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ABSTRACT 

An inves t iga t ion  o f  biological  e n e r g y  exchange  

p rocesses  h a s  led  t o  t h e  de r iva t ion  of a n  a n a l y t i c  

e x m e s s i o n  pe r t a in ing  t o  t h e  ene rgy  e x c h a n g e  r a t e s  

b e t w e e n  a n y  g iven  biosystem and i t s  soec i f i c  

env i ronmen t .  The  de r ived  express ion  h a s  b e e n  used  t o  

d e f i n e  a universal ly a p ~ l i c a b l e  m e a s u r e  of 'eff iciency'  

• ’ o r  a n y  organism,  spec ies ,  o r  ecosys t em.  Fur ther ,  this  

m e a s u r e  of e f f i c i ency  h a s  been  r e l a t e d  t o  biological  

' f i tness '  a n d  t h e r e f o r e ,  by imol ica t ion  t o  biological  

evolut ion.  
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"It (evolut ion) i s  a g e n e r a l  condi t ion  t o  which 

a l l  theories ,  a l l  hyootheses ,  a l l  s y s t e m s  m u s t  

bow and which they  m u s t  s a t i s f y  hence fo rward  

if t h e y  a r e  th inkable  a n d  t rue .  Evolut ion i s  a 

l ight  i l luminat ing  a l l  f a c t s ,  a c u r v e  t h a t  a l l  

l ines  m u s t  follow." 

- f rom The h e n o m e n o n  of Man 

Pere Teilhard d e  Chard in  
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1. F ITNESS,ENTl lOPY A N D  VALIJE 

The c o n t e m p o r a r y  Neo-Darwinian v iews o n  evolut ion ha rbour  t w o  

fundamen ta l  incons is tenc ies  which a r e  assiduously ignored. T h e  f i r s t  of these ,  a s  

bo th  Waddington (1962) a n d  Eigen (1971) h a v e  pointed ou t ,  is t h a t  Darwin's 

' survival  o f  t h e  f i t t e s t '  i s  a t au to logy  r a t h e r  t han  a n  explanat ion.  It t e l l s  us only 

t h a t  t hose  which surv ive  a r e  t h e  f i t t e s t  and  that t h e  f i t t e s t  survive.  The  f a c t  

t h a t  Darwin's syn thes i s  h a s  been  useful  a s  a n  'explanation' fo r  many d e c a d e s  now 

implies  t h a t ,  a s  individuals, perhaps  w e  a l r eady  possess s o m e  in tu i t i ve  

a p w e c i a t i o n  o f  'fitness'  which a l lows us  t o  aooly  Darwin's obse rva t ion  in a 

w e d i c t  ive  fashion.  

Eigen  (1971) h a s  a s s e r t e d  t h a t  if w e  c a n  de f ine  s o m e  'va lue  sys tem'  by 

which t o  assess 'fitness' ,  t h a t  is, if w e  c a n  r e l a t e  f i t n e s s  t o  s o m e  ohysically 

ob jec t ive  value,  t h e n  t h e  s t a t e m e n t  'survival of t h e  f i t tes t '  i s  n o  longer a truism. 

An ob jec t ive  va lue  s y s t e m  as a r e f e r e n c e  f r amework  o n  which  t o  e v a l u a t e  

' f i tnes? i s  e s sen t i a l  t o  a n y  predic t ion  of  d i f f e ren t i a l  surv iva l  o r  d i f f e ren t i a l  

r e  product ive  success.  

T h e  d i f f i cu l ty  in  es tab l i sh ing  such a va lue  s y s t e m  l i e s  par t ia l ly  with t h e  

inhe ren t  impl ica t ion  t h a t  evolu t ion  i s  a g o a l d i r e c t e d  o r  te leo logica l  process. 

Although biologists  r ead i ly  r e c o g n i z e  t h a t  l i f e  c a n n o t  b e  t h e  r e su l t  of en t i r e ly  

r andom processes  (Aya la  19701, t h e y  a r e  equal ly  unwilling t o  a c c e p t  t h a t  l i f e  is 

t h e  resu l t  of a goa l -d i r ec t ed  Drocess  Dobzhansky (1974) h a s  a t t e m p t e d  t o  

reso lve  th i s  d i f f i cu l ty  by invoking ' internal  teleology': t h e  mechan i sms  of g e n e t i c  

m u t a t i o n  and  of env i ronmen ta l  se lec t ion  a r e  ourely mechan i s t i c  



but in, concert they form a 'creative' system. This, as far as I can see, does not 

constitute an explanation; i t  is an intellectual sleight-of-hand which simply 

obscures the fundamental question. 

The second inconsistency in  the contemDorary view of biological evolution 

is most frequently encountered i n  the explanations of  biochemical and prebiotic 

evolution. It i s  an inconsistency closely related t o  Erwin Schrodinger's remark t o  

the effect that l iving organisms feed on 'negative entropy'. The concept o f  

negative entropy or neqentropy as related t o  living organisms was f i rst raised by 

Schrodinger (1945) and by Wiener (1948). Since that t ime the concepts behind 

the idea of nsgentroDy have been central t o  a longstanding controversy over the 

status of l iving organisms i n  respect t o  the second law of thermodynamics (Smith 

1975). Prigogine and Nicolis (1971 1 have ~ rov ided  a succinct outline of this issue 

in  their introduction t o  "Biological Qrder, Structure and Instabilities": 

"In biology or i n  sociology, the idea of evolution is 
associated with an irreversible increase of  organization 
giving rise t o  the creation of  more and more cotndex 
structures. 

In thermodynamics and statistical mechanics, the 
second law is formulated as the Carnot-Clausius principle. 
In i t s  modern version, the content o f  this law is as follows. 
%ere exists a function, the entropy S, which depends upon 
the macrosco~ic state o f  the system.. . 

. . . Entropy therefore increases irreversibly for an 
isolated system. 

Evolution (of an isolated system) is  always directed t o  a 
continuous disorganization, i.e. the destruction o f  
structures introduced by in i t ia l  conditions The work o f  
Boltzmann has added a new important element: 
irreversibility i n  thermodynamics exwesses a statistical law 
of evolution t o  the 'most probable' state corresponding t o  
the state o f  maximum disorder. 



Ever since i ts  formulation it was realized that the 
second law of thermodynamics has wide implications. The 
extension of the therrnodynamic concept of evolution t o  the 
world as a whole leads t o  the idea that 'structure8 originated 
i n  some distant 'golden age' (Whyte e t  al. 1969). Since then 
this order is annihilated i n  a progressive chaos corresponding 
t o  the 'most wobable8 state. 

The biological evolution points i n  precisely the opposite 
direction. Is i t  possible t o  reconcile these two apparently 
opposite aspects of evolution?" 

Many contemporary biologists are adamant that this inconsistency is  

t r iv ia l  (Monod 1970, Jacob 1970, Lwoff 1962). They argue that the 

thermodynamics of l iving systems as 'open systems' are in  no way inconsistent 

with the second law of thermodynamics Although a measurable localized 

entropy reduction hegentropy production) w i l l  be associated w i t h  the elaboration 

of  relatively unorganized elements of carbon, oxygen, hydrogen, and nitrogen 

in to  a highly organized and corn~ lex  l iving entity, this elaboration wi l l  only be 

accomplished as the result of  the concomitant dissipation o f  a quantity of  energy 

resulting i n  a much larger entropy production in  the surroundings (i.e. i n  the 

universe). In my opinion this view is entirely correct; however, as Prigogine and 

Nicolis have observed, these general arguments cannot suffice t o  solve the 

problem. 

Although localized entropy redistributions do not contravene any of  the 

thermodynamic laws, yet these laws do not of themselves constitute an 

explanation o f  the events or effects observed i n  conjunction with l ivinq 

organisms. The events which one could wedict on the basis of  the second law of  

thermodynamics would be a orogressive disintegration of  order. The opposite 

effect, the spontaneous aggregation of  complex l iv ing molecular aggregations, 



4 

a l though i t  i s  within t h e  r e a l m  of ~ o s s i b i l i t y ,  i s  n o t  within t h e  r e a l m  of 

probability. 

Morowi tz  (1968) h a s  c a l c u l a t e d  t h a t  t h e  orobabi l i ty  o f  t h e  o c c u r r e n c e  of a 

s m a l l  organism such  as Escher ichia  co l i  (as  a spon taneous  f luc tua t ion  in  a n  

-10 
ll 

equi l ibr ium ensemble)  i s  roughly 10 . Even fo r  a sma l l  biornolecule 

su& a s  hemoglobin,  t h e  f igu re  i s  s t i l l  10 -"OOo. T h e  magn i tude  of  t h e s e  

n u m b e r s  i s  such  t h a t  t h e  spontaneous  o c c u r r e n c e  of  such  a n  e v e n t  during t h e  

l i f e t i m e  o f  t h e  e a r t h ,  as a r e s u l t  of  random Drocesses, i s  v i r tua l ly  nil. However, 

biological  o rgan i sms  and  molecu le s  ex i s t  in  profusion; ev iden t ly  t h e  probabil i t ies  

a s  c a l c u l a t e d  a b o v e  o n  t h e  bas is  of equil ibrium t h e r m o d y n a m i c s  a r e  invalid. 

It would b e  des i r ab le  t o  a t t r i b u t e  t h e  o c c u r r e n c e  of biological  

o rgan iza t ion  t o  s o m e  va l id  Dhysical principle. Prigogine (1970) (a l so  Prigogine 

a n d  Nico l i s  1971) h a s  approached  th is  t a sk ,  f i r s t  of a l l ,  by observing t h a t  t h e  

l a w s  fo r  c losed  t h e r m o d y n a m i c  s y s t e m s  may n o t  b e  va l id  o r  d i r ec t ly  appl icable  in 

t h e  r e a l m  of non-linear, non-equilibrium processes  (a  c a t e g o r y  which def in i te ly  

inc ludes  living sys tems) .  This  point,  a l though i t  m a y  b e  pa t en t ly  obvious, h a s  

neve r the l e s s  n o t  b e e n  c l e a r l y  recognized  in much  of  t h e  ongoing discussion of the 

t h e r m o d y n a m i c s  of  l iving systems. Prigogine a n d  co -worke r s  h a v e  set o u t  t o  

d e r i v e  t h e  principles per ta in ing  t o  the rmodynamics  in t h e  non-equilibrium realm. 

Eigen  (19711, as ~ r e v i o u s l y  ment ioned,  h a s  a sked  f o r  a Physical 'value 

sys tem'  as a n  ad junc t  to  t h e  Darwinian pe rcep t ion  o f  f i t n e s s  a n d  survival .  He h a s  

d e m o n s t r a t e d  t h a t ,  g iven  such a 'value system' ,  i t  i s  possible to ra t iona l i ze  
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a u t o c a t a l y t i c  s e l fo rgan iza t ion  o f  molecules  and ,  by project ion,  t h e  spontaneous  

o c c u r r e n c e  o f  life. Prigogine (1947) h a s  provided a possible va lue  s y s t e m  in  h i s  
, 

'w inc ip l e  o f  minimum en t ropy  production' which posi ts  t h a t ,  f o r  d iss ipa t ive  

systems,  f l uc tua t ions  in t h e  s t r u c t u r e  o f  t h e  s y s t e m  which r e su l t  in a r educ t ion  

o f  in terna l  e n t r o p y  production will  b e  self-stabilizing. m a t  is, spontaneous  

f luc tua t ions  o f  t h i s  t y p e  will t e n d  t o  b e  i rreversible.  This  cou ld  b e  t a k e n  t o  

imply t h a t  ' f i t nesg  in biological  s y s t e m s  (as  d iss ipa t ive  sys t ems)  would b e  r e l a t e d  

t o  t h o s e  e v e n t s  o r  s t r u c t u r e s  which t e n d  t o  minimize  e n t r o p y  production 

(Prigogine & Nicolis  1971). The primary principles m a y  b e  app l i cab le  t o  

biological phenomena,  t o  evolu t ion  in part icular ,  and  t h a t  i t  m a y  t h e r e f o r e  b e  

possible t o  g e n e r a t e  a q u a n t i t a t i v e  def in i t ion  of biological f i tness.  

Whereas  Eigen  (1971) h a s  provided a n  analys is  a p p r o p r i a t e  t o  molecu la r  

in terac t ions ,  t h i s  t hes i s  presents  a n  analys is  o f  l i f e  processes  o n  a macroscop ic  

s c a l e  in t e r m s  of m e t a b o l i c  mass l ene rgy  f lows and exchanges. This  h a s  been  

d o n e  wi thout  r e f e r e n c e  t o  a n y  a r b i t r a r y  physical 'value system'. An a n a l y t i c  

expression f o r  biological  a c t i v i t y  in  t e r m s  o f  m a t t e r  and  e n e r g y  f low h a s  been  

fo rmula t ed .  Biosystem homologues  based  o n  th i s  express ion  h a v e  been  shown to  

m i m i c  sorne of t h e  ord inary  c h a r a c t e r i s t i c s  of r e a l  biosysterns including t h e i r  

evolu t ionary  tendencies .  

S ince  t h e  a n a l y t i c  express ion  r e f e r r e d  t o  h a s  been  c o n s t i t u t e d  in physical  

t e r m s ,  as m a t t e r  a n d  ene rgy  f luxes,  a n d  s i n c e  n o  a-priori c r i t e r i a  o r  'values' w e r e  

bui l t  in to  t h e  expression,  i t  should b e  possible t o  ident i fy  a n  underlying physical  
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principle which i s  ope ra t iona l  when t h e  hornologue mimics  t h e  processes  

obse rved  in biological evolution. I h a v e  t e n t a t i v e l y  ident i f ied  such a ~ r i n c i o l e  in 

Appendix A and  h a v e  sugges ted  t h a t  i t  i s  c o m p a t i b l e  wi th  Prigogine's t heo rem o f  

minimum entroDy production. 

O n e  f u r t h e r  c o m m e n t  o n  t h i s  t hes i s  i s  in order .  As with Eigen's work o n  

self-organizat ion of m a t t e r ,  I h a v e  been  c o n c e r n e d  wi th  t h e  physical problem o f  

'value'. But  any  defini t ion o f  a va lue  sys t em,  though i t  m a y  b e  ent i re ly  expres sed  

as a physical w o p e r t y  of  t h e  universe,  will u l t i m a t e l y  b e  bound t o  h u m a n  s o c i a l  

values,  m o r e s  and  aes the t ics .  

The  w o b l e m  of a va lue  s y s t e m  in  connec t ion  with biological phenomena,  

m a n  in ~ a r t i c u l a r ,  h a s  t rad i t ional ly  f a l l en  i n t o  t h e  r ea lm of rhilosophy, 

me tachys i c s  and  religion. A physical solut ion t o  t h e  ques t ion  of  'value', if and  

when i t  i s  found,  will c o n s t i t u t e ,  a m o n g  o t h e r  things, t h e  fo rma t ion  o f  a t ang ib l e  

i n t e r f a c e  be tween  t h e  d i s ~ a r a t e  discipl ines of  physics a n d  r n e t a h y s i c s .  It  will  

see t h e  reversa l  of a t rend  in which t h e s e  t w o  d isc ip l ines  h a v e  been  progressively 

e s t r a n g e d  ove r  t h e  pas t  fou r  c e n t u r i e s  of  Western  thought .  The  c u r r e n t  

con t rove r sy  o v e r  sociobiological  issues i s  a foreshadowing of  th is  even t .  



It i s  o n e  purpose of t h e  w e s e n t  c h a p t e r  t o  show,  by m e a n s  of a n  analys is  

o f  t h e  e n e r g e t i c s  o f  life orocesses,  t h a t  all a t t r i b u t e s  of  a biosystem a r e  

a m e n a b l e  t o  gene ra l  t he rmodynamic  descr io t ion ,  and  f u r t h e r ,  if t h e  var ious  f lows 

o f  mass  and/or  e n e r g y  a r e  divided in to  a nurnber of carefu l ly  de f ined  funct ional  

c a t e g o r i e s  t h a t  i t  i s  possible t o  de f ine  t h e  e f f i c i ency  of  a biosystem 

unambiguously. The  ~ r i m a r y  novel ty  in t h i s  ana lys is  is t h e  de f in i t i on  o f  'usefu l  

work'.  

Living Sys t ems  

What e s sen t i a l  oroper t ies  distinguish living m a t t e r  f r o m  i n a n i m a t e  

m a t t e r 7  It is n o t  su f f i c i en t  t o  d e f i n e  'life' a s  a s t e a d y - s t a t e  e n e r g y  orocessing 

s y s t e m ,  f o r  t h i s  would n o t  dist inguish living s y s t e m s  f rom s t a r s ,  machines ,  o r  

many  o t h e r  non-animate  s t e a d y - s t a t e  orocesses.  This  ' s teady-s ta te '  c r i t e r i o n  

would, however ,  dis t inguish a 'living' f rom a 'dead' s t a t e  f o r  a biological  

organism,  as d o  t h e  c o m m o n  aopl ica t ions  of  'live' and  'dead' t o  a fu l l  r a n g e  of 

s t e a d y - s t a t e  s y s t e m s  o t h e r  t h a n  t h e  biological when they  a r e  r e spec t ive ly  in a n  

'operat ing '  o r  'non-operat ing '  s t a t e .  Thus, if we  a r e  only  c o n c e r n e d  with 

c o n t r a s t i n g  'life' and  'death', i t  i s  i r r e l evan t  w h e t h e r  w e  a r e  concep tua l i z ing  t h e  

p rocesses  conce rned  as biological,  chemica l  o r  ohysical. 

The  e s sen t i a l  ques t ion  i s  n o t  how t o  c l a s s i fy  t h e  w o c e s s e s  b u t  r a t h e r  t o  

d e s c r i b e  t h e m  a s  succ inc t ly  as oossible. T h e  fol lowing d e s c r i ~ t i o n  wlll f o c u s  

u m n  t h e  e n e r g e t i c s  o f  s t e a d y - s t a t e  processes  f o r  biological  o rgan i sms  in 

oar t icu lar ,  b u t  t h e  ana lys is  t o  b e  o re sen ted  should b e  a ~ ~ l i c a b l e  t o  s t e a d y - s t a t e  

w o c e s s e s  in gene ra l .  In t h e  biological r ea lm,  s u c h  s t e a d y - s t a t e  cons ide ra t ions  



can be aoolied within boundaries which encomoass a range of organizational 

levels frorn component cells, tissues and organs t o  the higher aggregates of  

family, colony, association or ecosystem. 

Living organisms acquire energy actively. Rewoduction is secondary t o  

this function; a l ive organism can be non-rewoductive but the converse i s  

irnoossible. Live ~ I a n t s  and animals work t o  caoture nutrients. A dead organism, 

on the other hand, lacks any potential t o  do so Cpotential' is used here t o  

distinguish dormancy from death). 

