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ABSTRACT

Physostomous fathead minnows (pimephales promelas)

\irere observed to determine (1) the relative importance

of gas secretion/absorption and gulping/spitting as

mechanisms of buoyancy adjustment, and (Z) the effects
of water velocity and temperature on abílity to maintain

a minimum buoyancy in current for an extended time.

Buoyancy is increased quickly by gulping air and

srowly by secreting 0z and cOr. small- fish can increase

buoyancy faster than large fish (0.048 cf. 0.028 mL.g-l.n-t).

Relati-ve contributions of gulping and secretion to buoyancy

increases depend on the environmental conditions, and

gulping appears to account for about 7oz of any increase.

Buoyancy is reduced quickly by spitting gas or s1ow1y by

resorbing 0Z and COr. Spitting is a fright response;

resorption is the mechanism used. to reduce swimbladder

vol-ume in response to an increase in water velocity.

smal-l fish can reduce buoyancy by resorption faster than

large f ish (0 . 0 34 cf . O .023 mL - g-I. fr-l).

Except at 5oC and following the initial period of
adjustment, buoyancy is maintained in current for at least

42 days. Buoyancy l-evel is determined by water temperature

ancl velocity. Effects of high and increasing temperature

and veJ-ocity on buoyancy are antagonistic; the buoyancy



response to current being l-ost at high temperatures.

At extreme temperatures and velocities, internal pressure

is used. to alter swinbl-adder volume, assisting in buoyancy

regulation. Internal pressure may be a good indicator of
STTCSS.
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INTRODUCTION

The ability of fishes to adjust buoyancy by altering
swimbladder volume is a common response to changes in
water velocity (Gee et al. , 1974¡ Gee and Gee, 1976).
Plasticity in buoyancy permits efficient movement in
waters where velocity and turbur_ence change in time and
space. rn current, a negfative buoyancy and a benthic
position help to prevent displacement d.ownstream as the
fish can counteract hydrodynamic lift and at the same time
increase the frictional forces between the body and the
substrate (Alexander, Lg 66; Gee , l_9 6 B ) . I{ith a mid_water
position in current, a reduced buoyancy appears to count.eract
hydrooynamic lift fror¿ the shape of the body, maintaining
verticar position and enabling l-ocomotion with a minimum

expenditure of energy (Berezay and Gee, 1978). In stil-l_
water, a neutral buoyancy is advantageous for efficÍent

maintenance of position and locomotion.
Buoyancy is affected by changes i-n photoperiod, water

temperature and verocity, hydrostatic pressure, size and age

of fish, degree of sexual development, and condition (saunders,
1965; Neave et al., 1966; Gee, 1968 | l g72, Ig77; pinder and
Eales, 1969¡ Berezay and Gee, LgTBi Luoma and Gee, LSBO).

Many of these factors interact.



Little is known of the mechanisms of buoyancy

adjustment in physostomes. Like physoclists, some

alter their swimbl-adder volume by resorbing or secreting
gas" unlike physoclists they possess a pneumatic duct
enabling them to exchange gas directly with the atmosphere

by gulping air and passing it into the swimbladder or by

forcing gas out of the swimbtadder. changes in internal
pressure of the swimbladder giases may al-so be used to
make minor corrections to buoyancy.

The ability to capital-íze on buoyancy regulation depends

upon the rate and extent of adjustment and the duration of
maintenance of the appropriate rever of buoyancy. Buoyancy

changres in most stream fish are extensive, involving a

30-60u reduction in swinrlcladder volume when current ís
errcountered., and are rapid requiring L2-96 h for completion
(Gee et al. I 1974; Gee and Gee, L976) . However, littl_e
is known of the ability to rnaintain a minimum buoyancy in
current for extended periods of time. objectives of this
study were to deterrûine (1) the relative importance of
secretion and absorption of gas versus gulping and spitting
of gas as meciranisms of buoyancy adjustment, and (Z) the

effects of water velocity and temperature on the ability to
maintain a minimum buoyancy. The physostorrlous fathead

rninnow (Pimephares promeras) was chosen as the subject for
the study. rt is common throughout most of central North



America, inhabiting headwater streams and lakes (scott

and Crossman, L973) . In nature they are subject to
wj-de variations in water temperature and velocity,

especially during spring run-off (I-4 weeks). Their

abundance and hardiness have made them a popular bioassay

fish.



MATER]AIS AND METHODS

Fathead minnows were corlected from the pembina River,
Manitoba as requi-red. They were held in large fiberglass
tanks (L7O L) at either 5 or lIoc under a L2L:12D photoperiod

and fed #3 trout starter once a day. prior to tesLing,
fish \^/ere acclimated to the experimental temperature at a

rate of no more than l-oc. d-l-.

24 h of analvsis.

To measure buoyancy, fish \^rere captured by dipnet and

anaesthetized in a solution of M5222 (ethyl m-aminobenzoate

methanesulphonate) . Swimbladder vol-ume (+ 0. 001 mL) ,

weight of the gas-free fish in water (+ 0.00r gi sartorius
bal-ance moder 2255), and the vorume of gases released at
atmospheric pressure (+ 0.001 mL) were measured following
the procedure of Gee (f970). Buoyancy was determi_ned by

dividing the swimbladder volume by the weight of the gas-free

fish in water (l-.0 ml.g-r = neutral buoyancy). Internal-
pressure of swimbl-adder gases was rneasured by dividing
the vol-ume of gases released at atmospheric pressure (pa;

Appendix 1) by the swimbladder vorume. standard vol_urne

was determined by dividing Lhe volume of gas releasecl from

the swimbladder at atnrospheric pressure by the weight of the
gas-free fish in water (rr,.g-1). ït giave a relative measure

of the amount of gas in the swimbl-adder, facilitating

comparisons between temperatures (Appendix 1) .

Fish \Á/ere not fed within



Unless otherwise noted, fish were acclimated and

tested in aquaria (90 x 45 x 45 cm) in either stilr water

or current. Water velocities hiere created in stream

tanks, based on the design of Gee and Bartnik (L969),

where fish were held in an area 60 x 40 x 20 cm with stainless

steel- screens on the sides (2.3 meshes-"*-l) and plexiglass

on the bottom. Water depth in the holding area varied

between 7 and 10 cm. Water velocity could be provided

up to 35 "*-=-f, and. its measurement was determined from

the average of six measurements taken 3 cm from the bottom

witn an Ott current meter (type Cl). Temperatures were

regulated either by varying the inl_et temperature

(5-26 + 0.SoC) or using a thermostat (26-35 + 0.toC).

fll-umination was provided by 60 W light bulbs on time

clocks.

llechanism of buoyancy alteration

To determine if gas spitting and gutping are used to

alter swimbladder volume, fish must be observed duríng the

period of buoyancy adjustment. Since it is not possible

to tneasure buoyancy without disturbing fish and perhaps

altering their spitting or gulping behaviour, some other



techni-que for assessing buoyancy must be used. Berezay

and Gee (L978) found a strong relationship between swimming

angle of attack and buoyancy in creek chub (Semotilus

atromaculatus). If such a relationship exists in fathead
minnows, then. the period of buoyancy adjustment could be

predicted by observing the swimming angle of attack without
disturbing gas regulation.

To facilitate observations of gas spitting and gulping
and swinrning angles, a bubbl-e-free current tank with a

current of 20 "*-=-l luu.= constructed (Fig. r) . rt consisted
of a circular tank where fish, enclosed in a portion of the
tank, v/ere exposed to current generated by submersible pumps.

Observations were made from behind a blind.

Fish were

exposed to either current or still water in the bubbfe-free
current tank, and measures of swimming angles and buoyancy

lrere recorded to determine if buoyancy could be predicted
f rom swi-mming angre. swimming angle of attack was

considered to be horizontal if a horizontal_ line passing
through the fish's eye crossed some part of its caudal_ fin.
rf the caudal fin was betow the line it was swimming 'head.s-up'
and vice versa. swimming angles were observed while fish
s\,vam forward or hel-d position in an area of current where

Predj-ction of buoyancy f rom swimminq anqles.
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fl-ow was as uniform as possibte or in stilr water.
Fathead minnows (40-62 mm fork length) were acclimated
to 19oc and a r4Lz10D photoperiod. Light onset (800 h)

and offset were gradual over 15 minutes. Groups of 42

fish were transferred to the test tank, arlowed 2-4 d
for accrimation, and then exposed to current. I¡Iater

velocity was increased gradually to 20 "*."-l over B min

beginning at 1000 h. Measurements of buoyancy, internal
pressure and standard volume (2 físh) and observations on

swimming angle (5 fish every 5 min/for 40 min) were mad.e

after 0, 1, 2, 5, B, 11, and 23 h in current. Then water
velocity was reduced to 0 over B min and the above procedure

\^zas repeated. These measurements were repeated four times
usi-ng four different groups of fish for a total of B buoyancy

measuremenLs and 160 swimming angle observations at each

observation time.

To

determine whether gas spitting or gulping was used to alter
buoyancy, fish were observed while altering swimbfadder

volume in response to current or stirl water. Two groups

of 16 fish each r,vere accrimated and exposed to still water
or current as described above. swimming angles were used

to predict the intervar of buoyancy change and the frequency
of spitting or gulping was noted. Gas spitting was indicated
by a rerease of bubbl-es from the mouth or opercular openings.

ancy adiustment spitting or gulpinq sas.



Gas gurping was indicated when a fish broke the meniscus
and then descended, releasing bubbles from either the
mouth or opercur-ar openings. spitting did not include
gas bubbles released immediately following gulping.

of g'as. To determine whether gas resorption or
secretion was used to alter buoyancy, swimbladder .las

compositj-on and buoyancy lvere measured. following exposure

t'o current and still_ water. Fifty fathead minnows

(63*84 mm) \^/ere acclimated to l_9oc and a L2L:12D photoperiod
in still water. Beginning 2 h before light. and. current
onset, 4 fish were sampled from still water. current. was

then increased to 30 "*.=-1, and groups of 4 fish were

sarnpled after 10 ancl 58 h in current. current was shut
off after 60 h and 4 fish were sampled in still water after
l-0 and 12 h. This procedure was repeated with a second

group of 50 fish. Fish sampled after l0 h in still water
had access to the surface but those sampled after 12 h had

none- Fish measured after r0 or 12 h in st.ill water
\^rere held in 0.5 L containers placed in the test aquari-um.

Prior to withdrawing gâs, t.he pneumatic duct and the
connection between the swimbfadder robes lvere tied off.
One sample was taken from each lobe.

Buoyancy adjustment by resorption and secretion
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The composition of gases in the swimbladder was

measured using a Carle model 8700 gas chromatograph (GC)

equipped for syrínge injection and respiratory gas separatiorr
(one Poropack QST 50/80 mesh and one molecular sieve 5A

separation column). Samples of gas (25-100 ¡rL) withdrawn

from the swimbladder were injected into the GC which

separated them into c1z, 0z (includes Ar), and N, fractions.

