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A sirnuhation model, b s e d  on Newton's law sf rooling. %:as deveisped to predict 
body-care temperature in fi.6 subjected tc fluctuating ambient temperatut-e. Under 
the ~ ~ m d t t ,  body temperature "decays" exponential!\-, with rate coefficient k .  toward 
the ecjuilibrium temperature that existed L time units earlier. The  latency period L 
i s  presumably indicative of the time required for the initial transfer of heat between 
3 fi;,sh5s deep-bod. t issues arjd i t s  external surfaces. The computerized modf:l simulated 
body temperature at 10-s intervals for comparisoll with that acruaily n~eajured in 
five Lepomis nic-rrorilirus, two Tilaps'cr nirrea, and three T nilotirn as ambient tern- 
~~eratui-e cycled irregularly between 18 and 33 C. The mean absolute error between 
observed and sirnulared body temperatures (4 1 !-540 comparisbns per fish) ranged 
from 0.04 C (145.9 g T: nilotica) LO 0.24 C (89.6 g 7: nilotica). The maximilm absolute 
error per series ranged frorn 0.14 C (145.9 g I: niiolicil) to 0.61 1: (89.6 g a: nilolicuj. 
(4ver tlO?& or' ;he 4,564 predictioi.; errors k ~ r  the i(i fish %-ere less thar! 2 0.3 C (mean 
abso!~te error = O 13 C). The  parameters k and L .c17ere estimated for each fish from 
thrrma! step-change etxperi~nent*~ that both precedeti and followed the cyclic-tern- 
perature exl2eriment. Precyclic estimates n i  k were picater { P  < . O i l  thatis postrj~clic. 
eitir-rraies at horh the genus and cc3nibint.d lel-els. Lrpcl21i.r i f lnrrorhirus t\'armcd 
ia;irar $.ham they r ~ o l e d  (P -: .CIS). P h i , .  conibined for the three specicc indicated a 
iineav relationsi~ili betiveen in k and ln  weight, witti slope -0.59. Latency times 
were r,ot ciirrrlatcd (P :. . I O )  with fish weight, nor did they differ (P > '0.5, between 
pre- and jtok*i~yclic trials. i n  Id, mcii~oclziuu;, ivaririintg laiency time was lo~lger than 
uzoting i a t e n v  time ( P  < . 0 5 ~  
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.S ~ n e  equilibrium temperature at a rate de- 
t r r m i ~ e d  b;; the constant k .  

The equilibTi~m temperature equals the 
ambient temperatur, (T,) plus some excess 
temperature (iyYP,) caused by the continuous 
2dditio:i  of metabolic heat (Xeill and Ste- 
vens 1974; Stevens and Fry 1974; rgeill et 
a], 1976). fi;xcess temperature i t se l f  may 
vary from fractions of a degree to as much. 
as 20 i: dependirlg on t a x o ~ ~ ,  size, mid the 
metabolic state of the indivitiual (Barthol- 
n m t  and Tucker 1403, 1964; Stevens and 
Fry 1970, 19i17 1974; Carey and Teal 
1469; 6-%- b d l ~ j  - - A - ,  ee ai. 1971; Neil1 et ai .  1976; 

Smith 1976j. The rate coefficient whicfl 
can Pse defirged as the instarltaneous rate 

r* -- ..;idrlge in body temnperature per unit 
tinle pe; unit difference betvjieen & a ~ d  
&, refiecis the combined effects of direct 
thri-rna;I conduct ion through body mass, 
passive co~t.cctir;n sf jocintpd with intra- 
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and rn~erc&lu8ag fiuids, and f6jil-ced can- 
% w ~ e c j y e  t-f.ansfer of heat v ia  the car&ovas- 
ccjiar syst iyn (Sxevens and Sutierlin 197 6 ;  
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animal's weight (Stevens and Fry 1944; 
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u!ated results were not colnparrd with in- 
dependent data. 

This paper presents the development of 
a simulation model, baser! on - a modifi- 
cation of Newton's law tvith parameters 
estimated from step-rfiange experiments, 
'i* ihat predicts the bod>--core temperature of 
fish exposed to continuc;usly Auctuzting 
water temperature. Computerized sirnu- 
latiotls of transient body zemperatmre are 
compared with a c t u d  core temperatures 
monitored d u r i ~ g  experiments. 

