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Introduction

Recent years have seen impressive theoretical and quantitative developments in food 
web research (see Dunne, 2006 for an historical perspective), but general patterns akin to 
physiological quarter-power laws (e.g., Kleiber, 1932 and geophysical scaling relationships 
(e.g., Leopold and Langbien, 1962) remain elusive.  The concept of community food webs as 
‘transportation networks’ (Garlaschelli et al., 2003) has been proposed as a means of 
modeling these notoriously complex natural systems and isolating general organizational 
patterns.  While the work of Garlaschelli et al. (2003) has been criticized (Camacho and 
Arenas, 2005), we agree in spirit with this approach and propose an alternative means of 
applying the analogy.

The most basic disagreement between our model and that of Garlaschelli et al. is that 
we conceive of a typical ecological community as analogous to a typical river network, rather 
than the distribution half of the cardiovascular system (heart to system).  Ecological 
communities based on photosynthetic autotrophs are supplied with energy through a 
chemical conversion process that occurs across a vast surface and is then concentrated, both 
through physical transport (i.e. vascular plant storage of photosynthetic products) and trophic 
interactions.  Indeed, the classical Eltonian food chain is defined by a trend of increasing size 
with increasing trophic level (Elton, 1958), a trend that in the vast majority of cases is 
accompanied by a complementary downward trend in population densities.  

If we consider the individuals within populations to be the “channels” or “vessels” of 
interest, it is difficult to reconcile the size-structured Eltonian chain with a directed network 
analogy in which energy flows from high capacity, low cost channels toward low capacity, 
high cost channels.  It would appear that Garlaschelli et al. (2003) have largely overlooked the 
organism as the unit of concern and instead formulated their analogy with species as 
channels, as suggested by the classical graph theory representation of food webs.

A seemingly tangentially related—yet undeniably important—problem in studies of food 
webs is the issue of characterizing the trophic position of species.  While some recent 
methods have become more quantitative (Zanden and Rasmussin, 1996) , they are still based 
on the idea of discrete lower trophic levels.  This limits the overall resolution of these 
measures, despite the appearance of greater precision.

Here, we will present a model for calculating a truly quantitative measure of trophic 
position inspired by the geomorphological concept of a hydrograph and the theory that has 
grown up around it (see Rinaldo and Rodriguez-Iturbe, 1996, and references therein).



The Model

The validity of the river network analogy with ecological communities arises from some 
basic similarities between the form and function of both systems.  Both are open, non-
equilibrium systems powered by some initial conversion of kinetic energy into potential 
(evaporation and precipitation; photosynthesis) that occurs across a relatively large surface. 
Subsequently, a gradual process of aggregation into increasingly large and energetically 
efficient ‘channels’ is accomplished despite an overall degradation of the total initial input.  It 
is, of course, the way in which this happens—which is made incredibly complex and 
fascinating through the multitude of physical, chemical, ecological, and historical constraints 
(Cattin et al., 2004) in the case of food webs—that is of primary interest to ecologists.

Our model simulates the fate of a hypothetical fraction of photosynthetically active 
biomass over time in different communities using published food web data.  The model is 
deterministic, Markovian, and makes an array of simplifying assumptions: all assimilation 
efficiencies are approximately equal (with unassimilated biomass simply dissipated), all 
biomass within an organism and all organisms within a population have equal rates of energy 
flux—both through respiration and trophic interactions (and assumption that could be relaxed 
in a stochastic model)—and all populations are in steady state.  

The initial “marking” of a certain fraction of photosynthetically active biomass is applied 
evenly across all photosynthetic species:

where P is total “marked” free energy (reported in units of mg carbon m-2 in the literature), f is 
the arbitrary fraction of total photosynthetic biomass to be ‘marked', B is total biomass, and 
the subscripts b and s denote the species of interest and the entire system, respectively. 
Next, P is calculated for each subsequent time step for every species in the system:

where t is a given time step, and 

where F is the total energy flow between two species and α is an assimilation efficiency 
coefficient, maintained at 0.20 here.  Note that the subscripts a and c here represent all 
species that feed or feed on species b, respectively, but each species-species interaction is 
weighted and calculated separately in the model itself.

Data (B, F, and R) from published food webs (Baird and Ulanowicz, 1989; Hagy, 2002; 
Ulanowicz et al., 1998; Ulanowicz et al., 2000) were used in simulations which yielded within-
community and community-wide P evolution curves.

Results and discussion

The primary application of the model discussed here—as a means of quantifying the 
trophic nature of a species in its community context—will require significant refinement of the 
output generated by the model to allow for a more quantitative comparison to established 
methods.  However, the preliminary results generated through the input of published food web 
data are interesting and warrant some discussion.