As each fraction passed the thermal conductivity detector

in the GC it prod.uced a peak on a recording chart whose

area was proportional to the amount of the gas present.

It was measured usinq the formula:

AREA = PEAK HEIGHT x WIDTH AT HALF PEAK HEIGHT

(McNair and Bonelli , L969) . The instrument'was calibrated

usitrg air and a known gas mixture of 9.59? by volume C0.7r

50.98å 0Z and Ar (inseparable), and 39.4? N2.

Relative con_tribution of gas gulping and secretion

to buoy_ancy increases. To determine if either gas

gulping or gas secretion predominate as the method of

buoyancy increase, the gulping behaviour and rate of

buoyancy increase were observed in fish whose buoyancy

had been lowered to about 0.5 ml,.q-l. Eight fish

(49-83 mm), acclimated to 19oC and a L2Lz12D photoperiod

in still water, \^/ere individually subjected to ambient

pressures of about 50 kPa (f atm = 101.3 kpa) Pressure
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reducLion was gradual and the number of gas bubbles released

by the fish was noted. once the fish was neutrally buoyant

at this reduced pressure, pressure was returned. Lo

atrrrospheric and the negatively buoyant fish was transferred

to an aquarium balance system (Gee and Graham, l97B) where

its weight in water was recorded at regular intervals and

the time of gulping was noted until no further changes

occurred. The fish was then kitled and its weight in

water without the swimbladder was measured, making it

possible to relate changes in the weight in water to

actual increases in swimbladder volume and to identifv the

rel-ative contribution of gulping and spitting to this

increase.

Ability to Maintain a Minimum Buoyancy

short term buoyancy maintenance. To determine if a diel-

rhythm in buoyancy fluctuation existed, buoyancy measurements

\dere made every 4 h for 48 h in stitl- water and in current.

Fish (4I-66 mn) coll-ected in October , L97 B were held at

Il-oc on a I2L 12D photoperiod for 30 days. During. November

and December, they \^/ere acclimated to 2LoC, one group of L2S

fish in still water and another in 20.*.=-1 current. This
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photoperiod was maintained in a quiet room until sampling
in rate January. Groups of B fish were examined from
both still water and. current after 50 days of acclimation
to their test conditi-ons. Red lamps (40vü) \dere used for
il-luminati-on during night sampling with no obvious effect
on fish behaviour. The fish were starved durins the
48 h period.

To determine
the effect of water velocity on ability to maintain a minimum

buoyancy in current fish (40-68 mm) collected in November,

L977 vvere divided into two batches, acclimated to either
2r or 30oc, and exposed to water verocities of either 10,

1

20, or 30 cm.s r Velocities in stream tanks were gradually
increased to the desired l-evel- over 6 h following introduction
of fish. Testing occurred. between February and r4ay , Lg7B,

when B fish were examined from each treatment after 0, 2, 4,
7, 10, 18, 26, 34, and 42 d in current. Fish were fed
f ollowing sampl.inq.

Long term effects of water temperature. The effect
of water temperature was measured at a veJ_ocity of 20 "*.=-l
where físh were exposed to temperatures of 5, fr, 2L,26, and

30oC. Sainpling was conducted as above.
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Effects of stress from temperature and velocit
To determine the

temperature and

minimum buoyancy

effects of stress from high water

velocity on the ability to maintain a

in current, fish were exposed to four
treatments:

1) constant temperature of 25oC and water

velocity of i.2.5 "*.==1,
increase in temperature from 25 to 31oC

at loc.d-I and then from 31 to 34.5oc at
0.5oc-d-l with a constant water vel-ocity

of L2.5 "*. =-f ,

,increase in water velocity from L2.5 to
27.5 .*.=-l at 5 cm."-f.4g h-t and then

from 27.5 to 35 "*.=-1.48 h-l with temperature

held constant at 25oC,

increase in temperature and velocity as

described above, except temperature \,\ras

increased to 35oc.

Four groups of fish (39-66 mm) , collected in october Lg7B,

lvere acclimated to 25oc in stream tanks and tested bet!úeen

26 November and 10 December L978. Treatments began

following a 10 day acclimation to a 12.5 
"*.=-I water

current and B fish per treatment were sampled dai1y.

Temperatures and water velocities were adjusted and fish
were fed fol-lowing the daily sampling period..

2)

{l

4)



T4

Statistical Analvsis

Regression analyses, lack of fit tests on the

regressions, and two-way analyses of variance tests were

done on an IBNI/370 computer, using ApL statistical
programme 5796-PHW. All fish \,vere chosen randomly for
measurement and observation" Unless otherwise noted,

analyses were done on individuar measurements and not on

the mean values for each treatment. All differences \,\rere

considered significant if the probability of error was

less than 5Z (P< 0"05)" Significance in the appendices

is denoted by an asterisk (*) and the vertical- lines from

the means, on some of the graphs, represent the g5Z

confidence interval (Cf¡. Note: In the appendices,

F values calculated from the mean sum of squares (mss)

often do not agree with the F varues l-isted. This occurs

because each of the mss values was rounded off from

16 digits before placement in the ANovA tables. F values

in the tables \^/ere calcurated using all 16 digits of the mss

and are correct.
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Mechanism of Buoyancy Alteration.

I¡'ihen

transferred from still water to current, fish decreased

their buoyancy from 0.720 to 0.596 ml.g-] over 12 h
(r'ig. 2) - on initial- contact with current most fish
adopted a heads-down angle of attack which gradualry
shifted to horizontal as buoyancy adjustment was compJ_eted.

on exposure to stíll water buoyancy increased from 0.653

to 0.852 mL-g-I over L2 h (Fig. 2). When still water
\^ras encountered most fish initiatly adopted a heads-up

swimming angle of attack which gradually became horizontal_
as buoyancy adjustrnent was completed. The regressions of
nrean buoyancy on percent swimming horizontally during
buoyancy adjustment downwards (in current) and upwards
(in sti1l water) were significant (Fig. 3, Appendix z),
indicating that swimming angle is a good predictor of
buoyancy.

Buoyalcy adjustment by spitting and gulping gas.

Fish seldom spit gas during the period of buoyancy adjustment.
spitting bubbles occurred. in still water and in current rust
after light onset and during the first hour of exposure Lo

Prgdiction of buoyancy from swimming ans1e.
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Figure 2" Mean buoyancy (so1id circles; n=B) and the

percent of fish swimming horizontally (open

circles) plotted for the first 12 h of

adjustment to either current or stil-l water.
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Figure 3. Regiression analysis of mean buoyancy (n=B)

on percent of the fish swimming horizontally

during the first J-2 h of adjustment to

current (solid circl_es) and sti]l water

(open circl_es).
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current (Fig " 4) . Fish gulped air at the surface in both
current and still water but the frequency \,vas greatest
during the initial 6 h of exposure to still water (Fig. 4) .

Apart from the hour following light onset, there was no

spitting or gurping of gas when buoyancy was not being
adjusted (i.e., when g5z of the fish were swimminc¡

horizontally) .

gas" When fathead minnows exposed to 30 
"*.=-t

current reduced their buoyancy, they al_tered the composition
of giases in their swimbladders by decreasing the amounts of
C0, and 0., relative to the amount of N" (Fig. 5). This was¿¿2
apparent in current after 12 h and the composition remained

unchanged after 60 h When they increased buoyancy after
the current stopped, the reverse occurred.. Fish with
access to the surface returned their 0z and N, levers to
near the initial- still water values but their C0, concentration
was higher. Fish without access had similar co, levels to
those with access but 0z levels \^/ere higher and N, levels
!^/ere Iower. The gas composition in anterior and posterior
Iobes of t'he swimbladder was similar.

adjustment by resorption and secretion



I9

Figure 4" Frequency of spitting bubbl-es and surface

gulping by fish when exposed to current for

24 h (buoyancy reduced) and then still water

for 24 h (buoyancy increased). Buoyancy

adjustment was complete when 952 of the fish

swam horizontally. Spitting and gulping

occurring outside the period of buoyancy

adjustment are indicated by sotid bars.
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Figure 5 " Percent of the swimbladder gas volume

consisting of Nr, 02, and C0, and buoyancy

in current and still water, with access to

the surface (solid circles) and without access

(squares). Vertical lines are 952

confidence intervals for the means.
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Rerative cogtributions of gas gulping and secretion

to buoyancy increases " rish which had their buoyancy

reduced by about 50% were variabre in the rate of rerurn

to neutral buoyancy (Table 1). The quickest did so mainly
by gulping air into the swímbladder, while s1ow1y ad.justing
fish relied more on gas secretion (Fig. 6). Small fish

l{ere able to increase their buoyancy by secretion significantly

faster than large fish, but the proportion of the overall

adjustment due to secretion \^/as independent of size. The

rate of buoyancy adjustment by gas secretion v/as related

to the length of the fish by the equation, y:0.0700-
20-0005x (r- = 0.76; Appendix 3). The vorume of air forced

into the swimbladder during an average gurp was significantly

larger in large fish (72-83 mm; f = 20 ¡tL) than in small

fish (49-67 mm; f = 11 ¡rL) but the volume of gas released

by spitting gas bubbles during buoyancy decrease was

independent of length.

Ability to Maint¿rj-n Buoyancy

Short term buoyancy maintenance in still water and

current.

range in still-

period (nig.7)

Buoyancy was maintained over a

water than in currenL durincr the

. In still water, buoyancy was

naf f O\^Ief

48 h test
signi ficantly



Tabie 1. Contributions of gas gulping
to neutral buoyancy in still

** Mrean secretion rates were z 49-67 mm =

72-83 mm =

and secretion to buoyancy increases during the return
\,vaEer.

-] -]0.042 ml,.g -.h ¿

-'l -'r0.028 ml,.g '.h a

4

1

2

3

1

3

1.5
I

N)
N)
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Figure 6. Progression of buoyancy alteration in

a fathead minnow using air gulping

(indicated by an arrow) and gas secretion

to increase buoyancy. So1id lines indicate

continuous observations, dotted lines

interpolations between hal-f-hourly

observations.
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Figure 7 " Buoyancy (solid circles) , standard volume

(open circles), and internal- pressure

(crosses) measured over 48 h in still- v/arer

and current. Points are means of B fish.
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higher during the second dark period than during the rest
of the experíment while internal pressure and standard volume

rernained constant (Appendix 4) . In current, buoyancy and

standard volumewere greater on day 1 than on day 2 whire
internal pressure remained constant. No diel rhythm was

apparent in buoyancy, eliminating the need to sampl-e at a

set time.

buoyancy maintenance. At ZLoc, a Ev/o-way anarysis
of variance on effects of water velocity on buoyancy over

time in current (2-42 d) showed that the main effect of
velocity was not significant, that signj-ficant differences
occurred. over time, and that there was no interaction between

the effects of water velocity and time in current (Appendix 5)

Following the initiar decline between day 0 and 2, buoyancy

decreased slowly untir day 1g after which there was little
changie (Fig. B). Fish maintained similar buovancies

at al-I velocities.