Could evolution be viewed as a orogressive enhance~nent of this energy 

accumulating caoability? Intuitive assessrnents of 'imwoved' fitness involve 

either an irnwovernent i n  energy accumulation techniques or in methods of  

self-preservation (which i n  the end amounts t o  the same thing). Often an 

'ada~tat ion' w i l l  be realized as an irnwovement i n  the organisms abi l i ty t o  

capture energy and thereby t o  ut i l ize a less attract ive energy source. For 

instance, the entry of  C olants into arid habitats was made possible by the 
4 

use of the C Dathway i n  fixing carbon (Bjorkman & Berry 1973). This oloy 
4 

allows plants to  function Dhotosynthetically with reduced transpiration losses. 

One can intuitively a ~ w e c i a t e  the notion of  'fitness' but how can it best 

be quantified so as t o  make i t  amenable t o  quantitative analysis? The gross 

energy flux through a soecies or organism is one accessible and relatively 

important indicator ot the state of the organism. Could biosysterns be evaluated 

in  terms of gross energy throughout? Van Valen (1976) has suggested that fitness 

might be defined wholly i n  terms of ' t r o h i c  energy', i.e., i n  t e r~ns  of  the gross 

energy flux through the organisrn or s~ecies. (Trophic energy is defined as a 



C O ~ D O S ~ ~ ~  of various contributory flows: waste energy, Droductive energy, 

structural energy, etc., and each of these must be taken into account separately). 

Unf ortunatelv, the conceot of trochic energy as a gross measure of fitness 

is of  l i t t l e  use. If one were t o  choose a particular ecosystem and classify the 

organisms in  terms of 'trochic energy' throughout, the result would not be 

informative. Photosynthetic plants would rank first, herbivores next, then 

orimary and secondary carnivores. Nevertheless, certain other energy concepts 

introduced by Van Valen (19761, viz. expansive energy and regulatory energy, 

amear t o  have great ~ o t e n t i a l  as indicators of fitness; however, Van Valen has 

not so far been able t o  elucidate the relationships between these various energy 

terms and ~hys ica l  therlnorlynarnics. This does not suggest that the relationship 

does not exist but does suggest that Van Valen's conce~tua l  organization may be 

amiss; i f  the behaviour of a system can be described in terms of energy flows 

then i t  should be oossible t o  relate those flows t o  the physical properties of  the 

universe. 

The thrust of  the ensuing argument wi l l  be t o  organize and conceotualize 

energy flows i n  the biosphere i n  such a way that a thermodynamic analysis 

becomes ~ossible, i.e. i n  such a way that a l l  flows of  energy in  the system can 

be accounted for  in  terms of  chysical forces or accumulations of  potential 

energy. 



An Equation for Organism/Environinent Interactions 

"Thermodynamics might be called the science of the 
possible. It offers no mechanistic answers; rather, i t   lays a 
legislative role circumscribing the universe of  ohysically 
admissible ohenomena. . . The great weakness of therrrrodynamics 
is that i t  is fundamentally a black box theory. That is, i t  
addresses itself not t o  the inner workings of a given system but 
only t o  those relat ionshi~s that must hold between external 
measurements. Qut this shortcoming is also the secret of i t s  
enduring success as a mathematical model for the Dhysical 
world. Regardless of  the contents of the black box, the 
input /out~ut  relations are constrained by i t s  laws". 

- from IRREVERSIRLE THERMODYNAMICS AND THk ORIGIN 
OF LIFE, (Oster e t  al. 1974). 

I Bioloqical systerns are described in thermodynamic terms as ooen 

1 systems, that is, they are continuously exchanging matter and energy with the 

I surrounding universe. Because of this transient character, a ttemots at  concise 

I thermodynamic description of biosysterns have been relatively unsuccessful. 

I Certain Dart ial descri ~ t i o n s  of  bioohysical ~ e r f  orrnance such as 'ecological 

I efficiency' or '~ roduct ion efficiency' are widely used (Kozlovsky 19671, yet none 

I of  these measures constitute a universally ap~l icab le  index of Dhysical 

~ e r f  ormance. 

As the quotation above irnolies, a detailed internal descr i~ t ion of the 

environment or organism is unnecessary; an enumeration of the flows at  the 

organism/environrnent interface should be sufficient. Accordinqly, i f  one were 

t o  treat a biosystem as a black box and consider only those flows of  mass and 

energy which cross an arbitrary organism/environrnent interface, i t  should be 

possible t o  make some useful generalizations about the organism/environment 

interactions. 



lrnaqine a s y s t e m  consist ing of o n e  o r  m o r e  organisms in a def ined  

physical envi ronment .  These  organisins c a n  b e  enclosed  by a n  a r b i t r a r y  boundary 

o r  i n t e r f ace .  The  enclosed  organisrn(s) will b e  c h a r a c t e r i z e d  by a s e t  of 

ex t ens ive  physical ~ r o ~ e r t i e s  (volume, mass /energy  c o n t e n t ,  e t c ) .  The sys t em a s  

a whole including t h e  enclosed  organism will f o r m  t h e  env i ronmen t  which will 

a l s o  h a v e  a s e t  of c h a r a c t e r i s t i c  ex t ens ive  oropert ies .  

Figure 2-1 d e ~ i c t s  such a sys t em conta in ing  both biological and  

non-biological e l emen t s .  A boundary h a s  been  arb i t ra r i ly  drawn t o  encompass  a 

s e g m e n t  of t h e  s y s t e m  conta in ing  o n e  o r  inore  biological organisms. The 

combined  e l e m e n t s  o f  t h e  s y s t e m  a r e  de f ined  a s  env i ronmen t  and the s e g m e n t  

enc losed  by t h e  boundary i s  def ined  a s  organism(s1. All f lows of mass l ene rgy  

a c r o s s  t h e  organism/environrnent  i n t e r f a c e  h a v e  been  e n u m e r a t e d  in  t e r m s  which 

will l end  t h e ~ n s e l v e s  t o  t h e  ensuing analysis. T n e  d i a g r a ~ n  a l so  shows a f lux  of 

so l a r  energy ,  mass ,  c h e m i c a l  ene rgy  and t h e r m a l  rad ia t ion  i n t o  and  o u t  of t h e  

environrnent .  These  f lows will n o t  e n t e r  i n t o  t h e  ensuing analys is  but a r e  

dep ic t ed  h e r e  as impl ic i t  t o  a n y  discussion of  a n  'environment '  s i n c e  i t  i s  a l so  a n  

oDen sys tem.  



THERMAL RADIATION 

DETRITUS 

Figure 2-1: A depiction. o f  the mass and enerqy flows i n  a biosystern and i t s  
environment. Briefly, Q1 reweseqs the rate of mass/energy f lux into an 
organism lor groyo o f  ,organisms); Q2 rewesents mass/energy losses frorn the 
enclosure; yh i le  Z and QH represent energy losses or outputs from the enclosure. 
The term Z is differentiated f rom other energy losses since it rewesents the 
'useful' work outout frorn the enclosure. 

The f lux o f  rnasslenergy across the larger environment boundary is 
included as an indication that the environments in which biosystems function are 
also o w n  svsteins. 



T h e  var ious  rnasslenergy f lows in Fie. 2-1 a r e  def ined  a s  follows: ( t h e  d o t  
a b o v e  a t e r m  indica tes  t h a t  i t  is a r a t e ,  

e.g. bT : d Q ~ / d t  
The  gross energy  i n ~ u t  or  food flux in to  t h e  organisrn(s). 

The  g ross  enerqy  flux o u t  of t h e  o r g a n i s d s )  a s  t issue,  feces, 

me tabo l i t e s ,  e t c .  

T h e  n e t  flow of mass  o r  ene rgy  a c r o s s  t h e  o rgan i s~n /env i ron rnen t  

i n t e r f a c e  a s  opposed t o  t h e  g ros s  f low r e ~ e s e n t e d  by Q This  quan t i t y  1 '  

will r e f l e c t  a n e t  loss o r  ga in  in t h e  b iomass  of t h e  organism(s)  and c a n  b e  

in tu i t ed  a s  a 's torage '  t e r m .  This  q u a n t i t y  i s  roughly equiva lent  t o  Van 

Valen's ' e x ~ a n s i v c  energy'. 

The  usefu l  work o u t ~ u t  f r o m  a n  organism;  i t s  meaning  is highly 

r e s t r i c t ed .  Z includes only t h a t  por t ion  of t h e  work ou tpu t  of a n  organism 

which r e su l t s  in n e t  c h a n g e s  t o  t h e  po ten t i a l  ene rgy  of  t h e  envi ronment ,  

s ~ e c i f i c a l l y  t o  t hose  par t icu lar  r e sources  upon which t h e  organism m a y  b e  

dependen t .  Any o t h e r  work o u t ~ u t s  will b e  cons idered  t o  b e  dissirxited as 

h e a t  a n d  will b e  included in t h e  fol lowing t e r m  QH. (At  f i r s t  g l ance  i t  

m igh t  a p p e a r  t o  b e  r a t h e r  d i f f i cu l t  t o  d i sc r imina te  'useful work' f r o m  

o t h e r  organismic  work o u t ~ u t s .  T n e  process  would apDear t o  involve a n  

evalua t ion  of t h e  u l t i m a t e  purpose  of e a c h  movement .  I will a t t e m p t  t o  

show however ,  t h a t  such a d iscr iminat ion  c a n  b e  m a d e  on  ~ u r e l y  

the rmodynamic  grounds. This t e r m  a n d  i t s  def in i t ion  i s  t h e  key  e l e m e n t  

in t h e  e n t i r e  a n a l y s i s )  

T h e  ene rgy  d i s s i ~ a t i o n  f r o m  t h e  organism in t h e  fo rm o f  hea t .  



All o f  t h e  a b o v e  f lows a r e  expressed  as ene rgy  equ iva len t s  (calories).  For 

t h e  DurDoses of  t h e  de l ibe ra t ions  t o  follow, m a s s  and  ene rgy  a r e  cons idered  t o  b e  

ident ica l ;  fo r  example ,  a n  i n c r e a s e  in b iomass  would b e  expres sed  in calories .  

This  is a s i m ~ l i f i c a t i o n  s i n c e  t h e  chemica l  ene rgy  c o n t e n t  of var ious  t i ssues  d o e s  

d i f fer .  However,  t h e  g e n e r a l  val idi ty of t h e  equa t ions  i s  n o t  jeopardized (only 

t h e  i m m e d i a t e  wecis ion) .  

A sirnole enerEy ba lance  equat ion  fo r  t h e  s i t ua t ion  d e ~ i c t e d  in Fig. 1 c a n  

b e  w r i t t e n  as: 

T h e  e n e r g y  influx in to  t h e  organisrn ( Q ~ )  i s  d i s ~ e r s e d  i n  s e v e r a l  ways. 4 

prooort ion will  b e  los t  in t i ssues  o r  unassirni lated food (Q 1, sorne m a y  b e  2 

seques t e red  as t i s sue  (dT), and t h e  r ema inde r  will b e  t r a n s f o r m e d  in to  t h e  

usefu l  work o u t p u t  (i) at s o m e  f i n i t e  e f f ic iency .  The e n e r g y  convers ion  losses  

a o w a r  a s  Q~ which inc ludes  a l l  of  t h e  h e a t  loss  f r o m  t h e  organism ~ l u s  any  

work o u t p u t  which i s  n o t  'useful'. The q u a n t i t y  of e n e r g y  potent ia l ly  ava i l ab le  

f o r  'conversion' t o  t will b e  p r o m r t i o n a l  t o  (Q1 - Q* - Q ~ ) .  The  s e n s e  of 

QT i s  pos i t ive  if t h e  o rgan i sm i s  gaining m a s s  and  n e g a t i v e  if i t  is losing mass. 

The  convers ion  o f  ( d l  - Q2 - QT) i n t o  work will b e  c h a r a c t e r i z e d  by s o m e  

f i n i t e  e f f ic iency .  It i s  exped ien t  t o  d e f i n e  t w o  s e p a r a t e  c o e f f i c i e n t s  o f  

perf or rnance  f o r  t h i s  conversion.  



(a) M, t h e  m e t a b o l i c  c o n v e r s i o n  e f f i c i e n c y  

w h e r e  bl r e w e s e n t s  t h e  c o n v e r s i o n  o f  a s s i m i l a t e d  e n e r g y  i n t o  g r o s s  

m e t a b o l i c  w o r k  ( w o )  w h i a  i n c l u d e s  such  t h i n g s  as m u s c u l a r  work,  

c h e m i c a l  s y n t h e s i s ,  o s m o t i c  w o r k ,  etc. ( T h e  c o n v e r s i o n  e f f i c i e n c y  f o r  

rnany c o m m o n  m e t a b o l i c  Drocesses  s e e m s  t o  a v e r a g e  a b o u t  3 0 % - 5 0 % .  

e.g. g lyco lys i s ,  cho tosyn thes i s . )  

(b)  4. t h e  a d a ~ t a t i o n  c o e f f i c i e n t  r e f l e c t s  t h e  a d a ~ t a t i o n  o f  a n  a n i m a l  to  i t s  

n o r m a l  r a n g e  o f  a c t i v i t i e s ,  f o r a g i n g  in  p a r t i c u l a r .  An a n i m a l  m a y  h a v e  

c l a w s  e n a b l i n g  i t  t o  c a o t u r e  a  articular kind of  Drey wi th  g r e a t  

e f f i c i e n c y  y e t  i t  m a y  b e  i n c a p a b l e  o f  c a p t u r i n g  o t h e r  p rey  w i t h  a n y t h i n g  

l i k e  t h e  s a m e  e f f i c i e n c y .  T h e  ' u s e f u r  w o r k  Z a c c o m ~ l i s h e d  in c a ~ t u r i n g  

w e y  i s  i n d e p e n d e n t  o f  t h e  p r e d a t o r .  Thus  t h e  a d a p t a t i o n  c o e f f i c i e n t ,  A, 

r e f l e c t s  t h e  r a t i o  o f  u s e f u l  w o r k  t o  e n e r g y  e x o e n d e d  a s  g r o s s  m e t a b o l i c  

w o r k  Wo. 

S i n c e  o n l y  a ~ r o w r t i o n  of  Wo wil l  a c t u a l l y  b e  e x p e n d e d  o n  t h e  

e n v i r o n m e n t  in  t h e  e x p l i c i t  c a p t u r e  o f  m a s s / e n e r g y ,  

a n d  f r o m  (2-1) 



The definition of Z, 'useful' work done on the environrnent is central t o  

the validity and ut i l i ty  of this equation. The essential task of any foraging 

orqanisrn is to  locate food  articles in the environment and t o  alter the 

distribution of these particles by consuming them. The work accomplished can 

be assessed quantitatively by cotnouting the ~ o t e n t i a l  energy and entroDy change 

t o  the environment resulting frorn that redistribution. The rate of this narrowly 

defined work output i s  Z and i ts  static equivalent, that is, the work done per 

mole of food particles captured ( or 'rearranged) w i l l  be rewesented by Wn, 

the intrinsic work requirement oer mole of 'food oarticleg captured. W can 
n 

be evaluated by determining the energy change i n  the environrnent resultant t o  

the 'capture' of a 'food particle'. ( A  specific exarn~ le  i s  presented in  A~oendix  D 

fo r  a situation i n  which Wn can be computed frorn the Gibbs free energy 

change). 

A s i m ~ l e  example of the above may be seen i n  the adaptation of anirnals 

t o  specific foraging tasks. An animal with special adaptations can capture a 

given Drey with a much smaller gross energy expenditure (Wo), than can a 

non-specialized animal, yet the measureable work done on the environment, 2, 

may be the same in  both cases. The corollary t o  this is the observation that i t  is 

not possible t o  do more work on the environment in  capturing a food particle 

than is determined by the nature of  the ~article/environcnent itself. For 

examole: i n  the case of  a bacterium extracting glucose from the surrounding 

medium, the actual work done on the environrnent is determined by computing 

the Gibbs free energy change of  the glucose (regardless of the efficiency or 



nature o f  the ~umoinpl mechanism which the bacterium uses). Since the glucose 

remains a part of the environment as a whole, the only net change t o  the system 

is in the distribution o f  the molecules, i.e. the entropy o f  the environment w i l l  

be reduced by Derturbinq the randorn distribution of glucose molecules. 

Although equation (2-1) may not a t  f i rs t  glance appear to be significantly 

different frorn the classical energy exchange equation, 

P = I - E - R (Kendeigh 1974) - - - -  

where P = woduction enerqy 

I = ingestion energy - 

E - = energy of egestion or excretion 

R = loss of res~ i ra tory  heat - 

It is di f ferent in that i t  takes into account 'useful world (2 ) .  I wi l l  

atternpt to  show that this apparently minor modification is of major significance. 

The traditional apwoach t o  establishing an 'energy budget' for a l iving 

system has been t o  ignore the 'work' output from an organism or a group of 

organisms as it amears t o  be a negligible fract ion o f  the to ta l  energy exchange 

process (Wiegert 1968). Work output is  usually lumped i n  with metabolic heat 

production as i n  the equation above where - R is considered t o  account for both 

internal and external work (Koslovsky 1968). In the cases where work outputs 

are considered, (Rrody 19451, the interest has been i n  the gross work output 

(Wo) rather than the 'useful worko. Although i t  i s  t rue that the work o u t ~ u t s  

from an organism may be rather small, (particularly i f  defined as Z i n  which only 

a fraction o f  the gross work o u t ~ u t  is considered), t o  ignore such a factor i n  the 



description of an autocatalytic ensemble (if I may apply such a terrn t o  l iving 

systems) i s  t o  ignore the 'feedbacu term in  a homeostatic systm. The 

applicability of any descriptive endeavour which ignores such a term must be 

severely limited. On the other hand, the inclusion of a term such as Z which is 

determined by the Dhysical wooerties of  the environment brings an energy 

balance equation into a larger ~erspective. The energy flows a t  the 

organisrn/environment interface are not only determined by the specific 

~rooer t ies  of  the organism and the environment but these flows can also 

influence the controlling ~ r o ~ e r t i e s .  The ramif ications of  this 'feedback loop' 

can be more explicit ly exwessed by rearranging equation (2-1) into a forrnai i n  

which the environrnental components of the equation are separated from the 

organismic components. 

Define E as the environmental grade 
g 

The environmental grade w i l l  be the rat io o f  the intrinsic energy required 

t o  capture a food   article (Wn) t o  the energy available from the food particle 

(C). Again i n  the example of the bacterium, i f  the energy value of glucose were 

about 680 kcal/rnole as would be the case for aerobic metabolism and i f  the 

alteration t o  the entropy of the environment were about 1 kcal/mole of glucose 

ingested, then the 'grade' would be relatively shallow, i.e. about 1/680. 

