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Ecology. thermod ynamics and H.T. Odum's conjectures 
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AMlroOI. Th~ c~n"al rol. of .n .. g) ,n all hf~ processes 
ha, led '0 lh' de,e)opmon' of nOmrrOuS h"poth.",,, . 
conJectur~1 and th~on~' o~ 'n~ r<ialionsh,»s be'","n 
th~rmodynam'cs and ecologic" proc~,,~s. In tnis papeT 
,,~ .umino th~ tneo"t'cal and empincal ,upport for 
these <!~,oIormen's. a~d ,n paTHcular for 'he wid.,y 
published set " f thermod;namic c~nJectures de"eloped 
b; H ,T, Odutr. _ .n "h,ch the maXImum PO"'CT principl. 
,! put forwarc .. a gen."c f.a'ur~ of eyolutlon on .COS"I· 
tern" Although the; are "' idel)' used. "e argue that man ' 
of 'he .colo~,cal 'lUd,e, that have adopt«l the idea, 
.ncapSulated m Odum's work ha,'e done so without 
bc,"~ a"-... of scme of the fundamen"ta l problem, under-
1",nB Ini, approach. W. discuS'l alternati.'e ways in which 
a g~neral a'aibb l~_u'ork eonecpl could be constructed 
fot U$< as a numeraire ,n an en<rg,'-<enter«l ""olofical 
theorY or p,,,digm, In sc doi n~. wc e.amme what 's 
meant by m~:"ial acce"ibilit}' and energ~ stocks and 
flo", u1th re,~~c" o "ad"'Qnai food "eb and food chatn 
thcorie,. and , ela1e these to , esult' from the e.'olutionary 
d;namic, of .co';'tem,_ w~ condud~ that 1he various 
form, ]~d u,e, "f on<T~)' bound up ,n essenllal eco'y'lem 
proce.,e, pre,: nt a formidable ob'tacle \0 obtaining an 
operational d:~ni1Lon of a genoral. agllregated a"aiI3bl~­
"or. concep!. ~ prcrequlSlle for the Sl-stemS approach of 
Odum and othen;. We also show that the prot01YPKai 
derivations of the maximum power principle , and its 
interpretation_ are contradict"" on many scales both by 
empirical data and models. thereby in\' ... ~dating the max­
,mum power principle a. a ~ene,al principle of ecological 
.'-olution. The conclu,ions point to the fundamental 
problem of try,n~ to describt ecos)"tems in a frame"-or. 
wh,ch has a one·d,mens ional currency. 

""! w .. rds: Critique - Sy'tem, ecology - EneriY nu· 
mer3lrt - Ex",g; 
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.:, ke) concep' among tho .. d""oped w"hm th«· 
:::odyn.m,e, i, tha, of enorgy ,n it. vanou. form. , One 
=son" ,h., energy i. perya.i~ and perpetual, WhateY'., 
L~pens on ,h. world :n.' be de",,,bed either as a "an,_ 
;-., of .".,~, from one piJce to a nothet . or the tran,· 
"""'lion of .nerg; ~twe.n d,ff .. ent Torms , In par· 
,;:ular, all b,o l<)~"a l proc:sses ,",olye ,I loast one form 
" :· .ner~;. and u,ua l. ; s<'eral (Tabl~ 11, .... t lhe out"" 
" .• ". it must be made c\~ar thai ,n this pape r ,,'edeal wllh 
".,rmodvnam'c concepts In a literal. ph",,"c . ' .en.e . and 

" .... I, C" rlKl<"SlI" of O."I!' .n «»>~'''''IS, bUN "pon Millo, '., 
T' fH' of "'''q, 1/0"1/""0<1 '" "0"'''''''' 
, Sol .. "J,."oo ,d,/t""", ,"J d",""" 
, "hOW,)'","",,, _ 
, ',1<1'10" nn" " ,) ,11<"-,,,,1 OO<'i'·' 
• \'!lm,I",on 0< <"m",1 <n<TI)' on food 
, n.m,cal , .. n,form,,,,,n, Ln orpn"m. 
, '-,...,,,," I c~o"'",'1 on"i' L 

, """n ,,1 .. <oJ b) d<eompo""on 
" """ 'g) "",,J '" ,..j.m<"" or {', 1"'" 
, L" " ~'''< .. d,,,,o" [,om 'h, "mQ' ph", 
, ~on~'''< ,.d .. "on frQm ,h. QTK,",.m. '" 'he <Co,)"",,, 
• LOTlp.,,,< .. d .. 'i~n from ,I>< .blO"c ,",iro"me"' ",OhM,", 

,"" >1 m<><p!>et< 
• Son.ibl< h .. , iJiven 0/t"1O or r=ived from , .... mosphor< 
• Son.iN< .... JI"t" oil' 'e or r«eoved f,om 1M hydrosp/l<,.. 
, H .. , 110 ... into ,00 f",m 1M l"'uOO 
, H ... of mod .... "on 
, H ... of .... Uin,.0<1 ,,'opora ,io" 
, Wind 

","Q"","-, '" "".I.".n, 
• 0,",",1 "","_ from mo .. fQT< .unri", '0. p<.> ' , nd lhon bo,k 

\0 mo 
• ChonI!' on d,,<c""" of 'h< be"n wmpoo<"' dunnJ ,'" do;-
• Flu, ""n,,,). omet d ./t"us< ""0. '1'«, ,,,1 d",ribuHon, d .. to 

<lood. _ " 'p'.<HI .moUD' of <loud. >"y • .-,th .... 'her rolHl",,... 
• St,,,,n,:,,, of ~"X d,nSl,,' .nd ."","01 ""mposi, ion, 
• ''''0 .. 1 '~. n,. ,n 1l""u,h .n,l, 
• ; ,,,,,>,,<,1\< d.pl<' i~" ,oh"«"'.<n,- ' I d", to .. rosol. 

, 

, 

, , , , 



no[ wuh the common mdaphorical use of tentls loch as 
entropy and energy. 

Energy is a con~.ni.nt concep!. The continuous flo'" 
of primordIal energy from the sun to the earth is a basI< 
resource for life on .arth. and .t the ph)'S[ological and 
b,ocheml<.l le~el. enerlY inpulS. monly in chemical 
fontl. are also reglrded •• es .... nti.1 ",""Urce!. Enern is 
thus a suffiCIent quantity for descrtblng many .s .... nual 
phenomena. such .. pnmary produCli"ity .nd lro .. th 
(Calow 19i7). E"en a d.,ailed ph)",al or chem,cal de· 
",ription of a comple, process. SlICh as the dise'tion of 
food. can be more ,imply picturM as the ".n,form.tion 
of the chemICal energy wuh'n .he food ,mo chern".!. 
thermal ~nd mech.n.calcn.rgy, Indeed rna" b,ochemi­
cal procnses c:mno' be de",ribe<! ,,'''hou' usmK the con_ 
cept of energy, But "h,l't enerllY ~o" can be con'truc<i 
as an appropnate nn.ble ,n the analys" of resou",e 
utili","",n. most eco.y.tem anal~ ... use energy in an 
undifferentiated form, 

In ~ $u,,'ey of th. members of the BritISh Ecological 
Society (Cherret 1989), energ), flow r.n~ed 'hord ,n im_ 
porlance among concepts on «olOiY laflcr 'he «os)'stem 
and ",,,ccuionJ, Th" IS hardly ,urpnSlni JI'en th~ dorm­
nant r&le .h~t ecolog"" sllCh .. Hutchin.on and hIS 
!'udem, L,ndeman.nd H,T, Odum hi"e played in eco_ 
logical eirdes, In fact. ,n 1964. Odum's brother. Eugene 
p , Odum. nom,nated .ncrieuC! as the n"" ecology. and 
eV~f ,ince the publicatIon of their collabofJti, .. book in 
195310dum 1953). HT Odum h! rep<Jledly "'gued for 
the ,dea thatonergy is a central object of study ,n «o.ys­
tern analySIS, Tn th~ approach adopted ,n the book S.·,­
rem1 uo/ogy H,T, Odum (1981) attempts to u .. ather· 
moo)nam"".ba.sed liniUoO (ra""a to expla,n ecosynem 
behaviour. and as !Upporl for his arguments. putS for­
ward numerous conjecture. and make ... vcral claims 
that new. fundamental or uni,·eNt!. principle, of ecosys· 
tern developmen' have been di",overM, Of course other 
lhennodynam,e concepts hi"e also been discusStd (Gal­
lucc, 19-,1. oncluding entropy (Brook> and Wiley 1988) 
and informat,on theory (=_ for example. Ulano"icr 
1986). as well as the consequences of tbermoo) namics for 
the conceptual structure of e"olulionary theory (Wicken 
ln51. blolo~c.1 growth and orpnizJlion (Morov,iu 
1%8. ZOlln 1985) and the origin of ecosyst~ml (Johnson 
1981), Nonetheless. many of [he current formul.uoru; of 
ecological enerietir;s are clo .... ly ,claIM to the leneral 
ide •• in Odum's 'y,tems ecology. 

One of the key pointS w. add""" in th.i. p;iper is lbe 
roll. of enerlY in ecosystem .volution, Howard Odum 
takes II as celltral. and !wi ar~ for the maximum 
power principle as a communily-wide optimization prin­
ciple, from this Odum I..Iscrts that there i. a fitness fuoc­
t;on, expressed in tenus of energy. for nalural group 
.... Iec'ioll, In support of th.is daim. Odum refers 10 tbe 
"'ork of Alfred lotka (19223) who stated: 

"The firs' effect of utaral .. Iec,ion ,hus OpeTalinl 
upon competing opecies will be to gi"" rel",i ... 
preponderence (in number or mass) to those most 
efflcient in guiding aVa,lable enerlrY In the manne, 
Indicated , Primarily Ihe ,,,,,It of tbe energy flux 
throulh the system "'ill be affect.d, 

"' 
But the Sp""'ts po ...... io& superior ene'ly-.captur_ 

ing and directing dcvicrs may accomplish someth,nil 
more than mer¢ly to di""rt 10 it. 0"'0 adva ntage 
enera)' fo. "hich others arc compctinll with n , If 
source! are pfO$Cnted. capable of .uppl),ini uailabl. 
energy ,n execss of that IClllany beiog tapped by ,h. 
enllre .,-stem ofh""g or,arusms. then an opportun_ 
ny lS furni.hed for suitably constituted organism. to 
enlarge 'he to.al cne'iY flux th,oullh the '~"'.m 
When",'er .uch Orp",,,m. an ... natural scl«[ion ",I[ 
operate 10 pr ... ,'". and 'ncr.a .... them, The re,ul •. in 
th iS casc , ,s no, ~ mere di,."ion of the ene'ln' ftu. 
throu~h th. !'''.m of organIC nature along an.", 
path, bUl an ,n"e ... of the total nux Ihrough 'hat 
.v".m nus may be ",pre ... d by say,ni that 
~~tu',,1 ,~I~wo~ tend. to make 'he cncriY nu, 
through the s~'stem a ma:umum. so far as compatible 
wllh ,he conma,n" '0 "'hich the system i •• ubject'" 

Butlo'ka al.o went on to say th.t .. [[ 's no. lawful 
to ,nfer immMiatel; 'hat n"'~"o~ !ends thus to m.ke 
[h .. enerll~ ftux a ma"mum It remain. to be e"at>­
ii.hed JUI! wha, 's the "llm/icance of the phrase compat ­
ible wi,h Ihe con.traint. "hleh [ ... 1 modifi .. the maxi ­
mum principle enunci.tc<i." 

Th" cau"on .nd mh." (lOlka 19"2b. 19:~ pp 
35~-338) abou, lM'ernng 'hat e'olullon ma,,,mozes· ~n 
energy ~u, w,. I'Hgdv ignoT<d by Odum. a. w3s 'he 
r«ollnitlon of the impo"anc< of other constraint> 
Odum', ,deas thuS d,ffer dramatically f,om [he ongm~1 
,ntent of lotka 

Bt.:au ... 'he de"elopment of Odum's wOIk .. more 
fragmentM than many ecologi"s reali .... one obj"ttt of 
.his paper is to pro"ide a .horough analysis of his conJec· 
tures about theModynamic principles which he claim, to 
be relevant to ecological theory, To be of benefit. cnli_ 
cism should be conSlructJ"e: "'e have therefor. made a 
part,cular efforl to e,,,racl \IIh.[ <eems 10 tJc: ",ocn,ificall; 
useful in Odum's ,deas, W. hl'"t adop!Cd .he methodo)­
,o~ of O'"elllet 31 119g6. P 74). who propo'" ",,'e .. 1 
I<SIS to evaluate a new eco~gical theory. the Iheor), 
mU$[: (;) be internally con""enl. (ii) nOt be adoptM 
simply because of 5uccess in othe r field.; (iii) agree ,,'uh 
KnOwn P'Op<'Il" of «OSYSlCm. and (i.) be capable of 
prodUCIng new and teSlable h)'po'heses. In Our analy.i, 
.. e h3"e cOllstramed ourselves to ide .. which concem 
""ology. arguins that the remainini assemblase of 
Odwn's hypotbcscs On economics. socioloSY and tech­
noloaY ~e outsNk the soope of this discuuioll. 