At 30oc, effects of water verocity were significant but
buoyancy did not vary significantly over time (day 2-48).
The interaction between these factors was significant
(Appendi.x 5). Within each water velocity there was

considerable variaLion in buoyancy which did not stabilize
until after day 10, after which fish in faster verocities
rnaintained lower buoyancies (Figs. B and 9).

Long term effects of water temperature and. verocit
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Figure B. Ilean buoyancies (n:B) between 0 and 42

days in 10, 20 and 30 .*.=-1 current at

either 2LoC or 30oc.
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Figure 9. Effects of water velocity on mean (n:40)

buoyancy (so1id circles), standard volume

(open circles) and internal- pressure

(crosses) at 30oC, between t0 and 42 days

in current. Solid lines are siqnificanu
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Buoyancy changes at each temperature resulted primarily
from changes in standard volume of the swimbl_adder (Appendix

5, Fig. 9)- Because there were interactions between

effects of water velocity and time, neither buoyancy,

internal pressure, nor standard volume could be lumped

for overall regression analyses.

rn 20 
"*'=-1 current, the main effects of both \^/ater

temperature and time in current on buoyancy were significant
(Appendix 5). These effects were complicated by a just

significant (0.04 < p < 0.05) time-temperature interaction
which, for the sake of comparison, v¡as ignored. Fol_rowing

the initial decl-ine between day 0 and day 2, buoyancy remained

variabre but was maintained at a relatively constant l_evel

for each temperature (Fig. l0). Buoyancy changes over time
and at each temperature \^/ere determined by j-nternal pressure

and standard volume (Figs. tl_ and l-2) "

rn temperature and velocity experiments, internal
pressure vüas generally highest and most variable during the
first 10 days in current (Appendix 5).

in f'2.5 "*'"-t current gradually reduced both buoyancy and

standard volume significantly but did not change their
internal pressure during the experiment (regression analyses;
Fig. f3, Appendix 6) Lack of fit tests on the regressions

Effects of stress from Lemperature and water velocit
on buoyancy maintenance. control fish hel-d at 25'c

for buoyancy and standard volume \^/ere siqnificant.



29

Figure 10 " Mean

in 20

Itoc
(open

buoyancies (n=B) between 0 and 42 days
-1cm"s * current at 5oC (solid circles),

(solid triangles), 2LoC (crosses), 26oC

r-.i -^-1 ^^\ ^L!rcrrr.9r-e¡',r, and 30"C (open circles).
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Figure 11. Effect of time in current on mean (n=40)

buoyancy (solid circles), standard volume

(open circles), and internal pressure

(crosses). Measurements are lumped for al-l

temperatures.
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Figure L2. Effects of temperature on mean (n=64)

buoyancy (solid circles) , standard vol_ume

(open circles), and internal pressure
I ^-^^-^^\\.-r\rÞÞçÞr¡ . Measurements are lumped

over time (2-42 d) .



BUOYANCY AND STANDARD

o
b',

,F
I

_toI
I

-l(rt l-

t
rlof
INI,I
I

LAI Ior

VOLUME (mL.g -l)

-l
rrl

T
m
ñ
Þ
Cn
rrl

o

3

.ogoo\¡b\õ

INTERNAL
PRESSURE
(Po.los)
:--

f\)
I
(o



5¿

Figure 13" Regressions against time for buoyancy

(solid circles) , standard vol_ume (open

circles) , and internal pressure (crosses)

when water temperature and velocity are

held constant. SoIid lines are significant

and points are incl_uded for the means (n=B).
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rn L2-5 cm-s 1 current, increasing the water temperature
resulted in a significant rinear increase in the internal
pressure of the swimbladder over time (regression analyses:
Fig. 14, Appendix 6) "

At 25oC, increasing the water velocity prompted

significant decreases in buoyancy and standard volume and

a significant increase in the internar pressure over time
(regression analyses: Fig. 15, Appendix 6). Lack of fit.
tests on the buoyancy and internal pressure regressions
were significant.

rncreasing temperature and velocity prompted both
internal pressure and standard volume to increase significantty
(Fig" 16, Appendix 6) - Both regrressions had significant lack
of fit tests.

significant rack of fit tests suggested that many of the
relationships v¡ere non-linear and might perhaps foltow some

more complex trend. However, in no case could a more complex
trend be found to fit and the linear rel-ationships remain for
illustration. poor fits of the regression lines to the data
resulted from a high degree of variability i-n the measurements.
Both buoyancy and standard volume means had high but constant
variabilities- The variance of internal pressure measurements

was not constant in conditions of increasing water temperature
and/or velocity- !ühen internal pressure v¡as high so was variance
(Fig' L7, Appendix 6) - Logarithmic transformations were performed
on the internal pressures to correct for this increasing variance.
Because they had rittle effect on Lhe significance , ,2, and. fit
of the lines, untransformed internar pressures were used.
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Figure L4. Regressions against time for buoyancy

(solid circles), standard volume (open

circles), and internal pressure (crosses)

when water temperature is increasing and

veJ-ocity is constant. Solid lines are

significant and points are incl-uded for the

means (n=B).



¿nz
ËHe

UJoÞz=
{J^
t 9ï-
2p_,<<E
õg*'
AF

Ø

68
OF EXPERIME NT

4

DAY

V= 1.067+O.OO45x , r2= O.05

rEMP(FglruRE 25 26 27 28 29 Ð 3l 3t.5 32 32.5 33 33.5 34 34.5



35

Figure 15. Regressions against time for buoyancy

(solid circles) , standard volume (open

circles) , and internal pressure (crosses)

when water temperature is constant and

velocity is increasing. Solid lines are

significant and points are included for

the means (n=B) .
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Figure 16 " Regressions against time for buoyancy

(solid circles), standard volume (open

circles), and internal pressure (crosses) ,

when both water temperature and velocity

are increasing. Solid lines are significant

and points are included for the means (n=B).
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Figure L7 " Variance of internal- pressure measurements

vs. mean internal pressure (n:B) for:

f. constant water temperature and velocity,

II. increasing temperature,

III. increasing velocity, and

IV. increasingi water temperature and velocity.

Sol-id lines are siqnificant.
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DISCUSSTON

rn nature, fish are exposed to fluctuations in water
velocity that necessitate alteration of swimbladder volume

and buoyancy. rf a fish cannot respond to attain the
appropriate buoyancy, its swimming effort increases, it
may lose position, and its chances of survival and

reproduction are diminished. Most buoyancy adjustment

is accomplished by gas secretion or absorption and by

gulping and spitting gas. Fathead minnows can make extensive
adjustments at a rapid rate and maintain the optimal neqative
buoyancy indefirrd_tely in current.

Mechanisms of Buoyancy Adjustment

Fathead minnows are abre to increase buoyancy by gas

secretion from their rete mirabile and by gulping aír directly
into the swimbladder through the pneumatic duct. They can

decrease buoyancy by resorbing gas from the swimbradder and

by forcing gas out of the swimbtadder through the pneumatic

duct " The extent to which each of these mechanisms is
used varies between fish. under extreme conditions,
internal pressure may also be altered to help adjust buoyancy.
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when fathead minnows are at l_ess than optimal buoyancy,

they increase swimbladder volume quickly by gulping air at
the surface and slowly by secreting gas into the swimbl_adder.

Evidence that they secrete gas incl-udes the changing

swimbladder gas composition during buoyancy increases and

the ability to increase buoyancy without being able to gulp
air. Gulping and secretion are used simultaneously Eo

increase buoyancy with observations showing that the former

normally accounts for about 70qõ of the increase.

rf fathead minnows used either mechanism exclusivery,
and assumingr that the increases were linear, they could filr
a compÌetely emptied swimbl-adder in 2.5 h by gulping (0.42

-'l -]ml.g *"h -), 24 h by secretion for small fish (49-67 mm,

-'l -r0-042 mr'g *'h -), and 36 h by secretion for large fish
(72-83 mm , O .O2B mL- g-1-fr-I) . Gee , s (1977) data give
similar results, showing that small fathead minnows (47-63

Írm, 0.040 mL'g-r'h-I) can f ilr their swimbl-adders compretely
in 25 h and juveniles (20-30 Inm, 0.057 mL.g-1.h-1) in 17.5 h.
size related rate differences may reflect the greater
relative metabolíc and gas uptake rates of smarrer fish
(Ultsch, L973¡ Jones and Randatl , l-}TB) .

These secretion rates are higher than those reported
for other physostomes. Mudminnows (Umbra limi) take at
least 24 days to completery filr an emptied swimbladder bv

secretion (Gee, in prep.)

gairdneri and S. trutt.a)
Rainbow and brown trout (Salmo

+ ^l-^ua^e at least 13 days (Wittenbêr9,
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1958), goldfish (Carassius auratus) between 5 and 7 days

(Evans and Damant, r92B; wittenberg, 1958), and rongnose

dace (Rhinichthys cataractae) between 3 and 4 days to
completely fill an emptied swimbradder by secretion (Gee,

1968). When practical, slower secreting fish like
mudminnows and rainbow trout fill their swimbl-adders by

gulping air withín 20 min (Gee, pers. comm.). The rete
mirabil-e is generally less well developed than that of
physoclists, which are able to firl their swimbladders by

gas secretion in 2 Lo 24 h (Fange, 1966). Lowering the
water temperature may reduce the fathead minnow,s rate of
buoyancy increase (Gee, 1977), but it does not necessarily
mean that secretion rates are altered. As temperature
changes, changes in the rate of oz secretion are offset
by changes in the rate of cTz secretion (McNabb and. Mecham,

L97r). This may mean that fish are not able to gutp air
as effectively at low temperatures.

