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Concurrent environmental problems including 1) esc€Q emissions and climate
change, 2) excess nitrogen export and eutrophicafisurface waters, and 3)
dependence on non-renewable fossil fuel energyliespgan be considered
interdependent symptoms of a single systemic “h@mathe environment disorder”.
This dissertation presents results from three nattegl research projects to frame and
solve this general human-environmental problemaaterdisciplinary whole, the
projects help define and characterize organizimcpples for future human-environment
systems without major carbon (C), nitrogen (N),rggend related problems. Forests
and other non-human ecosystems provide model sgststhese communities self-
sustain for 10,000 years and longer. Comparativéiess of soils, C and N emissions, and
food web networks provide transferable principteguide local action for sustainability.
Soils in long-term forest land-use stored more @€ @nganic matter than soils in long-
term agricultural use. These results recommend pauhture, agroforestry and perennial
agriculture to provide food and other human neekigevibuilding soil and enhancing soil
fertility. Audits of the Appalachian Laboratory Frostburg, MD, showed this

environmental science facility causes emissioridadaimes more C and 60 times more N

than local forests can absorb. The Lab also is 88p&ndent on non-renewable energy



sources. This study provides data necessary toggderations toward environmental
sustainability. Comparisons of the U.S. beef supgtyvork showed unusually high
network ascendency (a whole-system efficiency nedshigher dependency on a few
compartments and lower network connectance thanmo-human food webs. Results
support efforts to increase U.S. food supply relitgbvia local agriculture and

diversified food network pathways. Overall, thee@sh identifies a systemic cultural
cause of the human-environment crisis in subordinaif environmental value, quality
and capacity to values in economic, social, sdierdnd other arenas. Elevation of
environmental value to equal standing with othenhno values thus promises a solution
to the global ecological crisis. Realization ofls@accultural paradigm shift likely requires
revisions to fundamental scientific definitionsethies and understanding of life,
evolution and ecology, all of which now operatehaatpredominantly organismal model

of life that likewise de-emphasizes the environment
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Chapter 1

Comparative Ecological Modeling for Framing and Soling Excess Nitrogen
Loading to Surface Waters and Related Chronic and y&stemic Human-
Environment Problems

Introduction

This chapter presents introductory material, ligm@review and conceptual
overview for a three-part research project intentddaelp understand causes and create
lasting solutions for current pervasive environmaéptoblems such as excess nitrogen
loading to surface waters. The three projectsvabae propose the need for, and outline
a process for achieving, a major course correcti@tience and environmental science
as key components of the collective intelligenceadiety. Results from this work are
expected to assist efforts to change science’siegadnd participatory causal role in the
current human-environmental crisis so that scieacemore effectively help create and
demonstrate lasting solutions to these problems.

The three projects employ comparative ecosystetiestor comparative
ecosystem modeling. Comparing problematic humasystems to successful natural
ecosystems like forests may help us decide if wecoatinue our current general human-
environment relationship, if we need to make fundatal changes, what specific
changes could improve environmental quality, andtvgliccessful ecosystems exist that
can serve as role models.

The bulk of evidence from many workers and disogdi globally seems to
suggest the future will be like the past — our pdgldasis will be like subsistence

communities prior to fossil fuels, or like forestisd other natural communities now, that



run on renewable energy and recycling materialsgs®es. While it is unknown whether
technological advances may alter this scenarggains most prudent and responsible to
actively develop and pursue a strategy to conweatrhore modest, less resource
intensive standard of living. One can still hopedad seek to develop technological
breakthroughs able to allow further extensionsa@mdlopment of the human enterprise,
but to treat such advances as inevitable and depetttem coming true would be more

like a faith-based and reckless belief than anensd-based and precautionary plan.

Characterizing and Addressing the Environmental Crsis

The Millenium Assessment (Millenium Assessment JG1&ted that 60% of the
ecosystem services (e.g., air, food and water peas capture fisheries) needed by
humans are now “being degraded or used unsustgindlble World Scientists Warning
to Humanity (UCS 1992) warned that humans and #teral environment are on a
“collision course” and that fundamental changeeguired to avoid catastrophic disaster.
Excess nitrogen, phosphorus and sediment loadomg liand to the Patuxent estuary,
Chesapeake Bay and similar water bodies has rdgualtaultiple forms of environmental
damage, such as algal blooms including toxic speeigoxia, fish kills, reduced fisheries
harvests, reduced water clarity and harm to agwatjetation, among other problems
(Jordan, et al. 2003, Driscoll et al. 2003).

The view of many scientists who have assessedahergl human-environment
situation is that our current configuration or egptal strategy is not working and is

inherently unsustainable. The final seminar in2B85 Chesapeake Bay Seminar Series



organized by the Integration and Application Netwpan.umces.edu) was given by
Peter Leigh and was titled “The ecological crifi® human condition, and community-
based restoration as an instrument for its curethé published paper that goes with this
seminar, Leigh (2005) writes:

There is a growing belief that the global ecolobaesis which confronts

humanity today is one of the most critical turnpants that human civilization

has ever faced. The causes of this trend are leeliey some to lie in
environmentally destructive propensities that @eaological imbalances. The
basis for these imbalances can be ascribed to foarsgs, but can be largely
reduced to a few central trends, the intensityush&n consumption multiplied by
sheer human numbers, combined by the lack of withange, or worse, to
fundamentally understand how our behaviors todayasducing tomorrow’s
problems. None of these forces appear to be regedimglobal population and
human consumption continue unabated with societi@® inclined to watch,
register, and witness these trends than to actsesk solutions.
Leigh’s mention of a lacking capacity to “fundamadht understand” is perhaps the part
most relevant for environmental science and sciemgeneral, the fields in which we are
actively working to increase understanding of bédravand their problematic
consequences, the relations between causes aotseffel the correlations between
various independent and dependent variables.

Leigh (2005) is not the only one to frame the huraamironment problem in
such broad and general ways. The point we nowdindelves in the history of the world
has been described as The Great Turning (Macy 2008)Great Transition (Raskin et
al. 2002) and the Second Industrial Revolution (MoBugh and Braungart 2002). All of
these metaphors relate to a predicted qualitatarestormation of modern industrial
culture from unsustainable environmental and in@dplé socioeconomic relations to

sustainable environmental and equitable socioecantations. Our current period also

has been described as a threshold crossing froienapty world” to a “full world”



(Goodland and Daly 1996), in which for the firghé ever, the scale of the human
enterprise and its collective impacts on the emrirent have matched the scale of the
planet. In the new “full world” these authors depresources and waste assimilation
capacity of the world can no longer be assumecttminite in supply.

So the problem is big, fundamental and likely towgerse. Several leading
thinkers see major transition processes now or smbe underway for developed human
societies. In the words of Odum and Odum (2001):

Soon the United States and other developed natidhisegin their descent,

learning how to live with less emergy [a measureradrgy] and a smaller

economy. There is no modern experience in comimgndo go by, but we do
have some principles about cycles...and the histarcard of past
civilizations...We get some ideas observing ecosystetren they contract.

Our energy review...left little doubt that downturilwccur. Instead of
denial, it is time for people at all levels of setgito plan for a better world in
which we use less. There should be task forcesi¢imaut society working on
descent.

This vision and proposed direction — toward a ‘&rettorld in which we use less” - is a
working hypothesis for the correct strategy, betdlthor is also open to being shown
otherwise. The suggestion above that we may “geesdeas observing ecosystems”
supports the comparative ecosystem studies anecapphs of Mollison (1996), Jackson
(1994) (discussed more below) and others. Thiscampr asserts that the general
organization of natural systems seems to hold @erur organic, self-sustaining
solutions, if we could learn how to translate thienhuman systems.

Based on the logic and payoff matrix for risk as#ygiven inherent uncertainty
Costanza (2000) also showed that the most prudietéegy is to plan for and act to adapt

to the low energy case. This is true because thvmside risk of the main alternative is so

very negative. That is, to plan for or assume hrieeoptimist future of continued high



energy but then have the reality turn out to bddheenergy case would lead to
catastrophic problems due to overshoot and collapb& support capacity. On the other
hand, if we plan for the low energy case and soeve inventions enable more energy,
there is no comparable negative impact from thataehand set of actions. Thus the
position adopted here is that the responsible waydrd is to plan for the low energy
context and hope for the best (cold fusion or oteenno-miracle).

While nitrogen export, mentioned above as critfoathe Chesapeake Bay,
provides an important and information-rich speqggtoblem and key symptomatic
behavior, it is important to note that problemswahergy, C, water and still more other
factors (e.g., soil loss, toxic chemicals, haldiias, biodiversity loss, invasive species,
etc.) suggest a more systemic problem in genechiaalespread unsustainable human-
environment relations. Ackoff (1974) provides guida here on the approach to
identifying and solving such complex problems:

English does not contain a suitable word for "systé problems.” Therefore |

have had to coin one. | choose to call such agyatémess.” The solution to a

mess can seldom be obtained by independently gpbach of the problems of

which it is composed.
In this spirit, the proposed research seeks uralastg to help solve the whole system

of human-environmental problems, to clean up owirenmental mess taken as a

systemic whole.

Environmental Sustainability as Integrative Conceptand Litmus Test



At this point definition of environmental sustainlép as employed and assumed
here may help. One quick and basic, but still rolnsl relevant, definition of
environmental sustainability requires that a gipeocess, community or system 1) use
renewable, net energy and 2) use recycling masgpraicesses. Goodland and Daly
(1996) provide another parsimonious set of critiraruly sustainable human-
environmental systems in their Input-Output rules:

Output rule. Waste emissions from a project must be withinassmilative

capacity of the local environment to absorb withaudcceptable degradation of

its future waste-absorptive capacity or other intguatrservices.

Input rule. A. Renewables: harvest rates of renewable-resonpegs should be

within the regenerative capacity of the naturatesysthat generates them.

B. Non-renewables: depletion rates of non-reneweddeurce inputs should be

equal to the rate at which renewable substituteslaveloped by human invention

and investment. Part of the proceeds of liquidatiog-renewables should be

allocated to research in pursuit of sustainabletHuibes.
While these definitions are useful and meaningiok goal of this work was to develop a
stronger formulation the necessary and sufficient conditions for locali®nmental
sustainability Such a rigorous concept should aid debates im@maental science as we
seek to “convince ourselves” of what sustainabitywhether it applies to us and
whether it should become a strategic priority. Afflech an internal consensus and
commitment to self-change action, a restatemeststainability that has few or no
loopholes would also aid in convincing others @& timportance of the general

destination of environmental sustainability as veslithe specific criteria needed to chart

and maintain a course in that direction.



Sustainability Reverses Conventional Wisdom

The logical, ostensibly factual and seemingly ptaiy inevitable imperative of
sustainability can be seen with relatively simpleught experiments and observations.
By simple virtue of requiring 1) quantitative acoting forlong-term trendsn
production and 2) accounting for gains and los$gsaxuctive capacityor such
ecosystem services as agricultural products, timveater and air supplies, as well as all
production based on non-renewable energy, theatleastainability challenges most of
our current assumptions about how human societsatggeand how well we are doing.
Without consideration of these sustainability fast@onventional agriculture, for
example, appears as a successful solution to tideon of feeding a large population
efficiently. The so-called “Green Revolution” otémsive, industrial agriculture is often
touted as a shining human achievement (Shore, 2B05pnce the long-term and
productive capacity factors are considered, ansassent of conventional agriculture
changes qualitatively and dramatically — it becomese a problem than a solution, a net
negative, detriment or loss for society as a whble same reversal appears to occur for
any societal system that performs a function thakeieded long-term and depends on
finite, non-renewable fossil fuels for its operatio

If we dig below the surface of conventional agriatg, we see that each annual
enactment of the management-production-harvese degletes crucial components of
the capacity for productionn the forms of 1) soil organic matter and soilbma and 2)
fossil fuel energy, among others we could listhén becomes evident that the short-term

production and profit gains have come at the expens long-term loss in production



capacity. In economic jargon, such a system astargise consumes its own “capital”
rather than preserving and “leveraging” capitajeémerate production and income. Such
a production process cannot continue indefinitely rot sustainable over time - because
with iteration the basis for production, the cadpitacapacity, is depleted. The issue of
substitutability may be raised to dismiss this peoh but it seems more reasonable to
assume 1) there are no substitutes or equivalptaaements for soil organic matter or
fossil fuel energy, 2) these physical assets ayeimed for production, they are not
optional or expendable, and 3) even if substittdeshese specific assets could be found,
the relational fact of a decreasing trend of assétsproduction would remain the main
problem. Given these assumptioosnventional agriculture is a problem to itselft

limits its own future existence and prospects hyrdding its own capacity as it operates.
This seems equally true for any production system.(industry, medicine, science,
housing, etc.) that consumes its own biophysicphcay for production, such as any
system that depends on finite, non-renewable ersngydoes not replace comparable
energy capacity in its process.

The picture gets worse. A production system thptedes its own capacity has a
self-limited, declining future trajectory for it$eln addition (again for the representative
example of agriculture) a problem is caused byfakethatproduction enables
population growth- the food is not merely an end in itself, bubagables the “making
of people” (Quinn and Thornhill 1998). So as timegresses, two diverging trends
occur: 1) the capacity to produce (foadclines and 2) the number of people needing
the production or services (foortcreases Thusconventionahkgriculture is a problem

for society- it creates an increasing gap between the s@mlydemand of food.



The picture gets worse still. In addition to thea problems, agriculture, fossil
fuel based and other such extractive, consumpghvert-term production systeramit
harmful pollutants as they operateome of the capital or productive capacity that i
burned, consumed or depleted leads to byproduatsatk released into atmosphere, soil
and/or waters and many times lead to other negatiusequences. Examples are 1)
increasing atmospheric G@nd problems associated with climate change astzhg|
warming and 2) excess nitrogen runoff from agrioat and developed lands causing
eutrophication of receiving waters such as the @peske Bay. Thusonventional
agriculture is a compound problem, a double wharfongociety— it causes 1) a future
gap between the supply and demand of food while Zl€reating pollution problems
that limit and impede food production and othereasp of life, life support and the
quality of life. Thus any system that provides ecatled benefit to people via a process
that cannot be continued long-term createmtarnal societal dependenay the form of
an eventual “demand greater than supply problemd any system that pollutes during
production also makes matters worse by creatingxéarnal environmental vulnerability

as life support and ecosystem services are degraded

Formalizing and Modeling Sustainability

Another of the working assumptions about what fisative and how best to
conceive of sustainability is to define sustainapih reference to a relatively small local
area. A general idea of the spatial scale in msralsmall human community, a small

watershed, or a small forest. The towns of Cumbdrnd Frostburg, and Fifteen Mile



Creek watershed, all in Western Maryland, woulavithin this rough spatial size range.
As discussed more below, this local approach isre&dly the most conservative and
rigorous. While there are regional and global fextbat are important to what is
sustainable in any locale (e.g., processes thatmate weather, precipitation,
atmospheric deposition and many other factors)ldt& actions and local organization
of a community are the factors that are most amenaldesign, modeling, community

organizing and action for change.

While sustainability may include matters that arbjsctive, value-asserting and ethical —
matters of conscienceit also seems valid to say that sustainabitityolves other factors
that are objective, value-comparing and rationgipical matters of sciencd-or

example, Bill Mollison (1996) speaks of the motiwatfor adoption of his proposed form

of sustainable human-environment relation, permtageil as strongly ethical. He wrote:

The Prime Directive of Permaculture

The only ethical decision is to take responsibildyour own existence and that
of our childrenMake it now.

This concise principle fits with other widely usaefinitions of sustainability such as that
in the Brundtland Commission (1987) report whichirded sustainable development as
“Development that meets the needs of current génasawithout compromising the
ability of future generations to meet their ownaeé As strong, compelling and
seemingly self-evident as Mollison’s directivensits appeal to one’s conscience, it still
leaves questions pertinent for and requiring eserof one’s science or the collective

intelligence of a human communitgxactly how do we go about taking responsibility fo
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our children and ourselves? With what first prirlegor basic knowledge of the world
would we build an action program to make good as dlirective? Of the many things
that our children and we need, in both the shond dong-terms, how would we best
prioritize in providing for these needs?

Interestingly, Mollison (1996) also bases permagcelbn a creative mental
approach of treating forests as “system analogiasihich to model human agriculture
and culture in general. Mollison, an ecologist vgnew up in a small self-reliant fishing
town in Tasmania, describes the origin of his cphoé permaculture in his

autobiography:

In November 1959, watching marsupial browsers énfkbristically
simple rainforests of Tasmania, | wrote in my didhbelieve that we could build
systems that would function as well as this onesdoe

A casual reflection, not further developed, hadkbrothe barrier between
passive observation (in an attempt to understaed-relationships between
browsers and plants) and the active creation ofynsanilar systems that we
could construct ourselves.

The step from passive analysis to active managearattive creation
was critical. | was also discovering over this per{1959-1962) that even two of
these common browsers and no more than 26 woody gp@cies could set up a
series of very complex interactions. Thus, it wasihteractions of components
rather than the number of species that gave themyiss flexibility. That
flexibility allowed a fairly stable condition to kestablished through a variation in
other influences, in weather and growth. The systenstantly changed but
continued to function.

This then was both the precursor and the core wh&aulture; the
realisation that we can create systems based dogiesof natural systems, or
try to improve them for productivity, and then alithe created system to
demonstrate evolutions, stepping in at criticafjstato manage, add or subtract
species, and observing at all times.

These system analogies, if well constructed andrdec!, could produce a
yield that could be constantly assessed or improaed would also need minimal
maintenance energy, after the established phase.

Thus permaculture proposes rational and sciemté@gign and operation guidance by

which human agricultural and other systems couldriganized using a forest as a
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systems analogue or systems archetype (Wolstend0&s Sweeney and Meadows
1995, Senge, 1990). And in the totality of his werklollison further makes the
connection that this type of scientific, intelligesystems design is the best way, provides
the necessary and sufficient tools needed, toregqonsibility for the ecosystem

services crucial to the continued life of our cheldl and ourselves. In this sense
sustainability is at the nexus of what is goodgoesible, via conscience) and smart
(intelligent design and management, via scienaefdav to live on Earth and leave land

as good or better than one found it.

A fundamental value asserted in this researchatsghvironmental resources,
ecosystem services and life support needs areuafl @q higher value and priority than
other needs such as those in social and econoaimseFollowing Goodland and Daly
(1996), the value of environmental life support &sdngoing availability are taken to
be “universal and non-negotiable”.

Oddly it seems that environmental sustainabilitpnre often treated as optional,
negotiable, of concern only to special interesugsy or in conflict with “higher”
priorities such as economic growth or the shomatpreservation and ease of human life.
Sometimes sustainability is even treated as imptesne successful, highly educated
strategic economic consultant to the city of Curdrmet commented, “...all systems must
consume...”, implying that a negative balance andeimsing deficit in natural resources
is the only possibility for modern cultures. Thésrse economist also stated that
environmentally sustainable, self-reliant livingolsserved only in a tiny majority of

aboriginal and subsistence cultures (Steve Mulfpessonal communication). The view
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taken here is essentially the opposite, and th&swadted here suggest a reversal of such
conventional economic wisdom is necessary. Instééabking at what we do now and
saying sustainability is impossible, we may neeldggin considering what is sustainable
and change our activities so that we are doing thad without an explicit and conscious
intention to achieve sustainability, it seems gnteed that we will not live, act or make
choices in such way to achieve sustainable humamegrment relations. Conversely,
only if we actively and consciously intend to betsinable is it likely to come true. In
this sense our intention is very much a self-flutfi prophecy.

