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ABSTRACT 

Supe rvisor: Dr. J.E. Mcine rney 

An assessment was made of the potential for restrict ed 

vertical movement in t wo species of shallow reef rockfish 

caused by concurrent changes in buoyancy . Movement habits 

of a schooling form, Sebastes rnelanops, were compared with 

tho se of a benthic crevice dweller, Sebastes nebulosus, on a 

moderate exposure rock-reef in Barkley Sound , Bri t ish Colum­

bia. Through multiple observations of tagged fish against a 

geographically fixed landmark system, distribution and move­

ment of individuals was determined. Tagged s. rnelanops r e­

mained on the study r eef for periods of about three weeks: 

but, while present, were distributed in the water column at 

select locations. Movements in this species occurr ed during 

46 per cent of successive obse rvations with distances fre­

quently grea ter t han 15 meters , exten ing as much as 10 me­

ters vertically. The solitary s . nebulosus were r es ident for 

most of t he field s tudy period (2 months) having a mo r e lim-

ited distribution, apparently territorial . Thei r movements 

are less frequent (26 percent of succe ssive observations in­

volved movement ) and usually less th an 10 meters ho r izon­

tally with little of no vertical aspect. 
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In the laboratory, s. rnelanops had a much greater capac­

ity to use their swimbladder as a buoyancy device under 

changing pressure situations than s. nebulosus. Although 

nearly identical in general swimbladder morphology, measure­

ments of the secretory epithelium showed that s. rnelanops 

have over tw ice the secretory area than s. nebulosus of si­

milar body we ight. In a simulated descent from the surface 

to 20 meters depths. rnelanops required 90 hours to restore 

neutral buoyancy whiles . nebulosus required 450 hours. As­

cending from this depth using a stepwise decompression 

procedure to avoid damage through overexpansion, s. rnelanops 

could achieve neutral buoyancy in about 5 hours while it 

took s. nebulosus at least 20 hours. 

Despite the comparatively faster rates of buoyancy ad­

justment ins. rnelanops it was clear that short te r m verti­

ca l movement in this species was not accommodated by buoy­

ancy adjustment through secretion or resorption of 

swimbladde r gas. Instead, vertical movement resu l ts in per­

iods of non-neutral buoyancy. A survey was made of the vari­

ous buoyancy strategies that facilitate vertical movement in 

other fish species; the relationship of those species to the 

two study species is discussed. 

- iii -



TABLE OF CONTENTS 

ABSTRACT . . . 
TABLE OF CONTENTS, . 

LIST OF FIGURES, . 

LIST OF TABLES .. 

ACKNOWLEDGMENTS, . 

. . . 

. . . . . . . . . . . 

Chapter 

I. 

II. 

INTRODUCTION . . . 
MATERIALS AND METHODS . . . . . . . . . . . . . 

FIELD STUDY . . . . . . . . . . . . . . . 
Description of the Study Site. . • . • 
Site ?repar ation .. . ........ . •.• 

Mapping Techniques. . . . . . . . . . • • . . 
Reef Markers. • • . • . . . . . • • . . 
Fish Collection and Tagging ...••.•. 

Field Observations .•..•..•. 
LABORATORY STUDIES. . . . . , . . . 

Morphology . . . . • • . . . • . . . 
Specific Gravity. . . ....... . 
Bl ood Analysis. . . . • • . • 
Secretory Center Morphology .....• 
Swimbladder Wall Resis t ance to 

Overexpansion .• 
Buoyancy Adjustmen t .... 

Aspects of the Pre ssure Tank System •.•• 
Col l ect ion of F ish ..... . 
Expe r imental Procedure. 

III, RESULTS ... 

FIELD STUDY .. 
Description of the Study Site. 
Observations of Fish 
Dis tribution of Fish ..... . 

Movement of Fish .. ...... . 
Diel Behavior .... . •...... • . 

LABORATORY STUDIES. • . . . . . . 
General Morphology. . .. . .... . 

Specific Gravity ...•.....•.... 
Red Blood Cell Proportions .•...... . 

- iv -

ii 

iv 

vi 

viii 

ix 

Pa ge 

1 

6 

6 
7 
7 
7 

11 
14 
20 
21 
21 
21 
22 
23 

24 
25 
26 
31 
32 

36 

36 
36 
4 2 
45 
52 
61 
66 
66 
66 
66 



IV . 

v. 

Swimbladder Morphology .•...•.••.•• 68 
Secretory Center. . . . . . . . • . . • 70 
Swimbladder resistance to overexpansion .. 76 

Buoyancy Adjustment. . . . . . .•.• 78 
Gas Secret ion. • . .....•.•.. 78 
Ga s Resorption. . . • • . .•.••.. 80 

DISCUSSION 87 

ECOLOGICAL ASPECTS ..........•..... 87 
Species Distribution . • . . . . 87 

Black Rockfish. . • . 87 
China Rockf ish. . . . . . . . . • 89 

Reef Association . . • . . . • . • 91 
China Rockfish. . . . • . . • . • . 92 
Black Rockfish. . • . . . . • • • • 93 

Reef Seasonality. . • • . . • • 99 
Movement .Habits. . . • . . . . . . • . • 101 

Spatial Features ..••.••.•.•••. 102 
Temporal Features . . • . • . . 103 

VERTICAL MOBILITY AND BUOYANCY. . . . . . 108 
Pressure and Bladder Expansion ..•.•• 108 
Restrictions to Vertical Movement ••.•••• 113 

Rapid Vertical Movement ••..•..•.. 114 
Slow Vertical Movement •.•..••.•.• 118 

CONCLUSIONS . . . 

Black Rockfish .. . 
China Rockfish •..•. 

. 127 

• • • • • • • • .. • • 12 7 
. . . . . . . . . . 1 29 

Literature Cited ••. 

Appendix 

. •• 131 

Page 

A . 

B. 

c. 

STRUCTURE AND FUNCTIONAL ASPECTS OF THE 
SWIMBLADDER .•.......•.. 

AGE, LENGTH, AND WE I GHT RELATIONSHIPS. 

FOOD HABITS. 

- V -

138 

. • 160 

. 167 



LIST OF FIGURES 

Fig ure 

1. The general location of the study area . 

2. Aerial pho t ograph showing the location o f the 

Pag e 

• 8 

study site at Ohiat and neighboring is l ands . .• . 9 

3. View of survey techniques used for mapping . 10 

4. Stages of mar k e r construction (uppe r ) with 
finished marker s hown i n posit ion on the reef 
surface (lowe r ) . . . . . . • . . . . . . . . 13 

5. Modi fication procedure for Floy anchor tags 
(upper ) and a tag in place on a china rockfish 
( lower) . . . . . . . . . . . . . . . . . 15 

6. Anesthetic a pplicators used to na r cotize fish .. 18 

7. View of vac uum chamber used in swimbladder 
burs t experiments. . . . . . . . . . . . . . 2 5 

8 . Pressure tank system used in b uoyancy experi-
rnen ts . . • . • . • • . . . . . . . • • 2 7 

9. Schematic diagram of pressure tank construction. 28 

10 . T ime sequence showing the pattern of ope ration 
during pressure e xper iments. . • . . . . . . 33 

11. 

12. 

13. 

14. 

15 . 

16. 

17 . 

Bathymetric relie f of the study site 

Frequency o f observation of i n dividuals of 
different tag groups ........ . 

Number of tagged fish se 
tempo al sequence of dives 

in relation to the 

Distribution of tagged black rockfish. 

Distri bution of tagged china rockfish. 

Relative ran ge size for the two species at the 
study site in terms of the number of different 
landmarks where tagged fi sh were observed .. 

Day and night distribution of black rockfis h in 
shallow areas . . . . . . . . .... 

- vi -

37 

44 

46 

47 

50 

53 

64 



Figure Pag e 

18. Proportion o f red blood cells in relation to 
size in china and black r ockfish •.•..... 67 

19. Ventrally dissected specimens showing the pos­
ition of the swimbladder in the visce r al cavity. 69 

20. 

21. 

22. 

Preparations of tunica internus spread flat . . . 71 

Pattern of rete mi:rabile development with growth 
in black rockfish. . . . . . . . . . . . . . . . 72 

Pattern of rete mirabile development with growth 
in china rockfish. . . . . . . . . . . . . . . . 73 

23. Surfa ce area of the secretory center in relation 
to body weight in the two species. . . . • • 74 

24. Relationship of r ete length t o standard body 
length in the t wo species .... , . . . . • 75 

25. Adjustment of neutral b uoyanc y in r e s ponse to a 
2 atm increase in pressure in 6 black rockfish. 79 

26. Adjustment of neutral buoyancy in response to a 
2 atm pressure increase in 6 china rockfish . , . 80 

27. ummary diagram f or buoyancy incre ase r a t e 
experiments ... . ......•.... . , 81 

28, Generalized adjustment curve of black rockfish 
in response to a 10 percent decrease in pressure 83 

29. The consequences of vertical ascent from a depth 
of neutral buoyancy, . , . . . • . . . . . . , .11 7 

- vii -



Table 

1. 

2. 

3. 

4. 

LIST OF TABLES 

List of species observed at the s t udy site and 
information concerning their association, 
abundance, and d i stribution ...•. 

Sitings of tagged fish ... 

Frequency of movement shown by tagged fish. 

Directionality o f movement 

Page 

41 

43 

54 

56 

5. Frequencies of movement in relation to distance. 57 

6. Magnitude of vertical movement .. .. 59 

7. Smrunary of movement patterns in black and china 
rock fish . . . . . . . . . . . . . . . . . . . . 60 

8. Mean and variance for the number of tagged fish 
observed for dives at different times of the day 62 

9. Chi-square contingency tables f or light related 
h abits in black rockf ish • . . . . . . . . • 63 

10. Measurements of specific gravity in the two 
species. . . 66 

11. Measurements of swimbladder burst characteristics 77 

12. Rates of buoyancy reduction. 

13 . Analys is of variance swnmary t able comparing the 
time sequence of rates measured from black rock­
fi sh numbers 1, 2, a nd 3 with china rockfish 

84 

numbers 2, 3, and 4 (Table 11) . . . • . . • • . 86 

14. Measurements of buoyancy increase in several species 
that are avail able from the literature .. • .. 123 

15. Rates of buoyancy reduction measured from different 
fish . . . . . . . . . . . . . . . . . . . . . . 126 

- viii -



ACKNOWLEDGMENTS 

I would like to thank Dr. J. E. Mcinerney for his assis­

tance in setting the stage for this study, including t echn i ­

cal, financial, and theor etical aspects. Discussi ons with 

s. J. Wes trheim , Dr . J. Hayward , B. M. Leaman, and Dr. G. 

J. s . Craik provided usefu l advice. Dr. L. Hal orson and B. 

M. Leaman read the manuscript and offered sug gestions. 

A major porti on of the field work was do ne while diving 

wi th s.c.u . B. A. which r equired , for safety reasons , another 

diver. To av oid problems of trying to find people with t i me 

to help out, dives were combined with a concur r ent study by 

v. E. Fletcher. Needless to say, the field work could not 

have been done without this support. However, his generally 

positive attitude and enthusiasm made the diving an espe­

cially enjoyable experience. I am also grateful to A. Lind­

wall and J. s. von Carolsfeld for their diving assistance. 

Technical assistance with the pressure tank system was 

generously provided by G. Davies and P. Smith . P. Frank 

prepared the drawing s and helped invaluably in the final 

pr eparation of this thes i s. 

Finally, I woul d like to thank the Western Canadian Univ­

e rsit ies Ma r i ne Biological Socie ty (WCUMBS) for mak ing 

- 1. X -



available t he use of facilities at the Barnfield Marine Sta­

tion. 

- X -



Chapter I 

INTRODUCTION 

Many different groups of fi s h inhabit the open water 

spaces of the aquatic environment. Despite their wide dis­

tribution and diverse morphology these groups all share a 

common problem, that of counteracttng gravity. Among bony 

fish; the most common means is a visceral air sac called the 

swirnbladder . This organ is present in two general forms, 

physostornous and physoclistous. Physostornes have a duct 

connecting the swirnbladder with the pharynx and are able to 

increase buoyancy by gulping air from the surface and de­

crease it by expelling air . In mor e advanced groups a 

closed or physoclistous swirnbladder is common. These fish 

have no external duct and adjust swirnbladder volume by phy­

siological secretion or resorption of gas. This design has 

t he advantage of allowing buoyancy adjustments to be made 

without corning to with the surface . 

The swirnbladder operates well as a hydrostatic organ i n a 

constant pressure but is less suited for varying pr essure 

situations such as fish encounter during ve rtical movement. 

In such cases , the ambi ent pressure changes, and the swirn­

bladder, acting much like a bubble , change s in approximately 

an inve r se relation to absolute pressure (Boyle's Law). As 
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other variables such as fish volume and water density remain 

essentially constant the change in swimbladder size creates 

a net floating or sinking force. In moving from a depth of 

equilibrium, vertical position is maintained by compensatory 

swimming activity until neutral buoyancy is restored. This 

situation compounds itself in s hallow depths where a small 

change in vertical position results in large changes in 

buoyancy. The volume of a gas bubble expands twice its ori­

ginal s i ze while ascending from 10 meters to the surface. 

Similar expansion from a depth of 100 mete rs corr espond s to 

a vertical ascent of 55 meters. 

Fish which live in shallow water reef habitat s are seem­

ingly limited by having a clo sed swimbladder for a buoyancy 

apparatus. Because of the rapid change in volume wi th 

depth, neutr al buoyancy exists in a narrow vertical zone. 

When moving from this depth, compensatory swimming becomes 

an essential part of maintaining vertical position, particu-

larly while ascending. While the energy required to oppose 

negative and slight positive buoyancy may be m re economical 

than having no swimbladder at all, furthered degrees of po­

sitive buoyancy require vigorous compensatory swimming. 

Consequently, depending upon t he depth of neutral buoyancy, 

there exists a ceiling whe re fu r ther ascent requi res much 

energy th rough swimmi ng or a rapid means of buoyancy reduc­

tion throug h gas transpor t. Des pite this apparent limit a­

tion, nea r ly all neritic and suprabenthic fish spec ies in 
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the shallow reef habitat have a closed t ype swimbladde r and 

t o some degree, are faced with thi s situation. 

Part of the problem in determining the impor tance of 

buoyancy as a restricting feature in the movements of shal­

low reef fish lies in a general l ack of info r mation on move­

ment habit s . Many studies exist which consider di stributi on 

and movement patterns of populations, but few concentrate on 

movements of individuals and apparently none examine move­

ment in such a way that information concerning buoyancy i m­

posed restriction is evident. With the recent widespread 

use of radio telemetry for tracking fish, more information 

will like ly be available. A second area which has received 

little attention concerns the response of fish to a pres sure 

gradient. Some information is available on the time re­

quired to restore neu t ral buoyancy after artificial dis­

placement and also swimming capabilities of fish at differ­

ent buoyancy states. Studies by Jones (1 951, 1952) are 

unique in providing both types of information on a s i ngle 

spec ies, Perea flavescens and presenting a concise view of 

restrictions to movement imposed by changes in buoyancy. 

However , his studies are pr imarily laboratory based and do 

not include direct info r ma tion about movements in na t ural 

habitats. 

The objectives of this study were to examine the rela­

tionship between movement habits and possible limitati ons 

imposed by the buoyancy system and to evaluate the impor-
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tance of the swimbladder as a buoyancy device in a few spe­

cies. A combined approach was used obtaining information on 

what buoyancy conditions fish naturally encounter versus 

that which they are capable of dealing with. These two ca­

tegories correspond to the following general t asks: 

1. An examination of temporal and spatial distri bu­

tion of individuals in order to characterize move­

ment habits. 

2. An examination of physiological and behavioral as­

pects of buoyancy which relate to a fishes' abil­

i ty to deal with different buoyancy states. 

Members of the fam ily Scorpaenidae present a unique situ­

ation well suited for this type of study . Often, as many as 

10 rockfish species (genus, Sebastes) inhabit a rock reef ­

kelp bed habitat. Many of these species have distinctly 

different space requirements and social behavior but gener­

ally fall within one of two ecological gr oups. The first 

group consists of scho oling fish which occur in the water 

space above the reef. Some representatives of this group 

are Sebastes melanops, s. mystinus, ~. flavidus, ~- pinni­

.ruu, s. miniatus, ands. entomelas. A second species com­

plex, usually solitary and occasionally territorial, inha­

bits the reef s urface and enclosed spaces . Common members 

of this group are~- caurinus, ~- maliger, s . nebulosus , and 

~. nigrocinctus. Despite their divergence in behavior pat-
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terns, all species of this genus are very similar 

morphologically (Chen, 1971). 

A representative of each group was selected for this 

study. The black rockfish, Sebastes melanops (Girard), is 

an active water column dweller and the china rockf ish, .s.e_­

bastes nebulosus (Ayres), is a benthic crevice dwelle r . For 

convenience these species will be refer r ed to by their com­

mon names onl y . 
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2.1 FIELD STUDY 

Chapter II 

MATERIALS AND METHODS 

This study was conducted at the Bamfield Marine Station 

located in Barkl ey Sound along the outer coast of Vancouver 

I s l and, British Columbia, during the period May 1976 to Fe­

bruary 1978. The majority of the field work was concen­

trated on a single study reef at Ohiat Islet (48°51.6N 

125°11.2W). Since laboratory studies required the collec­

tion of many animals , dives were made at a variety of loca­

tions within southeastern Barkley Sound. More than 300 

dives were made throughout the year, forming the basis for 

observations of distribution and behavior of the fish; half 

of the dives were made on the Ohiat site. 

At the field site, efforts were directed towards deter­

mining mobility habits of individual fish. This demanded 

diver distinction of different parts of the reef as well as 

individual fish . The entire study reef was mapped and 

landmarks were placed to enable rapid underwater identifica­

tion of specific places on the reef surface. After the map­

ping was completed, fish we re captured using a variety of 

techniques and marked with individually specific tags. Both 

site preparation and tagging were carried out during the 
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winter and spring months so that the summer could be used 

entirely for observations. 

2.1.1 Description ..o.f 1M Study~ 

Ohiat is a sm~ll islet (0.6 ha) located in the Deer 

Group, a chain of islands separating Trevor Channel from Im­

perial Eagle Channel in southeastern Barkley Sound (Figures 

1 and 2). The north and west sides of the Islet have very 

rugose rock reef surfaces rising from a sand bottom approxi­

mately 25 meters deep. Solid and broken rock make up the 

reef terrain. The steep slope leads into a shallow flat re­

gion where the kelp, Nereocystis leutkeana, develops season­

ally. The large and diverse fish populations present as 

well as the steep vertical profile, made this area particu­

larly useful for space utilization studies. 

2.1.2 ~ Preparation 

2.1.2.1 Mapping Techniques 

The site was mapped usi ng methods shown in Figure 3. A 

base line was laid out along the sand bottom directly adja-

cent to the sand-rock interface . Transects perpendicular 

from the base line were made at 7 me ter intervals, measuring 

the vertical and diagonal components of the reef slope. 

Reef orientation with respect to shoreline was established 

by measuring compass bearings along the base line and above 

water at the shoreline. Information collected from all 
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Figure 2: Aerial photograph showing the location of the 
study site at Ohiat and neighboring islands. 

- 9 -



9A 



transects was transferred to scale on graph paper and used 

in constructing a topographic map. Subsequent dives using a 

water resistant copy of the map enabled verification of the 

general reef geography as well as allowing the incorporation 

of more specif.ic reef detail such as the location of crev­

ices, boulders and ledges • 

• ·.·~:~ T 
: ~-

-- --· ·~ L 
r . 

~ r 

~ 
ronsec.t Path 

' 

Fi gur e 3 : View of s ur vey technique s use d f or mapping. Shown 
a re divers approximating the reef slope by measuring the 

distance be tween dif fe r ent depths. 
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Equipment used for mapping were a depth gauge (U.S. 

Divers Depth Master II), tape measure, and an underwa t er 

compass {AMF, mod e l DC-300). Usi ng pressure (depth gauge) 

as a measure of depth has inherent problems as a consequence 

of depth gauge sensitivity and temporal fluctuations in wa­

ter level due to tides, weather conditions, and passing 

swells. Depth gauges were good quality, oil filled, and had 

a guaranteed maximum error of 1 meter. Accuracy of gauges 

was periodically checked using laboratory pressure tanks 

(see section 2.2.2.1) and was within 0.3 meters. Variation 

in water depth between survey dives was corrected by record­

ing the depth at a reference marker located in the de ep wa­

ter sand portion of the site. During periods of large 

swells, survey dives were not made. When variations due to 

passing waves occurred, true depth was taken to be the me­

dian gauge reading. 

2.1.2.2 Reef Markers 

After making several visits to the study reef, I had ex­

plored it thoroughly and was familiar with most of the corn-

plex reef geography. However, during low light conditions 

or high water turbidity, one can become easily disoriented 

and markers serve useful points of bearing. Numbered markers 

can be recorded rapidly and represent an exact position that 

can be easily relocated. Markers were placed throughout the 

dive site, primarily along 3.3 meter (10 foot) horizontal 
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contours. These were spaced at a variety of intervals ac-

cording to the complexity of the reef. The major criteria 

in spacing of markers wer e that each marker could be easily 

observed from neighboring ma rkers and that the distri bution 

of markers was descriptive of the terrain complexity. Con­

sequently, markers were placed at prominent locations along 

contours such that neighboring markers could be seen during 

reasonable water clarity (3 meters or better). In areas 

where there were crevices, boulders or other conspicuous 

features, more markers were placed to make points within 

this area distinguishable. No marke r s were placed within 

the kelp bed since they could not be easily distinguished. 

Also, the microgeography of this area was variable such that 

different areas were distinctive without markers. 

Markers were constructed from 4 cm squares of 4 mm 

thick plexiglass shown in Figure 4. On the back surface of 

each square was painted a number (painted backwards) and ov­

erlaid with a thick protect ive coat of brightly colored ena­

mel. From the unpainted side of the square, the numbe r ap-

pears in the normal orientation over a contrasting 

background. A small hole was drilled in the corner of each 

marker such that a wire could be threaded through for use in 

anchoring to the substrate . Pieces of surveyor flag tape 

were tied around the wire to ensure the tags were conspicous 

when placed on the reef • . 
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Figure 4: Stages of marker construction (upper) with 
finished marker shown in position on the reef 

surface (lower). 
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Markers were attached to the reef surface with tempered 

steel concrete nai ls. These nails become wedged in surface 

cracks much like a mountai n climber's piton. The markers 

were attached with seve r al wraps of wire around the nail 

head. In areas where the reef su rface was not suitable for 

driving nai ls, markers wer e a ttached to red-clay bricks and 

placed in posi tion. The lateral boundaries of the site were 

marked with flourescent-orange colored bricks . 

