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P r e f a c e  

T h i s  r e p o r t  a d d r e s s e s  some problems o f  b i o l o g i c a l  a s p e c t s  

i n  mode l l ing  o f  a q u a t i c  ecosys tems.  The model r e p r e s e n t a t i o n  

of s e l e c t e d  e c o l o g i c a l  p r o c e s s e s  i n  t h e  a q u a t i c  envi ronment  i s  

d i s c u s s e d  w i t h  emphasis  on b i o l o g i c a l  complex i ty  and an 

a p p r o p r i a t e  r e p r e s e n t a t i o n  on a  h o l i s t i c  l e v e l ,  which means 

under  c o n s i d e r a t i o n s  o f  lumped and h i g h l y  a g g r e g a t e d  v a r i a b l e s  

and f e a t u r e s  on a  h i g h  l e v e l  o f  a b s t r a c t i o n .  The i n c l u s i o n  

o f  a d a p t a t i o n  a s  a  b a s i c  b i o l o g i c a l  c o n t r o l  mechanism i n  t h e  

r e p r e s e n t a t i o n  o f  b i o l o g i c a l  p r o c e s s e s  w i t h i n  t h e  frame o f  

ecosys tem models i s  advoca ted  and e x e m p l i f i e d  on  t h e  b a s i s  

o f  r e c e n t  l i t e r a t u r e  examples and t h e o r e t i c a l  c o n s i d e r a t i o n s .  

T h i s  r e p o r t  was p r e p a r e d  a s  a  c o n t r i b u t i o n  t o  IIASA1s 

Resources and Environment  Area Task 2 "Models f o r  Environmenta l  

Q u a l i t y  C o n t r o l  and Management" and i n  p a r t i c u l a r  t o  t h e  

s u b t a s k  on "Hydrophys ica l  and E c o l o g i c a l  Models f o r  Water 

Q u a l i t y " ;  w i t h i n  t h e  framework o f  t h e s e  r e s e a r c h  t a s k s ,  t h e  

proposed c o n c e p t s  and m o d e l l i n g  s t r a t e g i e s  s h o u l d  b e  

c r i t i c a l l y  i n v e s t i g a t e d  on t h e  b a s i s  o f  a c t u a l  f i e l d  d a t a  

and g iven  a p p l i c a t i o n  problems i n  o r d e r  t o  e s t i m a t e  t h e i r  

u s e  i n  t h e  development  and a p p l i c a t i o n  o f  w a t e r  q u a l i t y  

models .  





Abstract 

Based on some of the most recent contributions to the field 

of biological modelling within the frame of ecosystems analysis, 

some aspects of modelling eco-physiological processes in the 

aquatic environment are discussed. First, a few rather general 

comments are made on the predictive capabilities of complex eco- 

systems models, and the related need to use more realistic and 

causal descriptions for various complex biological processes. 

Following this, some ideas and formulations, guided by the above 

principles, are compiled and discussed. The use of more realistic 

representations of biological processes, including time-varying 

parameters, is advocated, and several approaches are compared. 

Key factors such as temperature, light or nutrients are considered 

with regard to the basic biological internal control mechanism 

of adaptation. The inclusion of adaptation phenomena in the 

representation of, for example, effects of temperature, light 

dependency of primary production, or nutrient uptake kinetics, 

is described on different levels of mechanistic detail and com- 

plexity, and as a holistic feature. This is also an attempt to 

reduce dimensionality in complex models by increasing the realism 

in the description of functionally heterogeneous lumped compart- 

ments and thus avoiding separate detailed descriptions of their 

major component elements. In addition to the adaptation in 

single-species populations, the problem of community adaptation 

in multi-species populations, represented in most ecosystem 

models by lumped variables and averaged parameters, is considered 

in relation to environmental fluctuations and environmental 

uncertainty. A concept of environmental tracking is proposed, 

represented by the relation of parameter values to their governing 

input variables and state variables, as a major adaptive strategy 

for biotic systems. 





Modelling Biological Processes in the Aquatic Environment 

INTRODUCTION 

Ecological systems are characterized by a large number of 

component elements and interrelations, by richness and variety. 

This complexity and diversity poses princi?le problems in a 

deterministic mathematical representation of such ecological 

systems. On the other hand ecological systems are also 

characterized by numerous self-organizing and -stabilizing 

mechanisms, which allow their persistence in a rather hostile - 
from a thermodynamic point of view - physical environment. 
These self-organizing capabilities are reflected in an often 

simple and easy to predict input response behaviour of 

ecological systems, at least within a specific range of 

input fluctuations. 

Mathematical nodels of ecological systems are mainly 

descriptive and basically empirical - especially when they 
are designed for practical applications in the analysis, 

control and management of the environment. Although there has 

been a rapidly progressing development in the field of 

mathematical modelling, the outcome of most ecosystem models 

is rarely satisfying: it is either trivial or quite 

unrealistic compared to real-world observations. Considering 

the structure of mathematical representations of biological 

processes within the frame of ecosystem models, we have to 

admit that these representations are mainly extrapolations 

of basic physical, chemical and physiological processes and 

their application to compartments which include a large 

variety of functionally dissimilar components. 

Without a doubt we need more realistic descriptions of 

the processes determining the behaviour of the compartments 

in ecosystem models if we want to obtain more reliable 

predictions, especially considering drastic changes in the 

input conditions. 



The traditional approach to any refinement of our models 

would be an increase in the level of detail: more variables, 

more parameters, splitting up of compartments into their 

component elements. However, such a reductionistic approach 

is not only illusive from the technical point of view-- 

considering data requirements and computer capacity--but 

also has to be questioned from a conceptual point of view. 

Describing and modelling ecological systems by using as 

many elements as possible is the same as describing the 

state of a volume of gas by attempting to solve Newtons's 

equations for all the component molecules. Not only would 

one have to know the initial state of all the component 

molecules, but it is also necessary to consider whether the 

information obtainable, at least in theory, is what we really 

want to know about the system. Generally we are looking for 

relevant macro-properties such as the temperature in the 

gas-example. However, ecological systems are much more complex 

than an ideal gas, and a basic lesson from systems science 

tells us that the systems behaviour is not simply the sum of 

the behaviours of the component elements. This requires the 

identification df appropriate holistic features of ecological 

systems for description and modelling. It is ill-conceived to 

attempt a description of a diverse community or trophic level-- 

the standard biological compartment in an ecosystem model-- 

in tcrms of the chemical or physiological properties of a 

single organism using the respective time-invariant parameters. 

Standard parameters used in ecological models such as maximum 

growth rates or uptake rates, half-saturation constants or any 

other rate constant for biological processes have, in fact, to 

be considered as time-varying, related to various state and 

input variables of a system. 

Reconsidering traditional constants in ecological models, 

one has to be aware that they are either derived from single- 

species physiological experiments under steady-state conditions, 

or if determined from in-situ experiments, averaged over a 
certain range of measurements. One of the basic mechanisms in 



the change of a compartment's properties, as described by such 

parameters, is the mechanism of adaptation of biotic compart- 

ments or systems to input variations. Within a certain range 

of input or state changes, adaptation will result in the 

stabilization and persistence of certain features of the 

compartment or the system as a whole. And one of the basic 

strategies of adaptational responses to input changes will 

be found in a stragegy of environmental tracking, in other 

words, in the continuous adjustment of certain properties 

according to the pattern of environmental changes in time 

and space. 

DESCRIPTION vs PREDICTION IN ECOSYSTEM MODELS 

Leaving aside the pragmatic arguments against increasing 

complexity in ecosystem models, there is little doubt that 

only realistic, that is causal, descriptions can lead to 

reliable predictions of the future state of a system under 

a broad range of changed input conditions. In contradiction 

to this argument, almost all formulations of biological 

processes used in mathematical ecosystem models are at best 

semi-empirical, i.e., descriptive, but with little or no 

explanatory value. As we know, there is little problem in 

representing almost any given set of data with some mathematical 

expression without any regard to causal relations and - 
consequently--predictive power. On the other hand, we know 

that there is a remarkable trend for highly complex non-linear 

systems --which ecological systems are--to exhibit some kind 

of simple input response behaviour on a macroscopic level. 

This can be observed for a specific range of input conditions, 

the range to which s system is adapted. As a rule, this 

feature of complex systems allows us to overcome the problem 

of a realistic and causal description by using the empirically 

derived input-output relations. This is in general attempted 

through the use of lumped variables and consequently averaged 

parameters in such empirical or semi-empirical formulations. 

The formulation may thus be dependent on the level of 



a v e r a g i n g  and lumping. Nihoul  (1975) g i v e s  an i n t e r e s t i n g  

example from Kel ly  (19'71) : t h e  o v e r a l l  b e h a v i o r  o f  a lumped 

s p e c i e s  component of  a sys tem may be q u i t e  d i f f e r e n t  from t h e  

r e s p o n s e  o f  i n d i v i z u a l  s p e c i e s  o f  organisms.  F i g - 1  shows t h e  

ra te  of  n u t r i e n t  u p t a k e  by a l g a e  as a f u n c t i o n  o f  t e m p e r a t u r e .  

Although t h e  r a te  o f  e a c h  s p e c i e s  i s  found t o  have  a d e f i n i t e  

t e m p e r a t u r e  optimum and l i m i t e d  r a n g e ,  t h e  t o t a l  r a t e  i n c r e a s e s  

e x p o n e n t i a l l y  w i t h i n  a much l a r g e r  t e m p e r a t u r e  r a n g e ,  

i n t e g r a t i n g  t h e  s u c c e s s i o n  p a t t e r n  o f  t h e  i n d i v i d u a l  s p e c i e s .  

temperature 

F i g u r e  1 .  R a t e  o f  n u t r i e n t  u p t a k e  as a f u n c t i o n  
o f  t e m p e r a t u r e  ( a f t e r  Kelly,  1976) . 

The argument of  s i m p l e ,  o f t e n  l i n e a r  i n p u t  r e s p o n s e  o f  

complex sys tems i s  o n l y  t r u e  - - a t  leas t  f o r  sys tems where 

b i o t i c  compartments p l a y  a major  r o l e ,  as  it i s  u s u a l l y  t h e  

c a s e  i n  ecosys tem models - - w i t h i n  a l i m i t e d ,  g e n e r a l l y  

unknown range  o f  i n p u t  v a r i a t i o n  (and t h u s  s t a te  s p a c e ) .  

With in  t h i s  r ange ,  a n  e m p i r i c a l  model may be  descriptive 

as w e l l  as p r e d i c t i v e .  O u t s i d e  t h e  e m p i r i c a l  r ange  o f  i n p u t  

f l u c t u a t i o n s ,  f o r  which t h e  p a r a m e t e r s  are e s t i m a t e d  and t h e  

model i s  c a l i b r a t e d ,  t h e  sys tem may w e l l  be  s u b j e c t  t o  

changes  n o t  o n l y  i n  t h e  pa ramete r  v a l u e s ,  b u t  a l s o  i n  i t s  

s t r u c t u r e ,  s o  t h a t  p r e d i c t i o n s  e x t r a p o l a t e d  from t h e  i n p u t  
.. . 

range  a r e  no  l o n g e r  r e l i a b l e .  However, t h i s  t y p e  of  

  re diction would be  most i m p o r t a n t  f o r  t h e  model a p p l i c a t i o n  

i n  c o n t r o l  and management problems.  



Do let me stress again that if any, only rational models -- 
following the terminology of Lucan (1964) as discussed in 
platt et al. (1377)--should be able to yield predictions 

outside the range of experimental or observational data. 

Rational in this context means: based on causal relations, 

highly structured, with a minimum of arbitrariness, and 

containing snly parameters which are reasonably interpretable 

in terms of the real world system. Highly structured does 

not necessarily mean reductionistic with a lot of detail on 

a micro scale, but refers rather to the network aspect of 

ecological systems. 

In this context it is worthwhile emphasizing the relation- 

ship of ecosystem models to experimental data and field 

observations. It is a rule of thumb--at least for 

models which are intended to quantitatively represent an 

ecological system--that a model cannot be better than its 

data basis. Such a statement might be questioned in the 

context of more qualitative models, which are primarily 

designed to allow insight into the structural and functional 

relations of a system rather than in quantities. However, a 

twofold argument is implied: as a straight-forward consequence, 

a certain quantity and quality of data have to be available for 

calibration and validation of a model for a given level of 

accuracy, which is a rather trivial statement. In any case, 

very little experimental data have been collected with an 

underlying systems approach up to now. Most ecological 

studies have concentrated on a few selected variables or 

parameters, rendering an analysis of the interactions of 

different groups of values in a system rather aifficult, as 

there are no synoptic data available. One can only plead for 

increased cooperation between the systems analysist or model 

builder and the field ecologist in this respect. On the 

other hand, as a consequence of the above claim for rational 

models, only magnitudes directly measurable in the system 

should be represented. Violating this rule will lead to 

identification problems. Advocating the use of holistic 



macro-proper t i e s  - - f o r  example, c o n s i d e r i n g  something such 

a s  t h e  c a r r y i n g  c a p a c i t y  o f  a  sys tem f o r  a  g iven  g r o u p - -  

might  t h e r e f o r e  l e a d  t o  some d i f f i c u l t i e s ,  s i n c e  t h e  

a p p r o p r i a t e  h o l i s t i c  p r o p e r t i e s  o r  macro v a r i a b l e s  a r e  i n  

many c a s e s  n o t  y e t  i d e n t i f i e d  i n  a  way which a l l o w s  t h e i r  

d i r e c t  measurement. I n  a d d i t i o n ,  one must keep i n  mind t h a t  

t h e  expe r imen t a l  d a t a  canno t  d e f i n i t e l y  p rove  o r  r u l e  o u t  

any t h e o r y  i n  a  model, i f  t h e  r e s p e c t j v e  p r o c e s s  i s  n o t  

adequa t e ly  fo rmula ted .  W e  have a l s o  t o  keep i n  mind t h a t  

many p a r a n e t e r s  i n  model r e p r e s e n t a t i o n s  a r e ,  i n  f a c t ,  

f u n c t i o n s  o f  t i m e  and may va ry  c o n s i d e r a b l y  d u r i n g  a  

s e r i e s  of  o b s e r v a t i o n s .  T h i s  v a r i a t i o n ,  of c o u r s e ,  r e s u l t s  

i n  a  " s c a t t e r i n g "  of  t h e  expe r imen t a l  d a t a .  Consequent ly ,  

i f  t h e  model r e p r e s e n t a t i o n  u s ing  t i m e - i n v a r i a n t  pa ramete r s  

does  n o t  accoun t  f o r  t h i s  v a r i a t i o n ,  v a r i o u s  c u r v e s  cou ld  

be  drawn th rough  t h e  same set  of  d a t a  w i th  e q u a l l y  good 

f i t s ,  r e n d e r i n g  t h e  t e s t  of v a l i d a t i o n  o f  a  model imposs ib le .  

