.10 at 10 °C), 

20 mM MgCl
2
, 150 μM NADH, 0.5 mM oxaloacetate.  LDH and MDH were run at 340 

nm, and CS was run at 412 nm.  Changes in absorbance were used to calculate maximal 

enzyme velocity, a function of both enzyme concentration and individual efficiency.  

Enzyme activity values are reported as units/gram wet mass, where a unit is the number 

of micromoles of substrate converted to product per minute. 

 Enzyme measurements were used to assess alteration in metabolism between 

species.  Aerobic metabolism changes were measured by differences in CS and MDH, 

while anaerobic capacity by differences in LDH and PK.  Furthermore, a relative 

assessment of anaerobic reliance was performed by making a ratio of anaerobic to 

aerobic metabolism, (ratios of:  LDH:CS; LDH*PK:CS*MDH; PK:CS) and was also 

assessed in the same statistical manner as enzyme activity differences (Gesser and Poupa 

1974, Yang et al. 1992). 

Gill arches: 

After transfer to ethanol, the connected arches were dissected further into the four 

individual arches, and the anterior aspect was photographed for each of the four arches 

(Figure 2).  Photographs at this stage were taken to determine two major factors in order 

to generate a gill surface area estimate; primary filament count and primary filament 

length (combined to generate total gill primary length).  In order to increase post-

processing efficiency (without sacrificing precision), every tenth primary filament (from 

the dorso-medial surface) was measured using Image-J and a standardized curve to 
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determine length (Hughes 1984).  Every count of primary filament projections was 

doubled as the posterior hemibranch was equal in both count and length to the anterior 

aspect hemibranch  (Jager et al. 1977) . 

On the second arch of every half-gill, three secondary lamellae were sampled to 

assess cross-sectional area.  Each secondary lamellae was cut in half length-wise to 

obtain a ‘proximal’ and ‘distal’ portion of the primary filament, as secondary lamellae 

bilateral surface area decreases distally along the primary filament as suggested from 

Hughes (1984).  Tissue portions were transferred into solutions of increasing ethanol 

concentration (sequential increases from 50%,75%,90% finally 100%) for histology, 

dehydrated with a repeated submersion in xylene, then transferred into molten paraffin 

and embedded into blocks such that the filaments were vertically oriented.  Each block 

was cut into using a microtome until tissue appeared in sections, then sectioned a 

minimum 3 times at 5 microns thickness and mounted on a slide.  Slides were promptly 

treated with hemotoxylin and eosin stain and sealed for photographing.  Each gill 

therefore had 18 measurements of lamellar cross section, from 3 distinct lamellae, 

subdivided into 2 regions (proximal and distal).  These values were pooled and averaged 

to determine bilateral surface area.   

Photographs were taken using a Canon digital single-lens reflex (DSLR) camera 

equipped with a variable telephoto lens mounted to a rigid tripod with a fixed focal 

distance between subject and camera sensor, ensuring consistent measurements 

throughout the course of the experiment.  A standard curve was generated using a 1x1mm 

grid system to correlate zoom focal length to pixel density to generate distance 
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conversions from pixels measured.  For microscope measurements, the same DSLR was 

mounted onto an Olympus SZX-9 stereomicroscope with a t-bar adapter; this setup had 

its own respective standard curve in the same fashion as the tripod setup.  General 

methodology of sample preparation were modified from Hughes (1984) with the 

exception of using histology in place of traditionally excising secondary lamellae  and 

measuring with light microscopy as many individuals featured small body sizes resulting 

in small gill surface elements.   

Photographs were analyzed using ImageJ (Rasband 1997-2011) and cross 

sectional areas were derived from where secondary lamellae branched from primary 

filaments.  Cross section surface areas were averaged from region, and then secondarily 

pooled and averaged by individual.  This value was multiplied twice to get bilateral cross 

sectional area of a lamellae (measured cross sectional area only represents one half of 

both surfaces of a secondary lamellae). 

Total Gill Surface Area = 2 * LPF * ρSL * BSASL 

Where LPF = total length of primary filaments (average length of filaments times count, 

averaged across the four arches and multiplied twice for anterior and posterior aspect of 

primary filaments), ρSL = density of secondary lamellae (number of secondary 

lamellae/mm of primary filament), BSASL = mean bilateral surface area of secondary 

lamellae (sampled from various locations along selected primary filaments of the second 

arch and averaged together).  This general formula included a factor of two to obtain 

overall gill area as the initial value measured represents the right half of the fish.  

(Hughes 1984).    
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Step 2: 

Step 3: 
Figure 2:  Process of gill surface area determination.   
Step 1 involves photographing the anterior aspect of each arch from each species samples taken with DSLR and variable zoom 
lens.  Primary filaments are counted first, then every 10th filament is measured using image-J.  Step 1 gives full determination 
of primary filament length per individual.  Step two is an image of a dissected primary filament, showing secondary lamellae 
(insertions of secondary lamellae onto primary filaments shown in red arrows).  These are measured as number per unit length..  
Step 3 is a cross-section of a wax-embedded filament, sliced at 5 microns along the long primary filament axis and mounted on 
a slide.  Secondary filaments are shown bounded by the yellow regions. All photos are from the same individual of 
Anoplopoma fimbria.   

1 cm 

Step 1: 

500 μm

500 μm
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Statistical Tests: 

 Regressions were used to determine relationships among test variables, most 

commonly morphological variables in response to allometry.  A linear regression was 

most often chosen, unless variance was much better explained by other functions (power 

is commonly used for gill surface area metrics after Hughes (1984)).  All samples were 

initially tested for normality and to determine if season of capture affected metabolic data 

(which it did not).   

 Few metabolic tests produced clear scaling relationships, so a Kruskal-Wallis 

ANOVA or Mann-Whitney U-test was performed by species to determine differences in 

mean values with Statistica 7.1.  Non-parametric tests were used in light of small sample 

sizes with large variance.  Post-hoc tests were used to determine pair-wise differences 

between species.  Tests were run at various taxonomic levels, from species to order.   

Many gill surface metrics demonstrated clear power regressions against body size, 

so a general linear model approach was used with log-log-transformed data.  A different-

slopes model computed the covariance of species-specific gill surface area at a pooled 

mean body size to determine significant differences and was run in Statistica 7.1.  All 

tests were considered significant at α < 0.05.   