2.1.2.3 Fi s h Collection and Tagging 

The requirements for fish tags were that they distinguish 

individual fish, be visible from a distance, and not impair 

the swimming ability of a fish. Floy anchor tags (Floy Tag 

and Mfg. Co., model FD-67) meet these requirements, however 

the observer must be very close to distinguish the different 

numbe rs on similarly colored tags. Each tag was therefore 

modified by attaching a small numbered piece of thin plastic 

(6mm x 12mm x 1mm) as shown in Figure 5. Fi sh implanted with 

these tags could be discerned at distances of up to 4 meters 

. during clear wate r conditions. 

Tags were placed in the dorsal musc ulature at the base 

of the spinous do rsal fin, using a tagging gun (Fl oy Tag and 

Mf g . Co., model FDM-68) with the anchor set approximately 1 

cm subdermally. Afte r i nserting, each tag was gently pulled 

to ens ure that it had become firmly lodged • . 
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Figure 5: Modification procedure for Floy anchor tags 
(upper) and a tag in place on a china rockfish 

( lower) . 
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An effort was made to tag as many fish as possible with­

out subjecting them to pressure stress. Fish taken to the 

surface from depths showed signs of bladder damage due to 

overexpansion of the swimbladder (see section 2.2.2.2.). In 

order to prevent damage, fish caught in the deepe r regions 

of the site (> 5 meters) were tagged at depth. Fish caught 

in shallow water 

Standard length, 

corded prior to 

point of capture 

were taken to the surface for tagging. 

tag number, and catch location were re­

release. All fish were released at their 

except shallow-caught fish which were re-

leased from the surface directly above the point of capture. 

There were 3 techniques used in collection: gill nets, an­

esthetics, and lures. Black rockfish were collected prima r­

ily with gill nets while the latter two methods were more 

useful i n catching china rockfish. 

Fish which inhabit the water space above the reef surfa ce 

were captured using gill nets. Various sized nets, ranging 

from 3.8 cm t o 7.6 cm (str e tched mesh dimensions), we re de­

ployed by divers in ar eas where fish were abundant. Nets 

set in shallow water were recovered from a boat while fish 

caught from the deeper nets were removed at depth and trans­

ferred to ' goody' bags prior to tagging. Depending upon the 

number of fish being caught, nets were left in place for in­

tervals of up to 2 hours. While rockfish have tough exter­

nal surfaces which resist damage by the nets, continuous 

monitoring is necessary to prevent asphyxiation. 

- 16 -



The use of anesthetics to capture crevi ce dwelling fish 

was preferred because of the ineffectiveness of entangling 

nets and traps. Anesthetics used were Quinaldine 

(2-methylquinoline; Eastman Kodak) and MS-222 (Tricaine 

methanesulfonate; Sandoz). While not harmful when used in 

the appropriate dosage (Bell, 1964), anesthetized fish are 

still subject to injury caused by abrasion on sharp reef 

surfaces from water motion as well as direct predation from 

other marine animals. For this reason anesthetics were ap­

plied sparingly on individual fish (as opposed to general 

application over a broader area) and fish were allowed to 

fully recover prior to release. 

Solutions of Quinaldine (10 percent in 2-propanol) or 

MS-222 (2 grams per liter of seawater) were carried in ap­

plicators designed for easy use by divers (Figure 6). The 

applicator consisted either of a squeeze or pump design con­

nected t o a long hose, tipped with a glass nozzle. Using 

this tool, 

at the f i sh 

vent alarm. 

small quantities of anesthetic could be directed 

while remaining at sufficient distance to pre­

By carefully wa tching respiratory movements of 

the fish and timing the release just 

use of the anesthetic was optimized. 

prior to inspiration, 

Two or three doses in 

this manne r usually dulled the sensory motor reflexes enough 

to coax the fish away from the crevice where it coul d be 

scooped into a 'goody' bag. Once captured, fish were tagged 

and conf ined in the bags unt i l normal orientation and re­

flexes returned. 
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":'con ta ine r 

B 

Figure 6: Anesthetic applicators used to narcotize fish. A, 
hand pump; B,squeeze bottle. 

After discovering the success of jigging for rockfish 

from a boat and suggestions by Leaman (pers. comm.), a small 

diver held fishing pole was developed. The pole consisted 

of a light-weight PVC pipe to which a short line and fishing 

lure were attached. Artificial lures wer e tried and proved 

extremely effective in catching china rockfish. A lure was 

dangled in front of an inhabited crevice making slight jig-
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ging motions to attract the occupant. Response was 

vigorous, fish often bit 2 or 3 times if not hooked on the 

first try. Once captured, fish were tagged on location and 

immediately released. Interestingly, black rockfish showed 

little interest in these or any other lures and were rarely 

caught in this manner. 

A problem arose with the tag design making 

identification increasingly difficult over time. 

individual 

The shaft 

and numbered por t ion of the tags became overgrown with algae 

and bryozoans , resulting in an indistinct feathe ry mass 

trailing from the fish's side. Within one month after tag­

ging, fish became increasingly difficult to identify. It 

should be noted that this fouling did not develop on tags of 

china rockfish or other benthic fish, even aft e r several 

months but was a constant feature of suprabenthic fish. A 

second tagging effort was initiated late in July to compen­

sate for the reduced numbers of identifiable black rockf ish. 

Over a period of 24 hours gill nets were continually set in 

the kelp bed region and tended periodically by divers. Pre­

viously tagged fish were retagged and untagged fish were 

measured and tagged as before. At the end of this period 

the number of tagged black rockfish was increased by 37. 

Observation dives were resumed after a 3 day period in which 

fish were eft undisturbed. The rockfish tagged during this 

period were designated as group 2, differentiating them from 

group 1, tagged initially. 

- 19 -



2.1.3 Field Observations 

To reduce diver caused physical damage, the reef was only 

visited by Mr. Fletcher and myself, occasionally accompanied 

by experienced divers. During t he observation per i od the 

only dives made on the site were for obse rvation purposes 

except for a one week period when observations were post­

poned i n order to tag more fish . 

Each dive las ted approximately 35 minutes but varied de­

pending upon the amount of time spent in the deep reef sec­

tions. Dives were separated by up to 24 hours except in 10 

instances where there was greater than a 24 hour break. The 

observation period for group 1 black rockfish and china 

rockfish consisted of 65 dives while the period for group 2 

black rockfish consisted of 38 d i ves. Dives were conducted 

primarily during daylight hours when the best observation 

cond itions prevailed. However; dawn, dusk and night dives 

represented a substantial proportion of the observation ef­

fort. 

Dives were usually scheduled 2 per 24 hour period, cover­

ing all phases of the light-dark cycle. The daily pair of 

dives usually covered contrasting states such as day-night 

or dawn-day , etc. When visited in low light conditions· a 

variety of lights were used , these included: Darrel-Allen 

Bug Diver 400, Ikelite C-light, and a US Divers Aqualung 

dive l i ght. The latter two are nearly identical while the 

former i s considerably brighter. 
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During each observational dive Mr. Fletcher and I covered 

separate portions of the reef recording the tag number and 

location of marked fish. Other data such as visibility, wa­

ter current, dive time, and miscellaneous observations were 

also recorded. During the dives data were recorded by pen­

cil on plastic slates with a roughened surface, information 

was later transcribed from the slate to a more permanent re­

cord. The pattern of swimming over the site varied from 

dive to dive to eliminate possible systematic bias due to 

'herding' of fish. Fish were always observed from a maximum 

distance, determined by water clarity. We found that fish 

became noticeably disturbed if followed for any period of 

time as evidenced by their tendency to swim faster and re­

turn to crevices or areas where there were other fish . Con­

sequent ly, fish observations were discrete rather than con­

tinuous, although multiple observations of the same fish 

within a dive were recorded. 

2.2 LABORATORY STUDIES 

2.2.1 Morphology 

2.2.1.1 Specific Gravity 

The specific gravity of a neutrally buoyant fish is the 

same as the surrounding water since the mass to volume ratio 

has been adjusted with the addition or removal of bladder 

gas. In the absence of a swimbladder, the specific gravity 

is usually greater than water and is dependent upon the pro-
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portion of different tissue components such as bone, protein 

and fat. By measuring the specific gravity of a fish, the 

buoyant force or volume of gas required to create a neu­

trally buoyan t sta te can be determmined. 

Using Archimedes' principle, density was determined as 

follows: 

DENSITY=U(Wair-W~ater/(A))/(Wair] - 1 

where Wair is the weight in air, Wwa ter is the weight of the 

fish when immerse d in seawater, and A is the density of sea­

water. 

Recently-killed animals were blot dried with paper 

towels and weighed on a top loading balance (Me tler, model 

then opened ventrally and the swim­

with scissors. All the gas was re-

Pl200). Animals were 

bladder was punctured 

moved by immers ing fish in a seawater bath and pressing down 

on the gas bladde r. The weight in wate r was determined with 

a hanging pan triple-be am balance (Ohaus, model 310) set up 

over an aquarium so that a fish could be suspended from the 

scale by fine string without contact ing the glass aquarium 

walls . Density of the seawater bath was determined by mea-

suring the temperature and salinity and derivati on from ta­

bl es (U.S. Navy Hydrographic Of fice , 1952). 

2.2.1.2 Blood Analysis 

Hematocri t sampl es were taken from field fresh , rece ntly 

dead , spec imens . Blood samples were drawn in 1.2 mm I.D. 
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heparinized hematocrit tubes (Fisher Scientific Co.) and 

sealed with an oil-base clay (Plasticene). Samples were 

spun at 12,500 rpm for 3 minutes in a hematocrit centrifuge 

(IEC, model 5-040) and the pr oportion of red blood cells 

versus plasma was obtained by measurement to the nearest 

millimeter. Initially, as many as 10 samples from each fish 

were taken but due to the highly consistent results, only 2 

samples were subsequently taken. 

2.2.1.3 Secretory Center Morphology 

The secretory center (ie, rete mirabile and associated 

secretory epithelium) was removed from freshly killed speci­

mens and photographed for later examination. The tunica in­

ternus, on which the secretory center is located, was re­

moved by peeling it free from the outer tissue layers. Once 

removed the tunica internus was cut such that the secretory 

center could be l a id flat on a sheet of heavy-weight paper. 

The prepar a tions were photographed using a close-up lens or, 

in the case of very small fi sh, photographs were taken 

th r ough a dissecting microscope. Photographs were s bse­

quently enlarged on 8 by 10 (20 x 25 cm) photographic paper 

for morphological and meristic analysis. 

A variety of observations were made f r om the secretory 

center preparations. Surface area of the secretory epithe­

lia was measured using a zero-compensating polar planimeter. 

The length of the rete mirabile was measured to the nearest 

0.1 mm using a vernier caliper. 
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2.2.1.4 Swimbladder Wall Resistance to Overexpansion 

The swimbladder wall forms an envelope which entirely 

encloses a gas space. When 

pidly, the swimbladder gas 

ambient pressure changes ra­

responds accordingly with a 

change in volume. With depressurization, this organ expands 

to a point where the elastic wall has stretched to its maxi­

mum size . Further depr essurization results in a build up of 

internal bladder pressure and finally, rupture of the wall. 

The percent reduction from atmospheric pressure represents 

the theoretical instantaneous maximum pressure reduction a 

fish could undertake without rupture of the swimbladder. 

A collection of animals was made while diving. Black 

rockfish were collected in a gill net set along the bottom 

and china rockfish were caught using unde rwater angling. 

Precautions were t aken to minimize bladder damage upon as­

cent (sec. 2.2.2.2). Once in the laboratory, fish were 

contained in a shallow aquarium approximately 15 cm depth 

for an adjustment period of one week. During this time 

buoyancy was restored with the fish coming to equilibrium at 

the aquarium depth which was equivalent to a pressure of 

1.015 ata (sec. 2.2.2). Fish were killed with a high con­

centration of Quinaldine, ventrally dissected, and placed 

within the evacuation apparatus shown in Figure 7. Pres­

sure was slowly reduced using a vacuum pump (VacTor r, model 

D-25) to a point where the expanded gas bladder ruptur ed. 

Burst pressure was determined by comparing the barometric 
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pressur e and the pressure within the chamber as indicated 

by a mercury column. 

Mercury 
Column 

-~ng 
lid seal 

Evacuation 
Chamber 

Figure 7: View of vacuum chamber used in swimbladder burst 
experiments. 

2 . 2.2 Buoyancy Adjustment 

Pressur e aquari a we r e dev eloped to s tudy the char acte ris-

t ics of r ockfish buoyancy adjustment. Variabl e pr essure 

aqua ria simul ate ve rt i ca l de pth gradient s, since a change in 

pres s ure cause s e xpansion or sh r i nkage of the swimbladder 

such as a fish would experience moving vertically in the wa­

ter column. 

All values of pressure in this study were given in atmos-

pheric units. One atmosphere pressure is equivalent to 10 
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meters seawater, 76 cm mercury, or 14.7 pounds per square 

inch. Measu reme nts of ambie nt pressure are expressed r ela­

tive to zero pr essure and are therefore absolut e atmospheric 

pressure uni ts or, ata. When expres sing a pres s ure differ­

ence, atmospheric pressure unit s are used or atrn. The 

former is a unit of total pressure while the latter applies 

to a pressure increment. 

2.2.2.1 Aspects of the Pressure Tank System 

The pressure system consisted of two 85 lite r tanks capa­

ble of simulating depths up to 40 meters. The two tanks 

were entirely independent as each could operate over the 

full pressure range without disturbing the other. A flow 

through water system continually replaced tank wate r to pro­

vide adequate life-support conditions . The system des ign 

provided stable pressures such that animals can be main­

tained in a simulated deep water environment for as long as 

4 weeks. The aqua r ium itself was designed and constructed 

by Mr. Gor don Davie s at the University of Victor i a and is 

shown in Figure 8 while the gene r al pattern of operati on i s 

shown in Figure 9 . 

The pressure tank was a 1.3 cm th i ck acrylic cylinder 

measuring 1.2 meters by 0.3 meters in diameter. The ends of 

the tank were constructed of 2.0 cm plexiglass secured in 

position with bolt s and seal ed by an O-r ing . During normal 

ope r ation the end plates were tightened into position and 
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Figure 8: Pressure tank system used in buoyancy experiments. 
Shown are the two tanks within their plastic enclosure 
(right) and the console containing support instruments 
(left). Right photograph: FM, flow meter; PB, box 
containing pumps; PG, pressure gauges; SI, seawater 
inlet; TR, temperature recorder. Left photograph: B, 
bypass; BV, pressure bleed valve; RV, over pressure 
relief valve; TD, trap door. 

- 27 -



2 7A -



I\.) 

O'.l 

0 2 meter 

Pressure Leve ls 

- te st 
tap 

c:::J drain 

~ 
timer 

I 
temperature, 
recorder 

pressure -gauge 

I 

L enclosure 

Figure 9. Schematic diagram of pressure tonk construction. 

I 

- - - - I 

drain 

flow meter 



access to the tank was made through a one-way pressure 

sealing trap door situated at the top. 

Each tank was separately housed so that animals were iso­

lated f rom the rest of the laboratory. The enclosures con­

sisted of an opaque tent constructed of 4 mil black plastic 

taped to an aluminum frame. Inside, the tank space was illu­

minated with a 15 watt incandescent bulb set on a light-dark 

cycle equivalent to outside conditions. Observations of fish 

were made through small peek holes in the plastic cover. 

Pressure tank support equipment (pumps, flowmeters, etc.) 

were positioned outside the enclosures on a separate cart 

reducing the noise level and freeing the fish from distur­

bance during equipment maintenance and adjustment. 

Pres sure was established by pumping water into the tank 

and regulating the flow of outgoing water. A gear pump con­

nected directly to the seawater tap created a maximum 

blocked-flow pressure capacity in excess of 5.8 ata. The 

rate of water flow was primarily controlled with a flow me­

ter at the tank discharge, although fine adjustments could 

be made by regu lating an internal bypass within the pump it­

self. To prevent the flow meter from becoming clogged with 

debris, discharge water was filtered through a 50 to 125 mi­

cron inline filter. Tank pressure was stable within 0.13 

atm when supplies of electricity and water remained stable. 

The water system for th e pressure tanks was open circuit 

with fresh, cool seawater continually replenishing the tanks 
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during operation. Inlet and outlet lines were situated at 

opposite ends of the tank to promote thorough circulation. 

This was confirmed by injecting colored dye (methylene blue) 

into the inlet line and observing the pattern of dispersion 

throughout the tank. The colored water entered the tank and 

passed toward the opposite end along the bottom, gradually 

mixing into the upper part of the tank. As a consequence of 

system design, the flow rate through the tank is inversely 

proportional to the tank pressure. Therefore, maximum tank 

pressure levels produced diminished flow while high flow 

rates occurred when pressure was low. Over the operating 

pressure range the flow rates varied from 1.9 to 3.2 liters 

per minute corresponding to total tank water replacement 

times of 45 to 26 minutes, respectively. 

A bypass arrangement alleviating water flow through the 

normal tank discharge system provided a rapid means of low­

ering tank pr essure without interfering with the finely me­

tered system. When open, the bypass port accommodated all 

outgoing water and the tank pressure was low. As the bypass 

valve was closed, more and more water was forced through the 

flowrneter, causing tank pressure to rise until finally, all 

water was passing through the flowme ter and tank pressure 

was at the preset level. The bypass system was useful in 

making short duration pressure changes such as those needed 

for buoyancy observations. At other times it was left 

closed since debris collected in the valve causing unstable 

tank pressures. 
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During early phases of the system design, the quality of 

the tank habitat was checked. An oxygen electrode placed 

through the tank end plate indicated minimum dissolved oxy­

gen levels of 85 percent saturation at all operating pres­

sures. This compared favorably with field values. Using a 

telethermometer (YSI , model 46 :6), incom i ng and outgoing wa­

ter temperatures were recorded. The temperatures observed 

were comparable to the range of temperatures at which fish 

were observed in the field. The temperature difference bet­

ween incoming and outgoing water was us ally less than 1-c . 

indicating that the turnover rate was sufficiently high. 

Following the use of a pressure tank, algal and fecal matter 

were removed to prevent contamination. It was concluded 

that the pressure tank environment was at least as good, if 

not better, than a well kept aquarium system. 

2.2.2.2 Collection of Fish 

Animals used in buoyancy adjustment experiments were re­

quired to be in generally healthy condition and apparently 

free from bladder damage. Consideration was given to the 

manner in which fish were collected. Damage associated wi th 

rapid pres sure reduction was assessed by post mortem exami­

nation to insure that collection techniques were suitable. 

One method used was simply fishing the animals from shallow 

reef s . Black rockfi sh were not damaged coming to the sur­

face from 10 meters and recovered rapidly from the resulting 
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positive buoyancy. These specimens showed no indication of 

hemorrhag i ng or stretching of the bladder wall and it was 

concluded that pressure reductions from 10 meters depth and 

less were safe. Fishing resulted in considerable bladder 

damage in china roc kfish as these animals generally inhabit 

depths greater th an 10 meters . Often, the outer l aye r s of 

t he swimbladder wall tore forcing the inner lining through. 

This condition was usually followed by a buildup of fluid 

and infection which may have permanently damaged the organ. 

To prevent this damage, techniques developed at the Ohiat 

site were used to catch china rockfish at depth so that 

their swimbladders could be partially deflated by inserting 

a sterile 12-gauge syringe needle through the lateral muscu­

lature and orienting fish so that gas drained passively1 

fish were taken slowly to the surface and transported in 

buckets to the laboratory. 

2. 2 .2.3 Experimental Procedure 

Al l experiments followed the same general time se­

quence shown in Figure 10. After collection, fish were 

kept in SO-gallon aqua ria for approximately 3 days during 

which buoyancy came to equilib rium a t the new pressure (ie, 

atmospheric plus the 40 cm depth of the aquaria, or 1 .04 

ata). Individuals were then tr ansfered to pr essure tanks 

and acclimated at minimal oper ating pressures of 1.1 ata for 

a period of 24 hour s. The experiment began with slow eleva-

- 32 -



w 
w 
I 

~ 1·5 
o:: ·z 
LU 0 

o Q) 1·0 Q .... 
<( -

~ ~ 0 ·5 
~ ::J 

3o 0 

I 
V) > 

3-

0 -_g 
LU 2-0:: 
::J 
V') 
V') 
LU 
a:: 
a.. 

------------- Gas Secretion Phase -----------1~---- Resorption Phase ----1 

ambient 
,,, ... .,, ., .,, ,, 

" / 
/ 

/ 

" 
/ 
// neutral buoyancy 

/ 
I 

I 
I 

I 
I 

I 
I 

I 

,--... ,, __ , \ 

... - \ .,,. ... \ .,,. .,, \ .,,. \ ...... ' ,,... ' ,,. 
/ 

\ 
\ 
\ 

' ' ' ' _.. 

\ 
\ 

' ' ' .... 

\ 

' ' ,_ 
1.1 ~ - - _J,./ 

24 hrs. 
0 

TIME -+ 

Figure 10. Time sequence showing the pattern of operation during pressure experiments. 



tion of tank pr essure (1 atm per minute ) to the operating 

level. The normal operating pressure was 3 ata, however, 

additional experiments were conducted at 2 and 4 ata with 

black rockfish. Operating pressure remained constant until 

neutral buoyancy had been achieved at the elevated pressure. 

During this period, progress toward increased buoyancy was 

determined with neutral buoyancy measurements. Once fish 

had established neutral buoyancy at the operating pressure, 

tank pressure was lowered in a stepwise fashion allowing the 

fish to adjust at each pressure level before proceeding with 

the next pressure reduction. Again, the progress toward ad­

justment was periodically measured with neutral buoyancy 

measurements. The increment of pressure drop was determined 

from Boyle's law allowing for a known expansion of 10, 20, 

or 30 percent and used to calculate the pressur e reduction 

increment. Once fish had come to equi l ibrium with atmos­

pheric pressur e on the last s tep , equ ipment was shut down 

and the fish were removed. Animals were killed usi ng a 

le t hal dose of Quinaldine . The fish wer e then measur ed, 

dissected, and examined for signs of bladder damage such as 

tissue rupture of hemorrhage. 

Response of animals to pressure changes was measured by 

determining the neutral buoyancy pressure, employing a 

method originally described by Evans and Damant in 1928 

(Brown, 1939). Specifically, this is the pressure a t which 

bladder volume precisely compensates for the weight of the 
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fish. Neutral buoyancy pressure was determined by manipu­

lating tank pressure with the bypass valve while observing 

the swimming behavior of the fish through a small hole in 

the chamber cover. Fi sh were considered neutrally buoyant 

when hovering was achieved without compensatory activity of 

the pectoral fins. Through practice, these measurements 

were made rapidly and the time from test pressure was mini­

mal (<5 minutes). 
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3.1 
3.1.1 

FIELD STUDY 

Chapter II I 

RESULTS 

Descript ion .Q.f the study~ 

The general characteristics of the Ohiat study reef are 

shown in Figure 11 which provides information on both bathy-

metry (topography) and terrain characteristics. Below 10 

meters the reef was generally steep sloped, flattening out 

appreciably in shallow water . The reef rose to a mound 

which emerged at one point during minus tides . The mound 

was separated from shore by a narrow , boulder-filled trench. 

