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'Abstract

Significant;progress has been ﬁade in determining the mechanisms by which
large ectothermsjédjﬁst to thermal stress in their natural eﬁvironment. The
effect of mouth gaping on head temperatures and the role pf radiation, con-
duction and convection on body temperatures of alligators Héve been determined.
The utility of energy budget modeling as a method for studfiﬁg the thermoregu-
latory mechanismsqu animals ha# been demonstrated. Steady state and time
depehden;_modéls’qf Body temperature have beeﬁ fested;

Caqvection coefficients and eQaporative Qater léésArate;-havé beén'mea-'

sured for the turtle, Chysemys scripta. Climate space»diagfaﬁs have been for-

mulated and are beiﬁg tested. Behavioral therﬁoregﬁlation of tdrtles has been
studied in PAR pond on the Savannah River Plant, Aiken, S; C.

Steady stateleﬁergy budget equatioﬁs have been computed for largemouth
bass. Experimental heat transfer coefficients indicate that most heat trans-
fer is through the_b@d} wall and not via the gills, A time dependent model
is being tested.‘ It‘predicts the body température of a fish in a heterother-
mal enyironment.:

Theoreticai cafcﬁlations.have been made of the effects of body size, color
and metabolism on thé::emperature regulation 6f ectotherms. CTM tests are
useful indicators bfiétress in aqﬁatic organisms, |

Six articles have been published, 3 are in press, 2 in revision, 2 in

- review and 6 in preparation. Six masters theses have been completed. Nine

papers have been delivered at natiomnal meetings and 5 more are scheduled for

presentation this summer.
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Introduction

The'oucrall.ouroose of this project has been to determ@ne.qugntitativeiy
some of the mechahishs by which large ectotherms adjust to;thermal stress in
their natural enviroument. During the 2% years (October 1974-June 1977) that
this project hac been uhderwcy we have made signiricant'progress in meeting
this goal. We hcve.occomplished most of our long term (3 year) objectives on
schedule and milestohés of progress have been met each year as projectcd in
our annual proposals (see annual progress reports COO- 2502 4 C00-2502- 5, and
C00- 2502'}3). We have reported the results of our research in eleven
scientific érticles in journals such as NATURE, PHYSIOLOGICAL ZOOLOGY, COMPARA-
TIVE .BIQCHEMIVSTRY. 'Aﬁo,PHYSIOi.oGY', and COPEIA, in six masters theses, and in
nine presentatronS'at national scientific meetings. This summer (July -
1977) 1 wi11lpreseot our findings on the thermoregulatory adaptations of the
alligator at the XXVIIth Internationai Congress of Physiological Sciences in
Paris, France,

Specific 1ong.term aims for this project as stated in the initial
research proposal ucréfto 1.) conduct laboratory studies on the physiological
and behavioral bases for thermoregulatlon in alligators and 1arge turtles
2.) carry out field studles on the body temperatures and thermoregulatory
behavior of alllgators, “turtles, and bass in thermally loaded environments at
the Savannah River Ecology Laboratory (SREL), 3.) construct energy budgets
and climate space &iagrams for all of_the species oeing studied and 4.) begiu
- measurements on the oody temperatures of free swimming muskellunge in Lake:

Chautauqua, New York.
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Details of Sur progress in meeting theselobjectives have been given
in the annual prbg:ess reports cited above. The puréoéevof this suﬁmary
report is to giQevan overall synopsis'qf this project tb date (June 1977) and
to indicate the degfee to which specific and long term aims, have been met,
This report and the annual progress reporﬁ for 1976-1977 (C60-2592-13) provide

the background fof the renewal proposal for 1977-1978.

Erogreés Towards Specific Objectives

The first specific objective was to conduct laboratory experiments on

the<physioiégicé1 and beha#ioralAbases for thermoregulation in alligators’

and large turtle#g ‘Laboratory experiments on alligators will be essentially
complete by the'é;q qf this contract year. We have measured the effect of
mouth gaping on‘thé,head temperatures of alligators (Spotila*gg al. 1977),
have determined thé:effect of radiation, conduction and cﬁnvection on the body
temperatures of theée‘animals (Terpin and Spotila 1977) and have discovered an
_effect anesthetic for alligapors (Terpin et al, 1977). We have completed.A
half of fhe time dépéndent'experiments in the Climate Space Simulation Chamber
(C,S.S.C.) and will compiete the remainder by Octobér 1977. We plan to fin-
ish evéporative watgr.loss‘ﬁeasurement on alligators this summer . We have
shown that the steédy state energy budget model (Spotila et al. 1972) ié cor-
rect and our results to date indicate that the tranaient model 18 also a good
predictor (Spotila et al, 1973). We will complete all alligator experiments
by October, 1977, and Qill need about six more months to prepare our results
fof publication.