TlIc p;iper br .... dens out the . rgument and looks atlbe 
problems of us;ng energy as a uni ..... .ul =ncy in 
«olog)', Energy plays many impottant but different roles 
in ecos)'Slem production and consumption: in thIS pap<r 
w~ concentrate on the con,umpti •• pan of Ihe ecooy"e", 
and in p;irti<:ular animal ecology, SlICh a separalion is 
motivalM by the fact that glohal prodllCtion is dorni­
natM by photosynthetic .y"ems. in which tho primary 
con~.rsion is from ~ghlenergy (high..,nergy photons) to 
ch~m,cal enerlY. wbereas consumption is dominated b)' 
transforma,ions of One form of chemical energy into 
another. and from chemical energy into tbermal eneri)' 
and ,adiation (lo,,'..,n.rgy pholons) (Lehninger 1971) 
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Tk inleraCt;on of "lIotons .... ub maUH ,n p!>oI<>lyntMIK: 
PfOCC'$eS hal 5pt<;I.>.1 d,aracterutics "hlCh requIre a dot. 
f~~m ,":aunenl. 

A [Morell ... ! f . . ......... .. 

WahOUl a cOhorent terminology and In<ory. scIentIfic 
analysIs 15 ,.,nuaU) impo,,;ble . The mtent of Ihis «<Uon 
lhen is to clarify sorn. of th. co ncept' and terms .. hleh 
arc .55.n!l~1 to Ihe blolo!'ic.i and ecoloi;O.1 aprhcouon 
oftbnmod)nJmlC" w. pa'licularl) lool atlh. physICal 
00n<:.pI5 .. hieh Ho"ard T Odum relates 10 Ihu­
moo),namlcs on hi. ec"lo!,i"",1 ide., of 5)ilemS ""olon 
IOdum 19S31. 

W.lim d'KU» 1M ,dea, ofu""i' ~ultt con •• pt. 
far clampl • ... d,,/ .nn9', as a "",ans 10 alio" an ",""I 
10 reach a 5PO:.;:1I;." ~041 or ><1 Qf Ob]Ot"I"O'S. Tho u!lh~. 
uon of d" .rSoe. someUme!> leneral. 'eloOUrce conetl'l! ... 
• NSIS for the de,".Jopmon, of Il>«>n .. and Ikscnpuons 
hu had. lon, hl<'o,) >n ttOIOf} /Hutchmson 1951. 
\fa'Anhur and W,lson 1%7, Tilman t~2) IhlS In'em' 
hu focused ma'nt~' on resou","" ,n lIm'led suppll PO!Tl(­
TO) and Alberl' 1198S) ITa"" Ihe ""oIO!II!" pffOttupa· 
tlOn "'IIh limillni fa,IOr> bad '0 ll.b'1118SS) .",Ihe) 
p<IIn, Out, "ti generally recolnised Ihal al Ihe e~01)'s,em 
leHllh. ,dea of a "nllie hm'ling f.IOIor" 100 slmplisllc. 
ralher. Ihe normal Slluallon II one In "1\1,h l<'er.1 'c· 
lOu""el embod) llmm w'lh ,mport.nl tnlerde~ndenCles 
and spatlo_lemporal char,cl''''li", 

In econom"5. Ihe cenlral concepl of ""Iue 's e!>l'al>' 
lul.led ,n Ihe lerm num.'Olr •. Th,s IlJOIM'lhe funcllon 
of mo ... ~ a, II common. uni\"Ors.aIC:Ulrency." meUUK of 
.. Iue or a unu of OtttOUnL From tlu. perspec\l~e. II IS 
<U) 10 s.ee .. h) ecolo~,5IS "'ould be ",mpledlo speculale 
on .. ph~s,cal con~pl. for nampLe !<H/NI ·""'II} , 10 pia) 
Ih. Ume rOle m ecol~ A, .. " "'aU Ott. Ih,s IS OM of 
Ih. m,un ,deas of Odum', S)>l<m' ecol"IY. 

L's.eful enerr) Ottur1 In man)' forms and 10 d,tfcnn. 
d.~r~s a"~.'rd'ni 10 .~.nt. ObJecll\"O and .Ullallon An 
.ntmal mO\lnll ,n,o Ihe mnhght rna) Ich,e'e the ume 
h.,1 saln as an antmal o~d'Ztng carboh)drates from liS 

food. bUI Ihe lalte, pre",e" CJn .1", releal< ene'i) ror 
Io;;~molion Be~Jul< 'he coneep' or u$trul e"eril> d,ffers 
for producer< and con,umers. on .coIOiiCllllheor) bal<d 
On Ihll .0n~e1'1 \\,11 nol be imernall}' cons,slent. il .. til 
.110 be non'8eneral Or incomplete. al>d .... mlhus fa,llhe 
ftm cnlerion proposed by O' Neil . 1 al. (1986). 

£rf)/{JfI/(o.l ,tJO"'U~ - A phYJi<:aJ prrJp«I";~ 

E'er} antmal h~ •• relOUTCC ho. ... "'bil:h lias 10 be par· 
mioned Imon8s1 US man)' d,It"(KIlI needs IlIis bas.e atn 
bot descnbed ,n lenos of physics.. chemis'ry and blol0lY. 
e , .. 'h~ number of .,,,ilabte "'product,ve partners. AI· 
IhoUih man) rnouTa"'< are in limned supply. only. few 
ar~ rcl~nnl 10 an orpn"m a, anyone urn •. In 1'h)'llCl. 
Ih~rmod) nam,c. IS 'ht mos, ;m?Onanllheofellc~1 frome_ 
"'Of~ for d~sc"b'nll ond anal)',ini reSOIlTCCS and Ihe" 
uli!iZ"\lon Thermod ),na m"" is b~,lt >round quanlllal i>'e 
m~J,~rcs or tr.J'~nal, and energ)', "hene'<r a Ihe,_ 

mOO)'namie frame",ork il uied. mtllY is aUlomalically 
oons,dered 

In boology. lhe resouru '))loa: .. dtnOlcd by lhe ICrm 
niche (HulchmlOn 11151; Whlluku .. nd Levin 1915). 
Onll'nally GrinneU (1911) u5ed lhe Ida of a nkhe 10 
deoc"bot Ihe hablul s1'a«.l>d hlb!ts of b"ds as a su I>­
d"'",on of Ihe en'lTonm(nl. "'herus Elton (1921) sa ... 
the niche a. Iht _",mlrs r<lle 1n Ihe oommunlly. defined 
,n relaHon 10 its pmnton ,n Ih, food ",,'eb and lIs enemies 
G~UI< (19,-l\ Inlt o,:!uced Ih( ,d(J of Compel tllOn be\l>'~ n 

'pec,e, "'lIh o"erlJpp,ng reSOurCe d~mand. In lhe «OID­
iical debale. bill" "0.$ Hutchinson (1957) "'ho formall, 
P"' ,besc tdeas IOi.lhe, He sa,J ,ho"deall}' 'he aClIm) 
,anie of each 'pec!es could bot deft ned ,n an innna. · 
d,menSIonal 'pace. "here e"cr)' mea,urable fealure of Ih. 
en..,'Onmen'. ,"dudtn' ph~'Stca!. ch(mical ond bloloJlCal 
fealllm .uch as It, a'lablln~ of P'''Y $poO<",es 0' lhe polen· 
II.al for o,her '~<1"lo pro"de bu"kl,ound camouHa~. 
..·os I""n a c<><>rdtnale, The tfilon In Ihtl spoce .. here 
lhe nlOCiS of an ,nd",dual 10 as poII""e rep ...... nled lha, 
,ndmduai"< niche If lhere ,,'ere" d,men"on<. ,he" Ihe 
niche " ... s defined tn an n-d,menSlonallpace. h ,I "Iready 
clcar b) th,. SlaiC Ihal an) ont-<1,menSlonal repr<s<:n\.a· 
tton of Ihis "-dimen,,onal enl1l) leodllo a "In,n,ant \"'s 
of mformalian 

O"e,l ap of niche •. ,h. meaSu'ement of ' he breadth 
IIhe "artel), of ,e,ourceS ul<d) and Ihe lie'ihl (Iho Ie,'el 
ofsCl i" it) alla,nedl ha. romamcd a ke) element ,n co m· 
mun tl ' ~olOiY for man) )'earl (P,anh 19"J . Sen""n. , 
1989), Bu, our abilit) 10 define 3 nich. doe, nol Ilo hand 
,n hand with mea,uTln, II. n;,;he ro-ord,n.,C1 are u,uall) 
amboluous. and 11 ,. nOI known ho" II>< additIOn of 
dimension, mirhl shrink Or "))Iond Ihe" ,nloneclion 
R~r= are often m;xtum of oonunuOUl and d'§CCIn­
unuous ,·anabt<l. SO tha' as ROUlh'~ldtn 11972. 197~. 
197<.1) and olhen ha~e po,nled out. Ihue ,s no d,rect 
Klanon,hip bet .. een lhe resource uttbzatton of popul.a · 
lions of mdi\"ldual. and Iho .. or lhe mttre 'peciC'S. 

One " ... , Ou! of '1Is'I< problems m'ahl be 10 adop' a 
more dynam,,,.l arpro.ach 10 stud)"ng «osy.tems. '" as 
'0 be able 1o define .uch fe~lum a, ,ubiltl)', ,.silttoc< 
and balml of o"raCll,'lI) 10 unders'~nd Ih. long_ and 
,hort. lerm chaniC1 ,n C<:OS)'SlCm funetton. ilohnson 
19~t: Hog~ et al. 1989: Yodtll 1989. Rand., al. 199:' 1 
Ind,,',dllals ",,"n:n on «osY5lem UI< r.sour •• s orpor· 
l~nlSucally 10 acrue'·. certa,n SCII of 1011" ,f ,esou"'c> 
beco me sca= ... ,her Ihe .. ,nab or lhe 08enll Ihem$tlves 
will lend 10 chanl<. As a ph)'lieal resouru Iheory can 
npreu lhe aiCnt. the means al>d IIIe pis within on. 
lan .... ajC. this coukl lead 10 a dynamical nICnsion of lhe 
n;,;be OOn(:Cpl. Bu, the mt>tA4 Of't,ondi II ,uU Iha l of 
mathematic> and ph)-..cs. 10 care mus, be lOhn In 'he 
u .. of 1'hY"ocal conceplS 10 anll)'sc S~"I<m. failln! ou" 
Side ,hese am •. 

Th" ""'lion is mea nt 10 h'ahlta hl 10m. key issuos per· 
",n,nll to Ihe II .. of Ihermod),namic concep" such as 
enerll), or \\ork a, nume ,3"eS:n ~~I oli,a l Iheor) O ur 
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<-<pos'CIon is c!o'iCly related to the eon~p!U.1 fnme· 
"orb of Reif (196S). Wood, ( 19751. Denbigh pnt). 
Moran (1982) and Eriksson et a l. (l987). 

Thermod~1l3mics 10 II> class;cal' [(>on IS • 
phcnomen ologJcai thc:oty based upon observa tion. of 
common experoence. It IS usually forma litt'd by four 
,hcrmooyn.ml< la"'-., and from Ih..,., the r.,l of ther· 
mooynam,es tan be dedu<:ed. gn-en a .. I of <oo"cnllonl 
for specification of r.f.",nce 1.".1, to enable appropriate 
quantlfiealton~ 

The :~'(}Ih I.,"" is ,-jla i r<l' the formalizatIon and op_ 
"'!Jona hzatlon of the projX'ny ump~'(JW'~_ The lem· 
ptra,ure concept t)po.:.iI) ,",'01,., ["'0 reference 1".!5 
)(1 b) cOn'cnUon 

A common formul''''on of the ;irst b" st.tes ,hal 
"hen a dosed SIS tem undergoes an adiabalLC proce" I i.e 
a proce .. w,thout !ran.l~r of he •• ). 'he a mounl of "o,k 
depend, on Ih~ 'n,"al and linal Slal~S of lh~ s,Slem onl,. 
Ll IS Independent of the deta ,ls of the p,ocess. Thi. for· 
mulallon lead. to a de", delin"ion of th~ ~""qF concep'­
bUI " ' s ne'''rthd.s, necessary 10 us'gn a spec,lic ,',Iue 
10 SOme reference >lale, ,n order 10 be able to cakulale 
alrlolule ener!y values for any ",al~ Ctas,ic.1 lher­
mod; namie. d<xs nOl Lodlcal. ho" such a rer.re"". "al< 
Ihould be chosen'. 

