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We develop a six-compartment model consisting of phosphorus, detritus, phytoplank-
ton, zooplankton, planktonivorous fish and pisciphagous fish. In this model, we study
the implications that the body sizes of phytoplankton and zooplankton have on the
system dynamics. We use ascendency as a goal function or indicator of system perfor-
mance. Ascendency quantifies growth and development of an ecosystem as a product of
total system throughflow and the mutual information inherent in the pattern of internal
system flows. Different physiological rate parameters of phytoplankton and zooplankton
are assessed by means of allometric relationships applied to their body sizes. We let the
phytoplankton body size range from 10 µm3 to 107 µm3 and the zooplankton body size
range from 10 µm3 to 104µm3 in volume. We also investigate the effects of phosphorus
input conditions, corresponding to oligotrophic, mesotrophic and eutrophic systems on
system dynamics. Ascendency (to be maximized over phytoplankton and zooplankton
sizes) was computed after the system had reached a steady state. Since it always was a
seasonal cycle, and the ascendency followed this behavior, we averaged the ascendency
over 365 successive days (duration of one year) in the oscillatory phase. Under all types
of nutrient conditions, the smallest phytoplankton size yielded the maximal values of the
ascendency, while the corresponding zooplankton size varied. Under oligotrophic condi-
tions, a phytoplankton size of 10 µm3 combined with a zooplankton size of 101.25 µm3 to
give the maximum value of the ascendency. Under mesotrophic and eutrophic conditions,
maxima were obtained for zooplankton sizes 102.26 µm3 and 103.20 µm3, respectively.

Keywords: Ascendency; phytoplankton; zooplankton; phosphorus; fish; body size;
allometry.
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1. Introduction

The size of an organism affects virtually all aspects of its physiology and ecology [36].

The works of Hemmingsen and Schmidt-Nielsen on the physiology of body size [26,

27, 62], Gould on its phylological ramifications [22], and a general theoretical model

by McMahon [43] have collectively served to bring the importance of body size as

a biological variable forcibly to the attention of biologists. The recent explosive

growth of both theoretical and empirical studies on the influence of size on all

aspects of biology and evolution, and the extension of such studies from a focus

on physiology and functional morphology to broader ecological characteristics have

resulted in a spate of books on the subject [7, 56, 63]. As a result, the field of

allometry — the study of relationships between organism size and function — has

become rather suddenly a prominent focus in ecology and evolutionary biology.

The size distributions of the various organisms comprising an ecosystem pro-

vide a holistic description that facilitates comparisons of distinct ecosystems in time

and space [16]. Gliwicz and Umana proposed that, out of different morphological,

behavioral and life history comparisons, body size appears to be the factor most

responsible for the vulnerability of any system dynamic [21]. Biomass size spectra

provide an important tool with which to search for generalizations in pelagic ecosys-

tems [15]. The allometric relationships of physiological processes of living organisms

with their respective body sizes are cast as algebraic statements that often include

logarithms [56, 57]. System dynamics are regulated mainly by the physiological rate

parameters of all living state variables, and body size contributes significantly to

the control of these parameters [28, 75].

Usually, planktonic ecosystems are described by compartmental models, wherein

each compartment represents a trophic level or taxonomic group. In most such cases

the models are primarily descriptive, because the most important components and

their interactions relate to the links among the compartments [45]. The use of

these models carries with it numerous problems, however. Unrealistic lumping of

various plankton sizes having vastly different physiological rate parameters is a

common practice in many dynamical models [44]. To overcome this problem, An-

derson et al. have suggested to increase the number of compartments [3], but this

approach seems only to add to the complexity of the model and lead, in most cases,

to unrealistic results. Thus, an alternative approach has been developed for plank-

tonic systems: incorporating rate processes that vary according to the body sizes

of plankton explicitly into the model dynamics. Lebedeva first used this approach

for phytoplankton [38] and was followed by Radtke and Straškraba [60], Platt et al.

[58] and Moloney and Field [45]. Ray et al. applied the same approach to both

phytoplankton and zooplankton [61]. This is also the modelling approach we follow

in this paper.

Ecological (and biological) growth and development have very much to do with

the evolution of order in organized matter, and work must be done to create this or-

der out of the background (reference state) that is less ordered. Purpose is frequently
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brought into discussions on the origins of order in the form of “objective functions”,

“goal functions”, “optimization criteria”, “extremal principles” or “orienters” [48].

