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ABSTRACT OF THESIS

HEAT TRANSFER AND THERMOREGULATION IN THE
LARGEMOUTH BLACKBASS, MICROPTERUS SALMOIDES

An energy budget equation, based on energy budget theOry'for

terrcstrial organisms, was developed to describe the heat:energy

'cxchange‘between.a largemouth bass (Micropterus salmoides) and

its aquatic env1r0nment The energy budget equation indicated
that convection and a combined conduction- convectlon process were
major avenues<of'heat exchange for‘a fish.

Solid alumlnum castlngs were used to experlmentally deter-

mine heat transfer coefficients for thé largemouth bass at water

‘ veloc1tlcs coverlng the free and forced convectlon ranges. Heat

energy - budget theory was applled to the castlng data and the de-
rived coeff1c1ents were. used to characterlze heat exchange between

the bass and 1ts aquatic habitat.

The results indicate that direct transfer of heat from the

body surface is.the major mechanism of heat exchange for a fish.

Dale J} Erskine

Date
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INTRODUCTION

Water temperature ploys a significant role in the life his-
tory and physiological processes of fish. AsAeotothermic'organ—
isms with low metabolic heat productlon ‘and relatively poor
1nsu1at10n, flsh are closely coupled to water temperature (Fry
and Hochaohka 1979, Fry_1971). Fish exhlb;t some phy81olog;ca1
. thermoregﬁierion and have been found to maintein body tempera-
tures slightly aoove ambienit (Stevens and Fry 1970, 1974, Spig-
arelli, gﬁ gi.v1974). However, except for fast swimming tuna
and shark, this thermoregulatory ability is minimal (Carey and
Teal 1969 a, b). |

Research centered on the temperature relations of fish has
" resulted in an abundance of data which_relate temperature changes
.and phy31olog1cal effects in a stimulus -Aresponse format for
specific specles. Numerous studies on the relatlonshlp of temp-
erature‘to metabollc rate, performance, growth rate, and repro-
duction have been cooducted. Much of our oresent knowledge of

the temperature relations of fish stems from the early studies

of Fry, Hart, and Brett (see Brett 1956, Fry 1964, 1967, Fry and- -

Hochachka 1970,’Prosser 1973 and Coutant 1974 for a review of the
literature). The effect of factors such as sex fBaker, Neill and
Strawn 1970), eeason (Tyler 1966), and photoperiod (Terpin,
Spotila, and Koons'1976) on thermal toleraocevhaQe also been ex-
emined. Tovdare theSe studies have led to_a partial understand-
ing of the interections between a fish and its aquatic environ-

‘ment.



Parallel reséarch has investigated the influence of warm

- water discharges on the distribution of fish. Bennett (1971)

discussed the distribution and body temperatures of largemouthf
bass inhgbitiﬁgzan artificially heated reservoir.A Neill and
Magnuson (1974f~invéstigated the distributional ecology and be-
havioral thermoregulation of fish near a heatéd effluent. Using
acousti§ teméefature telemetry Coutant (1974) traced the moyement
of fish near a thermal diséharge. |

The rapidity with whiéh a fish may experience a harmful
physiological gffect as a fesult of a change in ambient tempera-
ture is directly related to its rate of energy exchange with the
environment. Recent studiés (Stevens and Fry 1970, 1974, Spiga-
relli, et al. 1974, McCauley and Huggins 1976)Aéxémined heating
and cooling rates of fish in an attempt to develop the ability
to predict the behavior of fish in response to thermal effluents.
Half-times for'équilibration of body temperature with ambient
temperature_hé&é been determined, intersgeéific similaritiés in
heat exchange ;atéé héVe:Séen examined, and short term residence
times havé‘been calculated; Despité theseuefforts we still lacked

the ability to accuratély predict the responses of fish to chang-

ing temperatures in their natural environment. This was due to

the absence of‘a theoretical framework which can be uséd to analyze
the abundance'of empirical data that has accumulated on the effects
of temperature on fish.

In this sfudy I have approached the problem by examining
temperature response from the viewpoint of the effects of the

physical environment on the fish. "Instead of focusing on the




éhysiological.bfocésées within the organiém, I bggan by.consider-i
ing .the heat éhérgy exéhaﬁge between the fish and its énvironment;
ih this way I c§u1d outline the constraints placed on the internal.
processes of thé_fish by the characteristics of its physical en-
vironment.

The objectives of this study were to: 1) determine the mech-

anisms of heat exchange between a largemouth blackbass (Micropterus
salmoides) and its environment; 2) derive a heat energy bﬁdget
eqdation for use7in thérmoregulation studies; 3) examiné the sfeady—
state energy balancé for a bass; and 4) méke'én initiél éxamination
of time dependenfiﬁeat exchange between the bass and its environ-

ment.



THEORY
1. Heat Energy Exchénge

The Bédy temperature of ectothermic organisms is closely
coupled to their heat energy exchange. Animal heat energy budget
theory was devéloped by Gates (1962), Birkebak:(1967), and Porter
and Gates (1969). Their equations describe the energy balance of
terrestrial organisms.

For’ahy animal to survive it must be able tb balance
heat input and~heat}6utput so that its body tempefature will re-

" main within tolérablé limits. In animals that have a minimum cap-
ability for,phyéigldgical adjustmeht of internal temperature, be-
havioral thermoregulation is often employed to maintain a relativély
constant body.temperature. By alternately exposing itself to dif-
ferent ciimatic"conditions (i.e., full sunlight/full shade) a
terrestrial ahimal can exercise control over its internal tempera-
ture. This ability has been demonstrated for the marine iguana,

Amblyrhynchus cristatus, (Bartholomew and Lasiewski 1965), pletho-

dontid salamanders (Spotila 1972), the American alligator, Alligator

mississippiensis, {(Murphy and Brisbin 1974,'Spotila, g& al. 1972,

Spotila 1974), tadpoles (Brattstrom 1962), small flies. (Heinrich

and Pantle 1975), tenébrionid beetles (Henwood 1975), desert

millipedes, Orthoporus ornatus, (Wooten, et al. 1975) and several
other organisms, Hammel (1968) discussed regulation of internal
body tgmperafure in vertebrates. Templeton (1970) reviewed behav-
ioral thermorégulation in reptileé and Cloudsley#Thompson (1970)

discussed thermoregulation in terrestrial,invertebrates.