E'''''pt in ra n: ca .... PfoceS"" are not r«erslble. there 
,s .I .. a,., ",me 10 .. of a q ualil; a ... "",.,ed .. tlh the 
conll.n l quanl"),. enern; the en. rs: is d, ss,pa'ed_ The 
lr,e""odynamlC formalizalion of Ih .. phe~omena IS lhe 
urond la .... _ and the associa led concep' " '"/N'P''' The 
relaled Ih"d la .... of thennodynamlcs .... h,eh" b;lsed on 
m<cfO!oCoplC theory and >lamllcal mechan"., define, an 
alrlolu,. ",""Ie fOf entrOpy. In s,mple lerms. cnlrop)' can 
bt" .... n as a meaSun: of di",rder. but it IS o nly In lhe 
framewor~ of the micro",opic basis of thermodynamics 
Ihal such ~ link!ge Can be aiven 8 precise mean,ni . If 
enefgy pas .... the boundary of a system. whlCh IS lYPlCal 
for a 1I"mg .y"em. lhen the en"'iY in lhe . )'.lem need nol 

• "', »«<l onl)' &.1 ""b ,1 .. """IIb<rmod)'~","" 1><"" 1'1"",.",.",. 

0", ,,",<>Ilk! nol< Ih .. ,II< d<n'~l1On of <0",,"",,",1 """-«i~.I . ­
;n"m ,bmnoJ,"orru<o '''"m<'l 'hor. I",.il), 1M ')SI,m, b<h", 
I ... , «I", IIM"'" ,)",.m<; " " ba$<d <>II • d;>I"on of ,be .)·".m ,n'o 
"".:1 ,olumo ,10"""" ,h., ." . "u""",, [0 b< do .. o..,."h '0 
«I",i,b""",.", '''.m,",/«01 ,10<"""",'.""'''" "I"'{"""''''" il TEl 
Th< """,,"bk procesK< .... COfI~ n<d I" 'be bo"nd ......... ~«" 
;bo '·o["m. ekm.n". """""m .. .. lIh ,I>< excepllbn "'-If ..... ~"' .. h· 
,.., '" '''mL<~1 ,....:lIOn .. F", ,ho l H apopro.J.,h '0 I>< ,·.Iod •• ", .. 1 
",0(\, lIO"' .,., til< ,om pol"*l ot>d """al ,b..>.rac[""""" of LlLot • .,..,,,,,, 
,od ,I>. p_~ "''''' I>< I'llltill<d. .... '-J, ,t.< d itc""ion, by 
Wood> (197') and W .... _ ot>d va. Do.m (1917). 11>< I""""" 
i>al«l .""" til< _urnptioa,o of l TE and oftiL><ar ,d • .- ........... 
tho th<nnodynamO: ""'" and fon:<>.u '0' \arp: <>I''''' compl«e. 
Iy do: .<l0p«! by ,I>< _I, 1960> r_ •.•. de Gr<>o< (1 9m ot>d <It 
G.- and M ...... (1%2\1- Th<t< ""'" rollo"'«1 auomp .. 10 apply 
, ........ '0 booloSi<>-l ,.,..,...... ( .... .. _ IC""IW.ky and CUTTa" 
1965). bu,,, ."',,. btc .. ", eI,,.. ,110 , 'hi' Lh<o<y ..... only of hmHN 
,.1 .. i. 11 .. , roo,,"_ On< .... "'. fo' rtu, is lbat fo, <o"pi«! ,be,,"· 
al ... ",,,o". ,t.< .... ",. "''''"' til< h ... , 0PP'o" "",;on, .... vol,d 
~ qUl« ""oil . In 'P'" of I .... P"Obk ...... ~ ... ;or <1w:nUc>1 _ ...... h_ 
On"", 'I>.rmodynam"" " • "'JOf "'U"", of ,n.p,,,,IIO" for H T 
OcIum', ,.11<1"*1 a_o.<b 
'1M "'. only "" f""nd ft<HII first pru.:;p ... ;. ,ho <0""" of 
..... """'I.nd q~lum _d.ania 

be roOStan, . furthermorc II>< entrop)" of the <YSlem m.y 
decrea"" 

The '''0 ba.ic ' "Om. of thormodynam,,,. are "ery 
Slmrl~ PUI, ,i) cnerg~' is con .. "~ for 311 ')'<1ems. IiI) in 
a clOsed s~,(cm the en!fopy '1\Cn:~"'. 10 • m~"mum 
Th= a~,omS iI"e uS twO ,mportant perspecll"es on 
enerll)'_ The first focu .... on lhe amoun, of enerH a 
.ystem conl~'",. "hL,h" o(l<n d"' ided ,nto Ihe I~pe of 
ener~, ,n" oh ed (e g kme!ic. polen".!. che mic.1. Iher. 
mal). " h,l>! the ,«ond f""u .... On the polcn"al o( ,h~l 
enerll) 10 be .urned In,o some ~Jnd "f ~wk. In lher· 
mod'noml"'. wOfk " u,u.lly denned In term. of lhe 
(undJmenl,!. ph)>]"l co ncep" ofmech,nocal (orce .nd 
diStance \\ .:I rk ,s a distincti,·. enefllY r<lfm ,n Ih~1 ,t .. 
"""'Llled with zero en!fop)·. 

A genenc mode l of both ci.o"cal Ih,rmod, n,m,o, 
and "a ... "cal mechaniCS ,ons,slS of a sySte m embedded 
,n an UI/,""~ me"·o,, The oystem dehe .. mechanLeal 
'''''" 10 • "or~ n:'""01f lhrough .."'e,,,ble proc .. "" 
m.dllted b~ • con'erte r The use of a system "'"h con· 
,Ianl Lnlen,,,'e thermod) namIC vanable, i. an ,mportan l 
Ilmna"o n ,n lhe deri,·ation or all ff.e enefgy concepts, 
Ob"iou'l~ n<> ,uch s),,,e m occurs In nalur. 

In • par.lcular >ltu3Uon, eDerg)' ma y be wholly Dr 
partl~ In a form ,ncapabt. or deli'~"ni a ny chemICal. 
mechanIcal or <>lh.r ""ofk; Ihus, on~ Oflh. iirst qu .. "o". 
to be .,.ed " JUS1 how mueh "Of. 3 ,,-stcm can dell'~r 
Toda)'. lhere are se'era l kLnds ofm."mal "'o,k <l' fru 
<'.er!i': mel,~fe, 1n ese T)p"all~ ",ch "r Ihem LI ~,d 
e,"ens"'cI~ b, a CenJln "" enuric Or lechnreal dl""p:in< 
for ... hich 11 has con'<nien! proper"e. 

F'N ~"~'g.1 In bIology, the most common mnlmal "0'. 
measun: " probably lhe Gibb1 free en~fjY. G_ II,S of len 
u",d In chemi51ry. s,nox ,I meaSUres Ihe mUlmal "'or. 
OUlpUl. which equals lhe dlffere""" to G bet .... een Initial 
and 6"al Sla te. tlG, ofa c!osed.yslem when: isobaric and 
,so.hefmal chemICal n:acUOILI oceur. In ie""fal, dete'· 
mmmi j.G f<>r a par"cular .. ..,'ion mvol,· .. Ih. so-CJlled 
SlamiQ ,d J'u·e~<Fql· change for the chem,cal re.ollon . 
""hLCh " den~ed on thc ba,i. of the ,'.Iue, of lhe ohc,"LCal 
pole nl1al, of .he feacta "ts and pfoducls ,n a par",ul.r 
chosen J lalfdQ,d >LQle, lXob.gh (1981) eluc.dates the key 
ron,'cnllon •. A. Baltley (1981) and othe" hO"e poInted 
Oul. the con' enuonal j.3ndard $late ,n aqueous ",I~llon 
"often un,unable for the calculation of energy change, 
,n b,<xherrucal reaclions, maInly because ouch "aleS are 
tOO far away from Ihose aclually encOUnlered undef 
natural condilion •. 

For proces1CJ inside a sin&le, practically i<olhennar, 
Of jan ism, !be use of Gibb1 free enere as the N,;c 
fn:e..,,,,,rgy OOo«pl is • nalun.1 aod often ..,asonable 
approacb. Hnwever, when lbe processes involving in · 
,.,aclio ns with the organiom'. environmenl an: impor. 
tam, ... e nt:t:d a more approprial. ffec..,nergy cOncepl 
which la' es Ihe role and properties of lhe en,;ronment 
inlo acCOUD l. 

£,Te'flJ_ limitatiOn> of lhe tr.Iditional free..,ncriY ron· 
cepts h.,e led to lhe search fOT. more general mea.un: 
of a system'o maximal .... o,k yield_ Realty lh. meaSUfe 
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:Io'~~-' ~L: / c". 
Fit- I. A ",",m"", moo,l for. d.,",,''';Oo of ""gy "Tho .ymm 
A con~'" of L ~""< ,ubsy",m, A , "1' ,"cO on """,."J ,t\<,. 
mod)'",m'" equilibnum. ~hKh m.) ,""cou ,...,,,bl! ,nroulh [n, 
<oo'~rt<r C. d<h".~ng m""o."",.I-..w' to 'h, ~·o'. '""'"0'' fJ 

need, to k applic abl~ to mOf< ~cn<ral pfO<~SS.$. lu\'oh· 
m8 mlcraCI'Om, .i,her internally or with other ,y,!em" 
Th. most gen~ral m.asur. to date. and (hu< th' pnme 
candIdate for u~ ~s <norgy numcrllfc In ecoiQgKal 
Iheor~ ... is \0 be found in the cooc.pt of ,-"e,~_\-' 

To find th. ~~<rg)' in an arbitrary system. A. ""'r n ... d 
10 know th~ maxImum am(mm of work Iha, Can be 
deh'-ered \0 a "ork ,eseryo;,. B. In connection wi1h 
r.'e,,;ble interna l proces"" in A (se. Fig. I). One impor­
!ant 0iX,ational con, idtta!;on is tha t t h~ ucrgy in lni, 
gonoral sense ,S nner n,~."YO' In COn!r'St to onorg' 
.,.rg' i. not conse,,'od It i.loot in e"ery proc~ss through 
\Jnous forms of irro\'orsibilitie., For e,.mple, a, th. 
chem Ltal o, erg) fi-,~d l;>,' tho plant$IS dl\tfibu«d through 
th. food w.b. it i, di."pated and de.tro)ed untIl n. " to 
nothIng remaIns: peat bog' and p<lrobfetou, sediment>. 
<or Ln"~ nce. r<la,n a very small proporuon of thIS total 
~norg). 

The probl~m ,n Fi~. 1 i. ea~ily solved if alith" energ) 
transfers OCCU r "I. maner (Eri~$$()n et al. 1987). Th.r~ 
ar~ ., ili unresoh~d probl~m •. however. "'h~n it com~s to 
th~ int~raction of rad iation with matter. as in photo.yn_ 
thesis, partly be<:ause the ex,,&)' of radiation i. a com_ 
pitca<ed ,ubject In llself (Karl»on 19S~), Unfonunat <l), . 
In ecolo£" ener~" ftow. in the form of radialion a re the 
norm ralher than tho e~etPlion (S« Table 1): 10 com· 
pltcate maUerS funher. Ihc 'pa;t",m is t" plcally ,i~nLfi­
cantly diffe rent from that of black -body radiation. Fur ­
Ih~'more . ecolo~ical ,ystems are rightly notorious fer 
'heir r<SOSt.nC< to the kmd of companmentalization 
~rosum~d In Fi ¥, l. 

Perhaps the most ,ignlficant problem m appl}'lng the 
"orn conetpt In any of ilS forms to ecoloiY i. that it i. 
ofton bast:d upon a specific rtj~rtnc~ ~rn'ir~M , often 
appropriately denoted d~ad Jlal~. which has to be in 
internal thermodynamic equilibrium. This is not the case 
for natural 'y>lems. One way of handlina this difficulty 
is te construct a hypothetical referenet .}"<tem whose 

, Til< 'mil ""'IY ha. b«n acc<p«<l in "',.rIC< a. denot101 ,he mo," 
I,",ra l a"alll.o.,·"' ork 0' r...., ,n,,1)' OOl'l«pt. 'rno"OLII~ .11 
olh", U Ip<ciat ea",., v.rio", ""''' h,,~ 1>« •• O<d ' 0 <1<"0« 
' .wIY ",',;'abl< '''''IY, ",;'a b;';t]. !"' I" ",;,; .. bl<. aM t«h · 
",«he Mbe",r'h,p:," >It, rn' ''''''pl« . Th< «= ",'", d,~,'.d 
b, R.nt (t9S6) . • .-uh th< ob)«I;'" offilld inl' "ord ",'h",h "-,, ,h. 
oo,.,ect "y",otolY (e> " out of. ",on '" ~'QI 'I , "d " 'ouid fil 
><",.n,.:. lly ""ith 0'"" th<rmooy,..I1< t<"" •. e,1 ,n<fIY and 
<TL,h.,p)· 

propcnies are those thatlhe lCtual sy.tem would acquire 
If it wore to go to equIlibrium ","c rstbly. Mli\"ering max. 
im.1 work to • work rC$e,,'Olr [:I« Ahrendt. (1980) : 
Su"man (1980): Szatgut (1980); Morri. and Szargu! 
(1986); review by Gall o and Milanez (l990)]. Construe· 
lion of .ueh • reference system may be impossible in 
SOme .ituations, · 

Postulated or deri ved r~f~renct Stale. ate ubiquitous 
in thermodynamIcs in gen"a l and in useful-energy anal),. 
. i. in partIcular . In fact. a ll u538' or ex tant .~ergy COn­
cepts 1Ovohe se~era l mOrt Of les. arbitrary ,hoiet. of 
standard values It ,hould now be dea, that exe tg), " 
LnherOnll) cor''',,·dc pendent, 

From th,s ~e ~'n S« that though ",ern' i, the be" 
en<fllY nu meratr •. the~ are major hurdles in !he way of 
its applicatlon "'IIhln ecoloi~" &fore ending ,nlS ro,·,ow. 
it muSt be ~tr"'sro that th.ro i. no qu.sllon about Ih, 
c.,i .tenet of th. hergy valu e fo r on), .ystom _ it is imph<d 
b) Ih' first la'" Th< main po,nt hore is that to actua ll ) 
determine tl quanttla!ively in a partlcular sit uation m,,' 
be impomblo, and this has. d irect beanng On Ihe po"i­
bili ly or vo"f"m~ an) hypot he"" a l eyolutionar; prinCIple 
,nvoiY 1Og exergy 

Thermodynam'C! and uol"fJ," 

Thormoo\'nami", bas been "'idel\' ust:d m .,ea, of ecol­
ogy ,uch' as proo ucti"it y 'tud;"" troph,c analysi, and 
food web a nalysis. and to some extent th .. h~, be<n 
frUllful (U lanowKl 1986. Baird" aL 1991) . but such 
meoe"ful applications ha"t tended to o"ershadow Ih, 
iDherem limlla!ions of the theory. 

