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a b s t r a c t

A preliminary study in comparative ecological network analysis was conducted to identify key assump-
tions and methodological challenges, test initial hypotheses and explore systemic and network structural
characteristics for environmentally sustainable ecosystems. A nitrogen network for the U.S. beef supply
chain – a small sub-network of the industrial food system analyzed as a pilot study – was constructed
and compared to four non-human carbon and nitrogen trophic networks for the Chesapeake Bay and the
Florida Everglades. These non-human food webs served as sustainable reference systems. Contrary to
the main original hypothesis, the “window of vitality” and the number of network roles did not clearly
differentiate between a human sub-network and the more complete non-human networks. The effective
trophic level of humans (a partial estimate of trophic level based on the single food source of beef) was
much higher (8.1) than any non-human species (maximum of 4.88). Network connectance, entropy, total
dependency coefficients, trophic efficiencies and the ascendency to capacity ratio also indicated differ-
ences that serve as hypotheses for future tests on more comprehensive human food webs. The study
elucidated important issues related to (1) the steady state assumption, which is more problematic for
industrial human systems, (2) the absence or dearth of data on contributions of dead humans and human
wastes to feed other species in an integrated food web, (3) the ambiguity of defining some industrial com-
partments as living versus non-living, and (4) challenges with constructing compartments and trophic

transfers in industrial versus non-human food webs. The two main novel results are (1) the progress made
toward adapting ecological network analysis (ENA) methodology for analysis of human food networks
in industrial cultures and (2) characterizing the critical aspects of comparative ENA for understanding
potential causes of the problems, and providing avenues for solutions, for environmental sustainability.
Based on this work, construction and comparative network analysis of a more comprehensive industrial
human food network seems warranted and likely to provide valuable insights for modifying structures

ks to
of industrial food networ

. Introduction

Comparing human ecosystems to non-human natural ones,
any of which have persisted and self-perpetuated for tens of

housands of years, may help us discern if we can continue our
urrent general human–environment relationship, if we need to
ake fundamental changes to achieve sustainability and what spe-

ific changes could improve our environmental relations and help
olve problems (see for example Odum and Odum, 2001). Mul-

iple sources of evidence suggest that current human activities
esult in a net detrimental impact such that environmental quality
egrades over time. Example symptoms of this systemic dysfunc-
ion include increased extinctions and loss of biodiversity, changes

∗ Tel.: +1 301 687 4170; fax: +1 301 687 3034.
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be more like natural networks and more sustainable.
© 2009 Elsevier B.V. All rights reserved.

in atmospheric composition and resulting climate destabilization,
loss and degradation of soils, eutrophication of surface waters, and
depletion of key energy sources, among other major problems. In
contrast, non-human ecosystems appear to succeed where humans
fail. The cumulative impacts of the activities of thousands to mil-
lions of species comprising forests, for example, serve to maintain
and improve environmental quality and associated life support
capacity over time. In forests, soils increase in amount and fertil-
ity, biodiversity is sustained despite fluctuations, renewable energy
supplies are not depleted, and associated water and atmospheric
capacities are not threatened.

This general contrast of non-human ecosystems as sustainable

and human ecosystems as unsustainable is compatible with Daly’s
(1990) input–output rules for environmental sustainability, which
require (1) use rates of non-renewable resources must be less than
the rate at which renewable substitutes are developed, (2) use rates
of renewable resources must be less than the regeneration rates by

http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
mailto:dafiscus@frostburg.edu
dx.doi.org/10.1016/j.ecolmodel.2009.05.006
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back to an initial compartment of nitrogen fertilizer, and human
wastes were traced forward to a final compartment of wastewater
treatment. Compartmental standing stock units are kg N and flux
units are kg N yr−1. The network diagram is shown in Fig. 1, and the
network matrix dataset and other data and references (Aillerry et
124 D.A. Fiscus / Ecological M

he natural system, and (3) emission rates for pollutants must be
ess than rates of recycling or decontamination of those pollutants.

The general question addressed here is: do network structural
atterns differentiate between those systems that are environmen-
ally sustainable and those that are not? A preliminary answer
as sought by treating non-human ecosystems as environmen-

ally sustainable reference cases and comparing ecological network
opology between human and non-human trophic or food web net-
orks. To address this question fully requires (1) a complete or

omprehensive network of an industrial human food web, and (2)
alid methods of ecological network analysis (ENA) compatible to
oth industrial human and non-human food webs. In this study, a
ery small sub-network of the human industrial food web was con-
tructed and analyzed to identify conceptual and methodological
hallenges to extending ENA to industrial human networks. Sev-
ral hypotheses were developed and tested in preliminary fashion
o explore the potential of such an approach. Results of compar-
sons of network measures are presented in the context of an initial
ilot study and thus are not to be interpreted as solely, directly or

iterally meaningful. Instead, the hypothetical and comparative dif-
erences between human and non-human food webs can serve as
uestions to be tested in the future once a more complete industrial
uman food network is constructed. The two main novel results of
his project are (1) the progress made toward adapting ecological
etwork analysis (ENA) methodology for analysis of human food
etworks in industrial cultures and (2) characterizing the critical
spects of comparative ENA for understanding potential causes of
he problems, and providing avenues for solutions, for environmen-
al sustainability.