Large fish are able to move into thermally adverse areas
fér short'periods of time as long as they return to their zone of
tolerance befofevacquiring an excess heating or cooling debt. gThe
duration of theSe exéursions depends upon the ability of a parti-
cular fish to Qithstand the effects of an unfavorable thermal
regime. Temperature selection and behavioral thérmoregulation'
through'the<a§§1iéati§n of "shuttling beﬁaviof" are discussed by
Bardéch and Bjorklund (1957), Bennett (1971), Neill, et al. (1972),
Crawsﬁaw and Hammel (1974), Coutant (1974), Neill and Magnuéon
(1974), Reynolds and Thomson (1974), Romberg, et al. (1974), Mc-
Cauley and Huggins (1976), Reynolds and Casterlin (1976) and sev-
eral others. | | |

The oVérall energy balance of an organism is contingent
upon the availaBle modes of heat transfer. Heat éxchange mechan-
isms are imposed by envi;énmental conditions and the rate of Heat
exchange 1is goVefned by physical laws (though the rate may be modi-
fiéd by physiological édiﬁstment). For terrestrial organisms heat
exchange'with‘the physical. environment is accomplished through the
combined effects of radiation, convection, conduction} and evapor-
ation. Heat production also results from the assimilation of food-
stuffs and muscular activity.

If an animal is assumed to be in a steady-state energy
balance with tﬁé environment its energy budget can be described
as heat in = heét out. This relationship is expanded by combining

the modes of heat transfer into a single equation:

ABSORBED RADIATION + METABOLISM = RERADIATION + EVAPORATION

+ CONDUCTION + CONVECTION (1)



A more .precise form of Equation (1) incorporates

physical constants and expressions that apply to environmental

G

parameters:
. - ) . . e . |
Qups * M = €0(T, +273)" +h, (T, - T)) +E +C (2)
where, Q_, - " = total absorbed radiation
M = metabolic heat production
€ = surface emissivity
(o} = Stefan-Boltzman constant:
T, "= radiant surface temperature
Ta = ambient temperature
h . = convective heat transfer coefficient
'lEt .= total evaporative heat loss
o  ':= heat loss through conduction

Eéuaﬁion (2) is a generaiized form of the heat enérgy
budget equation described by Gates (1962), Birkebak (1967), and
,Pérter and Gates (1969) for terrestrial organisms. Energy budget
theory provides.a means for quantifying both the physical and
physiological ﬁechanisms of heat exchange available to'an animal.
Using energy budget analysis it is possible'td‘prediét the micro-
climatic requirements of an animal. -In Qrde;.to apply tﬁis type
of analysis,po‘a'fish‘théAinitial task was to modify the existing

equations to conform to an aquatic habitat.



2. Heat Exchange in an Aquatic Environment

Heaﬁ‘éxchange is defined as the transmission of energy

between two regions as the result of a temperature differentiai.l

f' | Modes of heat tfénsfer-are distinguished by means of t;ansmissioh
and-properties-of thé medium through which heat is transmitted.
Complete discussions of the individual mbdés can be fouhd in an
appropriate text (e.g., Kreith 1973). When cdnsidering the environ-
ment occupied'by a'f:eshwater fish, I dete;mined thét the available
moaés of heat_tfansfer are restricted. Limitations imposed by the
habitat and the morphology of the fish require that modifications

be made to equation (2).
a. Absorbed Radiation and Reradiation

IhCident solaf fadiation at the ea:th's sufface is
largely in theyQisible'range with most'therma1 radiation being
absorbédl scattefed, or;reflected in the atmosphere. The remainder

' warhs'surface watef:and is rapidly attenuated (Odum 1971, Eskinazi
1975). Further transmission of thermal radiation in water is negli-
gible (Gates 1972). Therefore, direct warming by longwave radiation
is not possible.

The absorbed radiation term, Qabs' now limited to short-
wave and visible, may prove to be a negligible quantity when con-
sidering an aquatic environment. Water transparency data indicate
severe attenuation of solar energy withinAa meter of the surface
for many inland lakes. If a highly productive body of water is

considered, the extinction of light'is even more marked. Ganf



(1974) noted ﬁhat.the'relative spectral eneréy of incident radi-

ation in Lake George,-Uganda, approached zero within the upper

fifty qentimeteré; Furthermore, any turbulence due tb wave ac-
tion increases the scattering of light and thereby decreases
direct radiation. |

Brattstrom (1962) demonstrated that toad tadpoles con-
gregéted in shaiiow waters exposing maximum dorsal surfgce areas to
solar:fadiééidn:_ As a resulﬁ, radiant enefgy was absdrbed and the
immediate environment was. warmed. Brattstrom concludéd that the
effect of thisbbeﬁaviqr°w§s to increase body temperathre. Thus, it
is possible‘that'fish thch periodically inhabif shallow waters or
swim near'the~surface can gain heat through solar radiation.  How-
ever, for a firét'approximation of the energy budget let us con-
sider the fish to be occupying a depth where absorbed radiation is
negligible. |

Radiaht cooling follows the blackbody law of radiation;

"that is, an object will radiate energy at a rate ptopéftional to

the fourﬁh power of its absblute température._ Emitted radiation
ét biological ﬁémpgraﬁures‘is longwave (Gates 1962, Kersiake 1972).
Transmission coefficiénts for longwave radiation in water indicate
that such transmission does not occur.