Various authors have proposed various concepts to serve as goal functions. Lotka

suggested the “maximum power principle”: systems become organized to maximize

their energy throughput, or power [41, 42]. Prigogine and Stengers proposed the

“maximum production of entropy” [59], and later Schneider and Kay suggested an

extended version of the second law of thermodynamics as an organizing principle

for systems (the “maximum dissipation of exergy” principle) [64, 65]. (“Exergy” is

defined as the work a system can perform as it is brought into equilibrium with

the environment or with another well defined reference state.) Morowitz considered

that energy flow caused cycling, which in its turn produced organization, implying

“maximum cycling” as a goal function [46]. Cheslak and Lamarra proposed that

ecological systems self organize so as to maximize the retention time of acquired

energy (the “maximum residence time” principle) [8]. Odum introduced another

goal function, “embodied energy”, which was later contracted to “emergy” [53].

Jørgensen also considered exergy to be key to the development process [31, 32],

but unlike Schneider and Kay, he proposed that systems maximize their storage of

exergy [64]. Straškraba described this idea in cybernetic terms: the goal function is

transmitted to an optimizer, which is also provided with relevant information about

the process [72]. Information signals are used in conjunction with the goal function

to select for the optimal species from among an existing set. Ulanowicz proposed

the principle of “maximum ascendency”, where ascendency quantifies network or-

ganization of the system as the product of throughflow and the mutual information

inherent in the pattern of flows [77].

In the current work, we couple the cybernetic viewpoint of Straškraba [72] with

the ascendency goal function of Ulanowicz [77] to examine what might be the best

pattern of growth and development of a system under different levels of available

nutrients. Oligotrophic, mesotrophic and eutrophic conditions are provided to an

ecosystem model, and different size classes of phytoplankton and zooplankton are

examined to see which will yield the greatest ascendency value. Such a cybernetic

approach was first used by Radtke and Straškraba to maximize algal biomass in a

size-structured phytoplankton model [60], and later Ray et al. followed the same

procedure to optimize exergy in a size-structured model containing both phyto-

plankton and zooplankton [61].

2. The Model

We employ empirically established allometric relationships between the (logarithm

of) individual cell or body volume and rates of physiological processes of phyto-

plankton and zooplankton. Cell or body volume has been used as a measure of

organism size by many authors [34, 60, 66, 75]. We surveyed the literature thor-

oughly and selected appropriate ranges for cell or body volumes of phytoplankton

(from 10 to 107 µm3) and zooplankton (from 10 to 104 µm3). We shall denote
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phytoplankton and zooplankton volumes by Vp and Vz, respectively, where Vpi and

Vzi = log(10iµm3). All rates involved have the unit day−1.

2.1. Physiological Parameters of Phytoplankton

Williams, Eppley and Sloan, Tilzer, Findlay, Archambault et al. and Smith et al. ex-

perimentally studied the dependence of phytoplankton growth rate upon organism

size in different environments [4, 12, 14, 68, 76, 80]. On the basis of their observa-

tions on maximal gross photosynthetic activity (Pmax), we estimate that

Pmax(Vp) = 3.0− 0.3 logVp .

Photosynthesis depends upon temperature, and the above formula holds true for the

temperature of 20◦C. The dependence on temperature (T) becomes exponential,

Pmax(Vp, T ) = (Pmax(Vp)/6.05) exp(0.09 T) .

The respiration rate of phytoplankton (Resp) depends upon its body size [82] too.

For smaller species of phytoplankton the respiration rate is four times higher than

for larger species. The result is an approximately logarithmic dependence of the

respiration rate upon size:

Resp(Vp) = 0.02− 0.002 logVp .

Referring to the work of Kiefer and Austin [35], Radtke and Straškraba proposed

the following equation for size-dependent self-shading (Ext) among phytoplankton

[60]:

Ext(Vp) = 0.12 V −0.33
p = 0.12 exp(−0.33 logVp) .

Findlay observed that the natural rate of phytoplankton mortality (Mort) also

depends upon size [14], being high in smaller phytoplankton but low in larger

organisms. We choose to estimate the mortality rate as

Mort(Vp) = 0.043− 0.006 logVp .

Eppley et al. suggested a logarithmic increase with size of the half-saturation con-

stant (Ks) of nitrogen uptake by phytoplankton [11]. We assume a similar relation-

ship for phosphorus uptake, with values ranging between 5 and 65 mg Phos m−3.

We therefore propose that

Ks(Vp) = 10 logVp − 5 .

2.2. Physiological Parameters for Zooplankton

The growth rate of zooplankton also varies according to the body size, with the

maximum recorded for smaller species and the minimum among larger species

[1, 5, 19]. On this basis and according to the calculations by Peters [56], we propose

that

Growth(Vz) = 0.715− 0.13 logVz .
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In a similar fashion, the respiration rate of zooplankton also depends upon size,

achieving its maximum among smaller species and its minimum for larger species

[1, 2, 5, 8]. Again, following Peters [56], we assume that

Resp(Vz) = 0.033− 0.008 logVz .