The steeply inclining portions of the reef were generally 

composed of solid rock sparsely laced with crevices. Much 

of the more gradual sloping reef surfaces consisted of bro­

ken angular rock which was large (25 to 75 cm) in shallow 

water and decreased in size (5 to 10 cm) with dept h. These 

bouldered areas were the result of gradual erosion of the 

solid rock in areas of weakness, such as along fr acture 

plane s . Thus, most of the boulder ar eas occurred within a 

broadly rounded trough of solid rock. Below 25 meters, the 

r eef confronted a cl ea r, low sloping, sand bottom. As far 

as could be determined from hydrographic charts and visual 

examination, the bottom descended gradually toward Sattelite 

Channel changing to a mud s ubstrate with depth. There did 
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not appear to be any solid substrate below 25 meters in the 

vicinity of the study r eef. 

The position of Ohiat i s such that i t receives moderate 

to severe exposure from wave activity during nearly all sea­

sons of the year. Except during the winter ocean swells a r e 

of less significance as compared to waves generated by local 

winds. Ohiat Islet directly faces Imperial Eagle Channel 

and Sattelite Channel, affording little protection from two 

major wind patterns. The summer onshore breezes, or Wester­

lies, generate rough conditions at Ohiat on the side oppo­

site the study area. While there was little turbulence felt 

at the study site, Westerly winds usually created reduced 

water clarity and a slight surface current. During the 

fall, nocturnal offshore winds, apparently funneling through 

Alberni Inlet, blow directly at the study s ite from Trevor 

Channel. These winds, which I call Northerlies, cause a 

considerable amount of wav e acti vity as well as strong west 

flowing currents. 

One of the most significant aspects of the r eef in t erms 

of terrain complexity was the presence of rock c r evi ces. 

These pr ovided protected enclosures which were inhabited by 

a tremendous assortment of marine life. Crevices are for med 

by eroded fractures in the solid rock r esulting in l ong, 

narrow, and occasionally deep openings. The largest crevice 

on the site (shown near left-center in Figu r e 11) was 0 . 25 

meters wide, 6 meter s high, penetrating the reef at least 5 
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meters. This crevice was occupied by a large {15 kg) octo­

pus, Octopus dophleini, during most of t he study. Most 

other crevices were only a few meters long and less than a 

meter deep. Elsewhere on the site there were a variety of 

crevices formed by overlying boulders. Most of these were 

like a labyrinth with many openings and passageways. One 

exceptionally large crevice was formed by two large boulders 

(4 meter diameter) overlying a solid rock portion of the 

reef (shown to the left in figure 11). 

The biota at the Ohiat site are characteristic of exposed 

tidal and subtidal habitats. The most striking floral char­

acteristic was the kelp forest forme d by the bull ke lp, .N.e.J:.­

eocystis leutkeana. The bed was seasonal, entirely absent 

in the winter, becoming noticeable as small plants on the 

shallow rock surfaces by the end of March. Later in ay, 

the kelp had reached their full size. Over the summer the 

plants matured and the kelp bed gradually began thinning out 

towards fall. During peak devel opement , the kelp covers a 

major portion of the reef at depths less than 4 meters. In 

one area on the east end of the kelp bed there was a myster­

ious clearing devoid of plants which had never devel oped 

growth and remained clear over the season. During the win­

ter the turbulence in shallow reef sections was severe and 

the rock appeared very barren. 

Other flora common to the study reef were the laminarian 

type algae of the genera Larninaria, Costaria, and I:t:erygo-
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phora which were found along the shoreline at levels below O 

m tide level. These plants provided a dense undergrowth 

among shallow growing Nereocystis kelp. There were a var­

iety of other plants but generally these did not provide 

significant cover and habitat for fish. 

The most conspicuous intertidal fauna were the mussel, 

Mytelus californianus, and, in more shaded areas, the 

goose-neck barnacle, Pollicipes polymerus. Subtidally, be­

low the lamina r ian algal belt, the purple and red sea ur­

chins, Strongylocentrotus purpuratus ands. franc i scanus, 

were locally abundant. Other invertebrates s uch as the pur­

ple-hinged scallop, Hinnites multirugosus. the abalone, H.a­

liotes karnchatkana, the anemone, Metridiurn senile. the 

starfish, Pycnopodia helianthoides, and the cup coral,~­

nophylla elegans, were common and conspicuous inhabitants of 

the subtidal region. There were 4 known dens of octopus, 

OctopLW. dophleini, 

dicated that the 

and other miscellaneous observa t ions in­

population may have been much larger. 

Along the prominent rock faces where the current was stron­

ger the rock surface was densely overgrown with many tiny 

anemones and tube-dwelling polychaete wo rms. 

The fish observed at Ohiat site are listed in Table 1. 

This list incl ude s visually conspicuous species but omits 

those which were difficult to identify in situ (e .g. small 

cottids) or were obtainable only through chemical collec­

tions. Most of the fish were reef associated. Where tag-
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A 
A 
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R 
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A 
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C B 

C C 
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B - Il1,;ntr,ic 
K - Ke lp 

Table 1 . List of species otserved a t the s~~dy s ite 3nd 
in=ormat ion concerning ,:heir association , abundance , 
and distribut ion . 



ging or direct observations indicated that a species resided 

specifically at the study site, a resident designation was 

assigned. Where there was no direct evidence of residency, 

fish were classed as reef associated only. Fish species 

which generally occur in other areas, periodically making 

excursions onto the reef, were considered transients. 

Also present at the Ohiat site was a harbor seal (Pin­

nipedia; Phoca vitulina). While frequently seen basking on 

rocks on the other side of the Islet, it was occasionally 

observed at the study reef. 

3.1.2 Observations .Q.f .f.ifill 

During the fish tagging operations, 104 fish were tagged 

and released of which 90 were black and 14 were china rock­

fish. Based on counts made of the tagged versus untagged 

fish, the tagged group corresponded to approximately 30 and 

80 percent of the former and latter species' population, 

respectively. This large difference in abundance is a gen­

eral pattern; usually, black rockfish far outnumber china 

rockfish apparently as a consequence of their respective so­

cial and solitary life styles. The population of china 

rockfish was smaller than other reefs where there were as 

many as a hundred over a similar area. 

Over the observation period, sitings of tagged fish re­

present a major portion of the initial tagged group (Table 

2). Thirteen of the 14 china rockfish tagged were seen at 
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one time or another on the site. The corresponding value 

for the combined groups of black rockfish was 61 out of 90 

tagged . 

Table 2 

Sitings of tagged fish. 

" Species No. Tagged No. Sited Percent 

Black Rockfish 90 61 67 

1. 53 32 60 

2. 37 29 78 

China Rockfish 14- 13 93 

Many of the tagged bl ack rockfish were observed for a 

limited number of times as indicated by observation frequen­

cies shown in Figure 12. The two black rockfish groups re­

flect a similar pattern, with a greater tendency in indivi-

duals to be seen a few times. One fish, designa ted by tag 

pattern as Orange-20, was unusual as it was seen much more 

often than other conspecifics. In contrast, many china 

rockfish were seen mor e than 20 times. 

The number of tagged fish observed over time is shown in 

Figure 13. Most black rockfish do not remain on the site 

long, as indicated by the decline in observations of both 
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groups through respective di ve sequence s. The wide fluctua­

t ion in numbers of black rockfish seen between related dives 

i ndicates an important observation limitation for th i s spe­

cies. Blac k rockfish occupy a thr ee-dimensional space that 

can not always be thoroughly ch ecked . Often, schools of 

f ish we r e appr9ached from a variety of angles, each time re­

vealing different tagged fish. While poo r visibi lity and 

r educed l ight al so reduce fish observabil ity, it is unlikely 

tha t all the tagged blac k rockfish could ev e r be recorded on 

the site even unde r ideal cond i tions. China rockfish how­

ever , were consistently obs e rved over the 65 d 've s equence. 

Individual s assoc i ated with a particular ar ea of the r eef 

surface wh i ch could be revisited under the poorest of obser-

va tion condit ions. Consequently, observation success in 

this species increased with observe r familiarity with the 

reef as reflected by the gener al increase in tagged china 

r ockfish seen over time. 

3.1.3 !li.klt r ibut ion .Q.f r.i..§.b 

Distributional observations of black roc kfish we re based 

on limited observati ons on many tagged fi sh, numerous ob­

servations of a few t agged f ish , and observa tions of many 

unta gged fish. In general, these th r ee separate lines of 

observat ion show the same r esul ts. Black rockfish as a 

gr oup, occupy a limited por tion of t he r eef . This pattern 

i s shown for commonly seen ind i v iduals (Figure 14A through 

E) and fo r the combined tagged population (Figure 14F). 
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Figure 14: Distribution of tagged black rock f ish. A through 
E shows the distribution of individuals where dot size 
and adjacent numbers reflect the frequency of observa­
tions at each station. In F the number adjacent to 
each dot shows the number of different individuals re­
corded at that station. 
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There existed two behavioral modes in black rockfish 

which were related to their distribution. Most pronounced 

was schooling behavior where large numbers of black rock­

fish in addition to blue rockfish (~. mystinus) and occa­

sionally yellowtail rockfish (~. flayidus) came together in 

loosely formed aggregations at specific locations a few me­

ters above the reef surface. The second behavioral pattern 

occurred less frequently when individual fish separated from 

the school and settled on the reef surface or within crev-

ices in an apparent inactive phase. Although many tagged 

fish showed th i s behavior, there was no consistancy of loca­

tion, timi ng, or dur a tion of inactivity . Part of t he prob­

lem i n unde rs tanding this behavior sterned from its instabil­

ity. Fish r esting on the open reef sur face usually swam up 

and rejoined the school when approached whereas fish with i n 

crevices usually remained there. 

A primary feature in the distribution of schooling black 

rockfish was an association with specific reef topography. 

The kelp bed was a common focal point; schools were commonly 

seen within an open area in the center of the kelp bed and 

to a lesser ext ent within the more dense surrounding fronds . 

In deeper water, the large boulder was a site where schools 

congregated. Ge ne r ally, smaller schools than those in the 

kelp bed clustered around the steep face on the seaward 

si de and in the wa ter space directly above the steep face. 
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One individual (Orange-20) showed a patte r n of distribu­

tion entirely differ ent from other black rockfish (Figure 

14E). Usually during the day this fish was seen sitting in 

the same place where the reef desce nds r apidly. Unlike the 

benthic style displayed by other black rock f ish, the loca­

tion for sitting was constant, varying only slightly over 

the two month study period. This pattern obs e rved was 

s trikingly similar to some juvenile rockfish on the site. 

Rather t han sitting on the reef s urf ace, young yellowtail 

rockfish ( • f lavidus) and bocaccio (~. paucispini&) were 

found within crevice s dur i ng the day. Like Or ange-20, their 

selecti on of locat i ons was constant usually within a 0 . 5 me­

ter diameter a rea for several weeks. 

The distribution of several tagged China rockfish is 

shown in Fi gure 15. Five of the more commonly seen indivi­

duals are shown in 1 5A through E while 15F shows the com­

bined distribution for the population. Each fish was soli­

tary, having a range distinctly differ ent from other 

conspecifics. Locations where more than one fish was pre­

sent indicates situations where different individuals occur­

red at different times. 

Each fish occupied a particular crevice for long periods 

of time. On most occa sions, upon approaching an area , t he 

re s ident fi sh was present n the c r evice oriented in a head 

out position . At ot her times the same f i sh was observed 

just outsi de t he crevice on the reef surface. Upon ap-
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Figure 15: Distribution of tagged china rockfish. A through 
E shows the distribution of individuals where dot size 
and adjacent numbers reflect the frequency of observa­
tions at each station, In F the number adjacent to 
each dot shows the number of different individuals re­
corded at that tation. 
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preach, t he fi s h us ually fled to t he home crevice or another 

nearby crevice. 

On a few occasions interactions were observed between 

neighbori ng china r ockf i sh who seemed very aw a re of the 

presence of an approaching conspecific and responded vigo­

rously. In these obse rvations , the encounters we re brief, 

initiated by rapid approach of the resident and terminated 

with the intruder fle ei ng. The level of aggr ess ion dis­

played never became more intense than a chase. 

During the observation period, there were 4 cases whe re 

china rock fish were displaced from their homesite by other 

reef animals. In the fir s t case, a juvenile wol f eel, Anfil_­

rhichthys ocellatus, was observed at a variety of places on 

the reef pr ior t o entering a homesite . The resident china 

r ockfish disappe ared fo r the dura tion of the wolf eel's oc­

cupancy (48 hours) but later reappeared after the wolf eel 

had left. I n the remaining cases, china r ockfish disap­

peared from their home crevice coincident with occupation by 

octopus, Octopus dophleini ( ranging 10 to 20 kg). The resi­

dent china rock f ish, occasionally seen elsewhere dur i ng this 

period (1 t o 7 days), returned after the octopus had left. 

Black and china rockfish showed distinctly different pat­

terns of reef dis tri bution (Figur es 14 and 15). Black rock­

fish occu rred over a wi de depth range on the reef and con­

centrated in groups around high relief topography. China 

rock fish were strictly sol ita ry benthic residents and , as a 
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group, occupied crevices in the deeper parts of the reef. 

Individuals remained within a limit ed range nea r t he primary 

home si t e. The much smal ler range size in china rockfish i s 

shown in Figure 16. As the distribution of reef markers was 

generally uniform over the site, the number of observations 

versus the number of locations for ind ividuals refl ects the 

relative range size . The lines drawn represent the limits 

of distributions when using discrete observations. On one 

extreme, fish were found in the same location on every ob­

servation indicati ng an very limited range. On the other 

extreme, an unlimited range occurs when, 

servation , a new location is inhabited. 

rockfish usually occurred at less than 3 

upon each new ob­

Individual china 

locations whe reas 

black rockfish locations increased in number with increasing 

observation frequency. 

3 . 1.3.1 Movement of Fish 

Movement magnitude was estimated by compa ring the loca­

tions of repetitive observations of individuals over time. 

These spot obse rvations provide estimates since they utilize 

only the geometric distance between two poi ts whereas it is 

likely that the fish wander ed , traveling a greater distance. 

Two time bases were used; short, successive observations 

within a dive period (35 minutes) and long, observations 

between consecutive dives. These dives ranged in time from 

a few hours separation to no mor e than 24 hours (12 hours 
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ave r age}. Over the 65 dive period there were 10 breaks of 

longer than 24 hours (usually less than 50 hours} leaving 54 

dive pairs for consecutive dive movements. For brev ity , 

these two movements are referred to as Within and Between, 

respectively. 

The frequency of obse rved movement is shown in Table 3. 

For both species Wi thin dive movement constituted only 9 

percent of successive observations indica ting that the ten­

dency for fish to remain in one position was high. The f re­

quency of mov ement for Between dive periods was cons ide r ably 

greater for both species: 49 percent for black rockfish sug­

gesti ng tha t there was about an equal tendency to move as 

there was to remain stationary; 26 percent for ch i na rock 

fish indicating that they were mostly stationary . 

Table 3 

Frequency of movement shown by tagged fish. 

Time No . of Total No. of Observations 
Interval Species Observati ons of Movement % 

. ' 

Within Black Rockfish 520 44 8.5 

China Rockfi sh 377 33 8.8 

Between Black Rockfish 117 57 48. 7 

China Rockfi sh 215 56 26.0 
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Directionality of movement was recorded in three 

categories (Table 4). The first and second types were move­

ment s to shallower or deeper water, respectively. The third 

type was movement between positions at the same depth. 

Chi-squa re tests for homogeneity indi ated that black 

rockfish undertook more ver tical than hori zontal movements 

while the revers e i s true for china rockfi sh. Secondly, the 

pattern of movement was the same, independent of time. The 

type of movement observed during a dive was consistant with 

those over longer time intervals. 

The magni t udes of all movements are shown in Table 5 and 

differences for time periods, distances and species were 

tested as before. Distances are rounded to the nearest 3.3 

meters since the site was laid out using a foot measuring 

system with 10 foo t contours . 

Chi-square tests for homogeneity showed that there was a 

significant difference in movement distances f or the two 

species. Black rockfish frequently moved as far as 19.8 me­

ters commonly move less than 13.2 meters . These tests also 

showed similarities in the time periods for each species . 

Despi te the difference in duration of time for Within and 

Between categories, the dif f erence in movement distances for 

these groups was not significant . 

Table 6 indicates the vertical magn itudes of movements in 

the two species. The range is not as great as those in Ta-
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Movement Vertical Percent Horizontal Percent Total Chi-

Type Up Down Only Square 

Black Rockfish 

Within 16 17 8 41 

}-4 . 71NS 84 13 

Between 32 20 5 57 

Ch ina Rockfish 
4 2 . 7~H; 

Ul 

"' 
I 

Within 6 3 24 33 

}- 4 . 83NS 42 58 

Between 16 12 2 8 56 

Table 4 . Directionality of Movement . Chi-square tes t for homogeneity values are s hown . 
NS , Not Significant;** p < 0.01. 



V1 
...J 

Movement Distance of All Movements (Meters) TOTAL 
Chi-square 

Group 3.3 6 .6 9 . 9 13.2 16 . 5 ~19 .8 values 

-
Black Rockfis h 

Within 2 9 2 2 7 22 4

} 3.13NS 

Bet ween 2 11 6 1 5 32 57 

TOTAL 4 20 8 3 12 54 101 

China Rockfish 

Within 8 8 6 11 0 0 
33} 

Between 12 12 13 13 1 5 56 

TOTAL 20 20 19 24 1 5 89 

Table 5. Frequencies of movement in relation t o dis tance . Results of chi-square tests for 
homogen e ity are shown . NS not significant** p < 0 . 01 . 

t74. 37;~* 

4.80NS 



ble 5 i ndica t ing that the horizontal movements a r e more ex­

tensive . The same me t hod was empl oyed as before t o t est the 

time element fo r up, down, and speci es patterns. Black 

rockfish tend to make large movements and china rockfish ap­

pear to make very limited vertical movements (ie, few were 

greate r than 3 .3 meters). The magnitude of vertical move­

ment was the same irrespective of time as well as direction. 

Table 7 summarizes movement characteristics of the two 

species based on the previous four tables. The following 

patterns were evident. 

1. While the frequency of movement during a short 

time base (Within dives) was similar in both spe­

cies, bl ack r ockfish showed more movement during 

longer time base (Be tween dives). 

2. Movement i n bl ack r ockfish was prima r i ly up and 

down the r eef slope while lateral r eef movement 

was pronounced in china rockfish. 

3. Black rockfish moved greate r distances over the 

reef surface than china rockfish. Their movements 

al so incorporated a broad vertical spectrum while 

china rockfish utilized a very limited vertical 

range. 
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Type of Movement 

Black Rockfish 

UP within 

between 

DOWN 
--within 

between 

China Rockfi sh 

UP within 

between 

DOWN 
--within 

between 

Black Ro ckfi sh 

UP w 
b::>- 5.55 

DOWN 

China Rockfi sh 

UP 

DOWN 

3 . 3 

10 

10 

5 

5 

5 

10 

l 

10 

NS > 3.44 NS 

NS 

6.6 

0 

6 

3 

2 

1 

6 

2 

2 

Magnitude (m) 

9 . 9 13 . 2 

6 0 

16 0 

7 2 

13 0 

0 0 

0 0 

0 0 

0 0 

Table 6 . Magnitude of ver tical movement. Below 1 the pattern of analys is 
us i ng chi-squar test for hornogcn ity 1s s hown . NS, not 
significant. :'::':, p <0 . 01. 
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l. Frequency I 2 . Direction I 3 . Distance 

(% Total Observations) I (% Total Movements) 

I 
Percent All Movements Percent Vertical 

Within Between Vertical Horizontal <15 m >15 m <9 m >9 m 

Black 

Rockfish 9 49 84 13 35 65 54 46 

"' 0 

China 

Rockfish 9 26 I 42 58 I 93 7 100 0 

Tab le 7. Summary of movement patterns in Black and China Rockfish . 



3.1.4 ~ Behavior 

Unlike the kelp greenling, Hexagrammos decagramrnus, which 

are day active seeking shelter at night, both study species 

seemed to change lit t le. Diel patterns were not immediately 

appa r ent so a vari e ty of comparisons were made. In this 

testing, an inherent bi as deserves mention. Us ing lights to 

find t agged fish resulted in a greatly r educed field of 

view. Table 8 unde rs cores thi s poi nt showi ng consistently 

lower night totals f or both gr oups of black rockfi sh. While 

this may represent a diel behavior pattern, I believe t he 

difference was an artifact largely attributable to changes 

in diver ability to locate tagged fish at night. A differ­

ent pattern occurred in tagged china rockfish which were 

seen at the same frequency both day and night. Observations 

of this species, because of its limited distribution and the 

obs erver's ability to locate specific areas on the reef sur­

face, did not change with light. 

The distribution plot for black rockfish was compared for 

day and night periods. In general, the population remained 

in the same place, irrespective of light, but cl ose examina­

tion showed ther e was one maj or difference in the shallow 

reef sect i ons. During the day, tagged fish remained within 

the kelp cleari ng area but at night ther e were compa ratively 

more t agged fi s h seen in the near by shallow areas to the 

east. Using a pr esence-absence scheme for the non-kelp 

shallow r egions versus day and night in a chi-square matrix, 
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Table 8 

Mea n and va riance for the number of t agged fish observed for 
dives at diffe rent times of the day . 

· Dusk Dawn Night Day 

-Black 1. 7 - 1.23 3.69 X - 3 .5 X - X - X -
Rockfish 

s2 1. N = 4 N = 6 s2 = 3.19 = 5 . 13 

N = 13 N = 42 
" 

- - - -2. X - 2 X - 6.7 X : 2.25 X : 9.39 

N = 1 N = 6 s2 = 9.07 s2 = 15.89 

N = 8 N = 23 

- - -China X - 5 X - 6 X - 5. 15 X : 4.92 
Rockfish 

N = 4 N = 6 s2 = 5.14 s2 = 4.55 

N = 13 N = 42 

there is a signif icant difference {p< 0 .0 01) in tagged fish 

seen at this location between day and ni ght {Table 9A). The 

distribution of black rockfish appears to expand out from 

the kelp area into the surrounding shallow areas at night 

{Figure 17). 

Another approach toward day-nigh t differences is to exa­

mine t he relationship of light change with movement . In-
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Table 9 

Chi-square contingency tables for light related habits in 
black rockfish. 

A B C 

Liglit No 
Present Absent Change Change Day Night 

Night 

1'ay 

1.0 

15 

21. 

161. 

Movement 35 

No Movement 34 

= 1.16 NS 

20 

29 

Present 

Absent 

23 

6 

stances where the same fish was observed on successive dives 

were t aken and subdiv ided into a presence-absence table. In 

this case, the presence or absence of movement was compared 

with dive pa ir s where light remained constant (day-day ; 

night-night) 

night-day). 

and those where light changed (day-night; 

The interaction of light and movement is not 

significant (p>0.25, Table 9B), this agrees with previous 

evidence that tagged black rockfi sh do not have any major 

shift in distribution over the site. 