On comparison, i f  the bacterium were an anaerobe, the 'energy content' 

( C ) ,  of the glucose may be only z30 kcal/mole, so that E would be 21/30, a 
S 

considerably 'steepef grade. 



Env i ronmen ta l  g r ade .  El. r e f l e c t s  t h e  'quality1 of the environment as 

e x p e r i e n c e d  by t h e  organism;  t h a t  is, i t  will  indicate  the general availability o r  

c o s t  o f  t h e  oa r t i cu l a r  r e s o u r c e s  o n  which t h e  organism dewnds.  The  

e n v i r o n m e n t a l  g r a d e  o r  'quality'  s e t s  a lower  l imi t  t o  the efficiency with which 

a n  o rgan i sm c a n  oDera t e  in a g iven  c i r cums tance .  In the  case of the anaerobe  in 

t h e  e x a m p l e  above ,  t h e  b a c t e r i u m  m u s t  c o n v e r t  t h e  e n e q y  gained via glucose 

inges t ion  i n t o  'useful' work with a n  e f f i c i e n c y  of a t  least 3.3% in order t o  'b reak  

even'. The  g r a d e  c a n  only  b e  a l t e r e d  by changing  the nature or dispersion o f  

resources,  i.e. by changing  t h e  e n v i r o n m e n t  itself.  But this is exactly t h e  t y p e  

of  c h a n g e  which will b e  e f f e c t e d  by t h e  'useful  worU output of the organism. 

If E i s  de f ined  in t e r m s  of t h e  ins tan taneous  flows in the sys tem,  that 
R . . 

i s  as E = Z iQ , ,  t hen  using e q u a t i o n  (2-4a) w e  get: 
R 

Equa t ion  (2-7) h a s  s e v e r a l  u se fu l  w o o e r t i e s  which will become c l ea re r  if 

s o m e  of t h e  t e r m s  a r e  condensed .  



R i s  def ined  as a u t i l iza t ion  ratio. It i s  a l m o s t  ident ica l  t o  t h e  
0 

'assimilat ion rat io '  which Physiologists assign t o  t h e  e f f i c i ency  of food digest ion 

f o r  a n i m a l s  It d i f fe rs ,  however,  in  t h a t  t h e  t e r m  Q2 includes t i ssue  losses 

(e.g. ha i r ,  f ingernai ls ,  o r  t h e  loss  of whole bodies in t h e  case of w p u l a t i o n s  

['woduction'] as well a s  faces) .  

Equat ion  (2-7) c a n , n o w  b e  wr i t t en  as: 
. . 

E = A M R o -  A U  ( Q T / ~ I )  
g 

a n d  def in ing  Uo as t h e  Droduct A U R  
0 

w h e r e  1-1 r e w e s e n t s  t h e  a m a r e n t  ove ra l l  e f f i c i ency  o r  ' r x r fo r rnance  index' of 
0 

t h e  o rgan i s rds ) ,  being t h e  w o d u c t  of  ass imi la t ion  r a t io ,  me tabo l i c  e f f ic iency ,  

a n d  t h e  a d a ~ t a t i o n  coe f f i c i en t .  

Equat ion  (2-9) t h e r e f o r e  becomes: 

w h e r e  t h e  l e f t -hand  s i d e  r e m e s e n t s  envi ronrnenta l  c h a r a c t e r i s t i c s  only and  t h e  

r ight -hand s i d e  r e w e s e n t s  t h e  c h a r a c t e r i s t i c s  of  t h e  organism only. Then (2-1 1) 

c a n  b e  r e a r r a n g e d  a s  

6.,- will r e f l e c t  t h e  biomass va r i a t ion  f o r  t h e  o r g a n i s d s )  in question. 

The m a g n i t u d e  a n d  d i r ec t ion  of  t h e  f low @,. will b e  de t e rmined  by t h e  

d i f f e r e n c e  (Uo-E , t h a t  is, by a c o m ~ a r i s o n  b e t w e e n  t h e  ~ e r f o r m a n c e  index 
R 

(or 'eff iciency')  o f  t h e  organism(s)  a n d  t h e  g r a d e  (or 'quality')  o f  t h e  organisrn(s) 

a n d  t h e  g r a d e  (or  'qual i ty ' )  of t h e  environrnent .  



In this form (which corresponds t o  the typical form of  a population 

equation) equation (2-1 2) is  useful i n  the orediction of the resDonses and range o f  

behaviours available t o  organisms i n  the face of either an environmental or a 

phy siological change. For stable ~ o ~ u l a t i o n s ,  or mature individual organisrns, 

equilibrium conditions (or stationary states) would occur when the average 

biomass remains constant. i-e., when on the average QT = 0. This w i l l  be the 

case when U = E i.e., when the environmental grade is exactly matched 
0 g' 

by the performance index of the organism(s). If such a situation is perturbed by 

a change in  either E or Clo, the resulting 'mismatch' w i l l  necessitate that 
S 

QT 10. The result w i l l  be a continuous net transfer of massjenergy across the 

environment/organism(s) interface and either a growth or decline in the biomass 

o f  the ~ o ~ u l a t i o n .  

As defined above, the sense o f  QT is positive when the net f low of 

biomass/energy moves in to  the organism. Thus when Uo> E then QT> 0, 
R 

that is , i f  the performance index of ,the organism exceeds the intrinsic 

requirements ilncmsed by the grade o f  the environment, growth w i l l  take place. 

A QT ( 0  would imply loss of mass for an individual or a loss of numbers for a 

population. 

There is  a further imolication: the net transfer of mass t o  or  f rom the 

environment can af fect  the character o f  the environment as expressed in  E 
g' 

The f low QT reaesents the f low of  mass (or chemical ~ o t e n t i d  energy) which 

wi l l  al ter the local resource concentration, hence E I f  the local conditions g' 

are a ~ a o w i a t e .  QT wi l l  eventually result i n  an alteration t o  E such that 
I: 

E + CIo and GT + 0. The rate of this equilibrium i s  dependent upon the 
R 



magn i tude  of  Q l /AM a s  well  as o n  t h e  magn i tude  of t h e  mi sma tch  b e t w e e n  

IJo a n d  E (The  t e r m  Q , / A M  c a n  b e  r eqa rded  a s  a r a t e  o a r a m e t e r ) .  
S' 

Return ing  momen ta r i l y  t o  t h e  c l a s s i ca l  ene rgy  b a l a n c e  equa t ion  - - - -  P - I + E + R ,  i t  

i s  now Dossible t o  apweciate t h e  i m p o r t a n c e  o f  t h e  'useful  worK t e r m  2. The 

inclusion of 'useful work' i n  equa t ion  (2-1) a l lows  t h e  def in i t ion  of a n  

env i ronmen ta l  g r a d e  E which is a m e a s u r e  o f  t h e  env i ronmen ta l  'quality'. A s  c: 
E c a n  only  b e  e v a l u a t e d  by a con t inua l  a s se s smen t  of t h e  e x t e n t  and  
E: 

avai lab i l i ty  of e n v i r o n m e n t a l  r e sou rces ,  a 'quality' f a c t o r  h a s  been  d i r e c t l y  

i n c o r ~ o r a t e d  in to  t h e  e n e r g y  b a l a n c e  equat ion.  



Functional Imolications 

The energy balance equation (2-1) i s  no more than an enumeration of 

between Z and Q has been defined as E an environmental quality factor. 
1 5 * 

Further, equation (2-12) has been used t o  define QT i n  terrns of IJ E 
0' g 

and Q /AM where AM can be defined as a product of  two separate efficiency 1 

terms. The absolute magnitudes of Q and Q2 are unspecified. Ultimately 
1 

we are interested i n  po~ula t ion growth and i n  fitness which are related t o  QT 

and 1J resoectively. These terrns can be evaluated only for specified values 
0 

of Q1 and Q2. Although definit ion methodologies soecific to  the physiology 

of a given species are presented in Apoendix 0 the current interest is t o  examine 

the interolay between these oarameters in a more general context. 

Consider some organism with a specified set of  functional parameters, A, 

w ,  Q,, Q2, in an environment E The system is in  steady state, i.e. QT g' 

= 0, U = E What wi l l  happen i f  the system i s  perturbed? 
0 g' 

Le t  E + E ' where E ' < E . (Fluctuations in  the quality of the 
R R I: g 

environment apwar t o  be a common place phenomenon.) This change wi l l  af fect  

the organism i n  that the useful work outout Z required t o  rnaintain the energy 

inf lux 6 wi l l  be reduced. What is the range of responses available t o  the 1 

organism? 

According to  equation (2-12) the immediate natural response w i l l  be t o  

increase QT. the rate of  tissue accumulation or ~ o ~ u l a t i o n  growth, t o  some 

f in i te oositive value (assuming QI is invariant). 



- 
This appears t o  be reasonable for small fluctuations i n  the vicinity of 

Uo = E However, QT i s  not an infinitely variable parameter; there w i l l  
5' 

be ohysiological l imi ts on both anabolic and catabolic metabolism and on 

reproductive rates for any given species. ( A  ~ o ~ u l a t i o n  presented with an 

overabundant food supply can only achieve a l im  

the ease i n  obtaining food). What other response 

within the constraints of equation (2-1 2)? 

i ted growth rate regardless of 

mechanisms might be oossible 

An alternate resDonse i n  the case above might be t o  reduce performance 

index Uo when QT reached some l imit ing value (again assuming Q is 1 

invariant). 

Recalling that Uo = AMR where A and M determine the efficiency 
0 

for the conversion o f  energy t o  Z; i t  would be possible for  an organism t o  'burn 

of f '  excess energy through non-functional activity. Similarly Ro could be 

reduced by increasing Q2. In both instances the organism would be 

deliberately reducing i ts  ~erforrnance index in order t o  match the lower 

environmental grade. 



The foregoing responses a l l  assumed a constant energy ingestion rate of 

Q,. A simpler and more direct ex~edient  in  the case of sudden fluctuations in 

E would be t o  reduce Q1 i n  accordance with normal metabolic needs and 
e, 

reixoduction rates. 

Recalling that QH and Q2 both can involve fixed losses (e.p. basal 

metabolism, tissue losses etc.) and recalling equations (2-I), (2-101, and (2-81, the 

perforrnance index of an organism can be defined a s  

I f  it is assumed that Q,, and Q2 are constant and that 6, = 0, 

then it is oossible to  define a correlation between U -and Q 
0 1' 

It is ~ossib le t o  maintain a balance between Uo and E by reducing 
g 

el while maintaining constant normal energy exwnditures (which effectively 

reduces the performance index IJo) In terms of familiar biological behaviour 

  at terns this is the one which is most common for short term fluctuations i n  food 

availability, i.e. reduce food intake to  match actual metabolic needs. 
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Any combination of the responses discussed above i s  also wssible. In the 

l imit ing case (i.e. over the long term) where Uo = E these are reasonable 
g 

resDonses. I f  on the other hand IJ i s  greater than E consistently, the 
0 g 

organism which i s  able t o  maximize oT wi l l  have a rewoductive advantage 

over other scecies. 

In an environment subject t o  consistent s ~ a t i a l  and temporal fluctuations 

i n  E , species with differing values of  Uo can co-exist by uti l izing different 
?, 

reproductive strategies. 

In the diagram above UA is an op~or tun is t  with a high potential 

reproductive rate (QT) and a low loss rate when E is greater than IJ. 
R 

Organism U has a high performance index and functions a t  low growth 8 

rates through most environmental extremes. The organisms in  an ecological 

succession might be taken as an exarnole of  this t y w  of  co-existence. 

Whereas the energy balance equation can suggest a range of different 

short term and long term behaviours de~endinq u m n  the size or capacity of the 

environment i n  relation t o  the particular swcies and the nature of  i t s  

ada~tat ion, i t  w i l l  not Dredict specific behaviours. It wi l l  indicate a range of 

possible alternatives, any of which amear t o  be plausible or familiar. 



In many  s i tua t ions ,  E will cons t an t ly  f l u c t u a t e  wi th  t h e  s easons  and  
R 

o t h e r  e x t e r n a l  inf luences.  All spec i e s  m u s t  m a i n t a i n  a n  a p p r o p r i a t e  leve l  of 

r e s i l i ence  in t he i r  behaviour  o r  chysiology in o r d e r  t o  acco tn rnoda te  t h e  ful l  

r a n g e  of  normal  f l uc tua t ions  in t h e  g r a d e  of t h e  env i ronmen t .  In m a m m a l s  t h e  

p r imary  r e c o u r s e  wi th  resDect  t o  sho r t  t e r m  va r i a t i ons  ( l e s s  t h a n  y e a r )  i s  usually 

a n e t  ga in  o r  loss  o f  mass. Pho tosyn the t i c  o rgan i sms  a c c o m m o d a t e  d iurna l  

va r i a t i ons  in l ight  i n t ens i ty  by a c c u m u l a t i n g  e n e r g y  ( Q T  posi t ive)  when 

su f f i c i en t  l igh t  is  ava i l ab l e  and  by consuming th i s  e n e r g y  du r ing  d a r k  per iods  

(QT. negat ive) ;  t h e  condi t ion  f o r  surv iva l  i s  on ly  t h a t  t h e  c u m u l a t i v e  QT i s  

equa l  t o  o r  g r e a t e r  t h a n  zero .  The  h iberna t ion  s t r a t e g y  of b e a r s  in  t e m p e r a t e  o r  

s u b a r c t i c  c l i m a t e s  ~ r o v i d e s  a n o t h e r  i l lus t ra t ion  of  t h i s  p r i n c i ~ l e .  During t h e  

s u m m e r ,  t i s s u e  ( f a t )  i s  a c c u m u l a t e d  when food  i s  a b u n d a n t  (QT posi t ive)  b u t  in 

w i n t e r  t h e s e  f a t  depos i t s  a r e  c a t a b o l i z e d  (QT negat ive) .  

I t  i s  p robably  r a r e  f o r  t h e  i n s t an t aneous  Q T  of  a n  individual  o rgan i sm t o  

b e  a c t u a l l y  e q u a l  t o  zero ;  h o w e v e r  t h e  a v e r a g e  QTi  l o n g t i m ~ ~ n  

will b e  z e r o  f o r  a n y  s p e c i e s  wi th  a s t a b l e  populat ion.  - I t  i s  e v i d e n t  t h a t  o rgan i sms  

in  a f l u c t u a t i n g  e n v i r o n m e n t  m u s t  ~ n a i n t a i n  a marg in  in t h e i r  b iomass  and/or  

p e r f o r m a n c e  index  s u f f i c i e n t  to a c c o m m o d a t e  t e m p o r a r y  va r i a t i ons  in 

e n v i r o n m e n t a l  g r a d e  wi thou t  d i s a s t rous  resul ts .  Fo r  e x a m p l e ,  a hea l thy  h u m a n  

be ing  c a n  t o l e r a t e  m a n y  months  of s t a r v a t i o n  wi th  t h e  a c c o m p a n y i n g  ca t abo l i sm 

of as rnuch as 50% of  h i s  body tissue. This  c e r t a i n l y  provides  a marg in  of 

f lex ib i l i ty  f o r  dea l ing  wi th  a n  e x t r e m e  e n v i r o n m e n t a l  c h a l l e n g e  t h a t  m i g h t  spel l  

d i s a s t e r  f o r  a m o r e  ' f ine ly  t u n e d  organism. 
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An excellent example of alterations i n  environmenal grade actually 

resulting from comcetition between species can be seen in  the case of C and 3 

C4 plants. With fu l l  sunlight and adequate mineral nutrition, the l imiting 

nutrient for photosynthesis is CO Four-carbon (C4) ~ l a n t s  are adapted to  2' 

accumulate r@ at  much lower ~ a r t i a l  pressures than are C3 plants. As a 2 

consequence, i n  a bell jar, C4 plants are able (by lowering the C02 partial 

pressure in  the atmosihere) t o  raise the environmental grade t o  such an extent 

that r3 plants are unable t o  photosynthesize and must resort t o  respiratory 3 

metabolism (QT negative). As a result there i s  a net transfer of  marslenerpy 

from the C 3  plants to  the C4 plants which are thus able t o  maintain a 

positive QT. 

The ~receeding illustrations have been oversimplified. The intent has 

been t o  show that a black-box type of analysis can be used t o  define a set of 

bounds for behaviour, and that  for the analysis presented these bounds appear to 

encompass f amiliar response patterns. 

I f  the definit ion of useful work is valid then the variously defined 

efficiencies, lurnced together as a performance index U should be useful i n  

the definition of  biological fitness. 7he ensuing chapter examines this measure 

of efficiency in  relation t o  fitness. 



3. FITNESS 

Maynard-Smith (1976b) has defined lag-load, L, as 

A 

where W is the mean fitness of  a oooulation and W is  the fitness of  the f i t test  

possible genotype. Maynard-Smith has suggested that the intensity o f  selection 

can be related t o  this quantity. The dif f iculty with the lag-load concept lies i n  

i t s  inabil ity t o  deal with both exogenous environmental change and the 

endogenous changes resulting from selection acting on the organisms which 

constitute the environment. It is possible through the use of  equation (2-12) t o  

define a measure of fitness which wi l l  ref lect selection intensity i n  such a way as 

t o  accommodate both exogenous and endogenous influences. 

If fitness is defined as the term (IJo - E 1, that is  as the relative 
g 

match between the performance index o f  the organism and the quality or  grade 

of  the particular environment, then it is  logical t o  define 'optimal fitnesS as 

( (1 = E 1 and any ~ o s i t i v e  or negative values o f  fitness as 'suwa' and 'sub' 
0 S 

optimal respectively. Thus, any organism with an optimal fitness w i l l  be i n  a 

steady state whereas a oopulation with either suwa- or sub- optimal fitness wi l l  

experience either a growth or decline i n  numbers in some proportion t o  the 

numerical value assigned t o  i t s  fitness. The (Uo - E 1 mismatch, designated 
g 

as fitness, wi l l  directly ref lect selection intensity on the basis o f  both exogenous 

and endogenous factors. 

It should be ~ossib le t o  assess dif ferential  survival or rewoductive success 

in terms o f  the performance index of the individuals of  a species. Consider a 

g r o w  of  contiguous organisms, that i s ,  organisms which are dependent on the 



29 
s a m e  env i ronmen ta l  resources ,  a n d  s o m e  de l inea t ed  env i ronmen t  which i s  m o r e  

o r  l e s s  homogeneous  with r e s o e c t  t o  t h e  r e source  n e e d s  o f  t h e s e  organisms.  