Blueweiss et al. reported much the same qualitative dependency of zooplankton

mortality rate on size [5], and we have calculated the rate as

Mort(Vz) = 0.054− 0.012 logVz .

Lehmann and Blueweiss et al. reported that the half saturation constant of zoo-

plankton grazing on phytoplankton (Ks) increases logarithmically with body size [5,

39]. Working with phosphorus, Straškraba and Gnauck suggested that the constant

ranges from 10 to 55 mg Phos m−3 [73], and we therefore propose the relation

Ks(Vz) = 15 logVz − 5 .

2.3. Model Equations

All of the above allometric dependencies have been incorporated into a dynamic

model of phosphorus (N), phytoplankton (P ), zooplankton (Z), planktonivorous

fish (F1), pisciphagous fish (F2) and detritus (D); see Fig. 1. The model equations

are presented below, and the description of the parameters, their values and the

corresponding dimensions are given in Table 1. This model may pertain to the

well-mixed epilimnon of a temperate lake.

N
�

D

P

F1

Z

F2

Fig. 1. Conceptual diagram of the six-compartment model. The compartments include phospho-
rus (N), phytoplankton (P ), zooplankton (Z), planktonivorous fish (F1), pisciphagous fish (F2),
and detritus (D).
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dN/dt = (Q/V )(Fin−N) + dDD − Pmax(Vp, T )LePN/(N +Ks(Vp))

Le = light effect on photosynthesis = (I/Iopt) exp(1− I/Iopt)

I = Is exp[(−Ec + Ext(Vp)ze]

dP/dt = Pmax(Vp, T )LePN/(N +Ks(Vp))−Resp(Vp)P

−Growth(Vz)ZP/(P +Ks(Vz))−Mort(Vp)P

Growth(Vz)ZP/(P +Ks(Vz)) = grazing of Z on P

dZ/dt = arzGrowth(Vz)ZP/(P +Ks(Vz))− µzfF1Z/(Z +Ksf1)

−Mort(Vz)Z −Resp(Vz)Z

µzfF1Z/(Z +Ksf1) = predation of F1 on Z

dF1/dt = arf1µzfF1Z/(Z +Ksf1)−mrf1F1 − rrf1F1

− µffF2sf1f2F1/(sf1f2F1 + sf2f2F2 +Ksf2)

µffF2sf1f2F1/(sf1f2F1 + sf2f2F2 +Ksf2) = predation of F2 on F1

dF2/dt = arf2µffF2sf1f2F1/(sf1f2F1 + sf2f2F2 +Ksf2)−mrf2F2 − rrf2F2

− (1− arf2)µffF2sf2f2F2/(sf1f2F1 + sf2f2F2 +Ksf2)

dD/dt = (Q/V )Din + (1− arz)Growth(Vz)ZP/(P +Ks(Vz))

+ Mort(Vp)P + Resp(Vp)P + (1− arf1)µzfF1

Z/(Z +Ksf1) + Mort(Vz)Z + Resp(Vz)Z

+ (1− arf2)µffF2sf1f2F1/(sf1f2F1 + sf2f2F2 +Ksf2) +mrf1

F1 + rrf1F1 + (1− arf2)µffF2sf2f2F2/(sf1f2F1 + sf2f2F2 +Ksf2)

+ mrf2F2 + rrf2F2 − dSD − dDD

2.4. Ascendency

The ascendency concept aims at quantitatively describing the growth and develop-

ment of an ecosystem as a whole [77]. Growth is defined as an increase in the total

system throughflow, while development is taken to be a rise in the average mutual

information inherent in the network flow structure. According to Ulanowicz, as an

ecosystem matures and goes through a series of successional stages, its ascendency

exhibits a propensity to increase [78]. It follows that if a system is affected by pol-

lution or other disturbance the flows of energy and materials through the system

will change, and with them the ascendency. This was demonstrated experimentally

by Ray et al. [61]. Formally, the ascendency can be computed as follows [55, 79]:

A = T

n∑
i,j=0

fij

T
log

[
fijT

TiTj

]
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Table 1. Parameter symbols, their description, values and units.

Symbol Description Value Unit

Iopt Optimum surface radiation for
photosynthesis

300 cal cm−2 day−1

Is Surface solar radiation 280 + 210 sin (58.1 Time) cal cm−2 day−1

Time day

Ec Extinction coefficient 0.2 m−1

T Temperature 12 + 10 sin (58.1 Time) ◦C

ze Depth of epilimnion 4 m

Q Discharge rate of water m3 day−1

V Volume of epilimnion m3

Q/V 10−2

Fin Concentration of the inflow of
Phosphorus in mesotrophic/
oligotrophic/eutrophic conditions