When d i s c u s s i n g  t h e  p o t e n t i a l  q u a l i t y  o f  ecosys tem 

models and t h e  p r e d i c t i o n  l i m i t a t i o n s ,  one  h a s  t o  c o n s i d e r  t h e  

b a s i c  model l ing  s t r a t e g y  o f  lumping and averag ing  i n  r e l a t i o n  

t o  b a s i c  f e a t u r e s  o f  ecosys tems such a s  s p a t i a l  h e t e r o g e n e i t y ,  

f u n c t i o n a l  d i s s i m i l a r i t y  and d i v e r s i t y ,  and n o n - l i n e a r i t i e s .  

The e f f e c t  o f  c e r t a i n  t ime-varying i n p u t s  on b i o l o g i c a l  p r o c e s s e s ,  

f o r  example, i s  o f t e n  e s t i m a t e d  u s ing  an averaged c o n s t a n t  i n p u t  

v a l u e  f o r  a  g iven  t i m e  s t e p .  An example might  be t h e  u se  of  

a  square-wave f u n c t i o n  f o r  d i u r n a l  i r r a d i a n c e ,  where i r r a d i a n c e  

I i s  se t  e q u a l  t o  t h e  d a i l y  ave r age  I '  f o r  t h e  t o t a l  pho toper iod  

( D i  Toro e t  a l . ,  1971 ) .  T h i s  ave r ag ing  a l l ows  t h e  a n a l y t i c a l  

s o l u t i o n  of  t h e  depth- t ime i n t e g r a l  o f  t h e  S t ee l e - equa t i on  

(see p. 29.) . K r e m e r  and Nixon (1978) have shown t h a t  t h e  e r r o r  

i n t r o d u c e d  by t h i s  ave r ag ing  a s  compared t o  a  numer ica l  

i n t e g r a t i o n  of  t h e  l i g h t / p r o d u c t i o n  e q u a t i o n  over  dep th  and 

t i m e ,  u s i ng  a  r e a l i s t i c  l i g h t  p a t t e r n ,  i s  non - l i nea r  and 

s t r o n g l y  dependent  on t h e  v a l u e  o f  t h e  e x t i n c t i o n  c o e f f i c i e n t .  

Severe  d i s c r epancy  was found under  c o n d i t i o n s  o f  c l e a r  wa t e r  

and h igh  deg ree s  o f  p h o t o - i n h i b i t i o n .  



Non-linearities in the photosynthesis-light equations are 

also discussed by Platt et al. (1977). By means of Fourier 

analysis, the authors conclude from a comparison of variabilities 

a stabilizing or buffering mechanism in the non-linear response 

of photosynthesis to light, damping out the environmental 

fluctuations. Under a fluctuating light regime the total 

production is less than it would be for the same total amount 

of energy supplied at constant rates. This effect is rather 

delicate: if the G~ versus I curve (see Fig.7) hzd upward or 

positive curvature rather than downward or negative curvature, 

the effect of the non-linearity would be completely different, 

namely destabilizing, enhancing the input fluctuations. Thus 

a particular non-linearity may be acting as a stabilizing or 

destabilizing factor in a system subjected to input fluctuations. 

For an example of stabilizing properties on the ecosystem level, 

which can be interpreted in the above sense, see Ott and Fedra (1977). 

The general argument to be deduced is that any averaging 

which is part of our traditional compartment modelling approach, 

but implies linear relations --in case of non-linearities (and 

in fact all biological processes and interactions are non- 

linear) may lead to severe distortions in the predictions from 

a model. This effect of non-linearities together with the 

largely underestimated significance of spatial heterogeneity, the 

inherent functional dissimilarity of biotic compartments, and 

the difficulty to represent such features in a deterministic 

model cause further limitations on predictability. Considering, 

for exa=plc, the case of a non-linear concentration dependent 

interaction in a prey-predator system, the representation of 

the evnlution of this system with spatially averaged concentrations 

will probably fail in the case of a contagious distribution 

(spatial heterogeneity), for the same basic reason as discussed 

above for time-heterogeneity. From this point of view, aver- 

aging and the implicitly assumed linearity of interactions 

are in fundamental discrepancy with the nature of biological 

data. Of course, there is a scale effect in the averaging 

problem; nevertheless,additional information, describing 



t h e  range over  which t h e  averag ing  took p l a c e  is  r e q u i r e d .  A 

c e r t a i n  magnitude used t o  d e s c r i b e  any p rope r ty  of  a  g i v e n  

system should  n o t  be  r e p r e s e n t e d  by i t s  mean v a l u e  a l o n e  (which 

is  what we do  i n  d e t e r m i n i s t i c  models)  b u t  r a t h e r  by t h e  f r e -  

quency d i s t r i b u t i o n  of t h e  measure i n  t h e  system which i s ,  i n  

f a c t ,  a  p r o b a b i l i t y  d i s t r i b u t i o n .  T h i s  concep t  a p p l i e s  t o  param- 

eter  v a l u e s  a s  w e l l  a s  t o  a l l  sys tems v a r i a b l e s .  Such an approach 

w i l l  a l l ow  c o n s i d e r a t i o n  of  t h e  p o s s i b l e  sw i t ch  o r  t r i g g e r  e f f e c t s  

of t h e  l o c a l  o r  temporal  co inc idence  of  ext reme v a l u e s  of v a r i a b l e s  o r  

parameters .  Such e f f e c t s  can r e s u l t  i n  t h e  t r a n s i t i o n  of a  

sys tems s t a t e  t o  a  new r e g i o n  of l o c a l  s t a b i l i t y  o r  

equ i l i b r i um.  Cons ide r ,  f o r  e x a m p l e , t h e  e f f e c t  o f  t empe ra tu r e  

and d i s s o l v e d  oxygen i n  t h e i r  n o n - l i n e a r i l y  combined e f f e c t  

on a  p o p u l a t i o n  o f  organisms wi th  a  g iven  p r o b a b i l i t y  

d i s t r i b u t i o n  of  i n d i v i d u a l  t o l e r a n c e ;  co inc idence  o f  extreme 

v a l u e s  cou ld  cause  a  l o c a l  m o r t a l i t y ,  t r i g g e r i n g  a  p o s s i b l e  

c o l l a p s e  o f  l a r g e  a r e a s  o r  even whole ecosystems.  Such 

d r a s t i c  e f f e c t s  cou ld  be observed  i n  t h e  c a s e  of b e n t h i c  

oxygen d e f i c i e n c y  and mass m o r t a l i t y  of  t h e  benthos  i n  t h e  

North A d r i a t i c  Sea (Fedra  e t  a1. , 1976, O t t  &' Fedra ,  1977 ) .  

A model r e p r e s e n t a t i o n  o f  such phenomena would have t o  u s e  

i n t e r a c t i n g  p r o b a b i l i t y  d i s t r i b u t i o n s  i n s t e a d  of  d e t e r m i n i s t i c  

mean v a l u e s ,  p r e d i c t i n g  t h e  p r o b a b i l i t y  o f  a  c e r t a i n  s t a t e  

r a t h e r  t h a n  an averaged dynamic systems behaviour .  I n s t e a d  o f  

a  d e t e r m i n i s t i c  t r a j e c t o r y  i n  s t a t e  space  over  t i m e  one might  

expec t  dynamic mul t i -d imens iona l  p r o b a b i l i t y  spaces  r e p r e s e n t i n g  

a  s y s t e m ' s  p o t e n t i a l  behav iour .  However, t h e  sugges t i on  of 

such an approach must be seen  a s  a  program f o r  f u t u r e  r e s e a r c h  

r a t h e r  t h a n  an a c t u a l  p o s s i b i l i t y ,  s i n c e  t h e  b a s i c  and 

s y s t e m a t i c  work on such corcplex, non- l inear  s t o c h a s t i c  

models is  f a r  from be ing  comple te ly  done. 

An example o f  a  s t o c h a s t i c  approach t o  t h e  dynamic model l ing 

of  an a q u a t i c  ecosystem i s  found i n  T iwar i  e t a l .  (1978) .  Bes ides  

t h e  t h e o r e t i c a l  m e r i t s  i n  such an approach,  a  remarkable  

d i f f e r e n c e  cou ld  be documented between t h e  d e t e r m i n i s t i c  



s i m u l a t i o n  and  t h e  s t o c h a s t i c  mean, g e n e r a t e d  by a  Monte C a r l o  

t e c h n i q u e .  A l though  t h e  work o f  T i w a r i  e t  a l .  i n c l u d e s  a  num- 

b e r  o f  s i m p l i f y i n g  a s s u m t i o n s ,  q u e s t i o n a b l e  f rom t h e  b i o l o g i c a l  

p o i n t  o f  v i ew ,  i t  r e p r e s e n t s  a n  a t t e m p t  t o  a c c o u n t  f o r  one  

o f  t h e  b a s i c  f e a t u r e s  o f  l i v i n g  s y s t e m s ,  namely s t o c h a s t i c  

v a r i a b i l i t y .  

To summarize t h e  a b o v e ,  t h e  p r e s e n t  s t a t e - o f - t h e - a r t  o f  

m o d e l l i n g  complex e c o s y s t e m s  a l l o w s  a  r a t h e r  a c c u r a t e  

d e s c r i p t i o n  of  o b s e r v e d  b e h a v i o u r  i n  many cases. However, t h i s  

i s  o f t e n  d u e  t o  h i g h l y  s o p h i s t i c a t e d  p a r a m e t e r  e s t i m a t i o n  

t e c h n i q u e s ,  s o  t h a t  m o d e l l i n g  h a s  t o  b e  c o n s i d e r e d  a s  more o r  

less c o m p l i c a t e d  c u r v e  f i t t i n g .  However, models  are a l s o  u s e d  

as  p r e d i c t i v e  t o o l s ,  m a i n l y  f o r  t h e  rn-anagement of  w a t e r  q u a l i t y .  

From t h i s  p o i n t  o f  v i ew ,  t h e  r e l i a b i l i t y  o f  model p r e d i c t i o n s  

h a s  t o  b e  q u e s t i o n e d :  u n c e r t a i n t i e s  are a l w a y s  i n h e r e n t  i n  

t h e  u n d e r l y i n g  measurements ,  i n  t h e  b a s i c  m o d e l l i n g  s t r a t e g y  

o f  lumping  and a v e r a g i n g ,  and  i n  t h e  poor  u n d e r s t a n d i n g  and  

c o n s e q u e n t l y  p o o r  r e p r e s e n t a t i o n  o f  complex e c o l o g i c a l  

p r o c e s s e s .  R e c e n t  c o n c e r n  a b o u t  t h e  q u a n t i f i c a t i o n  o f  

model u n c e r t a i n t y  ( D i  Toro  and  van  S t r a t e n ,  i n  p r e s s )  c a n  

be  s e e n  a s  a f i r s t  s t e p  t o w a r d s  a new and  more r e l i a b l e  

g e n e r a t i o n  o f  e c o s y s t e m  mode l s .  