Little is known about the biochemistry of gas secretion
in the physostome swimbladder. rndeed, in many species,
researchers have been unabre to confirm the existence of
gas gland cell-s (Fange, L976). Microscopic examination of
the fathead minnow swi-mbladder reveals a wel-l developed system

of counter current capillaries which, tike those in the eel
(Anguilla vul-garis) (steen, l-963) , probably account for the
high rate of gas secretion. As in physoclists, most of the
newly-secreted gas consists of 0z and cOr, suggfesting that



47

the secretory mechanisms may also be similar (wittenbêtg,
1958; Fange, L976) " Nitrogen concentration in the swimbladder
is l-ow following secretion but it slowly rises to the normal_

still water level by diffusion and secondary oz resorption
(Vüittenbêyg, 1958; Alexander, Lg66; Enns et aI. , L967¡

Abernethy, 1972). Carbon dioxide diffuses out of the
swimbladder following secretion. still water gas composition
(t-5% c02, Lr.4'e" 02,87.lu r{2) closely resembles that reported
for two other physostomes, the shallowwater cisco (Leucj_chthys

artedi: L.6z c02,'r0.72 02, 97.72 Nz) and the American smelt
(osmerus mordax: 1.0u co2, Lr.zr" 02, 87 .gz *z) (saunders, 1953) .

when fathead minnows are too buoyant, they can decrease

swimbladder volume quickly by spitting gas bubbles or slowly
by resorbing gas from the swimbl_adder. The former is used

in response to fright; the latter is the main mechanism used.

to reduce swimbladder volume in response to an increase in
water velocity. This is evidenced by the lack of spitting
when current is increased and the change in composition of
swimbladder gases. This change is opposite that which occurs
during secretion. High N, and 1ow oz and c02 concentrations
following buoyancy reduction suggest that gas is removed. from
the swimbladder by diffusion. This is supported by the fact
l-1^ -+ ^^ 

Å: c r.tnau cu2 d.r-ttuses out of the swimbladder faster than 0z which
diffuses faster than N, (piiper et al-. , 1962¡ Kutchai and
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Steen, L97I¡ Denton et al., 1972) Thus, N2 concentration
rises as 0z and c0, are preferentially resorbed. During
exposure to current, fish were observed occasionally to
gulp air at the surface. If it was taken into the swimbl-adder,

buoyancy should have increased. rt did not and this may mean

that air was taken into the swimbladder where the 0z and c}z
\^¡ere removed by resorption. since oz consumption in current
is one of the limiting factors to swimming performance,

having the ability to supplement oz uptake during strenuous
swimming, especially at non-optimal temperatures, would be

a great survival advantage (Brett , 1964, LTTZ) . The rate
of gas resorption appears to be independent of temperature
(Gee, L977) - small fathead minnows (47-67 mm) can halve
the volume of gas in their swimbladilers using mainry

resorption in 15 to 22 h (0.03 4-0.023 ,1,.g-1.f,-1) . rf
they are forced to spit gas they can harve their swimbl_adder

volume without injury in less than l0 min.

under extreme conditions, fathead minnows appear to
contract or expand swimbladder vorume by muscurar activity,
decreasing or increasing buoyancy. This is evidenced by

changes in the internar pressure and has been observed to
occur in several other species of physostomes and in some

physoclists (iulcCutcheoru L962¡ Gee, L97O¡ Gee et al_. , Lg7 4) .

This method can only be used to alter buoyancy over a smalr
range. rt is used when fish are first exposed to current

ffiut'rrvenq
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and \iúhen water temperature and./or velocity are high and

increasing. During the initiar stages of buoyancy d.ecrease,

altering the internal pressure may prevent unnecessary gas

resorption where buoyancy need only be altered for a short
period. under stressful conditions, internal pressure

alterations, though slight, may be criticar to the adjustment
of swimbradder volume and buoyancy. The use of internal-
pressure may be limited to short term buoyancy adjustments
by the energy cost of maintaining muscular tonus. such

short terrn adjustments may improve the precision of buoyancy

control_ (t¡IcCutcheon, 1962) .

Fathead minnows can alter swimbladder volume to adjust
buoyancy by resorption/secretion, spitting/gulping and arso
by altering internal pressure of swimbladder gas. The

former two mechanisms are used for major changes, the l_atter
is used sparingly - usuarly for minor ad.justments. There

are advantages and disadvantages to each of these methods.

spitting and gulping have the advantage of changing buoyancy

rapidly. They have the disadvantage of imprecision and

gulping arso requires time and energy to go to the surface,
it exposes the fish to predators, and it is difficult when

ice is present. Gulping air at atmospheric pressure also
makes it difficult to obtain sufficient gas to maintain neutral
buoyancy at depths where pressures are much greater than
atmospheric. Secretion and reqnrnl_inn while slower have none

of these disadvantacres Tnternal pressure alterations have
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the advantage that they do not require gas exchange and

the disadvantages of being energetically expensive and

causing only limited swimbladder volume and buoyancy

changes.

The mechanisms used to inflate or deflate the swimbladder

may be infl-uenced by several environmental factors. For

exampre, predator disturbance may cause buoyancy reduction
by spitting; it is fast, allowing fish to quickly seek

cover on the bottom or at the surface and precision is
not important (Jones, L95I, 1957; Verheijen, 1962¡

McCutcheon, L966; sullivan and Atchison, rgTB) " Fish
entering current from stil-t water resorb gas, tailoring
buoyancy precisely to the lever where swimming is most

efficient. rce cover rnay necessitate secretion under some

conditions and fish far berow the surface may secrete
rather Lhan swim to the surface to gulp. Following
predator exposure and buoyancy reduction, it might be

advantageous for fish to quickly return to neutrar buoyancy

by gurping air at the surface. rn this event, adaptations
such as group surfacing might be used to red.uce exposure

to predators (Gee, in press). Reducing buoyancy for short
periods by íncreasing internal pressure might be advantageous

for fish swimming from one pool to another up a riffle.
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They would swim efficiently in the current of the riffl-e
without having to gulp or secrete gas when they reached

the upper pool. Having a choice of mechanisms avail_able

may in itserf be advantageous as the fish can use that
strategy which is safest and most efficient under the
prevailing environmental conditions.

Ability to Maintain Buoyancy

Fathead minnows can maintain a buoyancy level appropriate
to the hydraulic demands of their environment for at least 42

days " Two of the factors determining the level- attained are
water temperature and velocity. fn near lethaI combinations,
or when temperature is low, they may cause buoyancy maintenance

to fail (Berezay and Gee, 1978).

Fish make buoyancy alterations to counteract the changing
forces of lift. on their bodies, thereby reducing swimming

effort required to maintain position, Because tift forces
do not change unress the hydraulic forces on the fish's body

change, to maximize swimming efficiency in constant conditions
fish should maintain a constant buoyancy. Lift forces (FL)

are deter¡nined by the density of the fish (f ) , the maximum

projected surface area (Sfr) , swimming speed (U), and the
coefficient of lift (cr); where c" eeuals a constant for a

given hydrofoil shape (k) murtiplied by the sine of the
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swimming angle of attack (o< ) " This results in the eguation:
FL = \¡snvzc" (üIebb , L975) .

Based on this information, lift and therefore buoyancy shoul_d

change quadratically as the inverse of the water velocity
when all other factors are constant. rn practice, there is
only a simple inverse linear relationship between buoyancy

and water velocity. rt hol-ds over the rong term at 3ooc

between vel-ocities of 10 and 30 "*.=-l and for increasing
water velocities when temperature is a constant 2soc. cee

(L977 ) workj-ng with fathead. minnows at 2roc and Neave et al.
(L966) working with salmon parr al_so found that buoyancy was

inversely related to water velocity with a linear relationship
existing. Why buoyancy changes are linear and not guadrat

as predicted by webbr s (r975) model remai_ns uncl_ear.

The lack of relationship between buoyancy and velocity
observed at 2roc is pùzzling. rt is contrary to other
observations and suggests that some other factor influences
buoyancy at that temperature. since 2Loc is the optimal
temperature for swimming performance and. reproduction in the
fathead minnow (Brungs, r97r¡ Gee, Lg77) | it may be that fish
expend less energy swimming and consequentry the energy saved

by fine buoyancy adjustments is unimportant.

The relationship between temperat.ure and buoyancy level
is not a simple one. Average buoyancies were higher at 5

and 26oc than at ff, 2r and 30oc. Gee (rg77) obtained
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simil-ar results except that buoyancy remained low at 24 and

27oC after 3 days in current. Since increasing water

temperature from 25 to 34.5oC while holding velocity

constant also had no effect on buoyancy 1evel, other

temperature dependent factors may have been operating at

26oC. Neither season of t.he year, degree of gonad

development, condition, nor photoperiod wirich were found

to affect buoyancy (Luoma, 1979) can explain why buoyancy

should be higher than expected at 26oC. The inability to

reduce buoyancy to the same extent at 5oC as at higher

temperatures and to maintain it within narrow limits over

a long periodr ffiay mean that only at low temperatures are

fathead minnows unable to respond to lift created by

increasing water currents. Why this should be so has

yet to be explained. since low temperatures encountered

in nature are often coincident wiih spring run-off, fish
unable to reduce their buoyancy at row temperatures risk
being swept downstream.

In current, the initial buoyancy red,uction takes less

than 24 h but it appears to be approximate. Adjustments

continue for between 4 and 18 days untir a buoyancy level
appropriate to the water temperature and velocity is reached.

Following adjustment, buoyancy is usually maintained at a

constant low l-evel. During maintenance, buoyancy fluctuations

occur both within and between sampling days. These forlow
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no set pattern and probably reflect minor changes in the
test conditions and/or in the groups of fish tested.
Most buoyancy differences between temperatures and

vel-ocities result from differences in the amount

(standard volume) of gas in the swimbladder and not in
the internar pressure. However, during the initial
buoyancy decrease and at high temperatures, internal
pressure may also be altered.

Stressr âs defj_ned by Brett (1958), is a state
produced by any environmental or other factor which extend.s

the adaptive responses of an animal beyond the normal range

or which disturbs the normal functioning to the extent
that, in either case, the chances of survival are

significantly reduced. T\,ro environmental_ stressors are
high water temperature and velocity.

when fish are stressed by increasing water temperature
and/or velocity, to near l-ethar levels, internal pressure
plays a much greater role in determining buoyancy Ievels.
rt increases when temperature or both temperature and

velocity are increased, offsetting increases in standard
volume and keeping buoyancy level constant. when velocity
al-one increases, internal pressure rises as standard volume

falIs, increasing the extenL of buoyancy adjustments.
rnternal pressure may be a good indicator of sublethal
temperature and velocity stress. fnitialJ-y, variabitity
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is uniformly low as al-r of the fish can regurate their
internar pressure. Thenr âs temperature reaches 3z.5oc

or velocity 30 .*- "-1, variabiliLy increases as some fish
lose their ability to contror internal pressure. Finally,
at extreme temperatures and velocities (34.5oc, 35 "*.=-1),
all of the fish lose control of their internal pressure and

variability is again 1ow. when control is lost, buoyancy

often rises abruptly. rt would be interesting to determine

whether sublethal chemical stressors have similar effects.
It is interesting that effects of stress from increasins

water temperature and. verocity simulLaneousry are not
cumulative. Fish eitirer no longer can or no longer need

to reduce buoyancy in response to increasing current when

temperature is also íncreasinq. Several observations
suggest that the latter is the correct explanation.
rnternal pressure variabirity was generally 1ow, fish
did not appear to be labouring whire swimming in current,
and there were no mortalities. Periraps the combination of
high temperature and vel-ocity cause a slight change in the
fish's body shape, thereby reducing lift and the need to
compensate by reducing buoyancy. Fish swimming in current
arso appear to withstand higher temperatures than those in
stil-l- water. on one occasion temperature was raised to

al37-c overnight and fish in current all- survived with no

obvious i11 affects The stil-l- water lethal_ l_evel is
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reported to be 34oC (Brett, 1944¡ Hart, 1947; Brungs, L97I).