20/5/100 mg m−3

arz Assimilation rate of Z 0.6 day−1

µzf Maximum predation rate of F1

on Z
0.14 day−1

µff Maximum self-predation rate of F2 0.08 day−1

rrf1 Respiration rate of F1 0.0015 day−1

mrf1 Mortality rate of F1 0.001 day−1

arf1 Assimilation rate of F1 0.5 day−1

rrf2 Respiration rate of F2 0.0001 day−1

mrf2 Mortality rate of F2 0.001 day−1

arf2 Assimilation rate of F2 0.4 day−1

sf1f2 Predation preference of F2 on F1 2/3 dimensionless

sf2f2 Self-predation preference of F2 1/3 dimensionless

Ksf1 Saturation constant of F1 70 mg Phos m−3

Ksf2 Saturation constant of F2 80 mg Phos m−3

Din Concentration of D in inflow 20 mg m−3

dS Settling rate of D 0.01 day−1

dD Remineralization rate of D to N 0.3 day−1

where T is the total system throughflow, n is the number of compartments, fij
is the flow from compartment i to compartment j (zeroth compartment is the

environment), Ti is the total flow leaving compartment i,

Ti =
n∑
j=0

fij , j 6= i ,

and Tj the total flow entering compartment j,

Tj =
n∑
i=0

fij , i 6= j .
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We computed the ascendency after the system had reached a steady state. Since

it always was a seasonal cycle (after a transient phase), and since the ascendency

always tracked this behavior, we decided to average the ascendency over 365 suc-

cessive days (duration of one year) after the model had reached the oscillatory

period. In order to speed up computations and to avoid being trapped in local

maxima, maximization was performed in two steps. During the first exploratory

step, a square lattice with the edge length 0.2 [logµm3] was superimposed upon

the region of admissible phytoplankton and zooplankton sizes. The average ascen-

dency was computed at each node to get a rough picture of the behavior of the

optimized function. Then a small region was delineated around the expected max-

imum and inserted into the maximization procedure, being the fmincon procedure

from the MATLAB 5.3 software package (The Math Works Inc., USA). This proce-

dure solves the constrained optimization problems via the technique of sequential

quadratic programming [18].

3. Results

As the size classes of phytoplankton and zooplankton varied, the results of the

model varied accordingly. Body sizes of phytoplankton and zooplankton were con-

sidered to range from Vp1 to Vp7 and from Vz1 to Vz4, respectively. Identical initial

conditions were applied to all runs. The model was tested under three different

phosphorus input rate scenarios: the oligotrophic conditions (input rate 5 mg Phos

m−3), the mesotrophic conditions (input rate 20 mg Phos m−3) and the eutrophic

conditions (input rate 100 mg Phos m3). The simulations were intended to pertain

to a through-flowing temperate mesotrophic lake with an average retention time

of 100 days, an inflow phosphorus concentration of 20 mg m−3, and an extinction

depth [70] equal to 4 m. These conditions could apply equally well to the shallow

epilimnion of a very cloudy (e.g. bog like) pond or to a deeply mixed but trans-

parent lake. The dependencies of photosynthesis on light and temperature and the

influence of self-shading by phytoplankton on photosynthesis were all incorporated

into this model.

The annual water temperature and surface solar radiation vary from 2◦C to

22◦C and 70 cal m−2d−1 to 490 cal m−2d−1, respectively. We incorporated a sine

function to simulate these variations. Maximum photosynthetic rate of phytoplank-

ton is thus recorded in summer while it reaches its minimum in the winter, and the

annual cycle in this rate is observed for all phytoplankton size classes. The growth

rate of zooplankton depends mainly on phytoplankton, planktonivorous fish depend

on zooplankton, and pisciphagous fish on planktonivorous fish. Thus, we observed

annual cycles (simulations suggest that they are stable limit cycles) in all non-zero

state variables for all size combinations of phytoplankton and zooplankton.

The annual average biomass of all living state variables and ascendency values,

corresponding to different combinations of phytoplankton size (ranging from Vp1 to

Vp7) and zooplankton size (ranging from Vz1 to Vz4) with a unit step in both P and
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Z, are listed in Table 2 (under the mesotrophic conditions). We used the software

package STELLA 6.0 Research (High Performance Company) to run the model

for all these size combinations. Table 2 shows that the biomass of phytoplankton

increases with its cell size, but this brings decrease in biomass of both types of fish

for small and medium Vz. Also, larger-bodied zooplankton are not well-adapted to

small-celled phytoplankton. Zooplankton are eliminated from the system when Vz4

is combined with Vp1, but zooplankton and fish biomasses gradually increase with

Vz4 as phytoplankton size increases.

