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 24. Model Protocols 

 Jason S. Link, John E. O’Reilly, Vincent G. Guida, William J. Overholtz, Christopher M. Legault, 
Michael J. Fogarty, Jon K.T. Brodziak, Debra L. Palka, John R. Green, Joseph J. Vitaliano, and
David D. Dow 

  
  In this section we describe the software selection process, balancing exercises, 
diagnostics protocols and scenarios applied in the Energy Modeling and Analysis eXercise 
(EMAX). 
 
A Primer on Energy Budgets and Network Models 
 

Network models are based on the concept of a steady state ecosystem in which the energy 
inputs to a node are balanced by the outputs.  Ecosystem network models trace the flows of 
energy or materials among compartments of the system.  At steady state, the flows into a 
compartment exactly equal flows out of the compartment: 
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where Fij is the flux from compartment j to compartment I; Ii is import to compartment i from 
outside the system; and Ei  is export from compartment i to outside the system.  The estimates of 
production, consumption, and respiration described in earlier sections for each compartment are 
used in determining the flows among compartments.  Under the assumption of steady-state 
conditions, these initial estimates of the flows are checked to see if the mass-balance criteria are 
met.  If the system is not in steady-state, iterative adjustments are made to the flows in an 
attempt to achieve mass-balance. 

Typically, all parameters necessary to determine the flows are not known and must be 
estimated.  In general, there is not a unique solution to the system of linear equations (the 
problem is under-determined) and several alternative approaches were used to obtain solutions.  
We explored two alternative modeling approaches to examine solutions to this problem, the 
details of which are below. 
 
Caveats and Assumptions 
 

For the purposes of this exercise, we assumed steady state equilibrium.  We acknowledge 
that there are dynamic elements of what we modeled, but averaging estimates over a five-year 
period mitigates some of the inter-annual dynamics. 

For EMAX we assumed no movement of animals across regions (captured by 
proportionality of distributions spatially and seasonally).  Thus, Ii was set to 0 and Ei was treated 
as fishery removals, bycatch, and ship-strikes for each appropriate node.  That is, the network 
models didn't consider any potential transfer of matter or energy between the different 
subregions (Gulf of Maine; Georges Bank; Southern New England and Mid-Atlantic Bight) on 
the Northeast Continental Shelf, so that each system was treated in isolation.  

We recognize the potential for a wide range of results depending upon which units are 
used.  Although network models have been constructed using energy, biomass, or elemental 
units, we chose to execute our model in units of biomass (wet weight) per unit area.   
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Given that the carbon turnover of phytoplankton and bacteria is roughly 3 days, and that 
of fish varies over a range of 300 - 450 days (Hakanson and Gyllenhammar, 2005), it appears 
that the carbon formed in photosynthesis is recycled many times before reaching fish and marine 
mammals. This brings into question the assumption that this recycled carbon has the same 
qualitative value or embodied chemical energy at different trophic levels.  Schneider and Sagan 
(2005) discuss the importance of distinguishing between carbon which cycles and energy which 
flows from sources to sinks.  Direct carbon flow follows the pathways of energy, while the 
recycled carbon flow goes along the indirect pathways. It is important to distinguish between 
“cycles” (indirect flows) and “network connections” (direct flows) in carbon-based networks. 

In classical energy flow models where joules or kilocalories are the measure of exchange 
between compartments, energy flows from sources (sunlight and resultant primary production) to 
sinks (higher trophic levels) with a large respiratory dissipation of energy at each trophic level.  
This highlights the need to resolve the apparent paradox between nutrients which cycle 
throughout the nodes within a network and energy which flows from sources to sinks with a large 
respiratory tax at each trophic level.  In most network models, recycled energy is implicitly 
modeled as flows through indirect pathways. 

The EMAX network budget was based on wet weight which lies at an intermediate point 
on the gradient between budgets based on carbon (which explicitly consider turnover time 
differences between compartments) and the classical energy flow budgets (j or kcal transported 
from sources to sinks).  
 
Software and Modeling Approaches 

 
We explored a broad selection of energy budget models, network models, and associated 

software packages for use in EMAX.  
First we examined EcoNetwrk and constructed a preliminary model for the Gulf of Maine 

region. This approach uses reconstructed flows as the state variables (see Ulanowicz 2004 for an 
overview).  Balancing the network proved to be challenging, as this model balances mainly by 
constraining respiration and consumption, and is a statistical minimization rather than a true 
optimization solution.  Assumptions about primary production and detrital processing were key.  
We also explored Netwrk, the precursor to EcoNetwrk, which we decided was not likely to be an 
improvement over EcoNetwrk, particularly because it did not reside in a graphical user interface 
(GUI) environment. 