Ecological network analysis (ENA) has been successfully devel-
ped and utilized for decades, mainly in reference to non-human
cosystems such as the Chesapeake Bay and Florida Everglades in
he U.S. and other ecosystems worldwide (e.g., Baird and Ulanowicz,
989; Ulanowicz et al., 1997; Fath and Killian, 2007). Based on
ypothesized effects of large energy and nutrient subsidies in
uman ecosystems, the prediction was developed that human and
atural ecosystems differ qualitatively in relation to the “window
f vitality” (Ulanowicz, 2002a; Zorach and Ulanowicz, 2003). The
indow of vitality describes a narrow region bounded by two
hole-network properties – the number of network roles (limited

ange of 2–4.5 in real ecosystems) and the effective connectance per
ode (limited range of 1–3.1). All real natural (and several human)
etworks analyzed thus far plot inside this window in parame-
er space. Networks with structure, nodes and links constructed
andomly or via computer simulation are not so confined and can
all far outside this narrow region (Ulanowicz, 2002a). The human
ub-network was predicted to exhibit more than 4.5 roles thus plot-
ing outside the window of vitality. Zorach and Ulanowicz (2003)
escribe roles as “specialized functions” and propose the number of
oles as a meaningful measure of network complexity. Ulanowicz
2004) also states that roles correspond roughly to the effective
umber of trophic levels or to the “trophic depth” of the network. If
uman food networks show more specialization, greater complex-

ty and greater trophic depth than non-human networks, this could
e an important indicator for defining and achieving sustainability.

The human food web studied was a sub-network within the U.S.
ood system. The beef supply chain, extending from farms and key
arm inputs through human ingestion and on to waste disposal,

as studied in terms of stocks and fluxes of nitrogen (N). The U.S.
eef supply network possesses several key properties that should
llow many results to be generally applicable to the industrial food

ystem. Beef was chosen due to its status as the largest source of
rotein and N in the U.S. diet (USDA, 1998). The humans–beef net-
ork was deemed representative of major structural aspects of the
.S. food system, including agricultural production, food process-

ng, long distance transportation, retail sales, home storage and
g 220 (2009) 3123–3132

preparation and wastewater treatment. The beef supply system also
exhibits some of the basic carbon, nitrogen and energy character-
istics of major environmental problems and efforts to define and
achieve environmental sustainability.

In addition to testing the specific hypothesis regarding network
differences and the window of vitality relevant to sustainability,
six other network measures were compared. It is hoped that some
of the methods, results and discussions will benefit sustainabil-
ity science, aid action steps for sustainability and help solve the
general, increasingly troublesome and apparently systemic prob-
lem of our current human–environment relation. The results also
demonstrate the potential value of ecological network analysis and
network models in general for framing and solving the systemic
human–environment problem.

2. Data and methods

2.1. Construction of the human–beef supply network

Concise description of the dataset construction process for a rep-
resentative sub-network of the human food web in the U.S. can be
found in the online appendix. Additional details can be found in
Fiscus (2007). In brief, a sub-network for a single food item was con-
sidered the best dataset for identifying challenges for comparing
human to non-human networks. This simplification made it possi-
ble to trace fluxes all the way back to primary production. However,
this choice posed challenges for comparing a single food pathway
for beef to more complete networks in the non-human ecosystems.
Also, while the human population studied was spatially bounded
(see below), the beef supply chain was spatially dispersed over the
entire U.S. This posed another conceptual difference when compar-
ing to the more spatially bounded non-human ecosystems.

Two USDA nutrition datasets (USDA, 1998, 2006a) provided
the top food items by average daily mass ingested. The 23
leading food items by mass ingested are listed in Table A1 (avail-
able in the online appendix) as ranked by protein amounts, as
protein is the major source of nitrogen. From this data ground beef
was ranked the top source of protein in 1994–1996. The beef supply
network was developed based on an estimate of the beef ingestion
of people in Allegany County, Maryland, a population of 75,000, for
the year 2005. Annual beef consumption was taken as the U.S. aver-
age for 2005 of 23.2 kg per person (USDA, 2006a). From this starting
point, beef production (and associated nitrogen fluxes) was traced
Fig. 1. Network diagram.
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l., 2005; Bahar et al., 2005; Baker and Allen, 2006; Eghball et al.,
997; Ferguson et al., 2005; Gregory et al., 1994; Hao et al., 2005;
arney et al., 2006; NASS, 2006; Peterjohn and Correll, 1984; Pollan,
006; Smil, 2002; Sterner and Elser, 2002; Tess and Kolstand, 2000;
.S. Census Bureau, 2006; USDA, 2006b; Vasconcelos et al., 2006)
re in the online appendix.

The rationale for the compartments chosen and for comparing
hem to ecological organisms, species or compartments is based
n several key assumptions. Addressing these assumptions poses a
entral challenge for meaningful comparisons between industrial
uman and non-human food webs. Like non-human ecological net-
ork participants, each of the human–beef supply compartments

ake in a food item or unit of nitrogen, transform or alter it in
ome way (e.g., slaughter a live animal, move beef from mid-west
.S. to mid-Atlantic U.S., etc.), and pass it on to another network
ctor. Also similar to non-human food webs, each compartment
ses energy and causes fluxes of N and C in the transformation
rocess it performs. This is analogous to metabolism, albeit a form
f “industrial metabolism” that differs significantly from biologi-
al metabolism. The nitrogen and beef (and other foods) are not
ctually ingested in industrial compartments and are not trans-
ormed into another life form via true metabolism. Instead, the
ompartments defined and quantified in Fig. 1 are associated with
istinct corporate and economic entities. Corporations form an eco-
omic boundary that enables tracking of energy and material fluxes
ia data reported, government statistics and similar information
ources. This real economic identity was considered important for
onstructing the human network, but this difference with non-
uman networks requires further examination and consideration
f alternative approaches. The approach taken results in a larger
umber of individual compartments, and also in a higher number
f trophic levels, for the industrial food network. The dependence
f these results on this choice of model construction is important
or interpretation of the results.

While the compartments in Fig. 1 and for this study are specific
o the beef supply chain, the general network structure seems appli-
able to many other major food items. With one or more generalized
agricultural production” components and additional generalized
food processing” components, very similar networks could be con-
tructed for C, N or energy fluxes associated with chicken, turkey,
ork, fish, milk, eggs, cheese, bread, pasta, pizza, oils, sugar, condi-
ents, beverages and many other U.S. dietary staples. All of these

oods would share functional components like the fertilizer, soil,
rop plants and feed plants, transportation, retail, home refrigera-
ion and cooking and wastewater treatment units developed for the
eef N network.