ADAPTATION: INTERNAL CONTROL I N  BIOLOGICAL SYSTEMS 

TO g i v e  a d e f i n i t i o n  f o r  i n t r o d u c t o r y  p u r p o s e ,  t h e  term 

a d a p t a t i o n  w i l l  b e  u s e d  t o  subsum any d e v i a t i o n  c o u n t e r a c t i n g  

mechanisms, which  a l l o w  any b i o t i c  s y s t e m  t o  damp i t s  o u t p u t  

o r  s t a b i l i z e  a g i v e n  p r o p e r t y  u n d e r  a c e r t a i n  r a n g e  o f  i n p u t  

f l u c t u a t i o n s .  A d a p t a t i o n  i s  t h u s  t h e  m a j o r  mechanism o f  p e r -  

s i s t e n c e  i n  a v a r i a b l e  a n d  u n c e r t a i n  e n v i r o n m e n t .  T h i s  b r o a d  

c o n c e p t  o f  a d a p t a t i o n  i m p l i e s  t h e  e x i s t e n c e  o f  i n t e r n a l  se t  

p o i n t s  o r  s t a n d a r d s  i n  b i o s y s t e m s ,  l a c k i n g  d i r e c t  o u t s i d e  

c o n t r o l ,  as  i s  e n v i s a g e d  i n  t h e  c o n c e p t  o f  t h e  h o m e o s t a t i c  

p l a t e a u  ( F i g .  2b) a n d  w e l l  documented on  t h e  o r g a n i s m s  l e v e l  

o f  o r g a n i z a t i o n .  An a n a l o g o u s  c o n c e p t  w i l l  be  u s e d  f o r  t h e  

community a n d  e c o s y s t e m s  l e v e l  as w e l l ,  r e l a t e d ,  t o  a c e r t a i n  
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F i g u r e  2 .  ( a )  A d a p t a t i o n  a s  a  s i m p l i f i e d  c o n t r o l  sys tem.  

d e g r e e ,  t o  a  c o n c e p t  o f  l o c a l  s t a b i l i t y .  However, t h e  l a c k  o f  

o u t s i d e  c o n t r o l  o f  t h e  i n t e r n a l  set  p o i n t s  o r  s t a n d a r d s  t o  be  

m a i n t a i n e d  under  f l u c t u a t i n g  e x t e r n a l  c o n d i t i o n s  has  t o  be s e e n  

i n  r e l a t i o n  t o  t h e  t i m e  s c a l e s  a p p l i e d :  t h e  independen t  se t  

p o i n t  on  a n  e c o l o g i c a l  t i m e  s c a l e  h a s  t o  be unders tood  a s  a  re- 

s u l t  o f  e v o l u t i o n a r y  changes  and a d j u s t m e n t s  o f  t h e  sys tem.  I n  

t h i s  c o n t e x t ,  a d a p t a t i o n  i s  found c l o s e l y  r e l a t e d  t o  v a r i o u s  

a s p e c t s  o f  s t a b i l i t y  and  t h e  r e s i l i e n c e  c o n c e p t  ( H o l l i n g ,  1 9 7 3 )  

a s  i t  subsums t h e  mechanism i n v o l v e d .  A s  much c o n t r o v e r s y  i n  

r e l a t i o n  t o  " s t a b i l i t y "  i s ,  a t  l e a s t  p a r t l y ,  semant ic  i n  o r i g i n ,  

a  s h o r t  d e f i n i t i o n  o f  what  s t a b i l i t y  is  meant t o  be i n  t h i s  con- 

t e x t  i s  wor thwhi le  t o  be a t t e m p t e d :  w i t h  s t a b i l i t y  I mean t h e  

p e r s i s t e n c e  o f  c e r t a i n  sys tems  v a r i a b l e s  o r  s t r u c t u r a l  f e a t u r e s  

i n  a  d e f i n e d  r a n g e  under  a  regime o f  f l u c t u a t i n g  i n p u t  c o n d i t i o n s .  



T h i s  may w e l l  i n c l u d e  s y s t e m s  s u b j e c t  t o  " p r e d i c t a b l e "  f l u c t u a -  

t i o n s  ( S l o b o d k i n  and  S a n d e r s ,  1969) a s  w e l l  a s  s y s t e m s  r e t u r n i n g  

t o  t h e i r  fo rmer  s t a t e  a f t e r  c e r t a i n  t y p e s  o f  p e r t u r b a t i o n s .  Thus 

two markedly  d i f f e r e n t  meanings o f  t h e  t e r m  s t a b i l i t y  ( S t e e l e ,  

1974) c a n  b e  i n c l u d e d  i n  t h e  s t a b i l i t y  c o n c e p t  f o r  t h e  p u r p o s e  

o f  t h i s  d i s c u s s i o n .  

However, w i t h  r e g a r d  t o  t h e  a d a p t a t i o n a l  mechanisms i n v o l v e d ,  

a  d i s t i n c t  r e l a t i o n  t o  t h e  p r e d i c t a b i l i t y  or  t h e  p r o b a b i l i t y  o f  

c e r t a i n  i n p u t  c h a n g e s  ( e n v i r o n m e n t a l  u n c e r t a i n t y )  and  t h e  e n e r -  

g e t i c s  of  t h e  r e s p o n s e  mechanisms c a n  b e  n o t e d  and  w i l l  b e  d i s -  

c u s s e d  more t h o r o u g h l y  i n  t h e  f o l l o w i n g .  R e t u r n i n g  t o  t h e  i n i t i a l  

d e f i n i t i o n  o f  a d a p t a t i o n ,  i t  migh t  be  c o n v e n i e n t  t o  c o n s i d e r  t w o  

ma jo r  a s p e c t s ,  namely a  p h y s i o l o g i c a l  and  an  e c o l o g i c a l  o n e .  

Al though it w i l l  b e  a t t e m p t e d  t o  show t h a t  b o t h  a s p e c t s  c a n  b e  

d e s c r i b e d  and  mode l l ed  i n  t h e  same t e r m s  w i t h  t h e  same u n d e r l y i n g  

r u l e s  and  a r e  t h e r e f o r e  a t  l e a s t  a n a l o g o u s ,  s u c h  a d i s t i n c t i o n  

m i g h t  b e  n e c e s s a r y  and  if o n l y  t o  a v o i d  t h e  cr i t ic ism o f  a  " s u p e r -  

o r g a n i s m s "  c o n c e p t  f o r  e c o s y s t e m s .  The b a s i c  d i f f e r e n c e  i n  eco- 

s y s t e m s  i s  t h e  l a c k  o f  h e r e d i t y ;  o f  c o u r s e  t h e r e  is  someth ing  

l i k e  t h e  a c c u m u l a t i o n  o f  i n f o r m a t i o n  i n  t e r m s  o f  s t r u c t u r e  i n  a t  

l e a s t  some e c o s y s t e m s ,  b u t  t h i s  c a n  o n l y  r o u g h l y  b e  compared t o  

t h e  g e n e t i c  i n f o r m a t i o n  t r a n s m i s s i o n .  

P h y s i o l o g i c a l  a d a p t a t i o n  w i l l  be  u s e d  t o  d e s c r i b e  i n p u t  

d e p e n d e n t  changes  i n  t h e  p h y s i o l o g y  o f  a n  o rgan i sm- - i f  i t  f u l f i l l s  

t h e  r e q u i r e m e n t s  o f  t h e  above d e f i n i t i o n - - w h i c h  b a s i c a l l y  i n v o l v e s  

b i o c h e m i c a l  and  b e h a v i o u r a l  mechanisms and  i s  r e l a t e d  t o  t h e  o rga -  

n i sms  g e n e t i c s .  E c o l o g i c a l  a d a p t a t i o n  w i l l  b e  used  t o  d e s i g n a t e  

c o r r e s p o n d i n g  r e s p o n s e s  on t h e  s y s t e m s  l e v e l ,  h a s i c a l l y  i n v o l v i n g  

s p e c i e s  and  o rgan i sms  i n t e r a c t i o n s ,  o f t e n  d e n s i t y  d e p e n d e n t  s u c h  

a s  c o m p e t i t i o n  or p r e d a t i o n .  Of c o u r s e  b o t h  mechanisms, p h y s i o -  

l o g i c a l  a s  w e l l  a s  e c o l o g i c a l ,  w i l l  i n s e p a r a b l y  c o n t r i b u t e  i n  an 

ecosys t ems  b e h a v i o u r ;  however ,  t h e y  c o u l d  be  d i s t i n g u i s h e d  f rom 

a  c o n c e p t u a l  p o i n t  o f  v i ew.  

On t h e  o r g a n i s m s  l e v e l ,  p h e n o t y p i c  d e s i g n  and  a d a p t a t i o n  c a n  

b e  s e e n  a s  b e i n g  ma in ly  means t o  one  end:  g e n e t i c  t r a n s m i s s i o n .  

However, t h e  e c o s y s t e m  i s  t h e  env i ronmen t  f o r  t h a t  p r o c e s s .  And 



w i t h  r e g a r d  t o  t h e  v i t a l  n e c e s s i t y  o f  p r e d i c t a b i l i t y  o r  a  some- 

what  minimized env i ronmenta l  u n c e r t a i n t y  f o r  t h e  r e l a t i v e  suc-  

cess o f  t h e  g e n e t i c  t r a n s m i s s i o n  (and t h u s  p e r s i s t e n c e )  t h e  

s i n g l e  organism o r  s p e c i e s  i s  f o r c e d  i n t o  some k ind  o f  t r ade -o f f  

c o n t r i b u t i o n  t o  f a v o u r a b l e  c o n d i t i o n s  i n  t h e  o v e r a l l  environment. .  

Mutualism, i n  a  ve ry  g e n e r a l  s e n s e ,  cou ld  t h u s  be  viewed a s  t h e  

s p e c i e s  c o n t r i b u t i o n  t o  environment p e r s i s t e n c e .  N e v e r t h e l e s s ,  

many f e a t u r e s  o f  ecosys tem a d a p t a t i o n  c a n  w e l l  be  unders tood  on 

a  much s i m p l e r  and more s t r a i g h t f o r w a r d  mechan i s t i c  l e v e l ,  wi th -  

o u t  d i r e c t  r e l a t i o n  t o  e v o l u t i o n a r y  phenomena, keep ing  i n  mind 

t h a t  ecosys tems a s  e n t i t i e s  a r e  n o t  s u b j e c t  t o  e v o l u t i o n  s ensu  

s t r i c t o  themse lves ,  b u t  a r e  r a t h e r  t h e  r e a c t o r s  w i t h i n  which 

e v o l u t i o n  t a k e s  p l a c e .  Systems a d a p t a t i o n  r e s u l t s  o f t e n  enough 

from t h e  complex network n a t u r e  o f  ecosys tems,  from t h e  cyber -  

n e t i c a l  consequences  o f t i g h t l y c o u p l e d  n o n l i n e a r  i n t e r r e l a t i o n s  
- 

and feed-backs . 
The spect rum o f  a d a p t a t i o n  p roce s se s  i s  f a i r l y  l a r g e ;  t h e s e  

can  be  found from t h e  c e l l u l a r  t o  t h e  ecosys tem l e v e l  w i t h  char -  

a c t e r i s t i c  r e sponse  t i m e s  v a r y i n g  from a  few minu tes  f o r  adap ta -  

t i o n  i n  t h e  enzyme machinery of  b a c t e r i a  t o  m i l l i o n s  o f  y e a r s  

f o r  e v o l u t i o n a r y  phenomena. With r ega rd  t o  ecosys tem mode l l ing ,  

w e  w i l l  have t o  c o n c e n t r a t e  on t h e  s h o r t -  and  medium-term 

phenomena on t h e  i n d i v i d u a l  t o  t h e  ecosys tem l e v e l  o f  o rgan i -  

z a t i o n .  Such a d a p t a t i o n  p r o c e s s e s  a r e  known, f o r  example, f o r  

metabolism, r e p r o d u c t i o n  s t r a t e g i e s ,  o r  i n  s p e c i e s  i n t e r a c t i o n s .  

Re levan t  r e sponse  t i m e  s c a l e s  w i l l  range  from a  few minu tes  t o  

a  l i f e  span i n  l a r g e r  v e r t e b r a t e s ,  which c a n  be  s e v e r a l  y e a r s .  

Adap ta t ion  i n  b iosys tems  can  be c o n s i d e r e d  a s  a n  op t imiza-  

t i o n  problem. The a v a i l a b l e  a d a p t a t i o n a l  mechanisms o r  t h e  

p o s s i b l e  range  o f  a d a p t a t i o n  o f  a g iven sys tem cou ld  be s een  a s  

r e f l e c t i n g  t h e  sy s t em ' s - - i n  s l i g h t l y  d i f f e r e n t  terminology--hypo- 

t h e s i s  on env i ronmenta l  v a r i a b i l i t y .  T h i s  h y p o t h e s i s  i s  s t a t i s -  

t i c a l  i n  n a t u r e  a s  a  consequence o f  i t s  e v o l u t i o n a r y  o r i g i n .  

Opt imiza t ion  now t e n d s  t o  i n c r e a s e  t h e  r e l i a b i l i t y  o f  t h e  "pre-  

d i c t i o n s "  o f  env i ronmenta l  v a r i a b i l i t y ,  because  b e t t e r  p r e d i c t i o n s  



a l l ow ,  f o r  example, a  dec r ea se  i n  t h e  e n e r g e t i c  c o s t s  f o r  t h e  

a d a p t a t i o n a l  machinery f o r  a  g iven  l e v e l  o f  e r r o r  p r o b a b i l i t y .  