We also constructed a preliminary model for Ecopath.  This approach uses estimates of 
standing stocks as the state variables (see Christensen and Pauly 1992, Walters et al. 1997).  
Although initial balance was achieved, we were uncertain how much was due to detritus.  This 
model balances primarily off ecotrophic efficiencies and uses a true optimization protocol. 

Other software packages we investigated were WAND, WAND Balance, DR. LOOP, and 
SIMULOOP.  They may be useful for additional analyses once balanced budgets are formed 
using the two primary software packages, because they feature some useful cybernetic metrics. 
However, they are not likely to provide a balancing package of any improvement over the first 
two programs.  Many packages provide useful information and analytical capabilities, but are not 
readily amenable for balancing a budget or easily translatable into the fisheries management 
context.  Other models we evaluated as potentially very useful but rejected were redundant; 
focused on more qualitative network properties; were less user-friendly; or obfuscated their 
underlying model structure. 
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We also noted the potential for using some of the outputs from a concurrent GLOBEC 
Phase IV project, which could provide some MATLAB software to conduct energy budget 
balancing.  Additionally, we made explorations into AD Model Builder and At-Risk/Excel, tools 
used to build models from scratch.  Neither option, however, could be implemented in a timely 
manner. 

After several iterations, we settled on using EcoPath (Christensen and Pauly 1992; 
Walters et al. 1997) and EcoNetwrk (Ulanowicz and Kay 1991; Ulanowicz 2004) as our primary 
tools.  The pros and cons of each have been noted elsewhere (e.g., Walters et al. 1997; Heymans 
and Baird 2000; Hollowed et al. 2000; Whipple et al. 2000; Allesina and Bondavalli 2003; 
Kavanagh et al. 2004; Ulanowicz 2004).  There is a subtle difference in the underlying 
philosophy and numerical solutions between the two programs (Heymans and Baird 2000). 

The production (flows) for the heterotrophic compartments in EcoNetwrk can be 
expressed as: 

 
(EQ. 24.2)  ERCP 
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where P is production; C is consumption; R is respiration; and E is egestion (unassimilated food). 
The autotrophic compartment(s) considers respiration losses to gross primary production (GPP) 
to yield net primary production. Fishery yields are treated as exports from the system. 

The mass balance EcoPath model can be expressed as: 
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where Bi is the biomass in the compartment; (P/B)i is the production to biomass ratio;  EEi is the 
ecotrophic efficiency (fraction of total production consumed by predators or exported from the 
system); Ci  is the catch for compartment i; Bj is the biomass for predator j; (Q/B)j is the 
consumption to biomass ratio for predator j; and DCij is the diet composition of predator j 
(fraction of biomass comprising prey i in the diet of predator j). 

The benefit of using the two packages instead of choosing one is that their strengths and 
weaknesses can be played off against one another. The detritus box is the main weakness of 
Ecopath, while in EcoNetwrk it is egestion. Ecopath is an optimization program, whereas 
EcoNetwrk is a minimization procedure.  These programs use two different methods to arrive at 
working, balanced solutions: Ecopath emphasizes P, while EcoNetwrk emphasizes R.  Both use 
convergence of values with repeated (auto) balancing as the main way to verify model 
finalization.  Even though the two models have a conceptually different approach (Ecopath is 
more top-down while EcoNetwrk is more bottom-up), both have highlighted the same 
deficiencies in our data matrix. A positive outcome of using both software packages is that we 
improve our input data and systemic understanding more than we would have by changing the 
model parameters using only one package. This also suggests that our results are robust to model 
choice.  
 