.2. Steady state assumptions

Several computations within ecological network analysis
equire an assumption of steady state conditions for the ecosys-
em of study. One must construct the network stocks and fluxes in
uch a way that inputs and outputs for each compartment and the
etwork overall are balanced. Thus for the time interval of the study,
he network and its compartmental stocks and fluxes are assumed
either growing nor declining significantly.

Unlike the living systems traditionally studied via ecological
etwork analysis, industrial systems do not have standing stocks
hat are fully equivalent to living biomass. Also, the standing stocks
hat enable production are not equated easily with mainly abiotic
cological compartments like soils and detritus. Instead, standing

tocks associated with the industrial beef supply chain are a blend
f non-living mechanical equipment, living human workers and a
ariety of other building and infrastructure aspects. Examples of
ypes of capacity that enable production in the slaughter and meat-
acking compartment, and that contain or utilize N either directly
g 220 (2009) 3123–3132 3125

or indirectly, are (1) buildings with associated heating, cooling and
lighting, (2) large machinery like conveyors and refrigeration, (3)
energy supplies including fossil fuels, electricity, coal, gasoline and
natural gas, (4) small equipment like knives, brooms, hoses, (5)
vehicles and (6) human workers.

Also unlike living systems, industrial systems do not directly
regenerate their own capacity for production with each work cycle.
That is, there is not an onsite (nor even corporate or national)
allocation of energy or nutrients that serves to replenish and sus-
tain the infrastructure in the same way that organisms allocate
energy and nutrients to replenish and sustain living tissues and
ecosystem organization achieves maintenance, regeneration and
enhancement of soils and biodiversity. Thus at the environmental,
ecosystem, national and global levels the steady state assumption
of no decrease in essential productive standing stocks is not fully
valid for U.S. industrial systems, since some of these stocks are in
fact declining significantly due in part to the impacts of industrial
agriculture (Campbell, 2005; Tilman et al., 2002).

Without fully resolving these issues, this project served to iden-
tify and begin to characterize them. The N fluxes for human workers
in the supply chain were ignored, and it was assumed that stocks
of productive capacity would somehow be replaced as for a steady
state network (see more on this in Section 4). The simple aspect
most similar for industrial and ecological networks is the mass
of beef always present in each compartment of beef supply net-
work. This was used to estimate standing stocks of N in beef in the
industrial compartments.

2.3. Non-human datasets for comparisons

Three datasets for the Chesapeake Bay mesohaline ecosystem
were used for comparison to the U.S. humans and beef network. The
full Chesapeake Bay carbon (C) dataset (Baird and Ulanowicz, 1989)
depicts the summer season and has 36 compartments of which 3
are non-living. Its units are mg C/m2 for biomasses and stocks and
mg C/m2/summer for fluxes. A full Chesapeake Bay nitrogen dataset
(Ulanowicz and Baird, 1999) had the same compartments but in
units of mg N/m2 for biomasses and stocks and mg N/m2/summer
for fluxes. An aggregated dataset in which the full C network was
compressed into 12 living and 3 non-living compartments was also
analyzed (Wulff and Ulanowicz, 1989), since it is closer in number
of compartments to the humans–beef network. Bluefish was the
main species used for comparisons to humans. In addition to being
a top predator, bluefish provide a good comparison since they also
gain food over very long trophic path lengths.

A fourth dataset used for comparisons was for the Florida Ever-
glades cypress swamp ecosystem (Ulanowicz et al., 1997). This
dataset characterizes feeding relations in the Everglades wet sea-
son (May through October) and has 68 compartments of which 65
are living. Units are g C/m2 for biomasses and stocks and g C/m2/yr
for fluxes. Within the Everglades ecosystem, humans were com-
pared to alligators, black bears and Florida panthers. All three are
top predators and alligators especially have a large number of prey
and diet items and feed over long path lengths.

2.4. Ecological network analysis theory and techniques

Ecological network analysis (ENA) was employed to test the
hypotheses and explore the relationship of ecosystem network
organization to environmental sustainability. As developed by
Ulanowicz (1986, 1997, 2002b, 2004), ENA comprises a set of ana-

lytical tools and computer algorithms for understanding the holistic
and non-mechanistic nature of ecosystems. Central to the underly-
ing theory for ENA is the view that communities and ecosystems
have interdependent, relational aspects that are not understand-
able via focus on parts of the network in isolation. Ulanowicz (1999)
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Table 1
Comparisons of network information indices, connectance and roles.

Network Atttribute Chesapeake Bay full C Chesapeake Bay full N Ches. Bay Aggregated C Florida Everglades C Humans and beef N Human versus others

Information indices
TSTa 4.12E+06 5.58E+05 1.12E+04 3.99E+03 1.88E+07
Capacity (C) 1.97E+07 2.69E+06 5.02E+04 1.96E+04 6.64E+07
Ascendency (A) 8.59E+06 1.15E+06 1.63E+04 6.58E+03 3.42E+07
AMIb 2.088 2.061 1.456 1.649 1.815
Entropy (H) 4.775 4.821 4.470 4.918 3.527 Low
A/C 0.437 0.427 0.326 0.335 0.515 High
AMI/H 0.437 0.427 0.326 0.335 0.515
Redundancy (R) 5.71E+06 1.14E+06 1.85E+04 5.05E+03 1.67E+07
Internal C 1.16E+07 2.05E+06 2.85E+04 7.13E+03 3.23E+07
Internal A 5.87E+06 9.14E+05 9.97E+03 2.09E+03 1.56E+07
Int A/Int C 0.507 0.446 0.350 0.293 0.482
R/Int C 0.493 0.554 0.650 0.707 0.518
Int A/A 0.683 0.796 0.610 0.317 0.456
Total overhead (O) 1.11E+07 1.54E+06 3.38E+04 1.30E+04 3.22E+07
O for imports 1.70E+06 1.12E+05 4.72E+03 3.89E+03 7.62E+06
O for exports 7.97E+04 2.62E+05 4.02E+02 2.86E+02 6.17E+06
O for dissipation 3.57E+06 3.12E+04 1.02E+04 3.82E+03 1.68E+06
O imp./C 0.087 0.042 0.094 0.198 0.115
O exp./C 0.004 0.097 0.008 0.015 0.093
O diss./C 0.181 0.012 0.203 0.195 0.025
R/C 0.291 0.422 0.370 0.257 0.252 Low