The wider  t h e  con f idence  l i m i t s  o f  t h e  p r e d i c t i o n s  f o r  a  g iven  

e r r o r  p r o b a b i l i t y ,  t h e  more a d a p t a t i o n a l  machinery t h e  sys tem 

needs t o  m a i n t a i n  i n  o r d e r  t o  be " s u r e "  t o  p e r s i s t .  To under- 

s t a n d  t h e  g o a l s  o f  o p t i m i z a t i o n ,  some c o n s i d e r a t i o n  must be  

g iven  t o  t h e  energy f low a s p e c t  of  l i v i n g  sys tems ;  it shou ld  

be  s t r e s s e d  h e r e  t h a t  " g o a l s "  a s  w e l l  a s  t h e  above terminology 

shou ld  n o t  be t aken  a s  p a r t  o f  a  t e l e o l o g i c a l  d e t e r m i n a t i o n  

approach:  they  a r e  on ly  - a  p o s t e r i o r i  d e s c r i b i n g  t h e  d i r e c t i o n  and 

and r e s u l t s  o f  t h e  p r o c e s s e s  d i s c u s s e d .  The e s s e n c e  o f  l i f e  c an  

be s een  i n  t h e  p r o g r e s s i o n  of  growth and r e p r o d u c t i o n  o r  g e n e t i c  

t r a n s m i s s i o n ,  and t h u s  t h e  c r e a t i o n  and maintenance o f  l i v i n g  

o r d e r .  Energy t r a n s f e r s  a r e  t h e  b a s i c  r equ i r emen t s  o f  t h e s e  

d i s s i p a t i v e  p r o c e s s e s ,  and a n t i t h e r m a l  maintenance i s  t h e  main 

problem i n  l i v i n g  sys tems .  Fol lowing Sch rad inge r  ( 1944 ) ,  

con t i nuous  pumping o u t  of  " d i s o r d e r "  is  nece s sa ry  t o  m a i n t a i n  

i n t e r n a l  o r d e r  a g a i n s t  the rmal  v i b r a t i o n s .  A thermodynamic 

o r d e r  f u n c t i o n  is found i n  t h e  maintenance t o  o r d e r  r a t i o ,  i n  

b iosys tems  r e p r e s e n t e d  by t h e  r e l a t i o n  of  t o t a l  r e s p i r a t i o n  t o  

t o t a l  biomass (R/B r a t i o )  . Rela t ed  t o  a b s o l u t e  t empe ra tu r e ,  

t h e  R/B r a t i o  becomes t h e  r a t i o  o f  e n t r o p y  i n c r e a s e  o f  maintenance  

t o  t h e  en t ropy  o f  o r d e r e d  s t r u c t u r e .  A minimiza t ion  o f  t h i s  R/B 

r a t i o  (Margalef ,  1968; Morowitz, 1968) o r  a  maximizat ion o f  t h e  

t o t a l  energy f low i t s e l f  (Odum, 1971)--both concep t s  a r e  d i s c u s s e d  

i n  t h e  t h e o r e t i c a l  l i t e r a t u r e - - c o u l d  be  t aken  a s  t h e  g o a l  o f  

o p t i m i z a t i o n  t h rough  a d a p t a t i o n .  I n  t h i s  c o n t e x t  a d a p t a t i o n  h a s  

t o  be s een  a s  t h e  ad ju s tmen t  o f  t h e  b iosys tems  s t r u c t u r e  and 

f u n c t i o n  t o  v a r i a b l e  i n p u t  c o n d i t i o n s  i n  o r d e r  t o  d e c r e a s e  o r  

s t a b i l i z e  t h e  s t r u c t u r e  s p e c i f i c  c o s t s  o f  maintenance  i n  a  r a t h e r  

g e n e r a l  s ense .  Homeostat ic  c o n t r o l  w i th  d e v i a t i o n  c o u n t e r a c t i n g  

r e spons e s  o r  n e g a t i v e  feed-back i s  r e s p o n s i b l e  f o r  .the s e l f -  

r e g u l a t i o n .  R e f e r r i n g  t o  F ig .  2a,  t h e  s e t - p o i n t  i s  g iven  w i t h i n  

t h e  system a s  p a r t  o f  t h e  sys tems  h y p o t h e s i s  abou t  env i ronmenta l  

v a r i a b i l i t y ,  s o  t h a t  s e l f - c o r r e c t i n g  homeos tas i s  l a c k s  o u t s i d e  

c o n t r o l  on t h e  e c o l o g i c a l  t i m e  s c a l e .  



A s l i g h t l y  d i f f e r e n t  and v e r y  a p p e a l i n g  c o n c e p t  f o r  a  g o a l  

f u n c t i o n  i n  evolving--and o f  c o u r s e  a d a p t i n g - - l i v i n g  sys tems  can 

be seen  i n  an  i n c r e a s e  i n  t h e  p r o b a b i l i t y  o f  p e r s i s t e n c e .  T h i s  

concep t  i s  n o t  s o  d i r e c t l y  r e l a t e d  t o  ene rgy  a s p e c t s  a l o n e ;  it 

a l s o  i n v o l v e s  a s p e c t s  o f  i n f o r m a t i o n  t r a n s f e r  and p e r c e p t i o n  i n  

a  ve ry  g e n e r a l  s e n s e ,  b u t  t h e  r e l a t i o n s  o f  t h e s e  p r o c e s s e s  t o  

ene rgy  a r e  o b v i o u s .  Var ious  s t r a t e g i e s  o f  i n c r e a s i n g ' t h e  chances  

o f  p e r s i s t e n c e  under  changing env i ronmenta l  c o n d i t i o n s  a r e  known 

and can b e  t h o u g h t  o f ,  and w i l l  be d i s c u s s e d  more e x t e n s i v e l y  i n  

t h e  s e c t i o n  on a d a p t a t i o n  on t h e  community l e v e l .  However, a l l  

t h e s e  s t r a t e g i e s  a r e  r e l a t e d  t o  e n e r g e t i c  c o s t s ,  which a g a i n  

r e s u l t s  i n  an  energy  u s e  o p t i m i z a t i o n  problem. 

The i n p u t  r a n g e ,  under  which t h e  h o m e o s t a t i c  p l a t e a u  f o r  

a  g iven  f e a t u r e  c a n  b e  m a i n t a i n e d ,  i s  t h e  r a n g e  o f  a d a p t a t i o n  

f o r  t h e  b iosys tem,  r e f l e c t i n g  t h e  sys tems  h y p o t h e s i s  on e n v i r o n -  

menta l  v a r i a b i l i t y .  O u t s i d e  t h i s  r a n g e  p o s i t i v e  feedback may 

r e s u l t  i n  r a p i d  d e s t a b i l i z a t i o n  and d e s t r u c t i o n  o f  t h e  sys tem 

( F i g .  2 b ) .  The p o s i t i o n  and range  o f  t h e  h o m e o s t a t i c  p l a t e a u  

h a s  t o  b e  s e e n  a s  t h e  r e s u l t  o f  t h e  e v o l u t i o n a r y  a d j u s t m e n t  o f  

t h e  sys tem and i t s  component e l e m e n t s  t o  t h e  long-term regime 

of  env i ronmenta l  c o n d i t i o n s  and i n t e r n a l  b i o l o g i c a l  r e l a t i o n s .  

I t  r e f l e c t s  t h e  c u r r e n t  " s t a t e  o f  knowledge" o f  t h e  sys tem a b o u t  

i t s  envi ronment  and i t s  v a r i a b i l i t y .  

- 0 
s t r e s s  

input variable F 

F i g u r e  2b. Concept o f  t h e  h o m e o s t a t i c  p l a t e a u :  maintenance  
th rough  d e v i a t i o n - c o u n t e r a c t i n g  n e g a t i v e  feed-back.  



With r e g a r d  t o  t h e  mathemat ica l  f o r m u l a t i o n  of processes  

t h a t  we a r e  g e n e r a l l y  concerned w i t h  i n  e c o l o g i c a l  m o d e l l i n g ,  

a d a p t a t i o n  phenomena c a n  i n  a  f i r s t  approach b e  r e f l e c t e d  i n  

t ime-vary ing  p a r a m e t e r s .  Changes i n  t h e  s t r u c t u r e  o f  a  sys tem 

- - j u s t  c o n s i d e r  t h e  d i s a p p e a r a n c e  o f  a  c e r t a i n  s p e c i e s  o r  g roup ,  

o r  t h e  u t i l i z a t i o n  of a  new r e s o u r c e  by a n o t h e r  group--could 

a l s o  be  r e p r e s e n t e d  w i t h  t ime-varying p a r a m e t e r s .  They must  

s imply  be t e m p o r a r i l y  a s s i g n e d  z e r o  v a l u e s ,  whenever a  c e r t a i n  

f low i s  i n t e r r u p t e d .  

C o n s i d e r i n g  t h e  t r a d i t i o n a l  compartment approach  i n  ecolog-  

i c a l  m o d e l l i n g ,  a l l  t h e  s t a t e  v a r i a b l e s  t h a t  might  g a i n  c o n s i d e r -  

a b l e  impor tance  w i t h i n  t h e  sys tem under  changed i n p u t  c o n d i t i o n s  

must be i n c l u d e d  i n  t h e  model s t r u c t u r e  - a  p r i o r i ,  n e c e s s i t a t i n g  

a  r e s t r i c t i o n  on t h e  d e s c r i p t i v e  c a s e  o r  r e q u i r i n g  a  l o t  o f  

i n t u i t i o n  i n  d e s i g n i n g  t h e  model. The r e a l i z a t i o n  o f  s t r u c t u r a l  

changes i n  t h e  model must t h e n  e i t h e r  be governed e x t e r n a l l y  by 

an  a d d i t i o n a l  se t  o f  boundary c o n d i t i o n s ,  o r ,  much more a p p e a l i n g  

b u t  pe rhaps  n o t  y e t  r e a l i s t i c ,  i n t e r n a l l y  by t h e  f o r m u l a t i o n  of  

a p p r o p r i a t e  g o a l  f u n c t i o n s .  T h i s  would a l l o w  a u t o m a t i c  and 

i n t e r n a l  a d a p t a t i o n  o f  t h e  model s t r u c t u r e ,  g i v e n  a n  a p p r o p r i a t e  

computing scheme. A p o s s i b l e  example would be prey  s e l e c t i o n ,  

w i t h  d i f f e r e n t  concen t ra t ion-dependen t  p r e d a t i o n  o r  g r a z i n g  

e f f o r t s  f o r  d i f f e r e n t  r e s o u r c e s ,  coup led  w i t h ,  f o r  example, a  

maximum egg p r o d u c t i o n  a s  a  g o a l  f u n c t i o n .  A v a r i a b l e  food web 

s t r u c t u r e  s h o u l d  r e s u l t ,  and t h e  sys tem c o u l d  b e  a l lowed  t o  

" l e a r n "  an o p t i m i z e d  s t r a t e g y .  Using a v a r i a b l e  p r o p e r t y  o f  a n  

e lement  o r  a  f r equency  d i s t r i b u t i o n  o f  such  a  p r o p e r t y  i n s t e a d  

o f  - a  p r i o r i  g i v e n  s t r u c t u r a l  a l t e r n a t i v e s  i n  t h e  t r a d i t i o n a l  

compartment approach would make such a  model even  more s a t i s -  

f a c t o r y  from a  c o n c e p t u a l  p o i n t  o f  view. A p o s s i b l e  example 

might  be t h e  s i z e  d i s t r i b u t i o n  i n  a  lumpe2 phy top lank ton  com- 

muni ty ,  a d j u s t i n g  t o  s i z e  dependent  e f f e c t s  such a s  s i n k i n g  r a t e ,  

f e c u n d i t y ,  m e t a b o l i c  r a t e s  o r  g r a z i n g  p r e s s u r e ,  i n  o r d e r  t o  qt i-  

mize t h e  growth s t r a t e g y  o f  t h e  p o p u l a t i o n  f o r  maximum community 

p r o d u c t i o n  i n  an  a n n u a l  c y c l e .  Such a n  approach ,  a l l o w i n g  f o r  

i n t e r n a l  c o n t r o l  e x p l i c i t l y  would, i n  f a c t ,  r e p r e s e n t  s t r u c t u r a l  



s e l f - o r g a n i z a t i o n  i n  e c o s y s t e m s  (see Radtke  and S t r a s k r a b a ,  1977 

S t r a s k r a b ; ~ ,  1974,  and S t r a s k r a b a  and Dvorakova, 1977)  . 
Some r e c e n t  c o n s i d e r a t i o n s  a b o u t  s t r u c t u r a l  o r g a n i z a t i o n  i n  

p e l a g i c  e c o s y s t e m s  c a n  be found i n  P l a t t  & Denman ( 1 9 7 7 ) .  The 

a u t h o r s  p r o p o s e  a  c o n t i n u o u s ,  s t e a d y - s t a t e  t h e o r y  f o r  t h e  abun- 

d a n c e  o f  p e l a g i c  o r g a n i s m s  as a  f u n c t i o n  o f  body s i z e .  They con- 

c l u d e ,  on  t h e  b a s i s  of  t h e  a l l o m e t r i c  r e l a t i o n s  o f  me tabo l i sm and  

growth  t o  w e i g h t ,  f rom t h e  biomass f l o w  i n  a community, where  t h e  

i n d i v i d u a l  o r g a n i s m s  a r e  a s s i g n e d  t o  o n e  o f  a  series o f  s i z e  

classes, a r e g u l a r  d e c r e a s e  o f  t o t a l  biomass i n  any  s i z e  c l a s s  

w i t h  i n c r e a s i n g  s i z e .  A c e r t a i n  s i z e  d e p e n d e n t  b a l a n c e  be tween 

c a t a b o l i s m  and  a n a b o l i s m  w i l l  e s t a b l i s h  a  c h a r a c t e r i s t i c  s i z e  

d i s t r i b u t i o n  u n d e r  s t e a d y - s t a t e  c o n d i t i o n s .  With r e g a r d  t o  t h e  

above  example on  s t r u c t u r a l  s e l f  o r g a n i z a t i o n ,  s u c h  a  t h e o r y  c a n  

b e  h e l p f u l  to  u s e  a  n o r m a l i z e d  s i z e - s p e c t r u m  r a t h e r  t h a n  a  number 

of compar tments ,  r e p r e s e n t i n g  s i z e  classes i n  a model ,  t o  draw 

c o n c l u s i o n s  a b o u t  t h e  i n f l u e n c e  o f  f u n c t i o n a l  dynamics on  t h i s  

s i z e  s p e c t r u m .  Ano the r  r e c e n t  example o f  a c o n t i n u o u s  model 

i n s t e a d  o f  t h e  compartment  a p p r o a c h  i s  g i v e n  i n  Thomann ( 1 9 7 8 ) .  

I n  a  mass b a l a n c e  model f o r  t h e  b i o a c c u m u l a t i o n  o f  toxic  sub-  

s t a n c e s  o r g a n i s m  s i z e  i s  i n t r o d u c e d  a s  a n  a d d i t i o n a l  v a r i a b l e .  