Classical thormodynamics deals wtlh mlCroscoplC 
concepts and phenomena that re.ult from the beha" lour 
or lar~e numbers of interactin g microscopic entil;e, such 
a. photon •. el..:tron •. 2tOmS and molecui"" T h< r<due· 
tion in the num ber of quantities la\:en mto account " 'hon 
~Oln g rrom the molecular.dynam" 10 the thermodynam. 
IC description i; ba~ on the ."umption that S""oms 
usua ll y con,ist of large numbers of partide, ",hleh ell ber 
beha", Iden tic;d ly. behave coh"eo lly. Or do not chan~. 
at all "-'it hin t t.o rel.l'an! ume scale. The,. a re th'" it mllS 

. . 
'OTt< d,/!"","' " .~"" from ,11< r." ,b" tho ... 1,,,"[ l"Oph)",,,, 
,,~"m. q . [h, . "no'ph<<<. 1t)·d,,,,pl1<,, . J"O'ph,,, ", .... < , ub, 
J«1 '0 tbe ,,"' .... "t fo,,;nl ohobr '><I .. "o~. ~'",<h h,,,, 'I1<m 0"' 
of lhonnod)· .... """ «Iu;tibnum, Ano,,,, dltfl<ult~ i> 10 doli .. ,ho 
"'f'"""" ".t. 10 ,hat 1><lot;ve »t\l<$ rot the ",e'V 'r< ,ro;dod, 
C""",,,<,ion of, r<f.,,,,,,,, 'Y,l<m i> "'\>Illy basod upoo U"", 
mod)'l'ltm;e <bt&. oCt •• 1>bul>1od ~,;nl an Of!>;tr,')' "fm"'" <b. 
'"'" , <,I pur< <1<mrnt1 ;n thm moo, ... 010 ,1>1< "' m t ~ K (l~· C) 
.nd 'O I.J1$ .P. (l>lm), For "'.") ,b.,mtodyn.oml< cok:IJ!>';on. 
'h ,' I,,,, ,,ul,, ,"""," of "f.,."", " ... is un;mporunt. ""'" onty 
«<1>Ln dJlr.,.n= '"«I [h, e.leu!> ,,,,,,,, Howeve" ;t In,) be 
'''' pprop''"< rOI '''''1)' ", I,ul."on" n. f,w """'PIS ,h .. h,,~ 
b«n m. d< '0 doli"" r:"",,1 I<oph)~""t "f<",1'1« ".1< •. < , ~, Ah. 
... IId" (1 910), h.,~ ""gl«t«l rod,. ,ioo . Fo, <OO!Ov. th"" , f"nd • • 
""'0<>111> ... ·. bo tlt I>«, u", photon ... <ltl "of """",,,,un, ,mpo', 
t.""" fOI.1I pho'O» 'n ,h<ti< 0'1' "''''''.' , "d beuu", rodi .. i " 11< .. 
'''~ . "g< ~'''h ,h. en,,"onmonl n an 'm""" •• , componenl of lho 
<"" I ) budrot fOI.1I .n ;.,." ( 0« T.b~ I ). Anoth<, <1b"lou, P P 
In <umo[ ,um?l", " 'he .b><." o( o".ni< <om",,"od , 
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10 the po"'bl. rtprUent.t,on of lhe compk,,,y of a 
~)".~m. Ecolog)'. b)' contraSI. deals alm~l enlirely with 
objtt!, ",hieh ha". hIghly indi,'idu.1 beh"'ioll" and 
physic.1 characterimc. To r<:pres<:nl th ••• with one Or 
a few lhermod)MmK '·anable. ••. g. oo .. gy. is ane~lreme 
form of reductioni'm. Also. sin~ far from all of th. 
prOttSS(s allowed b~' the thermodynamIc I .... " are ",'a Ll· 
ab le to hing being., .ome .. Ira in formatIon mu" for 
this !'taron ~Ione be includod in the theor;, 

lfalena/s in eCQ'Y""m.f. Another a'~t of ther­
modynamK' "hi<:h impInge, upon ~olog) .• part from 
enm;y, ""'''','ria/llo,,· and chern"'! change (Hutch,n. 
Son \943. Smeragc 19-6. Waring 1989). S!rlcll~' ,pe~k· 

'ng. both maltor and <nergy obey conser.aHon I."", 
"h,ch a", ol'en absolu'e for many elements found in 
o<o,ys!<ms _ In fact. the con",rvation la..", for ,om~ ~ I .· 

menlS con be u",d !O define eco'yS!em boundari~, . Th~ 
~km~n,al m3$S COn"'"a1!on laws pro,-,de mo", ,han ~ 
ro levant balan"e rel~'wns for ecoloi,cal i~ "em,. mclud ­
,ng iso,opic discrimina1lons. Since it i, a ilr:tigh'Iorward 
pfoo::edure '0 mn,uro the .mOun" of some of the ele­
menl, ''''h roa.onJb le ~reci'ion. tny ,ugie"ion ,hOI tho 
analysis should be c~..,.i~d out on ly in terms of an ag­
gregated. and expcnmcn,ally duW;t. ,-ariable ;uch as 
cnorg'" nee<!s ample Ju. "fi"ution. 

In ..,me «:osyslem, one or more e,,,,,nHal elemen's 
can b«ome Important limiting f.eto" . Through re· 
_,den" ,ime; eleme~\ hmnlltons Can ml\uenco the d;_ 
na mlc, of ~n .co"-,,em. includin& Ihe denn, ,,,,n of 
niches. and th~ e,elu;,on of ;pecies from different area, 
to'"e,' ~I at. 1989)_ Indeed ..,mo matenal con"ratnts. 
. _g. ",·.ter availabIlity. alre<t tbe e<o'ystem 100 ""'e,dy 
Ihal onergy inpu t oan b«omt more of a problcm than a 
resource. Funh<::rmore. as a re.ult of the configuration~ 
of elements i"side hina material. it i. in most =y-stem 
an;ly",~ not one bu, "'Yeral re.oun: ... tba t are limllinil, 
Odum In particular ~uat.s m"cnal. a, scarce ,"""un:.,., 
wah ene,'iY. bu, it is uncle~r "hat ,he "Jet .. lalion 
bell"e." ""~n:II)' and energy i. ,uppO",d '" be. Ther_ 
modynami,s <"Stabli!h~! 'hat ""iY i, "e«<lod to ."fOCt 
materia ls from Ihe en'"onmcnt and to tran,form them 
bU1 no gone,,' re lationship be","een mJl~rial ;careny and 
• ,ergv 03n be fo un d. 

. , 
Ener~y '" erot ... "",,, ."s thown In the comp,chens,,-c 
treatmentS of Gal~' (1980) aDd Miller 1198 1). almOSt any 
conceivable form of thcrmal. chemical. electromagneti, 
and gravitational energy apptar$ in "",,'oiY (see Tabl. I). 
AiloO. it i. clear that the tempOral cnaracteri>lic> of the 
cnorlY How. bave important effects on tbe biolog;cal 
energy tran,formation proce' .... On a global ",ale, the 
energy inlake and 10$S of the Earth occurs almosl entirely 
through radiation. and the energy content of the bio­
sphere doe, nol vary ,ignificantly wilh time. Similarly. 
the entropy content of the Earth i, practically con,tant 
and entropy i, only carried away by Ihe terrestrial dec­
tromagnetic fadia.tion. At lbe biogeographical region 
level. heat tran'pOrt i, dominate<! by almo'pheric and 
oceanic p,oo:;e<;Soes me<!iate<! by the hydrographIC cycles, 
and at the loo::al Ic,-e\, th. dominan' radiati"e heat ex-

, . 

ToW. I. 0.." ..... of '"<fV 'ft~o"",, '0 .,. """,ul. A ~mi lar ,," , .. " 
b< «",,,,,,,,,«1 fo, ,t><: O"'~o~' of ."" rll)-_ Amon, tho .. di.",. 
no~-•. and to t"m, of crud. ,,1<,1)' POf tunc """ ipo~<fl. ,h. 
P''''''''''"' ~o"-" A 00« ,houj./l ,~ .. ," «mi. of <'''I)" 10" ~O~ 
""""I u •• " 10 be ,"~~,r..:, ", _ Thor<.f< el<.rly Jr.."" 011'«" of 
only "~'"I ' "~'O" of "hem",.1 ... flY (F) 1OtO ><""""' 'n •• 
'."y';, of ,he '",mah' """J)' inc""" .• nd .. ;]«t1O' .11 olh<, 
'mn' 

D D"c<t '"rthl ~'" Ih, 'p<C""," " "",",fi«l d"n"1 !h. ""'"'' 
of tI, ... m",phm 

S SU"","! !I<,"<t<d « !«:td '" ,n, "mO'ph<<< 
R S"""jh! ,""",,«1 rrom !round . nd "i<"'''oo 
" """O'f"'''' "J"",on ""n,,. lI y. ,omp"""oo of 

bl.d·b.."-.l~ r,d"",," 
V R.d,.,,¢n ",,,n.d 0) 010., ,"",.,.1, or or ,<~<''''O" 
F food '"~<>"oo 
G R,d .. "o. <mttlt<l from tho .bI"H" .,'-"oom,nl 
C !"'I' ,dded throwl" OO O< <<Hon ~'O'''''«' '""I"d,"~ 

<ood",ttO" 

change OO::<:Ut1 thro ul!h indiVidua l,. moderated b; "'. 
Finall y at the moleculJ, Io>'ei. photosynthesis and ca· 
taboli,m are 'he dom,n.rot p,oo::es"'S 

Tho he~' tMlan« of '-eg<lalion i, determtned mainl,­
by ,I> envtfOnment. th.refor. the lomptralure of plant 
"" ue can only be Influ. ncod to • limne<! c"ont b)' ' he 
organ'$ms "self 1c_~ _ \\-ood"ard 1990). On 'he. o' her 
hand. many antma ls Can conlrol body lempcr"u f~ e!thor 
by adjumnll m.t:lbolic he" producl1on anJ .'-oporation 
ratcs (e!l. hom<"O,hc r.nll or by changing ,h." f>d i ~1ton 

bal.nce 0-8, by mO'- log In Of out of .hade. 
In ecolog~'. enerllY con"'fvallon can be ~uate<! ",'uh 

a "m~_average balanc. in Ihc energy bud get of a nlma l 
Table 2 indicates Ihe kmds of enetgy '"income-- that may 
be inyo!ved in .uch an enefllY budget. The most miking 
fcamre of Ihis dtSCriplton i, that ""'eral forms of cTl~rgy. 
be-5ides chem,cal ene,.gy, are involved and play import)n ' 
roles. Tlli' impreS$lon " further eohancod If one indudes 
the oU1How compononts of tile energy budget. 