Connectance measures
Overall 2.036 2.679 2.395 1.852 1.754 Low
Intercom-partmental 1.95 2.286 2.268 3.256 1.762 Low
Foodweb 1.754 1.828 1.87 2.019 1.196 Low

Network roles
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No. roles 4.25 4.17 2.74

a TST is total system throughput.
b AMI is average mutual information.

laborates this view in his “ecological metaphysic” and promises
mprovement for mainstream life sciences now based on mecha-
istic and Darwinian philosophical foundations (Ulanowicz, 2009).

The pragmatic tools of ENA involve identification and quantifi-
ation of stocks and fluxes of key ecological “currencies” such as
nergy, carbon, nitrogen, and phosphorus but can also be applied to
ny currency that is exchanged in a network. Compared to dynamic
odeling, the network approach is often atemporal – the organi-

ational relations of stocks and fluxes are studied for a snapshot
n time during which they are treated as unchanging. This atem-
oral aspect can provide a complementary perspective to dynamic
odeling.

Ecological network analysis was conducted in comparative
ashion to elucidate similarities and differences in the network
rganization of a partial human food web relative to several
on-human natural ecosystems. From among the many ENA
ools seven metrics were chosen based on their relevance to
ustainability and potential for showing pivotal similarities and
ifferences between human and natural systems. The comparative
etwork approaches employed were: (1) effective trophic levels and
rophic efficiencies (Ulanowicz, 1995, 2002b; Ulanowicz and Kemp,
979); (2) degree and structure of material cycling (Ulanowicz,
997, 2002b); (3) information indices including ascendency, over-

ead and capacity (Ulanowicz, 2002b, 2004); (4) connectance
EcoNetwrk, 2007); (5) number of roles and the “window of vital-
ty” (Ulanowicz, 2002a; Zorach and Ulanowicz, 2003); (6) residence
imes (Ulanowicz and Baird, 1999; Fath et al., 2001); and (7) total

able 2
omparison of network cycling.

ycling attribute Chesapeake Bay full C Chesapeake Bay full N

ycling index 0.212 0.526
umber of cycles 62 52,788
ongest cycle path length 6 17
3.14 3.52

contributions and dependencies (Ulanowicz, 2002b). As defined
in Zorach and Ulanowicz (2003), the number of network roles is
calculated as 2 raised to the average mutual information (AMI)
power.

The software utilized for these analyses included Netwrk 4.2b
(Ulanowicz, 2002b) and EcoNetwrk (EcoNetwrk, 2007), both of
which use the same core algorithms. Each of the metrics and the
comparison methods are described in more detail in Fiscus (2007).
This software requires assignment of living and non-living com-
partments. The beef supply network was defined with nine living
and three non-living compartments (fertilizer, soil and wastewater
treatment plant). The definitions as living compartments for feed-
lots, slaughter and meatpacking, transportation, retail and home
refrigeration and cooking are arguable. The rationale was that
these compartments are more like living systems that actively
transform or impact, and then pass on a food item, than they
are like non-living detrital or abiotic pools in which transforma-
tion is more passive and does not have an associated metabolism
or respiration. This imperfect assignment and assumption affects
the results in that the ENA software used treats living and non-
living compartments differently. This affects the trophic analysis
and calculation of effective trophic levels most directly, as non-
living compartments are all lumped together in a single detrital

trophic level (Ulanowicz, 2002b). These issues suggest another area
for examination of the extension of ecological network analysis
to human and industrial systems, and they are addressed more in
Section 4.

Ches. Bay aggregated C Florida Everglades C Humans and beef N

0.305 0.059 0.250
20 3,966,554 6
4 18 4
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Table 3
Effective trophic levels.

Chesapeake Bay full Ches. Bay aggregated Florida Everglades Humans and beef

Species Effective
trophic
level (C)

Effective
trophic
level (N)

Species Effective
trophic
level (C)

Species Effective
trophic
level (C)

Compartment Effective
trophic
level (N)

Bluefish 4.53 4.88 Carnivorous fish 3.16 Alligator 3.78 Humans 8.1
Croaker 4.00 4.00 Benthic invert. carn. 2.81 Snakes 3.75 Home-rc 7.1
Catfish 4.00 4.00 Deposit feeders 2.00 Woodstork 3.43 Retail 6.1
Spot 3.99 4.02 Owls 3.33 Transport 5.1
Summer flounder 3.99 4.74 Kites/hawks 3.33 Slaughter 4.1
White perch 3.99 4.07 Florida panther 3.30 Feedlot 3.1
Hogchoker 3.89 3.98 Bobcat 3.04 Cow-calf 3.0
Striped bass 3.86 4.61 Turtles 2.82 Grass–hay 2.0
Blue crab 3.50 3.82 Black bear 2.25 Corn 2.0
Bay anchovy 2.84 3.64 Crayfish 2.25 Fertilizer 1.0
M
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enhaden 2.77 3.50
ooplankton 2.16 2.93
hytoplankton 1.00 2.00

. Results

The dataset for the beef supply chain as a sub-network of N flux
n the U.S. human food web is presented in diagram form in Fig. 1
nd matrix form in Table A2 (available in the online appendix). Fig. 1
hows only internal flow links, but Table A2 includes the quantities
f N in imports, exports, respirations and standing stocks associ-
ted with each compartment. As mentioned in the introduction,
he following results are presented in the context of a prelimi-
ary pilot study to identify key methodological issues. Given that
he human network analyzed was a very small sub-network of
he larger human trophic network, numerical comparisons to the
on-human ecosystems are more useful as initial hypotheses than
omparisons in and of themselves.