Assuming t h a t  t h e r e  is s o m e  g e n e t i c  and  o h e n o t y ~ i c  va r i a t ion  in  t h e  grouo, e a c h  

individual will h a v e  s o m e  c h a r a c t e r i s t i c  oe r fo rmance  index IJo a n d  t h e  g r o u p  
- 

as a whole will h a v e  s o m e  m e a n  o r  a g g r e g a t e  index 1-1 
0' 

The  g r a d e  o f  t h e  env i ronmen t  will a l s o  h a v e  s o m e  c h a r a c t e r i s t i c  v a l u e  

O < E  < I  such t h a t  t h e  n e t  g rowth  o r  dec l ine  of  t h e  pooulat ion will b e  
S 

d e t e r m i n e d  by (Do - E 1. If E = t h e  oooulat ion will b e  in  s t e a d y  
F3 F: 0 

s t a t e .  In t h e  s t e a d y  s t a t e  s i t ua t ion  individuals with U < D  will e x o e r i e n c e  
0 0 

a nega t ive  QT a n d  t h e r e f o r e  will  h a v e  a decl ining r e w e s e n t a t i o n  in  a m o r e  o r  

l e s s  c o n s t a n t  ~ o o u l a t i o n  w h e r e a s  t h o s e  with l J o > u o  will  h a v e  bT>O and  

t h e r e f o r e  will ga in  in p ropor t iona te  r ep resen ta t ion  in t h e  population. Fur ther ,  

e v e n  in t h e  cases w h e r e  Goy E whethe r  t h e  ~ o p u l a t i o n  as a whole is in  a s ' 
s t a t e  o f  g rowth  o r  dec l ine .  t h o s e  organisms with t h e  h ighe r  Uo v a l u e s  will 

s teadi ly  ga in  in p ropor t iona te  r ep resen ta t ion  wi th  t h e  pas sage  o f  t ime .  As  long 

as t h e  m e t a b o l i c  o rocesses  of  t h e  oooulat ion a r e  ongoing i t  i s  i nev i t ab le  t h a t  

t n o s e  o rgan i sms  with t h e  h ighe r  [I values  will b e  f avoured  (i.e. s e l ec t ion  of 
0 

t h e  'mos t  fit ' i s  a spon taneous  o rocess  which will cont inual ly  i n c r e a s e  t h e  0 
0 

of  t h e  s y s t e m  as a whole). 
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In the situation above an inevitable consequence of ongoing selection wi l l  

- 
be a gradual rise i n  the aRgregate performance index, 1-1 Therefore i f  the 

0- 
- 

init ial  situation is (Io = Eg. the situation must 
- 

(as long as external influences do not Derturb 

larqe extent). The consequence of a situation with 

eventually become 

the situation t o  any 

u > E  would be a 
0 R 

po~utat ion growth ~ r o ~ o r t i o n a l  t o  QT which could eventually also alter the 

value of  E (dewnding u m n  the size of  the environment in  relation t o  the 
R 

value o f  QT). I" the absence of  any perturbation t o  the system the ult imate 

result of such a feedback situation might be a po~ulat ion with a single unique 
- 
U value in  equilibrium with an environment with a unique, high grade. This 

0 

u t o ~ i a n  situation does not apoear t o  be a l ikely one. Mutation wi l l  continually 

generate a soread in  the 1.1 values of the oo~ulat ion but 0erhaW more 
0 

significantly, the environment is not l ikely t o  be invariant. Not only do most 

environments vary i n  a cycl ic manner, but their characteristics are spatially 

non-uniform as well as temporally variable i n  a random fashion. As previously 

discussed, this t y w  of  environmental variation should allow the existence of 

organisms with differing (lo and dif fer ing reaoductive strategies. 

It is useful t o  distinguish between the rate of  mutation and the rate of 

selection or fixation of  new adaptations. Uutations rnay arise spontaneously as a 

stochastic wocess whereas selection operating on the mutations is a result of the 

divergence of  the performance index of  the mutated organism from 'optimal 

fitnesd. The existance of  a mismatch wi l l  result i n  selection for or against 

certain organisms i n  direct proportion t o  the magnitude of the mismatch. 
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However, this selection i s  an equilibration wocess which tends t o  reduce the 

mismatch. SuboDtimal mutations are eliminated from the powlat ion by 

attribution while suwao~ t ima l  rnutations tend t o  take over and raise the general 

- 
I! and E values. The trend is deterministic although the specific events or 

0 P, 

Derturbations giving rise to  the trend are wholly random. 
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Surnwary 

The  in t roduct ion  of t h e  c o n c e p t  of Z, 'useful worK o u t o u t  in to  a n  

o t h e r w i s e  convent ional  e n e r g e t i c  descr io t ion  of  biological sys tems,  makes  i t  

~ o s s i b l e  n o t  only t o  d e f i n e  f i t n e s s  in t e r m s  o f  a  ~ e r f o r r n a n c e  index 1J bu t  a l so  
0 

t o  d e f i n e  t h e  relations hi^ o f  f i tness  t o  t h e  loca l  env i ronmen ta l  g r a d e  E The  
g ' 

re la t ionship  be tween  t h e s e  t w o  Dararneters  c a n  b e  used  t o  e v a l u a t e  d i f f e ren t i a l  

r e w o d u c t i v e  success. 

S ince  t h e  def in i t ion  of t h e s e  Dararneters  is based  o n  q u a n t i t a t i v e  Dhysical 

c h a r a c t e r i s t i c s ,  t h e  door  h a s  a l so  been  opened f o r  a n  examina t ion  of  d i f f e ren t i a l  

r ep roduc t ive  s u c c e s s  in t he rmodynamic  terms.  The ensuing a m e n d i x  ( A )  i s  

w e s e n t e d  as a specu la t ive  explora t ion  of t h i s  possibility. 
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E VOLIIT10N A N D  E N T R O P Y  

Although t h e  notion of e n t r o w  and o rde r  in re la t ion  t o  biological 

Chenornena h a s  been  broadly discussed o v e r  t h e  pas t  t w o  decades ,  (Lwoff 1962, 

Schrodinger  1967, Vlorowitz 1968, and  Ga t l in  1972) i t  a p p e a r s  t h a t  a funct ional  

t he rmodynamic  descr ip t ion  o f  biosysterns h a s  n o t  y e t  been  fo rmula t ed  (as 

discussed in t h e  in t roductory  chao te r ) .  The  d e v e l o ~ r n e n t  of a n  e n e r g e t i c  

desc r ip t ion  o f  biosysterns would a p p e a r  t o  b e  con t ingen t  upon t h e  orior  solut ion 

o f  c e r t a i n  f u n d a m e n t a l  woblerns  in non-equilibrium therrnodynatnics. 

Cons iderable  w o g r e s s  h a s  been  m a d e  in th i s  d i f f i c u l t  f ield,  par t icu lar ly  by 

Pr igogine  (1947, 1970) with t h e  d e v e l o ~ r n e n t  of  t h e  ' l aw of minimum en t rooy  

woduct ion '  which s t a t e s  t ha t ,  f o r  a s t e a d y  s t a t e  d iss ipa t ive  sys t em,  f luc tua t ion  

in  t h e  on-going processes  c a n  r e su l t  in  ins tabi l i ty  a n d  a n  e v e n t u a l  reduct ion  in 

t h e  s t e a d y  s t a t e  e n t r o o y  production. Eigen (1971, 1977) h a s  r e l a t ed  such  

ins tabi l i t ies  t o  t h e  s e l e c t i v e  growth  a n d  evolu t ion  o f  a u t o c a t a l y t i c  s y s t e m s  on 

t h e  molecu la r  level. Even wi th  t h e s e  s t e p s ,  however ,  t h e  c o n c e p t u a l  tools  f o r  

t h e  apo l i ca t ion  of  t he rmodynamic  p r i n c i ~ l e s  to  biosysterns as a whole  d o  n o t  y e t  

a p p e a r  t o  b e  ava i l ab le  (Smi th  1975). This a ~ p e n d i x  p re sen t s  a s i m ~ l e  heu r i s t i c  

d e v i c e  which m a y  b e  used f o r  m o r e  e f f e c t i v e l y  bringing the rmodynamic  

~ r i n c i p l e s  t o  b e a r  o n  biological systems.  

T h e  f i r s t  s teD is  t o  r e e x a m i n e  t h e  p rope r t i e s  of  e q u a t i o n  (2-12) a s  a 

desc r ip t ion  of  a s t e a d y  s t a t e  (non-equilibrium) sys tem.  7 h e  second step will b e  

t o  i n t roduce  a t h e o r e m  which i s  n o  m o r e  t h a n  a s i m p l e  obse rva t ion  as t o  t h e  

n a t u r e  of 'engines' as non-equilibrium sys t ems .  This t h e o r e m  pe r t a ins  to  t h e  t y ~ e  

of  f l uc tua t ions  which c a n  l ead  t o  minimum en t ropy  production. T h e  t h e o r e m  

sugges t s  t h a t  f l uc tua t ions  which min imize  e n t r o p y  production by increas ing  t h e  



o ~ e r a t i n g  e f f i c i ency  of a n  eng ine  a l so  h a v e  t h e  e f f e c t  of reducing  t h e  ~ o t e n t i a l  

ene rgy  of t h e  s y s t e m  which con ta ins  t h e  engine. The impl ica t ion  i s  t h a t  c e r t a i n  

' a l t e r a t iond  t o  t h e  'design' of a n  o ~ e r a t i n g  engine  will b e  f avoured  by e n e r g e t i c  

cons idera t ions  which c a n  b e  e v a l u a t e d  using the rmodynamic  a rgumen t s .  

Evolution 

Equat ion  (2-12) i s  nothing m o r e  than  a s t a t e m e n t  of cons t r a in t ,  a 

def in i t ion  of  t h e  re la t ionship  be tween  organism a n d  envi ronment .  Indeed,  in a 

s y s t e m  in which iden t i ca l  organisms o c c u r  in a n  o t h e r w i s e  ab io t i c  env i ronmen t ,  

t h e  equa t ion  de f ines  s y m m e t r i c a l  o r  revers ib le  propert ies .  In such  s ~ e c i a l  

c i rcurns tances ,  a n y  n e t  f l o w  QT resul t ing f rom a c h a n g e  e i t h e r  t o  t h e  

envi ronrnent  o r  t o  t h e  organism could  b e  reversed  by r e tu rn ing  t h e  s y s t e m  t o  i t s  

in i t ia l  conditions. Accordingly,  if a se r i e s  of randorn pe r tu rba t ions  w e r e  t o  end  

wi th  1-1 a n d  E a t  t h e  or ig ina l  values,  t h e  f ina l  s t a t e  of  t h e  s y s t e m  would b e  
0 R 

indist inguishable f r o m  i t s  original  state. 

However,  in  a mult i-organism envi ronment ,  i.e., a n  env i ronmen t  which 

a d m i t s  f l uc tua t ions  i n  t h e  c h a r a c t e r i s t i c s  of  s e v e r a l  individuals, t h e  processes 

de f ined  by t h e  equa t ion  a r e  l ikely t o  c r e a t e  a n  assymrnet ry ;  i t  m a y  n o t  b e  

~ o s s i b l e  t o  r e v e r s e  a s e q u e n c e  o f  e v e n t s  o r  f lows (QT) by revers ing  t h e  

s e q u e n c e  of a ~ p l i e d  f luc tua t ions  o r  by re-establishing t h e  original  c h a r a c t e r i s t i c s  

o f  t h e  envi ronment .  T h e  r e su l t  o f  t h e  n e t  mass l ene rgy  f lows  b e t w e e n  r e source  

pools in t h i s  s i t ua t ion  m a y  h a v e  irreversible cha rac t e r i s t i c s .  Any random 

s e q u e n c e  of  va r i a t ions  t o  t h e  ~ e r f o r m a n c e  index of t h e  organisln(s),  applied at 

randorn t o  t h e  individuals involved, will resu l t  in a n e t  t r a n s f e r  of  mass l ene rgy  



(QT) t o  those organisms with the highest IJ0 valuer Both the environment 

and the organisrns with the lower 1.1 values contribute mass. If unique 
0 

organisms are removed by extinction then i t  may be quite impossible t o  reverse 

these changes by returning E and IJ of the remaining organisms t o  their 
f: 0 

original values or by reversing the sequence of events. 

Consider the exacn~lc of a srnall ecosystecn with three 'organisrns' 

competing for one mutual resource. h l y  the net rnass/energy flows are shown 

Assume an init ial  equilibrium state in which E = 1 ~ ~ '  = I J ~  = 
R 

11 3 Consequently the i) $ 5  wil l  be zero. If the Uo values are 
0 

subjected to  random ~erturbat ion,  the following pattern of events wi l l  ensue. 

The first ~er turbat ion wi l l  either increase or decrease the ~erfor inance index of 

one of the organisms. If an increase occurs i n  1.1 'the result will  be a net 
0 

1 
rnass/energy flow QT into organism 1. Eventually the value of  € w i l l  De R 

affected by this flow of rnass/energy (dewnding on the size of the environment 

i n  relation r,o the flow ~ ~ 5 .  Tne loss of  resource tnaterial rnust increase 

the value of E but this i n  turn w i l l  cause a rnis~natch 
f? 



between the environmental grade and the performance indices of the other two 

2 3 organisms, i-e., E >(l.lo ,,.lo). I f  the system i s  free from further 
I: 

perturbations for a sufficient length of  time, organisms 2 and 3 w i l l  lose a l l  of 

their mass/energy to  the environment and w i l l  i n  effect die or become extinct. 

On the other hand, i f  the in i t ia l  perturbation had been a decrease in 

U the oowsi te sequence of events would have transoired; organism 1 
0 

would have lost rnass/energy steadily and would eventually have become extinct 

i f  no further oert.urbat ions occurred. 

A sequence of random ~ e r t  urbations t o  a l l  three organisms would always 

have the predictable result that rnass/energy would be continually shifted, via 

the environment, to  those organisms with the largest ~erformance indices. In a 

more realistic biosystem there would be a f in i te probability that those organisms 

wi th the lowest oerf ormance indices would become extinct i f  their rnass/energy 

content (i.e. their po~ulat ion) became small enough. 

The net result of  a long sequence of  random perturbations, i n  a large 

multi-organism environrnent, allowing t ime for  equilibrium t o  take place after 

each perturbation (9,. = 0 a t  equilibrium), w i l l  be a net increase i n  the average 

value of Uo and an increase i n  environmental grade E Even i f  the 
R' 

perturbations were t o  take place much more rapidly than the equilibrium time 

for  the system, there would be a gradual, overall disolacernent of  masslenergy 

in to  the organisms with the h i a e s t  [.lo valuer This 'evolutionary' ef fect  has 

been demonstrated i n  a computer model in  which large numbers of discrete 

organisms were simulated. The t y ~ i c a l  result of  a simulation based on the model 

develooed i n  Aooendix O is presented in  Fig. A - l  and Fig. A-2. 



Fig. A-1 
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popula t ion of esch g roup  of o r g a n i s m  

A g e n e r a l  a lgo r i thm fo r  a  computer program in which equat ion  
(0-9) w a s  used  as a w p u l a t i o n  e q u a t i o n  f o r  a demons t r a t ion  of  
pooulat ion response  and  m u t a t i o n  e f f ec t s .  T h e  symbols A & M 
r e f e r  t o  a d a p t a t i o n  c o e f f i c i e n t  a n d  t o  me tabo l i c  conversion 
e f f i c i e n c y  r e s ~ e c t i v e l y .  ~ ~ ( a )  i s  t h e  n e t  ene rgy  f lux a s  
previously discussed whi le  B(a) a n d  X(a) s imply  r e f e r  t o  t h e  
t o t a l  p o ~ u l a t i o n  b iomass  a n d  a popula t ion  number  c o f n ~ u t e d  on 
t h e  basis  of a unique  individual we igh t  or mass  fo r  e a c h  
o o ~ u l a t i o n  group. T h e  program c r e a t e s  n e w  o o ~ u l a t i o n  types  by 
r andom rnuta t ion  (var ia t ion  in 4) a n d  a l lows  t h e  ~ o p u l a t i o n s  t o  
g r o w  o r  dec l ine  t o  ex t inc t ion  o n  t h e  bas is  of their  own 
funct ional  c h a r a c t e r i s t i c s  in r e l a t ion  t o  a single mutua l  
r e s o u r c e  oool which is r enewed  a t  a f ixed  r a t e .  P o ~ u l a t i o n s  
which r e a c h  a s i z e  of less  t han  o n e  individual  a r e  d e l e t e d  f r o m  
t h e  record .  



Fig. 4-2  A t y ~ i c a l  "chylogeny' g e n e r a t e d  by t h e  a lgo r i thm shown in  Fig. A-1 
in which a m u l t i t u d e  o f  organisms dist inguished by d i f fer ing  A 
values  w a s  w o g r a m m e d  t o  i n u l t i ~ l y .  d i f f e r e n t i a t e  f u r t h e r  by 
m u t a t i o n  a n d  t o  cornDete f o r  a single l imi t ing  resource.  Monte  
C a r l o  t echn iques  w e r e  used  t o  g e n e r a t e  r andom 'mu ta t iong  t o  t h e  
func t iona l  p a r a m e t e r  A of  t h e  model  organism. l'he d e c i m a l  
n o t a t i o n s  o n  va r ious  b ranches  r e f e r  t o  t h e  va lue  of  t h e  adap ta t ion  
c o e f f i c i e n t  A. Muta t ions  which produced a n  organism wi th  less  t h a n  
v iable  va lues  of  4 a r e  n o t  r eco rded  in th i s  phylogeny. T h e  a p p a r e n t  
v a l u e  of A inc reases  monotonical ly;  There i s  a l s o  a modes t  i n c r e a s e  
i n  t o t a l  ~ o o u l a t i o n  n u m b e r s  with t h e  passage  of  genera t ions .  



It demonstrates a trend toward higher CI values for a system containing many 
0 

individual organisms with differinq 1-1 values. A l l  the variation generated was 
0 

ini t iated by random 'mutation' (~er turbat ion of  A values where U = AURo). 
0 

The net result of a long series of mutations, combined with the ongoing modelled 

l i f e  Drocesses of the organism concerned i s   resented as a ohylogeny. It is 

evident i n  this case that the variable 4, the adaptation coefficient, which was 

subject t o  small random oerturbations, steadily increased in  average value. 

Since I? = AMRo and since M, Ro were fixed. the value of Uo increased 
0 

monotonically during a sequence of  several thousand random 'mutation$. The 

generation of  a realistic looking 'chylogeny' is i n  itself not an indication of 

selective or non-random wocesses. R a u ~  (1977) has demonstrated that very 

ty~ical- looking ~hylogenies can be generated bv blarkov processes. On the other 

hand the tendency for Uo t o  increase, as was consistently observed in  a l l  

simulations, cannot be attributed t o  random wocesses. 