 A qualitative assessment of the P plots for species within two different communities is 
encouraging.  Figure 1 shows the results from a model run for only a few species in the Upper 



Chesapeake food web (Hagy, 2002) in order to clearly illustrate some potential points of 
interest.  Note that the maximal P value (Pmax) and the time between t0 and when Pmax is 
achieved (tP) do not necessarily correspond, with the former indicating the proportion of 
community-wide P0 consumed and the latter indicating ‘distance’ from t0.  In other words, two 
extreme ‘strategies’ for maintaining a large total biomass exist for species: 1) feed more 
directly on ‘the environment’ so that the degradation of P that comes with time (through 
respiration and inefficient trophic transfers) is largely avoided or 2) efficiently accumulate the 
degraded P through consuming high trophic level species or diversifying food sources 
(omnivory).  Most species, of course, fall somewhere in between these two extremes.  If we 
assume a constant B for two species following these two extreme strategies, then the fraction 
of B accounted for by any P is clearly much smaller in the latter species.  This concept may 
be promising for research aimed at assigning ecological ‘worth’ to biomass based on species 
and trophic position, particularly the critical field of fisheries research.

Figure 1.  Five species from the Upper Chesapeake dataset (Hagy, 2002). 

Model output involving a larger proportion of the species in a given food web quickly 
becomes difficult to assess visually (Figures 3 and 4).  However, some differences between 
Chesapeake Bay and Florida Bay (dry season) are obvious, even at this highly qualitative 
level.  Most notably, Chesapeake appears to have a large proportion of P0 concentrated in a 
single "species" (phytoplankton), an observation that agrees well with the well-known 
predominance of eutrophic conditions in the Bay.  In contrast, no single phototrophic species 
enjoys such dominance in Florida Bay.  This may be linked to the intense variability in 
environmental conditions that result largely from human interference, which McIvor et al. 
(1994) have shown has had drastic impacts on community-wide productivity (see also Figure 
4).  Future studies, with enhanced model output, will be able to investigate these intriguing 



possibilities further.

Figure 2. Chesapeake Bay (Baird and Ulanowicz, 1989).

Figure 3.  Florida Bay (dry season) (Ulanowicz et al., 1998).



Another potentially interesting direction for this line of thought would be community-
level questions involving 'optimization' principles (e.g. succession) or the strength of various 
types of constraint in determining community organization.  This perspective would take P0 as 
a typical pulse of free energy and evaluate the ecological "power" of a system as the rate of 
loss of P0, and connect this with basic ecological features of different communities.  For 
example, Figure 5 shows PS over time for six different community food webs.  Interestingly, 
three recent food webs from Chesapeake Bay (Hagy, 2002) do not appear to trend toward PS 

= 0 like the other three (including an older Chesapeake Bay food web (Baird and Ulanowicz, 
1989).  While the primary production, and, thus, P0 of Florida Bay (Figure 5; Baydry) is likely 
limited by anthropogenic perturbation of salinity conditions (McIvor et al., 1994), the 
Everglades system appears to show steady "ecological power" (rate of change of PS) over 
time, particularly compared with the older Chesapeake curve.  Future research should focus 
on the contributions to total free energy loss of respiration and inefficient trophic transfers, 
which in turn may indicate the role of different constraints influencing community organization. 

Figure 4.  Comparison of six community-wide P evolution curves.

Finally, we note the interesting parallel with classical thermodynamics illuminated by 
Figure 5 in particular.  While the open, far from equilibrium nature of ecological systems is 
well known, a focus on the behavior of some finite "generation" of free energy moving through 
the system might provide another perspective on this classic issue (Schrödinger, 1944). 
What we have considered an instantaneous photosynthetic "event" essentially fixes an 
amount of energy in a low-entropy state (i.e. biomass).  The specific magnitude of this event 
depends on the photosynthetic area available, as well as the physio-chemical conditions, 
solar inputs, and the complex ecological interactions governing autotroph behavior, and 
determines the total amount of biological work that may be done.  A multitude of biological 



and ecological processes govern and are governed by the degradation of the free energy into 
a maximum entropy state; however, this model does not presently provide any means to 
analyze the contributions of these processes.

Conclusions

We have presented a rough model that simulates the behavior of some amount of free 
energy instantaneously fixed in an ecological community.  The model assumes steady state 
conditions, so that the populations themselves remain seemingly static even as the 
movement and degradation of free energy within the  system reveals the irreversibility 
inherent in any system, as dictated by the Second Law of Thermodynamics.  The numerous 
possible pathways within the system are all taken into account to generate deterministic 
predictions of P for each species for each time step.  The tP of a species reflects 'trophic 
distance' from autotrophic organisms and may thus prove an important and truly quantitative 
representation of species trophic position within a specific community.  Furthermore, refined 
community-level comparisons might be able to differential effects of various constraints that 
limit the populations that comprise communities.  This may be a valuable new perspective for 
evaluating the potential effects of changing constraints (e.g. due to various anthropogenic 
influences).  Furthermore, any direct connection between ecological and thermodynamic 
concepts may inform future theoretical developments in the latter, as has already been 
accomplished profitably in the field of theoretical geomorphology.
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