It is interesting to note the difference in topology and especially
ecycling links between the agricultural and ecological first half
f the network and the industrial, commercial, residential, human
nd municipal second half. In the latter, from slaughter and meat-
acking through wastewater treatment, all flows are linear and no
ecycling occurs. As discussed in the methods of Fiscus (2007) this
ould change somewhat if fuller accounting were done, such as

ncluding flux of N in biosolids applied to farmland nationally.
Using the values for average mutual information (AMI) for each

etwork, the number of network roles was calculated (see Table 1).
he value for the human–beef network (3.52 roles) was inter-
ediate between the higher values in the full Chesapeake Bay C

nd N networks (4.25 and 4.17 respectively) and the lower values
n the aggregated Chesapeake Bay C and Everglades C networks

2.74 and 3.14). The pair of values for overall connectance (1.75)
nd network roles (3.52) indicated that the human–beef network
lotted inside the window of vitality contrary to the original pre-
iction.

able 4
omparison of network trophic or transfer efficiencies.

rophic efficiencies

rophic level Chesapeake Bay full C Chesapeake Bay full N C

1 0.792 0.766 0
2 0.351 0.303 0
3 0.110 0.194 0
4 0.114 0.133 0
5 0.085 0.106 0
6 0.034 0.085
7 0.008 0.008
8
9

10
Terrestrial ins. 2.00 Soil 1.0
Understory 1.00 WWTP 1.0
Phytoplankton 1.00

Table 2 reports results for the number of distinct material cycle
pathways, proportion of total throughput that is recycled (Finn
cycling index) and longest cycle path lengths for each of the five
networks. The human–beef sub-network was most similar to the
Chesapeake Bay aggregated C network for longest cycle path lengths
and proportion of material cycled. Compared to the other C net-
works, the human N network showed a greater proportion of cycled
flow (25%) but over fewer pathways and shorter path lengths. Com-
pared to the full Chesapeake N network (53% recycled flow), the
human–beef supply chain had less than half the proportion of recy-
cle flow and again over far fewer cycles and far shorter longest path
lengths.

The effective carbon network trophic levels of bluefish (4.53),
carnivorous fish (3.16), alligators (3.78), Florida panthers (3.3) and
black bears (2.25) were all far less than the effective nitrogen trophic
level of humans in the human–beef sub-network (8.1). Effective
trophic levels reported in Table 3 show bluefish in the N net-
work (4.88) to be the highest of any of the non-human species
studied. The very high trophic level for humans is influenced by
the decision to treat many hybrid human-industrial compartments
such as slaughter and meatpacking, transportation, retail and home
refrigeration and cooking as living compartments during network
analysis.

Comparison of trophic efficiencies showed that the human–beef
supply chain is quite different than the natural C and N net-
works examined. Trophic efficiency is the ratio of the input to a
trophic level to the amount that trophic level passes on to the
next (Ulanowicz, 2002b). Whereas natural networks usually show

highest trophic efficiencies in the first one or two trophic levels
with strongly declining efficiencies going up the food chain, the
human–beef network has extremely high efficiencies in upper lev-
els of the slaughter and meat-packing, transportation, retail and

hes. Bay aggregated C Florida Everglades C Humans and beef N

.520 0.244 0.290

.183 0.026 0.541

.072 0.083 0.104

.070 0.153 0.682

.012 0.066 0.983
0.028 0.986
0.015 0.908
0.005 0.095
0.002
0.001
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ome refrigeration and cooking compartments, each of which acts
s its own trophic level (Table 4). These “industrial trophic efficien-
ies” would be only slightly lower with N fluxes associated with
nergy use and NOx emissions included, since these fossil fuel-
ased fluxes of N are likely much less than the fluxes of N in beef.
omparisons of trophic levels for carbon and nitrogen networks in
he Chesapeake Bay showed very similar efficiencies at all levels.

Results for many comparisons of information indices are in
able 1. One of the most interesting results is the relatively high
atio of ascendency to capacity for the human–beef network. This
atio value of 0.51 exceeded the 0.43 value for the full Chesapeake
ay C network, the highest of the non-human ecosystems. Corre-
ponding to this was the lower network developmental capacity
f the human–beef N network (3.53), notably less than the non-
uman C and N networks (range of 4.47–4.92). Capacity (or network
evelopmental capacity) is the sum of ascendency and overhead
Ulanowicz, 2004) and thus represents the total of both organized,
onstrained and efficient structure (as indicated by ascendency)
nd unorganized, unconstrained and inefficient (overhead) struc-
ure in a system of network flows. Regarding the ratio of ascendancy
o capacity, Ulanowicz (2004) notes that systems with a high degree
f ascendency relative to overhead appear to be rigidly linked,
echanical and thus vulnerable to collapse.

Comparisons for overhead measures also showed differences.
verhead is a measure of unorganized network flows and it

ncreases due to four factors – uncertainty about (1) imports, (2)
xports and (3) dissipations (respirations), and (4) flows proceeding
long parallel pathways (i.e., structural redundancy) (Ulanowicz,
002b). Ulanowicz (2004) suggests that freedom to adapt to novel
erturbations is contained in the system overhead, and that a
healthy” ecosystem, or one with biotic “integrity”, requires ade-
uate amounts of both ascendency and overhead.

The proportion of capacity expressed as redundancy was slightly
ower for the human–beef network (0.25) than the non-human net-

orks (range of 0.26–0.42). The human–beef network also had a
igher proportion of capacity in overhead for exports compared to
he C networks but was similar to the Chesapeake Bay N network.
ikewise, the proportional overhead for dissipation was lower for
he human–beef network than for the C networks but more than
hat found for the Chesapeake Bay N network.