The phytoplankton population increases at high Vp in spite of its slow growth

rate. Many authors have pointed out that this slow growth rate is commonly ob-

served in spring, as Vp increases, because it takes more time for the phytoplankton

to take advantage of the improved light and temperature conditions, even in the

face of increasing phosphorus concentration and weak control by zooplankton. The

retarded phytoplankton pulse occurs as a steep exponential increase, which reaches

a higher density for larger Vp because there is less control by both nutrients and

zooplankton. At Vp7, there is only a small, late peak in biomass, and zooplankton

is unable to reproduce at an adequate rate. The phosphorus concentration in the

water column nearly reaches the inflow concentration. For low Vp, the phytoplank-

ton growth rate remains high, which results in the rapid utilization of phosphorus

and also causes an increase in zooplankton and fish biomasses. In turn, these mech-

anisms control phytoplankton, zooplankton and both fish levels in such a way that

the fluctuations in all living state variables are smoothed, and the peak does not

attain a very large value.

Next, we optimized ascendency under each of the three nutrient scenarios —

mesotrophic, oligotrophic and eutrophic. During optimization, size classes of phy-

toplankton and zooplankton were free to take on any value within the specified

intervals. Under oligotrophic conditions, the combination of the smallest phyto-

plankton (Vp1) and a small zooplankton (Vz1.25) yielded the highest ascendency

value (Fig. 3a). The biomasses of phytoplankton, zooplankton, planktonivorous

fish and pisciphagous fish under these conditions are displayed in Fig. 2a. Under

mesotrophic conditions, the highest ascendency value occurred for the smallest phy-

toplankton size Vp1 and the intermediate zooplankton size Vz2.26 (Fig. 3b). The

corresponding biomasses of all living state variables are shown in Fig. 2b. Under

eutrophic conditions, comparatively larger zooplankton (Vz3.20) combined with the

smallest phytoplankton (Vp1) to give the maximum ascendency value (Fig. 3c). The

biomasses of all living state variables for this combination are shown in Fig. 2c. We

may generalize from these results that, under all nutrient conditions, the system

attains its maximum ascendency whenever phytoplankton are as small as possible;

the optimal zooplankton size increases with increasing nutrient load. The physiolog-

ical rate parameters of phytoplankton and zooplankton corresponding to maximum

ascendency values under various nutrient conditions are given in Tables 3 and 4,

respectively.
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Table 2. Average biomasses (over a period of 365 days) of phytoplankton (P ), zooplankton (Z),
planktonivorous fish (F1), and pisciphagous fish (F2), and the corresponding ascendency values
(A) under mesotrophic phosphorus conditions.

Vz1 Vz2 Vz3 Vz4

Vp1 P 8.13 10.46 16.21 22.26

Z 5.30 4.15 2.24 0.00

F1 2.28 2.43 1.32 0.00

F2 1.81 2.01 0.82 0.00

A 7.98 9.12 8.79 6.56

Vp2 P 10.42 12.78 17.22 20.75

Z 6.32 3.82 2.64 0.82

F1 2.15 1.73 1.84 0.00

F2 1.81 1.07 0.82 0.00

A 5.74 6.94 7.15 5.84

Vp3 P 12.32 13.87 18.61 22.97

Z 6.58 3.84 2.64 1.78

F1 1.62 1.78 1.81 0.23

F2 1.03 1.08 0.90 0.00

A 4.46 5.49 5.97 4.95

Vp4 P 13.14 13.03 18.53 28.68

Z 6.46 3.69 2.76 1.87

F1 1.75 1.58 1.98 0.81

F2 1.23 1.31 0.90 0.11

A 3.72 4.45 4.38 4.83

Vp5 P 15.92 12.98 19.77 30.32

Z 6.46 4.11 3.26 1.97

F1 1.69 1.65 1.58 1.30

F2 1.13 1.30 0.82 0.10

A 3.53 3.93 5.41 4.08

Vp6 P 12.74 13.13 21.86 32.63

Z 6.81 4.87 4.12 2.35

F1 0.76 2.03 1.37 1.81

F2 0.41 1.75 0.66 0.83

A 2.68 2.73 2.85 3.26

Vp7 P 14.89 22.88 22.93 35.97

Z 3.92 5.04 5.34 4.07

F1 0.00 1.62 0.63 1.46

F2 0.00 0.00 0.34 0.90

A 2.58 3.57 2.92 3.72
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Fig. 2. Biomasses of phytoplankton (solid line), zooplankton (dashed line), planktonivorous
fish (dash-dot line) and pisciphagous fish (dotted line) under (a) oligotrophic conditions,
(b) mesotrophic conditions, and (c) eutrophic conditions. The horizontal axis represents a pe-
riod of 365 days, while the vertical axis depicts the concentrations of biomass (mg Phos m−3) of
phytoplankton, zooplankton, planktonivorous fish, and pisciphagous fish.
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Fig. 3. Plot of average ascendency values for various size classes of phytoplankton and zooplank-
ton over a period of 365 days under (a) oligotrophic conditions, (b) mesotrophic conditions, and
(c) eutrophic conditions.
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Table 3. Physiological rate parameters of phytoplankton corresponding to the maximum ascen-
dency values obtained under various phosphorus conditions.