Physical tim •. as measurod by cloo::k mechanism, 
llo"emed by ,~g u l ",ly ,ecumng ph~sical e'ents. 's a._ 
.ume<! to conform '0 0 Uniform ""a le. " pro"des ono 
[rame of ref .. ence for chango_ Ph)",loloiical or ecoloilca l 
rales of change are variable and indi\'idual_ For c,.ntple . 
the onerg'- or ~'.f!lY mpul ., Ih~ basic photo.,nth."c 
le .. cl of most «:o'ySiem. oscillates. with a dominant 
f'«juency COfre$pond,ng to the day n,ght C)'clc. Encrgy 
input at olher level, or in other forms may also sbo,., 
regular behaviour, but;1 is more likely 10 be intermittent. 
These different temporal scalO$ make aggregation dif_ 
ficult. impossible Or mnningltsS, 

Porte' and GatO$ (1969) claim thai. gt':nc",lIy.' six­
or ",ven-dimensionaJ space of descriplive variables i. 
necessary 10 treat,hc problcm of interaction between an 
animal aDd its enviromnent. This is probably an un­
demtimate. Their .. ",nion tnatlbe energy concopt can 
be used to reduco the effecdv. dimensionality of the 
problem res lS upon impl",it ,.,''''''tton. on exactly the 
kind of sy-slem One is attempting 10 analyse _ The nectsSily 
of a multtdimensional descnptioo becomes ,"ideo! when 
one altemp" to d.fine "useful energy" a. discu,S<Xl 



.bo~, acarly. whal II uscflll dtpendJ 00 the p(nP«tl~ 
emplOyN (u",ful for whom. for ·, .. hat. " 'hen and for how 
lon, ~). lind no pamculat poerspeellve clln ctllm um\'erul 
prionty. What it c;om~ doW!! to i. that il d,,", mah a 
d,If.","« .. 'hether a unil ofenerlY is aellni in the system 
,n the form of r.dillion Or" chemical energy. Dilfe~n! 
form, of energy have quallt'" Ihat ore ~senlially d,f. 
fertnt. and whICh ho,'e 10 be lahn ,n lO aCCOunt, 

H T Odum ha. propmed a bo4) of ,dea, caUed .)' .. em5 
«:010J) IOdum 19S)\. "h'en ,s mlled a. bo,n,. ne" 
pa •• d,p" fo r «ololocal re!.elf.h .• od also of soxh 
,enerallt)' as to be ,ucee .. fully app licable 10 ever) olhor 
JC,ence , part,cula,ly t<:ooom,cs. ASlnd'<~Ied by Ta) lo' 
09881. Ihe sironI' coon<"CIIOnl bell"eon <colol'ocal and 
soc,.1 <OnceplS adl<IC3led b) Odum domina,ed lhe pre­
,",lonlsYStemS Irp.Glch of 1M 19501 " 'hen Ihe ml,n 
partS of hll Ihe';s "'ere de'eloped Th,. ,nMuenee can be 
.. en ,n lerm, o f Odum', .. ,enll~c I .. d,non. undoubledl~' 
,n.pond b) 'he ,d03I of "on &'ala.nlf)· (1%81 

A par.d'im may be descnbed as a $<1 of aettpted 
namples of ac,ual >C1enl1fic I'rl,"ce. iociud,", t . .. . 
Iheor) .• Pl'lic,"IIon aod ,n",umenlallon. that lI"es rl<c 
'0 mode l. f.om \I h,.h Ipnn , a I"',"<ul .. , <oheren' ".d,· 
lion of$C'enonc .. leareh ("uhn 1962). In c,u"nllu~h 
o ~t o{ e'~mple,. Odum m~' el rrolific u!.e of analo!,," 
,lid melap hors thol ha"e bttn 11,>C«<lful in olher fi,ldl. 
pilrllcularl) ,n enM,neo"n. SCIences. Odum's Systeml 
«:0101) .. dom,nal<1l It} thc "e'" of orpn'''''1 aI rna· 
ch,n.,. and <COI)''''''''S " f-c.ones, .nd he d,scUlio<S «0. 

,) i,eml ,n 'ermi of lhe" dos!", fUlum (I« T.bIe 3J. II 
,1 liso o b,',ou. Ihal Ihe la.n.uacc Ind modd. of electrical 
enl,ne.",n, of lhe 1950s pro,;ded lhe formah.m, for 
nample. 'he enerl) o"cu,' lan,uacc " ... defined on,,· 
n,lI) as 3 genorar.u' ion of p .. SIIH analogs_ 

Odu m' , fram."or~ " to 1 large extent a par~d,1I'I1 

hWoJ, T .~'" ,-,¢", H T Odu,"' 1")1 -Ono,.. 1 .. ,u,,,.,I«o<, .. 
,~. 

• ..... , or dn".J <DCfJ) ..... f'(fl """""',nl 0. ,ne,., 
"In.,u" 

• ... ".~ 0( <O<PpOnOnlS ,11.0, uw:toodn f«<lbad< """" 
• C"""'l"1l« of ....,... .. '" """I)' "a.st.,.....non. 10 form . 

,11.0,.0( q .... I"y 
• Inc ...... of lime ",", ... ,.nd .pt,~ .... "onl ,I>< q"''''' 

, hao. 'hI! C&II ab<orb •• riou. IlC<[oeftC'" 01 """ IY fto,,",0<1 
fill" •• n.UOII 

• Pul .. ", 0( ' )'<l= <"n"olled ~ . .... 11.'0<}' period of ,I>< 
,."", ... 1 '<>D.wner pheno ...... 

• S, ...... of m.>« 01><1 ,nformo ..... 
• 1\«")'<1< of .... '<fI.1I 
• Fmlbodo; co""o1 .)"' ..... 01 .... _IoDllN'o .... _,nl 

,nn"",,1 .0<1 'pOII.1 P'OI'"IM 
• In'.IK1 ..... of....,,~ ~o .. ~ oId'Ir< .... ' q ... h,) !iO" '0 

""' ,,""'" P"" " and "",,,d "'_ ''''''pOnOftl< ,11.0, """,n"",. 
• P".Il<l ".", ,ha, <an ad)"" "' .. , ",Iou" ~lnl for 

mo"mum po,,',r 
• Coul'lI"1 of produ"" ""h <"", urn", 

in~ol"n, a pfo(IJcular opllma~IY rno<kl ( ... IUIO It rtbs Ind 
Houlton 1989), ... lIb lhe (ollo'"n, Ihree maon c;om· 
ponenll: (i) dec'Slon a!Sumpuonl. (i,) currency IIsump­
lions and (iii) <on$lrlinl alsumplinns. 1111: second of 
t he~. wlucb i, used 10 evalw.lt alterna live chnius of 
eurre""y. bao been eho~n. priori al some kind ofenerlY 
no .. ' ".nable, The Ih ird mainly 'nvolves Ihennod)nam .. 
c;onlluinu I. !i"cn by the firs! and second lawl. II .... 11 
as Iho fKllhll lhe ralt of IOta 1 ,nnow of energy from Ih. 
,un "linJl< The deciSIOn ."umplion. are formuLa'ed 'n 
,ennl of ho'" Ihe ene,1Y bud,el should be P""III0 ned 
,nto m .. n1enana:, "o"'lh. and SO fonh 

The h)'StOntl ~r Odum', f.amewo'~ can be reduced 10 

he main conJ«:l urel. al1ho ulh Ihe r. are man) more 
$ub..:onjC'Clures 0' eO'Qllane, 

CtHIr""~" I ..... 11 Il,n,ncanl .,peets of ecOl)'''cmS c.n M 
cap,"red lI) 'he Iln,lc c;onceplcnel'J)_ 

ECOiyslemsare class,fied On ,he baSI' of I)'poe and lelel 
of IIro", enerll Mow. II E,P Odum (1 97S. p. IS) 5111es, 
"S,nce ene'l) "~n ,mportant common denom,nato, ,n 
~ll CI;OS)"cmS (. ·1" p,ol'ld •• a N.i, for what m'lIh , be 
ca lled ~ 'nr,,·o,dc" cl"Slfica !oo" Asw,!! be det .. led [. ·1 
energ) 's al wa~. a major forcinB funcllon" Tho u~ of 
ener~) .. a num,ra". IS liso cla, med 10 be I ,,,olullon. 
~'" step ,n 1he dnelopmem of «:olog .. a llheory 

"Th. fim ed",on of F,,"dd~,Q/S 0/ £co/fJfIl, "' nI,en 
,n c;ollabonllon \I'Ilh my bro.her. HO"'l<d T Odum 
and pub""hed ,n 1953 . ..... revolullOOI.r) ,n 1""0 Ifi· 
pee,,: (il prinoplei ... 'e .. ~ .. nted ,n a ,,·hole.lo-pan 
proB.esuon .. ·"h oonllderll,on of Ih. ecOS)'''om Ie, el 
ao Ihe /irst rOlhe. Ihln ,hol.,t chap'er. and l i ileO<'I~ 
"a, .. I«: .. d as Ih. cOmmon denom,nator for ,n te· 
1I"""a b,olle .nd phy.kal component. ,nlo fun­
cllonal "'holel IE ']> Odum 1977)'" , 

C""ftrl~": The forma hIm of ~n cne'g) 'lfCU" Ian· 
,lI:Ile is suff,eienl fo. a ho" suc ~pproach to be de· 
HLoped_ 

,>, kO) to Ihe COnj«:lures " the lpee,.1 symbol .. , Lan· 
lUll', 'he ~nugJ ,irnm latI~""~' lhal Odum ,n'e",ed 
I:lch symbol rcp ..... OII. panicular liJrear mu hem.,,",1 
relationship, 1111: d,airams are meanl 10 .",i.ely repl.« 
exp .... ion' formulaled ulina lhe convenlional .ymbols 
of malhemalic.: one Cln "u~ 1M diagram. wit houl Ihe 
r«lundan")' of wnlinl equivalent equa lion. ,incc Ihe 
d,a~rams are rilJOrOUIIi cqu;~.leot .xp ... s;on," (Odum 
1981. p xi). Since IMre art SOme 12 Iymbob in Ihe cnern 
Clrcu,t laOl lllae I"" .mOUnll '0 Ihe lII ... rt;on thaI all 
m,alhema"""] fO"''IId .. ( .. least Ihose rele"anl for <col. 
0,» can be "-nllen ","h thOi '~ry ,mall number of s)m· 
boll !<ol.ny ecololl,m \I,ll have I«n d,alum. ulln,1he 
circuil langua,e. bUI a .. unl"-are of Ihe underl}'i"1 
IIlumptions imphed by «rlalD symboll. many Olh~r 
ecoloi"~' hOl'e used the sy mbol,. without paying much 
.1I.nllon to tho "'y ,n "h,eh Odum dJlm. th aI th.) 
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could or .hould be uood. There are also .xaml'l~ where 
"m,lar ,ymbcb aT< used as a ,horlh."" 10 dcscnbe ,he 
typ<o of sourcos and 'inh In .:ydina of dement •. such a, 
carbon. bu! th. o"lin of ,neS<' d;ag'~m' does nOI rely on 
Odum", patadtgm Ie ~ Ulano\\j,z 1986; B~i,d <I aL 
IWI). 

C/)flj~ct~" J. Sr>'.,TU eVOIH so lhal .po""'" 1> maxi· 
mlzed. i.e accordln~ 10 the maximum po""" princ,ple 

Odum"' S) Slcm, ecolog; paradIgm rtli", lOUlII)' on lh. 
un",., .. 1 \.Iidlt; of ,h. m~_"mum po"'.' P""Clpie He 
h~, ii"cn ""~.r>1 different fonnul."on, of It _ •. 1. uSIng 
different d.~m"Qn' of .. po" ..... 

The inrlu.nce of .n~ln.onn¥ on Odum", ,deas ,om •• 
out In lh. general, I." of ,h. d, narnlcs of ceos)'".m., In 
,,-hH:h th.,. Jrc con"d.,.d 3 ... If· "ab,liling. p.edi,ublc. 
Jnd controllable. In lhi' p,etu .. . the .s<:tf·s,ab,hza1lon 1$ 
"hie,ed through ~anouS forms of feedbac~. The pr.­
di,lab,iotv IS due to Ihe claimed nIS"<>tt of a general· 
m."mIZJllon ob)<'C""e. the m'"mum >","'er pnnclple 
The ,0 n\roll~bIIIlY rem u>",n Ihe idea Ihal Ih. <Iall. and 
d)MmlC properli .. of ,,'uy """"e 1»" in an «o>)"siem 
can be precisely drscribed: Ihu •. Ihe oulcome of an) 
human actllm can be predicled. ana II>< de,..,lopmenl of 
an «osyStem i. completely under human conltoL 

C()ll~crur~ J Hierarth,c:.I'!ruclur .... y.tem boundaries 
and compar!menl' c:.n al", .... be deduced and laxonom-
ically r.",lved . . 

A.;cording to on. "r"On of the m~"mum po"er 
pn""rk. ,h. ftow. of enug)' In an «Myslem evnl"e Inl(} 
charaCleristic "'eO. of .nerg'· palh",.ys. -EcMYS'ems. 
and pos$lblv all ;yllem, are organIzed in hierarchi .. 
'c«ause th" de.ign ma~imil" useful pr"" .. sing" (Odum 
1988). Thus he 'Ie<$ Ihat an enviroDmoDtal system IS a 
"'Iwor~ of component partS Ind processes opefliling on 
the scale of the en" ironment. and stat .. tha, 'hett: are 
,im,lar la"", of fUnc\ion and m«harusm operallni al all 
I"el, of scale and size_ 

Odum lakes the Idea of "olulion one OleO' further ,n 
Ius idea, about 1a~onom" hierarch I ... which he Stt$ as 
an energy 'peC!rum of ",olution, '"The species i. thu, a 
>mailer unll "'tlh fasler Ilme conSlanl Iha, pr~ses 
enerfY nece'''''1 to gen~rate Ihe ne~' h,gher la~onomtc 
{":llO~Ory. Ihe i-tnu, etc, ~ (Odum 1983. p, 3~2), Di"iding 
up Ihc energy spectrum. and assuming Ih,l seke,ion for 
the ma_"mum power will generate energy IfJn.formauon 
h;erar<hles. implies Ihal sySlem boundaries and compart· 
ments can be SImply deduced. 