Robert Foley has measured convection coefficients and rates of evaporative



water loss for the turtle Chrysemys scripta in air. He has also formulated a

steady state climaﬁe space for this animal (Foley and Spotila 1977a, b). At
this time he is measuring the body temperatures of tu;tlee exposed to various
microclimates in the C.S.S.C. in order to test the aecuraey of the climate
space model, Later this summer he will determine the convection coefficients
of tuftles in still and moving water. The object of these measurements will
be'to detefmine ﬁhe 1imi£ing~factor(s) in the transfer of heat between a tur-
tle an& the water.'eThat is, the relative importance of ;he shell, physiologi-
.cal changes such as blood flow, and water movement in the:heat exchange pfo-
cess.- Completion of these experiments will help us to deVelep an equation to
predict heating and,cooling rates of turtles exposed to thermal effluents.
These experimente (in C.5.5.C. and in water) will continue into the next pro-
ject year. Plans to develop a time dependent energy budget model for the tur-
tle were deemphaéizedfin or&er to concentrate on the transient energy budget
for the fish and on analysis of field data on phe thermo;eguletion of‘turtles
in PAR pond at SREL, Next yeer we will resume efforts et'time dependent model-
ing in conjunction with the experihents discussed above;

The second speeific objective was to conduct field studies on alligatore,

turtles and largemouth bass. _We conducted . some observationa} studies of alli-
gators and one intense field experiment at PAR pond as paft ef our study en
mouth gaping (Spotila.gg al. 1977). We curtailed all othef field studies on
alligators at SREL in deference to the research being conducted there by

Dr. I. Lehr Brisbin and Mr.'Edward Standora. We have cooperated in their
study by lending our expertise and time and have cooperated with Dr. J. W.
Gibbons in collectiﬂg alligaﬁors along the coast of South Carolina. We used

these animals in our'iaboratory experiments.



‘ We have conduited extensive and intensive. field studies on turtles in
PAR pond at SRE#; AProgress has been reported in the third annual report
C00-2502-13. To suﬁmarize, we have conducted expériments and made observa-
tiong during all seasons of the year. We havé §pen£ two summers studyiﬁg
turtles in therm&liy'éffected ahd control sites. At this time we are ana-
1ysing‘déta and ﬁreﬁé?ing manuscripts for presentation ﬁt'the ecosystem
stress symposiﬁm fo be hosted in November, 1977, by SREL;and for publication.
In addition; Joséph Schubauer, a graduate student, is now cbnducting an
intensive field.étud& of turtles at PAR pond. He is jointly supervised by
Dr. Gibbons and mysélf. "He is supported by SREL, by this ERDA contract, and
by a small grantiffo@'the faculty of Natural Scilences pf this college.

Preliminary obseryétions have been made oﬁ largemouth bass in PAR pond.
Additional experiments afe.planned for this summer. These are detailed in
the annual progrgés report (C00-2502-13)., They are designed to test the
transient energy bﬁdgét model that we are developing for fish. More extensive
use of PAR pond ngg is planned for the future. We have held off on large
scale field studiés.to dafe in order to emphasize developﬁent of mathematical
models and laboratory tests of model parameters., After an acceptable time
dependent model hég'bgen formulated and tested we will conduct further field
experimenfs to validate the predictive capability of the model.

Our third objective has been to construct energy budgets and climate

space diagrams for all of the species being tested. We have validated the
steady state energy budget and climate space for the alligator (Terpin 1976,
Terpin and Spotila 1977) and are presently testing the time dependent energy

budget model. Foléy (1976) produced a steady state'energy budget and: climate

space for the turtle Chrysemys scripta. He also determined convection



coefficients for tﬁis animal. Thése results are summarized in an article in
preparation (Foley.and Spotila 1977a).