The model r e p r e s e n t s ,  i n  terms o f  t h e  a u t h o r ,  a n  e c o l o g i c a l  

cont inuum t h r o u g h  s i z e  dependency;  t h e  compartment  a p p r o a c h  

would b e  a  s p e c i a l  c a s e  o f  t h e  c o n t i n u o u s  model ,  where  s i z e  

dependence  is  viewed a s  a  v e r y  a p p r o x i m a t e  o r d e r i n g  o f  t r o p h i c  

p o s i t i o n .  

Wi thou t  d o u b t ,  t h e  above examples  r e p r e s e n t  a n o t h e r  s t e p  

t o w a r d s  more r e a l i s t i c  and g e n e r a l  r e p r e s e n t a t i o n s  o f  e c o s y s t e m s :  

u s i n g  a  con t inuum i n s t e a d  o f  t h e  compartment  approach  m i g h t  n o t  

o n l y  b e  less cumbersome i n  t h e  c o m p u t a t i o n a l  a n a l y s i s  b u t  a l s o  

a v o i d s  one  m a j o r  s o u r c e  o f  u n c e r t a i n t y  i n  t h e  compartment  approach ,  

which  i s  i n  t h e  a s s u m p t i o n  of homogenei ty  w i t h i n  t h e  compartment .  

B i o l o g i c a l  compartments  i n  e c o s y s t e m  models  a r e  a lways  c h a r a c t e r -  

i z e d  by i n h e r e n t  f u n c t i o n a l  d i s s i m i l a r i t i e s  o f  t h e  components  and  

a d a i t i o n a l l y c h a n g i n g  c o m p o s i t i o n ,  and a  r e d u c t i o n i s t i c  a p p r o a c h ,  

i n c r e a s i n g  t h e  number o f  compar tments  and  t r e a t i n g  a s  many a s  



p o s s i b l e  s e p a r a t e l y  c an  h a r d l y  be cons ide r ed  a n  a c c e p t a b l e  way 

f o r  a  s o l u t i o n .  A more g e n e r a l  approach,  u s i n g  h o l i s t i c  f e a t u r e s  

o f  t h e  e l emen t s  i nvo lved ,  ha s  t o  be  found,  and examples o f  such 

approaches  w i l l  be g i v e n  i n  t h e  fo l l owing  s e c t i o n s .  

EFFECTS OF TEMPERATURE ON THE ECTOTHERMIC METABOLISM 

Among t h e  p h y s i c a l  f a c t o r s  i n  t h e  a q u a t i c  environment ,  

t empe ra tu r e  h a s  a  major  impact  n o t  o n l y  on chemical  r e a c t i o n s  i n  

g e n e r a l ,  b u t  e s p e c i a l l y  on a l l  forms o f  f u n c t i o n  i n  organisms.  

The i n c l u s i o n  o f  t h e  magnitudes and c o m p l e x i t i e s  is  t h e r e f o r e  o f  

c r u c i a l  impor tance .  G e n e r a l l y  speak ing ,  changes  i n  t empera tu re  

e f f e c t  t h e  b iochemica l  s t r u c t u r e s  and p r o c e s s e s  o f  organisms by 

changes i n  molecu la r  k i n e t i c  energy .  T h i s  r e s u l t s  i n  changed-. 

r e a c t i o n  e q u i l i b r i a  o r  changed r e a c t i o n  r a t e s .  The r a t e  e f f e c t  o f  

t empera tu re  changes  i s  based on t h e  f r a c t i o n  o f  molecules  i n  a  

g iven  p o p u l a t i o n  w i t h  a t  l e a s t  t h e  minimum k i n e t i c  energy  t o  be 

r e a c t i v e  and t h e  r e l a t e d  r e a c t i o n  v e l o c i t y .  Even a  sma l l  change 

i n  a b s o l u t e  t empe ra tu r e  can  i n f l u e n c e  t h e  p r o p o r t i o n  o f  r e a c t i v e  

molecu les  t o  a  c o n s i d e r a b l e  e x t e n t  ( F i g .  3 )  . 

ENERGY 

F i g u r e  3. Energy d i s t r i b u t i o n  and r e a c t i v e  f r a c t i o n  
o f  a  p o p u l a t i o n  of  molecu les  f o r  two d i f -  
f e r e n t  t empe ra tu r e s  ( a f t e r  Hochachka and 
Somero, 1973) . 



With r ega rd  t o  t h e  e f f e c t s  o f  t empera ture  changes on b i o t i c  

e lements  o f  ecosystems,  two terms a r e  o f  b a s i c  importance:  

a .  t h e  magnitude o f  t h e  t empera ture  change, and 

b .  t h e  r a p i d i t y  o f  t h e  change, t h e  t ime  s c a l e  of  v a r i a t i o n .  

I n  t h e  a q u a t i c  environment,  r a p i d  t empera ture  changes w i th  charac- 

t e r i s t i c  t i m e  s c a l e s  o f  less than  a day may occur  through weather  

phenomena ( e  .g., c loud  cove r )  , t h e  r e l a t e d  e f f e c t s  o f  wind mixing 

on the rma l ly  s t r a t i f i e d  wate r  bod ie s ,  shor t - t e rm changes i n  t h e  

i n f low  i n  r e s e r v o i r s  o r  e s t u a r i e s ,  o r  t h e  t i d a l  c y c l e  i n  c o a s t a l  

marine sys tems.  Such sho r t - t e rm  changes may exceed 15-20 OC, f o r  

example i n  t h e  i n t e r t i d a l  o r  i n  e s t u a r i e s .  Another t ime  course  o f  

temperature  change i s  due t o  t h e  s ea sona l  t empera ture  c y c l e ,  most 

pronounced i n  m i d - l a t i t u d e ,  b o r e a l  r eg ions  of  cou r se ,  where t h e  

s ea sona l  changes may w e l l  exceed 20 O C .  

Following Arrhen ius ,  t h e  r e l a t i o n  between tempera ture  and 

a r e a c t i o n  r a t e  K i s  d e s c r i b e d  by 

where T i s  tempera ture  i n  "Kelvin ,  R i s  t h e  u n i v e r s a l  ga s  c o n s t a n t ,  

and E r e p r e s e n t s  a c t i v a t i o n  energy.  TO a very  good approximat ion 

( 1.1 ) l e a d s  t o  an  e x p o n e n t i a l  r e l a t i o n s h i p  ( D i  Toro e t  a l .  1 9 7 7 )  : 

wi th  tempera ture  T i n  "C, and K(20) i s  t h e  r e a c t i o n  r a t e  K a t  

20 OC. ( 2 . 2 )  i s  c o n s i s t e n t  w i th  t h e  Q10 r e p r e s e n t a t i o n ,  s i n c e  



Values of 8 are given around 1.05 to 1.08 for plankton kinetics 

(Di Toro et al., 1977). Some alternative formulations are dis- 

cussed by Steele and Mullin (1977). Starting with the allometric 

size-relationship of any metabolic rate MI 

where B denotes biomass; effects of temperature are generally 

assumed to influence only the value of a, although some studies 

have indicated that b might also be a function of temperature 

(Ikeda, 1970, Champalbert and Gaudy, 1972). Temperature depen- 

dency of a is given by 

where c denotes the metabolic rate at loOc for unit biomass, 
which is, in fact, a special case of the general representation 

given in (1.2). An alternative equation, preferred to QlO, was 

proposed by McLaren (1 963) : 

where g and h are constants governing the mean slope and curva- 

ture of the relation, and y represents a "biological zero", 

which in effect shifts the temperature scale. However, with 

regard to adaptation, values of y would still have to be deter- 

mined as a function of time, since y reflects the state of 

acclimatization. 

A temperature reduction factor, based on the assumption 

of a more or less bell-shaped temperature dependency of respec- 

tive coefficient rates which specify a temperature optimum for 

a given process, can also be found in the literature. Halfon 

and Lam (1978) use such a temperature factor in their descrip- 

tion of primary production in terms of phosphorus uptake. A 

temperature optimum (T ) as well as an upper (TU) and lower 
opt 



(Ti) lethal temperature, is used for the description of the 

temperature factor TF (see Fig. 4) : 

The relation of primary production to TF is given by 

where G represents primary production in terms of phosphorus up- 

take, Gmax its maximum value, and LF the combined influence of 
light and nutrients. 

A sinilar approach is found in Najarian and Harlcman (1975); 

their temperature-dependency curve for phytoplankton nutrient 

(nitrogen) uptake was fitted by Leonov (in preparation), and is 

also shown in Figure 4: 



TEMPERATURE 

Figure 4. Temperature factors TF (Halfon and Lam, 1978, 
upper temperature scale) and R (Najarian and T 
Harleman, 1975, lower temperature scale) as a 
function of temperature. T denotes the op- 

opt 
timum temperature for nutrient uptake in phyto- 
plankton. For comparison, a Q10 relationship 

with approximately the same mean as TF and a 

Q10 -value of 2.0 is included (upper temperature 

scale) . 

An alternative representation is found in Cloern (1978), and 

deals more realistically with the physiology of the temperature 

effect on a biological process, i.e., primary production. The 

growth rate of the flagellate Cryptomonas o v a t a  is described as 

where G '  is the specific growth rate in units/day-l, e-q., (1.12) 

is essentially Steele's (1962, 1965) equation f o r  photospthesis 

light response, modified through the descriptj.on of the parameters 



Gmax and I as functions of temperature T (OC). The parameters 
opt 

are thus made time-variable and relate to a major forcing. The 

following expressions are given in Cloern (1978): 

Gmax (T) = 0.02 exp (0.17 T) 

I (T) = 0.06 exp (0.22 T) 
opt 

The inclusion of (1.13) and (1.14) in (1.12) results in a rather 

complex set of curves, when G' is plotted as a function of tem- 

perature for different values of I (Figure 5). A sigmoid pattern 

with an absolute decrease in G' in the high temperature range re- 

sults, which steepens with increasing light level. The model 

thus predicts an optimum temperature for specific growth rate, 

which decreases exponentially with insolation. Although the pre- 

dictions of the model would be questionable for short-term varia- 

tions in insolation under low temperature conditions, the general 

pattern can be interpreted as a coupled low light/temperature 

adaptation of photosynthesis, taking into account the most 

obvious coupling of the daily average in light input and tem- 

perature in the yearly cycle, e.g., (1.12) describes the medium- 

term adaptational response to the seasonal input change 

(see p. 24). 

In many ecological models the effect of temperature on meta- 

bolic rates and processes of ectothermic or poikilothermic or- 

garisms are represented by simple Q relationships, where the 
10 

Q1 0 value is defined by 

and 

where M1 and M denote metaboliz rates at temperature T and T2, 2 1 
respectively. The Q10 values as reported in the literature 



TEMPERATURE 

- 1 
Figure 5. Specific growth rate (day ) of Cryptomonas ova3a as 

a function of temperature after 2.7 for different 
- 

lioht levels (ly*hr-l ) . The exponential curve indi- 
cates the relation of optimum temperature to light 
level. 

After: Cloern, 1978.  

(see Mullin and Brooks, 1 9 7 0 ) ,  usually vary around 2. Conse- 
0 quently, each 10 C change in temperature would lead to a two- 

fold change in metabolic rate. However, many poikilotherms ex- 

hibit the ability to compensate metabollically for changes in 

temperature within a certain range. Again, as stated in a pre- 

vious section, metabolic adaptation may occur over several 

time courses of different orders of magnitude. Through 
. . . - - -- - 

evolution, species adapt to different temperatures or 

temperature regimes; compensatory patterns can be observed 

on a medium time scale for phenotypic acclimation pro- 

cesses; furthermore, organisms have been found to be capable 

of almost immediate temperature compensation. The latter pattern 

is primarily characteristic of poikilotherms under a special re- 

gime of temperature fluctuations, i. e. , rapid and of ten large 
temperature changes as in, for example, intertidal zones 



(see Newell, 1 9 7 6 )  or very shallow bodies of water. A typical 

compensation pattern of an intermediate-time scale, during the 

course of the year is shown in Figure 6. 

I 

i 

Figure 6. Range of adaptation as a function of seasonal tem- 
perature regime. 

After: Newell and Pye, 1970. 

Adaptation patterns depend primarily on the time scale of 

the temperature input variation. Short-term changes can be met 

by means of behavior in motile organisms, thus influencing dis- 

tribution patterns. However, when such behavioral mechanisms 

are inadequate as, for example, in all sessile organisms, bio- 

chemical adaptation will take place. Somero and Hochachka ( 1 9 7 6 )  

discuss several potential biochemical mechanisms of rate compen- 

sation, based on considerations of velocity control of the under- 

lying enzymatic reactions. Four such control mechanisms are 

discussed: 

1. changes in enzyme concentrations; 

2. changes in substrate and cofactor concentration; 

3. modulation of enzyme activities; 

4. formulation of new enzyme variants with different 

catalytic' efficiencies. 