Con~. 'ur~ J. Ecological sUCCCSlion ill: due 101M mali· 
mum power principle applied to «OSysl(11)S_ It culmina. 
I .. in nabilized syslems with muimum biomus and 
symh,ol;" f un(tion bel"'een organisms per unil of avail· 
able energy flow . 

Dc'i'ling from II>< perspecti,.., that at later Slag .. of 
suettSSlon, lhe same bioma .. can be maintained for Ies.s 
production (e.g. see Margalef 1963; Odum 1969). Odum 
stale. th.t; 

"As <lruClU," is .eeumulaled, bioma .. i. added In 

Ihose ,1luaUon, .... here bIomass facilitates po ... ..,r rna:<' 

Imilalion. The," is. how"..,r. a cu,",'e of dlm'n"hln~ 
tt:lumS ,n II>< addl"on of bloma .. snd olher Struclure 
a$ 'he en<Tgy requIred for malnlenance of the ,Iruc· 
ture becomes equal 10 the gross produclion and olher 
eneri) InCOmeS thaI can be Induced. The key me~s· 
ufO. In • ..ccesS>on. therefore. may be the iro" 
producuon and 10lal n:sP"·:l.IOry melaboh.m (nol net 
producuon or bioma .. ), TOlal metaboli.m IS. me.,· 
ure of Ihe 100ai str"",ure and of Ihe di .. ipallon rat< 
for Ihe lo ...... nlropy ilruclure be, n!!- maln'"ned 
Where orpmc ;npu .. are .mall. gross prod",,"on IS 
a measure of m'''mum power. Increa= ,. !hese 
!Olal me"., .. are o~r,.d '" ,ucce .. ion 10 ~hma, .. 
(Ocium I~'}. p, ~59, 

~ ""'qu~ of :i:~ conju,urn 

H T. Odum', ~: .. m 10 a re,'oIullon3ry ne",' paradigm for 
'ySl~ms ecolef) lies pnmanly on Ihe aSSUmpllO" tha: 
eneriY i$ an ~"propriate curreDeY wilh .... lueh '0 d=nbc 
,y"em funellon and "'oluhOn_ The p'oblems of usm~ 
enerlY as a ".meraire "'ere discussed in Ihe firsl pall of 
lh" paper. "~ere II was <ODeluded ,ha, the ')pe! of 
en"gy and !I-.elf s",""o·temporal parlllionmg In real 
C<:OSYSlCm. arc '00 di'er .. 10 .uppon the arium.nt for 
a .mgle CUrrr.lCY 10 describe ecosy"em dynamICS. The 
se'-ett: proble:;:s ",ilh relallnll ma terial sc.rci!y 10 en"i) 
""ere a l'" nOled It should also be added !hal no maIler 
how iene,ous .n Inleff'retalion one ii"es '0 Ihe _ of 
a .mgle "ume,""e to In'..,nl a new languag. for defin,"¥ 
... Iues In an eco,~·"em . we conSlder i, .'mual!) ImposSI' 
ble to support 'he dfll.llc mntCTprelalion. reduclIon and 
10 .. of mformalion cone.rrung ecosy"em.Jc form and 
funclIon ""Ilun Odum', apprcw:h. Indeed be madver· 
lenlly and implicilly admits Ihal his paflldipn involves 
a rtdefinilion of many thermodynam;" concep" (Odum 
1981), This i. especially tfU¢ for Ihe Ihermodynamic 
lerm. energy, ".-ork and power. The moSt impOrtanl and 
,urprilini pp in Odum', ~rs.ion of thermodvnamic. " 
,bal Ihe P"'otal CO<>ttpl ~~r9Y 1$ nol defined properly. 
and is ""'n ,i""JI~r' ~energy is dc~ned and measur.d by 
Ihe he .. that" formed when energy in other forms IS 
" .. n,ferred Into heat. All kln.n of enerlY can be con· 
,..,ned Inlo hUL H~a"s the eflCJgy of mol""u! .. mOllon-' 
(Odum 1983. p 6), The word 'usefur i. m"olved In 
se\'Cul de~n"ions_ One of the mOSI basic concop" In !he 
framework is "'hat" caUed 'useful en(flY'_ BUI again. 
'his is al", an elwi~ concept whose definluon vari .. 
widely in Ihe keylexi (Odum 1933). partly because of the 
instrumental dimensions inherent in the word 'u.<tful'. 
and paroy because of the ..... ny synonyms for 'energy' 
(some ofwhich arc mcUtpborXal). In m""t cases 'useful 
tnergy' seemllO denote a one-<limensionalentity relaled 
10 the amount of work whicb <:an be or is porformed _ As 
we ha • .., shown abo"e, there an: several sucb COllCeplS in 
(hermody~ bul il i. u".lear which on .. {if any) are 
involved in th,. appro»ch _ 

Anoll><r eurnple of probl(11)S rela,ing 10 terminololY 
co<>ttm. Ihe treaunenl of Ihe thermodynamic COllCeP' of 
~al'- he .. ,httt: is an Inempl II a revival of ... me venion 
of caloric IhermodYllarrucs. Whereas physicistS 'oday 
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agree that it is improper 10 speak of thc b~t 'comained' 
in a system'. such a caloric or .UMUD!;>'. VIew on heal 
;5 very convenient fot Odum"s [annul."on of ,,'''y>tem 
components involving storage . A $imilar <ituat;o" occurs 
for powe •• and hence for the maximum po .... r principle. 
The term 'power' i. In physics usually defined as the l,me 
rale of doing work . Odum however .xlends the definuion 
10 a much wider da .. of enllll ••. 

I n view ofth. dIffIculties described ab(", •. n is perhaps 
nOI.urpri. inll thai lhe problem, ."'>cia:ed with defininl! 
a set of thermodynamic .. fer<n~ 1.,,\. thai could be 
.",{able fOf an e."loglcal ,onlexl ar< ,onSlstently ig­
nored One effect of this" thai the "n"IIY numera'r< " 
unworkable. 

Th. sc<;ond conjecture ,d." to the dem'alion of • 
special <nerg; circuit lo ngua~. 10 describe Ih~ ftux'" and 
fto"" of ~n.rg)'. Odum dalms Ihat on ph~nomen. In 

ecos),slems Can be: des<:nbed m t([ms of this language 
le,g Odum 1983. p, 5). We h"e found no lupportln~ 
arllument for Ihls •• ",rtlon_ On the contrary. a dose 
In,pe<uon of the definllio n, of the e""I'Y ci",uit Ian· 
guaEe ,ymbols, In partleular tneludml! their .. Iation, to 
dynamICal ')'IICml, shows Ihal Imeant) as,ump"':'"' are 
tn"oked to such an .".nt Ihat '-.r; fe'" nonli near C'· 
pr ... ion, could bc: rep,..,sentr<! ",Ih the .... ymbol •. and 
e"cn In ,ho"" Ca",,' In an exceedlngl} durns; fa,h,on, Th" 
i$ regarded as an ummportanl short"omm~ of Ihe Ion· 
¥uage, ,inee "[m]ml of the na,ural "orld', ~o\\'. arc 
co'.red b) onc of 'he two linear laws .nU Ihus Ihe line .. 
pa,hw., definlllom of Ihe ener~) <[",ult I.n~uage app l, 
to most >,,,em,' ,Odum 1983, p. 111_ We would con­
elude Ihal the formahsm of Ihe energy cueu,1 language 
il al be .. poorly contrived and unnecessary. and al worst 
hj~hly misleading_ 

Concerning Ihe Ihird conJeclure, perhaps Ihe moSI 
famous stalement of Odum's sy","",s "'oloi)' school is 
found in Ihe key paper by Odum and Pinkerton (19551: 
he .. Ih. maIn areum.nl is b.>cd upon ,,"'eak an.lol!\O~ 
,,"IIh $Orne pieces of linear non''''Iuihbrtum ther· 
mod,'namic •. The paper mtroduc., One of Ihe prolotypi­
cal example, (.MjU Kuhn 196"1 of Odum's framewor k 
(Odum 1983. p_ 1161. whICh oomes ,'ia. 'Impl. mecharu­
cal model (see Appendixl, In ,'ie ... oflhelmporlanee of 
thi' model fo, Ihe introduClion of Ihe maximum po,,"cr 
principle. It io surpmin g Ihat nO e~phcII expre"ion is 
gi"en for 'pow'er output". Th. definilion used 15 nellher 
.. If-con.i"em. nOr consilient with Ihe definilion of dis­
sipalion and 10 ..... A •• hown in the App"ndi~. Ihere are 
a number of rather specific problems lSoociated wilh Ihis 
example. not ItaSI of which is Ih. calculaled value bc:. 
yond which Ihe efficienoy of con",,..ioo of useful inpul 
power al the lev.1 of ma~imum power Output cannOl be 
exettded_ One can still ",e mindles. in"ocalion. of Ihe .. 
r~.ult •. and a penistence of the in<orrc<:t ,'alue (""e for 
example Wiegert 1988), 

In view of Ihe fundamenlal importance of Ihe m .. i­
mum pow .. prinCIple 10 Odum's frotn,wQr k. il should be 

'Ooc< m,Id< . 'y".m il " nol pO."bIe." "."mio< ~1I<'lI<r. 
"'''''0 ,mounl or <n<rl) <.m< from 11<" ,,,">1<, Q' ,,'or\. It,o,f" _ 
"" "mpl) InlOm.1 <""IY 

discomfiling 10 il$ propontnts Ihal Ihe mechani.m. 
whIch are .uppos-ed to re.ult in Ihe maximization of 
power r.main 10 be elucIdated , Given the . im phclt}, In­
troducr<! Ihrough Ihe pe"'.,i"e U5C ollinearilY a<suml>' 
lio",. one would have Ihought Ih ~1 such mecha nisms 
would have been found_ 

The ne~t problem refen 10 that of compartmentali ..... 
tion and Ih. ra ison d·el .. for la",nomic hiorarch",s. 
Tradilionall). mea,urement, allbe ecosystem Ie>'el ha,'e 
been Ctnt<red upon chanl!C$ or decline. in Ihe \'artOuS 
speci", contained ","hln Ihe rho",n bo undartes. Hov.­
ever, eco,)".ms can bc: hl ghl) complex .nd are not 
necelsanl)' decomposable lnder<!, dlfferenl InHSl1.~'ors 
h,,-e dIfferent ,de.s . boul comple,it}" for exampl,; A,h· 
by (1973) polnled oul th.t the complexit; of a ,heep', 
brain depended much on ,vheth" one "'as a butcher or 
a ncuroph)'siold\;.,1 

Ecos,' .. em mea,urements ha"e ,~"ed a,~ording 10 

the prr<!il,clion of Ihe In' ",Ug<llor inc "hool. Ihal hay'. 
exi"ed Indude nne based on number and .i~e (Ihc EI. 
Ionian paradIgm) and a nother on luon and Iran.form.· 
lIon (Ihe Lindeman-Odum parad,pn), To mea,ure Ho"', 
of energ)' and malerials, as in Odum', formula"on. reo 
qUlre~ thaI d,,'lsions b< made .. ,her al Ih, "ophi, or 
funello nal ,i.e 1e,,1 SUI as Fcnc hel (1987) has pomled 
Out. Odum's attempt 10 d.scfibe eCOS),Slem. in lerm',of 
energy ~o,,' is at best. desc,"ptl"e approach, and at wnrsl 
a 'trnn~ ly deceplive appr",",h If used a. a prod ""," Or 
.nalytieal lool to stale ho" OthCf unStudIed ""osystcms 
nughl funClion , Indeed_ it I. nol ye, clear no,,' an)' of Ih. 
" ,del), used macro"op"e fealure, of eeos)'.tem$ such a. 
trophic statu •. ascendene}, o r biodl"er",)' really a rticu­
late wllh Indi"ld ual charaeten,,,,,, ,uch as /lene!!. and 
physiolo~al StaluS, Certainly. Od um's appr","ch 10-

""rds com partmentali .... tion is untik,ly 10 contain 'he an_ 
",'er, for as Fenehel (1987) has ,aid -- 10 make .naloglC$ 
t.crl"een non-equllibnum thermod:-namics and ecololli­
ca l systems. such a. equaling species di"ct'lil) of com­
munities "'"h 'negati'-' entropy' of chemica l .)"tems [.,.] 
" a fundamenla lly falk an.l0i: [,,,] (Odum's approach 
has] had an appeal for .ome lime, J , uppo"". o nl y t.c. 
cause II wa •• ufficltm ly obscure and Incomprohen"ble 10 
appea'profound." We can sec from the pre"lou, ,eclions 
\hal lhere ~rc Indeed S",'", prob lem, in obla lning a 
!lenu;ne understanding of the dlY',,;on. wllhin ecolollica l 
,y$lem, based on an "olutionary conlexl of effic;enq In 
term. of maxlmizalion of enern conversion , Whal is 
morc disturbing i, Inc idea Ihat taxonomic hierarchies 
arc Ih. e!l(:rgy speclrum of evolution: .peeies arc smaller 
units wilh faSler lirne constanlS Ihat process energy 10 
generale Ihe nexi higher laxonomic calegory_ Thi. "I>' 
pea" 10 be a "alement connecled to a "alie world where 
'pecies are only reprcs.ented IhrouKh their • .,ocia l;on 
w"h • IIcnus. and In some \Cn", are only aC1inillO pro-­
mote the genus , HOwever. luonomy i. a human con· 
""',:! used 10 deli ne.te kinship and .. enelic rel. tedness. 
To extend lhe underp inninll of sy,tem.tics 10 imply tha t 
claSSIficatory pr<xedur", in fact .. Hect a scheme of en­
erg)' i, somelhin g for " 'hich we ha"e no "'Idenee in 
molecular biology and /lenetlC<_ 

When v.e lurn to d",,,in g IOdICe\. of ecosystem Statu" 
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fall of pow« level$ whell stored and renewabk re,;our= 
are ~ing drawn in. From an evolutionary standpoint. 
Odum puts the .. If·organizing principle of I)' stems "hlch 
relain umts and me<:hanisms to me.:t ,ontingencles Ix· 
fore DaN'inian .. Iection . He is therefore in Ihe position 
where virtually an)" configuration i. admissible. For ex· 
ample. we are told that circular succession is simply. 
changing climax where one state produces another until 
.,..nluall)· the first Stale re<:ur •. but we are unable to 
d'",ern when to expect circular ,u(c .. ,ion or whether" 
ha, an ad"antage over non-cin:;ular ,ucce.,ion. slmpl, 
that It 1$ a anolhe, puhmg mechatmm. 