At the most basic level, the two-way relationshgivizeen a living community and
a local environment may vary similar to the nineraction types possible between two
organisms that affect each other positively, negétior neutrally (Ulanowicz 1997).
The local environment always aids a living commymtsome way (e.g., via solar
energy, gas exchange, local nutrients or mereiydigpace) and so this half of the
relationship is always positive. The living commynnay be considered to affect the
local environment positively, negatively or neutraSuch value, sign or quality
determinations can be made based on referencedbisvpositive or negative for the
living community. Thus a positive impact on the eorment is one that in turn aids the
living community in areas such as production oifliszgce. This may seem circular, and it
is, but this approach is suggested to be circalargood way rather than either a trivial
or pathological way. To define what is good for @mvironment relative to what is good
for the living community that depends on that eoniment is to both internalize the
environment and to invoke impredicative or “chiclkerd egg” processes (Giampietro

2004, and see below). Given this perspective, there¢hree possible community-

13



environment relationships: 1) mutualistic, both aofs are positive and beneficial,
symbolized by a +/+ relationship, 2) commensalismyhich the environment aids the
community and the community has no effect on therenment, symbolized by a +/0
relationship or 3) predatory, parasitic or antagbaj in which the community has a
negative impact on the environment, symbolized by aelationship (Odum 1983).

One working assumption developed and tested heéhatishe mutualistic
relationship is the best generic concept for snatality. This relationship seems most
similar to the forest-environment relationshiphatt forests accumulate local soil stores
of C, N and organic matter, which are known toedsystem production. The
commensal model is ignored for now but could als@@nsidered basically sustainable
(although more susceptible to disturbance in thdt mo improvement of the
environment, no reserves or buffering capacityuidt lnp). The antagonistic relationship
is clearly different from the mutualistic relatidmig and seems most similar to the general
human-environmental relationship at this time inchitbasic environmental capacities
necessary for human communities are being dep(etgd fossil fuels, soils,

biodiversity) or degraded.

Environmental Science as Both Speaker and Audience

A key portion of this work is self-reflexive for emonmental science. It suggests

that environmental science could benefit from iste@ dialogue on how best to lead

society through complex contemporary decisionsiattda more sustainable future. The

research provides fundamental information abountiaive, physical aspects (i.e.,
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biophysical carrying capacity) as well as quahltatirelational aspects (i.e.,
organizational form and dynamic behavior) of log&hvironmentally sustainable
human-environment systems — including the buildeagd campuses of academic science
operations. A key working assumption is that ifiwenvironmental science can solve
excess nitrogen emission and the intertwined eneaypon and water problems in-
house, the spreading of success stories and faatsolutions to other sectors of society
ought to be much easier in comparison.

One of the ultimate goals of the research propbsee is to ask whether
environmental science, and society as a whole, avoellwell served by a thorough and
honest self-examination of environmental scienceryironmental science. This
guestion is raised with hopes of both improvingdhbaelity of science in environmental
science as well as improving the ability of enviremtal science to deliver on its
potential to help solve the major environmentadesinow facing humanity. The
proposed approach for environmental science is ae@smaller subset within a larger
self-examination for all humanity.

Hubbert (1976) depicted the environmental and higtbcontext in which we
find ourselves at the turn of the*2dentury. His graphs of energy use and human
population place us at the pinnacle of civilizatimsed on the crucial metric of energy.
We cannot know for sure what the future bringspecsfics, whether energy and human
population will trend more like his projectionsaarve | (continued growth and plateau
at a higher level), curve Il (moderate reductiod pfateau at an intermediate level) or
curve lll (precipitous decrease and collapse),tsgems highly likely that our general

direction will be down, with major ramificationsrfall aspects of culture, society and

15



daily life. Environmental science and ecology pesseccumulated knowledge that
potentially can help us to know which directionwhat forms, and at what speed future
human-environmental development ought to proceatiw® are caught in this same
context, the large-scale and unique historical dying, with the rest of life on Earth.

The gist of the collection of ideas here is to iske causes and solutions to our
environmental problems are equally or more likelypé “in here”, in our own minds and
values, as well as “out there”, somewhere elsesaive, in the world. In essence this
work asks of environmental scien€an we really help others before we have our own
environmental “house in order”? What would it tateeget our own environmental house
in order, to achieve environmental sustainabilifyoar own operations? Would it
perhaps be easier and more effective to developsprehd solutions to other sectors of
society after we have first developed and testedtioning solutions and achieved
success in our own environmental science instisto

While it may seem the environmental problem benagied here is skewed,
overly self-conscious or of interest only to a nmityoin terms of being highly
philosophical, subjective or narrow, it may alscttuat the issues raised and approach
taken are in fact highly scientific, objective ageheral. For example, the problem as
framed above is akin to askindow do we sustain environmental science (as a $ubse
and human society (as a whole) in terms of fundémhenergetic and biogeochemical
relations?And this question could potentially be generalilgther. Related questions
include:How does any process, community or system sugtalhover the very long
term? How can any process or system maintain aease its productive capacity as it

achieves production? How can any system increasesgets, potential, relative
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environmental standing or odds of survival in thieife? How can any system improve
itself, its environment and its relationship to #evironment as it operateIhese
guestions in turn are not far removed from somgénefimost fundamental questions of all
such asWhat is lifeAShrodinger 1944).

As applied to society as a whole and environmesti@nce as a subset such
guestions raise a metaphorical question of whathveelld expect for trends over time.
Must we accept decay and degradation of our comimesnecosystems and environment
as we operate much like we normally expect for a machine that iseaut, breaks down
and uses up quality energyor should we aim higher and expect improvemeadt a
enhancement of our communities, ecosystems antemant as we operaterruch like
we normally expect for living muscles that get sger with use, forests that build soils
and biodiversity as they produce or other life eyt that similarly sustain and enhance
self, environment and self-environment relationudtaneously?

A version of this question that links both the miastnediately applicable and the
most lastingly theoretical questions may Wéat is the best ecological strategy or
organizational form for systems that wish to “lie@g and prosper”?ia such
connections the questions addressed here havalbeeloped because the author over
many years of research has seen questions of/gedd be both “theoretically deep” and
“widely applicable” - one can follow them “downwdra very fundamental issues of
basic theory and scientific understanding of thgineal and fundamental nature of life
and life-environment relations, and one can loakt\@rd” almost anywhere on Earth
and see that the questions, problems and solwmunght are relevant for practical human

needs.
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The Ecological Organizational Form of EnvironmentalScience

In the current state of the art for the physicahf@f environmental science itself,
as we work to increase understanding, educategkiegeneration and solve problems,
two main schools of thought exist. Based on perisexyaerience, most environmental
science institutions do not scrutinize their owrissnmental needs and impacts. Mainly,
environmental science seems to ignore its own @adenteractions in environmental
contexts. In contrast, a very few universities eggkarch centers have decided that the
environmental demands and legacies of their owmnatijp&s are crucial issues. These
institutions have begun to examine, monitor and atsvert their own operations to
more sustainable, less consuming forms. OberliteGe) the Woods Hole Research
Center, and the Sustainability Institute are exasplhe latter (founded by Donella

Meadows, a systems modeler who co-wrote the impbbtaok, Limits to Growth

(Meadows et al. 1972)), was designed to be a “thimkank” rather than simply a think
tank. In addition to science and policy researtéitee to environment and sustainability,
the Sustainability Institute also has “green déskgrusing and an organic farm on the
same property. Thus environmental science reseatare integrated with other
components in a larger human-environment commuhét/is much more locally
sustainable than most.

Success in science is simple and straightforwadesaribe, if very difficult to
achieve. One group of authors has described deweopof new major paradigms in

science as requiring “careful and ingenious expenits, replication across laboratories,
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good arguments and the conversion of the next gaaef of scientist§Gopnik et al.
1999. This description of one of the major evolutionarydevelopmental processes in
science does not include any mention ofdhpacity to do sciengenvironmental costs
or values. Much like mainstream economics, mosttfii@ners and approaches to
science have “externalized” environmental costatT¢$) expenditures of environmental
capital and “depreciation” of natural resourcesraraoved from consideration when
assessing progress and success. Even within emarmal science there has been very
little explicit and conscious accounting of envineental costs or tracking of trends in the
environmental resources required for conductingrsx®, such as supplies of energy,
carbon, nitrogen and water. Instead, other measueegsed for evaluation of success
and progress, such as numbers of papers publistebtints advised and grant dollars
brought in.

For example, the process to complete and receRleDain environmental science
does not require any accounting or evaluation basetie energy or material
expenditures made during coursework, researchitingurA student’s PhD program that
consumed 5000 kilowatt hours of coal-generatedrmtat power and emitted 1000 kg of
reactive nitrogen into the atmosphere and waterdwvoot be differentiated or qualified
by any existing process from a PhD which consun@dksiowatt hours of wind-
generated power and emitted 10 kg of N. These emwiental costs currently are not
internal, are not deemed significant, or are ntie as integral to the process of
attaining the highest level of knowledge in envir@ntal science.

It seems science may get trickier and more comiple® begin to internalize

rather than externalize environmental costs. Cemnsid such a revised approach, one
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must also decide on spatial and temporal extertt®ndaries with which to define an
entity as well as the environment from which, antetframe over which, it receives its
needed supplies and emits its wastes. In perhapmdist conservative approach,
determination of both environmental supplies andtesare local and also place-based,
and any such accounting must be integrated witbipeéetails of the local
environment. That is, if one excludes the optiansigbsidies from afar and requires that
a science enterprise operate based on ambientyefoairgent solar income) and material
sources arriving at a fixed locale, then one ireees requires that environmental
sustainability be local environmental sustainapilithis conservative requirement is
compatible with the input-output rules for sustaihity of Goodland and Daly (1996). If
this criterion is applied to science, it implieatlhe operational, physical form of science
would have to be largely dependent on details ®idlbal context of science, which
varies from place to place. Much like variationsnmen the form of forests in tropical,
temperate and boreal regions, science integratédand sustainable in local
environments would seemingly need to change forooncert with the real
environmental context in which the science is caelil

As mentioned above, two schools of thought diffethieir approaches to
examining versus ignoring environmental costs &edsustainability of environmental
science itself. This disagreement or schism widmaironmental science suggests 1) that
more institutions may begin to consider this isané may be seeking to choose between
these two paths, and 2) that additional informatinrthese two alternatives could aid in

decision making and choosing a direction and coofsetion.
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Action Orientation - What Needs To Be Done?

It may be useful to consider the major actions edda/ environmental science
with respect to the ecological crisis, and thenwakit knowledge is needed or missing
that would help us choose our course of action.

Environmental science in its most general form ings research, discovery,
education, public service, and development of appbns to problem solving,
management and policy. Environmental science fadesmidable challenge now in the
efforts to help solve widespread, chronic, systesmizironmental problems of
unsustainable human-environment relations in généna current approach often seeks
to solve isolated, more specific human-environnpgablems such as excess N loading
from land to water (Jordan et al. 2003, Gallowagle2003,Cowling et al. 2001,

Driscoll et al. 2003), excess G@missions (Friedlingstein and Solomon 2005),
dependency on finite fossil fuel energy sourcesr{flzell 2005), and unsustainable use
of fresh water (Gleick 1998).

All of these environmental science research effargsclearly important and
valuable to society. Restoration of environmentalligy for the Chesapeake Bay was
first estimated to cost $19 billion (Blankenshi@2) but this estimate was later
increased to $29.3 billion (Blankenship 2004). Smwoed progress is being made. Figure
1.1 shows dramatic decreases in N export for thexeat River at Bowie from 1985 to
1995 down to concentration levels of about 2 mglipar. However, this figure also
suggests that a plateau in decreases, and pertiagedlimit to improvements possible

from current management approaches, has been tedédrecomparative ecosystem

21



reference, baseline N export from forested wat@isiealso shown (although it is barely
visible as it blends into the X-axis). These mumhdr N concentration rates (which
result in much lower export or flux rates) aver@ges mg per liter in Virginia (Eshleman
et al. 2001) and 0.01 to 0.03 mg per liter in N&2#rolina (Swank et al. 1981). These
rates are 40-200 times lower than for the highlyettgped and agricultural Patuxent
watershed.

Existing understanding and treatment of excessalitg lead to management
recommendations that focus largely on 1) efficieatil use and 2) reduction of N
emissions and resulting atmospheric depositiorsddii et al. (2003) propose a suite of
options including biological nutrient removal offtdm wastewater, increasing efficiency
of N use in agriculture and emissions reductionsansportation and electrical power
utilities. A few studies suggest more fundamergédmms such as revising flow routes to
recycle more reactive N back onto agricultural add addressing linkages with other
nutrient cycles such as carbon, sulfur and phoggh(owling et al. 2001). Some of the
most radical proposals for solutions come from woskvho suggest a total
reorganization of human systems to mimic the stinecand function of natural systems.

In essence what needs to be done is that we mkst quentum leaps in

improvement in the most basic aspects of health@human-environment relation. For
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TN concentration (mg/L)

1/1/1985 1/1/1990 1/1/1995 1/1/2000
Date

Figure 1.1. Total nitrogen (TN) concentration ie fatuxent River at Bowie, 1985-2000.
Data from Chesapeake Bay Program (Fisher et ab)2@»mparison reference level for
TN levels typical from forested watersheds is shasrhick line near X-axis at 0.05 mg
per liter, 40 times less than the apparent plaéé@umg per liter for the heavily human-
dominated Patuxent watershed.

example, we must find new forms of applied envirental science to enable us to get
beyond our current limitations as indicated intb&istance of N export for the Patuxent
to get below the current plateau level. And whiteess N is one major symptom, excess
CO, emissions, energy and water problems are all aradpy related. Production of N
fertilizer requires large amounts of energy antuim results in C@emissions. Excess N
is carried from land to surface water by rainfaltlaunoff and via groundwater. The list
of interdependencies could go on. Without relialdsjlient and regenerative
environmental processes to supply energy, air,nwveted and other necessary resources,

human society would cease to be viable. Meadowt €2004) suggest that humanity is
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currently 20% beyond environmental carrying capadit other words, it would require
1.2 Earths to provide the necessary resourcegptmostuthe current global population.
Environmental science is clearly among the coreiplipary fields of expertise from

which solutions to such fundamental human-enviramrpeoblems must come.

What Is Known?

We can consider the state of existing knowledgerms of 1) basic
environmental processes, problems and solution®ptite best way to conduct daily
environmental science operations. The former valdiscussed first.

Nitrogen export from watershed ecosystems is aulsgegrative indicator of
ecosystem status and function (Likens et al. 1886jeman 2000, Eshleman et al. 2001)
because of 1) the myriad negative effects downstifeam excess N loading 2) the
multiple factors of internal organization that mhstpresent to enable efficient and
resilient N retention, and 3) the seeming abilitjNcexport to differentiate between
healthy and undisturbed versus problematic andirdiist terrestrial ecosystems.
Research has shown the consistent relationshipeleetievels of N export and
proportions of forested, agricultural and develofzad use types (Driscoll et al. 2003).
In general, the greater the percentage of forastrdbe lower the N export (Langland et
al. 1995).

One fruitful approach is comparative ecosystemissud to study similarities and
differences in structure, function, behavior overa and organizing principles of

different ecosystems and human or natural comnasitising this approach, one may
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ask, for example, how forested watershed ecosystempare to human-dominated

watersheds in terms of long-term environmentalasnability or health. Sustainability

and health can be considered with a focus on Nréxgmal water quality, as in such

factors as highlighted in the list below.

Forests achieve:

1.

Effective maintenance and enhancement of wateitydai multiple criteria
simultaneously — e.g., low N, P and sediment exf@asrtompared to multiple
problematic behaviors simultaneously, such as exde$ and sediment export
from human-dominated watersheds).

Efficiency in water quality — use of renewable gyeand recycling materials
processes (as compared to use of finite fossildoergy and non-recycling
materials streams in human systems).

Internal regulation or self-control of water qugalias compared to external
regulation via government agency).

Resilient nutrient and sediment retention — seiftaa of water quality that is
restored after major disturbances such as inséali@en, logging or storms (as
compared to resistant nutrient and sediment Idsgésiman systems for which
large management efforts have not yet resultedrgrelimprovements).

Distributed, redundant and robust self-control atev quality (as compared to
centralized government control with a single oew points of failure and
tendency for bottlenecks or backlogs of regulatatyon).

Simultaneous achievement of other environmentattfans in addition to water
quality, such as production of wood/biomass, maiatee of biodiversity, self-
enhancement of water quantity and processing, eledtion and accumulation of
soils (as compared to simultaneous occurrenceheir giroblems in human
systems such as losses of soils and biodiversiypasblems with water quantity
due to use rates greater than recharge ratesjritpaetc.).

Forest watersheds display impressive whole-systaracteristics that seem an ideal

model set or systems analogue (Mollison 1996) étfrenhancement of environmental

health and water quality for which we might stridead on almost all major points

above, forests seem to succeed with elegance atlence while human-dominated
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watershed ecosystems seem to fail miserably arebtare large-scale remediation.

While we cannot literally convert all land use twodst, this research in part seeks to ask

if, and understand how, we can alter and reorgaminean systems so that they behave

and perform more like forests or other natural gstesns on these key facets of

environmental quality.

Beyond this comparison, a wider and more genersd@asus may be seen in the

synthetic works of many environmental and ecoldgceentists, as well as workers from

other fields such as economics, engineering andageanent. The following sets of

publications or concepts all can be seen to agplgrig-term environmental

sustainability and healthy environmental functialthough from many different angles.

Workers, Publications

Key Concept, Result or Hypthesis

1. Likens et al. 1970

2. Aber 1999

3. Goodland and Daly 1996

4. Allenby and Richards 1994

Forested watershed homeassind
maintenance of nutrient capital are due to 1)
autotrophic and heterotrophic functional
balance and 2) intrasystem cycling.

Nitrogen flux in forested watershed
ecosystems comes from local recycling to a
much greater extent than input or cross-
boundary flux

Propose input-outplgisrfor
environmental sustainability that treat local
supplies, demands and capacities for energy,
materials and waste assimilation. See their
rules above.

Characterize Typdisaind Il industrial
ecosystems and relate Type Il - with the
highest degree of material recycling - to
natural ecosystems and as the ideal model
for industrial ecosystems.
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5. Odum and Odum 2001

6. Odum 1971

7. Fath et al. 2001

8. Fath and Patten 1998

9. O’Neill 1987, Morowitz 1992

10. Ulanowicz 1997

11. Ulanowicz 1997

“Wherever we place the windbattention
we can find systems of production,
consumption and material recycle.”
Production and consumption are integrally
coupled in general and at all scales in
ecological systems.

The ecological system (productidh
consumption) precedes the origin of life, and
is thus more fundamental or general than,
and is able to generate, more specific subset
life forms such as organisms and cells.

Ecosystems tend to maxiaiggpation
while also maximizing storage, which can
be achieved simultaneously if residence time
is also maximized.

All networks with opeansgmmetry and
indirectness result in synergism such that
most ecological relations are mutually
beneficial rather than competitive or
antagonistic when all direct and indirect
interactions are integrated.

Define the ecosystas unit of sustained,
long-term or continuous life, as contrasted
with cells or organisms as units of discrete
or short-term life.

Network ascendency tracka gystem
growth, size or throughput during the
aggradation phase, but switches to track
average mutual constraint or information
during maturity and into steady state phase
of ecosystem or community succession.