Different response times are characteristic of these mechanisms, 

and for practical purposes one can assume that combinations of 

these quantitative and qualitative strategies are applied. They 

result in damping the output variations induced by temperature 

input variations, as compared to the simple Q relationship. 
10  

Generally, the longer the time available for the organism to 

adapt to a changed environmental temperature, the closer the 

organism will adjust its metabolism to what one might call its 

standard level (see Figures 6, 2b). Many organisms show a char- 

acteristic temperature range, within which at least partial in- 

dependence of the metabolism from temperature changes--at least 

seasonal--can be observed. Generally, this range will corre- 

spond to the temperature range of the organisms habitat. Adap- 

tation to a given temperature T will, therefore, be a function 2 
not only of the time scale of the temperature change, but also 

of the relation of the actual temperature T to the boundary 2 
values of possible adaptation, say, 

Tmin and Tmax and T which of 
represent the average habitat temperature. Using a simple ex- 

ponential relation and including the time-element and a time- 

varying temperature coefficient, we get 

with Mo representing the standard metabolism (Figure 6 ) ;  0 is a 

temperature coefficient and will be a function of T in relation 2 
to some upper and lower limiting or lethal temperature boundaries 

of a temperature range for adaptation, as well as of the temp- 

erature history of the system and approach unity with time. 

In reconsidering the underlying biochemical mechanisms, 

adaptability requires an ensemble of possible mechanisms to per- 

sist under different environmental (temperature) states. The 

question of whether these mechanisms are constitutive, inducible 

or selective (Conrad, 1976), is only relevant for the relation 

of the mechanisms to the time scales and predictability of the 

environmental changes. The basic and most general feature of 

adaptability, as will be documented at different levels of organ- 

ization, is found in the availability of several "behavioral" 



alternatives for the system to choose from under different en- 

vironmental states. Due to the different energy requirements 

of different mechanisms and the various response times involved, 

the selection of an optimum strategy in terms of enhanced per- 

sistence will depend on the set of available mechanisms, as well 

as on the pattern of environmental fluctuations or variability. 

Considering these relations, the following modeling strategies 

could be adopted: 

1. The relation of any temperature dependency on the environ- 

mental temperature range, such that temperature dependency (e.g., 

in terms of a temperature coefficient) increases with increasing 

distance from the average temperature range. 

2. The relation of temperature dependency on the temperature 

history of the system, such that temperature dependency will be 

related to the prevailing temperature regime of a previous time 

interval; in addition, the time course of temperature changes 

can be considered. This could be achieved by specification of 

some kind of reference temperature, defined as a weighted aver- 

age of preceding environmental temperatures. This relation to 

the time element in temperature input can be seen in the con- 

text of the concept of environmental tracking as a major adap- 

tive strategy. Assuming a somewhat bell-shaped temperature re- 

lation of a given process, specifying an optimum temperature or 

temperature range, this optimum temperature will not be a con- 

stant value but will vary according to the prevailing environ- 

mental temperature; in other words, it will track this tempera- 

ture pattern. This strategy is, of course, based on the assump- 

tion that the time lag in the adaptation process is negligible 

in relation to the time course of the temperature changes; the 

system could otherwise easily get out of phase, always lagging 

behind the temperature regime. The second implicit assumption 

for the effectiveness of such environmental tracking as an 

adaptational strategy is that rapid short-term changes are small 

as compared to the long-term trends (e.g., daily variations are 

generally fewer than the seasonal fluctuations), which is essen- 

tially true for many aquatic systems. In situations where this 



might not be the case, for example, in the tropics or very 

shallow lakes or lagoons, different strategies of adaption have 

to be adopted. 

EFFECTS OF LIGHT ON PRIMARY PRODUCTION 

Let us now consider the effect of light on primary pro- 

duction. This is not only the key process in energy transfer 

in biotic systems, but has also attracted model builders for 

many years. Two different types of processes are involved: 

enzymatic processes and photochemical processes. Rates of en- 

zymatic processes depend on the concentration of active enzymes 

and on temperature as outlined above. The rates of the photo- 

chemical processes depend on pigment concentration and irradi- 

ance. Photosynthesis is now determined by the rates of both 

processes, and the main consequence of adaptation can be seen 

in the matching of the two processes under various environ- 

mental conditions (Steemann Nielsen, 1975). 

Significant variability in light response patterns over 

short time spans is a widely recognized fact. Numerous ob- 

servations have been made on the phenomenon of light acclima- 

tion, and extensive laboratory and field experimentation has 

been devoted to the problem (e.g., Steemann ~ielsen, 1975, 

Hameedi, 1977, Kremer and Nixon, 1978). Physiological adapta- 

tion to irradiance is basically attributed to two different 

mechanisms, i.e., changes in the pigment concentration (adapta- 

tion of the photochemical process, ChZoreZZa-type), and/or 

changes in the enzyme concentrations (adaptation of the 

enzymatic part of the process, CycZoteZZa-type). The two 

adaptation types are not, however, sharply separated; transi- 

tion types occur but are represented by different approaches to 

include adaptation phenomena in the description of the light- 

photosynthesis relation, as will be shown below. 

NOW, why and how should one include this phenomenon in a 

model? The effect of light acclimation in phytoplankton will, 

for example, be of significance in a model that simulates short- 

term changes in daily radiation which fall into meteorological 

patterns. Such patterns, in this case representing cloud cover, 



can be simulated using stochastic methods for daily variatio~s 

and are, for example, calibrated to the monthly averages of cloud 

cover throughout the year. An example of such an application is 

given in the Kremer and Nixon (1978) model of Narraganset Bay. 

Depth and time integrations of light-photosynthesis relations 

under given conditons of vertical mixing would also require an 

accounting of adaptation. 

To treat the phenomenon on a mechanistic, microscale level 

would require one to account for the chlorophyll quota of the 

cells (in the case of the ChZoreZZa-type) in some kind of internal 

pool model, comparable to the internal pool representations of 

the nutrients recommended by many authors, e.g., Grenney (1973), 

Davies et al. (1978), or Dugdale (1977). Such an approach is 

rather elaborate and, in most cases, the parameters for environ- 

mental dependency of cell quota of chlorophyll and chlorophyll/ 

productivity relations are known only semi-quantitatively. 

Chlorophyll :carbonratios are known to vary over an order of mag- 

nitude from approximately 20 to 200 (Steele and Baird, 1961). 

Assimilation numbers, i.e., mg C per mg Chl. a per hour under light 

and nutrient saturation levels, are compiled in Platt and Subba 

Rao (1975), and temporal variations for a given coastal area are 

reported in Platt (1969, 1975); these were found to range from 

0.1 to 20 mg C per mg Chl. a per hour. Data from the northeast 

Pacific Ocean are given in Hameedi (1977). Assimilation numbers 

range from 0.85 to 5.5 mg C (mg Chl. a h ; the corresponding 

I 
opt 

values are given with 2.7 to 6.1 mW cm-2. 

A more holistic and convenient alternative can be deduced 

from the work of Steemann Nielsen et al. (1962). The basic assump- 

tion is that optimum light for growth I 
opt 

or light saturation 

level, tracks the previous light history to which the cell has 

been exposed. This leaves the causal relations (involving the 

chain of light history-chlorophyll q u o t a - p r o d u c t i v i t y / ' l i g h t )  

aside, using only the relation light history-productivity/light. 

This corresponds to the above mentioned ChZoreZZa-type of adapta- 

tion, which is related to the photochemical part of photosynthesis. 

This mechanism seems to be primarily characteristic of green 

algae (Steemann Nielsen, 1975) . 



Using the simple Steele (1962) equation for light-dependent 

growth of phytoplankton (Fig. 7), we have 

G = G  I . -  
max I opt ex. (1 - +) I 

opt 

where G represents particulate production, i.e., qross production 

minus respiration minus excretion of dissolved organic compounds, 

and Gmax is the maximum growth at light saturation level IOpt. 

The parameter I is made a variable by defining 
opt 

where It(n) is the mean daily irradiance at day n, and a,b, and 

c are constants for weighting the average of I' over the pre- 

ceding three days. Values of 0.7, 0.2, and 0.1 are used by 

Kremer and Nixon (1978) to approximate the observations of 

Steemann Nielsen et al. (1962). 

A different approach is discussed by Platt et al. (1977). 

Again, the parameter G is made a variable, based on the Steele 
max 

equation (2.1); we may write 

G 
3G - - - -  rnaX exp (1 - +) - I 
a1 I opt opt Gmax I2 e x  (1 - $-l(2.3) 

opt opt 
and 

Let us now assume that, for low light intensities (where the 

photochemical part of the total photosynthesis process is governing, 

i-e., limiting), the initial slope of the G vs. I curve depends 

only on pigment concentration (Chlorophyll a), with a proportion- 

ality of, say, cr (Fig. 7) , where 



l i g h t  intensity I 

Figure 7. Photosynthesis-light response after 
Steele (1962). Gmax is frequently 

called the assimilation number; a 
gives the slope of the photochemically 
determined part of the curve. 

Now let 0 be the ratio of carbon to chlorophyll, such that 

By substituting Eq. (2.5) in Eq. (2.4), and using Eq. (2.6) for 

Chl. a, we get 

or, rewritten for I and dividing by biomass B, 
opt 

I - B _ - .  a e - G  B 
opt max . 

Now, many observations on the depth distribution of photo- 

synthesis in widely differing water types have shown remarkable 

similarities (Vollenweider, 1970); the depth distribution reaches 

a maximum at a depth where the available light is about 50% of its 

mean surface value. Based on these observations, Steele (1962) 



made the following formal assumption: 

I 

I - 0 - - 
opt 2 

where I. denotes the mean subsurface irradiance. Substituting 

Eq. (2.9) for I in Eq. (2.8) gives 
opt 

a I 
B -  0 .  G - -  
max 2 eB 

This is simply the hypothesis that the assimilation number or 

maximum growth rate per unit pigment is proportional to the mean 

subsurface irradiance. As mentioned above, the response time for 

this ada~tation falls within the range of a few days; one should, 

therefore, make G an empirical function of the mean light inten- 
max 

sity of the preceding days or light history of the system. As 

compared to the first approach, this example would represent the 

CycZoteZZa-type of adaptation, related to the enzymatic processes 

in photosynthesis. The CycZoteZZa-type seems to primarily charac- 

teristic of diatoms (~brgensen, 1964, 1969). 

From the modeling point of view, this is basically the same 

approach as discussed in the first example, but applied to anothe~ 

parameter. It must be said for both approaches that these formu- 

lations would allow adaptation to unreasonably high or low light 

levels, so that upper and lower boundary conditions have to be 

, included for actual modeling purposes. However, Steemann Nielsen 

(1975) states in his monography on marine photosynthesis: 

... the different populations of algae found throughout 
the year are adapted to just the light conditions found 
during the last one or two days. No delay in adaptation 
takes place. 

Light adaptation in terms of a variable chlorophyll biomass 

ratio in phytoplankton may cause complication of primary production 

and phytoplankton representation by treating the pigment as an 

additional variable. On the other hand, if chlorophyll is used 

to describe the phytoplankton instead of energy content, carbon, 

nitrogen or phosphorus, then the time-varying stoichiometry has 

to be accounted for in various other processes such as grazing 



or nutrient cycling. Therefore, it might be more appropriate 

(although phytoplankton measurements are very often in terms of 

chlorophyll) to relate primary production to another convenient 

biomass measure and account for the time-varying light dependency 

of the process by making the Iopt value in a more or less bell- 

value a function of shaped light dependency curve, and the (;max 

the preceding days light level. Light adaptation by means of a 

time-lagged relation of chlorophyll content and assimilation 

number to light input (again, an example of environmental tracking) 

will be accompanied by another constituent mechanism in case of 

multi-species plankton communities. A multi-species phytoplankton 

community (in fact, all natural phytoplankton communities are 

multi-specific), is characterized by inherent functional dissimil- 

arities of the component species (in our example, different light 

optima), which leads to differential success under variable environ- 

mental conditions and thus again to a pattern of environmental 

tracking. The same implicit assumptions that were made 

explicit for the temperature adaptation must be considered for 

the light adaptation: the general (seasonal) pattern must pre- 

vail over short-term stochastic (meteorological) fluctuations. 

The importance of this relation for the effectiveness of 

adaptation strategy will be discussed further in a modelling 

example in the section on adaptation at the community level. 

NUTRIENT KINETICS 

A similar series of arguments related to the concept of 

environmental tracking can be given for a refined formulation 

of the nutrient uptake and related growth in phytoplankton. The 

Michaelis-flenten expression is commonly used to describe the 

nutrient uptake kinetics (Fig. 8) : 

v = v  S 
max Ks + S  ' 

where V is the specific uptake rate normalized to cell content of 

a nutrient with a concentration S. 



and K s ,  t h e  M i c h a e l i s  c o n s t a n t ,  i s  g i v e n  by 

S 
v 

- - - s I 
- max 

K~ - 'max v 'KS - - 2  

Eq. ( 3 . 1 )  i s  g e n e r a l l y  assumed t o  d e s c r i b e  t h e  c e l l ' s  n u t r i e n t  

t r a n s p o r t  p r o c e s s i i n  s t e a d y - s t a t e  c o n d i t o n s ,  t h i s  would b e  e q u i -  

v a l e n t  t o  g rowth  r a t e s .  Ev idence  t h a t  t h e  u p t a k e  of  v a r i o u s  

compounds s u c h  a s  n i t r a t e  and  ammonium, p h o s p h a t e ,  s i l i c a t e ,  e t c . ,  

c a n  b e  d e s c r i b e d  a d e q u a t e l v  by Yichaelis-!.lenten e q u a t i o n s ,  

h a s  been  g a t h e r e d  w i t h  v a r i o u s  methods and  d i f f e r e n t  s p e c i e s  a s  

w e l l  a s  mixed ,  n a t u r a l  p o p u l a t i o n s .  However, t h i s  model i s  o n l y  

a c c u r a t e u n d e r  c o n d i t o n s  o f  e x c l u s i v e l y  t empora ry  l o w  n u t r i e n t  

c o n c e n t r a t i o n s ,  which i n  n a t u r e  o c c u r  o n l y  i n  more e u t r o p h i c  

r e g i o n s .  