MATERIAL AXD EviETHODS 

Lepomis m n i r o c h i r ~ ~ ~  (bluegill) were 
elecirofijhed from srvzra2 small pcjnds in 

P-m Brazos C U U Y I ~ ~ ,  I ~ X ~ S ,  during slanlmer 
1979 and spring 1980. Tilapic aureil were 
obmained in fail 1979 and T. ni iot icn in 
s ~ r i n g  1980 from stocks at the Aquaculture 
Ixesearch Center of Texas A&M U ~ i v e r -  
sity. yiixed piipuiations of the three species 
!yere held u n d e r  cons t an t  l i g h t  a t  
2 1.5-2 2.5 C [ ~ r  a millimum of 6 ivk pi.i~i. 
lo testing. 

-+Tr r3ur each e:%prrirnental series, one fish 
was 1-iertrd froill the holding tank and im- 
plan",d Fxjikh 2 b~dy-lemperalure era~is- 
ducrr inserted thnocgh a 23-gauge hypo- 
dermic needle into the epaxial mvscie mass 
just lateral t.6 the fifth or sixth verteb1.a. 
P 9 1 he fisfl v17as f,hel~ put  in:^ 2 s~ft--p!atic 

" I  - mesh rage a ga;mci-l effcr.sl i \re!Jr  sestricl@d 
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sij~imnli~2g nao~.~tmn:ts but drd not impaii- 
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@-7 - "" * * - =  
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Upon cornpietion of the last step-change 
tri& the fish was allowed to equilibrate 
to a constant temperature ( ~ 0 . 1  Cj be- 
t~ween 18.8 and 21.5 C for 20 min. Then, 
bath temperature vilas B ~ c t u a t e d  for 70-90 
mi11 h;: arbitraw additions of hni and cold 
water. Both body and water temperatures 
were recorded simultaneously ever>? I C  s 
for the entire cyclic phase. Finally, the se- 
ries of four (two warming and two cooling) 
step-change experiments was repeated. 
The fish was then weighed and returned 
to the original holding tank for observa- 
tion. The entire procedure was performed 
on each of i O  fish-five bluegills ( 2  1.3- 
51.6 gj. two T uzlrea (41. I and 136.7 gj, 
and three 2? niloticra (18.6-145.9 g). 

Temperatures were monitored with two 
Baiiey Instruments, Inc . ,  digital thermom- 
eters (Model BKF-S), which display \n,.ikh 

4 " 
0. i C: resolution. Data were reaa i71sualiy 
and realoriied xlanually The body-temper- 
pfajye ,...- T -  g2to;~ - bk- wa: a Bailey Instruments, 
1 ,  iissue-~mplantable, copper-constarr- 
tar1 thcimiicoi:plt: 0.076 mrn in diameter 
'Tr~-q.le +. I: ' f f  I%-?>; constant = 0.005 .,j. 
iiria!er irfilpcratnre 1%ia5 measured in-iti: a 
'g* E 1  naiiey insti-ume:?~~, lac,, 23-gauge needle 
phrrnliicauplc (Type biT-5; tirile consrant 
.r- O,]S 51, 

The exponential rate coefficient k was 
rsrinzaf;:d for each of the eight step-change 
triali ix.rith fisha B~,iegra~ii~g equafion 

" % 

{ -j ,I %&,j@ifi j - ~ ~ p ~ ~ ~  time f , i g y s  

rium values vvere not used in the regression 
caicuiarions. Ccnsequentl?.: for each step- 
change trial, the first recorded value of T, 
in the truncated range became 2Fb(D). 

Plots of T, against time for the step- 
change trials (e.g., fig. 1) revealed an ini- 
tial lag in response similzr 1.0 that observed 
by Crawshaw (19761, P<ei!l et al. (1976), 

i-? 9 Reynolds (19'i7)1 arid splgarelli et aI. 
(1977). VVe suspected that such response 
latency is indicative of the time required 
for the initial transport of  heat via con- 
ductive and convectii~e processes between 
the fish--1vater interfaces awd the tissue in 
coilratt with the ihemmocoilple. Assuming 
that this latency effect is of fixed duration 
L, then a;, would havi: had a constantly 
delayed reaction to any change in ambient 
leaperature. 