Eliminating solar radiation as a heat input and reradi-
ation as a means of cooling, equation (2) is rew:itten as:

M=h, (T, -T) +E +C - (3)

where T, is water temperature and replaces Ta in equatioh (2).

. .



b. Evaporative Cooling

Etaporation involves a change from liquid to gas or
vapor states. EQaporative cooling occurs when water moves out-
ward through the skin of a terrestrial animal and changes to the
gaseous stater Freshwater fish occupy an osmotically stressful
environment and the osmotic gradient creates a dr1v1ng force that
tends to move water inward through the 1ntegument. This is counter-
acted by the‘impermeable nature of the integument (Evans 1969,
Motais, et'éi; 1969, see also Bentley 1971). Even if water was
transportea'through the skin or gills of a‘fish,;evaporation,could
not occur'because'the Water would not change in state. Thus, the
expression for evaporation can be eliminated from equation (3)
yieldiﬁg:

M =A hc ('rr -T,) +C (4)
c. The Conduction - Convection Effect

Krelth (1973) deflnes conductlon ae a precess by whlch
heat 1is transmltted between two regions of dlfferent temperature
within a medium or between dlfferent media in direct physical con-
tact. Energy’transfer through conduction is by airect molecular
communication,_ In water, heat exchange by conduction is possible
in the absenee of appreciable fluid motion. In}this situation heat -
is conducted from the fish across some distance in the water before
density currents are set in motion by the temperature dlfferentlal

Therefore, under condltlons of still water, heat exchange will be
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by a combined conduction - convection process. This relationship

is defined by equation (4).
4. The Céhvective Effect

Coﬁduétive heat transfer between the Sﬁ;face of an ani-
mal and a fluid becomes a complex process when>£he fluid is in
motion. As Kersiéke (1972) notes, "under conditidns of interest
in phygiology the fluid near the skin is exchanged rapidly, and so
far as the flgid is concerned the process can'bé regarded'as in
the steady state;f Therefore, in the instance when a £ish iﬁ‘ex-
posedfto'flﬁid flow the ﬁajor portion of energy exchange at the
surface is»p:imarily'ﬁhe result of the flu;d movement. Water
A movemeﬁt‘should affecﬁ the heat energy e#change of a fish in the
‘sahe way that wihd affects the energy balance of terrestrial organ4
isms. Porter and Gates (1969), Heller and Gateé (1971), and
Spotila, et gl. (1972) have demonstrated that, in terrestrial en-
vironments, body temperatures of animals become more closely coupléd
to air temperétﬁre as wind velocity increases. 'A similar_convec-
tive effect. should occur as a result of currents. in an aquatic en-
vironment. This‘relatioﬂship is expréssed as:

M = h, (T, - T.) (5)
Equationl(S) implies that the primary mode of héat transfer avail-
able to a swimming fish is convection and thatlédnvective heat
transfer is thefmost important mechanism for controlling the body

temperature of a fish subjected to fluid flow.
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3. Convection Theory

In éhe~ébéénée of radiatioﬁ,:convection or a combined
conduction - cOnyéction process 1is considered'the primary mode
of’heat ﬁranéfer between a surface and a ‘surrounding fluid medium.
Heat transfer'laws governing convection are de;ived from Newton's
law of cooling. The rate at which heat is convected to or from an
object is propdrtionai to the surface area‘avaiiable for heat ex-
change and thé'temperature differential. Convection is the result
of the combined action of conduction and fluid mixing motion. When
heat is transported by the fluid, it is necessary to examine_con-
duction, fluid dynamics, and boundary layef thebry.» Newton's law

combines these parameters into a single equation:

= = hA(T, - T (6)

dt W)

where A is surféce area,'(Tr - T, is the température differential,
and the proportionality factor, hc, is the convective heat transfer
coefficient. heéause surface geometry and fluid properties are not
necessarily constant over the entire surface of the fish, equation
(6) will yield an average convection coefficient. |

| Natﬁral or freé éonvection is a cdnéequence of fluid mo-
tion generatedAby density'éifferences. 'The’"convéction currents"
are set up by the.tempe:ature differential. 1f an.external force
is the causaﬁive agent for the mixing motion, fhe convection is
termed forced. Conduction may be neglected in the presencé of

forced convection.
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The .convection coefficient in equation (6) is an indi;
cator of the rate of.heat transfer. The coefficient is not a
propert: of theAmaterial but is dependent on the propersties ofﬁ
the'flujd aﬁd~the natufe of the flow. ' The value of h is affeeted
by the shape: and « onflguratlon of the surface, orlentatlon with re-
spect to flow, 1', 1ca1 propertles of the fluld, velocity of flow,
and_temperatu:e differentlal. For any object in a fluid medlum,
the coefficient will not be a constant but will .vary with velocity,
orientation, ahd:nature of flow.

Convection coefficients have been derived for inanimate
objects of various geometric shapes. Convective heat transfer laws
generated byAtheee studies have been used to eQaluate the extent of
convecti&e heet transfer in conifers (Tibbals, et al. 1964), broad

leaves of plants (Parkhurst, et al. 1968 a, b), several small ani-

' mals (Porter and Gates 1969), small mammals. (Heller 1972), tene-

briohid;beetles (Hehweod 1975), jackrabbit ears (Wathen, et al.
1971), and the desert 1guana (Porter, et al. 1973).