It does not seem likely that this asymmetrical DroDerty of models based 

on the energy balance equation could be entirely fortuitous. Where one finds 

trends i t  is  rational t o  seek a 'causal mechanism'. Can the asymmetrical 

woperties of  these models be justified on some broad level and can this same 

justification be avolied to real l iving systems? 

Equation (2-1) appears t o  be a s i m ~ l e  energy conservation statement; 

could it have the ~ r o m r t i e s  which would be required for the generation of 

defined trend i n  response t o  a truly random sequence of perturbations? 



Refore  concluding  t h a t  a c a u s a l  mechanism o r  a 'dr iving force '  mus t  be 

oresent ,  i t  would b e  r easonab le  t o  a sk  whe the r  o r  n o t  t h e  observed  a s y m m e t r y  in 

t h i s  demons t r a t ion  cou ld  be  a t t r i b u t e d  t o  any  of  t h e   articular cons t r a in t s  

in t roduced in t h e  s imu la t ions  themselves r a t h e r  t h a n  t o  s o m e  proper ty  inherent  

in  t h e  ene rgy  b a l a n c e  equat ion .  

Two  f a c t o r s  in  t h e s e  orograrns c a n  b e  i so la ted  as mechanis rns  which a r e  

ins t rumenta l  in t h e  g e n e r a t i o n  of t h e  observed  asymmetr ies :  

a) 'Death'  o r  ex t inc t ion  of spec i e s  o r  grouos of  o rgan i sms  could  o c c u r  

under  c e r t a i n  c i r cums tances .  Such e v e n t s  w e r e  n o t  revers ib le  in a n y  o f  t h e  

s imula t ions  o re sen ted ,  t h a t  i s  t o  say,  spontaneous  gene ra t ion  o f  n e w  l i f e  o n  t h e  

t i m e  s c a l e  o f  t h e s e  w o g r a m s  w a s  n o t  a s sumed  t o  b e  ~ 0 S s i b l e .  This i s  t h e  f i r s t  

s o u r c e  of a symmet ry :  d e a t h s  and  ex t inc t ions  of unique o rgan i sms  a r e  orobable,  

b u t  -- d e  novo  c r e a t i o n s  a r e  not.  Only modif ica t ions  of ex i s t i ng  o rgan i sms  c a n  b e  

c r e a t e d  by m u t a t i o n  e f f e c t s .  

b) Muta t ion  e v e n t s  w e r e  a s sumed  t o  b e  i n t i a t e d  in  individuals  of t h e  

~ o p u l a t i o n .  The  r eve r sa l  of a g iven  m u t a t i o n  by a b a c k  muta t ion ,  a l though i t  w a s  

a n  equal ly  l ikely s ing le  e v e n t ,  could  a l s o  only a f f e c t  a s ingle  individual. If t h e  

muta t ion  h a d  been  inco rpora t ed  i n t o  a l a r g e  number  of  individuals  t h e  orobabil i ty 

t h a t  such a m u t a t i o n  cou ld  b e  'undone' by r andom back m u t a t i o n  b e c a m e  

vanishingly small .  

It will  b e  r ecogn ized  t h a t ,  a l thouqh t h e  'mechanism a b o v e  a r e  

ins t rumenta l ,  t hey  a r e  n o t  casual ;  wi thout  s o m e  s e l e c t i o n  a g e n t  t h e s e  

mechanisms c a n n o t  g e n e r a t e  trends. Par t icu lar ly  in t h e  case of b) i t  i s  e v i d e n t  

t h a t  a s y m m e t r i e s  c a n  only  resul t  if mu ta t ions  of  o n e  kind ~ r o l i f e r a t e  a n d  o t h e r s  

d o  not; s o m e  ',value sys tem'  o r  s e l ec t ion  c r i t e r ion  is imol ied. 



I will c l a i m  t h a t  t h i s  s e l e c t i o n  c r i t e r ion  i s  a n  inhe ren t  proper ty  o f  t h e  

universe  a s  well as a D r o w r t y  of t h i s  ene rgy  ba l ance  equation.  Although 

equa t ion  (2-1) i s  n o  m o r e  t h a n  a n  e n u m e r a t i o n  o f  f lows through t h e  sys t em,  t h e r e  

a r e  t he rmodynamic  c o n s t r a i n t s  o n  t h e  in t e r r e l a t ionsh iw  of t h e s e  flows. These  

cons t r a in t s  c a n  m o s t  eas i ly  b e  a p p r e c i a t e d  a s  t h e  dimensionless c o e f f i c i e n t s  

E and  [.lo in equa t ion  (2-  12) which a r e ,  in e f f e c t ,  e f f ic iency  terms.  
R 

The vindicat ion of t h e  c l a i m  a b o v e  en ta i l s  a n  a rgumen t  t o  t h e  e f f e c t  t h a t  

t h e  in terna l  ~ o t e n t i a l  e n e r g v  of  a non-equilibrium s y s t e m  i s  r e l a t e d  t o  t h e  

ef f ic iency  of t h a t  s y s t e m  w h e r e  t h e  e f f i c i ency  i s  de f ined  a s  t h e  r a t i o  of  work 

o u t ~ u t  t o  work i n ~ u t .  T h e  a r g u m e n t  fol lows in t h e  f o r m  of a t h e o r e m  plus 

coro l la r ies  which a r e  i n t ended  t o  a ~ p l y  t o  t h e  e n e r g e t i c s  of  d iss ipa t ive  s y s t e m s  

which c a n  b e  v iewed as 'engines'. T h e  theo rem sugges ts  t h a t  t h e  e n t r o p y  of  a  

s y s t e m  c a n  b e  a l t e r e d  by a l t e r i n g  t h e  e f f i c i ency  of a n  ope ra t ing  eng ine  con ta ined  

within t h a t  sys tem.  

Sys tern  Po ten t i a l  

"A s y s t e m  i s  in  a s t a t e  of equil ibrium if a c h a n g e  of 
s t a t e  c a n n o t  o c c u r  whi le  t h e  sys t em i s  n o t  sub jec t  t o  
in terac t ions .  Equilibrium s t a t e s  m a y  b e  of d i f f e r e n t  
kinds--namely, s t ab l e ,  neut ra l ,  uns table  and  metastable". 

f rom H a t s o ~ o u l o s  a n d  Keenan  (1965) PP. 30 

By def in i t ion  a r eve r s ib l e  Drocess i s  a quas i - s t a t i c  process  in which t h e  

sequence  of  equilibrium s t a t e s  through which t h e  s y s t e m  passes  c a n  b e  caused  t o  

o c c u r  identical ly b u t  in t h e  r e v e r s e  o r d e r  (G ied t  1971). A r eve r s ib l e  process  is 



t h e r e f o r e  a l imit ing case which t a k e s  place infini tely slowly wi thout  f r ic t ion ,  

' acce le ra t ion  o r  h e a t  t r a n s f e r  through f i n i t e  t e m p e r a t u r e  qradients .  T h e  

revers ib le  s y s t e m  only ex i s t s  i n  a s e r i e s  of  equil ibrium s t a t e s .  

H a t s o ~ o u l o s  and  Keenan (1965) sugges t  t h a t  revers ib le  processes  a r e  

ou t s ide  t h e  bounds of h u m a n  expe r i ence ;  revers ib i l i ty  i s  a n  in t e l l ec tua l  d e v i c e  

which al lows m o r e  p rec i se  d e f i n i t i o n  of  work a n d  heat in t e rac t ions  t h a n  i s  

possible f o r  any  obse rvab le  process. An eng ine  based  o n  a ( revers ib le)  C a r n o t  

c y c l e  i s  t h e  c l a s s i c  e x a r n ~ l e  of  a p e r f e c t  eng ine  which c a n n o t  b e  rea l i sed  in 

wac t ice. 

Gibb's o r i n c i ~ l e  of gene ra l i zed  ine r t i a  c a n  b e  invoked a s  a n  exolanat ion  of 

t h e  ina t ta inabi l i ty  of a c t u a l  reversibi l i ty.  The  principle s t a t e s  t h a t  a sudden 

discontinuous a l t e r a t i o n  f r o m  a f i n i t e  r a t e  o f  c h a n g e  t o  a z e r o  r a t e  of c h a n g e  

c a n n o t  o c c u r  wi thout  a f i n i t e  a l t e r a t i o n  in c i r c u m s t a n c e s  n o  m a t t e r  how s m a l l  

t h e  o rde r  t o  c h a n g e  (Hatsopoulos  & Keenan  1965). E f fec t ive ly  t h e r e  i s  no  way t o  

c a u s e  a revers ib le  eng ine  t o  pass  through i t s  s e q u e n c e  of  equil ibrium states 

wi thou t  e x t e r n a l  inf luence,  i.e. w i thou t  introducing disequilibrium. T h e  

def in i t ion  of equil ibrium c a n  b e  r e s t a t e d  succ inc t ly  as: 

"A systern is in a s t a t e  o f  equi l ibr ium if a f i n i t e  change  of 
s t a t e  of t h e  systern c a n n o t  o c c u r  in a f i n i t e  t i m e  wi thout  s o m e  
f in i t e  c h a n g e  of s t a t e  of  t h e  env i ronmen t ,  e i t h e r  t empora ry  o r  
pe rmanen  t". 

- Hatsopoulos and  Keenan  ( 1965). D. 360 

There fo re  by t h e  a c c e p t e d  de f in i t i ons  of reversibi l i ty and  of equil ibrium 

a n y  s y s t e m  which i s  a n  eng ine  o o e r a t i n g  revers ib ly  will b e  indistinquishable f r o m  

a n  equil ibrium sys t em.  This i s  a usefu l  conclusion in t h a t  i t  provides a n  ana ly t i ca l  



t oo l  which c a n  b e  used t o  e x a m i n e  t h e  in terna l  s t a t e  of so lne  non-equilibrium 

sys tems.  The  argurnent  fol lows as a t h e o r e m  a n d  woofs.  

THEORE#V: Any sys t em which i s  a n  eng ine  o w r a t i n g  reversibly will be  

indist inguishable f rom a n  equil ibrium sys tem.  

A l t e r n a t e  S ta t emen t :  Any h e a t  eng ine  in c o n t a c t  with a t h e r m a l  sou rce  

a n d  s ink  of d i f fer ing  potent ia l s  (i.e. To # T,), will b e  in equil ibrium if i t  i s  a 

C a r n o t  engine.  

Proof: If a  n e t  f low of m a s s  o r  ene rgy  w e r e  obse rved  anywhere  in t h e  -- 

s y s t e m  i t  would be possible t o  e x t r a c t  f u r t h e r  work f rom t h e  s y s t e m  and  the reby  

t o  e x c e e d  t h e  max imum ~ o s s i b l e  work o u t ~ u t .  

A l t e r n a t e  Proof: Consider  t h e  h e a t  eng ine  i l lus t ra ted  below. The  

fol lowing s y s t e m  will b e  in equil ibrium as def ined  above  if To = TI .  



IJnder this circumstance the engine can have no f in i te work o u t w t  and 

there w i l l  be no net flow of energy through the engine. Therefore the system 

meets the criterion for equilibrium as established in  the definit ion above. 

Now consider the case where T > T and the heat engine is a Carnot 
0 1 

engine, i.e. i t  is operating reversibly. Traditionally a Carnot engine must 

oDerate by quasi-static processes i n  order t o  extract work f rom a heat 

source/sink i n  a reversible manner. Although i t  is ~ossible, i n  theory, t o  

integrate the infinitesirnals o f  this Drocess i n  order t o  delnonstrate the work 

output, this integration must be carried out over the interval from t = 0 t o  t =a. 

Over any f in i te t ime interval no work o u t ~ u t  can be demonstrated; a Carnot 

engine (or any other reversible engine) has no work output in  real time. - This fact  

has not gone una~wec ia ted  by scientists and engineers over the past century. 

The rate o f  work output for  an engine as a function o f  efficiency is  zero a t  

efficiencies o f  one and zero, and reaches a maximum when efficiency, p, equals 

one half (Odum & Pinderton 1953, Gabriel 1967). (In the case o f  heat engines,~ 

refers t o  the partial efficiency namely PIP,. This is  implied i n  a l l  further 

references to  the efficiency o f  heat engines). 



As can be seen from the d i a ~ r a m  above the real Dower o u t ~ u t  from any 

engine aoproaches zero as efficiency approaches unity. 

Therefore i t  rnust be concluded that the Carnot engine deoicted above 

w i t h  TO>T,  cannot perform any work over a f in i te t ime interval. Since i t  

cannot perform work there cannot be any net flow of heat through the systern 

over any f ini te t ime interval. By the definit ion of  equilibrium above, this system 

must be i n  equilibrium. 

It remains to  be shown that the equilibrium state defined for reversible 

engines falls within the definit ion of  stable equilibrium from which the second 

law of  thermodynamics can be derived. If this is the case then any systern which 

is an engine operating reversibly is a t  a state o f  maximum entropy. This 

statement, i f  woven, w i l l  allow determination o f  changes of  state i n  a system 

resulting from changes of efficiency. 

THEOREV: A system which is an engine omrating reversibly i n  contact 

with a source of  potential energy (such as a heat source and sink wi th 

TO >TI) w i l l  be a t  a minimum energy state when i t  is operating reversibly. 

(Its entropy wi l l  be maximal.) 

Proof: According t o  the foregoinq definitions a reversible Process -- 

represents a neutral equilibrium state where: 

"A system is i n  neutral equilibrium i f  some f ini te change of 
state of  the system can take place by means o f  a f ini te 
temwrary change o f  the state o f  the environment but a f ini te 
rate of  change cannot be established without a f ini te 
permanent change of  state of  the environment". 

Hatso~oulos & Keenan, P. 362. 

The reversible e n ~ i n e  can be moved from one equilibrium state t o  the 

next only by some ternwrary change i n  the environment (of arbitrari ly small 



order). A f ini te - rate of  change however can only be established w i t h  the loss o! 

reversibility (i.e. f in i te motion, thermal gradients, etc.). Therefore a reversible 

process correctly qualifies as a state o f  neutral equilibrium. , 

A stable state (of equilibrium) can include any number of neutral 

equilibrium states. Therefore i t  is sufficient to  state that a system is i n  a stable 

state of equilibrium i f  a f in i te rate of  change cannot be established without a 

f in i te permanent change of  state of the environment. (Hatsopoulos & Keenan, 

p. 364.) But this is a statement of  the second law of thermodynamics. 

Therefore i t  i s  established that the entropy of  a system i s  maximal when it i s  an 

operating reversible engine. 

It is now oossible t o  consider a less than ~ e r f e c t  system o x r a t i n g  

irreversibly. 

Corollary 11: Any alteration t o  the structure of  an operating engine (as a 

dissipative system) which results i n  an increase i n  the operating efficiency w i l l  

result in a reduction o f  the net ~ o t e n t i a l  gradients (unbalanced potentials) within 

the system and a corresponding release of  energy from the system, i.e., the 

entroDy of  the system (engine olus surroundings) wi l l  be increased. 

Proof: This corollary follows from the second theorem; however i t  is my 

intention t o  show that the energy content of  a system can be concisely defined 

as a function of the actual efficiency. 

Return t o  the heat engine operating between the reservoirs To, T, 

where To' T I  I f  the efficiencyp is zero. the net ~ o t e n t i a l  gradient within 

the system w i l l  be equivalent to  the externally a ~ o l i e d  potential gradient Xo 



where Xo - (To - TI 1. Consequently i t  should be ~ossib le t o  describe the 

'disequilibrium' of the system as wooortional t o  this externally apolied gradient 

Xo' On the other hand when IJ = 1 the system must be in  equilibrium (by the 

theorem above). Therefore the net mtent ia l  gradients within the system must 

be zero even though an externally aodied gradient Xo may s t i l l  be observed. 

It would be desirable t o  define the situation for the intermediate states where 

0 < IJ' 1. This may be done as follows: 

Take some engine with efficiency O C P o  '1, work o u t w t  Wo, energy 

flow J , entropy ~ roduc t ion  O and the equations of state shown below 
0 0' 

For the sake of the analysis this system can be decomposed in to  two ideal 

engines i n  series, one with a minimal efficiency ra  = 0. and the other with a 

maximal effienciency IJ = 1. 
b 



The only output from p w i l l  be @, and the only output t r o ~ n  p a 

w i l l  be Wo. The effect ive temperature intermediate between the two engines 

i s  represented by Tx. Since p a  : 0 the internal potential gradient across this 

Dart o f  the system w i l l  be the fu l l  quantity To - Tx and the entropy 

production wi l l  be : 

Engine €3 with i t s  ideal efficiency w i l l  have a work output W o  w i t h :  

W o  = Jo (Tx - TI) (A-6) 

Since i t  is operating reversibly the net internal potential gradient across 

this segment o f  the system must be zero (as per theorem rxesented above). 

Therefore the to ta l  ~ o t e n t i a l  gradient within the combined A/B system must be 

equal t o  (To - T 1, the gradient i n  segment A. Recalling that the efficiency 
X 

of an engine is defined as: 

and recalling (A-4) and (A-6) we can define ro for the systern as 

which reduces t o  : 

( T  -TI) = X lJ 
X 0 0 

By subtracting X from both sides and recalling (A-9) we get 
0 

(To - Tx) = Xo ( l -po) 
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w h e r e  To - T will b e  r ecogn ized  as t h e  n e t  ~ o t e n t i a l  g rad ien t  wi th in  t h e  
X 

s y s t e m  A/B. Equat ion  (A-10) c a n  b e  

C = X (1-11 
0 0 

where  J, will b e  c a l l e d  t h e  s y s t e m  

n e t  driving f o r c e  o r  disequilibrium 

r e w r i t t e n  as 

(A-1 1)  

po tent ia l .  J, c a n  b e  concep tua l i zed  a s  t h e  

in t h e  sys tem.  Equation A-1 1 c a n  a l s o  be  
&I 

. o  der ived  by a rb i t r a r i l y  def in ing  s y s t e m  ~ o t e n t i a l  as o = - a n d  subs t i tu t ing  
Jo 

i n t o  equat ion  A - 3  which i s  a g e n e r a l  descr ip t ion  f o r  a n y  ope ra t ing  engine.  The  

uni t s  o f  '4~ in  t h e  c a s e  o f  a c h e m i c a l  sys t em would b e  calories/mole.  For 

r eac t ions  a t  s t a n d a r d  t e m p e r a t u r e s  a n d  Dressures, sys t em potent ia l  i s  equ iva l en t  

t o  Gibbs f r e e  e n e r g y  ( S e e  A ~ o e n d i x  B). 