Under all nutrient conditions: Vp1

Phytoplankton growth rate 2.40 (at 22◦C) d−1

1.31 (at 12◦C) d−1

0.22 (at 2◦C) d−1

1.31 (average) d−1

Phytoplankton respiration rate 0.018 d−1

Phytoplankton mortality rate 0.037 d−1

Phytoplankton self-shading 0.12

Phytoplankton half-saturation constant 5

Table 4. Physiological rate parameters of zooplankton corresponding to the maximum ascen-
dency values obtained under various phosphorus conditions.

Oligotrophic conditions Mesotrophic conditions Eutrophic conditions

5 mg Phos m−3: 20 mg Phos m−3: 100 mg Phos m−3:

Vz1.25 Vz2.26 Vz3.20

Zooplankton growth 0.552 d−1 0.421 d−1 0.299 d−1

rate

Zooplankton respiration 0.023 d−1 0.015 d−1 0.007 d−1

rate

Zooplankton mortality 0.039 d−1 0.027 d−1 0.016 d−1

rate

Zooplankton half- 13.80 28.93 43.00
saturation constant

4. Discussion

Evolutionary ecology portends that not only will the organisms best fitted to their

environment survive, but that they will also become dominant under those condi-

tions. The environment of an organism includes both its biotic and abiotic com-

ponents. The abiotic environment for plankton is characterized mainly by tem-

perature, light and nutrients; and these are determined largely by solar radiation,

chemical inputs and the activities of organisms. The biotic environment consists

mainly of the other organisms present in the pelagic system. Optimal structure

theory informs us that selection will favor those organism sizes whose physiological

rate parameters are best adapted to the system. Evolutionary system ecology strives

not simply to take into account the fitness of each individual organism, but the mu-

tual fitness of all organisms living in the community. By applying system theory to

ecological systems, Lebedeva first showed the role of phytoplankton size in aquatic

system dynamics [38], and later Straškraba and Radtke and Straškraba extended

this work [60, 72]. Ray et al. described the effects of phytoplankton and zooplankton

size upon the performance of aquatic ecosystems [61]. It has long been recognized

that the rates of physiological functions of an organism are quantitatively related

to its body size [26].



December 12, 2001 16:46 WSPC/129-JBS 00042

282 Ray, Berec, Straškraba & Ulanowicz

Progress towards understanding the implications of body size to community

functioning followed from empirical measurements of the size structure of aquatic

and other communities. Such progress was particularly accelerated by the appear-

ance of automatic sizing machines. Sprules, among others, studied organism size

distributions among freshwater plankton systematically and demonstrated that the

size spectrum of plankton biomass and/or abundance exhibits distinct peaks at

those sizes that correspond to the average sizes of the individual plankton groups

[69]. A theoretical explanation of why such peaks of spectra might occur when

the underlying relationship of the determining parameters is smooth was presented

by Han and Straškraba [24]. They demonstrated that the peaks arose because the

slope of the size relationships for individual organism groups is less than the slope

across different groups. Other studies presented examples of flatter spectra (on a

logarithmic scale) for marine plankton [57], and have indicated how the spectral

shape changes with geographical differences. The re-analysis of size spectra models

by Han and Straškraba showed that, to avoid massive confusion, it is necessary to

distinguish carefully the units of measurement and to exercise great care in how

one groups classes of organisms [24]. The size structure of pelagic ecosystems is not

constant, but shifts dynamically in response to growth and mortality of individual

organisms [23]. What is missing from these empirical investigations is any demon-

stration of the degree to which the presence of various organisms with different

dependencies on size might affect the dynamics of the ecosystem, particularly if

representatives of different groups should mutually interact and modify the abiotic

environment. In this paper we have attempted to investigate but one aspect of these

complex interactions.

In our model we have attempted to express the size dependent qualities of plank-

ton by means of linear functions of the logarithm of cell or body volume. A number

of investigators [12, 25, 47, 68, 74] considered how different parameters for phyto-

plankton and zooplankton depend upon size and have suggested that considerable

improvement might be achieved by incorporating this recent knowledge into dy-

namic models. Inherent in the body size of an organism is an interplay between

its physiological properties and the overall community structure. Relationships be-

tween body size and physiological rates in plankton are more or less linear on a

logarithmic scale, but it should be stressed that in most instances the curves are

highly nonlinear when viewed on a non-logarithmic scale. At low Vp and Vz one

often observes a steep drop in the parameter values. At higher Vp and Vz changes

in the rate parameters level out. Therefore, a change in Vp or Vz by a single order

of magnitude when they are large might induce only a small effect on process rates,

but it could have a pronounced effect when Vp and Vz are low.