If the u .. fulne" of an ecolo~icaltheor)" i, to ~ eval· 
ulted on the ba"s of liS mternal consIStency and ablht~ 
to " lold new ,"sights .nd te'table hypothese •. 'hen Od· 
urn', fram.w'ork fail., The adm"sa biht)" of ,-irtu. ll v am 
sy"em configuration. to~.ther WIth the incorrect reason· 
tn~ ~htnd tbe max,mum power principle are incompat ­
ible ".-lIh what "'e h"e loamt from deri'in~ othe, Iheo· 
neS and laws m the natural ",iences, 

Confrontation • ..-ith K<1lo~ical reality 

In thi' final ,ection of the paper "'e e\'aluate whether or 
not Odum', ,~st.m' eco log, can ~ used", • fonn of 
phenomenological rea<oning for ob",,, .tion. of «olog,· 
cal reahtv, To ~gm .... "h. we eum,ne "hether Odum' , 
,,-'tem, ecology agree, with the lIlo"'-n propert ie' of 
ecOS\'Stem,. and then mo,," on 10 an,mal ecology, 

£COjy"~ms analysis a"d a"iltlai ua/ogy 

In 19J2. Lindeman attempted to de>cribe the energy flow 
of ~ n enlire communl1y, He cho .. for hi. work Cedar 
Soi Lake. Minne.ota. and "lima ted energy lIow from 
,h. ha"'.'table net annual production at three trophic 
100els _ p"mary producers. pnmary con,ume .. and 
secondary consume .. (Lindeman 194~\_ The animal. and 
pl.nt< collect~d at the end of each gro"'ini .. alon made 
up Ihe net productIon of the IrOp"" level to " 'hieb Ihe 
"anou, species Wefe assigned , Lindeman 'hen .,timated 
Ih" energy diss ipated through ,"sptfation from rallO, of 
re'piralOry metaboh,m to the measured product ion, 
LIndeman considered that predation on .. condary con­
,ume .. "'as inSlgmfic3nt. The gross ~nnual production of 
primary consumers and the annu~1 consumption of pri· 
mary conmmen by =<>ndary consumers were cal­
culaled in l .imilar way _ To calculate the gro .. annual 
primary production Lindeman assumed Ihat the second· 
." consume .. had an ~ .. im; lation efficienc)" of 90\10. and 
,h,u 'he a«imilation of herbivore, feeding on planl mate· 
rial was 84\10, Ihe annual estimate obtained was 
1.114 kcal m-'. 

In 1957. H ,T Odum publi,hed estimat .. of a "milar 
.mall aquatic eco.ystem called Sil>'er Spring •. Flonda 
IOdum 1957), Gro .. producuon of aquatic plantS "as 
e5l1mated by gas exchange talher Ihan by harvesting of 
Ihe plant< and an estimate was made of the inllow of 
er.:Tgy,n the fo,m cfde"ilu, from 'he ,urro unding land 

The vo" annual primary prod1lCiion was 2O.810kcal 
m-'. a slgn,fioanlly h,ghe, ,h.n lhe mOre northerly bog 
lake in>'estig.ted b}' LIndeman. Odum (1956) as«rlS 'hal 
Ihe .. dlfferen<es ari« from Lindeman' , defin ition of 
production. However. il i. not dear that th~ dist,n<:I;on 
~tween produclion as the rate of synth .. is of organi< 
matter at the primal')' "ophio le,'.1 and produClion In the 
",n", of e"<TIlY Intake in Ihe con.umer trophic le .. el, can 
~ resolved by SImply . "ignlnB dIfferent . ymbols. as ,n 
Od um'. dIagrammatic formulation 

Indeed. the teal problem is tbat th. combmation of 
'artou, 'pee,es Into trophlC le .. els ""Itl oau>c • WIde ,'ana· 
lion in lh. eSlimat .. of energy ftou'. bel".-«n the ,'.nou, 
.ub-compartments of .eemingl)' "milar eco'~"tem' 
(Slobodkin 1%0. 1%21, A further compltcatlon " 
brought up In 'he co", <>f Sil,,"r Spnng •. which Odum 
u'« a. an eum~le of pulsin g. 'he .,gument ~in£ that 
as a re,ult of the maximum po"'e, pnne,ple a '~"em 
;lor ... nd pul,« IlS feedbaok "",'ic« '0 ma.'tlmize the ir 
rok in u .. ful work, The steady productivity that Odum 
cl1e, as a ke) r.ature or a pulsed sy"em COmo. from the 
con"ergencc <>f many 'hort pul ... ,,'h,eh accumulate al _ 
ong tho ene' gy ch.tn 10 produc-e os.cillation, of larger 
amplit ude i"-tnl! rt .. to Ihe ob$<".'allon of a hiih produc-
11'-11,' pe.k In spring and .ummer. But in real 'ystems the 
><.,on.1 peak< can often ~ mi"ing "' a result o f ph)'si,al 
m uclUflng Or lack of hghl and nul".n,,; in thIS c.", ',t 
i, not de .. th.t the max,mum po".-e, princip le could ~ 
used to O\,lu.I< the pre«nc. or absence of pul~ In Om 
,estable"'a) for example . In a fecent pa per b~' Baird el 
ai , (199 1). th. 110"-' of oa,bon. and the .. fore by oxten,ion 
energy. in 5IX marine ecosyStems were compa red , The 
re,ullS "-.n: contrary 10 what Odum has sugge-sted. In 
,hal lhe aggregate amount of cyclin~ wa, an indica.ion 
not of malum)" but r .. her of ,he type of dynamic. and 
level, of ,t ... s. Thi. could ari", from the fact Iha t per ­
turbatIon. often affect the higher-level 'pecie. (e ,g. fish ... 
and b"dsllo a gr~al" "I<nt. ,uch that 'he homeoSl.", 
' ''pons< of the l e"-d i stur~d lowe r·kyoi trophic com· 
ponent. or mlc,oorl!a'nism. is to retatn Ihe resource, 
released from larger organism, through ,ecycling the 
material, amongst Ihemseh'", in ,horl intense loopS_ 
Adaptation will therefore nol nece,sarily reSU11 in the 
con}i.ltent dec rea .. " 'llh lime of the produ<lion.to. 
blOma" ratio ... ,uue5ted b) E_P_ Ckl um (1969)_ The 
authors condude thaI as a sy'tem matur ... the qualtta­
li"e chang .. that we .hould expee' to Itt are (i) in<:feas­
ing numlxrs of cycles; (ii) lon~er cycl.,,; (iii) ve.ter 
specificity of predator. prey inleraclion.; and finally (iv) 
• topolO)f!ical "ructure that can ,,'ith.tand large per­
turbat;on. in resoun:es Ihrough time, Contrary to H ,T 
Od um' , idea., the development of. dima~ ecOS)'1lem 
r .. ult< in inten,ificatio n of existing parts of the ecosy'tem 
network . 

On. of the main problems in tes,;ng Odum'. con)e<:· 
IU,'" is that muoh of the data is impossible 10 collect. 
Howev ... in the field, of limnology and ocea nography it 
i, rel.tively e •• y 10 acqu"e da ,a on partide size d"tnbu. 
tions (PSOs) of planktonic communilies in the ranie 
" -:5()~m using a Coull« wunter. and of fi<h., and 
mamm.l, U,ini ,ide'",annin g <Onar. From studIes based 
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on .ile a, an organllln~ pnn"ple, Sheldon <I al. 1197:) 
d,sco,-.red ,hat 'he PSO. of planktonic communities in 
'he oc.ans ",er. ",lallvdy nat and lachd Struclu,e. an 
oboervation ,,-h ien Piau (1985) ,how-cd to be a na tural 
<on .. quen •• of. SImple transformalion on th. Ehoman 
p) ,amid. As r • ..,.rch into SIze distribu{Jom cominues. it 
is becomini dcar that In fact n IS the pic¢planklon wh><:h 
are of area, Importance in determ,ning the oc~Jn'; 

produc!"'n~' and hence energy uptake and c~d'ng 
(Pomero), 197~_ Johnson and Si.burth 1979. Platt., at 
1983). And ,odeN. "'. ~o nol .. em to nnd the h,e"rch,­
ca l .tructur •• in 'he IXcans w. «peel to find through 
.ppli(~"on of Odum", ,dea, about the ""max "'\lllln~ 
from the mn,mum PO"" p"nelpl. 

The quoslion IS "(I" 10 ".n,ial< the '-, nou, [;\jng 
components of pnmar: producl1"uy into the uptJh of 
male,ial, and en"i, throughout an .cos~".m. Some 
.n,mals ~onsum. small member! of their o ... n 'peele •. 
",h,lst ""me I"e off Ihe •• creta of others. How mucli or 
Ih" ,ulotropl1: elf""" heterotropl1ic production at rna· 
cro>copic Ka les rem.ons to be ... n. but most agree thaI 
the .. i, a hIgh degree of cycling and di,sIpat,on ",ubm 
th. microbial loop IGoldman 19i1.1). Thus the <.-.:>n>trUC· 
liOn of eco'~".m; ba .. d on Odum', approach cannol 
act;ount for the Ob""'3110n, on .,ze d,,,nbutlon. of 
orJl~m'ms In the oceanS 

On the "ngle ~'II.n"m le'el. Ihe discuss,ons on Wes· 
t"hoil" <l al. 11983). Wmorhoff"and "an Dam (198-) and 
8aul., 1193-) nOI onl' demon,,,,te thot the .. a,-., ... "eral 
equall: le~LlJm.te "ay, of d.tinmg output power. bUI 
that Ihere also e.,lSt real m,c.ob,ologlCa! s),"em, ""hlCh 
do nOI maimi" po"er output In an,' oflhese s<nscs. An 
imporlanl aSpecl of the" d,seu .. ion concern. Ihe reaSOnS 
for failure of the ma."mum po"'.' pnnciple, ",hlCh In 
most C~ is d ue 10 constraInts from se"cra l indepcndenl 
faclors. nOI onl)' by f ... enerJy limita tion" 

The generally a«epted view al Ihe individual le,'el is 
Ihatlhe e,ergy which an an imal has assimIlated i. e~pen · 

ded ,n four ddTe"nt "'a~" IIro"'lh. reprodo;clion. maIn· 
ten.ntt, and StoN.ge (plu. suppon of olher orgamsm., 
•. j'. "mb,oms anJ para,,,esl \Iainlenance t>ere Include, 
nOI onl> b.asal metabolism but also metabolic e.<pcn_ 
ditur., for )ClJ""~ or thennal regula lion, The stored and 
aecumulaled e~erl)' may be uS«! for any of Ihe other 
Ih",., 0' may be ulllized by other orgamsm •. 81"ter 
11989) carned Out a \'Or) refined and delailed a nalysi, of 
Ihe .norgy 11.0"'-' and tr3osfomt3t,on, in Ihe conle" of 3 
sinile an,ma l. 0"" 'mponant observa tion was lhe dlf· 
ficulty assocl3ted witb ddinini p=isely the ecoiopcaJ/ 
orlani,mal .""'1>" caICIO,,". (or example mainlenance 
energy. A complete e""'l"lic analysis must involve ing ... 
lion. assimilalion. el"lion ..... pi ratio n. Vowlh a nd 
death rates as ""dIu numbers a nd bioma$$ : each or the .. 
mU.1 be IN.Mlaled into energy (Ho w) val u ... Thu, an 
analysis of mainlenance enerl)' from a physical pcrspec· 
li"e is profoundly .lfec[ed by bolh physical a nd chemical 
dClail., a nd win be quile specific 10 Ihe syslem under 
Sludy. wllh only. fe" aspects opcn 10 I"nerahz","on 
(Pimm and K,,,hJnZ 1987). Thi' is dearly Ihe case .n 
many studi .. of fora8lng behaviour. coopcration, s<xual 
sclttt,on. reproduclion and Ihe trade·oll" of gonad" vcr· 