 As size effects did exist for some species, C. acrolepis was split into two groups 

for comparison;  small individuals (<100 g) were used to compare to Nezumia, all of 

which were  <100g in size.  This minimizes the effect of size-related relationships, and 

permits valid comparison as many measures in this study are allometric.  
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RESULTS 

Measurements of proximate metabolism and gill surface area were performed on 

10 species of fishes, comprising 5 families nested within 3 orders.  Metabolic proximate 

measurements were performed on 88 fish specimens, (Table 1).  Sizes effects were 

examined for metabolism and presented where appropriate (Table 2).  Gill surface 

measurements were performed on 52 individuals of fishes (Table 3).   

Allometric effects: 

Metabolism: 

Few species exhibited significant scaling relationships with body size for enzyme 

activities (Table 2).  Species were fit by a power regression if log-log transformed data 

produced a significant regression, otherwise a linear fit was utilized to derive weight 

specific comparisons. 

 Most body-mass scaling relationships for aerobic enzymes functioned as 

predicted from literature values, with negative correlations for C. acrolepis, A. fimbria, S. 

altivelis, M. pacificus and E. bathybius.  In contrast with previous findings, many 

negative relationships were also found with PK and LDH enzymes (Table 2), the only 

exception being PK and LDH activity for C. acrolepis, which scaled positively with body 

mass.  

 Species without significant scaling relationships were directly contrasted against 

one another by use of an ANOVA.  Species demonstrating significant relationships (or 

exhibiting a large range in body sizes) were either standardized to pooled mean body size 

using a general linear model approach, or subsampled such that body sizes of each 

species were similar.   While flatfishes has similar size ranges  macrourid and 
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scorpaeniform fishes had dramatically different size ranges between species (Table 1).  C. 

acrolepis was split into size classes with a one class being similar in body mass to N. 

liolepis (<100g).  A. fimbria, with several strong body size scaling effects, was split into 

two categories based on likelihood of capture in OMZ core waters (in lower oxygen 

waters, larger individuals above 1000g are caught in high frequency (Jacobson et al 

2001).    

Gill Morphometrics: 

Of the three measurements obtained to determine gill surface area, only bilateral 

surface area (BSASL) and total lamellar length (LPF) were good predictors of overall gill 

surface area.  Independently, each explained approximately 80% of the variation of 

overall surface area.  Density of secondary lamellae (ρSL) ranged from XX to YY 

amongst the species (Table 3).   and did not correlate with overall gill surface area. 

However significant differences were found between species (see below) and this metric 

is still important in the overall calculation.   

Total gill surface area scaled very clearly and positively with body mass (Figure 

4).  All relationships, except for N. liolepis and S. altivelis, had highly significant 

regressions with body mass explaining a large amount of surface area variation (R2 from 

0.813 – 0.997).  Linear relationships were first tested, but power functions explained 

variation better in all cases with significance tests performed on log-log transformed data.   

.   

 Mean secondary lamellae bilateral surface area and mean primary filament length 

scaled positively and significantly with increasing body mass for all species except N. 

liolepis and S. altivelis (Figure 9C, Figure 11C).  Other individual metrics, such as count 
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of primary filaments and density of secondary lamellae showed  no associations with 

increasing body mass, therefore ANOVA tests were used to assess differences between 

species.   

Mass-specific gill surface area (mm2 g-1 wet mass) only provided a significant 

relationship with increasing mass for one species, C. melanurus.  As this variable tended 

not to vary with body mass, it was used for testing interspecific differences.  Mass-

specific gill surface area also scaled well against the metabolic enzyme activity CS 

(Figure 14).   

Interspecific Comparisons: 

Pleuronectiformes: 

Amongst the flatfishes there were no significant differences in most enzymatic 

activity levels (Figure 6).  There was one significant difference in that E. zachirus had a 

higher CS activity than E. bathybius (p<0.0214).  Glycolitic poise did not show any 

significant difference between the three flat fishes – all had an equal relative reliance of 

both aerobic and anaerobic pathway capacity (Figure 3).  The flatfishes had much larger 

degrees of variance for glycolytic poise than those observed from species of other orders. 

Unlike other species in this study, flatfish deserve special morphological 

consideration.  All flatfishes in this study are the same orientation (dextral morphology, 

left eye migrates to the right side), therefore making comparison of the flatfish surface 

areas internally valid, if not truly applicable to other fishes due to differential body shape 

from other phylogenetic groups.   

While enzyme activities showed little differentiation, each species of flatfish in 

this study had significantly different values of gill surface areas from the others (Figure 
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5).  The highest mass-specific value belonged to the OMZ-dwelling M. pacificus, 

followed by shallow living E. zachirus and then the deepest species E. bathybius in 

descending order, each is significantly different from the others .  

In Pleuronectiformes, number and length of primary filaments are important in 

determining overall gill surface area.  OMZ-dwelling M. pacificus has both long and 

numerous primary filaments (Figure 7A, Figure 7B).  There were no significant 

differences when testing the mean secondary lamellar surface area (Figure 7C), and 

despite having a high density of secondary lamellae per unit length of primary filament, 

E. zachirus still has smaller mass-specific gill area than M. pacificus, again due to lengths 

and counts manifested at the primary filament level. 

Scorpaeniformes: 

Anoplopoma fimbria has the highest enzyme activity levels out of any of the  

Scorpaeniform fishes (Figure 8).  Given strong scaling relationships seen in literature 

values (Sullivan and Somero 1983) and in this study (Table 2), larger individuals of this 

species were separated into a distinct size class for analyses presented.   

Aerobic enzyme Vmax values were significantly higher in A. fimbria (<1000g), 

C. melanurus, and  S. diploproa  than the thornyhead species for CS.  Likewise, MDH 

activities were higher in smallA. fimbria and S. diploproa as compared to Sebastolobus 

species.  In general, most differences in for proximate metabolism were observed in 

aerobic enzymes between species of concern for this order.   