Balancing Protocols 

 
We made an initial calculation of the difference between the inflows and outflows from 

each compartment according to the specification of the input variables.  For compartments 
exhibiting large discrepancies, we reexamined the input information for consistency, made 
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comparisons with similar inputs from other systems, and made adjustments as necessary.  We 
then employed balancing options in both software packages to provide estimates of the steady-
state flows.  EcoNetwrk employs a manual balancing procedure in which an extended matrix 
comprising elements for the exchanges among compartments, respiration, imports, and exports is 
adjusted using successive transformations of this structural matrix (see Allesina and Bondavalli 
2003).  EcoNetwrk allows for “locking” estimates thought to be well determined and therefore 
provides an implicit weighting procedure.  EcoPath employs a statistical balancing procedure 
using Singular Value Decomposition to constrain the estimates for the underdetermined system 
of equations.  EcoPath allows the specification of an index of reliability (or “pedigree”) for each 
element to provide weighting options for estimation.  Following each balancing procedure, we 
reevaluated inputs showing large deviations from mass balance or unrealistic estimates for 
certain diagnostic measures such as the ratio of production to consumption and respiration to 
consumption in EcoNetwrk, and the ecotrophic efficiency in EcoPath. Adjustments were made to 
the inputs to obtain more realistic estimates and the balancing protocols were repeated until 
stable estimates were obtained.  

One of the benefits of this exercise and approach is that we identified major information/
data gaps for the GOM (and generally NEUS) ecosystem (Table 24.1). 
 
Ecopath Considerations 

 
For the EcoPath model we initially investigated entering uncertainties globally rather 

than using the pedigree of data option on individual nodes. We used a 50% coefficient of 
variation (CV) on diet and Q:B values, and a 10% CV on biomass and P:B values. 

The EcoPath model provided a range of options for autobalancing based either on 
minimizing maximum ecotrophic efficiencies, minimizing the sum of excess EEs, or minimizing 
the current EE.  We chose the first two options simultaneously.  Additionally, we used the 
Ecopath pedigree table to set confidence values for biomass, P:B, Q:B, diet and catch for 
autobalancing (Table 24.1). After examining several runs, the group decided that the pedigree 
approach was more desirable since it provided a way to weight the data sources with their 
relative degree of confidence.  

Next, we began an iterative process whereby we modified the input/initial matrix and 
attempted to rebalance the network, primarily keying off EE < 1.  For the initial Ecopath runs, 
P:C anomalies (P:C >0.5) appeared to be the result of low consumption values rather than high 
production values.  Using autobalancing based on ecotrophic efficiencies (EEs) worked well 
without causing major changes to network structure. 

Large-scale changes were necessary to for gelatinous zooplankton, squid, demersal 
omnivores, macrobenthos - other, and shrimp.  We reduced the C:B ratio, diet composition, and 
B for gelantinous zooplankton; C:B and P:B of demersal ominivores; C:B of macrobenthos 
mollusks; B and C:B of macrobenthos – other; diet composition of predators of small pelagics; 
and P:B and B of shrimp. 

Since the balancing approach was iterative, we had to ask: When do we have a balanced 
model? The model was considered sufficiently balanced when we reran it starting at the solution 
and verified that it provided the same solution, conditioned upon minimizing EE via several 
numerical solution methodologies. 
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EcoNetwrk Considerations 
 
For the EcoNetwrk model, we used an iterative approach similar to the one used for 

Ecopath.  Repeated use of the balancing protocol (DATBAL, similar to AUTOBAL in Ecopath) 
was required to find a more global solution that would be responsive to input parameter changes.   

The major consideration was to “close the loop” in EcoNetwrk by ensuring that the 
detrital node received unassimilated consumption from the other nodes in the network.  We took 
the unassimilated fractions of all the consumptive flows (portions relegated to detritus), summed 
them and made microbial respiration equal to that sum.  We also added 15% of primary 
production (phytoplankton direct contribution to detritus) to that sum to account for that flow, 
and the model then seemed to be more solvable.   

Once these solutions were implemented, we carried out an iterative balancing process. 
For this we modified the input data matrix and attempted to rebalance the network primarily by 
keying off the R:C ratio.  As a caveat, biomasses and C:B ratios seemed reasonable, but 
assimilation efficiencies (AE) were all >0.9.  Again, the R:C ratio was a useful constraint in 
solving these multiple concerns.

Significant changes to gelatinous zooplankton (B, C:B); macrobenthos - other (B, R:B, 
C:B); larval fish (B); and shrimp (B, C:B, R:B) were initially required before we even came 
close to achieving network balance.  These are similar to network nodes requiring similar 
changes in the EcoPath model version, our prebalance, and are noted as groups with lower data
certainty (Table 24.1).  We then modified megabenthos filterers, macrobenthos mollusks, 
medium pelagics, demersal omnivores, small pelagics anadromous, and small copepods.   
 
Diagnostics  

 
The input matrices and some diagnostic measures we used are provided in Appendix 1.  