All natural ecosystems are organized with
network structures that fall within a

“window of vitality”. These structures seem
suited to operate in a middle realm between
too much and too little order or constraint, a
dialectic-like trade-off also shown in the
complementarity of system ascendency and
overhead.
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12. Covey 1989

13. Mollison 1996, Jackson 1994

14. Fiscus 2001-2002

15. Ksenzhek 1998.

Maintenance of balance between
1) production and 2) productive capacity is a
“natural law” that applies to most realms of
life.

The best, most sustainable form of
agriculture is one that is based on natural
systems for a given locale as a systems
analogue — e.g., a prairie in the Midwest
U.S. or forests in places where forests
naturally exist.

Current conventional afjtical systems
fail to 1) use renewable energy, 2) recycle
materials and 3) organize with coupled
complementary processes such as
composition-decomposition (autotrophy-
heterotropy) and are unsustainable. Natural
systems meet these three criteria and are
sustainable long-term, as they have no
inherent, internal self-limitation in terms of
the “capacity for sustained production”.

“Photosynthesis and respiration, two
complementary processes that provide for
the functioning of a biosphere.”

One way to distill a consensus from these works &y that long-term sustainability is a

property that can make sense for a community, etesyor biosphere, but not for

organisms or individual entities. (This distinctioombined with the reality that humans

are organisms may be responsible for a misperaepat drives our ongoing confusion

and environmental dysfunction. We may project oarmmodel, metaphor or analogue

of “life as organism” onto all operative units femvironmental action (e.g., land

development projects that add people and removes)|aso all actions or projects, like

the organisms they are patterned after, die, dandydegrade. Such psychological issues

are explored well by Leigh (2005), who relates eatthuman environmental dysfunction

to disorders like autism, delusion and schizoplargni
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Another way to formulate a cross-cutting distinatis to say that sustainable
systems may be those that successfully resolvdictsribietween 1) short-term or short-
lived forms, individual organisms or discrete patft¢arger systems and 2) long-term or
long-lived forms, communities of organisms in e&isyns or continuous wholes of
larger systems. This distinction fits one maderinmpwork (Fiscus 2007a in preparation)
that unsustainable systems fall prey to the “Trggddhe Commons” (Hardin 1968) by
pitting individuals against communities in a zewonsgame, whereas self-sustaining
natural systems seem to act out and achieve a ‘tBafinhe Commons” in which both
individuals and communities survive and thriveynergy in a win-win game.

The current state of knowledge of environmentatesses, problems and routes
to solution include, among other currencies or rogtenergy, N, C and water. These
four major environmental resources provide a stisetgf measures that are crucial for
long-term sustainability of coupled human-environtrgystems. As suggested by its
inclusion in many of the works above and by itegnative nature, excess N loading is a
good candidate for a parsimonious set of environatémdicators by which to gage,
monitor and restore whole-system health and sishdity.

For the case of excess N loading from land to ivatveral major factors have
been studied extensively. The effects of 1) fodesturbance and internal system
alteration (e.g., clear cutting (Likens et al. 1p70sect defoliation (Swank et al. 1981,
Eshleman 2000), 2) human population and developg@astro et al. 2001, and Boyer et
al. 2002), 3) agricultur@ordan et al. 20034) atmospheric deposition and combined
effects leading to nitrogen saturation of foréstiser et al. 1998, Aber et al. 200dre

well documented and reasonably well understoodhdmortheastern U.S., agriculture
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generally contributes about half of the input ofd\watersheds (via fertilizer, feed and
N-fixing crops), while food imports for human poptibn contribute roughly 15%,
atmospheric deposition 30% and N fixation in foses¥ (Boyer et al 2002). These
proportions vary as watersheds differ in theirtrelaamounts of agricultural, developed
and forested lands. Nitrogen exports generallyeiase with increasing inputs to
agricultural lands (Jordan et al. 2003), but natessarily so with forested lands (Goodale
et al. 2002).

The ability of forested watersheds to retain thgonitg of N that is input via
atmospheric deposition is an area of active reke@uarrently it is thought that N is
rapidly bound up and retained by abiotic processesils, slowly released into available
N pools and then taken up for plant growth (AbealeP004, Goodale et al. 2002, Currie
et al. 2004. This potential abiotic functional role of soils leneficial to the living
community in the acquisition, storage, releaselauftering of a key limiting nutrient is
important for several reasons. Since soils arengtyomodified by the living community,
but indirectly via excretion, death and organicterati.e., as side-effects of direct actions
of living), the benefits of soils suggest that side-effects or unintended consequences of
living communities on their local environments gemerally beneficial. These recent
results are compatible with other work that desgithe feedbacks between and co-
evolution of living communities and soils as beaii to living systems (van Breemen
1993, Lovelock 1993, Eagleson 1982).

Existing understanding and proposed solution oesgd loading lead to
management recommendations that focus largely antgjative issues such as 1)

efficiency of N use and 2) reduction of N emissiansl resulting atmospheric deposition.
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A few studies suggest more fundamental, qualitatf@rms such as reorganizing human
networks of N flux such that N is recycled from isb@and economic realms back onto
agricultural lands (Cowling et al. 2001). A majalipy and management approach is to
determine and enforce a total maximum daily loadDL) for many individual water
constituents such as N, P and sediment for indaliduers such as the Patuxent (Fisher
et al. 2005). More participatory and less regulapproaches include tributary
strategies and tributary teams that work togetheletvelop targets for water quality and

restoration (For example see http://www.dnr.statleustbay/tribstrat/).

Knowledge Gaps and New Questions

In summary of current knowledge in terms of theiemmental science of excess
N export, as a type case example of systemic huenaimenmental problems, it is
commonly known that agricultural and other humandlases export more N than
forested and other natural lands. However, it dmgseem well understood 1) whether,
and if so why, this islwaysso in terms of ecosystem structure, organizafigrgtion
and dynamics, 2) whether the short-term environaigmbblems of excess N export and
related problems such as soil loss can be fixestiored, substituted for or ignored in the
long-term and relative to short-term gains in pidhn and profit (i.e., are conventional
agriculture, environmentally unsustainable housindystry or science net “good”
solutions or net “bad” problems for society?), &dvhether there is an alternative

ecosystem configuration that could provide neededystem services such as food and
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fiber (or housing, industry, science) while alstan@ng nitrogen and building soils, and
thus serving to preserve and enhance water quasitigrests do.

In other words, should we look for management smhstsuch as improving
efficiency of our current systems, or do we neethiiok of more fundamental changes in
direction or paradigm such as total redesign otfesys to improve effectiveness, or both?
Solutions to individual problems such as exceskadlldo not create other potentially
worse problems elsewhere are also needed. To imphavN situation by increasing use
of fossil fuel dependent technology, for exampleesinot serve to solve the general
human-environment problem of unsustainability agale.

In terms of the best ecological strategy or orgatonal form for environmental
science itself, two general camps now suggesttqtiakly different approaches. A
majority of environmental science institutions ass& their actions that environmental
sustainability of their own operations is not arportant issue. A small minority asserts
via their actions and explicitly stated goals thiatironmental sustainability of their own
operations is of fundamental importance to therecauissions of research, education and
public service. The author is not aware of stuthes have compared and contrasted
these two competing strategies relative to the-kemigp success of environmental
science.

Switching back to the closely related issue of gnewe may consider Hubbert’s
(1976) three general scenarios for the future.firbeis the case that we find ways to
sustain or increase our energy use. This mightra€éusion or cold fusion is achieved,
for example. A second scenario on the other extrisrtieat we revert back to a much

lower energy basis like natural communities thaten solar energy. A middle scenario
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would put our long-term energy capacity somewheteetween. Designs for sustainable
systems to operate with such a moderate level erfggruse might be achieved from the
top down - by changing designs of our current syste use less energy - or from the
bottom up — by augmenting the designs of naturstiesys to increase energy capacity in
ways that are sustainable and preserve long-teoauptive capacity. Whether the
bottom-up or top-down direction is better, or h@acombine them, seem important open
guestions.

In order to integrate several complementary petspescand to address core
guestions such as the best ecological strategpyashizational form for human systems
in general and for environmental science in speaiéports on three research projects
follow this chapter.

The first project was a field and laboratory sttalgompare the qualitative
effects manifesting from the ecological strategiesrganization forms of auman
regimeand anatural regimeas exemplified by long-term agriculture and loag
forests, respectively. This work explored total starage of C, N and organic matter and
the vertical profile or depth distributions of C,add organic matter.

The second project examined environmental scies@a a&cological process to
determineHow far are we from local environmental sustaingy# This project
guantified 1) the energy, C, N and water demandsnaaste emissions of environmental
science, 2) the local, natural, ambient suppliesngirgy, C, N and water and waste
absorbing capacities, and 3) the gap between tisboth as absolute numbers and as

relative rates. Thus this study estimated the lecalogical carrying capacity (in terms of

33



four key natural resources) required to do envirental science and assessed whether

the science operation examined operates withincdraying capacity.

The third project attempted to depict the necesaadysufficient conditions for (models
of) environmentally sustainable systems. In essa@heequestion posed here was
Whether or not, and if so why, the human regimeagbifails (results in tragedy of the
commons) and the natural regime always succeedsl{san bounty of the commons) in
terms of environmental sustainability?reference to the main overall question
addressed then (What is the best ecological syrayelis sub-project sought to answer
the question with a category or class of strate@eganizational forms or regimes (given
a specific constraint — the best ecological styateglong-term, local environmental
sustainability.) For example, two basic classesrganizational forms were compared:
systems with predominantly 1) linear and one-wayena flow, such as human
industrial and conventional agricultural systemd #ose with 2) cyclic and two-way
material flow, such as forests.

The following major questions are addressed irthhee research projects:

1. What is the best ecological strategy or ecoklgicganizational form for coupled
human-environment systems for long-term environ@lesustainability and health (i.e.,
freedom from chronic, systemic problems such as&xtl loading, excess GO

emissions, etc.)?
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2. What are the necessary and sufficient charatteziof environmentally sustainable

systems (or at least for models of such systems)?

3. What qualitative differences most strongly aigtiish unsustainable human (e.g.,
conventional agriculture) from sustainable nat(ead., forest) regimes or ecological

organizational forms?

4. What is the best ecological strategy or orgdiunal form for long-term operation and

ultimate success of environmental science itself?

5. How far from local environmental sustainabilityes environmental science now
operate? What reductions would be needed to betmrakly, environmentally

sustainable?

6. What would locally, environmentally sustainabtgence be like in terms of energy, C,
N, and water demands as met by local supplies astevemissions met by local
assimilative capacities? What is the local carrygngroduction capacity for

environmental science?

7. Can sustainable ends in the long-term be actlibya@insustainable means and

operations in the short-term? How do the long dradtderms relate and interact? Can an

end goal of high N retention be achieved via are@eprocess with high N export?
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8. Would locally, environmentally sustainable sceibe better or worse in terms of core
missions of research, education, public servicd,applications to management, policy

and problem solving?

9. Is it better to internalize or externalize enmimental costs of doing environmental

science? What are the pros and cons, costs antitbaie¢hese two options for

environmental “capital accounting”?

10. Why do human systems as currently configuregs fail (degrade environment or

commons) and natural systems always succeed (emlean@donment or commons)?

11. Are there alternatives that can “do both” -duwe needed goods and services and

improve the capacity for future production as tpeyduce?

12. Are the short term costs of environmental d@iedslipport capacity worth it in the

long-term? When are actions good or bad, solutigerablem on balance?

13. Is there any pursuit or gain more importanhtimaintenance of environmental life

support?

While this last question may seem rhetorical ia@fious way, the author can in fact

conceive of several useful affirmative answers.o@ation of life into new areas,
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facilitating emergence of new life forms and quatf life, for example, are three

pursuits that might at times be more important thastaining or continuing life as it is.

Systems Organizational Types and Their Dynamics

Even if, as discussed above, natural ecosystemg$drikests provide available,
testable and replicable role models for effectind austainable human life support, it
would also be useful to understand the exceptiorise “ design rules” or systems design
principles these long-lived systems employ to aehmustainability. That ids there a
fundamental systems analogue or systems archetygpasting, conventional agriculture

and other human systems that are inherently ing@ffeand unsustainab®The working

hypothesis here is that humans have developedudtgrie, urban/suburban development
and nearly all other projects that impact the emmnent using systems analogues of
either 1) an organism or 2) a machine or lineatrcbgystem.

To determine the formal, topological, systemicelational requirements for both
sustainable (i.e., living communities, ecosystdonssphere) and unsustainable (i.e.,
machines, heterotrophic and perhaps all organiarms®iation, conventional agriculture)
processes would help us to know when long termesgcis impossible for whole
categories of fundamental systems designs. Ifdbeaause of human-environment
dysfunction and degradation of our own life supf@sis is due to transference or
application of an inappropriate systems analoguaetaphor, then correction of this
metaphorical or mental mistake could conceivabkdyl o holistic and lasting solutions to

our current environmental “mess”.
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While it may be that certain material substancashnologies or methods are
substitutable (i.e., replacements for materialfsiels can be found if existing ones run
out), a working view here is thaertain fundamental relations are not substitutable
with them systems can be sustainable, without thgstems cannot possibly be
sustainable. This work is the search for the cencimracterization of these hypothetical
generic and necessary relations. Even if one assontgopes that future technologies,
fuels or systems designs will lead to solutionseggms that any new technologies will
likewise need to abide by certain qualitative fokpraperties such as 1) renewable, net
energy, 2) recycling materials processes and 3nineally reinforcing interdependence
of these two properties. The process to developgesidhe hypothesis of such necessary
and sufficient relations will also include attempudalsify this hypothesis or find the
exceptions to such rules.

An individual factor isnecessaryf it cannot be removed from a model or
formalism without loss of a required or desired \ehsystem function. A set of factors is
necessary if none can be removed or lost, i.eether no extra, superfluous or
unnecessary factors included. A set of factosufficientif nothing else is needed to
produce the desired function. Similarly, a suffitiset of factors ought to leave no room
for any conceivable factors that would improve sabtally the desired/required whole-
system function.

This approach seeks first to define which optiangcomes and whole-system
functions areeffective which is ostensibly more important than and latiycprior to
efficiency To increase the efficiency of a process thabiseffective would not

necessarily lead to overall progress or improventeath effort could actually serve to
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make a bad thing more efficient at being bad! Gihlye have determined and are
confident in the effectiveness of an action do@sake sense to work to increase
efficiency. Efficiency can be nearly equally crgidhowever — below a certain threshold
of efficiency, a given process may cease to bet¥e The interplay of effectiveness
and efficiency is more complex given multiple ne&mdiving processes and
communities. Multiple needs and challenges suggésrarchy of living system and
community needs similar to Maslow’s hierarchy oédg in his psychology of human
motivation (Maslow 1943).

In Figures 1.2 and 1.3 are contrasted working, thgtecal and exaggerated
system models for forest versus human agriculsystem. These hand-drawn sketches
depict some of the main links to be tested betwpgitatively different network
configurations and qualitatively different time @ynics. The qualitatively different
internal system configurations are circular (ndfuftaest, sustainable, autocatalytic,
Figure 1.2A) versus linear (human, agriculture eveloped, unsustainable, liquidating,
Figure 1.3A). This distinction comes from earlyntiécation of the importance of
circular causality (Hutchinson 1948) as well aereavork on the special properties of
autocatalytic loops (Ulanowicz 1997, Letelier 20@3ypothetical and qualitatively
different time dynamics are shown for growth andaliepment of sustained production
(new biomass or carbon, nitrogen or energy inpud) lang-term productive capacity
with a natural overshoot (Figure 1.2B) versus ligion of a finite resource and the
boom and bust, total collapse cycle with no longateroduction or productive capacity
(Figure 1.3B). Also shown are qualitatively diffetéime dynamics for nitrogen export,

with sustainable systems being resilient to race@re-time disturbances and able to
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retain most nitrogen (Figure 1.2C) while unsustbieaystems are continually disturbed
(soil tillage, crop harvest, N fertilizer inputdcg and export large amounts of nitrogen in

chronic signal of poor system health (Figure 1.3C).
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Figure 1.2. A. Forest system network organizatidoah with autocatalytic loops and
high recycling. Components are labeled C for corapo§.e., autotrophs), D for
decomposers and S for soils. B. Hypothetical tiyreadhics of production, productive
capacity or system assets. C. Low nitrogen expueunormal conditions and resilient
recovery of N retention following disturbance.
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capacity or system assets showing liquidation.@v hitrogen export under pre-
conversion, forested conditions and resistant giersce of high N export during chronic

disturbance.
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Work and concepts from two related areas inspinedresearch. Systems
archetypes (Senge 1990, Wolstenholme 289&eney and Meadows 1995) have been
developed as approaches to managing complexitysmbss and other sectors. These are
considered to be generic structures that stromglyance dynamic behavior over time.
Systems archetypes involve the interaction of tvanncausal loops — one for intended
consequences and one for unintended consequeiaoestwo main types of causal loops
— reinforcing and balancing. Systems archetypesritbesrecurring patterns in and
recurring relations between structure and dynasucs as that seen in the tragedy of the
commons (Hardin 1968).

The comparative modeling science approach wasr#isoned by complexity
theory. Complexity is the concept that meaningégresentation of most (if not all)
natural systems requires more than one model gppetive (Rosen 1991, Giampietro
2004). The opposite property — simplicity — is madly then a system or representation
that requires only a single model or involves amlsingle variable to be optimized.
Utilizing multiple and complementary approaches ttesmain means of acknowledging
this view of complexity.

An emerging and related area of potential signifégais impredicative logic
(Giampietro 2004, Kercel 2003). Impredicative loaps closed causal loops that are also
multi-level or hierarchical. Studies in impredicaiogic have led to new math for sets
(Barwise and Moss 2004) and it seems to be compatitth autocatalytic loops in
ecological systems (Ulanowicz 1997). A popular btiakt treated related topics using

the terminology of “strange loops” is Hofstadtei1979) Godel, Escher, Bach
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Network analysis, using information theory and Bage approaches (Ulanowicz
1986), was the main method in the third compardbeel webs project. The holistic
principles and paradigm of ecological network as@lyalso inspired and guided all the
projects. One pivotal and parsimonious model boeswas the three-component
autocatalytic loop of Ulanowicz (1997). This models modified slightly to include an
abiotic environmental component with an integral &mctional role. Thus a carbon
network “kernel” (Figure 1.4) and a basic nitrogextwork kernel (Figure 1.5) can serve
to represent minimal systems able to exhibit tHe@talysis and indirect mutualism
shown to be key to non-mechanistic aspects of stesydynamics (Ulanowicz 1997).
These diagrams and fluxes are drawn for foresesystbut they could potentially be the
basis for quantifying minimal sustainable agrictaflor sustainable human systems as

well.

New Directions and New Foundations for EnvironmentbScience

It may be common for people to enter the fieldmfisonmental science from a
desire to help and to serve by working to solvéypoin, species loss and other
environmental problems. People that designed thianeesystem of public assistance
and other similar government programs similarlygdguo help others and alleviate the
problems of poverty and hunger. But public ass#agiven in the form of material, food
or financial subsidies also created dependencike t#nintended consequence of seeking
to help others directly often led to a weakening@bple’s capacities to help themselves,

and generations of families came to know themsedgeand expected to remain,
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“welfare families”. Similarly, unless we addresgtbthe long-term and unintended
consequences of environmental science, we runskef creating new and perhaps
worse human-environment problems. By daily runraogscience institutions, labs and

classrooms in ways thatreamthat energy, carbon, nitrogen and water fluxesgestand

Detailed Captions for Network Kernel Figures, Figues 1.4 and 1.5, that follow.