Striking differences did occur however , in Orange-20 with 

light. During the day this fish was seen many times sitting 

in its usual place on the reef. At night Orange-20 was ab-

sent and on two occasions, was seen among the schooling 
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Figure 17: Day and night distribution of bl ack rockfish i n 
shallow ar eas . 

black r ockfish in the shallow r eef areas. Using the same 

presence-abs ence scheme for the s it ting location (Table 9C), 

the difference 

(p<0.001). 

between day and night is significant 

Similar tests we r e conducted for the tagged china rock-

fi sh population. The freque ncy of obse rvations of the tag-

ged group remain essentially the same , irrespective of light 

(Table 8). Examining each individ ual separately, their 

presence or abse nce from the home site was unr elated to 

changes in light. Testing in another fashion, the coinci­

dence of movement with l ight a transition was also not ap-
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parent indicating that china rockfish do not undergo a light 

related shift in distribution. 

• 
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3.2 LABORATORY STUDI ES. 

3 . 2.1 General Morphology 

3.2.1.1 Specific Gravity 

The speci f ic gravity was measured in 109 i ndividuals which 

are summarized in Table 10. The mean values of the two spe­

cies were no t significantly different (p>0.05). Within spe­

cies, density remains constant with size over the r ange exa-

mined (>10 cm standard l e ngth). Using this value, the 

volume of gas required to neutrally buoy either species cor ­

responds to 5.6 percent of body weight in air. 

Table 10 

Measurements of specific gravity in the two species. 

Specie~ N -
X s2 

Black Roclcfish 59 1.087 3.0 X 10-G 

China Rock-fish 50 1.088 

3.2.1. 2 Red Blood Cell Proportions 

t 

2.75 NS 

Pooled 
Mean 

1.087 

The proportion of r ed blood cells (RBC) in plasma as det-

ermined by hematocrits was measured in 96 fish. The mean 

values for different siz groups of the two species are 

shown in Figure 18. Black rockfish had significantly higher 
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hematocrits than similar siz e groups of china rockfish. In 

both gr oups there is a direct size rel ated RBC inc rease, 

although for china rockfish this is slight and not statisti-

cally significant. In bl ack r ockfish, the small group is 

significantly different from the more similar large size 

groups. 
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Figure 18: Proportion of red blood cel ls in relation to 
size in china and black rockfish. Shown are 95 percent 

confidence intervals for 100 mm size classes. Sample sizes 
are indicated for each size class. 
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3.2.2 Swirnbladder Morphology 

Photog raphs of intact swimbl adders of the two species 

are shown in Figur e 19 . The bladder s euphy soclist (see 

appendix A) si t uated directly ventral to the vertebral co­

l umn occupying the dor sal surface of the coelomic cavity. 

From gros s examination, most of the general anatomy can be 

identified. The out e r connective tis s ue layer, the tu nica 

externus, is quite thick providing support for the de licate 

i nternal tissue layer, the tunica inte rns. Within the tu­

nica internus, there a re two chambers, anterior and poste­

rior, separated by a connective tissue diaphram (D ) which 

interconnects the chambers when ope n. Both chambers are ex­

t remely thin and alternately distens ible within their more 

r ig id enclosure. The anterior camber or the sec re tory 

chamber (SC) has the large st vol ume nd conta ins the gas se­

cr etory center used in bl adder filling . The posterior cham­

ber or r esorpt i ve chamber (RC) i s generally smaller and has 

highly vasculari zed wal ls tha t facilitate pas si ve diffusion 

of gas from the bladder. Aside from t he vascular and nerve 

tissue connections to these chambers ther e is apparently no 

other point of attachment. The two chambe rs glide freely on 

a gelatinous ti ssue, the serosa , within the tunica externus. 

Figure 19C shows the swimbladder overexpansion in china 

roc kfish when taken directl y to the surface . The inner , u­

nica internus, is shown distended through a split in the 

outer, tunica externus. Upon further pressure reduction, 
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Figure 18: 
ition 
black 
with 
tion 
nus; 

Ventrally dissected specimens showing the pos­
of the swimbladder in the visceral cavity. A, 
rockfish; B, china rockfish; c, china rockfish 

ruptured tunica externus; D, diaphram; RC, resorp­
chamber; SC, secr etion chamber; TE, tunic a exter­
TI, tunica internus. 
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the inner layer usually ruptured, but its greater elasticity 

allowed much greater expansion. than the tunica externus. 

3.2 . 2 .1 Secretory Cente r 

The secretory center provides for transport of gas from 

t he blood into the bladder agains t a concentration gradient. 

The func t ional units of this organ are shown in Figure 20. 

Blood enters through the cel iacomesenteric artery (CA) and 

branche s too e of several arterioles leading to the indivi­

dual retia (R) of the rete mirabile (RM). Each retia is a 

counter-current mul tiplier where the partial pressure of gas 

is concentrated t o a level in excess of tha t secretory cham­

ber (not s hown}. Transpor t occu rs at the secretory epithe­

li um (SE) which radiate f r om the distal counter-current 

l oops of the rete mirabi le . 

The rete mirabile of black and china rockf ish is made 

up of as many as 10 individual retia which are shown for 

different size fish in Figur es 21 and 22 . During juvenile 

l ife stages these retia ar e separate and distinct but en­

large with growth . In 35 cm Black rockfish the retia become 

closely merged such that they appea r as a single, horseshoe­

shaped unit. In ch ina rockfish many adults still have dis­

tinctly sepa rate retia . 

The pattern of rete mirab i le growth with fish size is 

shown differently in Figure 23. Secretory area as measured 
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Figure 20: Prepara tions of tunica internus spread flat . 
A, china rockfi s h : B, black rockfish; CA, cel i aco­
mesenteric artery; D, diaphram; R, ret ia; RC, res­
o rption center; SC, secretion center; SE, secretory 
epithelium. 
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Figure 21: Pattern of rete mirabile development with 
growth in black rockfish . Shown are standard body 
lengths (mm) and 1 cm scale. 
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Figure 22: Pattern of rete mirabile development with 
growth in china rockfish. Shown are standard body 
lengths (mm) and 1 cm scale except as noted. 
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from spread out preparations is shown in r elation to body 

we ight. In both species the correlation was significant 

(p<0.01) and r egression coef fici ents (r) were 0.68 and 0.87 

for china rockfish, respectively. Comparatively, the secre­

tory epithelium in black rockfish was about tw ice that china 

rockfish. 
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A scatte rplot comparing rete length wi th standard body 

length is shown in Figure 24 . 

c i es reached a similar l ength, 

While the rete in bo th spe­

the correlation with body 

length was high in black rockfish ( r=0 .84) but not in china 

r ockf ish (r=0.59) . 
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3.2.2.2 Swimbladder Resistance to Overexpansion 

The strength of the swimbladder wall was estimated by 

measurements of the resistance to swimbladder overexpansion 

during pressure reduction is shown in Table 11. When pres­

sure was reduced by 70 percent, the swimbladder in black 

rockfish ruptured in the posteroventral region overlying the 

resorption chamber. During pressure reductions of 59 per­

cent, the gas bladder of china rockfish ruptured laterally 

wher e the tunica externus attaches to the body wall. The 

sample sizes wer e small and high variability within china 

rockfish did not allow s t atistical comparison between spe­

c i es (p>0.05; F-test). It was apparent, however, that china 

rockfish consi s t ently required less pres s ure expansion to 

cause damage and thus, black rockfish may be more tolerant 

of pressure reductions. 

During periods of pressure tank experiments, there 

were occasions of equipment malfunction due to power fai­

lure, pump breakdown, etc. in which tanks lost pressure and 

forced the termination of an experiment. In many cases 

prior to the breakdown, neutral buoyancy pressure was known 

and consequently, the resulting pressure drop could be cal­

culated. Assessment of bladder damage associated with pres­

sure reduct ion provide a comparison between in vivo and ven­

trally dis se cted pr epar a tions. Results of these 

obse rvations shown i n Table 10B, compare well with the ven­

trally di s sected measurement s . The body wall seemed to pro-
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Species % Reduct ion Remarks 
N x 

A. Black Rockfish 5 70 . 4 0 . 24 

China Rockfi sh 6 58 .3 36 . 8 

B. Black Rockfish 75 rupture 

75 rupt ure 

75 rupture 

75 rupture 

66 . 7 no damage 

66 .7 no damage 

66 .7 no damage 

China Rockfish 60 rupture 

55 t . e. only 

66 t.e . only 

52 no damage 

Table 11 . Measurements of swimbladder burst characteristics. (a) pressure 
reduction required to burst the swimbladded ventrally dissected 
spe cimens using an evacuation chamber . (b ) effects of rapid 
pressure reduction on live specimens in pressure t anks . 
t . e .: t unica externus . 
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vide little support in preventing expansion and rupture in 

the tunica externus but may help to resi s t rupture of the 

tunica internus. 

3.2.3 Buoyancy Adjustment 

3.2.3.1 Gas Secretion 

When exposed to an increase in pr essur e, fish res­

ponded by increasi ng their buoyancy. In all cases, fish sat 

motionless within the t ank when increas i ng their buoyancy . 

Af ter a period of time, neutral or near neutral buoyancy was 

achieved and both species became more noticeably active. 

Black rockfish assumed a hovering position while china rock­

fish remained in contact with the tank bottom but fr equently 

changed positions. The response curve in terms of neutral 

buoyancy pressure versus time was sinusoidal in shape becom­

ing asymptotic with the test pressure level. Examples of 

this adjustment curve for a pressure change of 2 atm are 

shown in Figure 25 and 26 for black and china rockfish, res-

pectively. Us ing the time for 50 percent adjustment as a 

comparative measu re, the values within each species ar e gen­

erally consistent and apparently unrelated to size, 

weight , and sex over the range (> 10 cm standa rd length} exa­

mined . A better comparison can be made from summary Figur e 

27 where t he mean response curves and the range of 50 per­

cent adjustment values are shown . In both cases , the time 

to ad jus t to a 2 atm increase in pres sure was considerable 

ad there was a large species difference. After approxi-
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mately 90 hours, black rockfish had fully compensated for 

the change in buoyancy resul ting from a two atm pressure in-

crease. Two hundred and f if ty hours were required for the 

same process in china rockfish. Also shown are buoyancy 

r esponse curves for pressure changes of 1 and 3 atm fo r 

black rockfish . These two curves plus the 2 atm curve vary 

only sligh t ly showing a generally consistent rate of buoy­

ancy increase over the 3 atm pressure range. 
3 
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Figure 25: Adjustment of neutral buoyancy in response to a 
2 atm pressure incr ease in 6 black rockfish. Time required 
for 50 percent adjustment is shown in each experiment for 

comparison . 
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Figure 26: Adjustment of neutral buoyancy in response to a 
2 atm pressure increase in 6 china rockfish. Fifty percent 

adjustment times are shown for comparative purposes. 

3 .2. 3.2 Gas Resorption 

Pressure reduct ion and subsequent positive buoyancy el i-

c ited vigorous swimming i n both species. Animals passively 

lifted from their normal position and began actively oppos-

i ng t he tendency to rise. In most cases the tail inclined 
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Black Rockf ish 
n=lO 

n=S 

China Rockfish 

)-f'o--------.----~---...----------r-----T----i 
0 100 200 

TIME (hours) 
300 400 

Figure 27: Summary diagram for buoyancy increase rate 
experiments . Shon are the range and mean 50 perce nt 

adjustment values for pr essure increases of 1, 2, and 3 atm 
in blac k rockfish and 2 atm in china rockfish. 

upwards to supplement compensatory pectoral fin beats. Un­

der greater buoyancy states, the body inclination bee me in­

creasingly vertical and pectoral fin beats also became mo r e 

vigorous. Black roc kfish usually broke from this position 

after a period of time and swam lengthw i se through t he t ank 

with the pectoral fins projected laterally in a hydrofoil 

planing motion . This alternative method seemed to work well 

but was limited by the available swimming space. Upon 
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reaching the tank end , the previous posture resumed while 

turning around to plane again. This swimming behaviour wa s 

not observed in China rockfish which were usually seen tail 

up, using the pectoral fins in a sculling motion. Usually 

within 30 minutes, both species stoppe d try ing to compensate 

by swimming and and sought the support on irregular surfaces 

a t the tank ends and on the upper surface of the tank. 

Gas resorption began very soon after pressure was re­

duced. Black rockfish normally responded immediately by 

quic kly restoring neutral buoyancy. China rockfish did not 

always respond 

was measureable 

to pressure reduction, 

after several hours of 

often no adjustment 

positive buoyancy. 

At other times, resorption began almost immediately and it 

appeared that this response was in some way related to swim­

ming activi ty . 

A general buoyancy response curve for black rockfish is 

shown in Figure 28. As pressure decreased, the process of 

gas resorption began. Response was initially fast but 

slowed as buoyancy approached neutral . In nearly all of the 

r esorption experiments, the fish be came negatively buoyant 

wi th r espect to the the t est pressure. Howev er, neutral 

buoyancy retur ned presumably through gas secretion when l eft 

at the test pressure for a period of about 2 hours. De­

tailed data for stepwise decompressi on of 11 black and 10 

china rockfish are shown in Table 12 . Resorption times were 

measured over a variety of percent expansion values ranging 
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Figure 28: Ge neralized adjustment curve of black rockfish 
in response to a 10 percent decrease in pressure . 

f rom 10 to 30 percent. In general, black rockfish decreased 

volume quickly, making a 10 percent reduction of buoyancy in 

less than 30 minutes and a 30 percent adjustment in about 

1.7 hours. There was an extremely large range in values for 

similar adjustments in china rockfish which we re probably 

due to long periods of time during which no adjustment oc-

-cur red. During experiments where continual resorption ap-

peared to have taken place, th e rates for 10 and 30 percent 

reduct i on we r e 2.0 and 12 . 0 hour s , r espectively . 
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Tab le 12: Rates of buoyancy reduc tion . 

Species Fish No . % Reduc t i on Time ( Hours) Fish No . % Reduction Time 

Black l 11 0.5 4 10 1.0 

Rockfish 10 0.5 5 15 1.0 

10 0.5 15 l.O 

10 0.5 20 1. 5 

10 0. 5 6 14 0.5 

10 0.75 12 0.7 

2 10 0 .75 32 2 . 2 

10 0.75 7 14 0.5 

10 0.5 8 0. 7 

10 0.55 27 3 . 2 

10 0 .5 8 30 2.6 

10 0 . 5 30 2 . 4 

10 0. 11 5 20 1.9 

10 0. 5 9 30 l. 7 

10 0.75 30 5.7 

3 10 0.5 10 20 2.5 

10 0.55 30 2 . 6 

10 0. 75 36 4.2 

10 0. 5 11 8 LO 

10 0.5 14 1.5 

10 0 . 5 20 1.0 

10 0.9 22 1.0 

10 1.2 

China l 10 8.0 11 10 30.0 
Rockfish 10 13 . 0 10 8 . 0 

2 10 19 . 0 10 2 . 0 

10 3 . 0 10 2 . 0 

10 2 . 0 10 3 . 0 

10 2 . 2 10 3.0 

10 2 . 7 10 6 . 5 

10 4 .0 8 9.9 
3 -10 1.0 5 10 1.5 

10 0. 92 20 9.0 
10 18. 5 30 80.0 

10 4.0 9 152.0 
7 0 . 92 6 30 21. 5 

8 3.0 20 17 . 5 

10 6. 5 30 12. 5 

6 8 . 0 7 29 19 . 0 

0 36 19 .0 

9 28 24.0 

:>8 15.5 

10 34 574. 0 
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The stepwise drop procedure used in decompressing from 

a large pressure differential yielded a series of adjustment 

times . Analysis of variance was made on 3 samples from each 

species to tes t the null hypotheses that there was no dif­

ference between the range of values between the two species 

and that there wer e no t emporal changes in r sorption rates. 

The results (Table 13) show that the first hypothesis was 

rejected ith a very low pr obability. While the range in 

values for china rock fish was high, even the fas t est times 

were much slower than black rockf ish. The second hypothesis 

was al so rejected as the variability as the variability bet­

ween samples was not significantly different from that 

within samples. Consequently, there is no evidence that the 

rate increased with 'practice ' or decreased with fatigue . 
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Table 13 

Anal ysis of va riance summary table comparing the time 
sequence of rat es measured from black rockfish numbers 1, 2, 

and 3 with china rockfish numbers 2, 3, and 4 (Table 11) . 

Source ss df MS F 

Between subjects 401. 52 5 80 .34 

A 343.88 1 343.88 23. 99°fn•, 

Subjects within 
groups 57 . 63 4 14.40 

Within subjects 1077 . 74 39 22.45 
" 

B 225.40 8 28.18 1.468 NS 

Al! 238.16 8 29 . 77 1.551 NS 

B x subjects within 
groups 614-. 19 23 26.7 

TOTAL 1479.26 44 
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4.1 ECOLOGICAL ASPECTS 

Chapter IV 

DISCUSSION 

4.1.1 ~pecies Distribution 

4.1.1.1 Black Rockfish 

Sebastes melanops (Girard) occupies a comparatively large 

range of the northeastern Paci f ic Ocean extending from Par­

adise Cove in southern California (34°02N 118°42W) north, 

turning west along the coastline to Amchitk a Island in the 

western Aleutian Archipelago (51°30N 170°00E; Miller and 

Lea, 1972:96). The bathymetri c range ext ends from the sur­

fac e to 36 6 meter s (20 0 fathoms; Hart 1973: 427). In an off­

shore tr awl s urvey , Al ver son et al. (1964) found th i s f ish 

commonly at deep s t ations (g reate r th an 50 fa t homs) off Ca-

l i fornia northwar d to southeast Alas ka. Despite the i mpli-

ca t io t hat the dist ributio n centers in de ep water (be t ween 

100-150 fathoms) a review by Leaman (1 976a) points out con­

trary evidence indi ca ti ng a · shallow water coas tal cente r of 

distribution, extending to the upper continental sh elf. In 

the inshore waters of northern Washington (Puget Sound), 

there is an active sports fishery, over 24,000 black rock­

fish landed in 1978 (M. G. Pedersen, unpub. data, Washington 

Dept. of Fisheries). The absence of a similar fishery in 
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British Columbia is probably attributed to the comparatively 

higher economic and sport value of salmon not to a lower 

stock siz • 

Juvenile black rockfish, as with many other rockfish spe­

cies such as, s . pinniger, s. rn iniatus , ands. flavidus, 

utilize the inshore marine habitat prio r to an adult life 

offshore . Within Barkley Sound the size range of fish pre­

sent is related to reef characteristics. Shallow, low pro­

file reefs are general ly i nhabited by smaller fish while 

large fish occur on moderate and high relief reefs in ex­

posed areas. Leaman (1976a), in pa r t, showed this pat tern 

with length data for fish caught while trolling from central 

toward seaward parts of Barkley Sound. 

observations made in the present study 

Diving and angling 

indicate that the 

pattern exists at different locations of varying character­

istics. In areas such as the kelp beds along the Marine 

Station foreshore in Bamfield Inlet, schools are dominated 

by black rockfish 15 cm and smaller. Similarly, the black 

rockfish in the Macrocystis bed studied by Leaman at the 

Deer Group Islands were small , 25 cm and less. Typical 

reefs for subadult and adu t fish are those of moderate to 

high relief having exposure either from currents or the 

ocean. As the i ntensity of these features inc rease, the 

s iz e of fish present also increases. Accordingly, the fish 

at Ohiat which is of moderate exposure and high relief, were 

large; reaching lengths of 30 cm. Outer coast and occa-
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sional reefs within Barkley Sound typically have black rock­

fish in excess of 38 cm. Adult lengths of up to 60 cm are 

reached in deeper water (based on troller catch sample, M. 

G. Pedersen, unpub. data). 

Since ad ults primarily inhabit the outer coast regions, 

the free swimming larvae also originate t here. Their ab­

sence on many of the subadult and adult reefs may result 

f rom several causes . There ar e large difference s in physi­

ca l characteristics such as tempe r a tu r e and water motion. 

Warmer wa ter s may f acilit a te t he rapid growth phase that is 

character i stic of the ea rly life stages in many of the large 

r ockfish species incl uding black rockfish (Ch en,1971; Appen­

dix B). The smal l size may be a disadvantage in more ex­

posed areas limiting the efficiency in obtaining adequate 

food and space. Finally , the greater abundance of large 

fish probably pose a greater predation potential compared to 

the shallow inshore areas . 

4.1. 1.2 China Roc kfish 

Sebastes nebulosus (Ayres) is similarly a broad ranging 

coastal fish . Love (1974) extended the southern limit (pre­

viously recorded by Phillips , 1957) to San Miguel Island in 

southern Cal i f ornia (34°03N 120°21W) . Likewise, Alverson et 

al. (196 4) extended the northern limit from southeast Alaska 

(Phillips, 19 57) to the Gulf of Alaska (no coordina tes 

given) . The bathymetric range a s reported by Hart 
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(1973:433) extends from the surface t o 126 m (69 fathoms), 

but more commonly 92 m (50 fa thoms ). Miller and Gotshall 

(1 965: 114) report the range from 3.3 m (10 fee t) to 36 m 

(120 feet). In th i s study china rockfish usually occurred 

a t depths greater than 10 meters and uncommonly at depths 

shallower than 8 m. Thi s diffe rence may be due to the 

greater wave activity characteristic of the British Colum­

bia coast. The geogr aphic pattern of species abundance gen­

erally parallels that of the black rockfish except for the 

northern range. The general abundance in northern Cal ifor­

ni a described from a sportfishing perspective by Miller and 

Gotshall (1965:114) is fitting for British Columbia:. • • 

(china rockfish) • • 'are nowhere abundant, always an inci­

dental part of the catch but still not uncommon' . 

A unique aspect of china rockfish distribution is their 

r estriction to moderate and extreme exposed coast habitats. 

Along Vancouver Island they occur along the west and nor th 

coastline and as far south on t he eastern side as Port Hardy 

(Dr . A. P de n, pers . comm. ) . It has not been recorded from 

Georgia Strait and the Gulf Islands, but there have been 

sitei ngs f rom San Juan Island on the United States side of 

the Gulf Island system (Delacy et al., 1972; Moulton , 1977) 

and at Race Rocks i n Jaun de Fuca Strait (V. Fletcher , pers. 

comm.) • 

The exposed coast distribution was also observed on a 

smaller scale within Barkley Sound itself. China rockfish 
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are found along exposed reefs facing Imperial Eagle Channel 

and on the seaward reaches within Tr evor Channel. Reefs 

which appear to receive lower exposure f r om waves and cur­

r ent as ev i denced by the less diver se encrusting fauna and a 

fine film of silt are usually not inhabited by china rock­

fish. This pattern was f urther apparent i n observati ons 

during an extensive dive survey made within Clayoquot Sound, 

40 km north of Barkley Sound (McElderry and Fletcher, un­

publ i shed data}. 