These differences may be partially due to the greater oxygen

availability in current than in still water at high

tenperatures. The effects of increasing water temperature

and velocity simultaneously, then, appear to be antagonistic
(Sprague, J-970).

Fathead minnows can maintain buoyancy in current over

long periods. This ability enables them to swim efficiently

in current, facilitating migrations upstream to more desirable

habitats and preventing them from being swept d.ownstream to

less desirable habitats where they would be more susceptible

to predation and extinction. North temperate streams are

characterized by rapid changes in time and space of water

velocity and many have a prolonged interval of spring run-off.
The fathead minnow is adapted to such an environment partially

because it can adjust buoyancy rapidly and maintain a negative

buoyancy for an extended period.
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APPENDIX T

Gas volume corrections and sample calculations.

Gases released from the swimbladder during collection
\^/ere subject to chang'es in pressure, temperature, and volume.

To determine the effects of thermal expansion-contraction,
gas diffusion into the water bath, and water column height
in the coll-ecting pipet.te on gas released from the swimbladder,

a test experinent was performed.

rn the test experiment, conditions were exactly simirar
to thóse of actuar swimbladder gas vorume measuremenrs

except that known gas volumes were released" Fifty and

100 ¡rL (+ 1 percent) air samples were released und.er water

at 5, 10, 15, 20 , 25, 30, and 35oC and collected in an

inverted funnel. They \{ere then measured aL 22.2oC in
a 200 ¡tL (+ B percent) pipette attached to the funnel.
Eight measurements of 100 ¡rL sampres were made at each

tenrperature using 2 dífferent pipettes, A and B, and similar
measurements of 50 ¡rL samples were made with pipette A.

Pipette A was used for all previous experimentation.

Gas volumes released differed from those collected both

with Lemperature and between pipettes (tab1e A1). There

were no measureable gas volume changes arising from

solubility, diffusion or from expansion due to water column

pressì.rre in the pipette. Volumes of 50 and l-00 uL changed

the same rerative amount with temperature and while pipette A

and B showed similar slopes with temperature, their y-intercepts
dif fered rnarkedlv "
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Table Ä,1" Regression equations testing for gas sampling
errors. Asterisk (*) indicates statistical
significance (P < 0.05) "

Pipette and
Gas Vol-ume
Released

Slope
y-intercept {¡r,. oc-l) Ea 1r; +

V!¿L. -2-È\.F" Calc.

pipette
10 0 ¡:L

pipette
l-00 uL

pipette
50 uL'2

116. 3 ¡:L

108. 4 ttL

115.3 uL

115.6 uL

-0 .396 4

-0.3054

-0 .37 32

-0.3s14

L302 .7 x

612 .3x

538.2x

A-

B_

A-

4 .06

4. Ub

4.06

0.960

0.919

0.909

regression for
ni no{-'l-o 

^-È-*t--
based on error
100 nL

Table A2 Correction factors
the swimbladder.

for gas vol-umes released from

Temperature
of Fish
(oc)

Correction
Factor

Temperature
of Fish
l on't Correction

Factor

5

11

I9
2L

25

26

27

2B

29

30

1.143
1. 119

l.OBB
1"080
1.064
1.060
1.0s6
1. 052

I.O4B
r.044

31

31. 5

32

32 .5
33

33.s
5+

34.5
35

1.040
1.038
1.036
1.034
r.032
1.030
1.028
L.026
L.024
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The results suggested that volumetric errors in the

gas measurement were due to volumetric errors in the pipettes

and thermal- expansion or contraction of the gas. For

pipette A, Lhe collected volume of a 100 uL sample, held

and. measured at 2Z.2oC, was 107.5 ¡:L (í.e., y=116.3 pI,-
0.39 64 prgc-L.zz.2oc ) . This positive 7.5 percent error

in the pipette, coupled with thermal contraction (1.0 ¡rL =
(273 K + 22.21ç"Q73K + 35K) : 0.9584 ¡tL) or expansion

(1.0 ¡rr,= Q73K + 22.2fr+873 K + 5.0 K) = 1.0619 ¡:L) , yielded

a regression equation within I percent of the observed

regression for pipette A, confirming the sources of gas

measurement error (Figure 41, Table AI). Both sources of
measurement error and the daily barometric pressures were

corrected for in the internal pressure and standard volume

measurements. For example:

Fish C: held at 25oC

- body weight 1.848 g

- weight in water + swimbladder 0.C23 q

- weight in water swimbladder 0.103 g

gas volume released from swimbladder 0.092 mL

swj-mb1ad.der displacement volume 0.080 mL

Buoyancy = Swimbladder Volume = 0.080 mL = 0.177 mL.q-Iffi õ.m3-s
Without Swilnbladder

- measures the flotation per gram weight of

fish tissue in water, independent of

temperature and pressure.
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Figure 41. Measured and predicted error in gas sample

vol-ume measurements arising from gias contraction

and expansion with temperature changes and from

errors in the pipette volume"
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ïnternal Pressure = Gas Volume Releasedffi
= 0.092 mL = l_.150 Atmospheres

õlTEõ mr

the gas volume released was subject to measurement

error from thermal contraction of 9âs, from

pipette volumetric error, and from atmospheric

pressure fluctuations. since gas vol_ume measured

$/as 1-064 times greater than the actual volume

released, the internar pressure (atm) was divided
by r-064" This corrected for thermal and pipette
volumetric errors. Dairy pressure fl_uctuations

also affected gas measurements as each rAtmospheret

\,vas at the altitude of Winnipeg, and subject to
daily variation. On 26/II/78, the day of
measurement, the pressure was 993.2 millibars
or for ease of comparison 0.993 pa.l05

(Environment Canada, Winnipeg Airport, Table A2).

Multiprying the internal pressure (atm) by pressure
(pa-105-atm-l) gave the actual pressure of the

gas inside the fish's swimbladder. rn this case:

Internal- Pressure = 1.150 atm O.gg3 pa.t05.atm-l
I.¡E?-

= 1.073 Pa-105

Standard volume = Gas Vofume Releaqed.=0.993 pa.l_05
wffi ---I.DEZ-
Swimblad ð.er'

= 0.834 mL-q-l
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measures the gas volume released (at 25oC and

standard pressure) per gram weight in water.
It allows comparison of the relative amount

of gas in the swimbladder between temperatures,
not of the moles of gas in the swimbladder.
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Percentage of Fish Swimming
and 952 Confidence fntervals
and Current at 19oC.

APPENDIX 2

Horizontally,
(Cr¡ Duri-ng

Mean Buoyancy
Adjustment to

(*r,'g-1 , n=B )
Still Water

Time
Percent
Swimming
Horizontally

Mean
Buoyancy Standard

Deviation
952
For

CI
Mean

Current

st.i11
Water

s0.0
55.2
6L.2
75"0
77.5
85.0
44.2
48 .5
54.0
76.8
87.0
87 .5

0.720
0.705
0 .657
0.600
0.619
0.596
0.653
0.653
0 .6L2
0.794
0. 849

0"852

0.138
0.l-23
0.I20
0.096
0.126
0.134
0.I20
0.145
0. 154

0"I27
0.1_53

0. t_l4

U.OU+

0 .602
0.5s7
0.520
0.514
0 .484
0.553
0.532
0.484
0 .687
0.722
0.757

0.835
O.BOB

0.7s7
0.681
0.72,5

0.708
0.7s3
0.775
0.74L
0.900

^ 
o'7 1

0.947

h

0.5
1.5
2.5
5.5
8.5

11.5
0"5
t--5
2"5
5.5
8.5

r1.5

-'tml,'s - )

Regression Analyses Tables: (See Note r page I4)
Percent of Fish swimming Hori?onta11y vs. Mean Buoyancy (mr,.g-l)During Adjustment to 20 cm.s-f Current.

Source df Þ5 MSS F. Calc . F . Crit.
TotaI
Regression
Residual

0.0144
0.0133
0.0010

0.0029
0.0133
0.0003

52 .02*
**

5
I
4

7.7L

Percent of Fish swimming Horizontalry vs. Mean Buoyancy (mr,.q-1)During Adjustment to st.ilr water Following exposurå lá'zri-""*l"-1 current.

Regression Equation: y - 0.9004 0.0037 xr = 0.964

Source df qq Itt5 ò F. Calc. F. Crit.
Totaf
Regression
Residual

0.0587 0.01_18
0. 0539 0. 05 39
0.0048 0.0012

5
't

4
44.7 3***

* * Àln e^*^ -! -!!v reyscrLÞ lack of fit tests not possible 
"

= 0.918

7.7I

Regression Equation: 0.3834 + 0.0053 Xr
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APPENDIX 3

Regression Analyses of Fish,l,ength (nm) vs. Rate of Buoyancy Increase
by Gas Secretj-on (mL.g-r.h-I). (See NoLe, page 14)

Source ÞÞ mss F.CaIc. F.Crit.

Total 7 0.00045 0.00006
Regression 1 0.00034 0.00034 18. 82* 5.99
Residual 6 0.00011 0.00002

Lack of Fit 5 0.00011 0.00002 43.40 230.0

Pure Error 1 0.00000 0.00000

Þanraqci nn E-arrr.l-i nn. fì 
^?^^ - ^ ^l 

2
-=uationz y = 0.0700 - 0.0005 x, T' = 0.76

A one-way ANOVA comparing the volumes of gas

bubbles forced into the swimbladder (gulps)

found that large fish (72-83 mm) gulped

significantly greater amounts of gas on the

average than did small fish (49-67 mm)

(Fc.r". = 39'5*, to.o 5,L,6 = 5'99) '

df
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Two-Vüay Analyses of Variance: Buoyancies
St r-t..|- Water. ( See Note r page 14 )

-'l(ml,'g -) of Fish Held in

Source df Þ5 MSS F. Calc. Prob. of F.

Days
Time Interval-s
fnteraction
Error
Total

I
5
5

84

95

0.0068
0.0167
0.01-06
0.1386
0.1727

0.0068
0.0033
0.0021
0.0017

4 .10
2 .03
L.28

0.96*
0.92
0 "72

Source df mss F. Calc. Prob. of F.

Days
Light and Dark
Interaction
Error
Total

I
T
I

92

95

0.0068
0.0068
0.0065
0.L526
0 . 1727

0.0068
0.0068
0.0065
0.0017

4.08
4.10
3.92

0.96*
0.96x
0.95

Buoyancies (ml,-g -) of Fish Hel_d in 20 -'lcm"s - Current.

Source df Þ5 mss F. Calc. Prob. of F.