In equi l ibr ium thermodynamics ,  avai labi l i ty,  A , d e n o t e s  t h e  rnaxi~nurn  

a m o u n t  of work which c a n  b e  s ~ o n t a n e o u s l y  e x t r a c t e d  f rom a g iven  s y s t e m  by 

bringing i t  to  equi l ibr ium ( r ega rd le s s  of  ~ a t h w a y ) .  For a s y s t e m  in  s t a b l e  

equil ibrium A = 0. T h e  s y s t e m  w t e n t i a l ,  on  t h e  o t h e r  hand,  d e n o t e s  t h e  

maximum a m o u n t  of  work  which c a n  b e  spontaneously e x t r a c t e d  f r o m  a given 

non-equilibrium s y s t e m  (an eng ine )  by bringing i t  to a state of s t a b l e  equil ibrium 

with p-  1 (IJJ = 0). In o t h e r  words  i t  r e w e s e n t s  t h e  n e t  unbalanced po ten t i a l  

g rad ien t s  within t h e  sys t em.  

For  c h e m i c a l  s y s t e m s  under  s t anda rd  condi t ions  A = A  G-J ,  . T h e  r easons  

f o r  t h i s  congruence  i s  that c h e m i c a l  r eac t ions  involve processes w i th  precisely 

de f ined  Dathways in which 'work  outputs '  such as a c o u ~ l e d  r eac t ion  a r e  a def ined  

p a r t  of t h e  pa thway  a n d  AG r e p r e s e n t s  t h e  n e t  unbalanced po ten t i a l  in  t h e  

sys tem.  (This  i s  d iscussed  f u r t h e r  in  Aorxndix  0). At equil ibrium a c h e m i c a l  

r eac t ion  s y s t e m  b e c o m e s  a r eve r s ib l e  wocess .  



It w i l l  be seen that the system potential goes to  zero as efficiency goes to  

unity and, since the disequilibrium of a system is wo~or t iona l  t o  O, corollary I 1  is  

justified. The entrooy of  the system is maximal when JI is minimal; when the 

system potential is zero no further internal energy is available. 

Corollary I lk  Given a dissimtive system i n  which perturbations occur in  

sufficient magnitude t o  rearrange local structural features, that is, where 

rearrangements t o  the state of the system can occur spontaneously, stable 

dissipative systems with P > O  can occur swntaneously. 

Proof: Any spontaneous transition which results in  a positive increment -- 

to  the I'of a system wi l l  reduce Q and thus increase the entropy of the system; on 

the other hand perturbations which tend t o  decrease P would entail a negative 

entropy change; the occurrence of such events on a macroscopic scale would be a 

violation o f  the second law. 

For example: i n  the very simple situation o f  the onset of  convection i n  a 

fluid, temperature gradients result i n  density gradients which, i n  the presence of 

a gravitational field, result i n  small pressure gradients. I f  the wessure gradients 

i n  the system are of sufficient magnitude t o  overcome the viscous forces o f  the 

f lu id (reflected by the Reynolds number) the system wi l l  be unstable and minor 

perturbations can result i n  the onset o f  convection. A convective cel l  can be 

viewed as a heat engine i n  which the work output appears as movement of  the 

f luid (which is  dissipated by viscous forces and friction). Since the system has 

some measurable work output, P wi l l  be a non zero term; thus it can be concluded 



that, at the onset of convection, the system potential $has been reduced and the 

entrooy of  the system has increased. C i n  this instance would ref lect the net 

pressure gradients i n  the systern, which would be relaxed a t  the onset of 

convect ion. 

The corollary 111 should be applicable t o  the evolution of any dissioative 

system. I am interested specjfically in  i ts  application t o  the 'fitness' and 

evolution of biosysterns. 

Living Systems 

The theorems presented in  this Appendix should be ap~l icab le  t o  engines 

of  any kind. I wi l l  Drooose one further corollary t o  bring tne matter into focus 

for biosysterns. 

Corollary IV: Any mutation which increases the efficiency of  a l iving 

organism can potentially effect an increase i n  the entropy of  the system 

(consisting of  organism plus environment). 

Proof: The mutation, i f  expressed, w i l l  reduce the system potential fo r  

the organism(s) i n  which it is found. It follows from the discussion of +o(above) 

that this w i l l  ref lect a reduction in  the potential energy content of the 

organism. Therefore the entrooy of the system must be increased. 

Lemma: Biological evolution as 'survival of  the fittest' through 

'differential rewoductive success' has a demonstrable driving force, namely the 

increasing entropy of  the organisrn/environment systern i f  and only if 'fitness' 

can be equated t o  'efficiency'. 

I do not believe that rigorous proof of this lemma is oossible. On the 

other hand, ,it may be possible t o  show that the energy balance equation 



oresen ted  in (2-1) i s  a c l o s e  homoloque  t o  overa l l  b ioene rge t i c  w o c e s e s  and  a s  

such  h a s  potent ia l  u t i l i ty  as a n  exp lana to ry  analogue.  I h a v e  a t t e m p t e d  t o  

~ r o v i d e  some  demons t r a t ion  of  t h i s  ~ o t e n t i a l  in t h e  ea r l i e r  Darts of t h i s  thesis. 

Competi t ion:  Survival of the Most E f f i c i en t  

Darwin's Dhrase 'survival  of  t h e  f i t t e s t '  h a s  been  r eo laced  with t h e  Dhrase 

'd i f fe rent ia l  r e w o d u c t i v e  success '  by con tempora ry  evolut ionists .  The  

weceed ing  l e m m a  impl ies  t h a t ,  g iven  a n  a p w o w i a t e  e n e r g e t i c  descr io t ion ,  t h i s  

could  b e  in t e rp re t ed  as 'survival of  t h e  m o s t  eff icient ' .  How d o e s  e f f i c i ency  

r e l a t e  t o  r e w o d u c t i v e  success?  In c h a 0 t e r  2 f i t n e s s  was  def ined  as a func t ion  o f  

t h e  d i f f e r e n c e  b e t w e e n  C1 a n d  E T h e  growth  r a t e  of t h e  ~ o ~ u l a t i o n  (or  
0 R'  

individual) QT9 w a s  shown t o  b e  orooort ional  t o  t h i s  d i f f e r e n c e  ( in t h e  vicini ty 

Ea r l i e r  in t h i s  a ~ o e n d i x  I sugges t ed  t h a t  t h e  a s y m m e t r i c a l  o rope r t i e s  of 

equa t ion  (2-1) m u s t  c o r r e s w n d  t o  a demons t r ab le  t he rmodynamic  driving force .  

Equat ion  (2-12) soec i f i e s  t h e  va lue  o f  a n e t  mass/energy f low QT a c r o s s  t h e  

organism env i ronmen t  i n t e r f a c e  o n  t h e  basis  of E (a p r o w r t y  of  t h e  
g 

envi ronment) ,  and  Uo (a orooe r ty  o f  t h e  organism)  modula ted  by Q, which 

c a n  b e  viewed as a r a t e  p a r a m e t e r  r e f l ec t ing  t h e  magn i tude  of t h e  organisms 

me tabo l i c  ac t iv i ty .  In o r d e r  t o  d e m o n s t r a t e  a driving f o r c e  i t  m u s t  b e  shown 

tnat t h e  f low Q.,. r e w e s e n t s  a n  equil ibrium w o c e s s  which max imizes  t h e  

en t rooy  of t h e  s y s t e m  as a whole. 



Consider the consequences of  a - net flow of  n moles of 'food oarticle' from 

environment t o  organism, keeoing i n  mind that any net flow QT w i l l  result in 

an increase or decrease i n  the standing biomass of  the organism or population. 

The chemical ootential energy ( C )  of each  article as it is transferred into the 

organism w i l l  be incrased by Wn, the work done on the particle. However, the 

internal chemical potential of  the particle as a part of the organism w i l l  be 

reduced in  orooortion t o  the efficiency of  that organism as has been established 

i n  the definition of system potential. If 6 E is the awarent loss of ootential 

energy frorn a oarticle as it is incoroorated into an organism then 

6E - c-'4 - w 
o n 

(A-1 2) 

But C and Xo are functionally equivalent since C represents the 

aDoarent externally rneasured calori f ic content of  a food particle and Xo i s  the 

more generalized ootential associated with a flow Jo. It is possible t o  

substitute (A-1 1) into (4-12) using C i n  the olace of  Xo for this specific 

biological application. 

~ E = - C ( I - P ) + C - W  = - c P  
o n 0 -  Wn 

(A-1 3) 

Since the oerforrnance index IJ of an organism is an exwession of i ts  
0 

ooerating efficiency, (A-1 3) can be rewrit ten as 

6E : CIJo - Wn (A-1 4) 

By multiolying Wn by C/C and recalling the definition of  E i n  (2-61, 
g 

equation (A- 14) becomes 



where the sense of 6 E  is defined for  'food' flows from environment to  

organism ( 6 E  w i l l  be negative when energy is liberated by the orocess). This 

apparent liberation of energy should constitute a thermodynamic driving force 

for the net rnasslenergy flow QT. When E = Uo there is no potential 
R 

energy change t o  the system for net transfers of  mass in  either direction. 

Therefore the expected spontaneous net flow QT w i l l  be zero. 

On the other hand when ER j Uo a disequilibrium exists. The 

spontaneous direction for any QT would be such that the net mtent ia l  of the 

system i s  minimized or, i n  other words, the entropy maximized. If E > U a 
g o  

flow from organism to  environment would release energy a t  a rate specified by 

equation (A-15). I f  the size of the system is known, the to ta l  energy change 

from init ial  conditions t o  final 'equilibrium' conditions can be computed. 

In a similar way, i f  two organisms a and b occupying the salne 

environment have differing ~erformance indices such that [J > Ub, i t  can be 
a 

shown that the net transfer of  mass from organism (b) t o  organism (a) would 

result i n  a reduction of  the tota l  potential energy i n  the system, where 

Therefore there would aopear t o  be a thermodynamic basis for  

comoetition and the Drocess of  Darwinian evolution: viz. the second law of 

thermodynarn ics. 



C o m m e n t  

It a p p e a r s  t h a t  s o m e  of  t h e  preceding discussion i s  r e l evan t  t o  ana lyses  

which seek  t o  t r e a t  biological  s y s t e m s  as ' informat ion  systems'.  Since t h e  

foregoing de r iva t ions  h a v e  been  t r e a t e d  en t i r e ly  as a problem in ene rge t i c s ,  a 

de t a i l ed  discussion in r e l a t ion  t o  informat ion  theory  would b e  b e t t e r  l e f t  f o r  

a n o t h e r  documen t .  Appendix C presents  a brief s ~ e c u l a t i v e  discussion r e l a t ing  

inforrnat ion t o  s y s t e m  ~ o t e n t i a l .  

Summary 

T h e  ques t ions  o f  va lue  and  f i t nes s  w e r e  addressed  in t h e  body of  t h i s  

thes is  with a r e su l t i ng  conclusion t h a t  f i t nes s  could  b e  d i r e c t l y  r e l a t e d  t o  a 

oe r fo r inance  index o r  m e a s u r e  of  e f f ic iency  of  a n  organism in  r e l a t ion  t o  a n  

env i ronmen ta l  qua l i t y  f a c t o r .  Because  t h e  def in i t ion  of  ~ e r f o r m a n c e  index w a s  

based  on  a c o m p l e t e  desc r ip t ion  o f  ene rgy  fIows through a 'black box' organism, 

t h e  possibility o f  f inding  a the rmodynamic  in t e rp re t a t ion  f o r  ' d i f f e ren t i a l  

r e  product ive  s u c c e s g  a l s o  p re sen ted  i tself .  Tne  analys is   resented in  t h i s  

appendix  i n d i c a t e s  t h a t  t h e  second  l a w  c a n  indeed b e  used in a p red ic t ive  mode  

with r e s p e c t  t o  evolu t ion ,  b u t  i t  r equ i r e s  t h e  defini t ion of  t h e  in t e rna l  e n e r g e t i c  

s t a t e  of  non-equil ibrium - sys t ems .  This  h a s  been  provided in t h e  f o r m  of J, , t h e  

s y s t e m  ~ o t e n t i a l  which c a n  b e  used  to de f ine  a po ten t i a l  d i f f e r e n c e  b e t w e e n  

organisms. 

'Survival of t h e  f i t t e s t '  in  i t s  present  day  i n t e r p r e t a t i o n  as d i f f e r e n t i a l  

r e w o d u c t i v e  s u c c e s s  i s  a n  in tu i t i ve  recogni t ion  t h a t  po ten t i a l  d i f f e r e n c e s  c a n  

e x i s t  b e t w e e n  organisms. S u ~ e r f i c i a l l y  w e  might  obse rve  t h a t  a m o r e  f i t  



organism h a s  t h e  potent ia l  t o  t a k e  o v e r  a 'niche' f rom a less  f i t  organism. The 

meaning of ~ o t e n t i a l  in t h i s  case c a n  b e  quan t i t a t i ve ly  defined.  Any g iven  'niche' 

c a n  b e  occupied by o n e  o r  m o r e  spec ie s  which will h a v e  s o m e  c h a r a c t e r i s t i c  

b iomass  and a measu rab le  s y s t e m  potential .  If a more  f i t  organism is  in t roduced 

in to  this  'niche', (as previously es tab l i shed ,  m o r e  f i t  o r  m o r e  e f f i c i e n t  impl ies  a 

soec ie s  with a lower s y s t e m  ootent ia l ) ,  t h e  b iomass  of  t h e  f o r m e r  s p e c i e s  will 

t hen  h a v e  a de f ined  po ten t i a l  e n e r g y  wi th  r e spec t  t o  t h e  l a t t e r  spec i e s  (vide 

eqtn.  A-1 6). This  po ten t i a l  ene rgy  d i f f e rence ,  bJI, c a n  resul t  in t h e  d i sp l acemen t  

of biomass frorn t h e  or ig ina l  spec i e s  i n to  t h e  in t roduced spec ies  wi th  a n  

accomoanying  ene rgy  r e l e a s e  6 E. 

T h e  long t e r m  consequences  of such in ter -soec ies  and  e v e n  in t ra-spec ies  

potent ia l  g rad ien t s  will b e  t h e  gradual  d i sp l acemen t  of organisms wi th  high 

sys t em potent ia l s  in f avour  o f  organisms with low potentials.  T h e  s y s t e m  

potent ia l  as de f ined  in eq .  (A-1 1) i s  a r e f l ec t ion  of  t h e  p e r f o r m a n c e  of index,  

U , o r  t h e  t h e r m o d y n a m i c  e f f i c i ency  o f  a n  organism. The re fo re  'selection' on  
0 

t h e  basis  of s y s t e m  po ten t i a l s  should r e su l t  in t h e  evolu t ion  of m o r e  e f f i c i e n t  

organisms. 

T h e  c o n c e o t  of e f f i c i e n c y  as a m e a s u r e  o f  evolut ionary progress  i s  n o t  

new; i t  h a s  been  p r o w s e d  a n d  r e j e c t e d  m o r e  than  o n c e  in t h e  past.  Sahlins a n d  

Se rv ice  (1960) discussion of  t h e  idea  i s  typical: 

"But a n  organism's  t h e r m o d y n a m i c  e f f i c i ency  i s  n o t  a m e a s u r e  
of i t s  g e n e r a l  evolu t ionary  s ta tus .  By e f f i c i ency  w e  usually 
m e a n  s o m e  r a t i o  of  i npu t  t o  output... a m e a s u r e  of  t h e  
ther rnodynamic  e f f i c i e n c y  o f  a living th ing  would b e  t h e  
a m o u n t  of ene rgy  c a p t u r e d  a n d  used  r e l a t ive  t o  t h e  organism's 
own expend i tu re  in t h e  Drocess of tak ing  it." 



They go on t o  ooint out the perceived inconsistencies i n  this idea of 

efficiency as related to  progress 

"But suowse we know the efficiency of  an organisrn as an 
energy capturing machine; the use t o  which the efficiency is 
out remains unknown. Is it out into the build-UP and 
maintainance of i t s  organization? Not necessarily. As pointed 
out before, the energy can be out into the build UP of higher 
structures or into more numerous offspring, each of which 
concentrates a relatively low amount of energy. The 
implication is inescapable: an organisrn can be more eff icient 
than another and yet rernain less highly developed." 

In my view these inconsistencies only arise as a result of the failure t o  

define the energetics of the situation rigorously. Ultimately, the efficiency of  

transformation of captured energy into work must include a l l  of the necessary - 

l i f e  functions from colnrnunication to rewoduction; a l l  of these uses of energy 

are, i n  the f inal analysis directed toward the ongoing capture of  energy. If the 

efficiency is arbitrari ly defined as the efficiency i n  converting energy income 

into further energy income, i.e., as the oerformance index, these ambiguities can 

be avoided. Organisms are continually oitt ing the efficiency o f  their total l i f e  

processes against the properties of  their energy source or environment. The 

work outout, Z, is determined by the pro~er t ies  of  an inconstant environment. 

The solutions t o  the oroblem of survival appear t o  be many and are rarely 

enduring. 

The only ~ h y l a  t o  'survive', ironically, are those which change. In the long 

term, continued existence requires a constant reassessment and the synthesis of 

new solutions t o  the oroblem(s) of  orirnary homeostasis. This latter point has 

long been recognized in  the realm o f  human endeavour; as Machiavelli wrote in  

his survival rnanual for that rare soecies, 'Tne Prince' : 



"Yet  w e r e  h e  t o  a l t e r  h i s  c h a r a c t e r  acco rd ing  t o  t h e  t i m e s  a n d  
circumstances, For tune  would n o t  change." 

Concluding R e m a r k s  

An a t t e r n o t  h a s  been  m a d e  t o  assign a universal ,  q u a n t i t a t i v e  va lue  t o  

'fi tness' ;  f u r t h e r  it h a s  been  sugges t ed  t h a t  o n  t h e  bas is  of th i s  def in i t ion  of 

f i tness ,  evolu t ionary  Dhenocnena c a n  b e  p red i c t ed  using thermodynamic 

a rgumen t s .  I n t e rp re t i ng  th i s  'value' v i s  a v is  t h e  r e a l  world in t e r m s  of 

physiology o r  behaviour  remains.  P a r t i c u l a r  ' so lu t ion i  to t h e  problem of survival  

c a n n o t  b e  e x t r a c t e d  f r o m  t h e  t y p e  of ana lys is  which h a s  been  m a d e  here .  

The  d e v e l o p m e n t  of a q u a n t i t a t i v e  evolut ionary theo ry  in biology i s  a n  

a d v a n c e  which i s  be ing  a n t i c i o a t e d  in many o t h e r  disciplines. Thorson (1970) 

pe rce ives  a n  u n ~ a r a l l e l e d  bene f i t  t o  t h e  so-called ' sof t  sciences' .  