4 . 1.2 ~ Association 

Tropical coral reefs as well as rock and kelp reefs con­

tain a variety of fish hav ing differing habitat associa­

tions. This has been shown best in studies which deal with 

the fish assemblage as a community (Hobson, 1968, 1974; 

Hia t t and Strasburg, 1960; Smith and Tyler, 1973} as opposed 

to single species studies which are far too numerous to men­

tion. Many of these studies identify species distributions 

limited to a porti on of the r eef space over ti~e. 

exist as a home range in which a fis h simply 

This may 

limits its 

movements within a undefended area over time (Re ese , 1973 ; 

Sale, 1971; Gerking, 1959}. Alternatively, many territorial 

species defend a reef space both interspecifically (Myreberg 

and Thresher 1974, Low 1971} and more gene rally, int r aspe­

cif i cally (Keenleyside, 1972; Clarke , 1970). Following the 

terminology of Gooding and Magnuson (1967), other behavioral 
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categories which apply to r eef fishes are visitors and tran­

sients. Visitor s ar e s pec i es that rema in on the reef f or a 

few hours or a f ew days and t hen move on. Examples of this 

a t 0hiat ar e lingcod, Ophiodon e longatus , tube snout, Al.ll.Q­

r hynchus f l avidM , and some ern bi ot ocids , notably Embiotoca 

lateralis. Transients move through a reef without seem i ng 

to be affected by it or responding to it in any obvious way. 

This category applie s to fish such as pacific herring, ~­

~ harengus, salmon, Onchorhynchus sp. and dogfish, Sgualus 

acanthias. 

4.1.2 . 1 China Rockfish 

The type of reef association shown by china rockfish is 

clearly residential and probably territorial. Each tagged 

fish occupied a unique space, the home cr evice, that was se­

parate from home crevices of conspecifics. The locations 

were well established as r eside nce i n most cases lasted the 

dur ation of the study. As with other te rri t or i al reef fi s h 

(Sale, 1975 ), china rockfish posit i oned themselves so as to 

view the i r surr ound ings and accordingl y respond to intruders 

or food. Thi s was t he most common pos iti on hel d al t hough 

very f ew agonistic interactions were observed . The ter r i­

tory defended may not be fixed geographical l y since these 

fish moved to se condary points of distribut i on, termed s ec-

ondary home sites. While the . behavior at the new loca tion 

was consistent with that at the home site, these areas were 
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cooperatively occupied by other fish at other times. Often 

the secondary homesites were separated such that while fish 

were present , defense of the primary home site was impossi­

ble . Perhaps the low expression of territoriality observed 

was the result of low species density and the abundance of 

apparently suitable but unoccupied crevices. 

With china roc kfish, the crevice probably serves as a me­

ans of protect ion · n addition to a source of food. The 

crevice provides a protected antage point with which to 

view the surrounding reef. Potential predators which are 

probably pinnipeds, lingcod (Miller and Giebel, 1973:72) and 

to a lesser extent dogfish (Bonham, 1954) are unable to ap­

proach within the confined walls of most crevices . Small 

lithoid and Cancer crabs, both major diet items (appendix 

C), also seek protect i on of rock crevices during inactivity. 

Ch'na rockfish are ambush feeders, sitting motionless and 

se i zing smal l prey as they come into view. Most of this ac­

tivity is probably initiated f rom the crevice. 

4.1 . 2.2 Black Rockfish 

Residence ..QJl ~study~- The black rockfish popula-

tion had a less defined relationship with the study reef. 

After a f ew weeks, much of the first tag group was no longer 

present. Reduced recognition from tag 

plains this, although this number was 

fouling in part ex­

usually less than 

those fish with recognizable tags. Including unrecognizable 
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tags, the number of tagged fish after the first and second 

month was, at best, 10 and 20 percent for gr oup 1 and 2 

(Figure 13), respectively, indicating that the majority of 

fish had dispersed. The pattern shown by tagged fish is si­

milar to tha t of Bermuda Serranids observed by Bardach 

(1958): 'Most of the tagged Se rranids stayed on the reef 

for about a month. After two months considerable exc hange 

of fish between the r eefs seems to have taken place and 

after a yea r a virtually new group appears to be present.' 

Miller and Giebel (1973:28) studied residence and movement 

patterns in the blue rockfish, Sebastes rnystinus, on a 

kelp-reef in Monterey Bay, California. Several thousand 

fish were tagged and released at one of the three stations 

from which they were caught. While the stations were sepa­

rated by 350 meters , these three groups remained essen­

tially distinct for over two years. In another study, Carl­

son and Haight (1972) demonstrated that adult yellowtail 

fockfi sh , Sebastes flavidus, have a homing abi l ity and were 

capable of returning over distance s of 21 kilometers. In 

ve ry limited homing e xperiments with juveni l e black rock­

fi s h, only t wo out of thi r t y i nd ividuals r eturned (Leaman, 

1976a ) which is not statistica lly dif f er ent f rom random 

mov ement. My experience with the th ree afor mentioned spe­

cies is that they show stri kingl y similar behavior, at least 

during the i r preadult life stages. The apparent differences 

presented between black and both yellowtail and blue rock­

fish are probably not real. 
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The size of the home range may not be rigid but rather, a 

reflection of terrain characteristics. Reefs can be viewed 

as having a variety of structures, some of which promote as­

sociation, some not. In a reef system with patchy regions 

suitable for associati on separated by broad regions of un­

suitable nature, fish may be expected to show restricted 

movement. Alternatively, over homogeneously desirable ter­

rain the potential for straying may be stronger . Such var­

ying conditions might mistakenly lead to widely divergent 

species characterizations as to visitor or home ranging sta­

tus. Such a situation is possible at Oh i at and may have ac­

counted for the exchange of fish to and from the study reef. 

While normally resident, the niformity of apparently suita­

ble substrate along the shoreline could promote straying. 

Some evidence for th is stems from obse rvations of two tagged 

fish among schools around the opposite side of Ohiat from 

the site. While off-site obse rvations were limited , I be­

lieve that many tagged fish were present spread sparsl~y 

among the other reefs on the Islet. 

Gerking (1959) cautioned that the size of a study area 

bears a strong relationship to the conclusions tha t may be 

drawn about fish associations studied . Too smal l a study 

area may result in an apparently large straying esti mate. 

Within tropical reef systems, surrounding sand areas are 

i mpor tant feeding grounds for many nocturnal feeders (Hob­

son, 1968; Bardach, 1958). Focusing a study on the r eef al-
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one overlooks a very important trophic resource as well as 

mobility habits of the fish using it. At Ohiat, the great 

fl uctuation in numbers of tagged fish seen over short time 

periods (F igure 13) could be an indication of off-reef move­

ment. Black rockfish may move out of the reef away from 

shore at night although an alternative conclusion that the 

variability in numbers is attributed to changing observer 

efficiency is equally val id. Short of using nets or conti­

nuous monitoring methods (eg, radio tags) the extent of 

movement into these areas can not be determined. Over a 

longer time pe riod the observed movement did not support the 

idea that the study reef is part of a larger home range. 

Even though black rockfish limit their movements while on 

the site, there was a continual decline in tagged fish pre­

sent over time. Once fish left the site, they seldom re­

turned . 

Terrain selection. In many schooling reef fish, includ­

ing black rockfish, high profile areas serve as points of 

aggregation (Quast, 1968a ). Prominent reef features such as 

rock outcroppings, steep rock faces, and other strongly ver­

tical features seem to attract school i ng fish. These prin­

ciples also apply to artificial reef such as offshore drill­

ing platfo rms , shipwrecks and other introduced solid 

structures (Carlisle et al., 1964). Fishermen also realize 

this and concentrate their fishing efforts near such re-

gions. There seem to be two reasons for which fish associ-
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ate with strong l y vertical areas. Qua s t (1968a) points out 

that these areas serve as landmarks whereby a fish can mai n­

tain both a fixed spatial ori ent a ti on and their schooling 

habit. A second possi ble reason is t he protection from pre­

dators (Hobs on, 1968). Fish close to the ve rti cal faces may 

blend into the general featu res and escape not ice or they 

may discourage predators because of limited maneuvering 

space . As predator size incr eases , t he ar ea requi red to ef­

fect ive ly home in on prey also expands making it difficult 

to operate around confining r eef spaces . 

In a simil a r fashion, kelp beds provide a vertical exten­

sion of t he reef surface . The kelp bed is not an essent ial 

r equi rement f or many as s ociated f i sh but provides a 

nounced ve rt i cal dimension to whi ch they are a t tr act a. 
pr o­

Two 

large scale studies conducted on the large r , deeper gr owing 

California species, Macrocyst i s pyr ifera , and associated 

fish we r e underta ke n because of the confl icting interests 

between fishermen and kelp harvesters (North and Hubbs, 

1968; Limbaugh, 1955). These studies indicated t hat f ew 

fish depend upon kelp as a direct food resource but of ten 

non-essential intermediate food links occur such as the iso­

pod, .I.d9thea. Both studies (summarized in Quast, 196 8b) 

concluded that kel p harvesting a s practiced was compatible 

with fishing interests and kelp cutting had no measurable 

effect on the fish popul a tions . Leaman (1976a) examined the 

interact ion of juvenile bl ac k rock f i sh with the smaller , 
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British Columbia kelp, Macrocystis integrifolia. His find-

ings showed no apparent food relationship and that fish use 

the kelp for shelter. Moulton (1977) made similar observa­

tions of food habits among subadult black rockfish . The hy­

pothesis that Macrocystis beds serve as a shelter received 

support from observations of this species in relation to an 

artificial kelp stand (Leaman 1976a). Groups of fish were 

observed within the framework of plastic s trips supported by 

wire. Upon changing the density of 'kelp blades', the num­

ber of fish pr esent changed accordingly. 

The distributi on of black rockfish at Ohiat was primarily 

centered in areas of high vertical relief. Throughout the 

summer, the distribution was limited to two general regions 

although there were many other apparently suitable areas 

across the site. Most important was a small region on the 

eastern end of the kelp bed probably selected because the 

clearing provided an open space for the school to congregate 

while also enclosing it with a curtain of kelp. The faunal 

richness that occurs in relation to the kelp bed edge as 

well as within open spaces has been documented elsewhere 

(Leaman 1976b; Feder et al ., 1974; Limbaugh, 19 55 ). Ebeling 

and Bray (1976) observed that many fish seemed to be at­

tracted to the sunlit open spots and avoided the shaded ar­

eas on the reef. Their interpretati on was that this beha -

ior was feeding related since food was more readily seen in 

bright light. A second area of major distribution was the 
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deep water boulder area. Much like the kelp bed , groups of 

fish congregated around the upper and seawa rd sides of the 

boulder. There were also many fish within a large crevice 

as well as si tt ing on the rock surface in the surrounding 

area. 

The function of various parts of the 

rockfish associated with remains unc l ear . 

peared to serve a dual purpose, concealing 

reef that black 

The kelp bed ap­

occupants from 

predators and providing access to the productive shallow wa­

ter where prey are most abundant. The function of the deep 

water region was not obvious though many of the fish sitti ng 

and those within crevices appeared to be in an inactive 

state. The f ish in deep positioned schools however, ap­

peared similar t o those i n shallow schools except for the 

smaller numbers of fi sh. The two areas were physically dif­

ferent in many respects including light, temperature, and 

water clarity and the boulder area may have been more suita­

ble for non-feeding groups of fish. 

4.1.3 ~ seasonality 

An importan t feature of kelp bed and rock reef s in Bark­

ley Sound is that they are distinctly seasonal. A reef may 

completely change its apparent shape with the onset of win-

ter and many 

the decline 

fi sh will leave. A most striking change was 

of the kelp canopy occurring late in summer. 

Concurrent with this, was a pronounced increase in water mo-

- 99 -



tion as la rge ocean swells pounded the outer coast and pene­

trated farther into the Sound. The reduced day length, low 

sun angle, and cooler temperatures reduced phytoplankton 

production ge nerally increasing visibility. 

During the winter, many reefs of this latitude experience 

a decline or complete loss of summer fish populations (Lea­

man , 1976a; Moulton , 1977) while in the more moderate condi­

tions of southern California, little seasonal change is ap­

parent (Ebeling and Bray, 1976). Based on personal 

obse rvations, seasonality var i ed at different reefs. A re­

l a t i oship was apparent between the phy s ical change and fish 

loss, especially black r ockfish. Low pr ofile reefs, which 

derive cons iderable ver t ical structure from macrophytes, ex­

perienced the greatest loss of fi sh . Alternatively, high 

profile rock reefs supported large winter populations be­

cause much of the basic reef structure was pe rmanent. Des­

pite this relationship all reefs seemed to have fewer fish 

during the winter. Whether this decline was due to fish 

leaving or reducing their activity and moving among the 

rocks is not known . Moulton (1977) felt that many rock fish 

species move to deeper parts of the reef and others like the 

longfin sculpin, Jordania zonope, modify their behavior and 

move within crevices. The current state of knowledge on the 

winter habits of many reef fish needs improvement. 

The Ohiat site experi e nced moder a te seasonal change s . 

Subj ective e s timate s of the winter fish population indi cated 
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that it was at least half t hat of summer (based on 30 winter 

dive s) . Shal low reef sections which became devoid of Nereo­

cystis, lost t hei r large summer black rockfish popula t io s. 

Instead, most black rockfish were found in deep water along 

the rock slope on the easte rn si de . Occasionally, wi th high 

visibility, schools of black rockfish were seen in shallow 

water direct ly above the rock slope, well away from shor e . 

China rockfish underwent a similar apparent decline in popu­

lation . Many of the homesi tes seemed vacant although ot hers 

were occupied by the same residents. Why this occur r ed is 

unknown since many of the habitat features were unaffected 

by season . 

4.1. 4 Movement Habits 

Movement about the reef can be viewed as an interplay 

between intrinsi c requirements of a fish balanced by extrin­

sic env ironmental characteristics. Fish probably limit 

thei r activities to those necessary, s uch as feedi ng , preda­

tor avoidance and rest. The potential of an a rea to fulfill 

these needs may regulate range size accordingly. Area suit­

ability depends on bo th spatial aspects such as reef terrain 

and temporally changing elements like daylight, curr ent and 

water clarity. These extrinsic facto r s function to modify 

behavior. For example , feeding drive may be diminished or 

enhanced by habitat characteristics such as reduced visibil­

ity. Different reef s undoubtedly have slightly different 
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characteristics, consequently it is unlikely that movement 

patterns remain consistent fr om reef to reef. I n defining 

movement patterns for the study species it i s impor tant to 

place structural features of Ohiat into per spect ive with 

other reef systems and define the func t ional response of the 

fish to variat ' on in spatial and temporal environmental fac­

tors. 

4 . 1.4.1 Spatial Features 

At Ohiat, the china rock fish population was probably not 

grea te r than twenty. Many were broadly separated in dis-

tance even though there were many apparently suitable unin­

habited crevices. On other more exposed reefs, t ypified by 

very rough surfaces with many crevices, china rockfish are 

much more numerous and are often found in crevices that are 

within a meter of each other. The varying density of fish 

on reefs results in a broad spectrum potential range siz e • 

• At Ohiat , movements were as large as 13.2 meter s but usually 

less (Table 5). The range of movement is probably lowe r on 

reefs of high fish density and expanded on sparsely popu-

lated reefs . Range limits are probably a function of pr ey 

density and level of aggression. 

Black rockfish probably have a similarly fluctuating 

range siz pa ttern which is primarily a func t ion of reef to­

pography. Fish on reefs with large vertical relief probably 

exhibit reduced horizontal movement. On reefs with low ver-
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tical relief , fish will travel greater distances to reach a 

depth over the expanded horizontal dimension . At some point 

the horizontal distance becomes too great and fish will not 

inhabit the reef. 

4.1.4.2 Temporal Features 

J2.ll.l behavior. In tropical fish communities striking 

difference s appear between day and night (Domm and Domm , 

1973; Hobson, 1972,1965). Light is apparently a timing cue 

used by fish in permitting species complexes to use the same 

resources with reduced competition. The complement of diur ­

nal species is usually quite different f rom their nocturnal 

counterpar ts. The transition is most pronounced in the wa­

ter column and reef surface as fish move from an active, su­

prabenthic phase to an inactive , sedentary phase . Pi sc iver­

ous fish are known to take advantage of this succession , 

feeding most actively during twilight periods of dawn and 

dusk (crepuscular habits). The two groups remain temporally 

separate in their activi t ies although diurnal species may 

emerge on bright moonlit nights (Hobson, 1968). Day and 

night differences also occur in the patterns of space use. 

As mentioned previously, featurel ess sand flats that sur­

round many reefs are very active at night but devoid of fish 

diurnally. 

Such a pattern results from a high diversity community 

utilizing a limited environment. While food and space are 
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limiting, food is in greater supply (Smith and Tyler, 1972) 

posing a geometric problem of species packing. Hobson 

(1968) has emphasized the importance of predation as a se­

lective pressure in moulding t he different patterns of dis­

tribution of many fish. Thus diurnal y, formation of 

schools and concentration around relief is a compromise bet­

ween predator avoidance and feeding. With darkness the 

lower predation pressure all o~s free use of t he reef without 

limiting movement to areas of strong profile . These pat­

te rns may be genetically ingrained as Hobson (1972) has sug­

gested in explaining the persistence of such behavior in 

tropical fish families which live in areas such as Hawaii 

where large piscivorous fish are few. 

Temperate and boreal(l ) kelp bed and rock reefs do not 

have clear patterns of light related activity. Nighttime is 

usually a period when most fish are generally lethargic 

(Ebeling and Bray, 1976; Moulton, 1977). Many fish show 

little or no change in distribution wi th exceptions such as 

the kelp greenling, Hexagrarnrnos decagrarnrnus (Moulton, 1977; 

this study), and tropical derivatives (e.g., Pornacentrids; 

Ebeling and Bray, 1976). Black rockf ish in the present 

study showed no diel difference in overall distribution alt­

hough a general dispersion of fish from the kelp bed occur­

red at night. China rockfish also have a nondistinct diel 

(!)Geographic divisions as given by Quast (1968a). 
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pattern. Their distribution remains constant irr espective 

of daylight and similarly their behavior was unchanging . 

Kelp bed fish communities have a high degree of intraspe­

cific variability in behavior and movement. Ebe l ing and 

Bray (1976) noted that often in schooling species (Embio t o­

cids) i ndividuals break away and assume s olitary foraging 

behavior , rejoining later. They concluded that behavior 

patterns in temperate fish communities are ' loosely program­

med' as compared with tropi cal sys tems. Black rockfish had 

a similar variability as the population was mixed between 

the kelp bed , the deep water boulder region and the adjacent 

r eef with no apparent short term t em poral pattern . The 

a be r rent nocturnal behavior of Orange-20 emphasizes the lack 

of i ntr aspecific congr uity. 

The expr es sion of diel be havior seems to vary between 

reefs. Leaman (1976a) demonstrated a movement of juvenile 

black rockfis h into the kelp at night while they generally 

were more abundant outside diurnally. Further, visual ob­

servations indicated that the fish descended to the reef 

surface at night. Fish at Ohiat remained in the water co­

lumn showing a weak expression of movement outward from the 

kelp bed to the surrounding shallow areas. Moulton (1977) 

observed that juvenile yellowtail rockfish , ~. flavidus . be­

haved differently at the reefs used for his study. On two 

separate reefs, fish were hidden during the day emerging and 

becoming active after dark. On othe r reefs, they were ap­

parently diurnally active . 
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Bray and Ebeling (1976 ) proposed that the relative 

absence of predators in California kelp beds does not c r eate 

strong selective pressure for a nocturnally active assem­

blage of fish. Moulton (1977) ag reed, adding that predation 

vulnerability modifies behavior diffe rently at different 

reefs. Inactive fish which are unable to derive protection 

by s chooling may seek shelter on the reef bottom . Conse-

quently , t here exists a behavioral difference between tropi­

cal fish communities and those of t em pe rate and boreal reef 

systems . While tropical fish have more highly specialized 

behavior pa tterns, their northern counterparts have a lower 

degree of niche specialization and a limited capacity to mo­

dify this in relation to their surroundings. 

A different approach may be used to de termine the activ­

ity schedule of benthic fish. Many species, includ ing china 

rockfish, which feed on benthic cryptofauna time their ac­

tivity in relation to that of their prey (Hobson,1968; Vi­

vean and Peyrot-Clausade, 1974). While many crustaceans are 

active at night, china rockfish may follow suit. To this 

end, studies of stomach fullness at different periods of the 

day would be useful. 

Water clarity. Water clarity seemed important to all 

reef fish, particularly suprabenthic and water column fish 

which were much less abundant during low vi s ibility, even 

when reduced obse rver effic i ency i s considered. Quillback 

rockfish, ~ . maliger, and diurnal crevice inhabiting juven-
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ile yellowtail rockfish, ~- flavidus, move from the reef 

surface to the near by water column when visibility is high . 

China rockfish did not move, al t hough changes in the water 

clarity do change the reactive di stances to prey . Black 

rockfish did change their di stribution i n relation to clar­

ity. The water space use d by these fish is comparable to 

similar California species which ma in t ain their schools 

within vi ible limits of the reef (Quast, 1968c). This was 

most apparent f rom the large movements away from the reef 

surface made in the winter but not in the more tu rb id summer 

period . While admittedly , t he open areas of the reef can 

not be visual l y censused easi ly in low vis ibil i t y , the vary­

ing distance of fish from the reef surface indicates tha t 

they respond t o ch anges in clarity. 

In most cases varying water clarity had little ef fect on 

mobility during the summer. Moveme nts of f i sh wer e gener­

ally from shallow to deep across the reef surface. While 

visibility may influence the distance main t a ined from r eef 

object s, movement still persists between different reef ar­

eas . Presumably at some very low v is ibi lity, movement about 

t he reef may be restricted by the lack of visual reference . 

However conditions such as these are probably uncommon. 

Water current . Periods of strong current may al so i nflu­

ence f ish movement . Wind-driven currents at Ohia t build 

with the afternoon Westerlies in the summer and, more pro­

nounced , the North winds in the fall. Both wind patterns 
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are diel in nature, Westerlies in the af ternoon and North­

erlies at night. While their inf l uence depend s on reef or­

ientation, wind pr oduced cur r ents are primarily a surface 

phenomenon, dissipating wi th depth. Black rockfish showed a 

strong positive response as is indicated by their distribu­

tion pattern (Delacy et al., 1972; McElderry and Fletcher, 

unpublished data) as well as in laboratory experiments (Lea­

man, 1976a ). This species may move into shallow water in 

response t o wind develope d currents, however, this behavior 

was not studied. 