Days
Time fntervals
Interaction
Error
Total

1
5
5

B4

95

0.1166
0.1400
0.11_00
r.2837
1.6503

0. t_166
0.0280
0 .0220
0.01s3

7 .63
1.83
r.44

0.99*
0. 86
0.78

Source df SS MSS F.Calc. Prob. of F.

Days
Light and Dark
Interaction
Error
Total

I
I
I

92

95

0.1166
0 .0240
0.0005
L .509 2

1.6503

0.1166
0.0240
0.000s
0.0164

7.11
r.46
0.03

0.99*
0.77
0.16

Standard Volumes
Source df

of Fish Held in Still Water.
ss mss F. Cal-c. Prob. of F.

Days
Time fntervals
Interaction
Error
Total-

I
5
5

B4

95

0.0009
0.0213
0.0373
0.3558
0.4153

0.0009
0.0043
0.0075
0.0042

0.20
1. 01
r.7 6

0.34
0.58
n a-7
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APPENDIX 4 cont'd
Standard Volumes

_¡(mI,.g t) of Fish HeId in Stil1 Water.

Source df InSS F. Calc. Prob. of F.
Days
Light and Dark
Interaction
Error
Total-

1
1
1

92

95

0.0009
0.0058
0.0032
0.4054
0.4153

0.0009
0.0058
0.0032
0.0044

0.19
L.32
0.74

0. 34
0.75
0.60

Standard Volumes (*r,.g-I) of Fish HeId in 20 "*.=-1 Current.

Source df ÞÐ InSS F. Cal-c. Prob. of F.
Days
Time Intervals
Interaction
Error
Total

1
5
5

B4

95

0.2158
0.2916
0.1716
1. s6 75
2.2466

0.2158
0.0583
0"0343
0. 0rB7

I1. 56
3.12
I. 84

1.00*
0.99*
ñ oo

Source df SS InSS F. Cal_c. Prob. of F.
Days
Light and Dark
Interaction ¡,

Error
Total-

I
1
I

92

95

0.2158
0.0238
0.000t_
2. A069
¿. ¿4|U.6

0.2158
0.0238
0.0001
0.0218

9. 89
1.09
0.005

l_.00*
0. 70
0. l_0

Internal pressures (pa.l_05) of Fish Hel-d in Still Water.
Source df SS MSS F. CaIc. Prob. of F.
Days
Time Intervals
Interaction
Error
TotaI

t
5
5

B4

95

0.0034
0.0089
0.0170
0.2500
0.2793

0.0034
0.0018
0. 00 34
0.0030

1.13
0.60
r.14

0. 71
0. 30
0.66

Source df SS MSS F. Cal-c. Prob. of F.
rJcry Þ

Light and Dark
fnteraction
Error
Total

'l

1
l_

92

95

0.0034
0.0002
0.0009
0 .27 49

0.2793

0.0034
0.0002
0.0009
0.0030

T "12
0.07
0 .29

0. 71
0.22
0 .44
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APPENDIX 4 cont'd

rnternal Pressure (pa't05) of Fish Held in 20.*-=-lcurrent.

Source df ss mss F. Calc" prob. of F.

Days I 0 " 0103 0.0103 1.78 0. 82
Time Intervals 5 0.0489 0.0098 1.70 0.86
Interaction 5 0.0430 0.0086 I.49 0.80
Error 84 0.4842 0.0058
Tota] 95 0.5864

Source df ss mss F.Calc. prob. of F.

Days 1 0.0103 0.0103 I. 65 0. S0
Light and Dark I 0.0020 0.0020 0.33 0.42
Interaction, I 0.0005 0.0005 0"09 0.24
Error 92 0.5735 0.0062
Totat 95 0'5864
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APPENDIX 5

(See Note,

Effects_on Buoyancy (mr,.g 1) of Long Term
30 cm.s-t Current at z]-oc.

page 14)

Exposure to f0, 20, and

Source df ss MSS F. Calc. F. Crit "

Water Velocity
Time
fnteraction
Error
Total

2
7

L4
168

191

0.0378
0 .6245
0.218L
2.0378
2 .97 82

0.01-89
0.0892
0.0199
0.0121

1.56
7.36*
I.6 4

3.01
2.0r
r .69

Effects on standard vorume (mr,.g-r) of Long Term Exposure to 10, zo,and 30 cm-s-l Current at 2LoC.

Source df SS MSS F. Cal_c. F. Crit.
üiater Velocity
Time
Interaction
Error
Total

2

L4
168

191

0.1009
0.7638
0. s030
2. BI23
4.1801

0.0s0s
0. t_091
0.0359
0.0167

3.01
6 "52*2.r5x

3.01
2.0I
r.69

Effects on fnternal pressure
20, and 30 cm. s-I Current at

of Long Term Exposure to 10,(pa - to5 )

2roc.
Source df SS MSS F. Calc. F. Crit.
Water Velocity
Time
Interaction
Error
Total

2
7

I4
168

I91

0 . 0229
0.0501
0.2569
1. 2 810
1.6110

0. 0155
0.0072
0.0184
0. 00 76

1.50
0.94
2.4I*

3.01
2 .0I
1.69

Effects-on Buoyancy (*r,'g 1) of Long Term Exposure to r0, 20, and
30 cm's Current at 30"C.

Source df SS ruÞ Þ F. CaIc. F. Crit.
!üater Velocity
I 1me
fnteraction.
Error
Total-

2
7

-tA
a=

16B

191

0 -2543
0.0641
0 .442L
2 .0225
2 .7 830

0.r27r
0.0092
0.0316
0.0r20

l-0.56*
0.76
2.62x

3.01
2 .0I
1.69
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Effects on
and 30 cm" s

cont I d

Standard Volume (mL.g
-r Current at 30oc.

-1) of

70

Long Term Exposure to f0, 20,

Source df SS MSS F. Ca1c. F. Crit.
hlater Velocitwri;;-
Interaction
Error
Total

2
7

1ll!=

168

191

0.26l-5
0 .0437
0.4893
2 "1756
2 .97 0I

0.1308
0.0062
0.0350
0 .0l-29

10.10*
0.48
2.70*

3.01
2.Or
1.69

Effects on rnternal- Pressure (Pa'10f,) of Long Term Exposure to f0, 20,
-land 30 cm.s-t Current at 30oc.

Source df SS MSS F. Calc. F. Crit.
Water Velocity
l'l-me
Interaction
Error
Total-

2
a

L4
168

191

0 .0265
0.l-736
0.1218
1 . 6118
1"9337

0.0133
0 .0248
0.0087
0.0096

1. 3B
2.58*
n ql

3.01
2 .0r
r.69

Effects
Current

on Buoyancy (mr, . g-I )at 5, 11, 2L, 26, and
of^Lonqr Term Exposure to 20 cm.s
3ooc. "

-1

Source df ÞÞ MSS F. Cal-c. F. Crit.
Temperature
'l_'l_me

Interaction'-:
Error
TotaI

4
7

28
280

319

0.8893
0 .3344
0.sBB4
3 .7 824

5 .59 46

0 .2223
0.0478
0.0210
0.0135

16 .46*
3.54*
1.56*

2 .37
2 .0r
1.48

Effects on standard volume (*r,.g^I) of Long Term Exposure to 20 "*."-1Current at 5, lf , 2I, 26, and 30"C.

Source df ss MSS F. Calc. F. Crit.
Temperature
Time
Interaction
Error
Total-

4
7

2B
280

319

0.709s
0.4481
0.9206
4.9I09
6.9891

0.I774
0.0640
0.0329
0.01_75

l_0.11*
3.65*
1.87*

2.37
2.0r
r_.48
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Effects on rnternal pressure (pa.t0)) of Lgng Term Exposure ro20 cm.s-I Current at S,lI, 2I, 26, and 3õ"õ: ---- -'

Source df Þ:) MSS F. Cal-c. F. Crit.
Temperature
Time
fnteraction
Error
TotaI

4
7

2B
280

319

0.1823
0.1584
0 .7 897
2.9324
4.0628

0.04s6
0 .0226
0 .0282
0.0105

4"35*
2.I6x
2.69x

2 .0I
L.48

Effects on Buoyancy
days, to 10, 20 and

(*r,. g-1) , of Long Term
30 clrr-s r Current at

Exposure, Between t0 and 42
300c.

Source df SS MSS F. Calc. F. Crit.
Water Velocity
I l_me
Interaction
ljrror
Total

2
4
a

t_05

119

0.3873
0 .0282
0.1695
L.0952
1.6 802

0.1936
0.0071
0.0212
0.0r04

18.57*
0"68
2.03

3.09
2.46
2.03

Effects on Internal_ pressure
10 and 42 days to 10, 20, and

(Pa.10) ) ., of Long Term
30 cm. s-' Current at

Exposure Between
3ooc.

Source df 5Þ rttò ò F. Cal-c. F. Crit.
lVater Velocity
Days
Interaction
Error
Total-

2
+

B

105

1r9

0.0080
0.0071
0.01_08
0.0083

0.96
0. 85
r.29

3.09
2:46
2.03

0.0160
0.0284
0.0862
0 .8752
1. 005 I

Effects on
and 42 Days

Standard Volume
to I0, 20, and

-1(mL.g t).of Long Term Exposure Between l0
30 cm.s-f Current at 30oC.

Source df qq MSS F. Calc " F. Crit.
Water Velocity
Days
Interact.ion
Error
Total-

2
4
B

105

l_19

0.4070
0.0391
0 .2307
L .27 9L

r. 9559

0.2035
0.0098
0.0288
0.0122

r6.70*
0. B0
2.37x

3.09
2.46
2 .03
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Regression Anal)¡ses: (See

Buoyancy (m1,. g-t) vs. Water
and 42 days in Current.

Note, page l-4)
Velocity (cm. s -] ^*) at 30"C Between 10

Source df SS MSS F. Calc. F. Crit.
TotaI
Regression
Residual
Lack of Fit
Pure Error

r19
1

118
1

LL7

1.6 802
0.3868
I.2934
0.0005
I.2929

0.0141
0.3868
0.0110
0.0005
0.0111

35.29*

0.045

3.92

3 .92

Regression Equation: y = 0.8075 = .0070 x tt

(cm. s

= 0.230

Stanoard Volume (*t.g-1) vs. Water Velocity -l) at 3ooc Betweenl0 and 42 Days i-n Current.
Source df MSS I. î21¡ F. Crit"
TotaI
Regression
Residual
LacK or ¡'r_t
Pure Error

119
1

118
I

LI7

1. 9s59
0.4042
I " 5517
0.0028
1.5489

0.0164
0.4042
0.0132
0.0028
0 " 0132

30 "7 4x

0.2I1

3.92

3.92

Regressron Equation: . B8B9 X,T = 0.20

Internal- Pressure (pa,1O5) vs. Water Velocitv
Between 10 and 42 Davs in Current.