". . . t a k i n g  t i m e  a n d  evolu t ion  ser iously c a n  o p e n  t h e  d o o r  to a 
genu ine  s c i e n c e  of soc ie ty ,  o n e  which i s  c a o a b l e  of grasp ing  
t h e  whole  Ohenomenon of man.  This i s  s c i e n c e  n o t  b e c a u s e  o f  
w h a t  i t  c a n  b e  m a d e  t o  look l ike by t h e  c l e v e r  mimic ,  b u t  
because  i t  i s  f undamen ta l ly  c o m p a t i b l e  w i th  - i ndeed  a n a t u r a l  
a n d  logical  ex t ens ion  of  - biology, chemis t ry ,  and  ohysics." 





DIOCHE MICA L E NE IiGE TICS 

T h e  s y s t e m  p o t e n t i a l ,  C , a s  d e f i n e d  in  e q u a t i o n  (A-l  I )  r e w e s e n t s  t h e  

t o t a l  i n t e r n a l  p o t e n t i a l  e n e r g y  f o r  a n y  s y s t e m  in  which  work i s  e x t r a c t e d  f r o m  a 

s o u r c e  of p o t e n t i a l  e n e r g y ,  Xo, with  a n  e f f i c i e n c y  Po. ( T h a t  is, 6 i s  t h e  

e n e r g y  which  would b e  r e l e a s e d  if t h e  s y s t e r n  m a d e  a s t a t e  t rans i t ion  f rorn a n  

0DWat ing  e f f i c i e n c y  of  /u t o  a n  o w r a t i n g  e f f i c i e n c y  e q u a l  t o  one) .  The 
0 

c h a n g e  in  C f o r  t h e  t r a n s i t i o n  of a s y s t e m  f r o m  s t a t e  P t o  s t a t e  P will  a 

t h e n  be: 

If P b  > '1 t h e n  6V will  b e  n e g a t i v e ,  implying t h a t  t h e  s y s t e m  a 

p o t e n t i a l  f o r  t h e  p r o c e s s  ( sys te rn)  h a s  b e e n  r e d u c e d  by  t h e  c h a n g e  of s t a t e .  This  

a m o u n t s  t o  a r e d u c t i o n  in t h e  n e t  i n t e r n a l  p o t e n t i a l  e n e r g y  of  t h e  c o m p o n e n t s  o f  

t h e  'engine'  o r  p r o c e s s  If t h i s  i s  s o  a n d  i f  r e w e s e n t s  t h e  f r e e  e n e r g y  o f  

t h e  c o m p o n e n t s  in  a s t a t e  pO, then: 

4Jo= H -  T S 
0 

(0- 2) 

H = e n t h a l p y  S = e n t r o p y  

which  is t h e  s t a n d a r d  d e f i n i t i o n  o f  t h e  ' ava i lab i l i ty  func t ion '  fo r  a n  o p e n  s y s t e m  

(c.f. C i e d t  1971). Not ing  t h a t  t h e  s y s t e m  c a n  b e  i n  equ i l ib r ium a t  '1 = I 

w i t h $  = 0, i t  fol lows t h a t  f o r  c o n s t a n t  t e m p e r a t u r e  a n d  pressure  c o n d i t i o n s  ( a s  i s  
0 

c o n v e n t i o n a l  in b i o d i e m i c a l  r e a c t i o n s ) :  C o  ZAG = t h e  Cibbs  f r e e  e n e r g y  

a n d  t h e r e f  o r e :  

A C  = Xo ( I -  I '  1. 
0 
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It appears t o  be possible t o  define the Gibbs free energy for an open 

system i n  terms of the efficiency of that system. But what is the meaning o f  

efficiency with respect t o  a simple chemical reaction? 

Consider the reaction system : 

A* G: = -1  0 kcal/mole 

The transition o f  molecules from A to B w i l l  release an amount o f  energy 

G: plus the entroDy of dilution result in^ from the removal of  A from the 

system. If the work input t o  the system ( W i l  i s  defined as al l  of  those events 

or. processes which decrease the chemical potential of  the system, and the work 

Outout, W k o n ~ r u e n t  w i t h  the previous usage of  this term), is defined as 
0 

those events which increase the chemical potential, then: 

where SA is the entropy of  dilution for A. If the work output o f  the system, 

W wi l l  be the entrooy change for corn~ound 8 resulting from the addition of  
0' 

new members t o  8, then 

Rewriting (8-3) and recognizing that, for this case, the applied potential, X 
0' 

w i l l  be w o ~ o r t i o n a l  t o  W .  since Wi has been defined above as the potential 
I 

energy release per mole, it can be concluded that: 

and using ( 8 - 4 )  and (6-5): 

0 AG = W . - W  - GA + TO(SA + S H )  
1 0  

(E3-7) 

which is the familiar expression for the free energy change o f  a chemical 

reaction. I f  the state of the systern is such that the efficiency 11 = 1 then by 
0 

definition, W = W.  
0 1 



and theref o r e :  

which i s  t h e  usual condi t ion  f o r  chemica l  equilibrium. 

The  ef f ic iency  o f  t h e  r eac t ion  sys t em c a n  b e  wr i t t en  a s  

Thus c h e m i c a l  equil ibrium c a n  b e  i n t e r ~ r e t e d  a s  a n  e n e r g y  convers ion  process  

funct ioning reversibly wi th  uni ty  e f f ic iency .  Although t h e r e  m a y  b e  a cont inuous  

e x d a n g e  of  ene rgy  i n  t h e  sys t em,  t h e r e  i s  n o  n e t  obse rvab le  c h a n g e  in t h e  

system. 

N o t e  t h a t  t h e  def in i t ions  above  f o r  W i  and Wo a r e  d e w n d e n t  u[Km 

t h e  d i rec t ion  of t h e  process. If W were  t o  e x c e e d  Wi t h e  e f f i c i ency  in 
0 

equat ion  ( 5 6 )  would h a v e  a va lue  p 0  > 1 which in th i s  case would h a v e  t o  b e  

i n t e r p r e t e d  as a n  indica t ion  t h a t  t h e  spontaneous  d i r ec t ion  -for t h e  process  w a s  

oocmsite t o  t h e  polar i ty  c h o s e n  f o r  t h e  def in i t ions  of W and  W.. 
0 I 

I t  might  b e  a r g u e d  t h a t  Wo a n d  Wi h a v e  been  a r b i t r a r i l y  de f ined  in  

o r d e r  t o  ob ta in  th i s  pa r t i cu l a r  resul t .  I will a t t e m p t  to  d e m o n s t r a t e  t h a t  t h e s e  

def in i t ions  are q u i t e  universa l  by  looking a t  a m o r e  complex  e x a m p l e  in which 

t h e  def in i t ions  should m a k e  m o r e  in tu i t ive  sense.  

Consider  t w o  reac t ions :  

A + O GO A = -10 kca l /mole  

X =Y GO = 5 k c a l l m o l e  

which a r e  coupled  in  a n  ove ra l l  reac t ion .  

A + X e B + Y  



65 
By the wevious conventions, gathering a l l  events which increase the 

enVoDy of the system as W.  and a l l  events which decrease en t ro~y  as Wo: 
1 

Wi = c, O + T (SA + SX) 
0 

(5 10) 

W = -c 
0 X O - TotsB + Sy) ( 0 - 1  1) 

Therefore: 

AC = I C A  o + GX + To (SA + S + S ,  + Sx) 
Y 

which under standard conditions reduces to  

0 0 AG = (GA + GX ) = -5 kcal/mole 

The efficiency, on the other hand, wil l  be expressed by 

I posed the questior'i a few pages back as to the meaning o f  efficiency with 

respect t o  a chemical reaction system. In expressions (€3-12) or (B-9) i t  becomes 

e-vident that the efficiency term ref leck the relative energetic state of a 

reaction system. Efficiency is, i n  this case, an intensive state parameter (as 

opmsed t o  A C or * which are extensive parameters) which is related not only to  

the standard free energy of the components and t o  their relative concentrations 

but also t o  the absolute concenpations In the case above, i f  the substances 

involved are 'pure', the entropy terms i n  equation (8- 12) will be small and the 

'efficiency' of  the reaction wi l l  approach the ratio G ~ / - G $  On the 

other hand i f  the substances are greatly diluted the entropy terms w i l l  dominate 

expression (B-12) and the 'efficiency' of  the reaction wi l l  approach unity even 

though the Gibbs free energy may remain a t  some finite value. This makes 

intuitive sense since a t  great dilution the effective potential energy of the 

system w i l l  approach zero despite the f inite potential indicated by A G. The 

efficiency term as an intensive state parameter i n  this instance indicates that 

the system is close t o  an equilibrium state even though the extensive state 

parameter, A G, may indicate a general disequilibrium. 



A PPE N DIX C 



INFORMATION 

T h e  weced ing  discussions make  only a single oblique re fe rence  t o  

information theory. Yet i t  i s  f a i r  t o  say  t h a t  t h e  conceptual  developments in 

information theory have  had a considerable influence on  t h e  ideas put for th  here. 

Analytical techniques f o r  t h e  t r ea tment  of information transmission 

sys tems  were  developed during t h e  1941)s princiwlly by C E .  Shannon, whose 

analyt ical  f o r m s  (Shannon and  Weaver, 1964) were  ident ical  t o  t h e  t r e a t m e n t s  

develooed ea r l i e r  in t h e  century fo r  t h e  t r e a t m e n t  of thermodynamics in t h e  

f ield of s t a t i s t i ca l  mechanics. This tantalizing congruence of fo rm h a s  

reinforced t h e  idea  t h a t  t h e r e  must  be  some d i r e c t  relat ionship between 

information and  energy. (The idea d a t e s  a t  l eas t  as f a r  back as Maxwell's 

notorious demon who, with t h e  a i d  of information, was  a b l e  to reduce t h e  

entropy of a system.) 

L. Ga tlin h a s  been prominent among theoret ic ians  who h a v e  a t t e m p t e d  t o  

apply information theory concep t s  d i rect ly  t o  biological sys tems  (on t h e  t a c i t  

assumption t h a t  t h e  energy-information relationship does  exist). Gat l in  (1972) 

h a s  e laborated s o m e  interes t ing ahd potentially useful  ideas  such as 'second 

theorem selection' which r e l a t e  to  t h e  efficiency of information coding 

mechanisms. However, t h e  question of 'meaning' eluded Gatlin; without a 

methodology f o r  evaluat ing t h e  'effect '  o r  'value' of informaton, i t  i s  n o t  possible 

t o  assign i t  a n  energe t i c  equivalent. 

Weaver (Shannon and  Weaver, 1964) suggested t h a t  communication 

problems could b e  considered on t h r e e  l e v e l s  

Level A How accura te ly  c a n  t h e  symbols of communication be  

t r ansmi t t ed?  



Level  8 How orec i se ly  do t h e  t r ans rn i t t ed  symbols  convey  t h e  des i r ed  

meaning? 

Leve l  C How e f f e c t i v e l y  d o e s  t h e  r ece ived  meaning  a f f e c t  c o n d u c t  in  

t h e  des i r ed  way? 

Weaver f u r t h e r  c o n t e n d e d  t h a t  a l though informat ion  theory ( a s  developed 

by Shawnnon et a l l  os tens ib ly  only  d e a l s  w i t h  Level  A, t h e  t echn ica l  problem, i t  

m a y  h a v e  i m ~ l i c a t i o n s  f o r  L e v e l s  0 a n d  C ;  i-e., meaning  and e f f ec t .  

The  ques t ion  o f  mean ing  or e f f e c t  in  i n fo rma t ion  theo ry  i s  identical ly t h e  

ques t ions  o f  a physical 'value sys tem'  as d iscussed  in t h e  in t roductory  c h a ~ t e r  o f  

t h i s  thesis.  A t  t h e  o u t s e t  of t h i s  inves t iga t ion  in  1976, i t  d id  n o t  a p p e a r  t h a t  a n y  

d i r e c t  answers  w e r e  ava i l ab le  in  inf o rma t ion  theo ry  and a d e l i b e r a t e  dec is ion  

was t a k e n  t o  proceed wi th  a b ioene rge t i c  ana lys is  of t h e  problem. 

However, s i n c e  t h e  t h e s i s  proposes  a n  answer  t o  t h e  problem o f  'value', 

the r e a d e r  migh t  wel l  a s k  w h e t h e r  t h a t  s a m e  answer  i s  pe r t i nen t  to  t h e  ques t ion  

o f  'meaning' a n d  'effect '  in i n fo rma t ion  theory?  T h e  answer  a m e a r s  t o  b e  "Yes", 

a n d  I will  p resent  t h e  case as specu la t ion  f o r  t h o s e  r e a d e r s  w i th  a n  i n t e r e s t  i n  

i n fo rma t ion  theory.  

If t h e  phrase ' t h e  in fo rma t ion  c o n t e n t  of  a' i s  subs t i t u t ed  f o r  t h e  word 

's t ructure '  th roughout  Apendix A, t h e  va r ious  t h e o r e m s  a n d  co ro l l a r i e s  c o m e  o u t  

sugges t ing  t h a t  i n fo rma t ion  i s  a proper ty  o f  t h e  a r c h i t e c t u r e  of ope ra t ing  

eng ines  ( s teady state a u t o c a t a l y t i c  e n e r g y  processing systems).  The 'effect '  o f  

i n fo rma t ion  i s  t o  a l t e r  t h e  s t r u c t u r e  o r  a r c h i t e c t u r e  o f  t h e  eng ine  in  s o m e  way  

which a f f e c t s  the t h e r m o d y n a m i c  e f f i c i e n c y  of  t h e  engine.  The 'effect '  o r  'value' 
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o f  in fo rma t ion  c a n  t h e n  b e  d i r e c t l y  e q u a t e d  t o  t h e  c h a n g e  which it produces  in  

t h e  s y s t e m  potential ,  JI , of  t h e  engine. Thus, the 'value' o f  informat ion  to  a n y  

spec i f i ed  ' receiver '  (engine) c a n  b e  e x a c t l y  spec i f i ed  as a quan t i t y  of  ene rgy  6 4 ~  

r e l eased  by the rece ive r  as a n  e f f e c t  o f  the informat ion .  

It  i s  s a l i en t  t o  n o t e  t h a t  & $ c a n  a t t a i n  a n y  value. A message  may  h a v e  a 

pos i t ive  value,  no  va lue  o r  a n e g a t i v e  value. 

informat ion  6 $  > 0 

no  in fo rma t ion  SJ, = 0 

dis informat ion  6+ < 0 



A PPE N DIX D 



A POPULATION EQUATION 

In addi t ion  t o  i t s  a p ~ l i c a t i o n  t o  ques t ions  of fitness, i t  i s  possible t o  u s e  

equa t ion  (2-1) as a g e n e r a l i z e d  populat ion growth  equation.  The re  a r e  t w o  

pr imary  assumpt ions  imp l i c i t  i n  t h e  equa t ion  whi& a r e  more  in  t h e  n a t u r e  of 

s t a t e m e n t s  o f  biological  f a c t  r a t h e r  t h a n  idea l iza t ions  in t h e  n a m e  o f  ana ly t i ca l  

convenience:  

a. Organ i sms  m u s t  work  in  o r d e r  t o  c a p t u r e  food o r  energy.  

b. Organisms c o n v e r t  c a p t u r e d  food/energy i n t o  work wi th  s o m e  f i n i t e  

e f f i c i ency  (0 < p < I). 

T h e  f o r m  in  whi& t h e  equa t ion  i s  used in  t h e  following discussion d o e s  

a s s u m e  f o r  'analyt ical  convenience '  tha t :  t h e  a g e  s t r u c t u r e  o f  the populat ions i s  

invar ian t ,  a n d  t h a t  t h e  n e t  immigra t ion/emigra t ion  i s  zero. Ne i the r  of t h e s e  

assumptions,  however ,  i s  imp l i c i t  t o  t h e  fundamen ta l  s t r u c t u r e  of  t h e  equat ion;  

a p p r o p r i a t e  t e r m s  cou ld  h a v e  b e e n  in se r t ed  to  a c c o u n t  f o r  such e f f e c t s  w i thou t  

a l t e r ing  t h e  b a s i c  s t ruc tu re .  

Weigert (1974) h a s  n o t e d  t h a t  l og i s t i c  growth  equa t ions  s u f f e r  f r o m  t w o  

d e f i c i e n c i e s  

1. t h e  m a x i m u m  s p e c i f i c  r a t e  of  i nc rease  i s  ach ieved  only  a t  zero 

populat ion dens i ty ;  and 

2. t h e  c a r r y i n g  c a o a c i t y  (K) d o e s  n o t  i nco rpora t e  t h e  e f f e c t s  of  both  

r e n e w a b l e  a n d  non-renewable  resources.  

T h e  ana lys i s  to  b e  p r e s e n t e d  avo ids  t h e  f i r s t  def ic iency  a l t o g e t h e r  and  i s  

f o r m u l a t e d  i n  s u c h  a way  t h a t  a n y  renewabIe/non-renewable r e s o u r c e  s i t ua t ion  

m a y  be readi ly  a c c o m m o d a t e d .  Biomass inc rease  r a t e s  a r e  d e t e r m i n e d  by 

feeding;  r e w o d u c t i v e  k ine t i c s ,  in  r e l a t ion  to  re source  density. Ihe ca r ry ing  
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c a ~ a c i t y  o f  t h e  s y s t e m  a t  a n y  t i m e  d o e s  n o t  deoend  uPon s o m e  p rede te rmined  

f a c t o r  b u t  i s  t h e  resu l t  of a d y n a m i c  b a l a n c e  b e t w e e n  c u r r e n t  r e s o u r c e  

avai lab i l i ty  a n d  t h e  in s t an taneous  r e q u i r e m e n t s  o f  t h e  powla t ion .  

Although equa t ion  (2-1) d i f f e r s  only  s l ight ly  f r o m  o t h e r  populat ion 

e q u a t i o n s  in f o r m ,  i t  is fundamen ta l ly  d i f f e r e n t  in  t h a t  i t  r ep re sen t s  a n  in t eg ra l  

t he rmodynamic  analys is  r a t h e r  t h a n  a n  a d m i x t u r e  o f  a r b i t r a r y  equa t ions  a n d  

e n e r g y  f low t e r m s  such a s  t h e  ana lys is  p re sen ted  by Timin  and  Col l ie r  (1970). 