For anerobic enzyme activities, A. fimbria (both size classes) had much higher 

activities than other scorpaeniformes (Figure 8).  No metabolic poise differences were 

detected in any of the scorpaeniform fishes (Figure 3).  When comparing between 
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Sebastolobus species, the thornyheads had similar mean enzyme activities to each other 

for all enzymes examined in this study.       

The scorpaeniform order had two distinct groups of species; the lower gill surface 

area metrics were exhibited by S. altivelis and S. alascanus while A. fimbria, C. 

melanurus, and S. diploproa all had much higher gill surface area (Figure 5).   The 

Sebastolobus species had roughly half the mass-specific gill surface area of the other 

species from this order, and were more approximately the same as M. pacificus.  

In Scorpaeniform fishes, individual gill metrics affected overall surface area 

(Figure 9).  Despite having large gill surface measures, C. melanurus has very few 

primary filaments, and these are overall quite short relative to other species, likely due to 

the species small size (Figure 9A, Figure 9B), however it appears to counteract these 

deficiencies by increasing individual secondary lamellae surface area (Figure 9C).  

Furthermore, S. alascanus has significantly shorter primary filaments than other 

Scorpaeniformes, being approximately half the length of other species when standardized 

to a common size (p<0.05; ANCOVA).  As S. altivelis showed no allometry for this 

metric, it could not be tested, though values fell between S. alascanus and other 

Scorpaeniformes.     

Gadiformes: 

Small gadiform fishes showed no differences in any enzyme values for any of the 

four metabolic activities (Figure 10).  C. acrolepis individuals were divided into two size 

classes for these tests due to body scaling relationships (Table 2).  Separation was made 

to have similar mean body sizes to N. liolepis, therefore C. acrolepis was divided into 

groups based around 100g body size.  Mann-Whitney U-Tests for each enzyme did not 
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show significant differences between similarly sized C. acrolepis and N. liolepis.  

Significantly greater CS and lower LDH was found inN. liolepis compared to larger C. 

acrolepis.  There was no significant difference in the glycolytic index between the two 

species (Figure 3).   

While similarly-sized gadiform fishes had no enzymatic differences, the two 

species did feature significantly dissimilar mass-specific gill surface areas (Figure 5).  

The OMZ living N. liolepis had roughly two and a half times the exchange area per unit 

mass than small, similar sized, C. acrolepis and over 3 times the area compared to larger 

C. acrolepis.   

In the Macrourid fishes, mass-specific gill surface area differences between N. 

liolepis and C. acrolepis are related to the density of secondary lamellae and primary 

filament length and count of primary filaments(Figure 11).   

  There is no significant difference between N. liolepis and C. acrolepis for secondary 

lamellar surface area or primary filament length, due to the limited number of samples for 

each species at similar body sizes (n=2, each).  Summation of these individual differences 

results in an overall significantly different surface area between the two species.   

Additional Factors: 

 No trend was observed when comparing oxygen concentration to either gill 

surface area measurements (Figure 12) or metabolic activities.  This suggests that there is 

no clear convergent trend for dealing with low oxygen across the taxa examined here.  

Both morphological and physiological facets of this study were also compared against 

environmental factors of temperature, depth or ambient oxygen concentration at depth of 

capture and only one significant relationship arose:  a significant decline in mass-specific 
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gill surface area as depth of capture increased (Figure 13).  As this correlation is weak 

(R2 = 0.0840), it shows that large variation exists at similar depths through the ocean, 

each experiencing verydifferent dissolved oxygen concentrations.   

A positive and significant relationship was found between CS activity and mass-

specific gill surface area (Figure 14) showing a correlation between aerobic energy 

demand and gill surface area to supply oxygen to the organism.  Larger gill surfaces are 

required for high aerobic enzyme activity values, and vice versa.   

In addition, mass-specific gill surface area did not correlate with ambient oxygen 

concentration at depth of capture in any significant fashion (Figure 12).  Phylogeny had a 

distinct effect and controlling for it helps to clarify OMZ adaptation.  
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Table 1:  Summary of proximate metabolic measurements.    Mean metabolic measurements with 1 standard deviation are 
provided as units/gram wet weight tissue of white muscle at 10˚C.  C. acrolepis is broken down into two groups;  all 
individuals and small individuals to better contrast against N. liolepis with small body sizes.    Significant body-scaling 
relationships are presented in Table 2.     
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Aerobic Metabolism   Glycolytic/Anaerobic Metabolism 

Species  n 

Average 
mass       
(g) 

Mass range 
(g) 

Mean 
depth of 
Capture 
(m) 

Depth of 
Capture 
range        
(m)  CS  MDH  PK  LDH 

Anoplopoma 
fimbria 

7  1370.6  114.8‐3891.4 760  263.5‐1280  1.58 ± 1.02 20.0 ± 9.4  44.7 ± 10.1 145.5 ± 33.4 

Sebastes 
diploproa 

10  306.8  21.6‐611.3  386  136.5‐513.5 1.31 ± 1.33 15.7 ± 10.2  23.9 ± 13.6 65.5 ± 35.9 

Sebastolobus 
alascanus 

8  855.1  20.0‐2318.6  823  327‐1205  0.43 ± 0.22 6.9 ± 1.8  18.2 ± 7.7  52.7 ± 14.9 

Sebastolobus 
altivelis 

11  200.1  36.4‐265.9  990  488‐1390  0.43 ± 0.16 6.6 ± 2.2  16.1 ± 7.6  63.7 ± 25.0 

Careproctus 
melanurus 

7  86.1  13.1‐193.2  906  488‐1280  1.08 ± 0.73 14.9 ± 6.4  32.3 ± 23.1 47.0 ± 39.1 

Errex zachirus  8  174.3  15.4‐486.9  308  88.25‐513  0.63 ± 0.31 9.9 ± 3.7  34.1 ± 10.7 99.0 ± 38.0 

Microstomus 
pacificus 

10  548.5  20.5‐1622.4  687  115‐1307  0.81 ± 0.59 16.7 ± 8.2  49.7 ± 25.9 94.8 ± 67.6 

Embassichthys 
bathybius 

11  642.4  87.5‐1016.3  1223  793‐1307  0.40 ± 0.22 8.7 ± 3.5  41.0 ± 22.3 81.2 ± 39.2 