Figure 1.4.Carbon network kernel. Basic schematic of a minicaabon network able to
demonstrate autocatalysis and self-organization.c@mposers or autotrophs (e.g., forest
trees, shrubs, herbs or agricultural crop plamis},decomposers or heterotrophs (e.g.,
forest soil microbes and insect herbivores andcatitiral soil microbes, insects,
livestock) and S = soils. The numbered fluxes gpoad to:

1. Carbon fixation by plants, gross photosynthesis

2. Autotrophic respiration

3. Heterotrophic consumption, herbivory, parasteplants
4. Local CQ recycle from heterotrophic respiration

5. Decomposition of soil organic matter by heterphrs

6. Death, litter, excretion by heterotrophs to soil

7. Heterotrophic respiration

8. Plant litter, exudates, organic C to soll

9. Soil loss of C via leaching, erosion, etc.

10. Weathering of carbonate rocks

Figure 1.5.Nitrogen network kerneBasic schematic of a minimal nitrogen network
able to demonstrate autocatalysis and self-orgaoizaC, D, and S as in Figure 1.4. The
numbered fluxes correspond to:

. N, fixation by microbes

. N uptake by plants via direct symbiotic assaorat

. Heterotrophic consumption, herbivory, parasileplants

. Death, litter, excretion by heterotrophs to soll

. Decomposition of soil organic matter and uptakimorganic N by heterotrophs or
microbes

. Plant uptake of soil solution inorganic N

. Plant litter, exudates, organic N to soil

. Atmospheric and other N deposition or imporsad

. DON, DIN leaching, organic matter erosion frooil s

0. Microbial denitrification to Bland other gas emission

G wWNBEF
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CEII‘bDH network kernel

Solar Energy

Thermal
C = composer, autotroph CNeIgy
D = decomposer, heterotroph
S = soils

Figure 1.4. Minimal carbon network. See detailegcdption of components and fluxes
on previous page.
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Nitrogen network kernel

Solar Energy

Thermal
energy

Figure 1.5. Minimal nitrogen network. See detaifiedcription of components and fluxes
on page before Figure 1.4.
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input and waste capacities are not important cenattbns, we may inadvertently teach
deeper and longer-lasting lessons than our reseatkectures thavhisperwishful
words about human sustainability.

Paradoxically, the proposed research may leadalzation that our seemingly
unsustainable, consumptive ways are helping, iman@r of thinking. But the forms of
“assistance” we provide to others in future timesalistant places may not be of the
form that we currently imagine. If we are not imgeal sustaining, we may instead be
colonizing or pioneering. If we are not passingaomay of life that works and can last
long term, we may be paving the way (literally diggdiratively!) for a new way of life
that can, or must, come after. By depleting theoniigj of high quality energy and
material forms now, we in a way create the “ned¢gstat could be “the mother of
invention” for future generations who will have daoice but to use, consume and
pollute less and to conserve and recycle moreelave the r-selected, individualistic,
growth-minded form of Homo sapiens, we are preggaim environment that may
facilitate the arising of a K-selected, communitiented, conservation-minded next
wave of our species. These metaphors apply nottorpgople in general, but also to
people in science, as science so far appears n® sustainable than any other sector of
culture. Unfortunately for our legacy, this kind“aelping” is not likely to be seen as
such by future generations. Such “retrospectivedasts” go back a long way; here is a
classic version of it by one of the pioneers oflegizal modeling, Alfred Lotka (1925, p.
279):

The human species, considered in broad perspeas\we unit including its

economic and industrial accessories, has swifttyradically changed its
character in the epoch in which our life has bedah lin this sense we are far
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removed from equilibrium — a fact which is of thgtrest practical significance,
since it implies that a period of adjustment toilgpium conditions lies before
us, and he would be an extreme optimist who shexiieect that such adjustment
can be reached without labor and travail. We cdy loope that our race may be
spared a decline as precipitous as is the upwape €llong which we have been
carried, heedless, for the most part, both of owileges and of the threatened
privation ahead. While such sudden decline migbtnfa detached standpoint,
appear as in accord with the eternal equitiesgsimmevious gains would in cold
terms balance the losses, yet it would be felt sisp@rlative catastrophy [his
spelling]. Our descendants, if such as this shbaltheir fate, will see poor
compensation fatheir ills in the fact thatve did live in abundance and luxury.
Whether considered good, bad or neutral, it seempsiitant to clarify what is going on
in this time of great changes.

A clarified mythology, group story or cultural native by which we could
alleviate any hidden guilt and harness more pasgmpowerment for change could aid
the coherence and coordination necessary for contymnganizing that now seems
required on almost all scales from the individwalhte global. Such clarification of what
is really going on, what are the real and long-teansequences and legacies of our
current actions in science and society, might afgen up new avenues of thought and
action. If we could get clear that sustaining isthe same as, is diametrically opposed
to, colonizing or pioneering (and concepts likeelestion and K-selection and all of
ecology apply to humans as with other organismsgisp and populations), it might
enable and inspire us to adkat kind of narrative might reconcile the seemingl
opposite tendencies of sustaining and colonizi@g@ option is that the rich, educated,
technologically advanced folks in the West and Nonight decide to reverse direction
completely for the greater good. Instead of exptakgrowth in energy use and

materials consumption and waste, a movement coide @rexponential decreases

these physical impacts. Such radical change miglatccompanied by an exponential
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growth in spiritual, social, family, relationship@other non-material forms of activity
and impact. Such action could quite literally bet ph an effort to “save the world”, since
freeing up life support capacity could make théedldnce between mass population crash
and some less catastrophic “soft landing” or “persps way down” (Odum and Odum
2001).

Many in the pro-environment social action camp sezassume that colonizing
and exploitation of natural resources is necessanier and always, bad. Yet colonizing,
pioneering and resource exploitation are ubiquitousring systems at different stages.
Another idea for a story in which these two pot@ntonflicting tendencies might
achieve synergy is in space exploration and coédimm. Neither mode alone could
achieve a self-sustaining colony — not an oxymoreaff-Earth. Only in cooperation
could both sustainability-minded and colonizing-ded humans, as interdependent
participants of a whole and closed community-ecesysn a spacecraft, space station or
extra-terrestrial colony, achieve independence fEarth.

The two modes are potentially synergistic in comgsicooperation of a great
challenge like extending Earthlife into space. Rigbw, in unconscious competition, the
two modes are antagonistic and the fight seemy &lmman aspect of the human-
environment problem. Quinn (1996) talks of two tyjé people, the “leavers” who leave
most environmental resources as they are, andakers”, who take all they can get.
Another but perhaps more harmonious simple dichgtonmuman-environment relation
might be to consider a conscious bifurcation s@ocoime between the “leavers” who
choose leave Earth to continue the colonizing naodkthe “stayers” who vote to stay on

Earth and work to switch social and economic ptiesitoward sustaining life here. If
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these modes are in fact fundamental and inseparafialectic or complementary
fashion, the story would go that each group woallize they needed some members
from the other group to succeed in their mission.

If we do want to have some certainty or confidetihet we are in fact helping and
serving others, that what we are doing now fite emd contributes positively to
dynamics on a larger level, we may need to inigatddespread, in-depth and sustained
dialogue within environmental science that addresse only our knowledge and
discovery products but also the biophysical cagaid basis by which those products
are created. That is, for knowledge, techniquesatmns or innovations to be lasting, we
likely will need to ensure that the environmeni@hiext in which that knowledge is
meaningful, or those innovations operate, lasi8els Such a conversation within
environmental science would address such questi®nagised here, likEan we lead the
public to sustainability and environmental healthrion-example or counter example, or
must we lead by positive and actual example?

Another way to put the work here into context istmsider the “ecological
metaphysic” of Ulanowicz (1999):

If one wishes to understand the development obliohl systems in full

hierarchical detail and is not content with theugdbjuxtaposition of pure

stochasticity and determinism found in neo-DarwmigJlanowicz 1997), then
one must abandon the assumptions of closure, deism universality,
reversibility and atomism and replace them by tfeas of openness, contingency,

granularity, historicity and organicism, respedyvd hat is, one must formulate a

new metaphysic for how to view living phenomena.

Ulanowicz (1999) proposes five main concepts tif&r@ntiate the Newtonian,

mechanistic metaphysic of mainstream science fromcalogical metaphysic that he

suggests would enable full understanding of liviggtems. He makes a compelling case
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for the necessity of five principles as foundatibmshe practice of ecology. (His
framework now is based on three principles (Ulammawun preparation), but the prior
form is addressed here.) Hipennessefers to ontic or causal openness and suggests th
chance is real and active, not merely a sourcaa@sé” or “error”, and thus not all is
determined or determinable. Hientingencyelates to that qualified answer so often
heard in ecology, “it depends...”. Most if not alless arising from cause-effect
relations are not static but are contingent onradliécomes, relations and the context in
which they occurGranularity is his antidote to unrestrained universalizinggrAnular
extent to a science law, model or principle wouddhé limits to domains of applicability,
would seek to “renormalize” or reconsider framesadérence in vastly different
systems, and would be compatible with locally uei@mrms of place-based science
institutions as suggested for locally environmdwntsiistainable sciencelistoricity is
irreversibility and the importance of the time cesiof events — what happens and when
it happens both matter, and many processes shaerbgs and do not run the same way
backward as forward (e.g., soil wetting versusrmyyiOrganicismis the operating
assumption of unfractionability and wholeness wahly systems, the opposite of or
counterbalance to reductionism. This first prineipf an ecological metaphysic might be
paraphrased as “Systems do not consist of partsnwitholes, but of wholes within
wholes” (Senge 1990).

Based on the present work, two new principles aggested for addition to these
five. These two candidate first principles seekefp ground the ecological metaphysic
of Ulanowicz in a real and lasting biophysical lsasi capacity to do science. These

principles are 13elf-referenceas shown in the need for biophysical, ecologietit s
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examination of science and potentially in the nieeititernalize environmental costs and
2) sustainabilityas in attention to and regeneration of long-tdatal environmental
capacity to do science. Both of these concepts tgegfound or connect science to real
environmental contexts. And as these contexts fvamy place to place they suggest that
the realizations or embodiments of science ougtyd to vary with the environment as
well, just as we expect and observe natural systerds. In a way, both of these
concepts as combined with the original five seelkdlp environmental science “come to
life” or “take on a life of its own”. That is, it ay be that the best form of life science for
understanding life and solving problems of lifaiscience that is itself very much alive.
“Alive” is used here as associated with followimg tsame ecological strategy and
organizational form of natural systems like forebtst differ greatly between boreal,
temperate and tropical contexts, yet all managsainee apparent life “magic” (Corning

2003) like trick of improving their environments ey live.

Summary and Conclusions

Another form of a main question herelisive account for our own C, N, water
and energy processes do we find that environmentahce is as much part of the
problem as any other sector of society? And if meepart of the problem, does this not
suggest that we are not really objective relativeéhte problemRather than being
independent, external observers of the excess Nted unsustainable human-
environment problems, we may instead be interdegr@nahternal participants in those

problems and their systems contexts. If so, it Seemportant to explore what this
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implies and what kind of science can provide megfuirknowledge without the
assumption or need for objectivity. Internalisml{&a2001) is a realm of study that may
become highly relevant for such explorations iresashere science seems inextricably
“on the inside” of its systems of study. Addingamtalism to science at the mesoscale —
time and space scales near the order of humamsdéfespan — could provide an
important third scale where internalism is integoascience. It is already known to be
important at the extreme microscale (quantum pBysibservers entangled with
experiments, Heisenberg uncertainty, etc.) aneéxtieme macroscale (astrophysics and
cosmology, observers are inside all systems ofytdhe imperative of internalism at
scales in the middle, where all human scientistseatangled via biogeochemical fluxes
and life support relations with any Earth systeeytbtudy, could elevate internalism to
equal standing with objectivism in terms of its gel necessity for valid science.

One intended and hoped for novel insight from #&examination study is that
we may see that the same ecological and envirorahiesties, challenges, strategies and
organizing principles that we have studied andnledito be fundamental in communities
in the natural world apply fully to ourselves adiwill Mollison, creator of the
permaculture approach to reorganizing human actmmsork in cooperation with nature,
describes a mental shift that can occur via sulffresfexive application of science to
one’s own life, behavior and reality:

When the idea of permaculture came to me, it vkasd shift in the brain, and

suddenly I couldn't write it down fast enough. Ogoe've said to yourself, ‘But

I'm not using my physics in myouse, or ‘I'm not using my ecology in my

garden I've never applied it to whado,’ it's like somethinghysicalmoves

inside your brain. Suddenly you say, ‘idlid apply what | know to how I live,

that would be miraculous! Then the whole thingalls like one great carpet.
Undo one knot, and the whole thing just rolls doiNhfAtKisson, 1991).
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It may have seemed in modern times as if the eremgymaterial requirements of
existence could be ignored and all focus shiftebtmvival” and competition in
economic and social arenas. But comparative ecasystudies combined with
ecological self-study may confirm the view heldrbgny that our current energy and
materials supply system is almost completely dependn an artificial and short-lived
basis in the form of fossil fuels. Confirmation aexteptance of this crucial fact could
further call into question whether achievementseagch and management efforts in
restoration, conservation, pollution control, invasspecies and related areas must be
redone and readdressed after a major “correctiotraasition occurs during which
human organizational forms, energy and materialsgsses are brought back into
compatibility and sustainability with real enviroental capacities. Thus success
achieved in the unsustainable present period mageawessarily translate into success in
some more sustainable future.

Qualitative, quantitative and comparative self-exetion of environmental
science may reveal that the root cause of the geheman-environment problem, or
excess N loading in specific, is not “out theres ima cause existing somewhere separate
from humans and our individual and collective mind#ntelligences. Self-reflexive
research suggests that we may have to look ncefaitthn ourselves to see and
experience both the ultimate effects of these mbkland the root causes. Similarly, this
line of thought suggests that solutions are n&tfyiko come from “out there”, as in from
either 1) substitution of new energy or materialsources, or 2) technological devices or
increases in efficiency of existing devices and Imraes. Instead, the route to lasting and

effective solution may be one that leads inwardl, #e novelty, innovation and new
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creations that are needed may be new construdigwite mind (or changes in heart or
spirit, other key inner human realities). If we &oect like and achieve the elegant and
excellent environmental successes of living commmessuch as forests we may first
have to learn to “think like an ecosystem” (Tipg&@04). Such a collective intelligence
(Wolpert and Tumer 2000) as a healthy social memt&howledge capacity (i.e., wise
and effective science) may be integral to and reguior collective health or right
organization of a social body as continually andl tved” by necessary environmental
materials such as energy, carbon, nitrogen andrwate

If deemed successful and valid this research codlidate clear directions and
guidance for how to convert existing unsustaindiolenan systems to perform more like
sustainable natural systems. Experience from palysidrology projects by the Army
Corps of Engineers (ACE) on the Kissimmee Rivenalthe Everglades in Florida and
the Charles River above Boston (Keith Eshlemarsgreal communication) underscore
the value of judiciously refraining from alteringtaral systems. In both these cases it
seems the ACE determined that the natural pattstnstures and functions are “as good
as it gets” for water supply and flood control dhedy recommended leaving the natural
wetlands alone on the Charles and restoring meamtethe Kissimmee. “Kenosis” or
letting go of control (Ulanowicz, personal commuation) may often be integral to a
comprehensive, holistic “system of solutions” terect our unsustainable “system of
problems” with the environment.

Similar success may be gained from this generaloagp to follow the lead of
natural systems and it may help us solve our eXdesmsd energy problems as well as

water problems. Such general, theoretical restdta imodeling can be linked to specific,

56



applied options such as permaculture (Mollison }998&griculture and other land cover
that is perennial and managed without major setudbance (as opposed to annual plants
and soll tillage). Such reorganized agriculturbasg developed in the U.S. mid-west
using prairies (Jackson 1994) as the model an@dlsasdheen suggested for Appalachia
using forests as the model (nut and fruit treeslioned with consumers like hogs;
Salstrom 1994). This approach is called “biomimidfgr example, see Biomimicry.org)
in some circles and it seems corroborated by lessBom many cases.

Permaculture, biomimicry, organic agriculture, theganic architecture” or
Frank Lloyd Wright and the approach proposed hergahic science?) may all differ
subtly but significantly from allied fields such esological engineering and living
machines (Kangas 2004). Many compatibilities existh as 1) identification of the local
“energy signature” as necessary for sustainablgisak, and 2) allowing human-created
systems to self-organize and self-modify. But wherelogical engineering and similar
approaches seek to “use ecological processegiglmiganisms or living communities to
solve human problems, the kenotic or perhaps $jigofiter path would balance this
intention with a willingness for human participatas‘be used” to perform some
valuable ecological function for the community aslwThe principles espoused here
would suggest that for living machines (or any niaes) to be sustainable and viable
long-term, systems would potentially need to inocogpe “anti-machines” to generate or
harness compensating capacities to repair thepdibse actions of the machines and
allow operation at break-even or better in termBiophysical capacity.

Currently, most people don’t seem to think thatl@egy and biophysical limits

apply to humans — not even ecologists and envirotahscientists! Most people also
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seem to think primarily about short-term issuesegx perhaps for retirement planning
and financial legacies for heirs. People also stethink from the perspective of
organisms or utilize generic system metaphors gémmisms or machines only. The
present work seeks new ideas, models and metabfevhich humans can think better,
be wiser and have better long-term success inmuramental relations. Sustainability,
human ecology, long-term views and explicit accounof environmental capacity
invert conventional wisdom and provide hypothetichetter wisdom that one day may
become conventional.

By more explicit, quantitative and rigorous modglexercises, we may get more
concrete information to help us decide whether rearafact moving forward in progress
or backwards in problems when we continue to degesvironmental life support
during other pursuits such as agriculture, indystopsing and environmental science. If
many people incorrectly hold the view that curreygtem configurations are working
well, it would be important to point out the falfaim this assumption. By comparative
ecosystem studies and exploring general modelaytatso become apparent that we do
in fact have alternatives, that systems organinatexist from which we could borrow
principles to reorganize our own systems. Showhag these sustainable system designs
correlate with and can be used to generate positimamics and trends in productive
capacity over time could add weight to efforts torpote them as roadmaps for changing
human systems. Dispelling these two potential mcsgggions — that what we are now
doing is successful in the long-term, and that aeetno other options but systems
configurations and action patterns that degradetiveonment — could increase the

interest in and collective will to pursue more sirsible human-environment relations.
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A last comment comes from David Orr who has suggkttat our current
environmental crisis, its cause and solutions gseds of the human mind, individually
and collectively. Orr (1994) wrote, "The planetarmpergency unfolding around us is . . .
a crisis of thought, values, perceptions, idead,jadgments. In other words, it is a crisis
of mind, which makes it a crisis of those instiba which purport to improve minds." In
addition to suggesting that responsibility for $@lns falls to universities and other
institutions of learning, he suggests using ourmases and schools as laboratories for
study, self-examination and learning through exqrexe. Orr (1992) also wrote:

Ecological education will, first, require the reagtation of experience into

education, because experience is an indispensariedient of good thinking.

One way to do this is to use the campus as a labgrior the study of food,

energy, materials, water, and waste flows. Resaamdhe ecological impacts of a

specific institution reduces the abstractness ofalex issues to manageable

dimensions, and it does so on a scale that legdl b finding solutions, which is
an antidote to the despair felt by students wheg tinderstand problems but are
powerless to effect change.
This is an excellent summary of the main ideasthadutcomes hoped for from
consideration of this research.