Equat ion  (2-1) c a n  b e  set in  the s t a n d a r d  f o r m a t  of a g rowth  equation: 

Although equa t ion  ( G I )  provides a co rno le t e  a c c o u n t  of  t h e  ene rgy  f lows  

through a n  organism,  species,  o r  e c o s y s t e m  (neglec t ing  immigration/emigration), 

i n  t h e  f o r m  given  i t  is mu& too g e n e r a l  t o  b e  o f  p rac t i ca l  value.' I t  i s  possible to 

e x p a n d  t h e  equa t ion  by subs t i t u t ing  pa r t i cu l a r  va lues  f o r  e a c h  o f  t h e  var iab les  i n  

o r d e r  to appropr i a t e ly  'fit' t h e  e q u a t i o n  to t h e   articular s p e c i e s  o r  t y w  o f  

o r g a n i c  s y s t e m  unde r  a t t en t ion .  The fol lowing expans ion  h a s  b e e n  m a d e  f o r  a 

popula t ion  wi th  a con t inuous  a g e  s t r u c t u r e  which f e e d s  o n  molecu la r  n u t r i e n t s  

(e.g., b a c t e r i a  f e e d i n g  o n  h y ~ o t o n i c  glucose). 



n i s  ensuing  analys is  appl ies  to  a ~ o p u l a t i o n  f e e d i n g  o n  molecu la r  

n u t r i e n t s  and  i s  e x w e s s e d  as a r a t e  per  individual of  t h e  pooulation. 

QI  Energy  Ingest ion R a t e  

The  r a t e  of  e n e r g y  i n t a k e  c a n  b e  expressed  a s  

6,  = i.c ( 0 - 2 )  

w h e r e  F r e f e r s  to a f low o f  food pa r t i c l e s  (molesfsecond) a n d  C to  t h e  e n e r g y  

c o n t e n t  o f  t h e   articles ka lo r i e /mole ) .  However, t h e  f low o f  food,  F, m u s t  b e  

dependen t  o n  t h e  f e e d i n g  behaviour-of  t h e  organisms in ques t ion .  Is t h e  f e e d i n g  

rate d e w n d e n t  on food concen t r a t ion?  Is i t  sa turable?  

Figure  D-I i l l u s t r a t e s  t w o  possible t y p e s  of  f e e d i n g  kinet ic .  T h e  

Lotka-Vol ter ra  l i nea r  feeding  k i n e t i c  is unrea l i s t i c  f o r  any organism; t h e r e  m u s t  

b e  s o m e  l i m i t  to a n  organism's ingest ion c a p a c i t y  r ega rd le s s  o f  f o o d  avai lab i l i ty  

k . f .  Bazin  et al., 1974). T h e  "Monod" t y p e  s a t u r a t i o n  k i n e t i c  s e e m s  a p p r o p r i a t e  

f o r  t h i s  case s i n c e  molecu la r  ingest ion i s  o f t e n  e n z y m e  media ted .  





Thus : 

where fb = maximal individual ingestion r a t e  (moles/recond) 

= food par t ic le  concentra t ion (moles/litre) 

. 
= concentra t ion a t  which F i s  half maximal (moles/litre) 

Therefore (0-2) c a n  b e  rewr i t t en  a s  

Note  t h a t  th is  tym o f  feeding kinet ic  could b e  applied t o  plants as well 

as animals. In t h e  case of plants with adequa te  mineral  nutri t ion in full  sunlight, 

t h e  limiting nutr ient  i s  o f t e n  CO The  fixation of C02 i s  enzyme mediated 2' 

a n d  h a s  t h e  charac te r i s t i c  sa tu ra t ion  k ine t i c  of e n z y m a t i c  reactions. Whether o r  

n o t  C02 i s  t h e  source  o f  energy,  i t s  absorotion kinet ic  fai thfully r e f l e c t s  t h e  

a c t u a l  energy in take  by the plant  under these  conditions. This rate l imiting 

e f f e c t  i s  very general  and  may b e  applied t o  a wide range of organisms. 

o2 - Energy Egestion R a t e  

The  primary v e c t o r  f o r  chemica l  energy loss (as mass) f rom animals  will 

be through feces ,  whereas  t i s sue  losses will wedomina te  for  plants (although 

gu t ta t ion  and leaching m a y  be significant). Most animals  c a n  be  charac te r ized  

by a n  assimilation ratio,  P, which r e f l e c t s  t h e  eff ic iency of nutr ient  assimilation 



f r o m  ingested foods  (as opposed t o  R which includes tissue losses). Thus some 
0 

par t  of e2 will be  di rect ly  proportional t o  6,. 

Biomass loss f rom a p o ~ u l a t i o n  is  a lso  part o f  Q s ince  t issue losses 
2 

include t h e  losses of whole organisms from t h e  population through dea ths  a s  well 

as sloughing of tissue, hair, etc. If s i s  defined a s  t h e  biomass loss r a t e  in 

calor ies  per  individual, then: 

Z - Foraging Work : 

As ~ r e v i o u s l y  discussed, t h e  primary t ask  of foraging organism i s  t o  loca te  

food part icles in t h e  e n v i r o n ~ e n t  and  t o  a l t e r  t h e  distribution of these  part icles 

by consuming them. A measure  of t h e  work accomplished c a n  be  computed f rom 

t h e  change  in t h e  distr ibution of food par t ic les  in t h e  environment. The Gibbs 

f ree-energy change  result ing f r o m  t h e  rearrangement  f rom s o m e  init ial  

environmental  nu t r i en t  molecule  concentra t ion (Ce) t o  s o m e  final  organismic 

concen t ra t ion  (C 1, where R i s  t h e  molar g a s  cons tan t  and T is t h e  
0 

t e m p e r a t u r e  in degrees  Kelvin, will be:  

S ince  t h e  f inal  concentra t ion (Co) may b e  considered as more  o r  less  

constant ,  and  utilizing equat ion (2-4b), i c a n  be  defined as: 

where  k i s  a constant .  N o t e  t h a t  A C  could a l so  have  been computed from t h e  



e n t r o p y  o f  d i lu t ion  for  t h e  f o o d  par t ic le ,  t h u s  avoiding a n y  ques t ionab le  

a s sumpt ions  a b o u t  t h e  f ina l  c o n c e n t r a t i o n  [C 1. 
0 

It i s  now possible t o  rnerge  e q u a t i o n s  (0-41, (0-61, a n d  (0-8) to  provide a n  

expanded vers ion  o f  equa t ion  (0 -1  : 

(D-9) 

It  will b e  n o t e d  t h a t  Q~ i s  n o t  d i r ec t ly  equiva lent  t o  t h e  populat ion 

growth.  This  i s  b e c a u s e  Q~ r e p r e s e n t s  t h e  in s t an taneous  ga in  o r  l o s s  of 

h iomass  which will  show u p  as a p e r  c a p i t a  change  in t h e  s t and ing  m a s s  o f  the 

p o ~ u l a t i o n  b u t  m a y  n o t  co r re spond  d i r e c t l y  t o  a c h a n g e  in populat ion numbers. It  

i s  a m o r e  f lex ib le  m e a s u r e  t h a n  ( 1/N ) ( d N / d t )  in t h a t  i t  d i r ec t ly  r e f l e c t s  bo th  

c a t a b o l i c  a n d  anabo l i c  p rocesses  at a populat ion level. 

If i t  i s  a s s u m e d  t h a t  t h e  m e a n  we igh t  of  t h e  individuals i n  a populat ion i s  

r e g u l a t e d  a b o u t  s o m e  v a l u e  (m). t h e n  ~ ~ / r n  c a n  b e  assumed to  b e  equ iva len t  to  

( 1/N ) ( d N / d t  ). In m a n y  cases, dT c a n  b e  a m o r e  a c c u r a t e  r e p r e s e n t a t i o n  o f  

t h e  state o f  a populat ion s ince ,  f o r  many  organisms w i t h  d iscont inuous  

r ep roduc t ive  pa t te rns ,  t i s s u e  i s  a c c u m u l a t e d  as a n  e n e r g y  r e s o u r c e  which is 

i n t e r m i t t e n t l y  c o n v e r t e d  i n t o  progeny. lhus d N / d t  m u s t  b e  based  o n  

discontinuous p rocesses  ( e spec ia l ly  i n  t h e  case of  s easona l  breeding  pa t te rns) ,  

w h e r e a s  QT i s  a m o r e  con t inuous  r e f l ec t ion  o f  t h e  state o f  t h e  p o ~ u k t i o n .  

A s  ment ioned  previously. Q T  c a n  b e  negative;  t h a t  is, i t  c a n  r e f l e c t  t h e  

n e t  c a t a b o l i c  processes  which  will  o c c u r  when r e sources  a r e  i n su f f i c i en t  to m e t  

t h e  e n e r g y  n e e d s  o f  t h e  population. A nega t ive  QT would r e f l e c t  t h e  



conversion of t issue t o  energy and  a n e t  reduction in the  biomass of t h e  

population. 

When 0,- = 0. t h e  population biomass will b e  a t  a s teady s t a t e  where 

t issue losses (s) will b e  exact ly  compensated.  (This t y p e  o f  continuous function i s  

n o t  as easily applied t o  ~ o ~ u l a t i o n s  which experience sudden variat ions in a g e  

s t ruc tu re  and biomass; Le.. spawning s a l m o n )  

R e w o d w  t ive  C a ~ a c i t v  

Nowhere in these  equat ions  h a s  t h e  reproductive capac i ty  of t h e  

p o ~ u l a t i o n  been re fe r red  t o  directly; i t  is a n  integral  part  of t h e  feeding kinetic. 

As Schoener (1973) h a s  pointed o u t ,  animals shouId res t r i c t  thei r  feeding 

behaviour in accordance with reproduct ive  c a ~ a c i t y .  The maximal value which 

QT c a n  a t t a in  ( t h a t  is. t h e  maximal  r a t e  of increase  o f t h e  powlat ion biomass 

per  capita)  i s  determined by Tb. t h e  sa tura t ion feeding rate. (See equation 

D-3.1 This arrangement  c o r r e c t s  f o r  t h e  f i r s t  of Weigert's l is ted deficiencies in 

t h a t  t h e  maximum int r ins ic  rate of increase  will b e  determined by t h e  

reproductive capac i ty  and  by t h e  abundance of resources r a t h e r  than by s o m e  

arbi t rary  measure  o f  population density. 

Another implication o f  t h e  present  analysis concerns  t h e  concep t  o f  

carrying capac i ty  which is used in many population equations, ?his i s  a n  

unnecessary concep t  with r e s p e c t  t o  equat ion 0-9. A population l imit  will b e  

achieved when t h e  availabil i ty (concentration) of renewable and  non-renewable 

resources  is  such t h a t  energy requirements  of t h e  ~ o ~ u l a t i o n  a r e  just met; i.e.. 

when Uo = E 
R 

This will b e  a dynamic  balance and will no t  lead t o  t h e  

properties of a fixed p a r a m e t e r  such a s  carrying capacity. 



Resources 
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previous discussion o f  foraging work, Z, was limited to a single, 

presumably renewable, resource. Some fu r the r  a t t en t ion  should be given to I. 

The growth r a t e  of a n  organism should b e  proportional t o  food i n t a k e  

minus  various c o s t s  QT = f (Q, - basaI metabolism, foraging, reproduction, 

defence,  etc.) In equation (D-9). a l l  of these  c o s t s  were  represented by Z/AM 

which, although i t  may be  a n  a c c u r a t e  rewesen ta t ion  of t h e  n e t  behaviour o f  a 

population over  t ime,  does  no t  represent  individual c i rcumstant ia l  behaviour. 

The  t e r m  Z/AM c a n  b e  broken u p  in to  several  f a c t o r s  Some of t h e s e  c o s t  

f a c t o r s  may b e  invariant and others ,  such as foraging, may b e  resource 

dependent. Thus: 

i -- 3 (constant costs)  + (variable costs)  
AM 

NOTE: Constant  c o s t s  such as basal  metabo l ic  r a t e  and  var iable  c o s t s  

(which are independent of feeding ac t iv i ty )  will appear  in equation ( 0 - 9 )  outside 

of t h e  b racke t s  along with t h e  t e r m  i .  

Assume t h a t  Wni  is t h e  c o s t  o f  collecting resource  i .  Ai i s  t h e  

adap ta t ion  of t h e  organism t o  t h a t  function, and  F. i s  t h e  ingestion o r  turnover 
I 

rate of t h a t  resource. Then: 

where  W: will r e f l e c t  t h e  c o s t  c h a r a c t e r i s t i c  f o r  t h a t  resource. W; 

might  b e  determined as in equat ion (D-7) by the resource  density. (i.e, 

AG = -RT In [C,] + k). 
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The cost of  obtaining a given resource, i, is wesented above as a 

characteristic o f  that resource concentration. Population densities (space 

limitations) might interfere w i t h  some resource related activities for some 

organisms and for others they might not be significant. Some careful 

consideration i s  necessary i n  the analysis of each case. 

For example, for a given group of plants, i f  nitrogen i s  the limiting 

resource, these plants may be i n  direct competition for the available nitrates. 

But the cost of accumulating a given quantity of nitrate wi l l  depend only on i t s  

concentration i n  the soil. The wesence or absence of competing plants i n  

determining that concentration is irrelevant unless there is actual physical 

interference between the plants 

In the f irst instance : 

In the second case, physical interference between plants may be realized 

as a reduction in All the adaptation of the plant t o  the particular task. 

Therefore: 

where Ax is some function of A the optimal adaptation. A may be i *  x 

sensitive to  population density or crowding, but the particular characteristics of 

the function wi l l  be entirely s~ecies dependent. 

Although some determining function for Ax can easily be written into 

an analysis, it must be arbitrarily matched t o  the observed characteristics of the 

species being modelled. 
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Applications: Resource Lirnited Situations - 

Two simple applications of the preceding analysis w i l l  be demonstrated in 

the ensuing paragraphs. €a& example has been based on equation (D-9) 

representing the circumstances of  a small organism with a continuous population 

structure, feeding on a molecular nutrient continuously and uniformly perfused 

into the environment a t  some predetermined rate (a typical chemostat 

situation). Both examples were programmed on a digital computer as a 

continuous i terat ion process i n  which the growth equation was solved a t  constant 

intervals using the biomass and resource levels which had been established a t  the 

end o f  the previous interval. The operator was able t o  perturb the situation by 

altering the population level, the resource renewal rate, etc. 

a. Response o f  a homogenous population t o  fluctuations i n  tf?e availability o f  a 

single l imit ing renewable resource. 

Figure (0-2) illustrates the wpulation biomass response t o  abrupt changes 

i n  the availability o f  a single renewable resource. Response was computed by a 

continuous i terat ive integration o f  QT and i t s  ef fect  on the population biomass 

and the resource concentration. 



TIME 

F i g u r e  0 - 2  T h e  r e sponse  o f  populat ion biomass to a b r u p t  c h a n g e s  i s  t h e  
ava i lab i l i ty  o f  a s ing le  r e n e w a b l e  resource.  The  ~ o p u l a t i o n  w a s  
model led  using e q u a t i o n  .(D-9). T h e  response  w a s  c o m p u t e d  by 
i t e r a t i v e  i n t e g r a t i o n  o f  QT f lows  as they  a f f e c t e d  t h e  r e s o u r c e  
b a s e  a n d  t h e  popula t ion  biomass. Oblique a r r o w s  i n d i c a t e  t h e  po in t s  
a t  which t h e  r e s o u r c e  b a s e  w a s  ab rup t ly  a l t e r e d  by  t h e  ope ra to r .  
The  program a l g o r i t h m  w a s  s imi l a r  t o  that shown in  Figure A-1 
e x c e p t  t h a t  t h e r e  w a s  only  o n e  s p e c i e s  and  no  mutat ion.  



TYPE I 

TYPE II 

L r 

TIME 
F i ~ u r e  0-3  Population growth curves for  t w o  simulated species grown in 

s e w r a t e  c u l t u r e s  The curves were determined by a computer 
integration of equation (D-9) in which all species characteristics but 
the adaotation coeff ic ient  were identical. 

For Type I, A = 0.1612;for Type 11, A = 0.1610. 



In t h i s  case, t h e  m a x i m a l  g rowth  r a t e s  w e r e  a h i e v e d  a t  t h e  in i t ia t ion  of a 

~ e ~ t u r b a t i o n ,  the growth  c u r v e s  approached  the i r  l imi t ing  va lue  smoothly.  These 

c u r v e s  a r e  t yp ica l  of  l og i s t i c  solutions. T h e  p e r f o r m a n c e  index U f o r  t h e  
0 

spec ie s  w a s  invar ian t  in t h i s  example .  

b. In terspec i f ic  R e s o u r c e  C o m p e t i t i o n  

Again, using equa t ion  (0-91, t w o  s e w r a t e  ~ o ~ u l a t i o n s  w e r e  ' t u n e d  t o  show 

the  growth  response  d e p i c t e d  by t h e  c u r v e s  in  F igure  0-2 when grown 

sepa ra t e ly .  When t h e  t w o  s imula t ed  populat ion t y p e s  w e r e  in i t i a t ed  in a mixed  

c u l t u r e ,  c o m p e t i n g  f o r  t h e  s a m e  r enewab le  r e source  (accomplished by 

s imul t aneous  i t e r a t i v e  in tegra t ion) ,  o n e  of  t h e  groups soon fai led.  (See 

F igu re  0-4.) 

These  s imu la t ions  a p p e a r  t o  cor respond c lose ly  t o  Gause's (1934) 

c o m p e t i t i o n  e x p e r i m e n t s  w i th  Pa ramec ium,  P. Cauda ta ,  a n d  P. Aurelia. (See  

i n s e t  in  F igu re  D-4.) 

Because  e q u a t i o n  (0-1) is based  o n  c h a r a c t e r i s t i c s  which a r e  c o m m o n  to  

a l l  b iosys tems (e.g., e n e r g y  f lows)  i t  i s  eas i ly  a d a p t e d  t o  a I a r g e  v a r i e t y  o f  

s i tuat ions.  As a ~ o p u l a t i o n  equat ion ,  i t  may n o t  h a v e  a n y  g e n e r a l  a d v a n t a g e  o v e r  

a n y  o n e  of  t h e  e q u a t i o n s  c u r r e n t l y  in  use;  however ,  b e c a u s e  o f  i t s  t he rmodynamic  

co r re l a t e s ,  i t  m a y  o f f e r  a d v a n t a g e s  w h e r e  t h e  ana lys t  is par t icu lar ly  c o n c e r n e d  

wi th  e n e r g y  budgets .  



Mired culture 

DAYS 

Growth of populations o l  Paramecium caudatum 
and P. aurelia. cultivaled separately and in mixed populations 
[from Gause 1934). 

TIME 

Figure D-4 The computed growth curves for the species Types I and I1 (as 
modelled i n  Figure 0-3),  when simulated growth was init iated i n  
mixed culture. The calculation was a simultaneous i terat ive 
integration of  the two  species models i n  competition fo r  single 
l imi t ing resource. The inset shows the experimental results as 
determined by Cause (1934). 
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