Nezumia liolepis  5  51.2  7.4‐80  732  585‐793  1.42 ± 0.84 13.4 ± 0.4  22.1 ± 9.2  36.5 ± 18.2 

Coryphaenoides 
acrolepis         

(small individuals) 
4  47.84  16.5‐75.39  1607  1084‐2110  1.36 + 0.23 15.3 + 1.9  14.5 + 5.6  17.9 + 7.1 

Coryphaenoides 
acrolepis         

(all individuals) 
12  857.2  16.5‐2711.7  1482  1002.5‐2110 0.85 ± 0.47 15.0 ± 2.3  16.2 ± 4.1  114.1 ± 97.5 
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Oxidative Metabolism    Glycolytic/Anaerobic Metabolism 

Order  Family  Species  CS Relationship  R2  MDH Relationship  R2  PK Relationship  R2  LDH Relationship  R2 

Scorpaeniformes  Anoplopomatidae 
Anoplopoma 

fimbria 
10.192x‐0.2884  0.4400  NS 

 
NS  NS 

 
Scorpaenidae 

Sebastes 
diploproa 

NS  NS 
 

NS  NS 

   

Sebastolobus 
alascanus 

NS  NS 
 

NS 
 

NS 

   

Sebastolobus 
altivelis 

NS  ‐0.0166x+9.3935  0.5559  NS 
 

NS 

 
Liparidae 

Careproctus 
melanurus 

NS  NS 
 

NS 
 

102.85x‐0.3963  0.7925

Pleuronectiformes  Pleuronectidae  Errex zachirus  NS  NS 
 

NS 
 

NS 
 

   

Microstomus 
pacificus 

NS  68.6440x‐0.2834  0.7467  ‐0.0273x+68.31170.4298 ‐0.0779x+150.88140.6295

   

Embassichthys 
bathybius 

NS  ‐0.0102x+16.5311  0.5040  ‐0.0633x+88.18210.6441 ‐0.0935x+141.14590.5879

Gadiformes  Macrouridae  Nezumia liolepis NS  NS 
 

NS 
 

NS 
 

 

Coryphaenoides 
acrolepis 

3.223x‐0.2403  0.6888  NS 
 

.0029x+13.7429 0.3459 5.646x0.4733  0.6374

Table 2:  Summary of significant body size scaling relationships for enzymatic assays.    Relationships, if significant, are 
provided with R2 values for goodness of fit.  Power regressions were the best explanations for several scaling relationships, 
and were demonstrated by only 3 of the 10 species examined.       
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Figure 3: Glycolytic Poise of species presented with means and 1 standard deviation (PK:CS ratio).    OMZ-dwelling species are color 
coded red while non-OMZ species are in blue.  No significant differences were detected between the species.  No significant 
differences were found for found for other indices of anaerobic:aerobic capacity (LDH:CS, LDH*PK:CS*MDH).   
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Figure 4:  Total gill surface area per species regressed against body mass.  Gill surface area is presented in log-scale.  All 
power functions listed are significant from log-log transformations and linear extrapolations.  Only S. altivelis and N. liolepis did not 
have significant relationships with body size.    
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Figure 5:  Mass‐specific gill surface area of all species.  Means are presented with one standard deviation.  Significant differences are denoted by 

different letters (p<0.0500, Kruskall‐Wallis ANOVA), contrasts are kept within phylogenetic groups.  Species with red plots are OMZ‐dwelling, 

species in blue live outside OMZ depths.  Pleuronectiformes:  Flatfish have overall low gill surface area per unit gram compared to other orders.  

M. pacificus has significantly higher gill surface area per unit mass than either flatfish.  Scorpaeniformes:  A. fimbria, C. melanurus, and S. 
diploproa have high gill surface area measurements and are not dissimilar from each other, but as a group have larger gills per unit mass than 

Sebastolobus species.  S. altivelis and S. alascanus did not differ significantly.  Gadiformes:  N. liolepis has significantly larger gills per unit mass 

than C. acrolepis.  Test performed in this case was Mann‐Whitney U‐Test (p<0.045501).   

   

Table 3:  Summarized statistics for gill surface area measurements.  Small individuals of C. acrolepis are separated out for 
better comparison to N. liolepis. Regression equations took the form of Gill Surface Area (mm2) = α [Body Mass (g)] β. 
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Species 
 

Number 
sampled 

 

Average 
mass      
(g)  Mass range (g) 

Mean 
Depth of 

Capture (m)

Depth of 
Capture range 

(m) 

Mean 
lamellar 
density 
(mm‐1) 

Mean Surface 
Area    (mm2) 

Mean 
Surface 

Area / Body 
Mass     

(mm2/g)  α  β  r2 

Anoplopoma 
fimbria 

6  2148.9  566.2‐3891.4  842  457.5‐1280  15.15  3.163E+05  148.05  559.6  0.83  0.968 

Sebastes diploproa  5  415.6  208.6‐611.3  458  458  16.49  5.566E+04  130.99  68.0  1.11  0.997 

Sebastolobus 
alascanus 

4  1843.0  1603615.7‐.6  1092  772‐1307  11.53  1.091E+05  64.81  133.6  0.90  0.986 

Sebastolobus 
altivelis 

6  220.7  195.3‐265.9  976  745‐1390  12.74  1.731E+04  78.88  ‐  ‐  ‐ 

Careproctus 
melanurus 

6  50.2  13.1‐80.5  941  745‐1307  15.55  6.721E+03  124.11  52.2  1.22  0.993 

Errex zachirus  5  285.0  170.0‐486.9  480  457‐513  17.39  1.097E+04  39.57  119.8  0.80  0.993 

Microstomus 
pacificus 

6  675.2  260.9‐1622.4  858  772‐1205  15.38  3.749E+04  58.29  229.1  0.79  0.951 

Embassichthys 
bathybius 

6  709.7  469.8‐994.5  1252  1205‐1307  14.46  1.469E+04  20.20  0.442  1.58  0.813 

Nezumia liolepis  2  50.3  45.0‐55.6  769  745‐793  18.63  1.130E+04  220.09  ‐  ‐  ‐ 

Coryphaenoides 
acrolepis                  

(small individuals) 

2  70.8  66.2‐75.4  2028  2028  17.56  5.650E+03  80.24  ‐  ‐  ‐ 

Coryphaenoides 
acrolepis                  

(all individuals) 