For several information indices including average mutual infor-
ation (AMI), the internal ascendency to internal capacity ratio,

he redundancy to internal capacity ratio, internal ascendency to
otal ascendency ratio, and proportional overhead on imports, the
uman–beef network was comparable to or not clearly different

rom the non-human networks. Some of the measures are not
irectly comparable (e.g., total system throughput, ascendency,
apacity, redundancy) as they represent very different units. The
atios above provide a means for comparison given different net-
ork dataset units.

For all three of the connectance measures the human–beef net-
ork showed lower values than the non-human networks (see

able 1). Overall connectance was 1.75 links per node compared
o a range of 1.85–2.68 in the Chesapeake Bay and Everglades
ystems. Intercompartmental and food web connectance were sim-
larly lower.

Residence times for N and C in all the human–beef compart-
ents and several important compartments in the Chesapeake Bay

nd Everglades ecosystems are not shown but are in Fiscus (2007).
esidence times for N in the human–beef network ranged from
.0005 years (about 4 h) in the slaughter and meatpacking unit to

ver 24 years in the soil compartment. Residence times in all the

ndustrial compartments were much less than for the ecological
ompartments. Residence times generally increased with increas-
ng trophic level with times for grass, hay and corn ranging from
0 to 100 days, cow-calf and feedlot around 50 days and humans Ta
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round 80 days. It is interesting to note that beef (in the form of
ive animals) spends about 6 months in the cow-calf and feedlot
perations (see below), but during and after slaughter and conver-
ion to a food product beef then spends about a day in each of the
ndustrial compartments.

Residence times for N in the Chesapeake Bay species ranged from
bout 18 h for phytoplankton to about 14 days for catfish. Residence
ime for N in bluefish was about 8 days. Residence times for C in
verglades species ranged from about 6 h for phytoplankton to 168
ays for understory plants. Times for C in alligators, Florida panthers
nd black bears were 55, 25 and 25 days respectively.

The total contributions into a set of example species are reported
n Fiscus (2007). The values tell what percent of all the production
eaving a given compartment eventually enters bluefish, alligators,
lack bears, Florida panthers and humans over all pathways, direct
nd indirect. Also noted is whether these contributions come via
irect or indirect pathways. The human–beef network shows sim-

lar patterns as natural systems in that the highest contributions
ome from direct prey or transferring compartments, these contri-
utions decline with indirect transfers, but some small proportional
ontributions extend to many other participants and distant nodes
n the networks.

Total contribution coefficients can also be quantified in the
pposite direction. These measures indicate what percent of all
he production leaving bluefish, alligators, black bears and Florida
anthers eventually reach other compartments over all pathways,
irect and indirect. These coefficients were not estimated for
umans as no recycling or forward contributions of N via human
aste or mortality were quantified in the human–beef network. For

he non-human species, total contribution coefficients indicate the
uild of species that decompose each of the focal species, thus mak-
ng the nutrients embodied in them and in their wastes available for
uture employment in the ecosystem. As shown in Fiscus (2007), the
anking of relative contributions is identical for alligators, Florida
anthers and black bears through seven compartments. All have the
ame ordering of contributions to vertebrate detritus, labile detri-
us, living sediment, refractory detritus, terrestrial insects, living
articulate organic carbon, and opossum. The ranked contributions
hen vary, but all include vultures, crayfish, lizards and alligators.
espite the lack of quantitative results for humans, this experi-
nce from the network construction, analysis and total contribution
oefficients has important implications that are discussed further
elow.

Total dependency coefficients are listed in Table 5. These mea-
ures indicate the fraction of total N or C ingestion by bluefish,
umans and the other focal species that passed through each of
he other compartments over all direct and indirect pathways. The
ink types (direct or indirect) are indicated. Unlike for contribu-
ions, these need not have highest values for direct links, and for
luefish the highest dependency is associated with an indirectly

inked compartment. The highest dependencies for humans in the
eef supply chain are anomalous in that no other species exhibit
otal dependencies of 1 (i.e., 100%) like humans do for N in beef
assing through the feedlot, slaughter and meatpacking, transport,
etail and home refrigeration and cooking mediating steps. While
hese results are somewhat artificial in that the network dataset
id not include estimates of likely small N dietary fluxes from food
btained from local farms or farmers markets, they would not likely
hange much for the majority of U.S. and Allegany County citizens
ven with this additional level of detail.
. Discussion and conclusions

This report presented results of comparative network analyses
or human and non-human ecosystems toward understanding the
g 220 (2009) 3123–3132 3129

causes of major environmental problems and organizational princi-
ples for human–environmental sustainability. The main hypothesis
for a distinguishing feature for sustainable versus unsustainable
systems was the number of network roles as associated with the
window of vitality or WOV (Ulanowicz, 2002a). The industrial
human ecosystem network was predicted to exhibit greater than
4.5 roles and thus plot outside the WOV. No natural ecosystem of
the nearly 50 analyzed so far (which includes one human economic
network) has ever been observed to plot outside this narrow region
of network configuration space (Ulanowicz, 2002a). Contrary to the
main prediction, the humans–beef N network plotted inside the
WOV region and was found to have 3.5 network roles and 1.8 effec-
tive connections per node. The number of roles was less than the
C and N networks for the full Chesapeake Bay networks, and more
than the aggregated Chesapeake Bay and Florida Everglades C net-
works. The original prediction was based on (1) the hypothesis that
trophic levels would be abnormally high for human food webs due
to effects of energy and nutrient subsidies and (2) an assumption
that network roles and effective trophic levels are synonymous or
closely correlated. The humans–beef N network exhibited a max-
imum effective trophic level of 8.1 for humans (a partial trophic
level, based on beef only), and this exceeds natural food webs for
which an effective trophic level limit of about 5 has been widely
observed (though its cause is not agreed upon (Post, 2002)). How-
ever, as shown here, network roles and effective trophic levels are
not the same or necessarily varying together for the case of the
industrial humans–beef network.