4.2 VERTICAL MOBI LITY AND JiU.Q_YANCY 

4.2. 1 Pressu re .fillQ Bladde r Expansion 

Borel l i (16 80) and Del a roche (1 809) were pr obably the 

f ir st to s ugge s t that the gas bladde r could act indepen­

de nt l y of ambi en t pressure (s ee Reye r, 1977) . Borelli sug­

ge s ted that changes in muscular tension would alt e r gas 

bladder volume thus produc i ng ve rt i ca l mov ement . Al t erna-

tively, Delaroche believed that changes caqused by vertical 

movement could be corrected by the application of muscular 

compression once at the new depth. In both cases the swim­

bladder was considered to maintain a bladder pressure dif­

ferent f r om ambient pressure as a result of either i ntrinsic 

or extrinsic muscular actions regulating bladder volume. A 

unique study by Peters (1951) lends support to Borelli's 

view ; the seahorse, Hippoc arnpus brevirostris, immobi lized 

- 108 -



• 

with an anesthetic (MS-222), demonst rated the ability to 

move vertically in an quariurn without any apparent fin mo­

tion. As MS-222 acts on ske l etal muscle tissue, the move­

ments we re cl a imed to be caused by intrinsic smooth muscles 

constrict·ng the bladder wall. A variety of other studies 

have shown that the capacity to correct buoyancy changes as 

hypothesized by Delaroche is present in many fish but to a 

limited degree . The potential for muscular compression as 

an accessory to vertical mobility deserves review . 

Upon pressure reduction, some fish show an ability to 

limit the resulting buoyancy increase. Magnuson (1973) ob­

served that the swimbladder wall s of s ome large scombroid 

and xi phoid fishes were thickened . He speculated that this 

morphology was adaptive in limiting e xpansion, thus provid-

ing a consistent buoyancy over a varie ty of 

which these active pelagic fish are known to 

pressures in 

move. Such 

thickeni ng is absent in many inshore fishes including rock­

fish and therefore is probably not a wide spread means of 

buoyancy control. 

Mccutcheon (1958) described a yawn reflex that, by ex­

trinsic compression, reduces buoyancy. The yawn, which in­

volves gaping of the mouth and flexing of the fins is stimu­

lated by positive buoyancy. This refl ex can restore neutral 

buoyancy against pressures of 0.1 to 10 cm water (0 . 0001 to 

0.01 atm) for 5 to 10 minutes . Vigorous thrusts have been 

observed to momentarily produce internal pressures of 30 cm 

- 109 -



water (0.0 3 atm} above ambient (Mccutcheon, 1962}. Yawni ng 

has been observed in 13 species and i t is probably prev alent 

e l sewhere (Mccutcheon, 1966} . In fa ct, this was observed 

during th is study both in the field and pa rticularly during 

buoyancy experime nts. Howeve r , buoyancy reducti on as a re­

sult of yawni ng could no t be de t ected wi t hin t he pressure 

tank sensitivity (0 . 03 a t m} and t herefor e must be comparable 

in magnitude to val ue s of Mccutcheon (1 958 ). From a theor ­

eti cal point of view , extrinsic compression controlling 

bladde r volume has limited value because, to be of use, 

pressure must be applied equally ove r the swimbladder sur­

face. Such a capabili ty is doubtful in view of the general 

morphology of most fish. Containment of an expanded gas 

bladder within the body walls places pressure on visce ral 

organs and t he vascular system . In view of the low blood 

pressures characte ris t i c of fish (Mott, 1957), pressure ap­

plied by sandwiching vascular tissue between the rigid body 

musculature and expanding bladder would undoubtedly impair 

blood flow . Other evidence comes from bladder expansion 

with r educed pressure. J ones (1951} and Reyer (1977} found 

the body wall has littl e effect i n reducing expansi on. Com­

parisons between live and vent r al ly dissected preparations 

i n this s tudy al so indicate that the body wall provides lit­

tle s upport . Therefore, the pr oc e ss of swimbladder compr es­

sion by extr insic muscles may be widespr ead as Mccutcheon 

claims bu t undoub t edly functions as a limited f ine tuning 

mechanism. 
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Under increased pressure the problems posed by decreased 

buoyancy are slight, although the energy saved through neu­

tral buoyancy as compared to that lost through swimming is 

considerable (Alexander, 1970). Sundnes and Gytre (1972) 

showed that during increased pressure a resistance to blad­

der compression could be developed and even increased by~­

QY.§. rnorhua. Internal bladder pressure as much as 0.08 atm 

below ambie nt were established when the fishes body became 

r i gid. The diffe r ence was lost, however, upon yawning. Ex­

cess inte rnal bl adder pr essure is a constant feature in the 

swimbladde r s of cypriniforms (Alexander, 1959a; Gee, 1977) . 

This has the potential to broaden the neutral buoyancy range 

before ambient pressure exceeds internal pressure , causing 

compression. Alexander (1959b) examined this in 32 species 

outside the order of cypriniforms and found no excess inter­

nal pressure. He concluded that internal pressure is prob­

ably essential for the function of Weberian ossicles. Other 

i nvestigations finding internal pressure 

of st ream-fish (Gee, 1977; Gee et al. 

in the swimbladder 

1974) suggest that 

this may be a means for expanding the range of neutral buoy­

ancy in shallow water. 

While the ideas of Delaroche and Borelli are supported to 

a limited extent, vertical movement for most fish coincides 

with a change in buoyancy. A variety of work shows that the 

sw imbladder behaves very much as predicted by Boyle's gas 

l aw . Jones (1951) found that the swimbladder of Perea .fl.a-
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vescens expanded to 80 percent of that predicted at pres­

sures 60 percent below ambient. . The discrepancy he attri­

buted to limited elasticity of tissues. Similar experiments_ 

on four marine and one fresh water species showed that the 

bladder expanded to within 89 percent of that predicted for 

a 31 percent reduction in pressure (Alexander 1959b). Reyer 

(1977) found a similar pattern in cichlids but not in sal­

monid or cyprinid species. China and black rockfish prob­

ably also provide little resistance to changing pressure. 

This was evidenced by changes in bladder volume upon pres­

sure reduction in ventrally dissected specimens. Similarly, 

live animals also experienced a change in bladder volume 

with pressure changes as was evidenced by their changed 

swimming attitude. 

An alternative strategy employed by many fish is to main­

tain negative buoyancy through reduced bladder size. While 

not alleviating excess density, this may adaptive in expand­

ing the vertical range. Laboratory and field observations 

indicate that this is not so for either china and black 

rockfish. Both species filled their swimbladders to a level 

close to neutral buoyancy in a constant pressure situation, 

such as in experimental pressure tanks. In the field, di­

rect observations of this were difficult to obtain. China 

rockfish usually stay on the reef surface revealing little 

hydrostatic information. When they swam, a negetive buoy-

ancy was not apparent. An indirect approach using anesthet­

ics and observing the behavior of narcotized fish was tried. 
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China rockfish immobilized in such a manner tend to remain 

on the bottom and sink very slowly wh en manually placed 

above the reef surface. Black rockfish occupy a wide depth 

range and it was difficult to visually asse s s buoyancy con­

dition. Af ter several attempts, obscuring events such as 

water current , the absence of a suitabl e background frame of 

reference, and fish becoming disturbed and swimming away, no 

conclusions were dr awn except that fi s h appeared to be cl ose 

to neutral buoyancy. Upon bring ing these f ' sh to the sur­

face as was the case when they were tagged, all fish were 

pos itively bouyant and experienced difficulty in maintaining 

position when confined in the buckets. 

4.2.2 Restrictions 1Q Vertical Movement 

Changes i n buoyancy through vertical movement a re accom-

modated by compensatory swimming and gas transport . Jones 

(1952) made this observation in separati ng r es trictions im­

posed on fish dur ing rapid and slow vertica l movement. Ra­

pid movement, such as during feeding forays and territorial 

defense, cause changes in buoyancy that can not be corrected 

physiologically. Ascending movement is a more serious prob­

l em than descending since t he expanding gas can reduce de n­

sity to many times lighter than that of water. While des­

cending , increased pressure diminishes bladder volume to a 

size where most of it s effect is ost . Rapid ascent is lim­

ited to a distance determined by the compensatory swimm i ng 
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ability and degree of expansion without damage to which the 

swimbladder is capable. Slow vertical movement results in 

minimum energy expenditures on vertical positioning and is 

compensated by physiological gas transport, which is limited 

primarily by time. 

4.2.2.1 Rapid Vertical Movement 

Jones (1952) attempted to classify the range of rapid 

movement that a fish might make by observing the behavior at 

different levels of positive buoyancy. Fish were 'quite at 

home' and could easily compensate when pr essure was reduced 

within one-sixth their neutral buoyancy pressure. At pres­

sur e reductions of one-quarter and greater fish became tho­

roughly alarmed , initiating escape movements which would 

normally take the fish to deeper water. At pressure reduc­

tions greater than one-third, a fi sh could not compensate 

and floated helplessly upward. This experiment was con­

ducted with Perea flavescens in fre sh water. Marine fish 

have a smaller swimbladder, 5 as opposed to 8 percent of 

body volume (Aleev, 1969), associated with differences in 

salt and fresh water density. Correcting for this, values 

are one-fifth for the comfort range and one-half for loss of 

compensatory ability . In five marine species similarly mea­

sured pressure reductions of 32 percent covered at leas t the 

r ange of com f ortable swimming ( l e xander, 1959b). 
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Such a classification can not be applied to either rock­

fish spec i es . During gas resorption rate experiments where 

the behavior during positive buoyancy was observed, both 

species were able to compensate at 30 percent pressure re­

ductions but neither rsisted for long . Black rockfish 

swam lengthwise in the t ank using the pectoral fins as 

planes. In the pressure tank environment this species ap­

peared alarmed upon a 30 percent reduct ion but judging by 

their capacity to compensate within the 1.3 meter swimming 

area, their 'comfort range' was probably much greater. Al­

ternati vely, china rockfish employed a head down sculling 

moti on rather than compensating b horiz ontal swimming. 

After trying to swim against t he floating tendency , china 

rockfish locked themselves in at the tank ends or allowed 

themselves to float against the the upper tank surface, re­

suming an appa rent state of comfort. 

Compensatory swimming ability in both species was not 

lost at 50 percent pressure reduction but persisted in ex­

cess of the pressure required to burst the swimbladder. 

This was observed on numerous occasions while angling for 

specimens. Fish caught at depths which, from experience, 

the swimbladder was known to have ruptured showed an ability 

to return to the bottom despite their distended appearance . 

These fish initially have difficulty because their overbuoy­

ant condi t ion mak es them float on the surfa ce . Howeve r, 

when held just bel ow the surface they were able to de scend. 
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Contrary to the 90 percent mortality in perch (Jones, 1951) 

rockfish may survive bladder rupture (Gotshall, 1964) but 

personal observations of laboratory held fish indicated that 

their swimbladders healed very slowly, if at all. This in­

dicates that the range of rapid movement is not limited by 

the loss of swimming ability pe r se, but rather by that 

which ca uses damage from over-expansion. 

The theoretical upper limit of rapid movement is a point 

just prior to swimbladder rupture. Measurements of burst 

pressure from the literature as well as those from this 

study are shown in Figure 29. Using these values, the maxi­

mum vertical ascent distance from a position of neutral 

buoyancy can be calculated for different depths of occur­

rence. The vertical distances between the bottom line and 

the upper line show the maximum vertical range for the dif­

ferent species. Surprisingly, the various values for the 

different species are quite similar, showing that a mor e re­

sistant bladder does not increase vertical range at these 

depths. Therefore, it is hard to imagine for these fish 

that a stronger bladder wall affo r ds greater vertical move­

ment. 

In trying to establish the ranges of rapid vertical move­

ment for the study species, it is helpful to consider the 

vertical distance above the depth of neutral buoyancy as a 

gradient of decreasing probability. Based on field and la­

boratory observations of behavior it appears that both spe-
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Figure 29: The consequences of ve rtical ascent from a depth 
of neutr al buoyancy. 1-Jones (1952), 2-Tytler and Blaxter 

(1973) , 3-This study. 

cies use a sizable portion of their respective ascent 

ranges. States of slight ly positive buoyancy are probably 

very frequent ev ents as the f ish move about the reef . Ver-

tical movements resulting in states of high positive buoy­

ancy are quite rar e and are probably associated with unusual 

feeding or predator avoidance excursions. Rapid ascent for 

feeding purposes may not be common since most of the time 

visibility was reduced such that a deep fish could not see 
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prey in shallow water. On one occasion on a steep-faced 

reef, I observed quillback rockfish, ~- maliger , rapidly as­

cend from the reef surface to feed on an overhead scho ol of 

herring, Clupea harengus . The ascent ca rried them to a 

level of pronounced posi tive buoyancy but swimming was very 

rapid and movement was not impaired . In most instances on a 

reef the motivation for deep neu t rally buoyant fis h to ra­

pidly ascend does not exist. 

4.2.2.2 Slow Vertical Movement 

In moving vertically through the water column fish ini­

tially rely on swimming motions to remain or iented while 

physiological compensation catches up. The important aspect 

as far as a fish is concerned is the energetic choice bet­

ween compensator y actions and gas tran sport functions. Com­

parative theoretical treatments indicate that the ene rgy re­

quired to maintain vertical position without a swimbladder 

is greater than that needed t o sec rete gas based on both 

physiol ogical energy co s t (Kuhn et al., 196 3) simple esti-

mates of gas compr ession (Alexander 19 75 :147 ). In a situa-

tion of partial buoyancy, a portion of the fish's weight is 

compensa ted f or by t he swimbl adder and the remainder comes 

f rom elsewhere. Evol utiona r ily, rockfish must adaptively 

' decide ' whether or not the energy cost of a complex buoy­

ancy control organ system is worth the energy saved in re­

duced gas transport time. An insi ght comes from an analysis 

of mor phology in relation to buoyancy adjustment capacity. 
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The buoyancy sy stem in the study species was inves igated 

morphologically to compare the degree of or gan system devel­

opment. There are three areas of buoyancy control: these­

cretory center, the resorptive center, and blood dynamics. 

Of these, the secretory center was chosen for study since it 

is a distinct organ and can be reliably measured . The re­

sorpti on center rece ived little attention because methodol­

ogy to handle this delicate organ did not exist. Very basic 

blood measurements were also made. Clearly, the rockfish 

swimbladder morphology needs detailed investigation using 

more soph isticated techniques. However , information ob­

tained showed the separate lines of development in the two 

spe cies which correlate wel l with dynamic aspe ct s of buoy­

ancy adjustment. 

Secretory surface area 

species specific ways. 

increases in relation to mass in 

I n both species the organ consists 

of separate retia, 6 to 10 in number, located around a com­

mon vascular system . With growth , the r etia in black rock­

f ish merge forming a horseshoe shaped structur e, while in 

china rockfish these remain distinct over the whole life 

phase . The area of the vascular portion consists basically 

of secretory epithelium and underlying ret e mirabile, and 

increases linearly with mass. This would provide different 

sized fish with a similar rate of buoyancy adjustment capac­

ity as was obse r ved in pressu re tank experiments. Black 

rockfish have much la rger secretory area, about twi ce that 

of a similar sized ch ina rockfish . 
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As pointed out by Kuhn et al. (1963) and Scholander 

(1954), rete length (counter current loop length) determines 

the pressure gradient against which the gas pump can be op­

erated. Since both species have similar bathymetric ranges, 

diffe rences in rete length are not expected . Marshall 

( 97 2) has studied these characteristics in mesopelagic fish 

in r el a tion to their bathymetric distribution. He found 

that species from the upper mesopelagic region (15 0 - 600 

meters) have retial lengths of 0.75 to 2.0 mm while fish in 

the lower mesopelagic zone (600 1000 meters) are 3.0 to 

7.0 mm i n length. Adult rockfish of both species which in­

habit much shallower depths have rete lengths about 6 mm. 

Perhaps the discrepancy is influenced by rete efficiency 

which may depend on spatial organ i zation of afferent and ef­

ferent retial capillaries or diameter of capillaries them­

selves (Scholander, 1954). Such variability may influence 

the ability to exchange gases across the counter curren t 

loop thus determining concentration gradient characte ris­

tics. Unfortunately, there are apparently no studies which 

compare rockfish morphology with other bathymetrically simi­

lar species. 

Many s tudies of secretory ability in fish have concen­

trated s pecifically on the effects of pH on blood-gas sol u­

bilities . It has been shown that dissociation properties 

such as increas ed Bohr and Root shift per unit pH , augment 

gas secretion (Kuhn et al., 1963; Schol ander, 1954; s e e Ap-
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pendix A) . Comparative studies of simila r but bathyme tri­

cally sepa ra te species show increased dissociati on pr oper­

ties with depth (Scholander and Van Dam, 1954). Baines 

(1976) stud ied blood pr operties in the shallow water r ck­

f ish assemblage of southe rn Cali fornia. His findi ngs wer e: 

1. Spec ies of the genus Sebastes have strong Bohr and 

Root effects while Scorpaena gutatta , also a scor­

paenid but lacks a swimbladder, has a reduced Bohr 

and Root effect. 

2. Species of Sebastes which inhabit greater depths 

have larger Bohr-Root effects than other Sebaste~ 

that l i ve normally in shallow water . 

3 . No rmally sluggish species have lesser Bohr-Root 

shifts than more active species. 

While these species are taxonomically different, in many 

r espects they are similar t o the British Columbia rockfish 

assemblage both in general appearance (Gotshall, 1977 ) as 

well as ecologi cally (compare Moulton, 197 7 with Quast, 

1968a or Limbaugh , 1955) . It is t her efore reas onabl e to de­

duce the latter two conditions given by Ba ines apply as 

well. Thus black rockfish very li kely have a greater Bohr­

Root shift than china rockfish. 

Measurements of red blood cell ( RBC) fractions in the 

study species also showed marked differences. Black rock-
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fish consistently had a greater RBC proportion than china 

rockfish while there was a 

This size trend was much 

Increased oxygen capacity 

proportional increase with size. 

less apparent in china rockfish. 

of the blood results from a var-

iety of physiological demands , metabolic in origin. It is 

unlikely that increased RBC concentration is a direct res­

ponse to greate r secretory demand, although it would cer­

ta i nly facilitate it . Black rockfish spend time in the wa­

t e r column as opposed to the sedenta ry china rockfis h~ this 

probably accounts for the difference i n RBC proportions . 

Rates of buoyancy adjustment correlate with differences 

in secretory center morphology . China rockfish have a sec­

retion rate at least half that of black rockfish. Within a 

species, secreti on rates are not size dependent, although 

some prel iminary information suggests that small (<6 cm) 

china rockfish secrete much faster than larger fish of the 

size range studied. However, further work is needed. 

Rates of buoyancy adj ustment in response to increased 

pressure have be en studied in a few species (Table 14) . 

Buoyancy incr ease can be produced by attaching weights, 

withdrawing gas, and increasing ambient pr essure. A compa­

r a tive study s hould be made testing the s i milarity of these 

methods. The vari ability in adjus t ment rates is ex t remely 

high. Some fish such as the blue fish, Pomatomus sp., can 

refill an emptied swimbladder in less than 4 hours. China 

rockfish are the slowest, requiring over 400 hours to re-
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Table 14 
Meas urement s o f buoyanc y i ncrea s e in several 

species t hat a r e available 
f r om the l i tera t ure . 

Species \ Reduction i n ~wlmblad<le r Tim~ ~<•qu ired Ambi ent 
Volume to Readjust P1~c.-s our flethod 

Lcbistes rct icula t us 20 , G 8 ,0 1. 4 pressure 

25 . 7 J , 0 1. JS 

Ambloelites rupes.!..!:.!!_ 211. 8 10.5 1. 33 pressure 

34 , 6 24 . II 1. 53 

47 . 1 11 3 . 0 1. 89 

66 . 2 61. 0 2. 9 6 

rundul us hctcrocll us 100 118 1. 01 ga s removed 

Gadu s ~ 100 10 1. 0 gas removed/ 

Yohimbine 

Gadus morhua 50 ----- 23 2. 2 pressure 
76.7 48 4 . 3 

Pollachius virens 50 24 -25 2 , 2 pressure 

76.7 >48 4 . 3 

Lagodon romboides 100 4-9 1. 05 pressure 

Pomat o_El~ sal t~rix 100 <4 1.0 gas removed 

Angu il l a anqui 111!_ 100 10-18 1.0 gas r emoved 

Opoanus ~ 100 18 -24 J..O gas removed 

Prionit is sp. 100 40 1.0 gas removed 

Tnu t or,a onitio 100 1. 0 ('.0 11 r e moved 

Stcnotomus chrys0rJs 100 6-12 1.0 gas removed 

Lepamis macrochirus 50 <24 1.0 gas removed 

-25 3 . 0 1-1.16 implanting 
we igh t s 

Carrus ius au ra tu s 13 . 0 228 1. 19 prc:;surc 

Tilopja !!!.,.al"ia e 13.0 1 8 1.19 pressure 

Scbas t es me lanops 50 30 2 pl"'e ssurc 

66 90 3 

75 120 4 

s. ncbu)osus 66 ~50 2 prcs!'..ure 

123 

Refel"'Cncc 

Brown, 1939 

Ros torfcr , 19'•2 

Copeland , 1952 

Scholandcr et al., 

1956 

Tytler f, Blaxter , 
1973 

Tytler & Blaxter , 
1973 

flcCutcheon , 1%2 

II! ttenburi~ ct al . , 
1964 

Wittenburg et c1l. , 
196 4 

Wittenburc. et al. ' 
1964 

Wittenburg c t al . , 
1964 

Wi tt enl,urp. e t a l. • 
196•1 

Wittenbw•g et al . , 

1% 4 
McNabb & Mecham, 
1971 

Gallepp and 

Mt1 p,nu:;on , 1972 

Reye r , 1977 

Reyer, 1977 

this study 

this s tudy 



store a bladder volume reduction of two-thirds . Black 

rockfish are similarly slow wh en compa r ed to other fish, re­

quiring about 90 hours to r eplace two-thi rds of their blad­

der volume. 

A criticism of the pressure tank experiments is that they 

do not allow fish a choice in the pressure change. Experi­

ments conducted in this study in effect forced fish to move 

to a new depth and there was no certainty that rates deter­

mined were the same as those for voluntary vertical move­

ments. There are two different lines of evidence which 

treat this. In one study, Mccutcheon (1966) placed pinfish, 

Lagodon rhornboides, within a 6 meter column which could be 

elevated from a horizontal positi on to an angle of 35 de­

grees. When placed in the column , fish maintained their po­

sition relative to column markings despite changes in hyd­

rostatic pressur e caused by moving the column to a more 

vertical position . Fish in McCutcheon's e xperiments chose 

to stay i n one position despite the ch ange in pressure. Al­

ternati vely, in experiments of Harvey and Bothern (1972) and 

Gallepp and Magnuson (1972) , fish changed their position and 

attempted to remain in the same state of buoyancy as pres­

sure changed. 

Resorption values obtained for both species, but particu­

larly china rockfish, were extremely va r i able, both within 

and between individual experiments. In mos cases, stepwise 

pressure reductions were made and a sequence of val ues was 
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obtained which showed no apparent patte rn. In some cases 

resorpt i on value s were long, several times that of the fas­

tes t rates. However, many of these values re not true mea­

sur es of resorption time since the re are long periods with 

no adjustment. In china rockfish failure to reduce buoyancy 

is probably associated with their thigmotactic habits as was 

found by Jones (1952). China rockfish are always associated 

with reef crevices and in the pressure tank, try to wedge 

themselves among the irregular surface of the tank end. 