Newtun's mode!, as defined in equ;llian 
( I ) ,  was modified to account for response 
latency: 

i.e., hod\- temj3esatur.e changes at a raic 
proportional to the difference hetween it- 



it-if and " t h e  rquiiikiriiim temperature that 
~ x k t e d  t time f.unit5 earlier. 

Latency periods u7t:i-e caiculaiec! frorn 
i~c;d>~-ternr~eraturr series i-eccJrded during 
the step-c!langr trialh. Solving for t in 
equation i.31 (using the previousi)7 esii- 
rBaakeci value elf k and the knou7n values of 
* I 
l .!l i arid 'l'il(0) for that i~ar t icular  warming 
or cooling trial) yielded iirrie of occur- 
rence for a specific ?",,it) under coliditions 
of  rue expop .eittial decay. The  difference 
bct~ycen 7;,(lj95 a c i ~ a l  tinre of" occurrence 
iiuririg a steil-change trial and T,(t)'s ihe- 
oretical time {if ciccurrrl-tr-e given true ex- 
liol,en*tiai decay wa.; taken as a nleasure 
of iatency pcriori. Latrncj. period m7as cat- 
cuia~ed for every recorded va!'~e of ?'!>(t 1 
(v;ithin t h e  truncateif range, fig, 1) and i t s  
racan taken ss the latency period for that 
r g r j i g  1 Ida- 
t e l ~ c - y  periuds Mivrr ~ ; i l ~ i i ! ~ ~ ~ i . t i  ic i r  each of 
lilt rigirt step-changa. trial:- with each fish, 

Equalion , )  ijcc;ljne the basis uur  
i-~iil(ici itrrrfict ing, i ~ o t l j -  ierri13erature 
tS*;iler c*ci~jdiiicill> of Auctuating ambir l~t  

+ " '  " * " ?  1cnlilcr;iture. f' HA,  the rha!:gir;g erluitlu- 
j i \ jF i i  ~ ~ * ~ j - j ~ ~ ~ ~ ~ ~ ~ ~ \ ~ y ~  1y ; j~  ~ g > g j r ~ : < ~ ~ l i ~ v j ~ ~  as a 
i,juc-c- r~k~i~i: -cy -enrae of lineal. fullcrions 
I3vi.r c u n s t ~  uiive tim: ii.1ier.i-iiis oC iengtk 
&it > P&-xtdy t i 2 4 4  i r l c re~2e~t ; i l  ~i17ear ck lh~ge  in 

- 6  

if wa.3 i ~ r c  iirktcii-sled in eiju;itiol; (3 1, 
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culated value of a',) (or T,jt -- At ] ) ,  an ini- 
tial estimate of bod!. temperature %;as 
necessary. This uSa5 acconnplished 53- al- 
lo\n:inp the fish tr. equilibrate to a constant 
aml-iient temperature before initiating cyciic 
fiuctuations. r F h ~ ~  ;il at t == 9 equated T,. 

1x1 the case of cur  experiments. none of 
the fish registered at-4 excess temperature; 
i .e . ,  lnetabolic heat prbdu~ction in fish of 
the species and sizes we used had a neg- 
ligible effect on body tcmpe:rature and the 
dynamics of heat t ranfe t .  This sirllplified 
matters in that 7;. = T, continuousi.; there- 
fore the recursive model $?:as applied di- 
rectly to the T, time series (all values of Te 
in ecj~ations [4j a:d 151 tvel-e, in East, val- 
ues of T,). 

The mean absolute error iZ /  observed . 
Tb - predicted ;r,,i/P;, JV = number of oh- 
srrvalivns at  coi~secuti\~?.e 10-s intervals) 
vkPas calculated as a mnea..iu;re of how ~ ~ 1 1  
the predicted series fit the observed series. 
13redicted 'I',, series .izqere also generateci for 
a railge of latency ~~cr io t i s  versus a range 
of rate coefficirnts. 'The resulting 174uus 
of .-,can absolute error were  plr,tt~ti ,- a 
xx~aerix and contsurcd 1s iBEustrat e rnodeI 
robustness and to indicate accuracj7 of 
rate coeff~cien~s and latencjr times esti- 
mated frorn tlre step-ciiange experiments. 
1 