It 1s beyond the scope of this study to attempt to partl—
tion the condUctlve and convective components of,heat transfer in
still water. - Therefore, an average heat transfer coefficient that

encompasses beth convection and conduction will be derived.
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METHODS AND MATERIALS

1. Modeling
‘a. Aluminum Casting Construction

o AFive.aluminum castings of M. salméides.wefe constructed
forAekperimental determination of the heat trénsfer'coefficient.
Preserved fish wgfe imbedded in dental investment éompound (Caulk
 Jeltrate or BosWorth Supergel) and then covered with a second
layer of compouﬁd. This procedure yielded a nearly exact flex-
ible mold of e@dh fish. A positive wax cast of each fish was then
made from the mdld. Solid aluminum fish were then cast commer-
cially by using the wax molds as models. This procedure is
sxmllar to that descrlbed by Porter, et al. (19735 and Bakken and
Gates (1975). ' The castlngs ranged from 19 to 42. 5 cm in total
length andA244.to 2938 g 1in mass. An 1n1t1a1 test castlng was
sectioned to examine the uniformity and por051ty of the aluminum.
No flaws in thévcast aluminum were detected.

The cénter of mass was estimated for each casting and
38 gauge coppéf—constantan thermocouples were .inserted through
0.838 mm drilled'holes and secured with epoxy. io facilitate sus-
pension in water a supporting rod was attached to each fish by
means of a tapped hole on the ventral surface. Non-conductive
plaSth rods were used for smaller fish and alumlnum rods for
larger casts. ‘Heat.loss through the plastlc or aluminum rods was
considered negligible beca@ge of differencés in thermal conduc-

tivity and available surface area for heat loss.
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Surface area of each casting was'determined using a
method described byAw. P. Porter (personal communication). Briefly,
each cast was covered_Qith a layer of cellophane tape which was sub-
sequently remeyed and spray painted. The tape mold was then placed
flat on a sheet'ef paper and photocopied. The surface area was
then evaluated u51ng a Charvoz planimeter. Each surface area was
checked by a second individual and all determlnatlons were in close
agreement. |

TheAalﬁminum castings provided extremely accurate fepref
sentations ofneiZe, shape, and body surface characteristics for éach
bass. I wouldllike tb note two shortcomings of the sand casting
technique. It‘ﬁes necessary to construct the fins and tail in
thicker propo?tidns, to allow for free flow of the molten aluminum,
and subsequently sand them to an appropriate thickness. The re-
sult was a loss of much of the fin and tail serface detail.. How-
ever, the pereent‘eﬁfface area for the fins and tail was consistent
(21 —424%‘of.the total surface area) for each caetiné. Secondly, a
1oss‘of appqu@mately 1 - 2% of the tetal'length>was noted for each
'caSting:- This reduction ih length was consistent and was assumed |

to have a non-significant effect on the resuits.‘
b. Experimental Procedure

This phase of the research was conducted at the Environ-
mentai Physioiogy Laboratory, State University of New York at Buf-
falo, in a circular, rihg-shaped pool. This laboratory is des-
cribed by Morin'and‘Lanphier (1972). The test section was 244 x

244 cm.
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'
(]

Each'casting Was heated in an oven todapprokimately 5006:
above'ﬁater temperature, submerged in the center of the test sec-
tion, and allowed to equilibrate with water temperature. ‘Transfer
of the casting'from oven to water was accomplished in less than'
two minutes. The rate of temperature change of the casting and
water temperature were monitored continuously with a Kaye multi-
channel temperature recorder (Model 6000).

| Cooling experiments were conducted in still water and
at three water velocities. Water_speed was monitored with a Meade
flow probe and read from a voltmeter that was calibrated in centi-
meters per second Flow was previously determined to be laminar
(D. Pendergast, unpublished data). Cooling rates were determined

for parallelif10w at three velocities.
c. Determination of the Heat Transfer Coefficient

The method of Wathen, et al. (1971) was used to evaluate
the'heat-transfer'coefricient. The casting was assumed to have
negliglble internal reSistance to heat flow, therefore, the change
in internal energy of the casting during some tlme, t, must equal
the net heat flow from the casting to the water. This relation—'

ship can be summarized as:

mec = = htA‘T - Tw) . (7)

where,

3
It

mass of casting (g)

- specific heat of casting (cal'g-l OC-l)

0
l



‘ AAif ‘= casting surface area'(CmZ)A“‘ ‘
S o ' .. =2 . -1 o.-1
h, = heat transfer coefficient (cal cm "min c M)
T-tw = temperature differential (QC)
%%%}‘ = instantaneous rate of change in casting

temperature °c min—l)

Equation (7) is then rearranged to isolate ht and the
integral is evaluated from the initial time»and_temperature to a
temperature, T, at some time, t:

T

t ' e
h, f dt ‘=  (mc/A) f aT(T - T) . | (8)

i Ti

Equation (8) is rewritten as:

1 (9)

h, = (me/A) In[(? - T )/(T; - T )] (£ =€)
Equafibn.(Q)-will yield a total (convection + conduction)
heat transferjédéfficient_in still or moving water. The time -
temperature response for each caséing was recorded aﬁd then ana-
lyzed bya{ieéstsquafé fegreséion method. Corresponding times and
temperafures were then entered .in equation (9) to solve for the

‘heat transfer coefficient.

2. Heat Exchange Rate Experiments

Largemouth blackbass (Micropterus salmoides) were ob-

tained from Chautauqua Lake, New York, 1in May, 1975. The bass
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ranged in weight.from.129 to 1346 grams and were 20 to 44 cm in
total lehgth;l Prior to testing, the bass'were maintained in lab-
k oratory aquaria at 24° z 1°%c for up to 12 hours. Test fish were
not fed durlng thls holding period. |

Experlments were conducted in two separate holding tanks.
The cooling tank.measured 91 x 91 x 122 cm and the warming tank was
105 x 55 x 75 cm. Tank temperatures were maintained using a refrig-
eration unit (v”-‘L 0.2°C) or heating element controlled by a Bromwill
thermoregulator (t 1°C). Water temperatures aad deep body temp-
eratures of experlmental flSh were contlnuously monitored with 24
ga. copper- constantan thermocouples linked to a Kaye multlchannel
temperature recorder (Model 6000). Water temperature was moni-
tored within 5 cm of each fish.