This result suggests the comparative network analysis employed
here does not enable the window of vitality to provide a clear indi-
cator of environmental sustainability. It seems that the four highly
linear industrial and residential network compartments – slaugh-
ter and meatpacking, transportation, retail and home refrigeration
and cooking – may be so similar and simple as to collapse into a sin-
gle network role. Additional data and fuller accounting for inputs,
outputs, imports and exports for these compartments might lead
to different results including a higher number of roles in this sub-
network. Humans did eat at a higher effective trophic level (8.1)
than any other species (maximum of 4.88). Thus effective trophic
level of the top carnivore is the more clear indicator of a sustainable
ecosystem network based on this work.

Some analyses within ENA require an assumption of steady state
network conditions in which stocks and fluxes are not increasing
or decreasing significantly. This assumption can be made without
serious conceptual problems for study of natural ecosystems when
a relatively short time span of one or a few years is adopted, and it
can even be trusted to hold true over long time frames in a general
sense. This assumption is valid largely because living ecosystems
are self-sustaining and self-regenerating. This same assumption of
steady state conditions is problematic for human systems such as
the industrial U.S., however. Our overwhelmingly dominant energy
source is fossil fuels, and as we utilize this finite and non-renewable
resource it declines in direct proportion to our use. Many energy
analysts now predict that the world has reached or will soon reach
the peak of oil production (e.g., Campbell, 2005) and that supplies
will soon begin to decline. Thus unlike the long-term applicability
for steady state ENA to natural systems that extends billions of years
into the future, we have perhaps on the order 10 or at most 100 years
before a crucial capacity factor for the operation of U.S. human and
industrial systems can no longer reasonably be treated as stable and
non-decreasing.

This steady state assumption problem was not resolved in the

present study, as the imports, exports and respirations of energy,
nitrogen and carbon associated with fossil fuels were not directly
quantified and analyzed in relation to beef production and con-
sumption. One option would be to add a fictitious compartment
to the network that accounts for the real decline in non-renewable
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ossil fuel capacity and balances that depletion via hypothetical cre-
tion of new energy capacity. The amount of capacity lost during
he time span of the network analysis would be recorded in this
ctional compartment, and this would serve to quantify the debt

n “natural capital” or real environmental capacity accrued during
he period of study.

The humans–beef nitrogen network had a higher proportion of
otal network flux as recycled flux (25%) than any of the non-human
arbon networks examined. The Chesapeake Bay full network for
, however, had more than twice the proportion of recycling (53%).
he N recycling in the humans–beef network also occurred over
elatively short path lengths (number of links), mainly via manure
pplications from feedlots and cow-calf operations to soils and lit-
er inputs from corn, grass and hay. This combination of a large
mount of recycling over short path lengths has been associated
ith eutrophic and disturbed ecosystems such as the Chesapeake

ay that receive excess N inputs from human-dominated land-
capes (Ulanowicz, 1997). One similarity that suggests this a valid
orrespondence is that the beef supply chain is also heavily sub-
idized with N inputs via fertilizer use. Nearly 10 times as much N
ubsidy flowed as fertilizer applied for cattle feed (700,000 kg/yr) as
eventually ingested in beef by humans (75,871 kg/yr). Bleken and

akken (1997) also reported that edible products actually ingested
ccount for about 10% of total N inputs to plant crops in Norway’s
ood system. Steinhart and Steinhart (1974) also found that the
nergy input per calorie of food energy output increased from about
to about 10 between 1910 and 1970.

Other results include a greater ascendancy to capacity ratio
or the humans–beef network than any non-human network. This
esult could be generalized to an observation that this example
ub-network shows how heavily the U.S. system has been pushed
oward efficiency, ostensibly as driven largely by economic com-
etition. The trophic or transfer efficiencies for the industrial and
ommercial transportation, retail, home refrigeration and cooking
ompartments were all much higher (range 0.91–0.99) than any
on-human trophic efficiency observed (highest of 0.79 in the first
rophic level of the full Chesapeake Bay C network). Lower resi-
ence times observed in the industrial compartments relative to
he agricultural and ecological compartments reflect this economic
nfluence as well. As mentioned, these N-transfer efficiencies likely

ould be only slightly lower if measures of N fluxes associated
ith fossil fuel use and human workers were included, as these

xternal fluxes are much less than the mass of N in beef moving
hrough these compartments. However, the validity of comparisons
f such “industrial trophic efficiencies” and true trophic efficiencies
equires further examination.

High efficiency, while good for reducing losses of valuable
eat along the supply chain, also appears to be associated with
loss of reliability and redundancy. Comparisons of total depen-

ency coefficients showed humans to be the only species with
otal dependency (coefficients of 1) on any compartment. The
umans–beef N network, as limited as it is in scope and cover-
ge of the highly diverse U.S. diet, in fact showed total dependency
100% of beef ingested was mediated by other compartments)
n five different compartments in the highly linear beef sup-
ly chain – feedlots, slaughter and meatpacking, transportation,
etail, and home refrigeration and cooking. This dependency fac-
or would decrease if fuller accounting were made of local and
lternative sources of meat and protein, such as from farmers
arkets, local farms, personal gardens and hunting. But these

ecreases would also likely be offset by additional dependencies

n the same or similar industrial food system compartments, since
any other staple foods like chicken, turkey, beans, bread, eggs,
ilk and others are grown, processed, transported, supplied via

upermarket and stored and prepared at home in much the same
ays.
g 220 (2009) 3123–3132

Three measures of network connectance were lower for the
humans–beef network than any non-human network. Overall,
intercompartmental and foodweb connectance were all reduced
relative to Chesapeake Bay and Florida Everglades. These differ-
ences might decrease somewhat if additional fluxes known to exist
in the humans–beef supply network were included, such as addi-
tional local pathways for foods, pharmaceuticals and supplements
in cattle feed, and others. But fewer connections per node also is
compatible with inspection of network diagrams, the high num-
ber effective trophic levels given the relatively low number of total
compartments and the high trophic or transfer efficiencies. As men-
tioned above, 90–99% transfer efficiencies are perhaps only possible
via a highly linear supply chain in which the vast majority of flux is
channeled along very few links.