6  764.1  66.2‐2232.9  1721  1390‐2028  14.02  4.484E+04  64.73  13.2  1.20  0.987 
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Figure 6:  Enzyme comparisons for Pleuronectiformes.  Means are presented with 1 standard deviation.  A:  CS activity, E. zachirus 
has higher CS activity than E. bathybius (p<0.0214).  B:  MDH activity, no significant differences.  C:  LDH activity, no significant 
differences.  D:  PK activity, no significant differences.   
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Figure 7:  Allometric regressions and means with 95% confidence intervals presented for various metrics of gill surface area 
estimation for Pleurnectid fishes.  A:  Log mean primary filament length (mm) compared against log mass (g).  ANCOVA testing 
shows a difference at a pooled body mass of 485g, with M. pacificus having longer primary filaments than E. zachirus and E. 
bathybius.  The latter two species are not significantly different from each other. B:  Count of primary filaments, M. pacificus has 
significantly more primary filaments in its gills than the other two species (p<0.000151).  C:  Regression of Mean Secondary 
Lamellae Bilateral Area (mm2) per body mass (g).  No significant differences were observed with GLM analysis.  D:  Density of 
Secondary Lamellae (mm-1),  E. zachirus has significantly more secondary lamellae per unit length of primary filaments than either 
species (p<0.022928).    
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Figure 8:  Enzyme comparisons for Scorpaneiformes.  Means are presented with 1 standard deviation.  A. fimbria is divided into two 
groups based on size, due to distribution and allometric factors.  A:  CS activity, small A. fimbria, S. diploproa, C. melanurus all had 
higher activity than S. alascanus and S. altivelis.  Large A. fimbria were not significantly different from any species.  B:  MDH 
activity, many differences were observed.  Sebastolobus species had significantly lower MDH activity than small A. fimbria and S. 
diploproa (p<0.023743).  C:  LDH activity, S. altivelis had lower activity than both size classes of A. fimbria (p<0.000957).  D:  PK 
activity, C. melanurus had lower activity than A. fimbria (p<0.015025).   
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Figure 9:  Allometric regressions and means with 95% confidence intervals presented for various metrics of gill surface area 
estimation for Scorpaeniform fishes.  A:  Log mean primary filament length (mm) compared against log mass (g).  ANCOVA testing 
shows S. alascanus to have significantly shorter mean primary filaments relative to A. fimbria, C. melanurus, S. diploproa at a pooled 
body mass of 365 g.  The latter three are all similar.  S. altivelis was not compared as it did not feature a significant allometric 
relationship.  B:  Count of primary filaments, C. melanurus and S. altivelis have significantly fewer primary filaments than others 
(p<0.000658).  C:  Regression of Mean Secondary Lamellae Bilateral Area (mm2) per body mass (g).  There is a significant difference 
between S. alascanus and A. fimbria with GLM analysis (2025g standardization).  D:  Density of Secondary Lamellae (mm-1),  S. 
alascanus and S. altivelis have significantly fewer secondary lamellae per primary filament unit length than others (p<0.045891).   
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Figure 10:  Enzyme comparisons for Grenadiers.  Means are presented with 1 standard deviation.  Smaller individuals of C. acrolepis 
were used as per Table 1.  A:  CS activity, C. acrolepis larger individuals had lower CS activity than N. liolepis (p<0.001591).  B:  
MDH activity, no significant differences.  C:  LDH activity, small C. acrolepis and N. liolepis had less activity than larger C. acrolepis 
(p<0.020753)  D:  PK activity, no significant differences.     
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Figure 11:  Allometric regressions and means with 95% confidence intervals presented for various metrics of gill surface area 
estimation for Macrourid fishes.   A:  Log mean primary filament length (mm) compared against log mass (g).  No significant 
difference was noted between the two groups due to small sample size.  B:  Count of primary filaments, C. acrolepis had larger 
median values of primary filament counts (p<0.045501).  C:  Regression of Mean Secondary Lamellae Bilateral Area (mm2) per body 
mass (g).  No significant difference was observed between small C. acrolepis and N. liolepis.  D:  Density of Secondary Lamellae 
(mm-1), N. liolepis features larger median values for secondary lamellae per unit length of primary filaments (p<0.045501).   
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Figure 12:  Mass-specific gill surface area regressed against ambient dissolved oxygen levels at median depth of capture.  

There was no significant relationship, though a general decreasing trend was observed mainly driven by N. liolepis and C. acrolepis. 
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Figure 13:  Mass-specific gill surface area presented against median depth of capture.  Log-log transformed regression is highly 
significant, with smaller respiratory exchange surfaces per unit mass with increasing depth, though little variation is explained by the 
equation (R2 = 0.0840).     
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Figure 14:  Regression of CS activity against mass-specific gill surface area.  Regression is significant at p<0.00002, with an R2 of 
0.3326.   Species are separated out to show diversity in mass-specific gill surface area.  Individual species do not show significant 
relationships.   
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DISCUSSION 
This study sought to determine the morphological and physiological adaptations 

of benthic fish species in association with an oxygen minimum zone off of California. By 

studying enzyme activities this study can describe potential metabolic differences 

resulting from low oxygen levels.  Also studied were gill surface areas, a critical 

morphological feature for increased extraction capability in lower oxygen waters.  As 

these factors largely depend on individual animal size and life stage, a wide breadth of 

samples from each species was tested, while focusing on stages and sizes restricted by/to 

the OMZ waters specifically.   

Metabolic measurements:  

Many species did not exhibit relationships between body mass and metabolic 

enzyme activity likely due to small sample sizes.  Pleuronectid species examined here 

show a series of scaling relationships with much larger data sets (Vetter et al 1994), but 

the overall maximal activity rates were similar in this study.  Similarly, significant 

scaling relationships exist for Anoplopoma fimbria (Sullivan and Somero 1983), as 

confirmed by this study.  Sullivan and Somero performed regressions against dry weight 

(as opposed to wet weight) for increased explanation of variance, though these values 

were not determined for this study. 