_Thermocouples were introduced into the cloaca and secured
with sutures ineerted immediately posterior to the cloacal opening.
This procedure took approximately 5 minutes to complete and was
performed in a water filled operating tray. The fish were then
placed in a wide mesh wire cage and submerged in the cooling or
warming tank to simulate a sudden change in ambient temperature.
Test fish were allqwed to warm and cool and the time - temperature
response waS'continuously monitored. The bass were then sacri—
ficed by severlng the splnal cord and the procedure was repeated.

‘ In this way heat exchange rates were examlned for both llve and
dead fish. |

Folleing the heat exCAange experimenta the bass were

preserved by freezing for use in model construction.
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RESULTS
Heat Transfer'Coéfficients

Heat transfer coefficients, h , for the five aluminum cast-
ings are plotted'in Figure 1. The effect of surface area, water
velocity, and,ﬁemperature d}fferential between casting aﬁd water
on ht were asseésed by analysis of variance (ANOVA) using a 4 x
4 x 5 factorial design. (The sfatistical procedures employed in‘
this étudy are deséribed by Sokal and Rohlf, 1969.) Results of
this'analyéis are summarized in Table I. Velocity, temperature

differential, aﬁd their interaction had a significant effect on
ht’ Size alone (surface area) did not have a significant effect
on ht'althougﬁ_thg interaction of size and velOcity‘was Signifij
cant. The sigﬁificance of the interaction is probably the result
of the highly significant effect (P > 0.0l) of vv‘vater velocity.
Since the variation in ht could not be uniformly:correlated with
casting size, the values of ht for all sizes were pooled for all
combinati;ns of Water velocity and température differenées.

" A three dimensional coordinate system was used to visualize

the relationship.bétweeﬁ ht' watér velocity, and-temperature
difference (Fig. 1). From this plot it was apparent that water

velocity exerted a.st:ong influence on ht’ resulting in a marked

increase in the value of h, at velocities exceeding 23.1 cm sec”t.

A Student - Newman - Keuls (SNK) test with equal sample sizes indi-

cated that no significant differences existed between water velo-
cities of 0 and 23.1 cm sec_1 (Table II). With only one exception,

significant differences existed between all other velocities.
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The influence of the temperature differenfial was not as seif-
evident. A onefwéy analysis of variance (ANOVA) waé performed on
the coefficients at each velocity using temperature differenées as
treatment effects (Table III a-d). No significant differencesvdue

to temperature differential occurred in the daté for 0 and 23.1 cm

sec-l. Thus, I computed an average (n=40) heat»trapsfer coeffi-

ciént for'still water (1.567 To.30 cal'cxti-zmin‘_l oChl) and for

2 -1 o.-1

23.1 cm sec™! (1612 + 0.27 cal cm “min C ). .Statistically

significant differences due to temperature differential that occurred

at 55.4 and 67.1 cm sec‘—l were probably not true differences. The
possibility thét'these variations may have been due to experimental
error is discuséed below.

Using the method of least squares, heat transfer coefficients
were plotted aé a function of water velocity for each temperature
difference (Fig. 2). Due to overlaps in the 95% confidence inter-
vals of each'bést.fit line, the variation.iﬁ'theAcoefficiehﬁs éouid
not be uniformly.cdrrélated‘with temperaturé diffefences. Because
of this overlap the varia;ion in ht presumably reflected exéeri;
mental error. 'Therefdre, I averaged the data for all temperaturé
differénces and computed a least squares fit of all the coefficients
(Fig. 3). The empirical equation describing ht4as a functiOn'of
Velocify (ht = 0.03 v + 0.9) may be useful in predicting ht for
other fish speéies of similar size and shape under comparable coh—

ditions.
Non-dimensional Analysis

A routine method for expressing the heat transfer coefficient
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is through noh-dimensional analysis..vThis methéd'facilitates a
comparison of'ﬁhe behavior of objects having similér shape and.
orienfation,vfegafdléss of size.. The physical prépertiesAqf tﬁe
fluid are incofﬁoféﬁéd'és éarameters in thé,diﬁeﬁéionless groupé.
In order to‘preéent the results depicted in_Figure 3 in dimension-
‘1eés_form, it is-necesséry to introduce three_diménsionless vari-

ables:

1. The Nusselt number, Nu = ht L/k where L is a characteristic

dimension in the direction of flow (length,cm), k is thermal

conductivity of the fluid (cal em™ ! min~! °c™!), and h is

the heat transfer coefficient.

2. 'The Reanlds'numbef, Re = v L/n where v is water velocity

) (cm«sec-l)fahd' n is the kinematic viscosity (cm? sec”1).

3 The Prandtl number, Pr = p u/k where bp is ‘the specific
heat of water (cal gn 1 °%71) and u is the viscosity (g sec !
-1
cm ).