Recent data on rates of growth and photosynthesis suggest no changes to our

basic idea. Observations in nature using 14C autoradiography tend to support ideas

derived from the analysis of cultures [9, 49]. One problem concerns the need for a

more exact specification of the interactions between growth, respiration and the

effects of nutrient limitation. Most experiments are not adequately designed to



December 12, 2001 16:46 WSPC/129-JBS 00042

Evaluation of System Performance in an Aquatic Ecosystem Model 283

address these process interactions, and the isolated treatment of variables related to

size could lead to serious errors in estimation. For example, the marked dependence

of growth rates on size might be a consequence of the other two factors (respiration

and nutrient limitation), so that their additive inclusion would be superfluous.

An approach to self-shading similar to what we have used in the present model

was treated by Steele and Frost [71]. Detailed theoretical analyses suggest, however,

that size exerts a much less pronounced effect on Ext (Vp) than was modelled

here, because we ignored changes in the optical properties of phytoplankton of

different volumes. (Steele and Frost also did not account for these changes.) In

addition to optical properties, differently shaped phytoplankton cells containing

different proportions of photosynthetic pigments give rise to different mathematical

expressions for attenuation.

Nutrient uptake is strongly limited by transport, and thus depends upon cell

or body volume [13, 17, 40, 54]. Nyholm obtained the proportionality factor relat-

ing Ks values (phosphorus) to cell or body diameter [50]. Radtke and Straškraba,

however, showed that the half-saturation constant is not the ideal parameter for

comparing the nutrient dynamics of different species under various conditions, be-

cause it depends upon all variables affecting photosynthesis or growth of organisms

at higher trophic levels [60]. The index called the “affinity” [6], which is related

to the initial slope of the photosynthesis — nutrient curve, should provide a more

reliable basis for comparison, but few estimates of this quantity have been made to

date. A key factor in transport limitation theory is how transport depends upon the

gradient between the external and internal nutrient concentrations. Therefore, two

stage internal pool models provide a more adequate description of nutrient uptake

and growth limitation, particularly for non-steady-state solutions [30, 50, 51].

Our expressions for the dependency of respiration on body size yield almost

the same values for respiration (when recalculated to 10◦C) as the formulae used

by Steele and Frost [71]. On the other hand, the equation by Laws predicts an

extremely steep drop in respiration rate with size [37]; their absolute magnitudes are

not comparable to those of Steele and Frost [71]. Smith studied the effect of motility

on respiration losses [67]. The photosynthesis-to-respiration ratio was studied by

Humphrey for eleven species of marine phytoplankton [29], but it is difficult to

isolate the size dependence of these processes from his data, because such effect is

confounded by changes in pH and population sizes. From studies of the effects of

light intensity upon phytoplankton, one concludes that light sensitivity should also

be a function of Vp, although the functionality could also be a consequence of other

effects [60].

It seems hardly necessary to point out that size-dependent phytoplankton and

zooplankton properties that are driven by physical processes should be supple-

mented by biotic processes understanding of which remains very limited at present.

It is probable that inclusion of such differences in contemporary models would at

least reduce the scatter between predictions and observations that is found in most

direct comparisons and might even increase our understanding of the processes
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themselves. In our model, we can distinguish between those size-dependent pro-

cesses that we were able, more or less, to base adequately upon the framework of

contemporary ideas [Pmax (Vp, T ), Growth (Vz), Resp (Vp), Resp (Vz), Mort (Vp),

Mort (Vz)] and those for which considerably more detail would be desirable [Ext

(Vp), Ks (Vp), Ks (Vz)]. It might also be desirable to include some additional pro-

cesses, such as filtration rate of zooplankton or the sinking rate of phytoplankton,

into the model.

Different types of goal functions were discussed in the introduction. In this paper

we use ascendency as our gauge of system organization. Ascendency is a measure

of the whole system size and organization, so that an increase in ascendency can be

identified with system growth and development [77, 78]. Ascendency was tailored

to encapsulate numerous phenomenological observations into a single quantitative

variable. According to Odum, there are four major groups of attributes that help to

identify more “mature” ecosystems: (a) more speciation, (b) finer specialization, (c)

longer retention and (d) more cycling [52]. An improvement in any of these generic

network properties tends to augment system ascendency. It is a quantitative tool

for diagnosing ecosystem change at the level of whole system. Early in system de-

velopment the rise in ascendency is due mostly to the rate at which resources are

sequestered by the system, while later the continuing rise is caused mostly by the

ever-finer articulation that results from competition between parallel pathways. A

decrease in ascendency is almost always indicative of a stress acting on the system.