 Overall metabolic tests did not significantly differentiate species from varying 

oxygen levels into consistent and predictable groups.  Comparisons to external datasets 

are subject to individual procedural differences in enzymatic assays, nevertheless values 

obtained in this study for species previously measured at 10ºC (cite the complete list of 

studies you refer to) are in general agreement.  However given the inclusive nature of this 

data set, a convergent adaptive response to low oxygen waters through overarching 
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themes (i.e., decreased aerobic capacity) did not exist amongst the three orders as initially 

predicted.  Instead, by examining each of the specific habits of the fishes better 

conclusions can be drawn. 

 Further analysis sought to attribute differences in glycolytic poise (Gesser and 

Poupa 1974), however no differences were found in any of the intra-ordinal comparisons.  

All species seemed to have a similar proportional capability for aerobic and anaerobic 

metabolism (Figure 3), despite observations that heart muscle in the species S. alascanus 

is more anaerobically poised than a shallower living Scorpaenid (Yang et al. 1992).  The 

use of ratios to evaluation anaerobic poise leads to large variation and the results suggests 

that there was no clear preference for anaerobic metabolism when fishes lived with low 

oxygen;  fishes inside OMZ waters seemed to rely on similar ratio of anaerobic to aerobic 

metabolism relative to those living in higher ambient dissolved oxygen waters.    

 None of the enzyme tests significantly correlated with ambient oxygen levels or 

mean depth of capture, suggesting that oxygen levels do not limit metabolic activity in 

the fishes studied.  This is further corroborated by the fact that both sedentary species (i.e. 

Sebastolobus, M. pacificus) and more active swimmers (N. liolepis, A. fimbria, C. 

melanurus) live in the OMZ. 

Gill surface area measurements: 

 Mass-specific gill measurements were lower than several species of epipelagic 

taxa which (due to locomotor capacity and depth of occurrence) aren’t directly 

comparable, but were within the same order of magnitude (Hughes 1984).  Instead, 

species in this study were more comparable in value to shallow water sculpins which are 

subject to daily levels of low oxygen in tide pools (Mandic et al. 2009) in addition to 
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being similar to other deep sea fishes of varying body sizes and methods of swimming 

(Hughes and Iwai 1978).   

   

Pleuronectiformes: 

 As flatfishes all share similar body morphology, size, and behavior, they also 

shared similar enzymatic activities suggesting thatnvironmental oxygen had no effect 

upon metabolism.There was no reduction in the activity of aerobic enzymes or increased 

reliance on anaerobic pathways.  In comparison to other species in this study, flatfishes 

had very low aerobic activities which corresponds well to sedentary behavior.  Previous 

work confirms equally low CS activities and LDH activities among the three species 

when comparing similar sized individuals (Vetter et al. 1994).  These lack of substantial 

differences further supports that metabolic alteration is not occurring as a function of 

oxygen concentration.    

Adaptation to low oxygen amongst the flatfishes was evident in their gill 

architecture.  OMZ-dwelling M. pacificus had the highest standardized area of all the 

flatfishes as initially predicted, and was significantly higher than both E. zachirus and E. 

bathybius.  While E. bathybius is found at an intermediary level of oxygen (typically 

0.75-1.25  ml O2 L
-1) it had the lowest surface area metric of all the flatfishes.  This is 

likely due to the high water content in its muscle tissue (Vetter et al. 1994, Drazen 2007) 

coupled with the gelatinous layer surrounding the body which would reduce overall 

aerobic metabolic demand.  By increasing the amount of metabolically inert tissue 

(through water and gel), these individuals can attain larger body sizes without the 

incurred cost of tissue manufacture and maintenance or without the need to supply this 
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tissue with high levels of oxygen (as would require large gill surfaces).  M. pacificus 

undergoes an ontogenetic shift, where larger individuals move to deeper depths inside the 

OMZ (Jacobsen et al. 2001).  Adults of M. pacificus have water content in muscle at 

about the same level as Embassichthys bathybius (Hunter et al 1990, Vetter et al 1994; 

Drazen 2007) and also have a subcutaneous gel layer.  This suggests that the gill surface 

area contrast to E. zachirus is even more pronounced.  Given the differences in presence 

or absence of gel layers the muscle enzyme activities may not capture true differences in 

energy demand between the species. Reductions in mass specific metabolic rate could 

occur in the deeper living species through their use of gel layers but further study is 

required to address this.  In any case, for the flatfishes, OMZ adaptation is demonstrated  

clearly through increased gill surface area. 

Scorpaeniformes: 

 The Scorpaeniformes exhibited many interspecific differences in both enzymatic 

activity and gill morphometrics, which can be explained by behavior and depth of typical 

occurrence with respect to OMZ waters.  The Sebastolobus species were similar to each 

other for aerobic enzyme activites, but were significantly lower than many other 

Scorpaeniform fishes for these measurements.  The remaining species, OMZ-dwelling C. 

melanurus, and A. fimbria, in addition to the OMZ-restricted S. diploproa all had 

similarly high mass-specific gill surface areas, in addition to high aerobic enzyme Vmax 

values.  Scorpaeniform fishes have two strategies in dealing with persistently low 

oxygen;  sedentary species reduce swimming requirements and have low enzyme 

activities and small gill surface area, while constant swimmers are able to maintain 

routine behavior (as evidenced by enzyme activities) through large gill surface areas. 
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Sebastolobus species,OMZ-inhabitants, are sedentary species accompanied by 

low gill surface areas. Thornyheads are nicknamed idiotfish and are usually seen sitting 

on the seafloor by ROVs and towed cameras, with few avoidance reponses (Adams et al., 

1995; Lauth et al., 2004).  The thornyheads did not significantly differ from each other in 

overall gill surface area or enzyme activity levels, though when grouped together these 

values were much lower than other Scorpaeniformes, especially Sebastes.  As Sebastes is 

a constant swimming, shallow-reef species with a swim bladder for buoyancy (Vetter and 

Lynn 1997, Jacobson and Vetter 1996), it is dissimilar from Sebastolobus which lack a 

gas bladder.    