'us somatIC 8rO"' lh ( .. e ror e~ampl. papers In Clullon. 
B[ock 1988) 

We Can noW eum,ne Odum', system ecolol)' in the lifhl 
of the four Ie" crilena proposed by O'"el11 el al. (19~6 I 
The maIn f.,hng of Ihc first Ie" i, Ihe con".d,clJon )x. 
Iw .. n the aIm of applyin8 a hohsue pe"pectl\'e ,n the 
'Iud), of <'<OS)',tems a nd Ihe inherenl a nd far·rnehln~ 
red"""onlSm in the conceptua l f,. me"'Qf~ . e.g u"n~ 

~n~rgy 's a numer.,re. AhhoUlh Ihe ",,,Ience of nen· 
lineantie. i, recoinl~.d. [he entire frame""o' . i, b<t>c~ on 
hnear a,;,-,mpuons .nd fonnul.uon,. Further u " acr,~· 
ted that ."~log'C3.1 'y<lem, are ,n Ihemtod)namic: Mn­
e~ullibrium. bu[ no' th.1 the:. ma~ be OUh,de Ihe (Jng' 
of ".Ild,:~ of Ih. local the"".od,namic C<juilibnum J~. 
proach Thermod~n.m'''''' nol u .. d In a ,,,,If ... "On''>1<nl 
"a)- , nor .. it has been de"eloped In other SClenunc nelds 
Ihe fram .... ·or. " thus nOI internally CO"'IStent, 

The SC'Cond en,erion refers d ireclly 10 Ihe r61e of 
pll)'''cs JS • SOurce of concept<. Iheone, and method, fer 
ecoloil'U. In 'pile of ,IS fundamentally reduction", 
,deoloIY. some COflttp" from phyll" h",'e played In 
,mporla~t pan on Ihe dnelopmenl of ecolollCaltl1<o:-:. 
But tile r61., of ene'n ascO"J""lured b~ H T. Odum. e.:I 
energ), as an ""oloS",.1 num"ai .. or as 3 gauge of;',·olu· 
IIonar:- 'uce .. " "( no", "~,01l " d,sc"diled. boll: .~ 
lennS of '~"' r Iheoretlcal pl.ustbllil: and in lerm> of 
emplrle.l 'enlkallon 

Our '"quit)" md,c.les that Ihe relation. bel"' .. n ,1:.,. 
modynamtc' a nd ecolo!}' a re inlncale and demand much 
mo", sophisticalion Ihan tl1e ,imph",c energy concepts 
of Odum', paradigm, In particular. th. recently ,ulliest. 
ed concepu ·emerl)'~ and -tramfonnn y- (Odum 1985I 
a re both inopcn liona l <lnce Ihe aClual q uan lnie, are 
alm"'t enti",ly arb",a.y: e,j . they .an have p .. ctocall, 
a ny values for an)' p' rlJcuiar suOslance. Funnermor •. 
they cannOI e"en ,n pnnciple be established fer. non· 
climn l~on·Sla"onar:'. nonequllibnum) '),<lem, Il:c' 
a re whol:) depcndenl upon the mUlmum PO"'« pnnc:­
pIc, 

On Ir.e Ihlrd lest. w'e h.'e ,ho"'n that Ihe ma.tlm",," 
power pnnciple L, oonlrad'Cled b) bolh ecological data 
on oneri" fto ",'" a nd b"the re,ul ts emerging from moder, 
'" hleh ",,;>ture ..... ntial . ,peelS of the d:-namic:a l bella,­
iour of ecosystems, Likewis<. the principle does nol cor· 
m:lly describe evolutionary processes, 

As 10 the founh test.. H.T. Odum', ideas bave ..... lI y 
only gcnen.led lbe nriJinal teslable hypolhesi, of th. 
muimum power principle . The ecololical version of the 
princi pl. is a version of LOlh ', h),pothesis , Perhaps Ihe 
ultima te problem i, Ihal even though Ihe generality ~ o d 
universality claims can be o"erlooked. the absence of . 
,ingle correcl deriv,non makes il impossible 10 esta bli'h 
characleristics of Ihe bypolhelical class of ,ystem, for 
wh,eh" is valid. 

In vi ...... of lhe I"CCOlnilion awarded 10 HT Odum', 
Ideas. ,I IS stri king tbat we ha"e been able 10 .how Ihat 
they fail all four 1 .. 1 crileria. Note thaI ,a[h .. tho. 



, . 
• imple negatioo . We have tried 10 offer something ~On­
Slrucr;vc, by describinl! .'.fg)' as the beS( conceptual tool 
fOf ·useful energy" ,ludi« lhal thermodynamIc, has on 
off.r~ but ... '. ha>'. shown that even thi. i. unable to play 
Ih. ,01. in ~ology .nvisa~ by H,T. Odum. Allhough 
lh. pro'pecl, look dismal, we should ;n faim ... note thaI 
lh. question of "hethe, Of not ;\ wiU be pou,ble to 
formulate an exergy concept that is applicable at the 
«os),sl<m ",ale remains to be ,"wl"ed. 

A<'.o.1'~'_"". B\\ ." .. ful lr .d:M,, '«II" '"ppo<1 by'" 
AI,,,nd« 'on II umNIJ, FounJ""," ,n G,rm,oy.o4 by lh. lhn . 
of S.od<TI T",,,",,, . .r, Fo",.l.l"on n,,, "",. ~." "00 .. 11,,,,, 
~~LI' B\\ ~ ., ,n ,~i<u«<, ','0 Humboldt fcllo. >l 't.. n.."",,_ 
cal £0<1101) Group dM d,m:;,on In , .. Kf,o, R,>eo"h C,", ... 
J(jll<h. Gmn.n'-, .nd "hillt J ~1 ,,-., ""<In, n . lm"" U.i",~') 
of T «hoci0i'. Gm,,,,,,,_ S",.J<o ., l.bll,u", Prof .. "", 

Appen<ll~ 

On, of ' he b .. i< ,du, of H T Odum', <o')«1U'<I" tM ".d<·orr 
b<'~"n ,," loutpu, p<'~'" ".d ,/1""","" Th, onl:;n of,ru, ,,"a 
i, '''' com"""I) n,ld ,.,,~ "" a """,bl, ?"""" m"" p,,,,,,.d 
., p:"''''''II' "ro "". ,n ",",On c ... 'h' '"lOrn do<' not d.I"" 
.n' o. '?"'- nu, pa"",. I., <omprom , .. hal b«n k"""'" '0 "1" 
.. '" for mo1"< ,",. a e.n ,u" .nd "" .1",,1, conn«l,d '0 'Il< 
"",,,,,fic d<"'opm<n, of th""..oo, n, m,«. 10 mo" J<","i l,rm,_ 
11"0 QI AI,,"oJ,, • . "Quod f: A D., h.d .",.d) '=i1'uS«! 'h" 
~h.' ., i"n«l '" fo'e. '. I"" ," 'I'<,d. In '"i",«n", LII<,· 
m~:,-..m'" . nd ,n 'h' '",""oo)""m"" of p,oe'''<H.rri«l "u' en 
fi"", wn, •. -\.Jr< .. n 19.3 I. " _, ~'<11 kno~'n tk .. th, 10''''' mo) b< 
"do"d ~"h. "".N co" ,n ,,,. of o",pu, 

TIl< paP" b, Num ,00 P .0 • .,,00 I ]'<!! I '""00"'" 01>< of ,II< 
p,oLoL,I'pocal ''''''pia" U<n'" Io.:uhn 1'16:, of Odum-, po"d'lm, • 
~mpl< """h • .,cal ",00.] ,o,ol"nl '-"0 ""Ih". call«l Lbo AL "-ood 
""d"...,. AhhO"I" 'h" ",od<l" 'Oo ... ,. of LOo ", .. ,m"", _, 
P"""pi< <onJ<><,ur<. nO "pl"'" "P""~O" ., ,,>CD r<or ' ."",,~, 
~"'I""-. nor '." <1<~rI;' d<~.-.od ,n ""T<I. ,n),,,",,,,, ,n ,"" poOP" 
Tl>t dolin",,,,,, 'h" 'r< ,,>en .r< mun L '0 <omply ",," • """ _ 
"l",;,bnum ,h,,,,,0<1;"'m", r ... "",,,o" no","," ,,»d.., of I"" 
"0'" of H T O<lom. on, <on d<d"", 'kat ,I>< 0."""",, -"". " 
O"'P", _ ",q~ ,- "' .. "",d, "' ..... '" ;, tbo m ... or ,I>< ,mall" 
""'I'L, ~" Lh, J""".,,,,,,, I -oon,o.n,- ~ " 'Oo d"""", ,h.,,1>< 
I.,." ~,,~"' r,II,. ,nd '" '0' ""'" 'k, f,l l "k". n_ [,m.li., '" It" '"" ru"OI) of ph) .oe, ~ ,;. '«oil'''' '0", I>< ""orh ","",n ' Oo 
f .. m.~'OI ' of Am'o",,.n m~'"."oe,. Tbo '",,"oe ,n,,,.: 01,", 
~"Ih,,;, LO"li~ n',il",,,d. "on '""Ulh " <.n .. ,iI) bo con,,<noO 
'0 "po~" OU'PUL-- tn ,h •• bo" "" .. Tl>t J'O'"b,h ,y of,,,,,, .. ,,,,," 
"',~"" k,.",< ."d p<'"0,,,1 '""l." " "<oln,,.d ,0 Odu", (1'Il!3)_ 
bu, 'Oo OO">«IUO"«' 10' 'h, :r.,.'m,n' or 'Oo AL~'ood mach" .. 
,,,,,,pl< 0" no' CO",,(!««l n,,,,. 'h" ~"i",,;o" of ""~.,, outp"' 
"nOO "If.,oon".",",- no,,,,, LO f.ct "",,,,,,.t ",i," I"' d<~no!'O' 
or di'''poO""" . M .,....."""" later i. tbo pope>. 

Od"",. and I'o"keno. (19H) "It", "Atwood • .-hi ... EfIi­
"'''0' i. «1. .. 1 to 11>< f= ratio. A. 0 .. con """,,,.strat< ;n • 
p/1;.o« l.bot100ry. , ... opt,",,,,,, ."'.tement ror ", .. ,m"", "" .... :!­

O"'P"' " " ~ ptr con, o/l""",DC)"." Wo ,hou ld 1>< .. 000< th" ,h;, 
i.i""orre<' ~'1" («< '_1. H.T. Odurn 197L 1981). bu, 'I&tn ""nl 
th" "I) o4,J d,h"'''''" of ".""r ou ,pu, .• '0"""" ".1 ... fo , tl>< 
01"1.,,1 ""0" I,,·.n .• ,,,,,i;--

11 - 1 
-,- ~ O~:. 

i.' 'Il< IQld", mean Th, eorr"" ,·. 1", 10' L"" ,,,.,,'" ... mpk of 
, .. O<lum ",hool " on ob,',o"" ,on~"" ",oth , .. ", 1 .. (op"",,1 
""Q _ O.ll ,hal ,h. ,," or th, "'l"'f ,",mp" .nd oIa"", to .... b. 

I"h ... ""'''''"' "a: '" 

T~·orr, bot""". ,/1"0<><0>01'00 """'." ...... <11 '.'·""pt«l ," 
tl><rmooyn""><'O_ ;r",. " ..... y .0" the ~""Iic,,,,co of ,II< mod" 
of Cunon 'M Ahlborn (191S) . • Camo' ,nl"" "', ,h LII< "",vi< 
oo""' .. n' t""t " " ],nk«l to ". "",,"''' th'ouJio /ut,t< Il< .. 
ooM""I1""",,, T'" "'''''''"m ,/1""",,,,) of tho" .n,,,,. ;, of '0"''' 
1- TL T" ob,.'n«l., l<'" fat • • WI><. tho$ "'''hil>< is ~t«I '0 
p,o<I...,. ", .. ,",um po"'''. LII< , /I"o<><n<y ~ 

,- V'" '. 
Ck .. ,; _ dLrr".n, ""'1'<"'"'" in tl>< '0' 1 T. ) .00 cold 1 r, 1 ""'f. 
,,,,, ~' ,I I )"t.:! d,rr",,", e/l"oe""",,, ,n 'Il< ""I' 0 '0 I .• ," '" lImpl, 
0.1. ~ I 'n; ~m, '" ".ul" '" ,I>< I"""ore '"0. '"ot 0<;;:0 n.d 
P,o ' '''on', <I"rn o( u",,.,,,,I,,;· i, r,II><>o"' 
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