50 that cor:ld determilit? the impor-. 
iai:cc of larcnc?, ligiw as a preiiictor, 'b;, 
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perature are illustrated representatively in ditions (TN-2, fig. 4U). A:;suming best es- 
- .-. 

figlaie 2. i3redlcted body temperature, ob- tinlztes far k and L, the op~.imal fit in terms 
served body temperature, and a.mbie13t of mean absc~iute error ranged from a l o ~ v  
water temperature are plottid against time of 0.04 C for TN-I up to 0.20 C for fish 
for three iish to shorn7 cases of best (fig. LM-4 (table 1). 
2A) ,  intermediate (fig. 2B),  and worst ( f ig .  Scrutiny of the ambient temperature- 
2C) fit of the model. Summary data for all time series and associated data suggested 
fish, including the mean yalues of  k and no consistent explanation to account for 
L used in calculating predicted tempera- the differences in optimal goodness-of-fit 
tures, appear in table 1. Goodness-of-fit or for differences in go~drtess-of-fit u7hen 
ranged from a mean absolute error of mean values of R and L were used to siirn- 
0.04 O for a 145.9-g Tilapia niloiica (TN- date  body "kemperarure. 
1, fig. 2A) to 0.24 C fur an 89,6-g nil- T iAatency time deierminastions from step- 
otica (TN-2, f ig .  2C). The maximum ab- change experiments resulted in optimum 
solute error per series rangecl horn O , 1 4  C values POP five fish (e.g., fig. 3 A ,  4B), 2-5-5 
(ThT-1) to 0.67 C (TN-2). Based on a total overe::timates in three fish ie. g. ,  fig 4C), 
of 4,564 observations, encompassing the 
resuits Prom all 10 fish, over $O%, of the 
prediction errors were within i 0.3 C (fig. 
3A);  overall mean absolute error - 0.13 C. 

f   on tour plots of mean absolute error 
indicated the optimum conibinations nf k 
and I, for predicted temperature-time se- 
ries (fig, 4). Large prediction errors were 
cat~srd by arl inherently high mean at~so- 
lute error in optimal cases (e .ga9 fig. 4.4) 
andJcr inaccupatc eseir~ates of K from 
the step-change trials (e.g., fig. 4C). The 
data from the fish yiii!rling the poorest 
goodness-=of-iit suffered from all three can- 

and 4-6-5 underestimates in 3iwo fish (e,g., 
fig. 4 0 ) .  This implies that reasonably ac- 
curate estimates of & czin be determined 
from step-change experiments. The  im- 
portance of latency period as a predictor- 
variable i s  iridicated by the fact that had 
L not been incorporated into the model, 
n - ~ a n  absolute error would have raitged 
from 0.2 1 C iL+?d-3) to 0.75 C (TN-2) with 
a maxin:um error range of 0.47 43 (TId'-1) 
to 1.64 C (TN-2 ). In addieiol? oirer 50%) 
of the l~rediriion errors (3 - 1,s 64) woujd 
have exceeded t 0.3 C (fig. 3B). 

The least-squares regressic~n procedure 



used in calc.ulating k was justifled in that 
.stel-I-change estirfiates for four fish were 
optimum ie.g., fig. 4 4 ,  yielded underes- 
timates of on!). 0.02--0.05 Cimin * C for 
three fish ( r e g . ,  fig, 4C) and overestimates 
of 0.04-0.05 Gimin C for three fish (e.g., 
fig. 4D). 

GfPOLIP-IG RMD %'JAW?&I",ZNG STEP-CHANGE TRIIkLIPj, 

Least-squares regression of in / T ~  - 
l ; , ( t~ /  against time yielded a highly signif- 
icant iP ( -01) linear fit, with a coefficient 
of determination (r2) greater than 0.99, in 
each of' the 80 step-change trials. 

Signiiicant differet-tces (P < . O i )  be- 
tween pre- and posicyclir values of the rate 
coefficient k occurred at the genus and 
combined species levels, sviti? both waiam- 

ing and cooling k decreasing: in magnitude 
cluiing the second step-change series. For 
the entire data set, meari 2: SD values of 
the postcyclic k:precyciic k ratio were 0.95 
t 0.06 and 0.56 i- 0.03 for. whrming and 
cooling trials, respectivek. Pre- and post- 
cyclic latency times were not significantly 
different (P  > .05) at either ibe genus or 
cc~mbined levels. 