We have made very important progress towards;foi&ulatiﬁg sfeady state‘and
time dependent énergy budgets for fish using largemouth bass (Microgtefus
salmpides) as a model animal. Originally we planned to conduct field studies
on the response of béés to thermal effluents in PAR pond on the Savannah River
Plant, Aiken S, C} We #150 planned to construct a climate space for this
fish., Taking advantage of our initial success in thebrefical analysis of heat
exchange between a fish and'itsAenvironment we have shifted our goals and made
much more progress téwards a p;edictive, time depen&ent, mathematical model
chét we originally planned for the first three yéars of thic project.

Dale Erskine proQided algreat impetus to this part of our project by for-
mulating a sﬁeady étgte energy budget model for the bass and deﬁonstrating
that most heat transfer occurred directly through the bodyAwall and not via -
the gills (Erskine 1976, Erskine and Spotila 1977). These findings provided
a basis for time depehdent modeling. Rather than tracking gass in thermal
effluents, research already being done by Charles Coutant at Oak Ridge National
Laboratory (Coutant 1975), we dgcided to hold pff‘on field studies and concen-
trate instead on devélopmeﬁt of.a time dependenﬁ model. Richard Kubb has for-
mulated a transient model to predict time dependent temperéture change of a
fish in a heteroﬁhermal envirﬁnment. We plan<t6 test this ﬁodél this summer
in the labora;ory and in fhe field in PAR pond. By October, 1977, we will
have sufficient data to evaluate it. Next project year we will concentratc on
data analysis and syétems fdentification to determine the accuracy and pre-
cision of this model; Eventually we plan to be able to predict the temperature

of a fish as it swims in and out of a thermal effluent and ultimately we hope



to couplé behavioral parameters to this model in order to predict the behavior
of a fish in response to such an effluent. See the annual progress report for
1976-1977 (000-2502F13) for a further discussion of this topic.

Our time depeﬁdénf modeling of fish body temperatures is complementary to
the reéearqh of Séigarelli and his colleagues at Argonne.Nafional Laboratory
(Spigarelli et gl; 1977, Spigarelli 1975, Spigarelli et al. 1§74, Romberg
et al. 1974, and Béitinger et gl;'1977).. They have tracked sa}monids'in ther-
mélAeffluenc plumés,-have stﬁdiedAﬁeating and cooling rates and reported on

heat transfer between gizzard shad, Dorosoma cepedianum, and water. Our study is

also complementary’tb some of the research being conducted at dak Ridgé Nationél.
Laboratory by Coutant and his colleagues. They are studying the effects of
water temperature, velocity and turbulence on the behavior of fish (Griffith
1977, Bowles 1976), fémperature selection by fishes in the field (Coutant 1975)
and the effects of cold shock on susceptibility of fish to predation (Coutant
et al. 1976, Wolters and Coutant 1976). We have been approaching fish-temper-
a;ﬁre questions frbh‘g theoretical viewpoint whiie these résearcherslhave been
more field or directiy‘problem'orieﬁted. Our'pian is to develop a tiﬁe'depen-
dent model of fisﬂ‘bpdy temperétﬁre that will be useful in predicting the
response of a fish:cb'a heterothermal environment. This will provide a theo-
retical baéis~for fiéld'studies such as those of Coutant and Spigarelli and
should provide insighf into the mechanisms by which fish respond to thermal
effluents in their n;tural environment.

The fourth objective of this project as sfated in the original proposal

was to begin measurements on the body temperatures of free swimming muskellunge
in Lake Chautauqua, New York. The rationale for this was that this fish, being

very large, might show specific adaptations in its response to water temperature



~ that were not evident in smaller freshwater fish. This objective was not

pursued during this brdject for the following reasons: Fifsf, it was not
directly rela;ed to the problem of a fish in a thermal effiuent--muskellunge
are not normally féﬁnd in such situations. Second, the rapid development of
the modeling efforglon largemouth bass promised more substantial results and