1"*.s-1) at 3ooc

Source df SS MSS F. Calc . F. Crit
Total-
Regression
Residual
Lack of Fit
Pure Error

1r_9
t

11B
1

IL7

1.0058
0.0039
1. 0020
0.01-21
0.9898

0.0084
0.0039
0.0085
0.01_21
0.0085

0 .45

1.43

3.92

3.92

Regression Equation: y : 1.1079 + 0.0007 x t2 : o. oo;
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Comparisons
in Current

cont I d.
of the Mean

(2, 4,7,10

Days j-n
Current

Internal Pressure

Temperature- ¡o^r\ \-/

^ 
r^¿-IU

t_8 42

Variance

2-10

1B 42

Velocity
- cm. s-f

Internal Pressure and Variance Measurementsd) and the Last Four Measurements (lB, 26,

L.L44a 1.083

t.1o3b L.r22

2L

mean (n=32) of_internal. pressure measurements taken after 2, 4, 7, and 10days in l0 cm.s-r current at, zLoC.
as above except lB, 26 , 34, and. 42 days.
mean (n=4) variance of the mean,rj-nternal pressure (n=B) after 2, 4, 7, and 10days in l0 cm.s-f current at zl-ac.
as above except 18, 26, 34, and 42 days.

20

b

c

0.015¿c O. OOgZ

0. 004gd o. oozg

1.093 1.L23

1.10 4 L.Il-4

0.0049 0.0084

0.0056 0.0086

Between the First Four Measurements
34, 42 d) .

1. 16 7 L.L32

I"126 1.126

0"0138 0.0088

0 " 0104 0.0074

11

1.139 1. I51 1 .I2B

1.097 L.078 7.047

ZU

2I
20

0 " 0123 0.0166 0.0060

0.0076 0.0060 0.0028

Overal-1
Means

I.729

1.102

0 " 0105

0.0067

{
UJ
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Buoyancy, standard volume, and rnternal pressure Response to
Constant or fncreasing Water Velocity and Constant or Increasing
Water Temperature.

Water
Temp.
tocj

Water
VeIociÇy
(cm. s-r)

Day
of
Test

Mean
(n=B )

Standard
Deviation

952 Confidence
Interval
For Mean

-1Buoyancy (mL.g *)

25oc L2.5

^ -o^¿3U
26
27
2B
29
JU
31
3I.5
32
32.5
33
33.5
34
34.5
25

L2.5

L2.5
17. s
17.5
22.5
22.5
27 .5
27 .5
30
30

0.866
0.813
0.802
0.871
0.7I3
0.764
0. B5l_
o.786
0.724
0.779
o.ttg
o.7sg
0.684
0.744
0. 805
0.863
0. Bt_0
0.872
0.892
0.820
0.837
0.807
0. 825
0.873
0.839
0.847
0.781
0.863
0.861
0 .877
0.732
0.782
O.7BI
0.660
0.802
0. 7s0
0.637
0.603

0.055
0 .112
0.069
0.039
0.085
0.032
0.044
0.095
0.038
0.079
0.058
0.065
0.085
0.064
0.052
0.052
0.035
0.069
0.054
0.073
0.039
0.064
0.063
0.052
0.092
0.090
0.077
0.068
0.050
0.043
0.070
0.t_57
0.065
0.163
0.073
0.102
0.138
0.149

0. 820
0 .7L9
0.7 44
O.B3B
0.642
0.738
0.813
0.706
0 .692
0.71-3
0. 750
0.704
n Ál ?

0.690
0.762
0.819
0.781
0.814
0.846
0.759
0.805
0.753
0.7'72
0.829
0.762
0.772
0.7L7
0.806
O.BI9
0.840
0.674
0.651
0.727
0.523
0.74L
0.665
0.522
0.478

0.9l-2
0.906
0.860
0.904
0.784
0.790
O. BBB
0.865
0.756
0.846
0 .847
0. Bt2
0.755
0.778
O. B4B
0.906
0 .840
0.930
0.937
O. BBO
0.870
0.860
O. B7B
0. 916
0.916
0.923
0.846
0.920
0.903
0. 9r3
0.79r
0.9L2
0.836
0,796
0.863
0.835
0"753
0 "727

cont I d

0

1
2
3
4
5
6

B

9
10
11
L2
13
T4

0

-L

2
3
4
5
6

B

9
10
11
T2
13

0
I
2
3

=
5
6

ö
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Water Water
Vetociþy
(cm-s -)

Day
of
Test

Temp.
tocj

Nlean
(n=B )

Standard
Deviation

952 Confidence
fnterval
For Mean

25

25
26
27
2B
29
30
31
31. 5
32
32 .5
33
33.5
5+
34.5
35

25

32.5
32 .5
35
35
35

L2.5
17 .5
r1 .5
22.5
22.5
27 .5
27.5
30
30
32 .5
J 2.3
35
35
35
35

25

9
10
11
I2
13

0
1
2
3
A

5
6
7
tt
9

IO
t1
L2
13
I4

0 .511
0.569
0.566
0.468
0.552
0.804
0.800
0. 849
O. BB9
0.805
0.788
o .826
0.809
0 .829
0.762
0.764
0. 841
0.798
0.855
0.94I

0.940
0.896
0.860
0.918
0.723
0. 802
0.933
0.812
o.795
0.875
0.836
0.805
0.694
0.837
0 .877
0.925
0.872
0.946
0.9s7
0.865
0.900
O. BB7
0.912

0.130
0 .115
0.124
0.105
0.106
0.086
0.094
0.069
0.044
0.117
0.080
0.036
0.082
0.069
0.076
0.090
0.061
0.091
O. OBB
0.l_09

0 " 086
0.094
0.061
0.0r7
0.130
0.045
0.049
0.096
0.051
O.IL2
0.087
0.074
0. 114
0.084
0.078
0.074
0.054
0.063
0 .062
0.082
0.044
0.064
0.079

0.403
0.473
0 .463
0.380
0 .464
0.732
0.716
0. 791_
0.852
0.768
0.72I
0.796
0"74L
0.77I
0 .669
0.689
0"790
0.723
0.781_
0. B5t_

O.86B
0.818
O.BOB
0.904
0.644
0.764
0.892
0.732
0.752
0.781
0.763
0.744
0.603
0.766
0.812
0 "862
0.826
0.894
0.906
0.796
0.864
0.834
0.846

0 .620
0 .666
0.670
0.556
0 .640
0.876
C. BB3
0.907
0.926
0.903
0. 355
0.856
c.877
O. BB7
0 .826
0.840
^ 

oo 2
0.874
0.930
1.033

1. 013
0.974
0.911
0.932
0.861
0.839
0.97s
0 .892
0.837
0.968
0.909
0.867
0.794
0 .907
0.943
0.987
0.9L7
0.999
1.009
0.933
0.937
0.941
0.978

-1Standard Vo1ume (mL-g -)
U

t_

2
J
ll
=
5
6
7
B

9
10
l_1
L2
13
L4

25 25
26
27
2B
29
30
31
31.5

0
I
2
3

4
5
6
7

cont I d
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I¡iater Water
\/â | 

^^ 
a +rtv u¡vu¿ 

tuJ(cm's-r¡
Temp.
(ocj

udy
of
Test

952 Confidence
Interval_
For Mean

Mean
(n=8

Standard
Deviation

32
32 .5
33
33.5
34
34.5
25

25
26
27
2B
29
30
31
3t-.5
32
32 .5
33
33.5
34
34.5
35

12.5
L7 .5
17 .5
22 .5
22 .5
27 .5
27 .5
30
30
32 .5
32 .5
35
35
35

12.5
L7 .5
L7 .5
22.5
22.5
27.5
27 .5
30
30
32.5
32.5
35
35
35
35

R

9
10
11
I2
13

0
1
2
3
/l
=
5
6
7
B

9
10
1t_
L2
13

0
t
2
3
4
5
6
7
B

9
10
11
L2
Ì3
L4

0.932
0.982
0.901
0.90r
0.998
0.924
0.919
0 "778
O.84B
0.848
o.737
0.825
0.820
0.690
0.606
0.596
0.674
0.633
0.598
0.574
0.832
O. B4B
O.BBl
0.937
0.891
0 .822
0 .897
0.830
0 .867
0 .844
0.850
0.979
0.898
0.999
0.985

(Pa - l-0- )

0.083
0.169
0 .110
0.090
0. r_13
0 .062
0. 055
0.080
0.183
0.066
0.I44
0.080
0.I27
0.1_49
0.Is0
0.139
0.l_45
0.139
0 " 130
0.105
0.105
0.108
0.068
0.056
0.r32
0.085
0.079
0.095
0.071
0.102
0.091
0 .097
0.130
0.094
0.084

0 .862
0. 841
0.809
0 .826
0.903
0.873
0.873
0.7L2
0.695
0.793
0 .6I7
0.759
0. 715
0. s65
0.480
0.480
0.554
0.517
0 .490
0.485
0.744
o.757
0.825
0.890
0.781
0. 751
0.831
0.751
0.807
0.759
0.774
0.897
0.789
0.92I
0.91_5

1. 002
7.I23
0.993
0.976
r.092
0.976
0 .964
0.845
L.002
0.903
0.857
0 .892
0 .926
0.815
0.732
0.712
ô 7q(
0.749
0.707
0 .662
0.920
0.939
0.938
0.984
1. 00Ì
0.893
0.963
0.909
0 .967
0.930
0.926
1.060
t-.007
1.078
1.056

t. t_50
1.170
r. 095
1.08'B
1.I09
1.071
L.I24

Internal Pressure
25 I2.5 0

I
2
3
+
5
6

1.086
r.109
1"073
1. 056
1.049
1.049
I.O9B

0.076
0.073
0.026
0.039
0.072
0 .026
0.031

L.022
1.048
1.052
1.023
n oao
l_.028
1.071

cont I d
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Water
Temp.
(ocj

Vùater Day
of
Test

Velocity
(cm. s-r)

Mean
(n:B )

952 Confidence
Interval
For Mean

Standard
Deviation

25 12.5

25
26
27
2B
29
30
31
3l_.5
32
1,2 q

33
33.5
AA
J=

34.5
25

12 .5

12.5
L7 .5
17 .5
22 .5
22 .5
27.5
27 .5
30
30
32.5
32.5
35
35
35

12.5
17.5
It .5
22 .5
22 .5
27.5
27.5
30
30
32.5

7
B

9
10
1l_
L2
13
T4

0
I
2
3
4
5
6

7
B

9
10
TI
L2
13

0
I
2
3
+

5
6

B

9
10
11
L2
t3

0
t_

z
3
4
5
6
7
B

9

25
26
27
2B
29
JU
31
31. 5
32
32 .5

1.035
L.097
L. LzI
L.046
1.063
1. 018
1.134
1.090
L.072
L.07 6
1.087
I.074
l_.055
L.077
1.104
r.107
L.067
1. r_70
1.063
r-.158
1. l_5 B