Foremost is that once we identified a major constraining factor based upon the underlying 
assumption of the model software (i.e., EE or R:C), other key ratios were then examined.  These 
model outputs must make sense relative to expert knowledge among EMAX personnel, and be 
consistent with literature values.  In this way our exercise was unique; the large amount of extant, 
reasonable quality data allowed for a model reality check. 

Many of these diagnostics (e.g., mean trophic level, ascendancy, input-output analysis, 
size spectra metrics, imbalance sum, pyramidal structure, connectance, etc.) might form the basis 
for indicators to be translated and incorporated into ecosystem approaches to fisheries 
management. 

 
Scenarios 
 

Once a balanced, baseline model was obtained for both software packages, various 
changes were made to the network (e.g., multiplying key nodes by various scalars such as 
1/100th, ½, 10, 100, singularly and in various combinations), which was then rebalanced.  
Although we have preliminary balanced networks for all four subregions, we chose to initially 
evaluate the various scenarios for only one of them, the Gulf of Maine.  We executed the 
scenario rebalancing as a psuedo-dynamic modeling process to see where the perturbed system 
would redistribute biomass and production after the changes were imposed.  We executed all 
scenarios in both model packages. 
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 For comparisons across regions and across scenarios, we examined a set of network, 
cybernetic, and ecological statistics common to both software packages.  However, to highlight 
the role of small pelagics in particular, we primarily evaluated a set of biomass ratios and similar 
indicators (Link 2005). 

The bulk of the results and interpretation of these (and other) scenarios and the model 
balancing exercise are intended for presentation in other venues, but the main highlights are: 

� Overall changes to major fish groups resulted in compensating changes to other fishes. 
� The upper trophic levels (TLs) had minimal impact on the rest of the network. 
� Changes to marine mammals sometimes had a counterintuitive effect on fish. 
� Categorically across all scenarios, gelatinous zooplankton and macrobenthos decreased 

whereas most other zooplankton increased. Could that be a possible hardwiring artifact of 
the network structure? 

� In terms of biomass, production, energy flows, and importance for upper trophic levels, 
small pelagics are a keystone group in this ecosystem. 
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Table 24.1. Data pedigree for all nodes modeled in EMAX.  Lower numbers or bluer colors are less certain/resolved 
estimates, and higher numbers or redder colors are more confident estimates (modified from a similar Ecopath 
module).  B = Biomass, P:B = production, Q:B = consumption, Diet = diet composition, Catch = landed removals. 
 
 
Group B P:B Q:B Diet Catch    
Phytoplankton - primary producers 5 5 --- --- ---    
Bacteria 2 2 2 2 ---   Worse 
Microzooplankton 2 2 2 2 ---    
Small Copepods 4 3 3 2 ---    
Large Copepods 4 3 3 2 ---    
Gelatinous Zooplankton 3 2 2 2 0    
Micronekton 3 2 2 2 ---    
Mesopelagics 3 2 2 3 ---   Better 
Macrobenthos - polychaetes 4 3 3 2 0    
Macrobenthos - crustaceans 4 3 3 2 0    
Macrobenthos - molluscs 4 3 3 2 0    
Macrobenthos - other 4 3 3 2 0    
Megabenthos - filterers 4 3 3 2 4    
Megabenthos - other 3 3 3 2 4    
Shrimp et al. 5 3 3 2 5    
Larval and juvenile fish 3 2 2 3 0    
Small Pelagics - commercial 5 7 7 5 5    
Small Pelagics - other 4 5 5 4 3    
Small Pelagics - squid 4 5 5 4 5    
Small Pelagics - anadromous 4 5 5 4 4    
Medium Pelagics (piscivores and 
other) 

4 5 5 5 5    

Demersals - benthivores 5 5 7 5 5    
Demersals - omnivores 5 5 7 5 5    
Demersals - piscivores 5 5 7 5 5    
Sharks - pelagics 3 4 4 4 3    
Sharks - coastal 3 4 4 4 3    
HMS (highly migratory species) 3 6 4 4 3    
Pinnipeds 4 3 3 3 3    
Baleen Whales 4 3 3 3 3    
Odontocetes 4 3 3 3 ---    
Sea Birds 4 3 3 4 ---    
Fisheries - demersal --- --- --- --- 3    
Fisheries - pelagic --- --- --- --- 3    
Discards --- --- --- --- 3    
Detritus - POC 2 1 1 1 1    
DOC 2 1 1 1 1    
 
  