To focus on our own local ecology in environmestaénce first ought to lead to
a more practical way to solve systemic environmeprzblems such as excess N loading
to surface waters. If we can solve this and othergy, carbon and water problems in-
house, the spreading of success stories and faatolutions ought to be much easier
in comparison. The research reported here prowdpsrtant information such as
guantitative, physical goals for operations thatildde sustainable within a local

environment. Such local carrying capacity numbeight to become as fundamental,

common and often utilized a form of knowledge as’'suzip code, phone number or
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watershed of residence. Also crucial are the @tali qualitative organizational
principles and resulting manifestations as charaete by the network structure and time
dynamics of our own operations. Taken togethesédluescriptions of both the physical
and organizational aspects of sustainable andhyeatvironmental systems hold
promise to help us steer for where we need to gg tomake the major course
correction strongly indicated by the rapidly acculating signs that we cannot continue
our current direction and trends. And if the pregdeere do not prove this, it is hoped
they will at least increase the level of dialogad aontribute in meaningful ways to that

dialogue.
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Chapter 2

The Signature of Synergy in Soils With Potential Aplication to Solution of
Systemic Environmental Problems

Introduction and Background

The same day as the writing of this paper expipsiystemic causes and solutions
to the general “humans in the environment probldhe,Millenium Assessment (2005)
was announced with these words:

“Experts Warn Ecosystem Changes Will Continue ta$¥o, Putting Global

Development Goals At Risk.

Wednesday, March 30, 2005. London, United Kingdom

A landmark study released today reveals that apmabely 60 percent of the

ecosystem services that support life on Earth k sasdresh water, capture

fisheries, air and water regulation, and the retigarieof regional climate, natural
hazards and pests — are being degraded or usestaingibly. Scientists warn that
the harmful consequences of this degradation ognada significantly worse in
the next 50 years.”

Today’s report echoes signals from the environnaaedtwarnings from scientists
that have been coming for decades if not centufies.“World Scientists Warning to
Humanity” is another recent version of this gengraining message of a fundamental
problem with the way humans live in relation to eavironment (UCS, 1992, Patten
1994). Alfred Lotka, a pioneer of ecological modgliwrote of essentially the same
matter in 1925 (Lotka 1925) and spoke of an “ir@ie correction” by which the
problem - seen by him as an imbalance - must mves with a return to balance as in
steady state system behavior. The Millenium Assessmeport calls for an increased

pace in the changes needed to stop and reversentdeageadation of Earth’s ecosystems

and our own life support system. One approach ¢elatate change may come through
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looking deeply for the root causes of the geneastigpn of problematic relations between
humans and our environment.

Within the field of ecology and environmental sa@enthe author has participated
in research projects seeking to understand humaroemental problems in various
specific configurations, mainly the problems of@agosystem and soil health (Fiscus
and Neher 2002, Fiscus 1997, Hess et al. 2000)vatel quality related to excess
nutrients running off from land to receiving watsrgh as the Patuxent Estuary and
Chesapeake Bay (Eshleman et al. 2004, Eshleman2&0d.). The intuition or general
sense gleaned from study of these specific probisrimat the root causes of the
problems arsystemic“Systemic” is used to mean that the causes optbhblems seem
not to be isolated or localized in any one particuseparable or fractionable subset of the
systems involved (e.g., agroecosystems, or watésstmupled to estuaries). Instead, the
causes of the problems seem to be spread or digttilover the whole of the systems
involved. The systemic nature of the problems apgpeest directly related to how the
systems are organized in terms of 1) internalfetlife relations, such as relations
between organisms, individuals or general life forand 2) external or life-environment
relations, such as relations between living orgasisr whole communities and the
environment. Other whole-system and relational @gges consistent with this idea that
environmental problems and their causes are nadized are the part-whole relation
developed and explored in complex ecology (PattehJargensen 1995) and ecological
network analysis (Ulanowicz 1997) and the orgapigraach to ecology (Ulanowicz

2001).
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A second sense of the root causes of human envaotainproblems is that the
systemic causes are shared or common — a sindgesgscause may be behind many
specific instances of a general human-environmeatilem. Similarities in the specific
instances of the problems — their contexts, onsgtsptoms and resistance to
remediation - suggest a single, common, underlgagse. The potential good news here
is that, if the hunch of a single common causersect, focused effort on that underlying
cause could contribute to solutions in many diffiérgroblem areas. This would aid the
desire for rapid change to stop and reverse huregradation of the biosphere. The
potential bad news is that a single systemic chuge at some issue deep and
fundamental in human nature itself (including sceeitself), one which may be difficult
to face, admit, accept and change. The initialctket a solution offered here is founded
on a new approach to ecological modeling withirea approach to environmental
science. The whole-system perspective proposedcatses radical implications for
fundamental change in environmental managemenpalny as well as human
community and economic development practices.

To develop and test these abstract and intuitiveelhes in more specific and
tangible ways, fundamental and qualitative diffeesbetween two general living
system configurations that seem opposite in thegrall environmental outcome were
explored — human-dominated versus natural comnaspiécosystems oegimes The
termregimehas the senses of 1) the form of organization2ride dominant principles
of life-life and life-environment relation by whidche community or ecosystem operates.
The general conceptual model in mind was that ¢jperander the human regime leads

to a “tragedy of the commons” (Hardin 1968), whafgeration under the natural regime
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leads to a “bounty of the commons”. In Hardin’'s@&9classic on the “tragedy of the
commons” he explains the tendency of human systerdsgrade the local environment
by the mismatch in costs and benefits of resouxpéoéation — while individuals gain
from increased resource exploitation, the wholermmomity shares the cost of this
degradation. Thus for the individual operating wvatbompetitive ethic, “looking out for
number one” exclusively, the choice leading to peas advantage is always the same —
add another animal to the herd, increase resoupeitation and resultant gains, let the
community share the costs thus increasing overafitpr net gain. In short, under the
human (free market, competitive) regime individuais and the community commons
lose in a zero sum game. The sense of inevitalailityind this story seems widely
ingrained and accepted in Western industrial celtitany, including the highest leaders
in the USA, assume and act as if humans and ouroemyent must be in conflict and
that over-exploitation is to be treated as fullgessary and even associated with positive
goals and progress. The refusal to participatbernyoto protocol on the grounds that it
would “hurt the economy” is a prime example of tlelerlying assumption of win-lose
relation between humans and the environment.

In seeming contradiction to this story of enviromtaé tragedy, natural regimes
such as forest ecosystems may represent a “bobititig commons” such that both
individuals (e.g., organisms, species) and the consfe.g., community as a whole,
soils, biodiversity, relationships) prosper. Theems paradoxical as ostensibly natural
and human systems operate under the same kindslatienary and competitive
principles of interaction. In order to explore thigoothetical distinction between

organizational or operating regimes and the hypwmihlecausal link to qualitatively
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different net environment outcomes (tragedy velsusity), this research sought to
determine if fundamental differences exist, argbito describe and quantify those
differences, between human-dominated and natuoslystems.

From initial background knowledge, forest ecosystaseem to provide the
ultimate role model for solving systemic human-emswmental problems such as excess
nitrogen (N), phosphorus (P) and sediment exporhfiand to the Chesapeake Bay.
Forest watersheds display impressive whole-systearacteristics that seem an ideal
model set for self-enhancement of environmentalvaaigr quality for which we might
strive. Forests achieve 1) excellent water quaBijyefficiency in maintaining water
guality 2) internal regulation or self-control oaiter quality, 4) nutrient and sediment
retention that is resilient to disturbance, 5)ntisited, redundant and robust self-control
of water quality, and 6) simultaneous achieveméwtloer valuable environmental
functions in addition to water quality (for moretaliés on these six characteristics, see
Chapter 1 in this dissertation).

To further explore the potential of forests as mledels for human behavior, the
present work compared 1) older, more natural fereggtyounger, more managed
(logged) forests and 3) long term agriculturaldselThese three land use types might be
considered to represent a gradient from less t@rmoman domination. Similarly, old
forest may be seen to have natural operation meestey than human-altered operation,
logged forests have natural operation greater thagual to human-altered operation,
and agriculture has natural operation much less tiob@nan-altered operation. Three
example systems of these regimes studied wereeldtatvestern Maryland in

temperate, terrestrial ecosystems of the eastem Ulse results, relations and models
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presented here are specific to this environmeetéihg, but aspects are ostensibly
general enough to have potential for adaptatianday other contexts as well.

Within these differing ecosystems attention focusedoils. From prior studies,
soils seemed to provide a clear and consistentatidn of qualitative differences
between regimes - human actions tend to degradsyome or decrease quantity and
quality of soils while natural actions tend to ent&, produce or increase them. (A few
other general ecosystem properties may show sighgéinct trends and thus also show
gualitative regime differences, e.g., biodiversitgiquely adapted communities and
unique habitats.) For example, in terms of genavatall trends, conventional, intensive
agriculture tends to consume and decrease topsbsail organic matter (Matson 1997),
while natural forests tend to produce and incréagsoil and organic matter (Baisden
and Amundson 2003). (For an exception to this sepreed by some organic farming
practices, see OFRF 2005.) This generalized knageleided in forming the general
hypotheses that 1) soils reflect the long termyal,enet environmental effect of the
different regimes, and 2) knowledge of the causelsedfects of differences in soils may
enable solution of the systemic human-environmeaitlpm. In other words, the
approach was to seek paths and processes by wimecarhsystems might be steered or
directed so as to achieve the same “bounty of dhentons” of forests, starting with
reversal of the general tendency to degrade Sdilst this may be possible amounts to an
assumption that humans need not live and operatenttict, win-lose and zero sum
relation to our environment. This is the assumptiat a win-win synergy relation is

possible and that its possibility provides our lmekis for reversing our current trajectory.
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Details of the specific study of differences inl gvoperties under human versus
natural regimes are presented next. Then aftertiagdhe results of comparisons of
storage and vertical structure in soil carbon (@jpgen (N) and organic matter (OM),
we will link these specific results back to the gext hypotheses, inferences and
proposed avenues forward toward general solutigheofoot human-environment

problem.

Research Area and Approach

The objective was to examine and compare the moésls and vertical structure of
C, N and OM in soils in human-dominated versus nmateiral forested ecosystems.
Jobbagy and Jackson (2001) provided inspiratiomhigsrstudy by showing a global trend
in soils of concentration of important and limitingtrients (e.g., N, P, C, Ca) in the
surface 20 cm. They attributed this “topsoil coricaion factor” to “the imprint of
plants”, citing the action of plants to draw nutitee up from deeper levels and deposit
them on the surface in the form of litter.

The comparative ecosystem study involved fieldwamill lab analyses of soils.
The study area was within the Fifteenmile Creelevgited (FCW) — an area where
fellow researchers have done extensive work (Tonchet al. 2004, Sawma 2003) thus
providing some starting basis of knowledge. Moghef study sites are within Green
Ridge State Forest (GRSF), a 35,000-acre foresagehby the state of Maryland for
multiple purposes, uses and values spanning caats&my recreation, hunting and timber

production.
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The research goal and sampling design was parntipeatory — to collect solid
but basic data to enable preliminary analysis,delopment and refinement of
hypotheses, more than statistically sufficient datgest fully-defined and specific
hypotheses. As such this was a pilot project desida quantify and constrain ranges for
C, N, and OM storage and vertical structure, tongjhavariability in these measures and
to steer future projects toward the most importaniables, hypotheses and ways of
testing them.

Based on Latty et al. (2004) the hypothesis wasdehat total storage of C
would be greater for old forest (OF) relative taugiger, middle-aged forest (MF) and
agricultural land (AG). Total storage of N in agiiwral lands was expected to exceed
the two forest types due to accumulation of N addadertilizer and cultivated legumes.
Based on Jobbagy and Jackson (2000) the hypothasitested that vertical structure —
topsoil concentration in their terms - of C and Nud differ in that C would be more
concentrated in topsoil for old forest, whereas dulat be more concentrated in topsoil

for agricultural lands.

The nine sites and their land use histories aserdeed in Table 2.1. Sites were
chosen to keep soil type and bedrock geology cohatamuch as possible. This was
done to enhance the ability to detect differenada/ben the organizational or operating

regimes and by minimizing natural variation in sahat might swamp out any signal of
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Table 2.1. Description of the nine sites, 18 soiks, three land use types, land use histories@hdepths.

Approximate

Site and Site Time
Site Name Core Type Site Type Ownership and Land Use Dominant in Land Use
Label Species Type (years)
Based on land
use history
Billmeyer field BA-01 AG Agriculture State-owned wildlife feed area clover and grass 60-100
Billmeyer field BA-02 AG Agriculture State-owned wildlife feed area clover and grass 60-100
Cat Point Rd CP-01 AG Agriculture State forest, wildlife feed area clover and grass 60-100
Cat Point Rd CP-02 AG Agriculture State forest, wildlife feed area clover and grass 60-100
David Trail Big Blue Stem
Farm DTF-01 AG Agriculture private, commercial farm, hay grass 75-100
David Trail Big Blue Stem
Farm DTF-02 AG Agriculture private, commercial farm, hay grass 75-100
Based on
oldest trees
Site 1 1-01 MF Middle Aged Forest State forest, logging Chestnut oak 80-120
Site 1 1-02 MF Middle Aged Forest State forest, logging Chestnut oak 80-120
Site 10 10-01 MF Middle Aged Forest State forest, logging White oak 180
Site 10 10-02 MF Middle Aged Forest State forest, logging White oak 180
Site RG3 RG3-01 MF Middle Aged Forest State forest, logging White oak 80-120
Site RG3 RG3-02 MF Middle Aged Forest State forest, logging White oak 80-120
Deep Run D-01 OF Old Forest State forest, wild land, old growth Chestnut oak 300
Deep Run D-02 OF Old Forest State forest, wild land, old growth Chestnut oak 300
Kenan Ridge K-01 OF Old Forest State forest, old growth area Pitch pine 250
Kenan Ridge K-02 OF Old Forest State forest, old growth area Chestnut oak 220
Town Hill T-01 OF Old Forest State forest, logging Chestnut oak 150
Town Hill T-02 OF Old Forest State forest, logging Chestnut oak 150

Soil
Depth (cm)

87
83
53
70

90

105

92
77
95
98
102
90

52
104
49
50
104
82
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such differences. The soils for all nine sites w@advin shaly silt loam. The Allegany
County soil survey (Stone and Matthews 1977) predigoil types, locations and
characteristics. Calvin soils comprise roughly 58Alkegany County, Maryland, but are
more common in the eastern part of the county. Rgut0-20% percent of FCW is
Calvin soil.

Information on sites designated as old growthdbweas obtained from Maryland
Department of Natural Resources (DNR). Roughly 20@s of the 35,000 acres of
GRSF are designated and protected as old growttnyiHahler, personal
communication). Two of the old growth sites samplede approved as officially
designated old growth. The third (Town Hill) wasandidate site for old growth that was
not chosen but does have older trees and otheaatkaistics of old growth forest.
Maryland DNR'’s criteria for identification of oldrgwth differ with tree species. Thus
while the two predominantly oak old growth stands krees at least 200 years old, the
one predominantly pine old growth stand only halded 00 years old to achieve old
growth designation.

Two of the agricultural sites (Cat Point Rd andrBeyer Wildlife Management
Area) are state-owned and have been managed it ngar's to provide food for wildlife
(Francis Zumbrun, personal communication). Thesddavere purchased as farmland by
the state in the 1970’s and are known to have beagriculture for decades prior to
acquisition. Aerial photos at the GRSF headquasgieosved that both the state owned
sites were cleared in 1938. Thus the sites have t@évated for at least 60 years. The
third agricultural site was the farm of David Trdiiformation about this farm and its

Calvin soils was provided by local NRCS staff (Bemoper, personal communication).
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The Trail Farm has been in active production setoeut 1850, and was cleared and
cultivated one parcel at a time (David Trail, p@@acommunication). The field sampled
has been in agricultural use since about 1900 randensive hay production with Big
Blue Stem grass since about 1980. This farm isgutgide the FCW watershed.

While all of the sites share Calvin soils and@frsimilar upland elevations (i.e.,
no bottomland or floodplain areas were includegre are some differences that could
not be avoided. Two of the old growth sites (Deem Bnd Kenan Ridge) were on
steeper slopes than any of the other sites. KerdgeRnd also the Cat Point Rd
agricultural site were on south facing slopes aedevihus hotter and drier than the
others. Kenan Ridge was the only predominantly/pwexgreen site. Other forest sites
were oak/hardwood/deciduous. These issues werédeoed during data analysis and

interpretation of the results.

Field and Lab Methods

The soil sampling scheme was designed to chaizaet®tal storage and vertical
structure of C, N and OM while also minimizing didiance to sites. Thus rather than
digging large soil pits, an auger was used to sailecores. Two cores per site were
located to avoid tree root and rocks using a nestdprobe. Thus samples may represent
a maximum or upper range of soil depth and totah@ N storage for these areas. To
minimize the number of cores soil samples wererated with bulk density samples in
the same vertical profile. Surface litter was fretoved and then a sample taken of the

surface soil O horizon beneath a 10x10 cm plastigptate. Attempts were made to
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exclude leaf, root, twig, bark and other litterrfrethese samples as possible, but some
litter was included. The bottom of the organic Qiban was estimated using color
transition (changing from dark brown or black town or reddish brown) by eye and
also texture transition (changing from non-grittganic soil to gritty mineral soil) by
touch. Bulk density was determined based on santgkes with a cylinder of known
volume. For all samples the starting (top) and egdbottom) depths from the surface
were recorded. Holes were refilled after samplismng woody debris, rocks and excess
soil as possible. Soil samples were stored initié,fand transported to the lab, in
coolers on ice.

In the laboratory soil samples were refrigeratetll processing. This delay
ranged from a few days to two months. The long&ydewere not planned but became
necessary due to extenuating circumstances. 3dilsotl seem to change much during
this time other than condensation of water on thstg bags in which they were stored
and several samples had small patches of fungabtd growths. Auger sample soils
were sieved through a 2mm sieve, weighed fieldameltthen dried to 70C. Dry
weights were recorded to calculate moisture contepbortion of each dried sample was
ground to 100 mesh using a ceramic jar mill grinaiigh burundum capsules. Bulk
density samples were first weighed wet, then digetl’ C, then sieved for removal of
rocks and litter. Weight of rocks and litter weeeorded, and weights of rocks used for
adjustments to bulk density calculations. A rocksity of 2.68 g crit was used for these
adjustments for rock fraction by volume.

Total C and total N were determined using grosathples via a Carlo Erba CN

analyzer. Estimates of replicate precision showallipte %C and %N measures of very
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low C and low N soil samples to have a standardatien of 0.01%and 0.005%
respectively. The method detection limit was estedas 0.001% C and < 0.001%bi
runningseven blanks as unknown samples. This gave anastohthe background or
noise levels of C and N. Organic matter was deteechbased on loss on ignition (LOI).
Soils were dried to 70C, weighed and burned in a furnace at®55dor 4 to 6 hours
following standard LOI methods of the Appalachiabbratory. Ash weight was
subtracted from initial weight to measure organatter lost. Samples were also dried to
105° C and two 70to 105 correction factors determined — the correctiondiafor
mineral soil layers was 0.997 and for organic kyiérs was 0.991.