Enzyme evidence from this study corroborates the observation that Sebastolobus 

are not as active as Sebastes species or Anoplopoma fimbria. Standardized to similar 

temperatures, the metabolic rates of A. fimbria and Sebastes flavidus (a similar-sized 

congener of S. diploproa) have roughly 3-4 times higher mass-specific oxygen 

consumption rate that Sebastolobus does, confirming that metabolism between these two 

groups is dissimilar (Drazen and Seibel 2007) and also confirming measurements in this 

study.  Thornyhead species also have much lower gill surface area than these two active 

species, likely as a result of reduced oxygen demand from tissues.  While the result of 

low oxygen demand has negated the necessity for large gills, this is not a requirement for 

all fishes living in the OMZ (Seibel 2011). 

 While reduction in overall oxygen demand is an apparent strategy, other 

Scorpaeniform species undergo constant swimming in OMZ depths and instead enlarge 

their gill surface areas.  Anoplopoma fimbria showed the highest metabolic activity levels 

for aerobic and anaerobic enzymes.  This species has a wide depth distribution and is 
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capable of both fast routine swimming (aerobic capacity) and burst locomotion for prey 

capture (anaerobic capacity) (Sullivan and Smith 1982).  Larger individuals of A. fimbria 

have enzyme activities similar to those of Sebastolobus species, but these adult 

individuals are typically 3-4 times larger than the thornyheads sampled – comparable 

sized A. fimbria have higher CS and MDH activity in white muscle tissue.  In addition to 

having high aerobic enzyme activity levels, A. fimbria also has large mass-specific gill 

surface area measurements.  While individuals of Anoplopoma fimbria were not caught in 

OMZ-core trawls in this study, and previous records show only large individuals in low 

density in these waters (Lauth 2000, Jacobson et al. 2001).  A. fimbria can be thought of 

as an OMZ-transient, not necessarily adapted to prolonged life in low oxygen waters, but 

capable of migrating across them given its propensity for undergoing migrations of 

several hundred miles (Kimura et al 1998). 

The snailfish, Careproctus, is a purported OMZ specialist based on range 

distribution data (Stein et al 2006) and is another low oxygen species with high aerobic 

activity levels.  C. melanurus showed high levels of CS and MDH enzyme capacity, 

indicating a fairly high demand for routine oxygen consumption.  The snailfish also has 

large gill surface area for its size, permitting high levels of oxygen exchange for routine 

swimming.  In situ behavioral observation supports these claims as Careproctus has been 

observed oriented toward the benthos, hovering less than a meter above the substrate 

while swimmingly slowly but constantly (Stein et al 2006).  Both A. fimbria and C. 

melanurus are able to undergo continuous swimming, evidenced by high aerobic enzyme 

activity levels and behavioral observations which is compensated with large gill surface 

areas, despite the presence of low oxygen waters. 
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 The three species of Scorpaeniformes which are more active swimmers (Sullivan 

and Somero 1983, Vetter and Lynn 1997, Stein et al. 2006) had similar levels of mass-

specific gill surface area, despite enduring different dissolved oxygen environments.  C. 

melanurus showed a very high mass-specific gill measurement likely to facilitate its 

relatively high metabolism, as indicated by enzymes, which allows constant swimming 

(Stein et al. 2006).  Sebastes diploproa and Anoplopoma fimbria also show high 

standardized gill surface measures for this same reason.  The three active 

Scorpaeniformes resemble each other in both gill and metabolic measurements, yet C. 

melanurus and A. fimbria are OMZ inhabitants and S. diploproa is not seen at these 

depths (Jacobson et al. 2001).  S. diploproa, while functionally similar to these “active” 

species, likely does not occur in these depths for reasons other than physiological and 

morphological factors considered here.   

Gadiformes: 

 Of the two gadiforms studies N. liolepis is clearly adapted to life in the OMZ.  

Previous trawl studies have captured 90% of specimens in OMZ-core depths of 765-

936m in the California Current system (Hoff et al. 2000). This species has no observed 

modification to its metabolism relative to C. acrolepis, another, similarly sized rattail 

with the same body form and swimming style which lives below the OMZ.   Nezumia as 

a species is much smaller-bodied with a maximum total length of 30.0 cm (Cohen et al 

1990) while Coryphaenoides acrolepis has been reported to have total lengths of 104.0 

cm (Fadeev 2005).  However, comparisons that controlled for specimen size clearly 

showed that .  N. liolepis, has significantly higher standardized gill surface area than C. 

acrolepis.  N. liolepis had the highest mass-specific gill surface area in this study and was 
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comparable to the shallow-living, migratory steelhead trout, Salmo gairdneri (Hughes 

1984) and is also approximately twice as large as previously estimated deep sea species 

(Hughes and Iwai 1978).  Given a continuous swimming behavior, oxygen demand is 

likely countered by the greatly increased exchange surfaces in N. liolepis.    

  

Gill plasticity and future considerations: 

 There is a convergent approach between the flatfishes, rattails and some of the 

scorpaeniform species with similar metabolism to compensate to persistently low oxygen 

through large gill surface area..How individual species attain large gill surface area is 

remarkably different.  In Scorpaeniformes and Gadiforms, most variation occurs at the 

density of secondary lamellae, while in flatfishes primary filaments (both average length 

and overall count) are the factors which vary the most.  Presumably some of these 

features are more plastic than others; a fish cannot increase the filament lengths without 

filling up the gill cavity, and secondary lamellae density and surface area are limited by 

hydrodynamic and diffusive gas effects at small scales (Hughes 1984, Mitrovic et al. 

2009).  While temporary changes in gill architecture in response to low oxygen are 

manifested at the secondary lamellae surface area within several days (Sollid et al. 2003, 

2005, Mitrovic et al. 2009), adaptation to persistently long, low oxygen environments 

(OMZ) shows differences in all regions of gill morphology. 

While temporary changes in gill surface area have been observed in multiple 

species of carp with response to low dissolved oxygen levels (Sollid et al. 2003), 

observational data of species distributions in response to a temporary anoxic events 

indicate that compensation may not be possible on short time scales.   Sebastes species 
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are not seen on ROV transects in temporary anoxic events (Chan et al. 2008).  Other 

observations of anoxic events has shown a positive relationship with dissolved oxygen 

content and both diversity and abundance of several types of benthic fishes along the 

continental shelf (Keller et al. 2010).  Carp experience seasonal hypoxia and adaptation is 

seen within days of low oxygen exposure (again you have to cite a statement like thism – 

add here).  Fishes living on the continental shelves do not regularly experience hypoxia 

(Chan et al 2008) and may not have the phenotypic plasticity to adapt to rapidly changing 

oxygen concentrations.  .   