SUBSTRATE CONCENTRATION S 

F i g u r e  8 .  R e l a t i v e  n u t r i e n t  u p t a k e  V/Vmax a s  a  

f u n c t i o n  o f  a  s u b s t r a t e  c o n c e n t r a t i o n  
a c c o r d i n g  t o  ( 4 . 1 )  f o r  d i f f e r e n t  v a l u e s  
of Ks. 

Al though Monod (1942)  u s e d  Eq. ( 3 . 1 )  t o  d e s c r i b e  s u b s t r a t e /  

g rowth  r e l a t i o n s  i n  c a r b o n - l i m i t e d  b a c t e r i a ,  t h e  a p p l i c a t i o n  of  

t h e  e q u a t i o n  t o  g rowth  r a t e s  u n d e r  t r a n s i e n t  c o n d i t i o n s  h a s  p roven  

i n a d e q u a t e :  e x p e r i m e n t s  of  numerous a u t h o r s  ( see, Dugdale ,  1977)  , 



variously working with nitrate, phosphate, silicate and vitamin 

B1 2 indicated disagreement with Eq. (3.1) when V is interpreted 

as a growth rate. The reason for the disagreement is the adapta- 

tion of the cells to low nutrient concentrations, or the decreased 

amount of limiting nutrients contained in the cells under nutrient- 

limited conditions. 

Now let V' be the absolute rate of uptake or transport, with 

units of mass taken up per unit population per time unit as com- 

pared to V, the nutrient specific uptake rate with dimension 

tine-'. At steady state, where V = p (p being the specific growth 

rate of the Monod formulation), 

where Q is the amount of limiting nutrient per unit population, 

the cell quota. The relation of growth rate to cell quota Q is 

again described by a Monod-type hyperbola (Caperon and Meyer, 1972): 

where Qo indicates the threshold level where growth is reduced to 

zero, and K is again the half saturation constant. Droop (1968) Q 
proposed a simpler expression: 

which is equivalent to Eq. (3.5) for the case K = Qo. Plots of 
Q 

pQ (which is uptake of mass per unit population per unit time) 

versus Q, the cell quota, result in a straight line (Droop, 1973). 

Rearranging Eq. (3.6) to 

for growth, and using E a .  (3.1 ) for u~take, and including (3.4) , 



we have 

For steady state conditions, 

we get 

and, consequently, 

';ax /Q is a nutrient s~ecific maximum uptake rate. Let VAaX/Q 

be p. By inserting p into Eq. (3.11), i.e., 

we end up with a hyperbola of the original Monod formulation 

type, but including the variable p, which is inversely propor- 

tional to cell quota Q. Nutrient scarcity, resulting in a 

descreased Q, will increase p. This represents the cell's adap- 

tive ability to grow under low nutrient conditions, simply because 

less of the limiting nutrient would be used to produce the next cell. 

In this process of adaptation to low nutrient concentrations, 

there is again a strong historical element in the cell quota Q, 

as it depends heavily on the nutrient regime of the preceding 

days. Winter et al. (1975), proposed the following model, using 

a time lag t 
1 : 

'max (t)S(t - tl) 
'(t) = KS(t) + S(t - tl) I 

where tl was again approximately three days (as in the light 

acclimation model) for their calculations for Puget Sound. This 



is, in fact, a semi-empirical and simple representation of the 

phenomenon discussed above. One might as well, as was shown in 

the previous section for light, use a weighted average of the 

nutrient concentration S over the preceding days instead of the 

representation in (3.1 3) . 
Again, this simple representation, excluding cell quota, 

is given as an example of environmental tracking. It must be 

pointed out, however, that a more causal and mechanistic model, 

including cell quota, would require a rather elaborate model with 

internal nutrient pools. As a consequence of the uncoupling of 

nutrient uptake and growth in such a model, one would not only be 

able to represent the adaptations to low nutrient levels, but also 

the phenomenon of nutrient luxury uptake and the related time- 

lagged overshoot in production in a highly dynamic nutrient regime, 

which may be critical in algae blooms. Again, the selection of 

either of the alternatives, or even a much simpler representation 

with less biological validity, as can be found in many ecosystem 

models, depends mainly on the purpose of the model. 

As the effects of luxury uptake of nutrients, which applies 

primarily to phosphorous, can only result in time delays or shift- 

ing effects of production related to the external nutrient regime, 

it becomes obvious that the inclusion of this phenomenon--by un- 

coupling nutrient uptake and growth in internal pool models as 

outlined above--in a simulation model of an aquatic ecosystem 

should depend on the relevant time scale, which in turn depends 

on the modeling purpose. If the main interest is in the establish- 

ment of more long-term budgets, and consequently larger time steps 

are used, the result of additional sophistication and complica- 

tion of an internal pool model will probably turn out to be un- 

necessary, in terms of the problem envisaged. If, on the other 

hand, one wants to predict the dynamics of the plankton, rather 

than the yearly averages of production in relation to nutrient 

loading, the uncoupling of growth and nutrient uptake has to be 

included as a major element of the short-term dynamics of aquatic 

primary production under transient nutrient concentrations 

(Nyholm, 1977, Rhee, in press, Loogman et al., in press). 



With regard to nutrient kinetics, one of the major problems 

still far from being completely solved is the question of inter- 

action of different nutrients and nutrient competition. ~lbachter 

(1977) demonstrated that there are significant differences in the 

nutrient specific growth between unialgal and multi-species 

experiments. This was primarily ascribed to nutrient competition. 

The various uptake rates and half-saturation constants for dif- 

ferent nutrients in different species, as frequently reported in 

the literature, will cause changes in the biomass relations in 

multi-species communities, subsequent to changes in the ratio of 

these nutrients. In this context, luxury consumption of nutrients 

must be considered, as it can significantly affect growth limita- 

tions in mixed populations (Droop, 1974,1975). 

Interaction between limiting and non-limiting nutrients will 

be of special interest under a highly dynamic nutrient regime 

with variable ratios of the nutrients. Two basic theories of 

multiple-nutrient limitation are represented in ecosystem model- 

ing approaches: the first is that there is a multiplicative 

effect, represented by 

K 
- -  - I - -  K a ~  1 - - QB .... , etc. 
'max A Q~ 

The second alternative corresponds to Liebig's law of the 

minimum, which predicts independence from all but one, i.e., the 

"truly limiting" factor: 

K K 
- -  - I - -  QA QB ' - I - -  or - -  
'max A 'max QB 

A series of experiments by Droop (1974), using phosphorus and 

vitamin B 
12' substantiated the latter hypothesis. However, very 

little experimental data are available, rendering final and 

general statements difficult. 

The effect of temperature on nutrient uptake, at least in 

marine phytoplankton, was described with a simple exponential 

relationship with a Q10 of about 1.8-1.9 (Dugdale, 1976). 



Packard et al. (1971) used the following expression to describe 

effects of temperature on nutrient uptake: 

- - 6 1 1 
'max "max R T - - Tt 

I 

opt 

where Vmax represents the maximum uptake rate in (3.1), normalized 

to cell quota Q; T denotes the optimum value of the ambient 
opt 

temeprature T for growth, R is the universal gas constant, and t 
6 represents the slope of u vs. 1/T. 

Finally, there is a tight coupling between light and nutrient 

uptake, based on the fact that the light-produced ATP drives at 

least nitrate and ammonium uptake systems (Falkowski, 1975, 

Falkowski and Stone, 1975). Experiments of Davies (1976) and 

Harrison et al. (1 976) also indicate that Vmax is a function of 

light level and varies directly with it. 

To summarize from the ecosystems modeling point of view, 

nutrient uptake and related growth in phytoplankton is one of the 

key processes in any aquatic ecosystems model. The selection of 

the necessary degree of detail depends again on the underlying 

modeling purpose. However, recent experience has shown that for 

a more realistic representation of short-term dynamics under a 

fluctuating nutrient regime, the uncoupling of growth and nutrient 

uptake is necessary. This uncoupling and the use of internal 

pool models allows one to consider both the effects of adaptation 

to low nutrient levels and the phenomenon of luxury uptake. As 

a compromise, one might consider a simplified approach using a 

time-lagged dependency of growth to external nutrient concentra- 

tion. Such a representation will be based on the concept of 

environmental tracking as a major adaptive strategy. A similar 

result could be obtained by relating the K values (or nutrient m 
affinity) to the available nutrients (Loogman et al., in press). 

Whenever nutrient interaction and multiple nutrient limitation 

has to be taken into account, a switch pattern for nutrient 

limitation seems to be preferable over any combined effect. 



ADAPTATION ON THE COMMUNITY LEVEL 

The above examples of some first attempts to include repre- 

sentations of adaptation phenomena in the formulation of bio- 

logical processes within the frame of ecosystems models, can be 

partially interpreted as adaptation at the population level, repre- 

senting a single species which, for simplicity, will be assumed to be 
( 

functionally homogeneous, as well as at the community level, 

which is for a lumped group, composed of numerous functionally 

dissimilar species. However, the representation of adaptation 

at the community level has to account for a two-fold effect, i.e. 

the "physiological" one within the species as discussed above, 

and a second, superimposed, "ecological" one, which results from 

changes in the structure and composition of the community under 

variable environmental conditions. Such changes in the structure 

and composition must be considered as a major adaptive strategy 

at the community level. 

Again, the same underlying mechanisms as mentioned above 

can be identified: adaptability is based on a latent repertoire 

of different potential behaviors, which is realized through changes 

in the composition of the functionally slightly different compo- 

nents, namely, the species. The parallels to, for example, the 

set of different enzymes at the organism level are most obvious. 

The appropriate behavior is adopted by rather simple means, 

i.e., the differential success of the functionally 

different component species under different environmental condi- 

tions. The basic machinery of the set of component species is 

always available and is tuned by quantitative changes in the 

species composition according to the respective environmental 

conditions. The functional dissimilarity or diversity is there- 

fore a basic prerequisit of community adaptability, but must be 

such that it allows the single species to persist, even under 

the most unfavorable conditions to be encountered. 

Due to the continuous adjustment of community features by 

enhanced dominance of the "best" adapted, environmental tracking 

is again a basic strategy. Its effectiveness is not only depen- 

dent on the scope of the alternative behaviors or community 



compositions and structures, but also on the patterns of environ- 

mental variability. 

The effect of community adaptation is reflected, for example, 

in the varying compositions of the spring, summer, and winter 

plankton in most aquatic systems. Another example might be spe- 

cies successions under conditions of increasing eutrophication. 

Both examples emphasize the role of competitive species inter- 

action in community adaptation. The problem of model representa- 

tion can be handled, therefore, in two ways. Treating at least 

the major component species separately, so that changes in the 

community structure are explicitly represented, would be the 

mechanistic approach; however, a sufficient amount of physiologi- 

cal information on the component species must be available, which 

is rarely the case in most studies. Following the above line of 

reasoning, the alternative would be to allow for adaptational 

adjustments of the parameter values describing the total communi- 

ty; these parameters have to be made time-variable and relate to 

the course and pattern of determining state and input variables 

with a certain time lag. This corresponds to the basic arguments 

in the previous sections; only the physical interpretation of 

the underlying phenomena is slightly different at the community 

level. 

Community adaptation simultaneously reacts to all relevant 

environmental properties such as light, temperature, nutrients, 

etc. This simultaneous influence of numerous variables and the 

stochastic variability of these environmental features are impor- 

tant conditions for the maintenance of diversity in natural 

communities. Under constant environmental conditions and under 

the influence of only one governing variable, a single species 

would be selected after some time; the less ada~ted groups would 

not be able to compete. However, as a given species may exhibit 

varying degrees of adaptability with regard to various environ- 

mental variables and different sets of environmental conditions, 

disadvantages in one aspect or instant of time might be balanced 

in another aspect or at another time. Functional dissimilarity 

and stochastic environmental variability are therefore important 

for the persistence of communities and ecosystems as such. 



From the modeling point of view, the problem lies in the 

determination of parameters and description of processes for 

such heterogeneous biotic compartments in a variable environment. 

Let us consider the following example: given a multi-species 

community with component species of various sizes, where large 

organisms have relative advantages under low temperature condi- 

tions, and small organisms have relative advantages under high 

temperature conditions, what will be the average size of organisms 

found in such a community as the result of adaptive optimization 

under variable temperature conditions? Several strategies 

for such adaptive optimization can be thought of and 

their relative success will depend on various systems pro- 

perties such as the range of size groups, response times for 

changes in the community composition, and the temperature in- 

put pattern. To gain some insight into the relation of these 

factors, a simple modeling exercise was carried out, using 

primarily a traditional representation of the photosynthesis/ 

light relation in a hypothetical phytoplankton community under 

different patterns of a light regime. 