Total C or N density for each layer was determibgdnultiplication of %C or
%N by bulk density and fraction of C-bearing s¢Batjes 1996 and Smithwick et al.
2002), that is the fraction of each soil samplé¢ gessed through the 2mm sieve. This
step produced C and N density in grams per culmtroeter. To calculate total C and N
storage for the whole solil profile, these C andeXgities were multiplied by the length
of each depth interval. This step produced C armstlokage in grams per square
centimeter, which was then converted to kg perdreand Mg per hectare.

Not all samples had bulk density and rocks fractreeasured. Bulk density and
rock fraction for those layers without these measwvere estimated from layers above
and below by linear interpolation. Similarly, a fevthe deeper bulk density samples
were not analyzed for total C and N, so these nteasuere linearly interpolated from
layers above and below.

Means of C and N for six depth intervals were alalted to compare the three site

types or regimes. The depth intervals were 0-101d¥20, 20-40, 40-60, 60-80, and 80-
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100 cm and beyond. For some of the analyses datad@mne predominantly pine site
(Kenan Ridge, K-01) was omitted, since it was \different in C and N profile
properties.

Statistical analyses included linear regressidiit tnodels relating C and N to
depth. These regression models used log (baseat@farmed %C, %N, C density and
N density as functions of log depth. To explorevhkdity and robustness of the linear
log-log or power law relations, residuals from #néeear models were examined.
Additional methods, which have been recommendetk&img for robust power law
relations, have not yet been performed. Schne{¥1) recommends 1) use of reduced
major axis regression (RMA), which assumes that badependent and dependent
variables were measured with error, and 2) chedkidiyidual observations for extreme

influence. These tests would improve the analyses.

Results

The main overall patterns observed were the péavedistributions of C, N and
OM with depth. Figures 2.1A and 2.1B show the polaer curves fitted for %C and %N
as functions of depth for each of the three laredtyges separately. The same linear log-
log or power law relation was observed for C andri\percent basis (g C or N per g soil
* 100; Figure 2.1) and density basis (g &riigure 2.2). The one predominantly pine site
core (core K-01) was unique and had the highestdd\aconcentrations of any site

(Figure 2.1, labeled OF PI for Old Forest Pine).
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Figure 2.1A (top) and B (bottom). Power law (linéag-log) relations of %C and %N

with depth. Fitted curves for Old Forest hardwoiess(OF HW) and Middle Forest
(MF) overlap. OF Pl is the unique Old Forest pinesawithin the Kenan Ridge site.

Equations and Rvalues for curves are indicated.
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Figure 2.1C. Log-log plots of %N vs depth showirgression line and individual
observations for agricultural (AG) sites.

Figures 2.1D and E (next page). Log-log plots of ¥sNlepth showing regression lines
and individual observations for middle forest (M#fd old forest (OF) site types. Note
how trend may plateau at log depth = 1.4. Thistesléo the apparent systematic error
with depth in the residuals shown in Figure 2.5.
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Figures 2.1C, D, and E show the linear log-logtrehship of %N to depth for the
three site types separately. The two forest sgedyseem to be very similar for both C
and N patterns. In Figures 2.1A and B the powerdawes for Old Forest (OF) and
Middle Forest (MF) overlap completely, and the slopnd intercepts of the fitted lines
are very similar. The agricultural sites seem qditferent in vertical structure compared
to the forest systems, with the difference moshpumced for C and less for N. The
clearer differences in depth profiles of C can é&ensin Figures 2.1 and 2.2. Another
difference is apparent in the C to N ratios (Fig2u®). Table 2.2 shows Mean %C, %N,
C:N ratio by percent, C density, N density and €abb by density; by site type and
depth interval. Old Forest includes only the 5 aydd plots. Figure 2.3 also shows how
two cores behaved quite uniquely. Old Forest Cof¥LKthe only one on a pine site, had
anomalously high C and N concentrations and C:saAnd Old Forest Core D-02 also
had very high C:N ratios at depth. This core seetodtt into a very wet and nutrient
rich soil macropore. Organic matter, as determimgtbss on ignition (LOI) fraction,
shows similar power law trends with depth, similabetween the two forest sites, and
differences between the forest and agriculturaksiFigure 2.4).

Another way in which the agricultural sites dit#drfrom the forest sites
qualitatively can be seen in Figure 2.2B. For tigare both power law and exponential
curves were fit to the depth profiles for C densigr the agricultural site the exponential
curve for C density with depth fit better (highe?) Ehan the power law model. For both
forest site types, the power law model had theebetirve fit. For the relation of N

density to depth, all three site types fit powev taurves best (Figure 2.2A).
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Figure 2.2A (top) and B (bottom). Power law (linéag-log) relations of N density and C
density with depth. Fitted curves for Old Forestdweood sites (OF HW) and Middle
Forest (MF) overlap. The unique Old Forest pineaeithin the Kenan Ridge site was

omitted. Equations and’Ralues for curves are indicated.

79



Table 2.2. Mean %C, %N, C:N ratio by percent, CsitgnN density and C:N ratio by
density; by site type and depth interval. Old Fomresludes only the 5 hardwood plots.

Site
Type

AG
AG
AG
AG
AG

MF
MF
MF
MF
MF
MF

OF
OF
OF
OF
OF
OF

Depth

Interval (cm) Samples

0-10
10-20
20-40
40-60
60-80
80-100+

0-10
10-20
20-40
40-60
60-80
80-100+

0-10
10-20
20-40
40-60
60-80
80-100+

(23N o) RN e)]

16
11
10

o]

10
12
13
16

(2NN e>R{e Bu{e TN &)

%C

6.34
1.49
0.88
0.26
0.13
0.06

17.07
1.78
0.94
0.28
0.16
0.09

14.26
1.37
0.91
0.36
0.28
0.48

%N

0.52
0.13
0.08
0.06
0.05
0.05

0.77
0.09
0.06
0.04
0.05
0.04

0.73
0.06
0.06
0.05
0.04
0.05

C:N by
percent

12.19
11.88
11.01
4.66
2.43
1.22

22.07
20.21
15.90
6.30
3.60
2.08

19.44
21.49
14.78
7.80
6.27
9.45

(g/cm3)

3.34
1.58
0.81
0.20
0.10
0.04

5.88
1.80
0.83
0.27
0.17
0.09

491
1.57
0.81
0.38
0.36
0.61

0.27
0.13
0.07
0.04
0.04
0.03

0.28
0.09
0.06
0.05
0.05
0.04

0.25
0.07
0.06
0.05
0.06
0.07

C density N density C:N by
(g/cm3) density

12.23
11.91
10.97
4.71
2.52
1.23

20.95
19.97
14.69
5.75
3.43
2.05

19.32
21.49
14.35
7.80
6.25
9.26
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CN ratio with Depth
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o
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Figure 2.3. C:N ratios as function of depth. Thghhvalues in the OF HW site type came
from a soil core that seemed to have hit into & weet and nutrient rich soil macropore.
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Organic Matter (LOI) with Depth

Middle forest
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Figure 2.4. Relation of organic matter (OM) as nueed by loss on ignition (LOI) with

depth. Top with linear axes and bottom with log-éogs.
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Total C and total N storage also showed differethet&een human versus
natural regimes (site types) to be clear for Cranidh less clear or non-existent for N
(Table 2.3). Mean C storage was approximately 4&hiiigfor the Agricultural sites
compared to 67 Mg Hafor Middle Forest and 58 Mg Hdor the Old Forest sites when
the two anomalously high C and N cores (K-01 an@2pwere omitted or 96 Mg Ha
when all cores were included. Differences in tbiatorage were less pronounced with
soils storing about 5500, 5800 and 5000 kg ha-Afey MF and OF sites, respectively
(with anomalous OF sites omitted).

For an assessment of errors and variability ingmesasures, Table 2.4 shows
mean and standard error of %C, %N, C density ademsity; by site type and depth
interval. The Old Forest (OF) 10-20 cm intervalyondd 1 sample and thus no standard
error is reported. Old Forest includes only theaBdivood plots for these statistics.

Initial statistical tests of the power law relatsdmetween C, N and depth suggest
that the relations are strong and robust. TablesRdsvs results from linear regression
using SAS software. All models and parameter esémaere highly significant except
for the log %N intercepts, which thus were notetiéint from 0. Examination of residuals
from linear regression (Figure 2.5) does suggeasiessystematic error in the lower
depths for %N in the two forest site types. Thig/nmalicate that the power law relation
does not extend below about 60 cm, and below tfaadCN are more constant than
declining in relation to depth. Residuals for lineegression of C and for C and N

density measures were similar.
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Table 2.3. Total C storage, Total N storage and 1@t by mass; by site and site type.
Storage reported in both kg/ha and Mg/ha. Mea f@llOld Forest (OF) site type
includes two sites with special issues 1) an eeergsite (K-01) and 2) the core for OF
site D-02 likely hit into a macropore and had urallsthigh values of C and N at depth.
Mean OF revised omits these two cores.

Total Total Total Total
Site and Core Site C Storage N Storage C Storage N Storage C:N by
Type (kg/ha) (kg/ha) (Mg/ha) (Mg/ha) Mass

BA-01 AG 46616 5481 46.62 5.48 8.50
BA-02 AG 50486 5489 50.49 5.49 9.20
CP-01 AG 34269 4327 34.27 4.33 7.92
CP-02 AG 55640 6043 55.64 6.04 9.21
DTF-01 AG 51918 5653 51.92 5.65 9.18
DTF-02 AG 48412 5988 48.41 5.99 8.09
Mean AG 47890 5497 47.89 5.50 8.71
1-01 MF 63981 3819 63.98 3.82 16.75
1-02 MF 77080 4342 77.08 4.34 17.75
10-01 MF 68737 6663 68.74 6.66 10.32
10-02 MF 76683 6419 76.68 6.42 11.95
RG3-01 MF 71694 8274 71.69 8.27 8.67
RG3-02 MF 43208 5076 43.21 5.08 8.51
Mean MF 66897 5765 66.90 5.77 11.60
D-01 OF 53097 3862 53.10 3.86 13.75
D-02 OF 152189 7560 152.19 7.56 20.13
K-01 OF 195298 7033 195.30 7.03 27.77
K-02 OF 68380 4470 68.38 4.47 15.30
T-01 OF 52989 6684 52.99 6.68 7.93
T-02 OF 55753 4622 55.75 4.62 12.06
Mean OF (all) 96284 5705 96.28 5.71 16.88
Mean OF revised 57555 4909 57.55 491 11.72
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Table 2.4. Mean and standard error of %C, %N, Giteand N density; by site type and depth intervake Old Forest (OF) 10-20
cm interval only had 1 sample and those no stanglaod is reported. Old Forest includes only theBdwood plots.

Site
Type

AG
AG
AG
AG
AG

MF
MF
MF
MF
MF
MF

OF
OF
OF
OF
OF
OF

Depth Number
Interval (cm) Samples

0-10

10-20

20-40

40-60

60-80

80-100+

0-10
10-20
20-40
40-60
60-80
80-100+

0-10
10-20
20-40
40-60
60-80
80-100+

(2NN o) RN e)]

16
11
10

o]

10
12
13
16

(o2 BN e>R{e BNl &)

%C

Standard
Error

6.34 1.10
1.49 0.11
0.88 0.03
0.26 0.05
0.13 0.03
0.06 0.01
17.07 2.55
1.78 0.70
0.94 0.19
0.28 0.04
0.16 0.02
0.09 0.01
14.26 2.18
1.37NA

0.91 0.20
0.36 0.07
0.28 0.15
0.48 0.25

Standard
Error

0.52 0.095
0.13 0.010
0.08 0.004
0.06 0.003
0.05 0.003
0.05 0.003
0.77 0.102
0.09 0.017
0.06 0.009
0.04 0.002
0.05 0.003
0.04 0.003
0.73 0.105
0.06NA

0.06 0.008
0.05 0.003
0.04 0.002
0.05 0.003

3.34
1.58
0.81
0.20
0.10
0.04

5.88
1.80
0.83
0.27
0.17
0.09

491
1.57NA
0.81
0.38
0.36
0.61

Error

C density Standard
(g/cm3)

0.39
0.10
0.04
0.04
0.02
0.00

0.25
0.62
0.15
0.03
0.01
0.01

0.39

0.15
0.08
0.20
0.32

0.27
0.13
0.07
0.04
0.04
0.03

0.28
0.09
0.06
0.05
0.05
0.04

0.25
0.07NA
0.06
0.05
0.06
0.07

Error

N density Standard
(g/cm3)

0.034
0.009
0.006
0.003
0.003
0.003

0.028
0.012
0.009
0.004
0.004
0.005

0.023

0.006
0.004
0.003
0.003
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Table 5. Results from linear regression of loggfarmed %C, %N, C density and N
density versus log transformed depth. All models parameter estimates were highly
significant except for the forest log %N intercepts

Variable
vs log depth

log %C

log %N

log C density
(g/cm3)

log N density
(g/lcm3)

Total

Site Degrees Model Model Slope Intercept
Type Freedom Fvalue Prob >F R-square Slope Prob>t Intercept Prob >t

AG 54 151.47<0.0001 0.74 -0.94<0.0001 0.80< 0.0001
MF 58 629.68<0.0001 0.92 -1.41<0.0001 1.70< 0.0001
OF 35 141.79<0.0001 0.80 -1.17<0.0001 1.45<0.0001
AG 54 423.25<0.0001 0.89 -0.47<0.0001 -0.45< 0.0001
MF 58 208.89<0.0001 0.78 -0.71<0.0001 -0.10 0.2007
OF 35 133.46<0.0001 0.79 -0.71<0.0001 -0.12 0.2012
AG 54 110.41<0.0001 0.67 -0.91<0.0001 0.64<0.0001
MF 58 496.37<0.0001 0.90 -1.16<0.0001 1.28<0.0001
OF 35 77.44<0.0001 0.69 -0.84<0.0001 0.96< 0.0001
AG 54 263.37<0.0001 0.83 -0.44<0.0001 -0.61< 0.0001
MF 58 108.22<0.0001 0.65 -0.47<0.0001 -0.52<0.0001
OF 35 53.94<0.0001 0.60 -0.38<0.0001 -0.62< 0.0001
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Figure 2.5. Three plots (one on the next pageg¢sitiuals from regression of log %N
versus log depth. Note the potentially systematior€linear increase in relative error
with depth) for forest sites (OF, MF) at depth.
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OF %N residuals
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Figure 2.5, continued.

Discussion and Conclusions

The total C and total N storage values observeldse soils are comparable to
those reported by others. Latty et al. (2004) regubtotal C storage of 67 versus 50 Mg
ha' and total N storage of 3.3 versus 3.0 Mg Far old growth versus logged and
burned forests, respectively, in the northeasteé8AUrhese estimates are very similar to
observations for total C, and significantly lessneates of total N storage (ranging from
5 to 5.8 Mg ha), in the present study. Jenkins (2002) reportéddbsganic carbon
storage of 9 to 20 kg fin forests in nearby West Virginia. In the top@@ of soil only,

Richter et al. (2000) observed total C storageiranfjom 19 Mg h# for old field pine
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to 33 Mg h& for hardwood forest, and total N storage rangiognf1000 kg hd for old
field pine to 2300 kg h&for agricultural hay fields in South Carolina hetsoutheastern
USA. These stocks of total C and N are both leas tbund for Western Maryland when
summing up total storage to 100 cm depth. Smithwicil. (2002) reported total C
storage ranging from 27 to 472 Mg hfor forests in Oregon in the northwest USA.
These upper estimates for Pacific coastal rainf@es5 to 8 times greater than the C
storage estimated for temperate Mid-Atlantic fosestd agriculture.

Relative to the original hypotheses of the relaiohC, N and OM storage and
vertical structure by land use, some aspects wegneasted and others not. Total C
storage did trend as OF > MF > AG when all OF sitege included, but changed to MF
> OF > AG when the two sites (K-01 with pine andPwith an apparent wet
macropore) with very high C and N were omitted (€&d). In terms of topsoil
concentration of C, OF and MF forests were venyilambut both were greater than AG
as hypothesized (Table 3). Total N storage trerdellF > OF > AG when all sites were
included and MF > AG > OF when the OF pine and wmyaare cores were omitted
(Table 4). Neither of these supported the hyposhisit AG sites would have greater N
storage due to added N fertilizer and cultivatiblfegumes. Topsoil concentration of N
was very similar for AG, MF and OF site types. A@s did appear to have a slight shift
downward such that both 0-10 and 10-20 cm layedssignificant N by percent and
density, whereas for the forest sites the drogroffi N in the 0-10 versus 10-20 layers
much more rapid. In this sense topsoil concentnatias related as OF = MF > AG,

again in opposition to predictions made assumiffgréintial N additions of agriculture.
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One factor that arose during the research thabexpbsome of the differences in
predicted versus observed patters is that the @idsE (OF) sites did not seem
representative of old growth as natural, maturedbrinstead, two of the OF sites (Kenan
Ridge and Deep Run) were remote, steep and rotdgy thiat were likely passed over for
logging and left as remnants partly due to po@r gutality and difficulty of access.
Steeper slopes and thinner, rockier soils likefgaed the estimates of soil C and N and
may have contributed to lower than expected C amchBh the anomalous cores were
omitted.

During fieldwork observations indicated that theethagricultural sites had little
or no distinct organic layer at the surface. Ineorid make an estimate of the surface
layer the top 1-2 cm of soil was scraped and samnplat this soil was largely mineral
soil mixed with vegetation litter. There was nodiand humic soil layer in the
agricultural sites, and this is reflected in thecmshallower depths of the surface layers
(data not reported) and the C and N densities tepgdirable 3).

Many other studies have shown similar patterntv@fistributions of C and N
with depth. Jobbagy and Jackson (2001) show a gkgiebal pattern of topsoil
concentration (greater nutrient concentration ntthp 20 cm of soil than would be
expected with a uniform depth distribution) for ngdimiting nutrients include C and N.
Jobbagy and Jackson (2000) have also modeledrtiewst of C with depth and found
that a log-log function of C with depth fit bettkian any other model tested. Jenkins
(2003) shows the same steep drop off of C and frasts in nearby West Virginia.
Arrouays and Pelissier (1994), however, found #ma¢xponential function best

explained depth profiles of C in temperate for@stsSrance. The consistency of this
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pattern enabled Arrouays and Pelissier (1994)daae the number of soil samples
needed for estimation of total C in soils from terthree.

Ecosystem models often employ a structure with iplaelpools of soils C and N
that turnover at widely different rates. Baisded &mundson (2003) employ three pools
of soil C and N in their analytical model — an ‘iget pool turning over on an annual
time scale, a “slow” pool turning over on a decddak scale, and a “passive” pool
turning over on a millennial time scale. They swgidRis model structure provides
sufficient detail to depict key patterns of soicamulation over time periods up to 10-
15,000 years. Their model fits a chronosequens®ibfievelopment very well, and
shows that the slowest changing, most recalcigamtC and N pools can continue to
develop and aggrade over 10,000 years. They exihaidiffering pools and turnover
rates relative to different degrees of availablergy and carbon (from labile to
recalcitrant) as well as the energy required todgmwse these differing substrates.
However, they do not seem to offer any explanatornhe origination or continued
regeneration of this 3-pool structure that theyisagonsistent across most ecosystems.