Under conditions of forced fluid.flow the Nusselt number is a

function of the Prandtl and Reynolds numbers,

Nu- = £ (Pr, Re)

However, the Prandtl number is a function of fluid'properties and,
if the water temperature is maintained constant, the above rela-

tionship becomes,
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Nu. = f(Re)

This functional relationship, for parallel ofientation, is
expressed graphically in Figure 4. It should be noted that orien—
tation is not accounted for in the plot and any comparisone must
be made with 51m11ar shaped objects in parallel flow. For a more.
complete dlscu551on of dimensional ana1y51s, lncludlng the advan—
taqes and dlsadvantages of this technique, the reader should refer

to an appropriate text (e.g., Kreith 1973).
Steady-State Energy Budget

Using energy budget theory and the coefficients determined in
this study, it was possible to make a preliminary prediction of the
body'temperatufe of a fish in a steady-state energ§ palance.with
its surroundings. - . |

The .sur face temperature, T , of a fish is reiated tp its
body temperature and ie a function of the insulation, I, and inter-

nal heat production, M,
T, - T, = I(M) (10)

The insulating layer of the fish is primarily fat and muscle of

thickness, ds' and cqnductivity, ks. The insulation can be des-

cribed mathematically as (Spotila, et al. 1972):

I_ = ds/ks o | : (11)
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Substitution into Equation (5) yielded:
M = hA[(T, - M) - T] (12)

Equation (12) was then rearranged to predict Tb'at a‘giveh‘Tw,

Tp = (M/hA) + (T + (M d /k) (13)

where,

T,Tp = °C

ht = cal cm-zmin“l OC-1

A = chzl

M o= cal cm-zmin“l

dS = cm

ks - = cal cm-lmin-l OC-'l

Conducﬁivity values Qere obtained frémlBowm&n, et al. (1975),
skin thickness. was measured to the nearest millimetef, and meta-
bolic rate dafa wés taken from Glass (1968, 1971). Predicted
body temperatufes are presented in Table IV. It is important to
note that these values are estimates based on metabolic rate def
terminations from other sources. Metabolic rate determinations
are normally condﬁcted after some fixed period of‘fasting (Beamish
1970, Glass 1971). -In the natural environment the fiéh'cannot be
assumed to fast for a period of time which wéuld allow fo; the
~normal decay in metabolic_rate (Glass l97l)f .Thus, food assimi-

lation, specific dynamic action of food, and Lipogéhesis are not
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accounted for'in the calculations. Therefore, if metabolic
heat productlon in the equation were to double, a concomitant

doubling in excess internal body temperature would result.
The Time - Temperature Response

An attempt was made to'predlct the temperature response of a
4'f18h exposed to a sudden change in amblent temperature. _Flgures

5 and 6 compare‘predlcted and observed warmlng and cooling ourves
for a 1l46g pass.‘ The predicted curves showed an exponential warm-
'ing or cooling response for the body surface while the observed
values were cloacal temperatures. The predicted curves show a
surface response that is far more rapid than the observed internal
~ response. This'discrepancy is most probably due to the rate limit-
ing nature of the insulating skin layer and not to an error in the
model. A more exact_formulation, based on ﬁeat‘transfer coeffi-

J cients and skiu'thermaiioonductivity, should Yield‘a,predicted

response thatvﬁore ciosely parallels the measured response.

)



DISCUSSION

Ekperimental determinations of heat transfer coefficients,

h have provided fundamental insighfs into the conduction -

tl
convection of energy between a fish-shaped object (casting) and

water. Increases in the value of ht coincide with increases in

.water velocity'even though the tempefature differential between

casting and water and size of the casting appear to have no effect
Qithin the réﬁge of sizes tested.

These findings provide basic information concerning the physi-
cal'mechanisms‘of heat transfer and energy exchanée between a‘large—
mouth bass, or éimilarly shaped fish, and its benQironment. Heaf
transfer coefficients (Figs. 1-3) are appfoximately two orders of
magnitude greater than similar coefficients determined for terres-
trial organisms (see Wathen, et él. 1971, Heller'1972,'Portef, et
al. 1973, Henwopd, 1975). The. values of ht are due to the physical
properties of water and demonstrate the capacity of this médium to
rapidly absorb dny heat available at the surface of an organism.

The thermal boundary layer surrounding the fish is proportional to

the viséosity‘and density of the fluid. Although both the viscosity

~and density_are~greater'in water than in air,. the true determinant

of boundary lqyer thickness, the kinematic viscosity, is less in
water. Kinemafic viscosity is the ratio of viscosity to density.
The reduced boundary layer thickness coupled Qith the high heat
capacity of w;ter allows for rapid transfer of enérgy. The
specific heat bf water, about 1.0 cal g-'l oC-l,‘is approximately
four times that Sf air and the density of water, about 1.0 g.cm_3,

is nearly 800 times that of air. Thus, the heat capacity of water
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is about 3,060 times greater than that of air (List 1971). Since
the potentiai for heat'transfer is so gfeat, even invstill water,
heat will be transported away by the fluid as rapidly as it réaches
the surface from‘the body core.

| HistoricaLly, two major pathways for heat loss from a fish
have .been recognized; heat exchange at gill surfaces and diffusion
of heat through the body tissues. If has been commonly assumed
that fish cannot maintain a significant excess internal body temp-
erature due to the loss of internai heat through the gills (Fry
and Hochachka?1970,‘sﬁevens and Fry, 1970, Fry 1971, Gordon 1972).
Exceptions are ﬁhe large, fast-swimming fishes which incorporate
a form of couﬁﬁercﬁrrent’heat exchange in parallel'biood vessels
prior to the paésage of blood through the gii;sz(carey and Teal
1969 a, b, Carey, et al. 1971). Based on the findings of Steen and
‘Kruysse (1964), Stevens and Fry (1970) hypothesized that blood temp-
eraturg must nearly equilibrate with water temperature with each
compléte circﬁit of blood through the gills.