Bluegill warmed significantly (P  < .01) 
faster than they cooled, resulting in a mean 
coolingiwarxning k ratio of 0,94. In con- 
trast, 2? a?,drea cooled signllficantly (P < 
.OS) faster than they warmed, the mean 
coolirlgiwarmillg ratio being 1.07. Elaplu 
nilotica also tended to coot more rapidly 
than they warmed; however, the difkrence 
was not significant (P > .05). Values of L 
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FIG. 3 .--Fi.eqinexicy i~istsgrams of rtlsiduaj error 
1,esbserx7ed body tea-slperature rnlnres predicted $ . f s i f j  

'rcmperalharct fur the cumkjlned i-esuBts of all li, fish 
(A7 -- 4.5 64) A ,  " $ 7 2 " ~  r~-iodef crtrrected for latet?ct3 
period B, The modst not c~rrecxed ~ O P  latency pe- 
riod 

for \j~armirig -$irere gri'ater tharn those f c ~ ~  
cooling in all species, but the difference 
w a z  siynif rani (P .-' .05) only in bfuegiii. 

A dotihie logarithmic plot of the rate 
corfficient k (Cimiz-i * (', mean for earl! fish 
wit bout rcfiitrd for taxon) agaiflst weigllt 

. - " F *  . - 
(9 i yic:jifed 3 i~rglrl!. 51~;rjifjcant linear tor- 

, ] = 1 -- 0,s') In iF~eighl; I-' 
< '01,  p' = &({(; (fig. 5). 

j i i i ~ i t : ~  iroiri tojn biijiaci t jat;~ Te- 
- >* - 9 

\ ' f : i k i ~ < j  I j t J  h ~ j f ~ l $ ~ ~ < ~ ~ i l ~  (1' a !~IIL'~I!' rt'- 
I t l~ i t i i  g !  i- lo\rve\wt 

F 1 * * -  
~ l t * ~ ~ * r ~ ~ : i g r ; ~ : i u ~ i ~ ~  <:f $4(3i i~cj i i l~ i ,b . i  i t ; ~  f ~ j ~ t q ! j % i ,  
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FIG. 4.--Contoured matrices of mean absolute er-  
ror (degrees Celsius) be t~ leen  obsera-eii and predicted 
body temperatures for various co~lbinations of raw 
caefhnicnt and latex-icy period in four f i ~ h ~ s .  A ,  L4- 
powis mac~nchirws L3I-4, B ,  %, nzacroc hiws L&1-5. 
C, Ti lapfa  B Z - ~ Y ~ O  rI"44-l B, T. tziloi~ifa TN-2. Elor-i- 
mneal and verkicd bars represrz.,t, respcct4.tielyT tE-ir. 
i-a.tn,qe sf rate eoef6cien"l Qj' -- 8) and iatt"l̂ scg"pk3rjgid~ 
(A' = 8 )  detefnxined ixom sketp-change experix~~en"c. 
P q -  

B heir paint e ;a i  intersectior: i;:dicates the rrleaIr valw 
esscd in the simulrptlsn rnsdcl to predict "te body- 
temperature series. 



to flkictuating an~bient temperature. The  
model appears robust in that ?O!% iLK = 
4.564) of  the predicted telnperatures were 
ivithin 2 0.3  C (mean-absolute err01 = 
(3- 3 i C) of the ohserved vaii~es. despite 
zppzrerii te~nporal and physiological vari- 
atiarla in k and 1,. More than half of the 
prediction errors fell within the resolution 
limits of our expcrijx~entai hardware, and 
611 128 C ~ S C  d id  errar e%ceed 6,: ce 

In fishes, the perception of thermal gra- 
clients and consequent tirermoregulatory 
!. r k w  ior n2ay depend upan instania~lcous 
- :fc : : :ices bet ween all-lbient and body- 
i *-:& temperatures (Iqei12 rt a]. 1076; Neiil 
j , ;itevens and h ie i l l  1979). Such hS'- 
-mthi.sei arc: ri.ndered ft';labl~ iIj. the de- 
veioprrient of s model for accurately pre-, 
diceing tiody temperature. Until now, core 
temperatures of a f i s h  swin~ming in a ther- 
rnal gradiei~t could he i:nls\vn only by di- 
rect measill-ernen1 witli al! lilllililnted sr1;- 