Thus , they may be initially disturbed by their inability to 

sit but later find places to wedge themselve s in . Becau se 

of this, the best estima tes of buoyancy reduction probably 

come from the most rapid rates . 

Gas resorption rates measured in both species were much 

faster than gas secretion over a similar pressure intervals. 

Usi ng r epetitive stepwi se measures, blac k rockfish required 

about 5 hou rs to as ce nd from 20 meters to the surface . The 

corresponding value for china rockf ish is at leas t 40 hours. 

These values are considerably greater than similaly obtained 

value s for other species (Table 15). 
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Table 15: Rates o f b uoyanc y reduction meas ured from different fish. 

Species 

Gadus morhua - ------

Pollachias virens - ---------

Lebist~s reticul.a~us 

Perea flavescens 

Alr~loolites ruoestr is 

Sebastcs melanoE._~ 

Sebastes nebulosus 

% Increase in Swimbladder 

Volume 

50 

50 

15 

12 .5 

25 

33 

30 

2 

10 

20 

30 

10 

20 

30 

Time Required 

to Read j ust 

5.0 

5.0 

2 . 0 

2 .5 

9.0 

16. 0 

23 

6 

0 . 5 

LO 

L 7 

2 

9 

12 

Ambient 

Pressure 

LO 

LO 

0 . 85 

0 . 92 

L O 

LO 

0.70 

0 . 98 

variable 

va riable 

variable 

variable 

Method Reference 

pressu:-e Tytler & Blaxter , 
1973 

pr essure Tytler & Blaxter , 
1973 

pressure Brown , 1939 

pressure Jones , 1952 

r.iovement in 
a water 
colurr.n Jones , 1952 

movement in 
a water 
column Jones, 1952 

pressure Rostorfer, 1942 

pressure Rostorfer,1942 

pressure this study 

pressure this study 



Chapter V 

CONCLUSIONS 

Over the time bases studied, 

parently independent of buoyancy 

vertical movements are ap­

adjustment. The rates of 

buoyancy adjustment observed in pressure tank s were many 

times slower t han would be requi red to accommodate vertical 

movement . Further, the magnitude of vertical movement (Ta­

ble 6} observed in both species, particularly black rock­

fish, were the same over short and long periods indicating 

that time is not a factor in t he i r normal vertical move­

ments . Consequently , most of the vertical movements made by 

the two species probably occur without active buoyancy res­

ponse to the pressure change. 

5.1 BLACK ROCKFISH 

Both the rates of gas transport and t he pressur e effects 

on bladder volume r esulting from observed mobility patterns 

indicate that black rockfish are una ble to maintain neutral 

buoyancy at all times . Clearly, these fish have a depth of 

neutral buoyancy and tol e rate non-neutral states el sewhere . 

From an energetics standpoint, i f these fish were able to 

select a depth for neutral buoyancy, it would be one that 

costs the least, co ns idering the amount of time a fish 
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spends at different depths versus the energy cost of being 

there. Short pe r iods of time spent in a strongly positive 

state compare equivalently with long periods at de eper 

dept hs (nega tive buoyancy). Consequently, black rockfish a t 

Ohi a t would probably select neutral buoyancy at a shallow 

de pth. For such fish the cost of negative buoyancy at the 

de eper boulder site is comparatively low, and may be further 

reduced by lowered activity in the deep areas. 

An alternative approach to the energetic s decision for a 

neutral buoyancy depth assumes that control of a buoyant 

state is pa ssive. If buoyancy is a condition de t e r mined by 

the pressure to which a fish is exposed, ver tical movement 

such as was observed may result in oscillation of the oppos­

ing swimbladder gas transport systems . While moving to a 

deeper position gas secret ion begins and the benefit ob­

t a ined is a f unc ti on of the time spe nt and the of gas secr e 

ti on . Al ternatively , mov i ng up t o a posit ive s t ate, gas re­

s orpt ion begi ns . Her e aga in , the enefi t in buoyancy 

r educt i on is related t o t he ti me and r ate . Since the rate 

of gas secr e tion is many times slowe r than resorption, neu­

tral buoyancy would settle at a shallow depth even if t he 

fish were to spend an equal amount of time at all dept hs. 

Since black rockfish spend most of their time in the ke l p 

bed, neut ral buoyancy would undoubtedly reflect this depth. 

The majority of the black rock f ish population observed 

did not appear to have buoyancy restricted vertical mobil -
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ity. Thei r presence in shallow water al lows virtually un­

restricted r apid movement throughout all depths of the r eef 

without any imposed limitation caused by excess 

buoyancy. The potential for res tr icted moveme nt 

positive 

in black 

rock f ish is apparent in two instances, 

benthic r esiding s ub-adult, Orange-20, 

namely, the unusual 

and juveniles which 

were seen within crevices during t he day. These are two in­

stances of fish which spend a considerable amount of time 

deep but move into t he kelp bed at night . The amount of 

time spent deep is great enough for substancial buoyancy in­

cr ease to occur . Also during the winter when black rockf i sh 

move to deeper places on the reef vertical movement which is 

undertaken during clea r water period s was probably res­

trict ed by excess pos i tive buoyancy. 

5.2 CHINA ROCKFISH 

The r elationship between mobility and buoyancy in china 

roc kfi s h is cur ious. Their strong associati on with crevices 

and r eef substrate except for rapid assaults on prey, leave 

no doub t that the swimbladde r serves little function as a 

hydrostatic organ. In view of t he well developed sonic mus­

cul ature (Hallacher, 1974) and increasing evidence that 

sound production is integrated wi t h aggressive behaviour (V. 

comm.), one must conclude that the swim-E. Fletcher , pers . 

bladder of china rockfish is primarily a sound organ. It 

why this fish mainta ins buoyancy close to remains unclear 
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neutrality when it is benthic, not needing the hydrostatic 

support. Perhaps the larger size gained by filling the 

sw imbladde r to a neutral state increases intensity or fre­

quency sound production. 

In china rockfish the process of buoyancy adjustment is 

very slow but does not seem to be taxed heav ily by movement 

patterns. In most instances china roc kfish rema in within, 

or in clo se proximity to, t heir home crevice. Tempor a ry or 

permanent exclus ion from the home c rev ice caused by space 

compe titors such as octopus and wolf eels result in r eposi­

tioning and perhaps readj us tmen t of buoyancy . Otherwise, 

movements from the home cr evi ce are mostly short term re­

sulting in no buoyancy adjustment. The fact that individu­

als occupy a very small vertical range correlates well with 

a very limited buoyancy adjustment capacity. 
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Tile swimblad<l c r origi.nat·erl a s a cl iver ticula on the f l oor of th l! pha rynx. 

It io genera lly accep L d that this structure wus primitively a lung although 

morµholc.gJ.ca l evid r~nce linking the two is poor (Gootldch, 1958). The swim­

bladder w:i.s first appn·ent in the Ant ia rchs , a group of placode rms from the 

Devonian (Romer, 19Gu) . From wha t is understood o[ the early hilbitat of these 

fishes, an air-breath ing organ pro•;ided a respirntory alternative in tli e so.11 ~t i rnes 

oxygen- poor tresh water envlrol1men t. Latei:, a s bony f i sh rad iated into regions 

wher e oxygen was not limiting, the lung los t its' r espi r atory function ancl was 

re tained as simply a n ai. r bladder, Currently, the swimbla<ld r occurs embryo­

logically in all Osteici1thys bu t in higher tel eost groups it i s sometim~s lost 

i n adult s (Jones and Marsha ll, 1953 ; Goodrich , 1958). 

Func tion of t h~ Swimuladcle r 

Although the morphol ogy of the s,1imbladder is variabl e in most groups its 

primary function is as a buoyancy dev ice or ~ydrostatic organ. Also asuocia tecl 

with the swi.mbln<l<ler are s oun<l prodl\C i:i.on , auditory and respiratory func ti.ons . 

As fi sh tiss ue is more dens e than the surrounrting medium, cos conta in~d 

wi t hin the bladd er neutralizes buoya ncy of the fi sh by establishing an equiva l en t 

weight t o volume distributi on. In considering hbdder volume, the buoyant force 

applied by a gas is equivalen t to the weight: of the wa t er d isplaced minus the 

weight of t he gas . The re l ative vo l ume of the gas bladder in fresh or salt 

water fish can be estimated by comparing the fish density , , Df , with tha t of thP. 

medium, D 01 , as fol l ows : 

Bladder Volume(% Body Volume) ( 1 - ) X 100 . 

Using the following approximations , fish ti ssue density is a bout 1.076 g/cc, 

salt water has a density of 1.024 g/cc, a nd of cours e , the desity of fresh wa ter 

is 1.000 g/cc (Tay l o r , 1921). J t is a ppa r ent that neut~Plly buoyant fresh water 

fish shoul d have a bladder volume of 7% a nd salt water fish 5% of the tota l body 
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volume , Detailed bladd er measurements encompassing 42 fami lies of fish (Aleev , 

1969) genera l ly suppon:ed t hes e es tima t es , Further agrccr,1ent comes irom work 

by Taylor (1921), Jones and Marsha ll (1 953), and Harvey (19 63), The hydros t atic 

func tion uf the swimhlatlder is f urther evident from the theoretica l energy 

savings of uc.!U tra l buoyancy . Swimming fi ::: h are opposed by two f c.rces, gr&v i ty 

(vertical) and tlrng (horizontal) . In neutrally buoyan t fish es , the vertical 

component is e liminated and on l y the horizon ta l force must be over cor.1e whereas . 

fish without a bladder mu s t counteract gravitationa l force by producing l ift . 

In the shark the pectoral planing surfaces and h.eterocer cal tail provide the 

r equired lift . Al exander ( 1967) es t imates that a 16. 5 cm salmon (Onc.orhynchus) 

without a swimbladder swimming at a speed of oae length per s e cond would have 

to increase its' metr. bolic rate by 7% to achieve the lift neces s a ry to maintain 

a constant d e pth. I~active fish which 'hove r ' achi eve minim.'11 energy expend iture 

at or near neutt·a l buoyancy, Activity, in terms of pector11l fin beat fr equency , 

i.n rela tion to the !>uoyant state of a surf-perch ( Embictocidae) i.s :, hown in 

figure 1. A level of activity just ad equa t e to offset propul1:ion produced by 

branchial v en t ilation is maintliined at neutral buoyancy . Under cond itions 

ef positive or negative buoyancy the fin beat fr quency increases to offset 
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floating or sinking respective ly. 

The swimbladder may have a profound effect on the enhancement of a fishes 

acoustic environment, both in sound production and hea ring. Sound is produced 

by musculature lying adjacent to the bladder wall. Muscles associated with 

sound produc tion occur as either intrinsic or extrinsic in many fish groups 

(Marshall 1966; Tavol ga , 1964). Rapid mu s cle contract i ons create vibrati ons of 

the bladd er wa ll which propagate sound wave s i n to the surrounding medium. 

Sound may also be produced by expulsion of gas from the bladder . In some fish 

such as thE: trigner fish, the swimbladdc r serves as a resonator for sounds 

produced by n E:arby organs . The qua lity of sound has been repo r t ed i n some species 

(Sa nd ~ al, 1973; Evans, 1973; Fish , 195l• , cited in Jones, 1957; Yearsley a nd 

Mcinerney, in press), Sound production serve s a s a means of communica t ion 

between fish (Fish, 1954) . In many species this i s important in both breeding 

and agonistic inter act ions. Sound production is more behaviora lly integrated 

in some fish which have dawn and dusk choruses ( e . g. Sciaenidae) or use il: as 

a navigational aid in echo-sounding (Griffin, 1950 , cited in Jones, 1957). 

Hearing in fish has been discussed by many authors (Jones and Marshall, 1953; 

~ones , 1957; Alexa nder, 1967; Tavolga , 1971). Offute (1970) points out that 

many fish are probably capable of sound wave reception due to the piezoe l ec tr ic 

properties of the otolith ·alone , However, the swimbladder g:-eatly enhances the 

auditory capacity both in quality and quant i t y. Sound wav es traveling in water 

produce oscillations on the bladd er surface which can be t ransmitted to the 

l abyrinth by gas-filled forward ~xt ens ions of the swimb l adder (e.g. Clupe idae, 

Holocen t ri~ae) or by a series of bones called the Weberian apparatus ( e.g . 

Ostariophysi). Chapm.:-.n and Hawkins (1 973) have shown that in Gadus morhua , 

which lacks the swimbladder connection wici1 the a udi t ory center, the presence 

of the swi mbladder alone provid es a source for sound r erad i ation. Vibrations 

from t he bladde:- wal l r ::ac!iate through the tissue a t a h igher i ntensity than 

incoming s ound. Enha ncement of hearing by sound reradiation was a l s o demonstra t ed 
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in Peu ronectes pln t es sa which lacks a swimbladd er (Chapman a nd Sa nd, 1974). 

Hear i ng in this fi sh w.:is tncreased when a reradiation source wa s provided by 

plac ing a small ba lloon nea r the fish. However , fish which have no bladd er 

connection with the auditory center are less sens itive to high fr equency 

(above 2,000 cps) and low intens ity (Jones, 1957). 

Fi nally, the swimbladder may serve as an accessory respiratory organ . This 

may occur either as a air-breathing device or si.mpl y as an oxygen store. Since the 

gills are dependent upon water flow t o separate lamellae, such structures col lapse 

in air and are ineffective for gas exchange . Several r egions along the alimentary 

track have been shown t o be structurally adapted for air breathing (Carter, 19 57). 

In some fish the swimbladder is adopted to this function, However, air-breathing 

in fi sh occurs in oxygen poor environments which are generally absent in marine 

surface waters. Accor dingly this f unction is of little impor tance to marine fish . 

Moreau (1976, cited in Hall, 1924) was probably the first t o sugges t that th e 

swimbladder may serve as an oxygen reserve. Such a sys t em would be an advantage to 

fi sh which move through oxygen minimum zones ( e .g. mesop elagic fish). A r eduction 

in oxygen l evels within the swimbladder dur ing anoxia has been noted i n m.:iny speci es 

(Powers , 19 32 ; Safford , 1940; J ones , 19 57) . However, Hall ( 1924) est i mated that 

the amount of oxygen supplied by the swimbladder during anoxia would susta in a fish 

for only a frac t ion of .:in hour. Alexander ( 1967) points out t hat little r co pi ratory 

advantage occurs since oxygen resorbed from the bladd e r passes directly to the 

hea rt and is equilibrated with water i n the gills. Jones and Marshall (1952) sugges t 

that t he use of the swimbladder as an oxygen s tore may be more functional in deep 

water fish where the dens ity and concen t ration of oxygen in the bladder is greater . 

In conclusion , it is doubted tha t the swimbladder has any res pi r atory function as 

f ar as most marine fish are concerned. 

Al though obviously useful the swimbladder has certain disadva ntages . 

Swimblnddcr volume und er changing pressure approxi mates Boyle's l aw , 

P1V
1 

= P
2 

v
2 

as shown in Fig, 2 (Jon es , 1951). As buoyancy is depen<l •l.!nt upon 

bladder volume, vertical. movement in the water column r esults in a change of 

- 142 -



90 1·0 

-;;-
-~ 

60 .!! 
~ 

.!,. 

w 
,;: 

0·5 3 
I 0 

> 
X "' ... w 
"- 0 
w 30 I,) 
Cl . j .., 

o-,.------,------T"""-----i..o 
" 7 10 

PRESSURE (aim) 

Figure 2. 
The effects of pressure on bladder volume and the relat ionship 

between depth and pressure . 

buoyant state. Cl early, there is a limit to pos itive buoyancy for which a fi s h 

can compensate . In sha llow water, changes in pressure affect a gre,'lter cha nge 

in volume than in d eep wa ter, Consequently, the potentia l vertical mobility of 

a species in tenns of dista nce is more restr i cted i.n sha ll. ow water. Al exander 

(1967) suggests that the effect of pressure on buoyancy generates a ~elective 

pres sure towards r.educti on in fi s h tissue density . Work by Aleev (l 969) st,pports 

this hypothesi s showing a trend in tissue density from 1.11 g/cc to 1. 01 g/ cc 

in fi sh rang i ng from bentitic forms l acking swimbla dders to pe l agic types with 

swimbladders . 

The additionr1l body volume due to the swimbladdcr is a d isadvantage to fish 

whi ch are rap i dl y passi ng through water . The drag forc e on a swimmi.ng fish is a 

f mct ion of body vo lume and surface area . A decrease i.n body volume or surface 

ar a of n fl a lt resu l tu i n n red uced drng . Conncqnon tly, ho en r gy 0xprn<11 tur r 

fo r swimming increases with f i sh s ize . For Onco.rhynchus swi 1m1ing a t 4 l engths / 

second it is energetically cheap er t o r educe total body volume by def l a ting t he 

swimb laddc r t ha n t o r educe gra vita tiona l torccs throu~ 1 eutral buoyancy 
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(Alexander , 1967). A similar situation is true for fish which l ive in areas of 

st rong currents. Gee (1968) found a nega tive relationship betwee n bladder volume 

and stream current veloci t y in Rhinichthys cataract ge . 

Pe lagi c fish which have swimbladders can be eas ily located t , irough mari ne 

mammal echolocation. Since the swimbladder provides an c•xccll nt surface for 

ref lection of sound waves. Such fish may thus fall easy prey t o predators . Thi s 

as well as o the r considerations discus sed previously may hav e provided suffici e.ut 

s elective pressure for many of the acti ve pelagic f ish to loose the swimbladder 

ent:1.r ely . 

Structure of the Swimbladder 

Swimbladders cau be divided :!.nto two c l ,is scs on the basis of their s truct1.ire 

a s shown in figure 3, The fir s t type, t ern1ed physos tomous , r e t ains the tubular 

connection with the pha rynx (pneumatic duc t ) while this duc t is lost in physoclis t ous 

swimbladders, Evolutionari ly , more primitive fish group s t end to be physostomes 

whil e the physoclist cond ition is more common i n higher f i sh groups. However, 

the swimbl adder is a poor systemati c t ool since specific var iation i s gr eat 

(Goodrich , 1958). Embryo logically , the phys os t omous cond ition prevails , 

althouBh th e pn eumati c duc t may degenerate at some period in developernent 

PHYSOSTOME ~~,o~q•' 
~ ~ EUPH YSOCLIST 

PARA Pt lYSOCLIS7' ~am-{ ) 
__ .::::::======~ 

Figure 3. 
Types of swimbladders showi ng the trend in development . 
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giving rise to a physoclist swi.mbladde r . Organs of gas seer tion and rea b-

s orption may be present i n both swimbladder t ypes although hey a r e more 

extensively developed in physoclists. Vol ume adj us tment in physostomic fish 

more commonly occurs by pa ssage of gas along the pneumatic duct. Within 

physoclis tous fish , there is a tendency towar<l separation of the secretory and 

resorbent regions i n more highly e elope forms (see figure 3) . Th i s occurs 

wi t h a postero-dorsally located e agination cal l ed the oval or with a pos t erior ly 

loca ted chamber separated by a muscular diaphram. Swimbladders of this cons truction 

are termed euphysoclistous while swimbl adders with a single chamber are call ed 

paraphysocl is tous. 

Es sent i al to the oper a tion of t he physoclist swimbladder are the orga ns 

of gas secretion and resorption s ince these prov ide the only means of gas 

transfe r in th e closed swimbladder. The gas s ecretion center consists of the 

rete mirabile (wonderful net) and gas gland (see figu r e 4a). The r ete is a 

counterc,rrent sys t em which functi ons to e leva t e the partial pres s ure of gases 

in t he blood pass ing through. A gradient is developed along the l oop slightly 

in excess of pressur e within the bladder . Steen ( 19 70) provides some i nformation 

on t he size of exchange surfac es in the r e te of Anguilla. Surface ar ea of 

e 
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Figure 4. 

B 

Gas transfer regions of the swimb la<l<l c r . ( From Marshall , 1966) 
A. Secretory c enL r with cross s ec tion of rc-t:e miruhl . shown in c- • 
B. Resor ption center. e and a denote efferent and affe ren t blood supply, 

repect i vel. y , 
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2 2 
arterial and venous cap ll laries a r e es tima t e<l at 105 111 and 1.06 m , resp t:c t ively, 

The exchange ratio in the rete is approximate ly 700 cm
2

/crn
3 

i n contr.'1st to the 

2 3 human lung, 100 cm /cm. The gas gland , located along t.h e ve r t ex of th e counter 

cur ren t loop, is the a c t ua l in terface be tween rete blood and the blander lumen . 

Secretions , pr ima r i l y l act ic a cid a nd ca rboni c anhydrase , in th~ gas gland func tion 

in t he development of a concentration grad ient i n th e ret e, The gas r esorpt i on 

center consists of a network of capi ll aries located tn t he pos t erior er do rso-

posterior region of the bladder. ( see fi gure l, b) , I n euphysoclis t s thi.s s t ruc ture 

is situa t ed in the posterior chamber or the ova l , Resor ption of ga s from the 

bladder occurs by passive diffusion , 

As t he swi mbladdcr is a derivative of the alimenta r y t rac t , siwi l ar 

endod ermal and mesodermal con,ponents a re evident. Ncmcnc.:L1tu re for the t is sue 

laye r s of the bladder wall and their a l imentary equiva l ent s are shown in 

Tab l e 1. The tunica ex t e rna has reduced muscle tissue and mostly consi. s t s of 

f i brous connective tis s ue. Occur ing within t his layt:!r at·e gua nine c rystals and 

a special t ype of collagen which have a function i n r educing gas permeabi lity, 

The r ate of gas dif fusio n &cros s this layer is 0 , 01 % of t ha t fou nd i n no r n~l 

Layers in the wa ll of t he 
Alimen t a ry Ca nal 

Serosa 

Muscula ris ex te r na 

Submu cos a 

Mus cul.ar is mucos a 

Lamina prop r ia 

Inner epi theli um 

Layers i n t he Wallo ( the Swimbladder 
Description Terminology Suggested 

by Fange~l953) 

Peritoneum covering the Serosa 
swimbl addcr ven t r a lly 
Dense collagenous connec- Tunica exter na 
tive tissue wi t h smoo th 
and striutc<l muscles 
Loos e , jelly-l ike layer Submucosa 
of fibro-clastic t i ss ue 
Layers of Smouth Musc l e Muscula r is mucosa 
CJ.l s 
Col l aeeni c connec t ive ti s­
sue surrounding smouth 
muscles of the muscu l aris 
mu oiw 
Inner epithelium 

Lamina proprla 

Inner epi t helium 

Table I. Re l at i onship between swimbladde r and alimen t ary ca nal wal l s. 
( From Jones , 19 57) . 
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connective and m11scle t i s sue (Denton et a l 1972) . The l oose jelly-like nature 

of th e s ubmncosa enables indep endent mov emen t of the 11nd rlyi.ng tl ssue layers. 

The muscular is mucosa adjusts t he t ension on the inner bladder wall a f fec ting 

the~ teht o f ~xpos ure of ESS to transport regions . 