No studies found so far explain how or why thisrelsteristic structure of
differing turnover rates of soil C and N pools ¢xisior have any linked the observed
difference in turnover with depth profiles. Thelautis also not aware of any theories on
whether this widely observed vertical structuréCadnd N storage 1) might confer
benefits or be of adaptive or survival value fatiundual species or organisms, or
communities considered as integral wholes, or Zhtrprovide feedbacks between biotic

and abiotic subsystems within ecosystems.
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Power law distributions can sometimes be genetaydte interplay of two
antagonistic forces operating at exponential ratéke same order of magnitude, and the
“critical scale” is defined as the space or timegeover which the two antagonistic
forces are of the same order of magnitude (Schnéi@@l). One example of two such
antagonistic forces interacting to produce powerdgaatial patterns is birth versus
mortality of organisms (Schneider 2001). If thetgat of power law scaling of C, N and
OM with depth could be connected to such interplfatyvo opposing exponential rates, it
could provide a general, ecosystemic explanatiothi® structures of soil C and N. The
two major rates involved in forest ecosystem carfdnare carbon fixation (input) via
plant photosynthesis and carbon respiration (oltpatplant, microbial and animal
respiration. These two rates and annual fluxestiea very closely matched such that
net ecosystem production (NEP) is often a relagigehall positive number and can
become negative during times of disturbance (A9 And these two rates are likely
of the same order of magnitude over very long tstees such as the 10,000-year period
over which soils are often developed.

Figure 2.2B shows that the relation of C densitthwliepth is qualitatively
different for agricultural versus forest site typeshat an exponential model fits better
for agriculture than does the power law model. Tifference is related to the greater
storage of C and N in the surface organic layefemsts and the near total depletion of
this organic layer following extended agricultupabduction. Additional tests of whether
the power law relation fits better than a log-nolrmave would improve the results (R.
Ulanowicz personal communication). This distinctmrmbined with knowledge that

agriculture usually depletes soil C and organictengiMatson et al. 1997) provides a
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potential link between power law depth distributadrsoil structure and net
environmental trend of accumulation (forests) velsss (agriculture) of soils as a form
of “natural capital”. To the degree that soil and €, N and organic matter are widely
known to provide benefits of water holding capaaytrient reserves and enhanced
primary productivity this provides a further linktwveen soil structure, net environmental
trend of soils and community productivity and resite.

This combination of ideas suggests the hypothasisthe natural regime’s power
law solil structure arises from a matching of thegmiaude of two opposing forces while
the human regime has altered or shifted the iragrfalvoring one of the antagonistic
forces over another. If the explanation of two gotastic exponential rates is valid, and
if these two rates tending in opposite directionstibe of the same order of magnitude,
then it is possible to imagine that changing thatres proportions of the two rates could
change 1) the interaction or interplay, 2) the polae pattern as it is shown in the
memory of the soils, and 3) the net trend or “bottme” in terms of long term
accumulation or loss of soils and soil C, N and OM.

The general and predominant goal of conventionatalgure is production as
provided by harvest. For commercial farms to sweveeonomically, harvest must be
produced in such way to provide financial profteafsale and accounting for financial
costs. In this regime or system organization, shanform of fertilizer is often added to
stimulate production of N-limited crop plants. B&hand N are removed from
agroecosystems with the harvest of crops or liastim this sketch of the agricultural
process are evident both the increase in C renfivharvest and the alteration of the

C:N ratio by addition of N and removal of C. Inrtex of the two hypothetical input and
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output rates of carbon, the near balance seemastiohas been shifted such that removal
is likely much greater than additions of C. Thisgmial shift away from a match in order
of magnitude of antagonistic rates of C input amaeval, if it could be better quantified
and corroborated, could explain both the differenoesoil C depth profile and net
environmental trend of accumulation versus lossodf under natural versus human-
dominated ecosystem regimes.

Several other options exist for antagonistic rateforces that might interact to
produce the power law pattern of soil C and N wigpth. One might consider plants and
autotrophic organisms as ecosystem “composersigafoc C and N and animals and
heterotrophic organisms as “decomposers” operatiogposite fashion to convert
organic C and N to inorganic forms. These two sstesys of terrestrial ecosystems, as
located above- and belowground, are increasingip,sgtudied and depicted as strongly
coupled and interdependent (Wardle 2002, Wardé. @004). This approach fits with
the work of Likens et al. (1978) who attributed timmeostatic and nutrient retention
capacities of forested watersheds with “functidselance” and “intrasystem cycling”.
These two properties were disrupted by their expents to clear-cut entire watersheds,
thus removing the nutrient and water uptake andarafixing actions of autotrophic
functional component while leaving the heterotrgphubsystem relatively undisturbed.

Another possible antagonistic, dialectical or coenpéntary distinction might be
made between increases in production versus ireseasproductive capacity” such as
various internal structure forms (e.g., woody suppg biomass) and external alterations
of the environment (e.g., accumulation of soil aiganatter). Similarly, a dynamic

tension may exist between short term versus long-&volutionary gains or community
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improvements. Using this distinction it seems thatestrial forest operation (in
temperate ecosystems, over the past roughly 1¢©€8@®) is biased toward long term
gains resulting in storage and net accumulatiocsod$, while human agricultural
operation has been biased toward short term consummesulting in net loss of soils.
Yet another set of antagonistic forces exists éndttion of plant uptake and
evapotranspiration to draw water and nutrients ugwauntered by the gravitational
force that operates to draw water and nutrientsnazard.

Fath et al. (2001) have reported an analogous appantagonism or dialectic in
their integration of ten ecological goal functiarssystem orientors. They suggest that
analysis of ecosystem networks of material andgyni#uxes and storages show a
general tendency toward maximum storage and cyelimte at the same time tending to
maximize dissipation and flux through the systemsBpparent contradiction is resolved
by considering a third tendency of natural livirggranunities to maximize residence
times of energy and nutrients. This consideratitinareasing residence time makes it
possible for ecosystems to increase rates of llotage (linked to cycling) and flux
(linked to dissipation), as long as the rate ofaje increases somewhat faster than the
rate of dissipation increases. Thus by this analygdo opposing tendencies — storage and
dissipation — become synergistic rather than amiatjo as long as residence time
increases. Another landmark paper by Fath andriPéit898) shows how the emergence
of synergism or positive, mutualistic relationsvieen participants in ecological
networks is to be expected. This counter-intuipveperty that seems to go against the
grain of conventional Darwinian and competitiondhes results from three network

properties of 1) symmetry as ensured by consenvationatter and energy, 2)
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indirectness of relations and a dominance of idioger direct interactions, and 3)
openness to inputs of matter and energy.

A possible approach to develop this line of thdudgtther would be to consider
how human-dominated agricultural systems diffethiir ecological network
configurations relative to natural forested ecomys. The idea would be to search for a
robust and organizational, relational, informaticenad/or topological way in which 1)
natural systems synergize or turn apparent corfBbiveen two potentially antagonistic
forces into an advantage resulting in net ecosysf@nms of nutrient and/or energy capital
and 2) human systems deviate from this naturalmezgtional/relational synergy
resulting in antagonism and net ecosystem lossitofemt and/or energy capital.

Ulanowicz (1997) has presented a perspective basélde importance of indirect
mutualism and autocatalytic loops within trophiovil networks. He uses network
methods and indices based on information theorysaon@vs how observed networks are
structured in ways very different from randomly nented networks and also exhibit
power law distributions (Ulanowicz and Wulff 199Using his approach it might be
possible to elucidate the organizational/relatidwgls to both natural synergism and
human antagonism of opposing forces. A few ingtalps in this direction are presented
in Figure 2.6.

In the three parts of Figure 2.6, starting fromratial, basic, fully connected
network with three components, one could consjpaiential flows in two different ways
that might be analogous to 1) an autotrophic onjgoser” view of the world focused on
energy and/or carbon as the primary currency, arzdh2terotrophic or “decomposer”

view of the world focused on matter and/or nitrogsrthe primary currency or exchange
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value. Rather than develop independently, howekieridea is to explore whether these
two models or representations of the world mighvettap interdependently, in synergy or
mutually beneficial interaction. Such interdepermeoould be based on the fact that
while composers “trade” or exchange carbon or gnehgy are nitrogen limited and vice
versa — decomposers focus on, produce, trade baege N while they are primarily
limited by carbon or energy. Thus there is a comgletarity in the relative exchange
versus use values — composers see carbon forciisege value and see nitrogen for its
use value, and decomposers do the reverse.

Ulanowicz (1997) provides detailed descriptioritad steps needed to quantify
and analyze ecosystem flow networks using inforomatineory. His work quantifies the
average mutual information (AMI) as related to teastraints of actual network flows
relative to all possible flows and identifies AMd a central organization principle by
which communities grow and develop. It should leelie possible using his techniques
to quantify the composer-type information in théwak in Figure 2.6B, the
decomposer-type information in the network in Fegar6C, and the second order,
synergistic or relational information between these first order types of information.
That is, to quantify the interdependent or mutn&nimation represented by the two
complementarity or differences between the twaadtieve views of the world. This is
one option for future efforts in this research. ®coompleted, this analysis could be
applied to examine how the alterations to ecosyskenws in human-dominated and

agricultural regimes differ in their informatioreahd organizational constraints.
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Solar Energy

Thermal
energy

Figure 2.6A. Unconstrained, fully connected pot@rdgcosystem network with
hypothetical components or roles for autotrophitcomposer” functional types (C),
heterotrophic or decomposer functional types (@) abiotic, non-living soils (S). The
inner circle represents a local, community boundeinsure or region of cycling of
carbon and nitrogen and the outer circle represegtsbal, biosphere boundary of the
atmosphere within which carbon and nitrogen cyslgases.
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Thermal
energy

Figure 2.6B. Constrained network in which somehefpotential links in the fully
connected network have been removed or decreasethtive importance and weight as
seen from a carbon- or energy-focused or “composew of the world. G4 denotes
organic carbon. Note the single predominant loolocdl carbon cycling between soils
and decomposers. Also note decomposers D onlyrotgéabon from local, organic
sources.
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Solar Energy

Thermal
energy

Figure 2.6C. Constrained network in which somehefpotential links in the fully
connected network have been removed or decreasethtive importance and weight as
seen from a nitrogen- or material-focused or “degoser” view of the world. by

denotes organic nitrogen;,blg is inorganic nitrogen, M, is atmospheric nitrogen
deposition; N enters via symbiotic Nixation and leaves via microbial denitrification.
Note the two loops of local N cycling between sait&l decomposers and between
composers and decomposers. Also note composersbtaiyn nitrogen from local,
inorganic sources.
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Speculation, Questions and Potential Implicationsdr Action

Perhaps more questions have been raised than a&usineseeking systemic
solutions to the general human problem of enviramaledegradation. How does the
scaling of C, N and organic matter link to net gsbtsm gains and a “bounty of the
commons™? Is the decreasing C:N ratio with depléted to a form of energy, matter or
information storage? Do deep soils and/or powerdapth distributions provide a buffer
against disturbance, a “nest egg” or reserve ddpitaecovery from disturbance? Does
the difference between C-limitation of microbes &hltimitation of plants play a role?
Can soil depth be a surrogate for some measurmmefand/or space? Is there
evolutionary or other benefit to structure in sability vs recalcitrance on all scales
spanning long times like the 10,000 years of seMedlopmentThese questions may
provide incentive for specific future studies. kngral, this work inspires the sense that
soils are an excellent arena in which to study &mental qualities of life-life and life-
environment relations.

By connecting the structures of soils, the netimmmental tragedy or bounty
under alternative regimes and the organization&dyinational or relational aspects of
community configurations, we may find a path by ethscience can aid humanity in
moving beyond conflict to synergy with our globalnhe environment. It was assumed at
the beginning, and this works apparently suppbesdea that ecosystems can do both,
to have the best of both worlds, in almost any cdsgparently antagonistic forces. Both
production and productive capacity can be increaBeth energy and matter can be

used, stored and traded. Both plant “composer’naicdobial or animal “decomposer”
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organisms and populations can and must grow togdtleest ecosystems are living
proof that these and other seemingly zero sum-offidecan be resolved to the benefit of
both individual life forms and whole communitiese\Wave more work to do to
understand the principles behind this synergy aet enore work beyond that to
embody and realize those principles in human systemhuman-human relations and in
human-environment relations.

If we were to assume that the principle of synesgglose to the crux of the
matter, we could explore application of this prpieiin several problematic human-
environment problem realms. In each attempt atiegipbn we would be seeking to
mimic the relations and organization inherent iregts and other natural regimes. For
agriculture in the mountainous regions of the eadtksSA, applied synergy would
suggest that we “farm like a forest” and that werad to both production and productive
capacity, that we grow crops as well as soils.dévelopment, applied synergy would
imply that if we add people, consumers, decompdsetise land in an area, rather than
remove, reduce or displace the plants, produceosnposers” there, we would add more.
In the realm of economics, applied synergy suggestsieed for dual currencies — one
currency perhaps designed to help value long-tenmneunity needs or “use value”, and
another to help value short-term community needexehange value”. (see Hornborg
(2001) for expert exploration of the importanceloél currencies.)

Lastly, in the realm of science, applied synergy ammicry of the relations of
the natural ecological regime suggests a “balahoeodels of nature” as being more
important than the debate over whether there saéatce of nature” (Milne and Milne

1960). The dominating influence of a single operadl paradigm such as the current
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mechanistic, reductionist, objectivist science pangseems to skew science away from
synergy of knowledge, just as the dominating inflee2of production skews agriculture
away from the composer-decomposer synergy thatgeagrate soils. While
optimization of a method or approach has valueearally valued and countervailing or
self-critical function appears needed as well. @tiee, how are we to prevent against a
situation in which the traditions and prevailingwss are more important that the
discovery of new knowledge? This extended quotBéter Elbow (1986) highlights

these issues:

"This epistemological dilemma has shown up paréidulvividly in particle
physics. Physicists cannot get information aboparticle alone. They can only
get a package of information about the interactibthe particle and the
"observer" (i.e., the equipment). They can knowuhlecity of a particle, but not
its location, or its location but not its velocityit they cannot know both.

The dialectical pattern of thinking provides sorakef from this structural
difficulty inherent in knowing. Since perceptiondacognition are processes in
which the organism "constructs” what it sees ankbiaccording to models
already there, the organism tends to throw awaldistort material that does not
fit this model. The surest way to get hold of whatir present frame blinds you to
is to try to adopt the opposite frame, that igeierse your model. A person who
can live with contradiction and exploit it - whoncase conflicting models - can
simply see and thinknore”

And one page later:

"Searching for contradiction and affirming bothesdcan allow you to find both
the limitations of the system in which you are wogkand a way to break out of
it. If you find contradictions and try too quickly get rid of them, you are only
neatening up, even strengthening, the system yoinaio actually get beyond
that system you need to find the deepest contiadsgtind, instead of trying to
reconcile them, heighten them by affirming bothesidAnd if you can nurture the
contradictions cleverly enough, you can be led new system with a wider
frame of reference, one that includes the two eteswhich were felt as
contradictory in the old frame of reference."
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A final quote by Niels Bohr corroborates the pot@ntportance of coupled
complementary approaches to science that may sgnhmeidaic the coupled
complementary worldviews interdependent in liviggtems. Bohr said “A Great Truth is
one for which its opposite is also a Great TruBased on the advice implied in this
definition, synergy between opposing views of tleld/is necessary for the generation
of truly profound and valuable knowledge.

One of the original hypotheses at the start orghigect was thagcience itself
and the dominant mechanistic, reductionist, obyetti“predict and control” mindset or
worldview that diffuses from science into techngloggriculture, economics,
development and environmental managemeénthe systemic underlying root cause of
the fundamental humans-in-the-environment problgms explanation also seemed to
explained why the problem has been so hard fociestssts to address and solve — it is
hard to see yourself as the cause of a problem whemave been trained for years to
remove yourself from all analyses and focus exeglgion the world objectively.

In accord with the working assumption that sciewes the cause of our systemic
environmental problems, the working solution hasm® “heal the epistemic, Cartesian
cut” — to build bridges and reconnect lost inteigraticross the boundary between
knower and known, between scientist and systentudfys Following this thread one may
surmise that we in science are obligated to leaeXaynple and to convert our own
operations to sustainable practices first and imately. Sustainable is used in the sense
of reliance on renewable energy, recycling mategpabcesses, both achieved
simultaneously by mimicry of natural systems aralrteynergy of energy-matter,

composer-decomposer interdependence relationsapbi®ach suggests that unless we
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account for the actual biophysical, energy, matersoils, biodiversity and other
ecosystem service costs of science, we cannot Kremience is producing net benefit to
humanity or net detriment. This effort still seewmrth doing, and the author kept notes
on energy and materials use during this projeentble estimates of carbon and nitrogen
uses and emissions.

But based in part on the lessons learned durisgnibrk, science no longer
appears as simply the cause of the human-enviransgstemic problem. Instead,
science may be both the cause and the solutianattthis seemingly contradictory
interface that future work will be conducted, haplfwith more synergy and less

antagonism.
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Chapter 3
Self-examination of Environmental Science as an Eimonmental Process
Know thyselfinscription at the entrance to the Temple of Apal Delphi, Greece
| have not yet seen one who could perceive hissfaamd inwardly accuse himself.
Confucius, from The Analects
Introduction

The current world environmental situation presentsallenge to science and
scientists in at least two fundamentally differetatys. On one hand, the global
environmental crisis (Manuel-Navarregeal. 2004, Leigh 2005) challenges science to
help discover the knowledge and develop the tecymesd with which societies,
communities and organizations can solve myriadrenmental problems now
confronting humanity. On the other hand, the atempassing nature of the crisis
challenges science to consider whether its hisgirengths and successes — where
objectivity and independence have formed the pbopbgal basis for the analytical and
experimental methods of science — are sufficienaflwiressing the current novel type of
problem. All of humanity and science itself areatlg inside the “system boundary”
drawn when large-scale environmental problems asatlimate change or
eutrophication of surface waters are studied. Theshoices, values and actions of
scientists affect research into the nature of teblpms as well as proposals, designs,
implementation and assessment of the successudics®. These two science challenges
might be considered arvbjective challengé produce morebjective knowledge about
the external worldand arelational challengdo develop more, and new forms of,

knowledge of humans and science itself in relatioan external world
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Much like mainstream economics and corporate basjrmaost practitioners and
approaches to science “externalize” environmertsic That is, expenditures of
environmental capital or natural resources are vetdom consideration when
assessing progress and success or gains and dbssgmcity. Even within
environmental science there has been very littdi@kand conscious accounting of
environmental costs or tracking of trends in thei@mmental resources required for
conducting science, such as supplies of energyegedmanufacture and operate
specialized equipment and computers. Instead, atleasures are used for evaluation of
success and progress, such as numbers of artidiished, impact factors of those
articles, students advised and competitive gratiéigownon.

Science may become even more complex if we begméonalize environmental
costs, but the benefits may more than compensatadadded complexity. Considering
options for internalizing accounting of the envineental capacity to do science, one
must also decide on spatial and temporal extert®@ndaries with which to define a
science entity as well as the environment from Whand time frame over which, it
receives its needed supplies and emits its wast@erhaps the most conservative
approach, determination of both environmental Sep@End waste absorbing capacities
are local, and any such accounting must be intedgnatth specific details of the local
environment. This conservative approach exclude®fhion for subsidies from afar and
emissions of wastes left for others downwind andrdsiream.

The study reported in this paper was conducteldarcontext of a multi-part
research project seeking to contribute to lastoigt®n of excess nitrogen (N) loading

from land to waters and related environmental poisl. The study was designed to
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approach the problem of excess N loading — as amplbe representative of many other
current environmental problems - from an alterraiwd complementary perspective.
Rather than looking “outward” to analyze those mdécauses of excess N loading in
sectors like agriculture, transportation, industiyusing, development, etc. the goal of
this study was to look “inward” at how environmdrgeience itself is related to such
problems. Before setting out the specific questams goals of this study, more details

on the context of current environmental problenespaesented next.