:or. P2ormal thermoregulatrry behar~icr is 
tiniloil hteiily f i ias~ i i  by stresics (c. g *  , stir- 
gica! trauma aud restrii-tion of lot-ornotor!. 
acrivibri associated i2-itii  such a technique. 
Our moiicl, t.,ppl-opriaiely parameieriztad, 
c O u i ~  obviatr the need for teiernetry of 
c r  r a t  ~ ~ r ~ y i i j e d  on14- tirat the 
alnbierlt te~xipcratut'e sequence generaed 
by the $sir car! Ltt mtt::ltored ~c~: i i r ; r i e i~~ ,  

klric-ncinn ct orir mcidzi t u  &the: poikiiti- 
4 t i ,%, L,,, in., i; rg~ f i i i gen t  ilpc~fi .i~i.i-rai tor-lsitl-- 

erations. Although cool in:^ and warming 
rate coefficients varied significantly ( P  
.Q5) in brrtt~ Lepomis mal-r.oi.hi~*us and Ti- 
lapis aurea, the  mean rna~gni t i -~es  of the 
cooiingiwarming ratios were verj  near un- 
i.y, being 0.94 and 1-07, rr:spectively, Spi- 
garelli e! al. (197 7 )  observed greater dis- 
parities, v57ith cooling/ wa1:mirtg ratios of 
0.54 to 0.74 in brown troul: (Salmo tvgdlta), 
carp (Cyprilzus carpio), and lake trout 
(Salvelinus ~. ,afnaycush).  h meizn ratio of 
0.75 (in v;ater) and 1.30 (in air) was cal- 
culated for two species of aquatic turtle, 
Psetademys$oridana and C'helydra s ~ r p e l z -  
tijzu jbTeathers and White 191 1 ) .  As much 
a.5 a twofold difference has been reported 
for the nlarine iguana, Ambl3trhynihus 
c ~ i s t a t u s  (Bartholo111eij6,7 and Lasie%vski 
1965)* Everi though the use of a single coef- 
ficient for both cooling and warming caused 
no noticeable impairment of prediction 
accilrary in the case of OUP. experiments, 
larger species-specific rate r ! f i  ren tials may 
dis3llow rhe use of a mean rate coeff~cient, 
rtquiri:jg illstead the incorpcrration of sep- 
arate k's ciepending on whether the animal 
i s  being byarmed or cooled. 

Both ~ + z r m i i ? g  and cooling rate coei'fi- 
cierlts were lower during postcyclic step- 
change trials. %llis consistent, albeit small 
iaj~proximatrlj~ 5 7 )  increase in thernnai 
t i  3 have been rciatild to the ex- 
& -.-- ~r-lzd~il jitbticid (;.b h)  uf es~>rrimrntal ctrrss 
el-kdiiretl h> e 1 -  Ial-dio~7ascul:ir i4r.- 
ipurlse- are rnediateci by a iiuiriher of vaii- 
3blt:s that c ; ~ n  both SIZC ~.r;i.t"ce and dc:.:"r~a,";ri" 

C 7  cardiat. outplj! K;~:icinl! 1968, ! ()701. 1 1 - i ~  
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than they coo! ha9 been reported also far 
o ther  f ishes (Stauf!'er et al. 1975; Craw- 
5ktaa9 1970; Beitinger t-t al. 1977: Reynolds 
1977; Spigareili et al. 197 71, lizards (Bar- 
ihoiomew and Tllcker 1903; Bartholomew 
ant3 Lfasie\s~ski 1905; Vgeafhers 1970; 
T ~ c K e - n n a  and Packard 1975): turl jes 
(F$$;e?athers and Ik%,Thite 197 1 ; Spray and & J a j r  