L.07 4

L.O49
1.063
1.083
1.087
r.133
L .029
1.091
1.082
1.008
1.191
1.199
L. L26
I.2BB
1. 043

I.034
1.061
1.040
1. 055
r.108
1.043
1. 086
I.025
1. 046
r.106

0.033
0. 048
0.056
0.056
0.039
0.058
0.183
0.074
0.055
0.056
0.058
0.034
0 .022
0.070
0.075
0.071
0.056
0.154
0.051
0.115
4.r25
0.047
0.042
0.053
0.076
0.050
0.106
0.043
0.046
0.048
0.0s8
0.024
0.182
0.120
0.191
0.082
0.050
0.038
0.050
0.064
0.054
0 -027
0.083
0.036
0.031
0.055

1.007 - I.062
1.057 - 1.138
r.074 1.168
o.999 - 1.093
r_. 030 - 1.095
0.970 1.066
0.981 1.288
L.029 - I.l-52
r -026 - 1.118
1.034 I.LL7
r_. 0 39 - 1. r35
L.046 - 1.103
l_.037 - 1.073
l_.0t-9 r. 136
1. 041 r.166
L.047 - 1.116
1.020 - l_.114
l_.041_ L.299
l_.021 1.106
L.062 - I.254
1.0s3 - I.263
1.035 1.1r4
l_. 014 t. 083
1.019 1.t_07
t_.020 - L.L47
1.045 L.l-29
L.044 - I.222
0.993 - 1.065
l_.053 - 1.130
L.O42 - L.I22
0.959 1.057
1.021_ 1.361
r.047 - 1.351
r-.025 - I.226
l_.t_28 - L.447
0.975 - r.II2
0.992 1.07s
r.029 - 1.093
0.998 - 1"082
I.002 1.108
1.063 - 1.153
r_.020 - 1.066
r_.0t_6 1.156
0.995 - 1.056
1.020 - 1.073
1.061 I.L52

cont I d
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Water
Temp.
(ocj

Water
VelociÇy
(cm's:r¡

Day
of
Test

Mean
(n=B )

Standard
Deviation

952 Confidence
Interval
For Mean

33
33.s
34
34.5
35

32 .5
35
35
35
35

10
I1
I2
I3
L4

1.116
1.163
T.L23
L.L72
1"050

0.087
0.075
0.094
0.092
0.051

1.043 - 1.188
1.101 L.226
L.044 - 1.201
1.095 L.249
1.008 - 1.093
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REGRESSION ANALYSES TABLES :

Time (d) in a Constant Water
(mr,. g-1¡ .

79

(See Note, page I4)

Ternperature and Velocity vs. Buoyancy

Source df Þò MSS F. Calc. F . Crit.
Total
Regression
Residual
Lack of Fit
Pure Error

119
1

118
13

105

0.8269
0.0845
0.7424
o.2485
0.4937

0.0070
0.0845
0.0063
0.0191
0.0047

L3.42*

4.07*

3.92

1. 84

Regression Equation:

Time (d) in a Constant
Volume (mr.'g-1¡ .

y = 0.8269 - 0.0061 x = 0.l-02

Water Temperature and Velocity vs. Standard

Source df òõ MSS F. Calc. F. Crit.
Total
Regression
lìesidual-
Lack of Fit
Pure Error

1t_9
1

118
13

105

L.2t77
0.0923
1.l_554
0 .4205
0.7350

0.0105
0 .0923
0.0098
0 .0324
0.0070

9 .42*

4.62*

3 .92

1.84

Regression Equation: 0.8874 0.0064 x 0 .014

Time (d) in a Constant Water rlomnor¡'l-rrra end \/al n¡i +.r
pressure (pa.105). 'L rçrlrt/ç!aLurc alrL¿ vcr-.,urLy vs' rnternal

Source ÞÞ MSS F. Cal-c. F. Crit.df

Total-
Regression
Residual
Lack of Fit
Pure Error

119
T

ltB
13

105

0.643r
0.000I
0.6430
0 . L260
0.5170

0.0054
0.0001
0.0054
0.0097
0.0049

0.02

L.97*

3.92

1. 84

Reg;ression Equation: y - 1.0733 + 0.0002 x ,2 : 0.0002
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Time (d) in Increasing Vüater Temperature and Constant \/alnni#rr
vs . Buoyancy (mr,. q-r ¡ - 

v v¿vvr uJ

Source df SS MSS F. Cal-c. I' . Crit.
TotaI
Regression
Residual_
Lack of Fit
Pure Error

r_11
1

110
L2
9B

0 .5L27
0.0011
0.5116
0. 09 B0
0.4136

0.0046
0 . 0011
0.0046
0.0082
0.0042

0.23

r.93

3.94

2 .30

Regression Equation: 0.8470 0.0008 x : 0.002

Time (d) in rncreasing watçr Temperature and constant velocityvs. Standard Volume (rnl,.g-r¡.

Source df qq MSS F. Calc. F. Crit 
"

Total
Regression
Residual
Lack of Fit
Pure Error

111
I

tl-0
L2
9B

0.9095
0.0t-45
0.8950
0.1435
0.7515

0.0082
0 . 0145
0.0081
0.0120
0.0077

T"7B

1.56

3.94

2.30

Regression Equation:

Time (d) in Increasingi
vs. Internal Pressrrrê

y - 0.9033 + 0.0028 , = 0.016

f$ålTãriemperature 
and constant Velociry

Source df òÐ MSS F.Calc. F.Crit.
Total
Reg'ression
Residual
Lack of Fit
Pure Error

111
1

r_10
T2
98

0.76L4
0.0368
0.7246
0.1178
0.6068

0.0069
0"0368
0.0066
0.0098
0.0062

5.59*

1. s9

3.94

2 .30

Regression lJquation: y - 1.0666 + 0.0045 x , t2 = 0.048



B1
APPENDfX 6 cont'd

Time (d) in a constqnt waLer Ternperature and rncreasing velocityvs. Buoyancy (mf,. g-I¡ .

Source df ¡5 mq< F. Calc. F . Crit.
Total
Regression
Residual
Lack of Fit
Pure Élrror

111
1

110
I2
9B

2.9l-90
r.2665
I.6s26
0.3434
1.3091

o .0263
r.2665
0.0150
0.0286
0 . 0134

84.30*

2.74

3.94

2.30

RegressÍon Equation: y - 0.8351 0.0264 x

Time (d) in a Constant Water
vs. Standard Volume (mf,.g-1¡ .

Temperature and

, t2 = 0.434

Increasing Velocity

Source df SS mss F. Calc. F.Crit.
Total
Regression
Residual
Lack of Fit
Pure Error

111
1

110
I2
98

2.937 3
l_"0873
1. 8500
0.9206
L.559 4

0.0265
l-.0873
^ ^1a^U . U.LO IJ

0 .0242
0.0t_59

64.65x

I.52

3.94

2.30

Regression Equation: y - 0. BB37 0.0244 t2 = 0.370

Time (d) in a constant water.Temperature and rncreasing velocityvs. fnternal pressure (pa.t0)).

Source df MSS F. Calc. F. Crit.
Total
Regression
Residual
Lack of Fit
Pure Error

111
I

110
L2
9B

L.7716
0.1256
l--6460
0.4849
1.1611

0"0160
0.r2s6
0.0ls0
0.0404
0.0118

B.3g*

3.41*

3.94

2 .30

Regression Equation: y - 1.0512 0. 0082 x , t2 : 0.071
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Time (d) in rncreasing water Temperature and velocity vs.Buoyancy (mf, - g-r¡ .

B2

Source df SS mss F.Calc. F.Crit.
Total
Regressíon
Residual
Lack of Fit
Pure Error

r_19
1

118
13*

105

0.9 478
0.0137
0.9341
0.2339
0.7002

0.0080
0.0137
0.00 79
0.0180
0.0067

r.73

2 .7 0**

3.92

1. B4

Regression Equation: y - 0.8067 + 0.0025 x = 0. 0l-4

Time (d) in rncreasing.,water Temperature and Ver_ocity vs.Standard Volume (mf,.g-r¡ . -J

Source df SS IttS b F. CaIc. F . Crit.
Total
Regression
Residual
Lack of Fit
Pure Error

119
I

t_t-8
13

r05

r.3662
0.I298
I .236 4
0.25L9
0.984s

0.0115
0.L298
0.0105
0.0194
0.0094

12.39*

2.07x

3.92

1. 84

Regressíon Equation: y - 0.8516 + 0.0076 x ,2 = 0.095

Time (d) in rncreas_ing_water Temperature and velocity vs.Internal Pressure (pa.IO5) .

Source df SS INS S F. Calc. F. Crit.
Total
Regression
Residual
Lack of Fit
Pure Error

1r_ 9
1

118
l_3

105

0.6528
0.0878
0.5649
0.1390
0.4260

0.00s5
0.0878
0.0048
0.0107
0 . 0041

18.35*

2.63x

3 .92

1. B4

Regression Equation: y - 1.0553 + 0.0063 x t2 = 0.135
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Mean Internal Pressure (Ip; pa
Water Temperature and Velocity

105) vs. Variance in
Constant.

ÕJ
I ñ Ì¡71 fh

Source df MSS F. CaIc. F. Crit.
TotaI
Regression
Residual

I4
I

13

5x
0

5x
10

IO

-5

-5
0
0
0

0.76
**

4 .68

Regression Equation:

Ivlean Internal Pressure
Water Temperature at a

y- -0.0II1 + 0.013 x

(Pa.l0") vs. Variance in
Constant Water Velocitv.

= 0.056

with Increasing

Y
fL

Ip

Source df SS rttÞ 5 F. Calc. F. Crit.
Total
Regression
Residual
Lack of Fit
Pure Error

I3
I

T2
10

2

4
0.
l_

I t.
75

94

0.0006
0.0005
0.0001
0.0001
0.0001

x10
0005
x 10-5
x 10-5
0

89 .44*

3.87

Regression Equation: y= -0.1723 + 0.L629 x
trMean Internal pressure (pa.tO') vs. Variance inlVater Vel_ocity at a Constant Temperature.

, ,2 = 0.882

fp with Increasing

Source df Þ5 ruò 5 F. Calc. F. Crit.
Total
Regression
Residual

I4
I

13

U.
0.
4

0 .0027
0 .0022
0.0006

00 02
0022
x 10-5

48.26*
** 4.68

Regression Equation:

Mrean fnternal Pressure
Temperature and Water

y- -O.L726 +

(pa-t05) vs.
Velocity.

0.1667 x

Variance

,r
in rp

: 0.

with

7BB

Increasing

Source df SS MSS F. Cal-c F. Crit
Total
Regression
Residual

I4
1

13

0.
n

4

1x
7x

0

0001
0001
x 10-5

10 -5
l-0-5 19 .7 6*

** 4 .68

Regression Equation:** No repeats lack of
y=

fir
-0.0456

tests not
+ 0.0458 x
possible.

0.603