in turn required a mﬁch greater iﬁput of time ‘and effort. We deemphasized

the muskellugge.réseéfch in order to concentrgte'on'thé'bass model. Third,

the field study of .turtle behavioral thermoregulation in PAR pond has developed
into a major effortjﬁnd has dominated our field time, Aéain, this forced us to
curtail field studies of the muskellunge. In the future we may return ﬁo the‘
muskelluhge as an EXaﬁple of a large freshwater ectotherm if our analytical

efforts suggest that such a study would be worthwhile,

Additional Research

In addition to thé studiés'discussed‘above, we have become involved in
two other research';réas dufing the coursé of this project., The first is a
mathematical analys£s §f the effecclof body size and physicél,éharaétéristics
on temperature reguia;ion of ectothe;ms and the second is‘thé development of
model systems for thé'study of stress in aquatic organisms. ‘Mathematical ana-
lysis of heat energy transfer (Spotila et él; 1972, 1973) provided a framework
for the studies on thermoregulation that we have conducted during this pro-
ject., During this project we have continued our efforts in this area, and
have examined theoreficaily the role of body size, color, and metabolism in
the temperature regulation of ectotherms. The validity of this approach has

been demonstrated by our experimental findings of the past 2% years (see annual
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progress repbrt:C00f2502—13). Dﬁring the past year we have used our time
dependent mathematical model fﬁr'the body temperatures of large reptiles té
compute the effect'bf color, é;zg and metabolism on the body temperature of
ectotherms, These proje;tibns provide a framework for thg design of future
experiméntal studies; | |
dur éffort;;tpwﬁ#ds the‘development of model ;yétems fbr thé.éfudy of
sfress arose from studies on the effects of temperature and arsenic on larval
fish and minnows.:‘As'a result of these studies we have fohnd that the Critical
Thermal Maximum (CTM)ftest.for temperature tolerance is'a.ﬁéeful indicator.of
stress. The app}iéation of a stress, such as a toxic material, the presence
of a disease, or a &evelopmental change in the life history of a fish will
be indicated by a:shgrp.decrease in its CIM. This will occur before any out-
ward manifestatioﬁnoflothgr.sympéoms. Thus the CTM.might be useful as a real
time test for the scfeenihg of toxicants or as an indicator of stress in a

natural population of.aquatic organisms. For additional comments see annual

report C00-2502-13.

Major Accomplishments

We have‘clarifiéd:the effect of mouth gaping on head temperature and the
roles of radiation, cdnvection arnd conduction in heat eichange between an
alligator and its eﬁvitonmeﬁt; We have demonstrated the dtility of energy
budget modeling as alméthod fof studying the thermoregulatory mechanisms of
~animéls. We have fes;eé'tbe steady state heat exchange models for the alli-
gator in the laborétpry and are now documenting the time dependent model.

Convection coefficients and climate space diagrams have been determined
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for the turtle,'Chfysgmys scripta. We have also ascertained the roles of body

size, wind speed, a@d air tempe;afure in controlliqg evaporative water 1oss
from Ehis animal, fOur'fiéld stﬁdies in PAR pond, on theAsavannah River Plant,
are clarifying thg BéhaVioral mechanisms employed by this turtle in adapting
to thermal stress.iﬁ its natural h;bitat. | N
‘ Wé,havérdelﬁﬁééted the mechaﬁisms of heat transfér.betweén,a,fish and
its aquatic enVianmeﬁt and havé formulated steady state energy budgets to.
describe them, Mbét.hgaf transfer occurs through the body Qall, not through
the gills, Water:yelpéity does not appear to affect the rate of heat transfer;
During the coﬁtsé of this project we have publishedA6Aértic1es and have
3'more in press. :Two,a:ticlés are in revision, 2 dre in review and 6 are in
preparation. Six ﬁasﬁe:s theses have been completed}A My students and I have
presented 9 paperé:at ﬁational'séientific meetiﬁgs.‘ We will deliver 5 more
this summer including éne atAthé XXVIIth Internafional Congress of the Phy#io-.
logical Sciences iﬁ'féris, france; in July. Weiélan to déliver 4 papers at
the.sympSSiuﬁ entitled, "Energy and;EnvironmentalfStresé.in Aqﬁatic Syétems,ﬁ
to be held in Augqgté,(Géorgié in Noveﬁber, 1977. A list of Scientific

Publications generated during this project is given in Appendix I.
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