Comparisons to focal species like bluefish in the Chesapeake Bay
and Florida panthers, black bears and alligators in the Everglades
provided interesting and evocative results. One of these was seen in
the total contribution coefficients going out or forward from each
focal species via fluxes associated with death and waste egestion.
These fractions of production that become inputs to other species
could not be calculated for humans in the humans–beef network, as
no fluxes were quantified by which dead human bodies or human
wastes were ingested by other species. The list of carrion feed-
ers and decomposers that receive the dead bodies and wastes of
the fish, bear, panther and alligator species brings to light that we
humans do not typically consider – in a positive way! – how we can
in fact become food for other species.

Differences in statistical entropy values (H) between human
and other networks were also intriguing. The humans–beef H
value (3.5) was lower than the other networks, which varied only
slightly amongst themselves (range of 4.5–4.9). How H relates
to species diversity, functional diversity, system developmental
capacity, trophic levels, network roles and the window of vitality
all seem fruitful to explore. As defined in Ulanowicz (2002b, 2004),
H is an upper bound on average mutual information (AMI), and the
number of network roles is calculated as 2 raised to the AMI power.
If AMI is typically observed in a narrow range such as 30% to 50% of
H it may be that H is ultimately responsible for the observed limit
of 4.5 roles in all networks.

The human food web, in the example of the beef supply sub-
network, shows signs of the strong role played by economic,
industrial, technological and mechanical factors unique to human
ecosystems. The temptation to increase efficiency in any given
compartment is similar to the natural tendency of ecosystems to
increase in ascendency, a whole-system measure of coherency,
organization and orderliness of network stocks, fluxes and links.
But in natural ecosystems ascendency is always in dynamic tension
with system overhead, that complementary portion of total sys-
tem developmental capacity than is unorganized, redundant and
less efficient (Ulanowicz, 1997). The humans–beef network had a
higher ascendency to capacity ratio than any of the other networks
studied. If we push this ratio beyond normal or natural limits, as if
we have no need for any redundant or parallel pathways to provide
reliability and resilience to changing conditions, we may find our
food supply system encounters trouble in the form of disruption
and reduced food security. Combined with the known problems of
resource depletion and excess waste emission, this potential orga-
nizational and network problem provides both cause for concern
and basis to inform strategy and direction for concerted efforts
to increase the sustainability of the U.S. food supply network and
human society in general.
While ENA has been performed on a wide variety of non-human
ecosystems, it has rarely been used to examine human and coupled
human-natural systems for ecosystem currencies such as energy,
carbon and nitrogen. Two examples of ENA that do address human
systems include a study of the human N network in the food system
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f Norway (Bleken and Bakken, 1997) and money flows in the Polish
conomy (Szyrmer, unpublished data; Ulanowicz, 1986). Ecologi-
al network studies comparing human and non-human food webs
ay reveal time-tested, successful and robust organizing principles

hat we can use as role models and “technology transfer” like that
eveloped in the fields of biomimicry (Benyus, 2002), permacul-
ure (Mollison, 1996) and ecological engineering (Kangas, 2004).
he window of vitality and the number of network roles did not
learly indicate the U.S. beef supply network to be unsustainable as
n abnormal compared to non-human food webs. These two mea-
ures may show differences based on analysis of a more complete
uman food web. The effective (partial) trophic level of humans
ompared to other top carnivores, network connectance, entropy,
otal dependency coefficients, trophic efficiencies and the ascen-
ency to capacity ratio did indicate differences that may be useful

or modifying the network structure of the beef supply and similar
ndustrial food supply systems to be more sustainable. The compar-
tive ENA process itself also elucidated important issues related to
1) the steady state assumption, which is problematic for industrial
uman systems, (2) the absence or dearth of contributions of dead
umans and human wastes to feed other species in an integrated

ood web, and (3) the ambiguity of defining some industrial com-
artments as living versus non-living. Addressing these issues of
ethodology and data should improve the ability of ENA to provide

ndicators of sustainability by allowing more valid comparisons to
on-human reference ecosystems.

According to many observers, it appears likely that we face a
urning point in our relationship to our natural environment. Odum
nd Odum (2001), a famous ecological science couple, forecast a
ownward trend in human energy use in the U.S. and other indus-
rial societies and interpreted this trend the following way:

There is no modern experience in coming down to go by, but we
do have some principles about cycles. . .and the historical record
of past civilizations. . .We get some ideas observing ecosystems
when they contract.

As mentioned in this quote, comparative ecosystem studies
ould help us understand long-term environmental trends and key
elationships. We now have many ecological network analysis tools
vailable, and the opportunity to study successful, living network
odels of sustainable natural ecosystems. The process of “coming

own” mentioned above could mean reducing the effective trophic
evel at which humans feed – we in the U.S. may eat three lev-
ls beyond a limit in non-human food webs of about five trophic
evels. For a human ecosystem to “contract”, as mentioned above,
ould be interpreted to suggest not only reducing the number of
rocessing steps in our food supply networks, but also to consider
ore explicitly “completing the cycle” in materials loops such that

uman wastes, and even our bodies after death, become food for
ther species in beneficial, mutualistic ways. We might ask, how do
e feed ourselves within a larger ecological network such that the
hole process of bringing humans into material existence can be

ustained over the long-term? Guidance may be found by compar-
son to the ways natural community-ecosystems have done this so

ell, for so many species, for so long.
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