!Y 721, croco&iians (Grigg and Aichin 1976; 
Smith 1976),  and snakes (Dmi'el and Borut 
3 972 1. Grester rates of heating than cool- 
ing have been attributed to endoge~lous 
hest producejon, variations in blood-fik3vl; 
distribution, and to heart-rate (HR) hys- 
teresis that depends upon the direction of 
temperature change (at any giveri temper- 
ature, warming HR > cooling HR). Neil1 
2t  a!. (!97bj, Kubb et a!. (1980), and Pettit 
and Beitiliger (1980), on the other hand, 
found no significar t differences between 
~r~zrrri inp and cooling rates in the skipjact; 
t una  iliatszcwon*s p ~ l a n z i s ) ,  the large- 
mouth bass, and the South American lung- 
fish il,rpidosi,pe$z prrjaadoxa), r e s ~ ~ r c t i v e i ~ ~ .  
l ?e t l -~~a  ( 197%) evm; i-ibseri~ed a 13eart.-raac 
hyiteresi:: (cooiing/warming I-IR ratio > 1 
aiong ivith a cooling/vi.arming iz ratio > 1 
1 - 
11,1 e r i~ r .  h """ i i r j - t i e  T ~ i ~ c i p e ~ i ~  ornnti i .  Although 
iiur rirsulti, bluegill are consistent with 
thc rr.rajox.iiy of published data, the more 
rapid :uciinp rates noted in oLir tilapia are 
not ~vitkiout precedent and further support 
the ionirntiorl that t!lt prcrcesues of thzr- 
rnal rxcii;ir ii:r iirnollp species. 

C Y 4 i re  . i iop~ ( -- 9.59; of the dnr,iblr log&- 
ritkiri2ic ~ ; j t i l  (jf k ag;iinsl i+jieigli( i s  similar 
t i j  i l i c , ~  \ r ~ i l ~ j ~ ~  r ~ j ~ ~ > f f t ~ < I  f ~ r  ~ X C  si~c$cies 
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weight. kogicaiiji, L should1 increase with 
fish ~*$7eight, regardless of wkrether its mag- 
nitude depends more on pa.ssi\?e or circu- 
!aiory processes of heat trarisfer; however, 
one might anticipate a higher degree of 
variability associated with the L~tter mech- 
anism owing ta concc~raitant variation in 
heart rate, stroke vol:ime, k~lood-pathway 
resistance, and blood distri'hution. In this 
respect, the excessive variance in the id- 
ues of L observed among several of our 
tiiapia (fig. 61 may portend a major cir- 
culatory dependence. I n  addition, small 
inconsistencies in the placement of the 
temperature probe from one individual to 
another could create greater heat-fio~v dis- 
crepancies in a convective system due to 
discrete distribution o i  major blood vesse' .~ 
and capillary beds. This .would further 
obscure the expected positive L-weight re- 
lationship. 

The negative L-weight relationship in 
the bluegill was totaI1~r unexpected and, 
although it appears real, we feel that the 
narrow weight range (2 1.9--5 7.6 g) does 
not afford a definitive conclusion. Eypa- 
thetically? if this inverse relatioilship in 
bluegill i s  in fact rea!, and since conduc t i~n  
and passive col-ivection distances increase 
with size, one lnust again suspect the ex- 
iste~lce of" a strong association beiwrzrl la- 
tency time and f o r c ~ d  conveciioll wi~ich ,  
by rneans of some as yet undclint-d wei.l!- 
aniszn, arcoont.c for :+ reciuctioxl irl6, as size 
increases. One possibility i s  e x l ~ u n e l ~ t  
r-eiatiilg weight and blood-flow time ih:it 
ys nypatpy &b*-- .? . thc rxpcinenf rel;:ting vbfeight 
;irld c i i " ~ ~ k ~ l ~ ~ ~ ~ ~ ~ - j  t l i ~ > i i i l ~ ~ * t : *  

k-uy&lav,.r. i cso iu t io !~  id' h t q t  -t>:k< 1 j ; t c ~ ~ t . ~  
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- i _ enabled the rate of change in 1; over a ~ i y  
particulzr interval to he defined as 

Correcling equation (AZ) to a c c o ~ n l  for re- 
sponse latency gave 

Substituring this equsztir-la-e for Te(& - Lj in text 
cquatioil ( 3 )  yielded 

Integrating equation (A41 with respect to time, 

Eliminating t, j = t - At, siince At i s  constant) 
to emphasize the recursive nature of the model. 
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