OMZ shoaling is occurring more slowly (decades; Bograd et al. 2008, Stramma et 

al. 2009)  compared to shelf hypoxic events and with less drastic changes in oxygen.  

Thus study of species’ gill plasticity, over longer time scales in excess of a month are 

warranted.  However, the change in gene regulation apparent in carp exposed to regular 

seasonal hypoxia (cite ref here) may not be available for species living with more stable 

oxygen conditions, especially in the deep sea where environmental factors change little 

seasonally or interannually (Childress and Seibel 1998).   

Commercial fishery implications: 

 The pacific west coast represents a large multi-billion dollar (annually) 

commercial fishery, from southern California to Alaska (NOAA, US Commerical 

Landings for 2009).  There is a prominent oxygen minimum zone along most of this 

region, though intensity and thickness diminish northward along the California Current 

(Helly and Levin 2004).  This region of fisheries generated $153.6 million in 2009 for 

species explicitly examined in this study alone (Table 4). 
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 OMZ shoaling will likely affect commercial fisheries catch rates and landing 

locations.  The species most important to commercial fisheries in this region of the 

Pacific Ocean such as A. fimbria, S. alascanus, and M. pacificus are OMZ-adapted and 

will likely experience both vertical and horizontal range distribution expansions given 

continual growth of OMZ-defined waters.   Such changes mayalter CPUE dependent 

upon location of capture.  Non target species such as C. melanurus and N. liolepis may 

also see range expansions.   

 Although some of the most commercially important species are OMZ-adapted, 

each requires shallow water for juveniles to mature (Vetter and Lynn 1997, Jacobson et 

al. 2001) before descending to deeper waters.   It is not clear which factors are important 

in explaining such downslope ontogenetic migrations (Collins et al 1999; Yeh and 

Drazen, 2011) but if oxygen concentration is important the migrations could be upset by 

the shoaling of low oxygen waters.  
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Table 4:  Commercial fisheries catch statistics for relevant species in 2008, adapted from Status of the Fisheries Report through 2008 
by NOAA.    Reports are from 2008 commercial fishing vessels from Washington, Oregon and California. C. acrolepis efforts are 
from 1996 (Andrews et al. 1999), and are also from Washington, Oregon and California.  In the last decade, an increased effort 
targeting Sebastolobus species has occurred.   

Species  Annual Landing (lbs.)  Annual Value ($)  Cost/lb. 
Anoplopoma fimbria  3,422,402  6,233,813  1.82 

Sebastes diploproa  188,865  72,962  0.38 

Sebastolobus alascanus  920,704  2,086,029  2.26 

Sebastolobus altivelis  1,531,888  767,828  0.50 

Careproctus melanurus  ND  ND  ND 

Microstomus pacificus  6,667,414  2,579,456  0.38 

Errex zachirus  314,350  112,509  0.35 

Embassichthys bathybius  ND  ND  ND 

Nezumia liolepis  ND  ND  ND 

Coryphaenoides acrolepis*  3,306,933  ND  ND 

Total:  16,352,556  11,852,597 
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CONCLUSIONS 

Oxygen minimum zones present a large physiographic boundary in continental 

slope ecosystems (Helly and Levin 2004).  By restricting species’ distributions and 

featuring a decreased biomass (typically), they present large-scale, ecologically important 

zones along the coasts of many continental systems (Levin 2003).  The threat of an 

expanding OMZ, from shoaling, sinking, or both presents a potentially massive issue to 

all species which are influenced by oxygen concentration in their distribution (Stramma 

et al. 2008, Bograd et al. 2008).  Species well-adapted to low oxygen waters will likely 

experience range expansions, while species above (and below) will likely shoal (or 

subside) concurrently with the OMZ.  The implications for fisheries and ecosystems are 

great. 

This study has shown that determining which species will fare well depends on a 

careful examination of both oxygen demand and oxygen extraction capabilities amongst 

species of similar phylogeny and activity.  Fishes living in the OMZ seem to exhibit two 

strategies (which are not mutually exclusive); compensate for low oxygen by increasing 

gill surface area (N. liolepis, C. melanurus, M. pacificus), or changing behaviorally to 

become more sedentary, demonstrated by lower aerobic enzyme capacity (Sebastolobus 

species).  C. melanurus and N. liolepis are adapted to maintain routine swimming in low 

oxygen waters, by the lack of differences in metabolic activity to the markedly higher 

mass-specific gill surface area,  
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Blood characteristics (hematocrit, hemoglobin oxygen affinity) would have been 

helpful factors to understand adaptation to low environmental oxygen.  While gill 

morphology in fishes has been found to quickly change in response to hypoxic 

conditions, so too has hematocrit concentration and presence of certain cofactors for 

increased binding efficiency (Mandic et al. 2009).  Blood was collected for several 

species; however lack of taxonomic breadth and small sample quantities made this facet 

of the study logistically and statistically intractable, so it was removed.   

Further study should capture species which survive trawl efforts and maintain 

these individuals for in-laboratory experimentation.  Species of particular importance 

would be those living at the boundaries of the OMZ.  Tests could assess their short term 

responses to decreased dissolved oxygen levels, including gill morphometrics, 

supplemented with  respirometry and blood oxygen carrying capacity measurements. 

These metrics could be used to determine if species can become accustomed to relatively 

hypoxic conditions over a variety of ecologically relevant time scales.   

This study was able to discern differences in morphology and physiology of 

closely related species based habitat oxygen concentrations.  Differences were found, 

including confirmation of the hypothesis that larger gill surfaces would be used in lower 

ambient oxygen concentrations.  , Metabolic reduction in response to low oxygen was 

apparent only for Sebastolobus species and glycolytic poise did not vary in response to 

oxygen.  This study confirms that there is differentiation of morphology and physiology 

in benthic fish species, as with several other benthic taxa (Levin 2003), and forms the 

basis for further study in determining exactly how tolerant of low oxygen these species 

are how they may be able to adapt to OMZ expansion.   
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