The respiratory surfaces of fish are structurally effi;ient
heat exchangefs.‘AHowever, fish may exercise some seléctivify in
the-route of blood flow through the gills and Fry and Hochachka
(1970) speculated on fhe possibility that éqme fish might alter
their rate of'temperatureiéhange upon entering water of a differ-
ent temperature by bartially restricting.blood flow to the gills.
The converse,uéﬁgorging the gills with blood, would have thé |
effett of accelérating the rate of temperature change. NeVerthé-
less, heat exchange at the gills cannot preclude'the transfef of

heat directly through the body.
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Stevens and Sutterlin (1975) presented a technique for
measuring heat exchange acrosslthe.gills of a'téleost and pro-
vided an indifeét approximation of heat loss through the body
wall. They rééorted that approximately 80 - 90§ of the heat con-

tained in venous blood of the sea raven, Hemitripterus americanus,

was lost as it passed through the gills (ét,S - 71%).

Heat lost via the giils involves priharily that fraction of
the total heat'éontent of the body that is produced through meta-
bolic activity..  In the case where a fish is confronted with a
sudden change in ambient temperature, most of the heat transfer
probably occurs through the body wall (Stevens and Fry 1970).
Stevens and Sutterlin (1975) suggested that between 80 and 95% of
total body heat must be dissipated through the body wall. Heat
transfer coefficients derived in this study support their conﬁen—
tion. Furﬁhef; a simulfanéous increase in the value of ht with
an increase invwater velocity indicates a_closer‘coupling to the
environment as swimming speeds increase. .This CqulinQ may be
someWhat countefbalanced by a parallel increase in metabolic heat
production. However, since the heat transfer coefficient is so
great it probably overwhelms any effect resulting from increased
metabolism (in'gll but the largest of fish).

In cases of‘thermal stress, "excitement metabolism" will
_account for an inérease in internal heat production. Excitement
metabolism inVélves heét production in excéss of that expected
from normal physical activity (Fry 1971). The increase in meta-
bolic rate will cause an increase in the transfer factor at the
gills (Randall, Holetoﬁ, and Stevens 1967) and a subsequent in-

crease in heat exchange. However, even under circumstances of
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thermal stress, heat exchange at the gills will ‘fall far short

of that required to account for the rate of change in the body
temperature of a fish exposed to a sudden change'in ambient temp-
erature. Therefore, restriction of bloodlflow eo respiratory eur—
faces’woﬁldunotiappreeiably alter the fish's fafe of thermal
exchange with its fluid environment.

Since the physical properties of water insure that the trans-
port of heat away from the body surface will be extremely rapid,
‘an alteration in the heating or cooling response.of a fish would
most likely be a consequence of a change in the fish's insulating
leyer. Thus, the rate iimiting factor for heat tranefef is the
thickness and thermai eonductivity of the insulation and not ex-
ternal heat transfer or thermal exchange at respiratory surfaces.

Vas<360nstriction'or vasodi1atipn of the‘vaseularized peri-
phery has the effect ef increasing or decreasingithe conductivity
of the insulating layer (Kleiber 1961, 1972) dnd can alter the
time course for heat flow through the layer. Vasoconstriction
would have the same effect as a thickening of the insulating layer.
Therefore, the effective distance acrose which heat must be trans-
mitted would be increased and the rate of heat exchange reduced.
The immediate outcome of a physiological adjustment such as vaso-
constriction is demonstrated by its effect on excess internal body
temperature (Table III). Calculated excees internal body_teﬁpé
eratures for a'hypothetical 150 gram largemouth bass (under
steady-state energy balence conditions) are elevated by an increase
in skin thickness.

Previous studies have been of restricted usefulness because

point measurements of temperature and temperature change within
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the body of a fish are of limited value for extrapolation to

the total organlsm (Stevens and Fry 1974). A thermal model has
now been dovcloped employlng heat exchange parameters that appl{
to a largemouth bass (or'31m11arly shaped flSh)-ln water. The
magnitude of the derived heat transfer coefficient (ht) shows
that some degree of behavioral and/or physioiogical adjuetment,
beyond restriction of blood flow to the gills, must occur when
the fish enters'a‘thermally adverse environment. The thermal
model should enable us to assoss the efficacy of such thermal
strategies. We are able to discern that portion of 1nterna1 heat
.transferred at the gllls and are left w1th quantlfylng that por-
tion exchanged through the insulating layers. Slnce the heat
transfer coeff1c1ent is derlved for a unit of body surface, the ex--
change of heat at the surface of the entire organlem can now be ‘

evaluated.



SUMMARY

’

An energyAbhdget equation, based on energy'bﬁdget theory for
terrestriallorganisms, was developed to deséribe the heat

energy exchange between a fish and its aquatic environment.

The mathematical model indicated that convection and a com-
bined conductiOnA- convection process were the major avenues
of heat exchange for a fish.

Solid aluminum castings of largemouth blackbass (Micropterus

salmoides) were constructed and used to experimentally deter-
mine heat transfer coefficients at water velocities covering

the free and forced convection ranges. The derived coeffi-

cients were used to characterize heat exchange between the

pass and its aquatic habitat.

The derivéd:héaf tiansfér coefficients (ht) are approximately
two orders 6f‘mégnithde greater than similar coefficients de-
termined for terrestrial organisms. The magnitude of the co-

efficients is due to the physical properties of the medium.

Increases in the value of ht coincided with increases in
water velocity. Temperature differential between casting’

(fish) and water and size of the casting had no significant

~effect on*the'valué.of hy within the rahge of sizes tested.

The magnitude of ht'indicates that the greatest portion of
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heat ekchange is through .the body wall with heat exchange

at respiratory surfaces being of minimal importance.

The rate'limiting factor for heat transfer in the largemouth
bass (and structurally similar fish) appears to be the thick-
ness and thermal conductivity of the insulating layer and not

external heat exchange between the fish and water.
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Table I. Results of ANOVA using a 4 x 4 x 5 factorial design.