A small subclass of perturbations, however, can actually serve to increase the over-

all ascendency. For example, a sudden increase in exogenous inputs can actually

increase the ascendency by disproportionately raising the total throughflow (T ),

while at the same time decreasing the mutual information factor. Such a configu-

ration of changes is usually recognized as eutrophication, which always leaves its

characteristic signature on the rise in ascendency [77].

According to the ascendency theory, in the absence of overwhelming external

disturbances, living systems exhibit a propensity to increase in an “ascendent” di-

rection. Increased cycling at a steady state increases both the throughflow and

the storage that can be derived from boundary inputs [33]. One is traded for the

other, depending on the compositions of components, which affects the turnover

rate. Rapid turnover decreases storage and increases throughflow, and vice-versa.

Because ascendency is dominated by its extensive factor, throughflow, whenever

this attribute is maximized, storage must be sacrificed accordingly (in the steady

state). But, as throughflow and storage are closely coupled, any increase in through-

flow is likely to induce a consequent increase in the storage. Conversely, the greater

the storage in a system, the more of it is available to be converted to throughflow

as circumstances warrant. The idea behind the use of ascendency as a goal func-

tion in models with dynamic structure is expressed as follows: the combination of

properties of all the organisms in the ecosystem that gives the highest ascendency

is hypothesized to contribute to the best system performance under the prevailing

conditions and provide the most resistance to change from within the system [77,
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78]. (Resistance and vulnerability to external stress is another matter entirely.)

We discovered that under all types of nutrient conditions the smallest-sized

phytoplankton always gave the maximum ascendency value, in association with in-

creasing sizes of zooplankton as increasing nutrient loading. It can be concluded that

to maintain the best system performance, small phytoplankton should be cropped

by small to gradually large-sized zooplankton, as nutrient inputs are increased.

From the experimental observations of many authors [10, 20], it was found that

in the small-sized phytoplankton reproduction rate is very high, predation pres-

sure on them by zooplankton is low and in spite of a high mortality rate, these

phytoplankton grow successfully under all types of nutrient conditions and their

biomass increases proportionally to the increase of the nutrient load. These obser-

vations also showed that the grazing efficiency of small-to-large-sized zooplankton

increases with their size. Under low nutrient conditions (oligotrophic conditions),

minimum phytoplankton biomass is recorded which can only support survival of

small zooplankton. The large-sized zooplankton by their higher grazing rate rapidly

exhaust the low biomass of phytoplankton and cannot survive. Due to an increase in

nutrient load the biomass of phytoplankton also increases and subsequently larger-

sized zooplankton are adapted to the changing environment with their increasing

grazing efficiency. Our optimization giving maximum ascendency corroborates the

same phenomenon of this experimentally observed phenomenon. It is conceivable

that the maximum ascendency always corresponded with minimum phytoplankton

size, because the level of activity of the whole system is driven by the gross primary

production, which is maximal for the smallest organisms. Under oligotrophic con-

ditions, there are probably insufficient resources to pass on to higher trophic levels,

so the activity of the zooplankton compartment is maximized via small organisms.

As more resources (nutrients) are made available to the system, a greater fraction

can be passed up the food chain and stored at the higher levels.

Last of all we want to mention that some questions concerning system behavior

under certain parameter combinations remain unsolved. It appears that the proper

combination of parameters affects model outcome more than the exact representa-

tion of the various size dependencies. Obviously, we are unable to a priori reproduce

in the model all competitive mechanisms at work (although the optimization process

might help to pinpoint the lacunae). Recent theoretical concern over “structural”

problems in aquatic ecosystems has centered at size structure [82]. In their simu-

lation results, Steele and Frost observed no profound changes in the proportions

of different size groups (or at least the changes were far less than those observed

in nature where some species of both phytoplankton and zooplankton were seen to

disappear completely from the system, which did not happen in the simulations)

[71]. There are possible two reasons behind the discrepancy. First, the competitive

mechanisms tending to reduce populations at lower frequencies may be different

from those considered in the model. Secondly, the simulation interval may have

been too short to allow such profound differences to arise, and asymptotic stability



December 12, 2001 16:46 WSPC/129-JBS 00042

286 Ray, Berec, Straškraba & Ulanowicz

was not achieved starting from the arbitrary initial conditions we employed. Clearly,

some additional work is necessary to improve the correspondence of model results

with the natural observations:

• It is important to modify the model runs to correspond to different types of water

bodies, so as to allow for direct comparison with observed data on process rates

and size distributions.

• The functional relationships of individual process rates to phytoplankton and

zooplankton body volumes (and their combinations) have to be updated in ac-

cordance with the latest research.

• A comparative study using several different goal functions to gauge system per-

formance should be undertaken to check reliability of the theoretical results.
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