Consider a community of n species with the relative abundance 

of a single species or fraction of the total community biomass 

(more generally, speciesimportance: see Fedra, 1977) of ki; the 

community average for any parameter PC can be estimated by the 

weighted average 

where Pi denotes the respective paramter value for a single 

species. The averaged community parameter values are thus func- 

tions of the species composition of a lumped compartment, where- 

by species composition will alter under variable environmental 

conditions. However, such a weighted average is only a reliable 

estimate for the community value in the case of linear relations 

between the ecological process considered and the species param- 

eters. Referring to Eq. (2.4), the relative growth rate GB of i 
a species within the community depends on ~ : ~ ~ i  and I i of the 

O P ~  
species. By assuming in a rough first approximation that all 



i of  t h e  component s p e c i e s  a r e  approx imate ly  e q u a l  ( s o  t h a t  Gmax 
t h e  component s p e c i e s  d i f f e r  o n l y  i n  one pa ramete r  v a l u e ,  i . e . ,  

I i) , and i n t r o d u c i n g  
o p t  

and 

t h e  r e l a t i v e  growth of a  g i v e n  component s p e c i e s  w i l l  be  d e s c r i b e d  

by 

G = ki I: exp ( 1  - I?) . i ( 4 . 4 )  

Now, a s  t h e  f r a c t i o n  of a  s i n g l e  s p e c i e s  w i l l  depend on i t s  

r e l a t i v e  s u c c e s s  w i t h i n  t h e  community 

where 1 d e n o t e s  a  t i m e  l a g  i n  t h e  o r d e r  o f  magni tude  o f  genera-  

t i o n  t i m e ,  and t h e  r e l a t i v e  i n c r e a s e  i n  G becomes l a r g e r  t h e  i 
c l o s e r  I *  i s  t o  u n i t y ,  t h e  community a v e r a g e  o f  I w i l l  approach 

1 o p t  
I '  whenever I i s  c o n s t a n t  f o r  more t h a n  t h e  minimum t i m e  l a g  f o r  

a d a p t a t i o n  p r o c e s s .  

A s i m p l e  model was c o n s t r u c t e d  t o  s i m u l a t e  t h e  dynamics of 

a  m u l t i - s p e c i e s  community o f  a l g a e  i n  an  a n n u a l  c y c l e .  A s p a t i a l -  

l y  d i m e n s i o n l e s s  approach ,  c o n s i d e r i n g  one p o i n t  i n  a  comple te ly  

mixed body o f  w a t e r  o n l y ,  was chosen f o r  s i m p l i c i t y .  An a r r a y  of  

t e n  t o  twenty  s p e c i e s  w i t h  i n i t i a l l y  a s s i g n e d  f r a c t i o n s  of t o t a l  

community biomass was u s e d ,  d i f f e r i n g  o n l y  i n  t h e i r  I opt Param- 

eter  v a l u e s  ( a c c o r d i n g  t o  t h e  assumpt ions  a b o v e ) ;  

t h e  community dynamics (de te rmined  a s  t h e  sum o f  t h e  s i n g l e  

s p e c i e s  dynamics i n  t e r m s  of  r e l a t i v e  s u c c e s s  w i t h i n  t h e  communi- 

t y  t o t a l )  w e r e  c a l c u l a t e d  a c c o r d i n g  t o  E q .  ( 4 . 4 )  w i t h  a  t i m e  

s t e p  of one day.  R e f e r r i n g  t o  E q .  ( 4 . 1 ) ,  t h e  community e s t i m a t e  

o f  I 
o p t  

i s  a  f u n c t i o n  o f  t h e  component s p e c i e s  pa ramete r  v a l u e s  



and fractions; relative biomass increase of the component species 

was accordingly normalized to total community biomass, which was 

kept constant at 100X, so that any linear loss term could be 

neglected. For comparison, the community I value was esti- 
opt 

mated using the community productivity (determined by the sum 

of the component species contributions). Total community pro- 

ductivity was determined for the simulation time using this 

community parameter as well as the initial time-invariant esti- 

mate of (4.1). A comparison of these two values allowed an esti- 

mate of the relative error introduced with a time-invariant 

estimate of community I 
opt 

as compared to a time-varying param- 

eter value. 

Following the above concept of environmental tracking and 

its relation to environmental predictability, the model was run 

with different patterns of light input: for the yearly cycle of 

input, a sinus pattern with superimposed random variability was 

used: 

LIGHTM = SIN (TIME) (3.14159/182.5) 10 + 10 , (4.6) 

LIGHT = LIGHTM + LIGHTM VA~/100 RANF , (4.7) 

where LIGHTM gives the long-term mean of the light input (with 

an overall yearly mean of 10.0); LIGHT is the actual input value 

for the simulation, TIME is simulation time in days, VAR is a 

user-defined range for the stochastic variability in percent 

(0-100% in order to avoid negative light values), and RANF de- 

notes a pseudo-random number generating algorithm, using a ten 

digit seed, which allows reproducible sequences of random numbers 

(0 < RANF < 1). The sign in Eq. (4.7) is determined by a similar 

random algorithm. 

The changes in the community estimate of I observed in 
opt 

the simulations were a result of community adaptation through 

changing composition, governed by the light input. ~hysiological 

adaptation in the single species was not taken into account in 

these first runs. 



Model output (for an example, see Fig. 9) includes a graphic 

representation of the time series of the component species frac- 

tions, the light input (long-term mean and daily value), communi- 

ty productivity and an estimate using a time-invariant I value, 
opt 

derived from the initial community composition, the two estimates 

of community I (one representing the light-limited, the other 
opt 

light-inhibited state of the community),as well as Simpson and 

Shannon's diversity indices. In addition, basic statistics are 

given for these variables. 

For the first series of simulations, the specified I 
opt 

values of the component species varied around the annual mean 

of light input with a range corresponding to literature data for 

different species and groups of algae. Initial fractions of the 

component species were either equal or based on long-term runs 

of the model for 10 years. 

Some general conclusions about the model behavior were 

obtained: 

No steady-state community composition could be estab- 

lished under the simple model assumptions. Long-term 

simulations of up to 10 years showed an increasingly 

pronounced dominance of the species with their I 
opt 

values close to the long-term mean of light input, 

which was also indicated by the decrease of the diver- 

sity indices. Random variability in the light input 

did not significantly influence this pattern. However, 

initial fractions and parameter value specifications 

greatly influenced the "stability" of the community 

composition. 

2. The governing community I 
opt 

paramter was found to be 

time-varying as expected, tracking the light input 

pattern with a certain time lag of the order of magni- 

tude of several days; time lag and accuracy of tracking 

were again related to the initial conditions. 



Figure 9. Community adaptation model output. Curve 
1: light input, arbitrary units, yearly 
mean: 10.0. Curves 2,3: upper (light 
limited state) and lower (light inhibited 
state) value of community I arbitrary 

opt' 
units. Curves 4,5: community productivity 
as percentage of maximum value, 4: with 
time-varying community Iopt, 5: with 

constant value of 10.5. Lower solid curves: 
component species(lO), percentage of total 
community. Initial values: 10% each, 
I 
opt 

values from 6 - 15. 



3. Actual community productivity was underestimated with 

the constant community I for about 3-5% for yearly 
opt 

budgets, as compared to the adapting parameter; however, 

during certain periods of the year, the observed differ- 

ences amounted to more than 2 0 % ,  increasing with input 

variability. Initial conditions did not significantly 

influence this relation for symmetric distributions of 

the species parameters around the input mean. 

4. Both diversity indices were found to be time-varying, 

showing smooth polymodal oscillations throughout the 

year, and representing the species' succession patterns 

with different degrees of evenness. 

To summarize the results of the model runs, the importance 

of community adaptation for the description of functionally non- 

homogeneous biotic compartments has been documented for this 

simple model, and a pattern of environmental tracking simulated. 

The significance of the adaptation process was found to be more 

pronounced in the short-term dynamics within the annual cycle 

as compared to yearly budgets. However, a substantial influence 

of the initial conditions must be noted, at least for the quanti- 

tative aspects, whereas a general pattern could be observed in 

any case. No doubt, a much more detailed analysis, using actual 

field data and more realistic boundary conditions,will have to 

be made for a quantitative assessment of the phenomenon. 

As a general conclusion, the inclusion of adaptation in the 

representation of biological processes is proposed to increase 

biological realism in ecosystem models. For adapting lumped 

multi-species compartments, the time-lagged coupling of any 

"optimum" parameter to the respective input variable is suggested. 

This modeling strategy should allow for increased biological 

realism without necessitating an increase in the number of vari- 

ables and thus the dimensionality and complexity of a model. 

Even if the parameters governing the tracking are not yet 

exactly known in many cases, any shift of parameter values in 

the right direction will at least improve the reliability of 

the modelpredictions, not only with regard to seasonal or 



short-term fluctuations in input or state variables, but espe- 

cially under conditions of considerably changed inputs or new 

regions in state space. However, with regard to the parameters 

governing the tracking, it seems likely that they shown only 

comparatively small variability as a consequence of the mechan- 

isms involved and the small range of frequencies with which 

they are evolutionarily designed to cope. 

CONCLUDING REMARKS 

Considering the state-of-the-art of modeling biological 

processes and relations within the frame of mathematical eco- 

system models, it seems obvious that no satisfactory level of 

objectivity has yet been reached. Taking rational models (p. 5) 

as one goal, it is clear that the major part of the work is still 

to be done. This will include an increase in the experimental 

data bases, where the systems approach has to be kept in mind 

for the design of experiments and data collection, as well as 

the search not only for even more refinements in traditional 

formulations but--much more promising--for new theoretical ap- 

proaches. 

The previous sections were meant to discuss only a few 

aspects of modeling biological processes in the aquatic environ- 

ment, using a few selected examples. However, some directions 

of major interest can be identified. 

The use of time-varying parameters in the representation of 

complex biological processes can be seen as a first approach 

towards more biologically realistic formulations. Constant 

steady-state parameters have to be reconsidered as regards their 

dependency on various system variables under transient-state 

conditions. In addition to these often straightforward relation- 

ships, the role of internal control of biological systems, sub- 

sumed under adaptation and self-organization, must be emphasized. 

Theoretical as well as experimental work will be necessary to 

identify the basic components and goals of internal control, as 

well as the general strategies and mechanisms applied. The 

complexity of functional and structural adaptation in diverse 



natural biotic systems will, for conceptual as well as techni- 

cal reasons, necessitate the identification of appropriate macro- 

variables and holistic features of ecosystems, together with 

the development of an appropriate general ecosystem theory on a 

holistic level. The inclusion of stochastic variability in model 

representations might be a first step in this direction. 

- There is little doubt that a thorough understanding of the 

basic functional relations in our environment is of a crucial 

and continuously growing importance. Scientific responsibility 

asks, therefore, for a solid and rational basis for any predic- 

tions, if ecological modeling is meant to be more than complicated 

curve fitting, computerized intuition, or at best, educated 

guesswork. 
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APPENDIX "A" 

LIST OF SYMBOLS 

B biomass 

Chl . a  C h l o r o p h y l l  a  

E a c t i v a t i o n  energy  

F  i n p u t  v a r i a b l e  

Fo 
long-term a v e r a g e  of i n p u t  v a r i a b l e  

F U ' F 1  
upper  and lower  boundary of i n p u t  r ange  f o r  
a d a p t a t i o n  

G growth,  p r o d u c t i o n  

G~ - g r o s s  p r o d u c t i o n  

G maximum r a t e  o f  pr imary  p r o d u c t i o n  
max 

- 
G d a i l y  sum of  p r imary  p r o d u c t i o n  

G~ pr imary  p r o d u c t i o n  normal ized  t o  biomass 

I i n c i d e n t  r a d i a t i o n  

I ' d a i l y  mean of  i n c i d e n t  r a d i a t i o n  

I0 
s u b - s u r f a c e  i r r a d i a n c e  

I l i g h t  s a t u r a t i o n  l e v e l  f o r  p h o t o s y n t h e s i s  
o p t  

K r e a c t i o n  r a t e  

Ks M i c h a e l i s  c o n s t a n t  ( s u b s t r a t e  s p e c i f i c )  

K 
Q 

M i c h a e l i s  c o n s t a n t  ( c e l l  q u o t a  s p e c i f i c )  

LF l i g h t / n u t r i e n t  f a c t o r  

M m e t a b o l i c  r a t e  

Q c e l l  c o n t e n t  o f  a  n u t r i e n t  ( c e l l  q u o t a )  

Qo t h r e s h o l d l e v e l  of  n u t r i e n t  i n  t h e  c e l l  

QA, QB c e l l  q u o t a  of  n u t r i e n t  A , B  

Q10 t e m p e r a t u r e  c o e f f i c i e n t  
- 

community pa ramete r  e s t i m a t e  

R u n i v e r s a l  g a s  c o n s t a n t  



T TminI max 

TF 

r a t e  r e d u c t i o n  f a c t o r  due t o  t e m p e r a t u r e  

s u b s t r a t e  ( n u t r i e n t )  c o n c e n t r a t i o n  

t e m p e r a t u r e  

upper  and lower l e t h a l  t e m p e r a t u r e  f o r  photosyn- 
t h e s i s  

optimum t e m p e r a t u r e  f o r  p h o t o s y n t h e s i s  

t e m p e r a t u r e  l i m i t s  f o r  a d a p t a t i o n  

t e m p e r a t u r e  f a c t o r  

s p e c i f i c  n u t r i e n t  up take  r a t e  

a b s o l u t e  u p t a k e  ( t r a n s p o r t )  r a t e  

maximum u p t a k e  r a t e  

c o n s t a n t s  

p h o t o p e r i o d  ( f r a c t i o n  o f  day)  

impor tance  v a l u e  f r a c t i o n  o f  i - t h  s p e c i e s  

t i m e  

i n i t i a l  s l o p e  of G v s  I c u r v e  

ca rbon  t o  c h l o r o p h y l l  r a t i o  

t e m p e r a t u r e  c o n s t a n t  

s l o p e  o f  !J vs 1 / T  

e x t i n c t i o n  c o e f f i c i e n t  

t e m p e r a t u r e  c o e f f i c i e n t  

s p e c i f i c  growth r a t e  i n  terms o f  n u t r i e n t  up take  

n u t r i e n t  s p e c i f i c  ( 1 / Q )  maximum up take  r a t e  

components o f  t e m p e r a t u r e  f a c t o r  TF 