This proéedgre evaluates the individual effects of water

velocity, v (4), temperature difference between casting

and water, AT (4), casting éize'(S), and their interact-

ions.
SOURCE . a.f. S.S. m.s. F
v 3 15660 5220 215.7 **
AT 3 1107 369 15.2 **%
size - 4 207 52 2.1
vV XAT ": '1‘ 9 711 79 3.3 %%
v x Size | 12 2019 1§8 7.0 **
AT x size - 12 178 15 0.6
v x AT Size 36 178 4.9 0.2
error ' 80 1935 24.2
total <: 159

*

P

0.05, ** P = 0.0l



Table IIQ Results'of the Student - Newman - Keuls (SNK)

test comparing the velocity component at each temper-

tistic to measure differences between meaﬁs.- The K

value is the difference between the mean ht values at
the two velocities.
fested aééinst a least significant range (LSR) for the

appropriate degrees bf freedom. A'significantAdiffer-

32

~ature difference, AT. The range is used as the sta-

K values for each comparison are

ence exists between means if the K value exceeds the LSR.

4 K
VELOCITIES (cm/sec) 5°C AT 10°C aT 15% AT 20°%caT
vs 23.1 1.75 1.00 0.62 1.40
vs 55.4 22.32¢% 18.35% i5795* 13.55%
" vs 67.1 27.91% 24.20% 22.98* 14.56*
23.1 vs 55,4 20.57* 17.35% - 15.33* 14.95%
23.1 vs 67.1 26.16% 23?20; 22.36* 15.96%
55.4 vs 67.1 5.59% 5.85% 7.03% 1.01
* P'= 0.05
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Table III. ReSults of 'ANOVA used to evaluate the effect of .

(a)

(b)

{c)

@

~city. Still water, a, and velocities of 23;1 cm sec—l,

temperature difference on the values of ht at each velo-
!

t

b, 55.4 cm_sec-l} c, and 67.1 cm sec-l, d, are examined
using temperature differential between casting and water

as the treatment effect.

SOURCE T d.f. 5.5, T hm.s. F

‘between ' 3 69.0 23.0 0.79
within . : 36 1053.4 . 29.3 '
total 39 1122.4
SOURCE d.f. S.S. m.s. F
between " 3 93.2 31.1 1.70
within - 36 659.8 18.3
total ' 39 753.1°

. ]
SOURCE d-£. 5.5, m.s. F
between =~ . 3 60.7 ©20.2 7.60 **
within = 36 ‘ 95.9 2.7
total 39 156.6
SOURCE — d.f. S.S. m.s. —F
between - 3 91.0 30.3 7.10 **
within 36 153.9 4.3 '
total o 39 244.9 ‘
* P = 0.05
** p = 0.01"
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‘Table IV. Célé@lated excess internal'body temperéture as a

j - \funcfibn-éf water temperature from the éteady-stéte en-
ergy budgétA(Equation 13). The hypothetical fish is a
iSOg largemouth bass in still water with routine metabo-

lism, M (cal,cm—zmin—l), and skin thickness, ds(cm).

'EXCE3S INTERNAL TEMPERATURE (OC)

water L . . .
routine M routine M° 2x routine M 2Xx routine M
temggg?turé 'ds = 0.7 ds = 1.0 ds = 0.7 .  ds = 1.0
5 10.037 0.05 0.07 0.10
10  0.065 0.09 0.13 - 0.18
15 . 0.097 0.14 0.19 ~ o.28

- 20 A - 0.130 0.19 0.26 0.38
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Figure 1. A three dimensional coordinate eyetem relating
the heat transfer coefficient, ht' to temperatufe differential,
AT, and Water}veiocitQ,.v. Solid vertical_iihes.indicate,fhe
range ef"ﬁhe pooled data (h'= 10), solid ﬁorizontel lines the
mean, and opeﬁ rectangles one standard deviation to each side'
of the meaﬁ. A least squares fit of all data (n=160) has been
included. Axes representing the heat transfer coefficient and
temperature differential are in the plane of the page; the velo-

city axis is into the plane of the page.
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Figﬁre 2. ngast squares plots of ht as a function of velocity
for‘eachAtempe;ature difference between casting énd water. Slopes
and interceptsiqf'each line are: (‘AT‘SOC)‘O,036v + 0.93} (_AT 10°C)
0.032v + 0.84, ( 4T}i5°cy)’ 0.030v + o.,éo, (ar 20°C) 0.023v + 1.0.
Each 1ine_isAthe best fit of 30 data points and the 95§ confidence
intervalé~of all lines overlap. For reasons of'clarity, only the |

regression line is presented for each temperature difference.
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Figure 3. 'A least squares fit of all heat transfer co-

efficiénts, h,

t{ as a function of water velocity (n = 120).
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Figure 4. Dimensionless plot of Nusselt numbef versus

Reynolds number in forced convection (n = 30). The plot is for

a temperature difference of 15°C and the solid line is a least

squares fit of the data. ht is the heat transfer coefficient
2min—lA°Cil), L is length of casting (cm), k is thermal

conductivity of the fluid (cal em ™ Imin! 97y, v is water velo-

(cal cm

. city (cm sec-l); énd U is kinematic viscosi;y of the fluid (cm2

sec—l).
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Figure 5. Comparison of predicted and obServed warming
curves for a 146 gram largemouth bass. Tﬁe temperature dif-
ference betweén.fish and water (AT) is plotted as a fuﬁction
.of time (t). The predicted surface response (open circles)
is far more_fapid than the measured internal response (closed

. circles).
}
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Figure 6. Comparison of predicted and observed cooling
curves for a 146 gram largemouth bass. The temperature dif-
ference between fish and'water-QNT) is-plotted as a function
of time (t). The predicted surface response (open circles) is

far more rapid than the measured internal response (closed circles).
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