Vas cu l ar and nervous suppli es to t he swimbladder a r e simi lar to othe r vis ceral 

organs . Blood from the celia comesent ric artery supp li es t he gas secretory center 

while the cesorption center recieves blood direc t ly from the do rsa l aorta . 

The oval of euphysoclistE; IMY a dd i tiona ly be s upplied by blood fr.om the i n t crcost11l 

arteries . Venous return in t he secr e tory cente r occurs by way of the hepati c 

system while blood from the r eso rpt ion center returns through t he posterior 

cardinal ve in or t he hepa tic porta l sys tem. The parasympathe;:i c-sympa theti c 

antagonism typically occur i ng in visceral organs is also present in t he swi m­

bladder. A branch f rom t he vagus ne rve con trols functions astocia t ed with 

gas s ecre i.on whil e sympathetic nerves control gas res orption activity . 

Nerve Reflexes i n t he Swimbl ad der. 

Fange (1 966) s ugges ts a means by which ner vous con t rol of volume ad justment 

occurs. The secr etory r efl ex, ac t i vated by a reduct ion in blatl<ler vol ume , 

prod uces vasodia l.at ion in the secre t ory va scu l a r sys t em, vasoconstr i ction in 

the resorbent vascular system, relaxat ion of the secretory chamber, and 

constrict ion of t he resorbent chamber ( see figu r e Sn). r.onvers ly, the r esorbent 

r eflex , s timulated Ly an i ncrease in b ladder vo lume , produces vasodia lation of 

the r esorption va s cular supp l y , vasocons tr ictiLn of t he secreto r y vascular 

·supp ly, r elaxati on of th e r esorbent chamber, and cons tr ic.tion of Lhe secretory 

chamber (s ee f i gure Sb). Vol ume adjus t men t r ef l exes occur by enhancing 

operation o f one center wl1 i l e inhibiting function of the oppos i ng center. As 

with most physiological systems , ne ither system ls comple tely inactivated . 

Consequently, volume adj us tment occurs with one center operating to a great er 

degr ee tha n the other . 



To he ar t 
v_io l iver 

from the 
uill, 

L 

t--- 5 --it- R~ 

Figure 5 . 
Swi mbladder volume adjustmen t reflexes . 

A. Secre tion ref l ex 
B. Resorption ref l ex 

(From Fange , 1966) 

Natur e of Gases _:!.:l! the Swimbladder 

Gases found in the swi mbladder are s i mi l a r to !:hos e f ound in t he fi shes ' 

environment. Relative concentra tions differ with oxygen, nitrogen, nnd carbon 

dioxide being the dominant gases fo und , Traces of a r gon are also ap par ent. 

The ra tio of gases may va ry with habita t and s pec ies . Generally, fre sh wa ter 

fish have a high nit rogen concent ra tion in the swimbladder while oxygen is more 

preva l ent in marine fis h. There is a positive relations hip betwe n oxygen 

content and depth of occurrence in marine f i sh . Fis h living near the surface 

tend to hav e a gas cont nt similar to air whi l e oxygen is predominant in deeper 

fish (Sieen, 1970) . With i n s pecies r e lative concentrations of gases in the 

swimbladder may vary with concentrations i n the environment (Saffo rd , 1940; 

Copel and, 1952 ; Wittenberg U a l, 19 64). During vo lume adj ustment of the 

swimbladder , the r a t i o of gases cha nge s . I n all cases xygen is the most r apidly 

transported gas (Copclond , 1952). Conscq11cntly, dur i ng secretion t he oxygen 

l evel ris s while a decline i seen during gas resorpt ion. In some ca es it may 

take weeks for the origina l r atio of gases t o be r e-established after vo l um~ 
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adju s tment . 

Mechanism of Gas Secre t i on 

The mechan ism of gas tra ns port into the swimb ladder has in t r igued physio l­

ogi s t s fo r de cades . Ba s i ca lly , the prob l em lies i n f inding a means for wh i ch 

a ga s c ccur rin g a t a low par t i a l pre s sure in t he blood can en t er t he bl add er 

whe re t he pa r :ial pres sure i s ma ny t i mes gr ea t er . Hi storical r eviews of 

t r a ns por t t heo r i es are gi ven in Ha ll (1 924) , Fange (1966), and Steen (1970), 

It was a ccepted ear ly ( :: 1910) tha t gas secre t ed in t o t he b l adder a ro se from 

the blood. Ha l l ( 1924) poin ts out tha t a t t ha t time the r e wer e bas i ca l ly three 

v i ews as to how ga s was transferred from blood i n t o the bla dder : 1) dir c t 

entry , 2) the gas gla nd s e r ved as a pumpi ng organ which ' pumps ' gas into th e 

bladder , 3) gas is derived from cytopla smic decomposit i on of ga s gland cells. 

Curren t l y , t he second vi ew is r eceiving th e most expe rimental suppor t. Much 

of t he phys io l ogi cal work on the swimb l a dtler i n t h is c entury has be en d i r ected 

t oward under stand ing t he mecha nism o f t his ' pump ' . I t ha s long been unders tood 

t hat dissoci ation o f hemogl obi n occurs in the pre sence of an add (Ha ll , 1.924) . 

Lat er , a s more specif ic cha r a cter i s t ics of fi sh hemoglobin became known, the 

poten t i a l a s a means f or oxygen tra nspor t in t o the bladd er was rea l i zed (Roo t , 

1931; Powers , 1932). Koch ( 1932, c i ted in Fange , 1966) suggested t ha t s ecre t ion 

of salt or prod uction of heat decreases the solubility of ga s es . Subs equent l y , 

the sa lt s e cret ion pr i nciple, gener a l l y r e f erred t o a s t he ' sa lting ou t' effect , 

ha s r eceived s upport and is bel i ev ed t o be a means by which i nert ga s es ca n 

be t rans ported (Kuhn d tl, 1963 ; Wi ttenbe r g e t al, 1964; Scho l a nder, 1954). 

The idea that the rete mi r ab il e f unct i ons a s a count er cur r ent multi pl i er was 

s uggested by Haldane ( 1922) and Koch ( 1932) . Th i s i dea was genera lly a ccepted 

but did no t r ec eive r i gorous examina ti on unti l much l ate r . P n~dc l deve loped 

by Schola nde r ( 1954) , l at:cr r evis ed by Kuhn €.! nl (1 963) dcmon.;t ro t cd a m:1thcmatl.cnl 

ba s is ·for which secre t ion of gas could occur . La ter, t he mecha ni sm r eceived 

s t r ong s upport throu gh t he expe rimen t s wi th Angui l l a by Steen and coworkers 
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(see Steen , 1970), At present, it is generally accepted that the three effects , 

oxygen dissociatlon , salting out , and coun ter current multiplication, fo rm the 

basis for s ecret! n of ga s into the bl adder although he ex tent to wl1i ch the 

two former effects are important is at ill disputed (l:'ro ssc.•r, 1973; Steen, 19 70). 

The gas concentra ting mecha ism of t he secretory center depends up0n the 

princ i ple of a l tered ga s solub il ity i n relation to chc1nging salt conc<~ntra t.i on . 

I n this discussion, the tenn salt refers to i ons i n genera l. I n the case of t he 

swimbladde r , salt r efer s specifical l y to th e secreto~y produc t s of the gas 

gland, namely , lactic ac i d and carbonic anhydra.se. From Henry's l aw the 

equi librium state of a gas in s olution is directl y pt·oporlional t o t he partial 

pr essure P
0 

as follows 

(1 

where C0 i s the concentra tion of ga s in solution and A0 is t he so l ubi li ty 

coeffici ent (Henry ' s constant) . The solubi l ity coefficient varies with tempernture 

a nd ion content. As temperature is consta nt, ion content modif ies t he solubi l ity 

coeffic ien t as f ollows 

where Eis an inter a c tion parameter (based on he electric proper ties of the i on) 

for the salt qua ntity 6C s . Thus for a given pressu re, t he conc entration of 

gas in s olution is affected by the sa lt concentra t ion. 

Even with a l ow so lubil ity , oxygen is ca rried in t he bl ood in appreciabl e 

quantiti es . This is due to t he carrier molecule, hemog l obin. Fish hemogloui n 

can normally carry about 10 cc/ 100 cc of blood while plasma will carry about 

l1 cc. of oxygen pc~r a tmosphere . of pressure (Al exander, 1975). A similar 0. ffect 

on the i;olubility of oxygen wi th hemog lob i n occurs with ch::inging i on concentrat ion , 

Oxygen bound to hemoglobin (oxyh emog l obin) di ssocia tes reversibly in t he 

presence of tt+- ions a s f ollows 

This characteris ti c of hemog lobin produces two e ff ects in oxygen loa<ling 
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charac teristics of fis h blood: The f irs t, typicnl of all vertebra t es and some 

i nvertebrates is call ed t he Bohr effect ·. In the presence of an a cid th e binding 

capacity of hemoglobin i s r educed. The oxygen di s sociation curve shown in 

figure 6n undergoes a shift to the right ( Bohr effect) with an lncrease in 

H+ion conten t. The tencency to bind with oxyr;en is r educed bu t can occur at 

a higher pressure. This quality is ve y similar to th e dependency of gas 

solubil i ty on salt concentration seen earlier (equa t ions 1 nnd 2). The Root 

effec t, usually founi only in f i sh with swimbladders , differs in t hat the 

maximum saturation cnµacity of the hemoglobin is affected. The Ro0t off-shift 

occurs with a decrea s e in pH resulting i n a reduc ti.01! of bound oxygP.n as shown 

in figure 6b. The Koot effect comp letely blocks oxygen fr om par t of the. 

hemoglobin and ha s been shown i n some fish to occur at pressures as high as 

140 a tm. (Scholander and Van Dam, 1.954). 

Following the model. developed by Kuhn tl al (1963) , the mechanism of gas 

secr etion can b demonstrated. The schem.:itic diagram shown i n figure 7 

repres en t s one l oop of the counter current sy s t em i n the rete mirable. Blood 

fl owing in the 9.fferent limb, with a gas coucentration, C
0 

, enter s the loop 

100 

,E 
0 

0 

I 
--; A 

I 
AO 0 

Figure 6. 
Di.ssocia tion charactl!r is ti.cs of fi sh hemoc l obin wi th reduced pll. 

A. Bohr effect. B. Root effect . 
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. . .. , _""'"" LIMB 

~ - EFFERENT LI MB 

--ii----------------' 

Figu r e 7. 

Schematic diagram of secr eto ry center , 
See text for explanation , 
(From Kuhn et al, 1963) 

passing the bladde r, ga s gland, continues al onr, in t o th e ef f erent limb with a 

gas concentration, Ce , and passes out of the rete. The two limbs are separa t ed 

by a merr.bra ne which is relatively impermea ble to sal t and water and permeab l e 

to gas, At th i s point there is no concentra tion gr adient within t he loop 

consequently C0 : Ce and t he afferent partial pressur e, P
0 

, is equal to the 

e ffer ent partia l pr essur e, Pe • Now suppose blood flows i nto the af f erent l imb 

with afferent blood passing t hrough t he l oop, r eceiving salt se.cret i. on , hC $ , 

a nd emer ges i n t he efferent limb . Fr om equation 1 t he equilibr i um concentrat i on 

of gas in th afferent limb is 

( 3 

:from equation 2 the efferent s olubility coefficien t is modified as follows 

( 4 

Therefore , t he equilibrium gas concen t ration in t he e fferent limb is 

(5 
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I 

Dividing eq ua ti on 3 by 5 

C p 
~ = i! ( 1- Et.C_s) 

From the initial a s sumption, C
0

= Ce , it is apparent that 

That is, Pe>P0 which results in a diffusion of gas across the membrane to 

achieve equilibrium c nditions. Having done this, Pe = P0 

6 the following condition exists 

From equation 

That is, the concentration of ga s in the af f erent limb exceeds tha t in the 

efferent limb. 

( 6 

(7 

(8 

This single concentrating effect just demonstrated is multiplied by virtue of 

the fact that salt is continually secreted into blood passing th e gas gla nd . With 

the passage of blood through the loop, a steady diffusion of gas into the afferen t 

limb of the counter current system occurs. As the partial pres sure of gas in the 

vertex of the loop exceeds that fcund in the bladder, di ffusio n of gas into the 

bladder occur s . 

The concentration of gas in the loop can devel op reaching a maximum end sta te. 

' This occurs in a situation where the ambient pressure exceeds the max imum concentrat-

ing capacity of the s ecretory c enter . The end st.1te occu rs primarily as a result of 

t he time needed fo r dif fusion to occur across the membrane. Si nce a specific time 

is required for equilibrium to occur across th e membrane, the concentra tion gradient 

along the l oop towa rd th e vertex can only develop at a cer tain rate. 

This mode l is based on the assumption tha t the rete i s i.mpermea ble to 

acid and wate r . Steen (19 70) however , found that the rete is hi.ghly permeabl e 

t o acid. It was then reasoned that the basi s for conc entration was unrelated to 

membrane permeabi l ity but, rather , to the differentia l rate of response of 

hemoglobin to a change in u+ions (S teen, 1970). The T½ (ha l f completion time) 

of the Root off-shift occurs in 50 msec allowing for immediate dissocia tion. 

The Root on- shift T1, is much slowe r ranging from 10-20 sec . While flowing 
' 2 
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away from the vertex, the reduced oxygen affi nity of blood in t he efferent limb 

is maintained in spite of an i ncreasing pH. Consequently , the difference in 

sol ubility in the afferent and efferent limh res ults in the same press ure 

di f ferential shown in the Kuhn model, 

Ra t e of Gas Transport 

The rate of ga s transport in general is very slow, When deflated, the 

t ime required f or secretion of gas to refi l l the bladder r anges from about 

4- 48 hours. Data from several species a re pre entcd in tabl e 2. l'h da ::a fo r 

r a te of gas resorpt i on is more scarce . The time required for Perea to adapt 

from 3 m to the surface is about 9 hours (Jones, 1952). The rockf ish, Seba stes 

me l anops can adjust from 10 m to the surfac e in 6 hours wh i l e!• pinniger can 

adjust from 20 m t o the surfa ce in 16 hours (McEl derry , unpub lished data). 

These rates of resorption are not directly comparable s inc e the rate i s a 

func t ion of i nitial and final pres sure and other variabl es such as size, 

Ef fici ency of~ Trans por t 

The effic iency of gas t ranspo rt can be expres s ed in t e rms of gas concentra ting 

capacity and the ra te of ga s transpor t. I t is impor t ant t hat t he seer .to ry 

center is capable of gen erat i ng pr es s ure l evel s comparable to th e press ure at 

Speci es 

Pomptomus saltatrix 
Stenotomus vers icolor 
Anguill a 
Opsanus t au 
Prionitis 
Gadus morhua 
Fundulu s heteroclitus 
LRgodon rh omboides 
8ebastes mela nops 
Sebastes pinnlge r 
Sebastes nebulosus 

Time required to 
fill drained 

swimbladder 
hours 

4 
6- 12 

10-1 8 
18-24 

48 
10 
48 

4-9 
72* 
72* 

660* 

Reference 

Wittenberg r.l: !!]., 1964 
II 

II 

II 

II 

II 

II 

Mccutcheon, 1962 
McElderry , Unpub . data 

II 

II 

* ca lculated fro m filling t ime of partially deflated bladd e r 

Table 2. Time r equired to fil l drained swimbladder 
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which the fish lives. The concentrating ablitity of the secretory center is 

a function of the rete length, salt secretory effect (E6Cs), and the carrying 

capacity of the blood . The length of the counter current loop has a profound 

effect on concentrating ability since the pressure gradient devel opes exponentia lly 

along the loop. It is es tima ted that i n Anguillg a 0.5 cm r e te can dev elop 

300 atm pressure while a 1.0 cm rete can develop pressures i n excess of 2000 

atm (Kuhn tl al, 1963) . In a morphological study of swimblndders in deep se.1 

fish Marshall (1960) points out that there is evid ence tha t deeper living s pecies 

have longer rete. From equation 2 it is evid en t that gr ea t er secre tions of 

salt produce a greater pressure diff er entiail across th e membrane resulting in 

a hi.gher concentrating capaci ty ·. However , the quant i t y of sa l t secr eted is 

limited hy the osmotic tolerence of blood cell s , The refore , it is doubtful 

t hat this would serve as a use fu l mea ns of elevDting pres s ure capac:ity . An 

alterna t ive approach would be to increase t he magni t ude of the Bohr and Rout 

effec t s per unit s a lt secretion. Scholande.r and Van Dam ( 195l,) pointed out fo :, t ' 

i n some fi sh at pressures greater than 20- 30 a t m the oxygen d .i.sso ciation cu rve 

is horizonta l and the refore, the Root ffcc t i s responsilJ l e for diffcrt:!nces i11 

binding ca pacity . A posi tive re l ationship between depth of occurrence and 

magni tude of Root effect has been s hown in some species of Scb:istes ( Baines, 1975). 

Fina lly , the amount of gas carr i ed by the blood can enhance th e concentrating 

ability of t he rete. Variations in hemoglob i n conc~ntration have been shown to 

occur in a species s easonally (Powers, 1974) and under varying environmental 

conditioa s (Powers , 19 32) . It should bt, pointed out that the ~onccntra t.ing 

abi.l i ty of the r ete is i mpa ired by changes in blood flow as time is required 

for equilibra tion to occur across the membrane. An increase in blood fl.ow 

reduces the concentration effect since ~qui librium does no t occur a cross the 

membrane. Reduced blood flow r esults in degene ration of the concentration 

grad i ent since back <li.ffusion al ong th e l oop away f rom the vert ex becomes 

significant. 
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When considering both secre tion and r esorp tion, the ra te of gas transfer 

is prima rily de t e rmi ned by th e size of the exchange surface. A l arger a r ea of 

exchange enables gra ter diffusion capaci ty. Enhancement of exchange surface in 

the sec r e tory center usually occurs with a n i ncrease i n t he number o( r c te 

or capillaries within the rete whi l e a n i ncrease in vascula rization i s found in 

the reso r btion center. Secondari ly, the carrying capacity of the blood is 

important. This is a function of lhe hindtng effici ency of the blood and 

concentrat i on of hemoglobin in the blood, The binding capacity of hemoglobin 

probably has li t tle relation to gas r esorp t i on r at e . As reso r pt ion of ga s is 

a passive process, the rate T i s dependent upon the differentia l pres sure of 

gas i n t he bladder P1 and in the medium .Pz as fol lows 

T = B ln ...!'..l_ 
Pz (Jones, 1951) 

where Bis a constant for the efficiency of gas resorption in a species. As 

the partial pressure of gas in th e bladder is likely to be in excess of the 

maximum satura tion of hemoglobin , a la r ge part of the gas r esorbed is carried 

in solution. As was poin ted out earlier, there is an optimal rate of blood 

flow into the secretory center. Consequently, blood flow does not affect 

secretion r a t e enhancement. The rate of gas resor btion is r e l ated to blood 

flow since the volume of blood for which gas can diffuse into is increased . 

Enrn Required for Gas Secretion 

_/ Since gas is secr~ted against a concentration grad i ent, the proces s 

essentially involves compression and requires energy. The energy E required 

to compr as a gas fro m pressure P1 to Pz i s 

E = PzV ln 
p2 

where V is th e volume of gas at P
2

• Alexander (1975) estimated the energy 

r equired to compr ess gas from an ambient partial pressure l'f 0.01 atm to 

pressure within the bladder of 100 atm, With an efficiency of 5 % the energy 

required to maintain a constant volume is about 1. 5 % of the resting metabolic 
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rate. Kuhn et al (1963) examined the problem differently by poi nting out that 

t he energy r equired to concentrate gas is a function of salt product i on . Since 

counte r current mul tip licat ion operates on th e free en er gy of the sal t (i.e . the 

osmotic e ffec t), the proc cs:. of supplying salt to the system i s es sent i a lly 

t he wor k r equirement . Although no da ta are presented, Kuhn et al (1963) f eel 

t hat the ener gy r equirement is l ow, 
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Appendix B 

AGE, LENGTH, AND WEIGHT RELAT IONSHIPS 

Information concerning growth patterns was collect ed from 

specimens dissect ed for swimbl adder studies. Leng th (mm ) 

and weight (g) measurements are shown in following tables 

for both species. Missing values are deno ted by 99 9 . and 

sex is indexed as 1 and 2 for male and femal e, respecti vely . 

The freq uency of males was unusually high in bl ack roc kfish ; 

however, it i s unknown why. Regres sions of leng th wi th 

weight were made and are significant in both case s (p<0.01 ). 

Pr ed ictive equa ti ans for .S.. mel a nor s and .S.. Jls?bulosu §. res­

pectively, are: 

Log Weight= -4.93 + 3,13Log Length 

Log Weight - -4.68 t 3.07Log Length 

( r=° . 99, n=77) 

(r=0,98,n=82) 

Age was estimated from otoliths collected and stor ed in 

glycerol for a minimum of one month. While more soph isti-

cated techniq ue s are av a il able (Westrheim , pers. comm . ), age 

was estimated by simply counting otolith annuli. A total of 

four coun ts were made; one for pr acti ce, 2, 3, and 4 for 

screening and elimination of poor l y resolved annuli. The 

following figure shows th e mean lengths and 95 percent con­

fidence interv als calculated for different age cl asses of 
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both species . Data points are presented in cases here 

there are fewe r than 4 samples per age class . 
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Appendix C 

FOOD HABITS 

The folloiing table li s ts i tems found in stomachs of 

field-caught specimens. Gi ven are the f ish standard length 

(mm}, identity and number of i tems. Abbreviations used ar e: 

PC, Eetrolisthes crab; cc , Cancer crab ; sc, spider crab. In 

other instances contents we re not distinguishable or identi­

fications to genera were not made. 
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China Rockfi sh 

Length 

85 

85 

90 

95 

105 

115 

115 

120 

120 

130 

140 

150 

150 

155 

165 

170 

185 

185 

190 

200 

220 

222 

230 

230 

235 

235 

250 

255 

260 

270 

270 

275 

280 

Contents 

shrimp 

PC claw ; SC 

2 PC; 2 crab legs 

PC; crab 

cottid; 3 crabs 

empt y 

SC; shrimp 

SC 

bryozoans 

empty 

2 SC ; PC; limpet 

SC 

PC claw 

2 PC ; CC 

crab c law; fish 

3 crabs; 2 caprellids 

PC; crab claw 

4 PC ; CC 

crab 

SC 

Black Rockfish 

Length 

165 

170 

185 

190 

205 

365 

375 

375 

390 

390 

4 SC ; CC; gastropod (3 mm) 

8 PC ; SC; CC 

PC 

3 SC 

crab claw 

6 crabs , bryozoan, shr imp , 
fish 

2 SC ; CC 

10 crabs 

4 crabs ; CC 

2 cc 
PC , SC , CC, polychaete, 
gastropod 

3 crabs; Hapl ogurus 

SC; ophiuroids, bubble snai l 
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Contents 

empty 

cr ab larvae ; 
caprellid 

fish 

herring 

ctenophore ; unid . 
plankton 

50 ctenophor s 

herring; unid. 
plankton 

herring 

empty 

Idothea; herring 
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