Characterizing Human-Environment Problems

The frequency and gravity of environmental warniogsiing from science seem
to be increasing. The Millenium Assessment (MillaniAssessment 2005) stated that
60% of the ecosystem services (e.g., air, foodveattér processes, capture fisheries)
needed by humans are now “being degraded or usegtamably”. The World
Scientists Warning to Humanity (UCS 1992) warneat ttumans and the natural
environment are on a “collision course” and thatdamental change is required to avoid
catastrophic disaster. Major environmental problémas are the focus of extensive
research include 1) excess £€nissions from industrial societies and their dimd
climate change and warming (Friedlingstein and @olo 2005), 2) excess reactive N
emissions to atmosphere and surface waters andagsiciation with acid rain and
eutrophication (Jordan et al. 2003, Galloway e2@03,Cowling et al. 2001, Driscoll et
al. 2003), 3) loss of species and destruction gratiation of the ecosystems and habitats

required for them to live (Reid and Miller 1989).
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Such current human-environment problems can beactaized ashronicand
systemicand this combination may describe a novel kingroblem for humanity.
Chronic describes problems that are persistenbagding and distinguishes current
problems from ones that are transient or resolgm#elves in the short term. These
problems are plausibly systemic in that the impatfesct all sectors of society and the
root causes are not easily isolated or attribudezhe or a few offending sectors.
Chronic-systemic problems resist management acéindsare slow or difficult to solve.
Even for solutions that seem effective in the siwemn, they often exhibit diminishing
returns from continued implementation of initiaflyccessful strategies. Relapse, “back-
sliding” or losses of prior gains can also occuteRtial solutions are often constrained
by potentially negative side-effects or unintendedsequences (e.g., switching from
coal to nuclear fuel for electricity generation caduce C@emissions but increase
problems associated with nuclear waste disposaldines for ecosystem restoration
are often missed and must be set back. Cost essrf@mtsolutions often increase
dramatically. Such dynamics can be stressful ferpdople and agencies working toward
solutions and social conflict and turf battles masult.

The case of the Chesapeake Bay, including its smadtuaries and tributaries
and its integrated landscape, provides specifiogas of most if not all of these general
and unique attributes of chronic-systemic humanfrenment problems. The Bay is
threatened by many inter-related problems, marifiege appear to be chronic-systemic
individually, and it may be that the whole suitepobblems is itself chronic-systemic.

Excess nitrogen (N) loading from the human-domithatatershed is one of the

Bay’s major stressors. Eutrophication overall le@disicreased phytoplankton, decreased
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water clarity, severe and recurrent hypoxia andimkexin abundance of submersed
vascular plants (Kemp et al. 2005). Other stressmtade invasive species, over-
harvesting of major fish, crab and shellfish stodiabitat loss due to development,
multiple forms of toxic waste, sediment loadingd amcreasing incidence of disease
(Kemp et al. 2005, CBP 2006a). The majority of Bdmg comes from distributed non-
point sources (e.g., agricultural and urban runaoff atmospheric deposition) compared
to localized point sources (e.g., wastewater treatmlants; Blankenship 2005, Boyer et
al. 2002). While N loading has declined signifidgrsince 1985, attributable to
improvements in wastewater treatment, agricultprattices and other management
actions, several major tributaries have seen tteeafadecline slow or stop, and for some
N loading has begun to increase (Blankenship 2d®gure 3.1 shows the trend in N
concentration in the Patuxent River (monitoring sit Bowie, MD) where a plateau in
reductions suggests an impasse has been reachetheugh further reductions are
desired and required. Such trends may be expléap@acreased N emissions due to
increased population, development and intensiviewagire offsetting hard-won N
reductions due to implementation of best managemraatices in agriculture and
wastewater treatment.

Full restoration of environmental quality for thé€3apeake Bay was once
estimated to cost $19 billion (Blankenship 2002, this estimate was later increased to
$29.3 billion (Blankenship 2004). In 1987 a multkite agreement set the year 2000 as
the goal for restoration of the Bay and addresséabNing as well as problems of
phosphorus, sediment, aquatic vegetation and tdbtars. That deadline passed and a

new agreement set the year 2010 as the targehievacvater quality and other
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TN concentration (mg/L)

1/1/1985 1/1/1990 1/1/1995 1/1/2000
Date

Figure 3.1. Total nitrogen (TN) concentration ie fatuxent River at Bowie, 1985-2000.
Data from Chesapeake Bay Program (Fisher et ab)2@mparison reference level for
TN levels typical from forested watersheds is shasrthick line near X-axis at 0.05 mg

per liter, 40 times less than the apparent plaéé@umg per liter for the heavily human-
dominated Patuxent watershed.
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improvements and avoid the imposition of regulatosasures such as legal enforcement
of total maximum daily loads. It was recently reedrthat the 2010 deadline will not be
met either, but no revised timeline has yet beemldped (Blankenship 2006). Political
and public arguments over who is responsible ferBay’s problems, and who is to

blame for the lack of progress, can lead to conffletween social groups and public
agencies. This conflict, which is often played wuthe press and other media
(Williamson 2005, Whoriskey 200&rnst 2003), can serve to dampen hopes and raise
tensions, even as it helps to increase the levdilabddgue and scrutiny.

The list of problems and complexities goes on, lbotlihe Bay and for humans in
general. Excess G@missions are related to sea level rise that tzftbe Bay and its
low-lying wetlands. Energy problems are now pregsiuith the impending peak in world
oil production (Campbell 2005), non-renewable egelgpendency, and increasing costs
and economic impacts. Water is critical for huméndnd hygiene, and connects to
flooding problems, species habitat and conservatr@mhmany other issues (Gleick 1998).
Water quality and quantity are also crucial envin@mtal issues for the Bay, and water
problems are similarly persistent and pervasiveubhout human activities. For
example, increased run-off can be driven by in@e&s area of impervious surfaces and
restoration timelines are strongly affected by ieatss in groundwater that can be slow to
reach the BayThe gravity and intensity of environmental probldiasing the Bay and
its watershed suggests that environmental scieauesfa difficult task to provide
knowledge leading to solutions, and to help devslaptions that are truly effective over
the long-term.

Given such challenges, development of novel apesmto environmental

science for solution of chronic-systemic human-emvnent problems seems warranted.

Environmental Currencies and Sustainability
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The search for novel approaches can begin witimibst basic fundamentals of
environmental science. Four physical, materialdkix carbon, nitrogen, energy and
water - appear as recurrent themes within humair@mment problems, and these fluxes
are mainstays in ecological and environmental seiefihese basics are central to energy
flux and the material cycling, two major topicsasfy Ecology 101 course. The primary
physical fluxes may also be seen as “currenciesitities that are “exchanged” and also
have “value” for all living systems from cells tpesies to humans to ecosystems.
Carbon, nitrogen, energy and water are also saamfifor consideration in human
socioeconomic terms in that they arguably are epliaceable or substitutable.

One holistic and synthetic approach to addresdingnic-system human-
environment problems is environmental sustaingbiihvironmental sustainability can
be defined succinctly as a property of any procsmsimunity or system that 1) uses
renewable, net energy and 2) uses recycling mégniacesses. Goodland and Daly
(1996) provide another parsimonious set of critiraruly sustainable human-
environmental systems in their Input-Output rukese(Chapter 1 in this dissertation for
the full text of the rules). Their definition is sseful, meaningful and concise one is
hard-pressed to imagine a stronger formulation. Gbedland and Daly rules may in fact
encompass theecessary and sufficient conditions for local eowmental sustainability
Such a rigorous concept could one day become tkellEw of Human Ecology. For
now, two major aspects of this definition of sus#dility will be adopted. First,
environmental sustainability will be defined andessed with an emphasis on local
supplies of key resources and local capacitiesvemte assimilation. Second, a

gualitative assessment of sustainability can beentgdcomparing 1) whether emissions
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from a project are greater than local waste asatioil capacity, 2) if renewable
resources are used faster than they are replenishedtural processes and 3) if use of
non-renewable resources is accompanied by ongdimigseto develop equivalent
renewable replacement capacities. The definitiahaasessment of environmental
sustainability will be applied with reference teasaand emissions of C, N, energy and

water.

Existing Environmental Science Strategies

In the current state of the art for the physicahf@f environmental science itself,
as we work to increase understanding, educategkiegeneration and solve problems,
two main schools of thought exist that parallel dbgective and relational challenges
depicted above. Most environmental science ingtitigtdo not scrutinize their own
environmental needs and impacts but focus excllysorethe generation of new
objective knowledge. In contrast, a few universiad research centers have decided
that the environmental demands and legacies af dlna operations are crucial issues.
These institutions have begun to examine, monitdradso convert their own operations
to more sustainable, less consuming forms. Ob&xittege (OH), the Woods Hole
Research Center (MA), and the Sustainability lnsi{(\VT) are examples.

The majority of institutions working from the objae approach often study and
seek to solve more isolated, more specific humatr@mment problems. Even where the
scope of research expands to a broad view anddsteractive restoration, it usually

does not result in examination of the sustainghbdftthe ecological processes associated
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with environmental science itself. For example,strategic plan of the University Of
Maryland Center for Environmental Science listsrfsuategic directions: 1) science to
support ecosystem based management, 2) multi-scatg/stem restoration, 3) linking
observing systems and forecasts from mountainapasel 4) regional consequences of
climate change and variability (UMCES 2004). THmsrmphas no mention of accounting
for uses or emissions of C, N, energy or water ftdMiCES facilities. Similar emphases
on objective knowledge without self-referential ewaation of environmental impacts

are commonly observed for many other universitiesgarch centers, government
agencies and professional science societies (egglNational Science Foundation and the

Ecological Society of America).

Turning the “Ecoscope” Inward — To Study Environmental Science lItself

The central idea proposed here is that a focusathieation of the key
environmental fluxes of environmental science fiseid an assessment of the
environmental sustainability of these physical-emwinental relations, may lead to novel
insights able to stimulate quantum leaps in sciemzkreal world solutions for
environmental quality. The link between self-reflexscience and progress for
sustainability owes inspiration to the “post-norrsalkence” of Funtowicz and Ravetz
(1997) and multi-scale integrated analysis of Gigtnp (2004). The impetus for self-
reflexive science as route to problem solving oidges in the hypothesis thhae
subordination of environmental values to other esl{€.g., economic, social,

technological or scientific) is the ultimate caw$environmental degradation. If the
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subordination of environmental values is systemioughout industrial society, then it
may be the shared root cause driving chronic-systeaoman-environment problems.
The inferiority of environmental values could be tlitimate cause that drives more
visible proximate causes of environmental degradatuch as those arising from
technologies, agriculture, transportation, buildimgd human behaviors. And if the
subordination of environmental values occurs inr@mmental science — ostensibly the
socioeconomic arena in which the importance ofremvnental processes and resources
is best understood — then this provides evidencadaystemic nature throughout our
culture.

In the attempt to catalyze a break-through in ustdeding and problem solving,

this study explored the following questions:

1. Is environmental science outside (independem¥ror inside (participating in) the

major environmental problems associated with GemM¢rgy and water?

2. What absolute and relative amounts of C, N,gnand water are used by and emitted
from environmental science compared to the suppliescapacities of the local
environment? What is the local carrying or produtttapacity for environmental

science?

3. Is environmental science environmentally sustalig? Is environmental science

characterized by a) emissions rates greater tltah dssimilation rates, b) resource uses
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faster than regeneration, or c) use of non-reneavasiources without efforts to replace

them with renewable substitutes?

4. What changes would be required for sustaingBiNhat would environmentally
sustainable science be like in terms of energ\,@nd water demands as met by local

supplies and waste emissions met by local assiwelagpacities?

As mentioned above, two schools of thought diffethieir approaches to
examining versus ignoring environmental costs &edsustainability of environmental
science itself. This disagreement or schism widmaironmental science suggests that
more institutions may begin to consider this isané may be seeking to choose between
these two paths, and that additional informatiorth@se two alternatives could aid in
decision making and choosing a direction and coofs&tion. Toward these ends, the

following additional corollary questions were ex@ad:

5. What is the best environmental strategy or degaional form for the long-term

success of ecological and environmental science?

6. Can sustainable ends for society in the longriee achieved by unsustainable means
and operations of science in the short-term? Famge, can an end goal of low N
export from a watershed be achieved via a sciermeeps operating with high N export?

How do the long- and short-term relate and intéact
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7. Would environmentally sustainable science b&bet worse in terms of core
missions of research, education, public servicd,applications to management, policy
and problem solving? Is it better to internalizeegternalize environmental costs of
doing environmental science? What are the proxand, costs and benefits of these two

options for environmental “capital accounting”?

To answer and explore these questions researchamasto quantify the C and N
emissions and the energy and water uses for avaragel operations for Appalachian
Laboratory (AL), part of the University of Marylar@enter for Environmental Science
(UMCES). AL serves as a representative exampl@& @raironmental science
institution, and it has been the place of employinaewl graduate education for the author
from 1997 to the present. For comparison to thesgioms and uses of AL, the project
resulted in estimates of ambient, local inputseolervable energy and water, and the
local C and N absorptive capacities, for an oakdmyg forest typical of the local area and
of comparable size to the area of the AL building grounds. Original rough hypotheses
were that AL was unsustainable for all four majovieonmental fluxes by factors of 100
to 1000. The results include both surprises andmtapt implications for strategic plans,
science practice, theory and action for understandnd helping solve the major

problems of our day.

Data and Methods

Study Area and Systems Descriptions
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Appalachian Laboratory (AL) is located in Frosthuagity of 8,075 year-round
residents in the Appalachian mountains of Westeanyldnd. Frostburg is also home to
Frostburg State University, which has another 5gt0@ent residents. As one of four labs
in the University of Maryland Center for EnvironmaihScience (UMCES), AL shares
the UMCES missions of 1) science research and dsgp2) graduate education and 3)
public service. The UMCES mission statement, “Teeli@p a predictive ecology for
Maryland”, also acknowledges a commitment to theppeeof the state. Faculty and staff
have expertise and active research and teachimggms in aquatic ecology, landscape
and watershed ecology, conservation biology anorason ecology, behavioral and
evolutionary ecology, wildlife management and ottetated fields.

The precursor organization to AL was founded in2, 96t the current building
was designed and built in 1997-1998 and occupieat&1998. Approximately 70 people
work and study at AL, with 14 faculty, 14 staff, Bsearch staff and 22 students as of
summer 2006. The indoor area of the main buildimd) greenhouse is 47,000 square feet
and the buildings plus parking lots cover 2 ha. &htre property, including lawn, forest
and several special planted habitats, covers abbat(see Figure 3.2).

The elevation at AL is 660 meters, and it is witthe Sand Spring Run, Georges
Creek, North Branch Potomac River and ChesapeakaevBeersheds. AL is located on
the Allegheny Plateau physiographic province. Ldxedrock geology types are
predominantly shales and sandstones; the areaavgtaciated during the last
glaciation. Coal mining began in Frostburg in ti82Q’s and continues today. The AL

building sits on top of underground mines that widled prior to construction.
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Figure 3.2. Aerial photo of Appalachian Laboratboylding and grounds. The buildings
and parking lots cover about 2 ha (box area) whiéeentire property is 4 ha. Image from

Allegany County GIS Department (Allegany County Q¥6).
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The average annual precipitation in the local &d4.16 mm. Deciduous forest
communities of oak-hickory and similar types nallyrimhabit the land near AL. Trees
common in the area include white, red and chestak$, red and sugar maple, black
locust, black walnut, several hickories, black cpewhite pine, hemlock and other
important species. Black bears, white-tailed dgenind hogs, crows, big brown bats and
Eastern bluebirds are just a few of the many lacahal species.

Estimates of energy, carbon (C), nitrogen (N) aatewfluxes were obtained for
1) the AL building and organization as a wholeh@jnan workers of AL based on
generalized human physiological needs, and 3)aite Environment and a typical local
forest. The period of study was 1999 through 2Q@8ity bills, records of faculty and
staff air travel and gasoline purchase recordsigeavthe initial data for AL uses of
electricity, natural gas, gasoline and water. Cosiva factors found in the literature or
online were used to generate estimates of energy,ahd water fluxes that could be
compared across system types, i.e., the sameusatsfor AL buildings and equipment,
human personnel and the local ambient or foresteate system. Comparisons were
made both on a total flux, non-spatial basis and oglative flux, spatial basis using 2
hectares as the area of AL for estimating fluxesupé area. Units used were 1) kg C per
year and kg C per ha per year, 2) kg N per yeakgrd per ha per year, 3) megajoules
(M)) of energy per year and Mj per ha per year, 4ndallons (gal) of water per year and
gal of water per ha per year. For humans, eitherame or typical values for the U.S., or
rough averages from several studies of peoplefierdnt countries, were used.

Separate conversion methods were used for elégtnmatural gas, gasoline, air

travel and human respiration (see Appendix Tabldok@ll conversion factors used).
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Whenever possible multiple values for each emissrazonversion factor were obtained
and considered as independent or alternative estsmislultiple values were averaged if
alternative estimates were considered equally vAlisingle value was chosen if one of
the estimates or references was considered strofigigles in the Appendix include all
estimates selected and many of the comparativea&tsts considered or used in
derivation of the estimates.

In addition to the data on C, N, energy and wadstimates of annual publications

and numbers of graduate students trained werectetle

Uses and Emissions of AL Building and Organization

AL Carbon Emissions

Estimates of AL's C@and C emissions were derived from utility bills fo
electricity and natural gas, and air travel andtas purchase records, obtained with
permission and assistance from AL administratiedf.sin order to sum and compare
several different carbon fluxes, all fluxes werewerted to kg of C using a ratio of 12/44
(i.e., a factor of 0.273) for the proportion of €@at is C.

Conversion factors for CQemitted per megawatt hour (MWh) of electricity
varied for the years of the study, as did the faed of AL’s electrical utility, Allegheny
Power (see Appendix Table A6). Emission factorsewatained from “Energy Source
(Fuel Mix)” and “Air Emissions” disclosures of Atieny Power for 1997, 2003 and

2004. CQ emissions for 2000 for this utility came from EBAZGRID database (eGRID
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2006). Linear interpolation was used to estimatessions for years between known
rates. The reported G@mission for 1997 was 2066 Ibs per MWh and thaes&r 2004
was 1195 Ibs per MWh (see the Results for an egpilam of this drop). For comparison,
the Natural Resource Ecology Lab environmentalgoot study (Easter 2002) used a
value of 1.64 pounds per kilowatt hr (kWh), whishequal to 1640 Ibs per MWh.

A conversion factor of 5.91 kg G@er therm of energy derived from natural gas
was reported in the World Resources Institute (WRIject CO, Emissions from Fuel
Combustion” spreadsheet (WRI 2006), for which tbiéggd an Energy Information
Association (EIA) 2001 report, “Emissions of Greenke Gases in the U.S. Appendix
B”. This value was about 14% more than the 11%fidlSO, per 1000 cu. ft. of natural
gas combusted as reported by the U.S. Carbon adridrmation Analysis Center
(CDIAC 2006). The WRI and EIA value was chosenthas analysis based on its use by
two major organizations.

Records were obtained for faculty and staff avetavith origination and
destination airports and with each trip noted asway or round-trip travel. CO
emissions for air travel were calculated usingWtel spreadsheet “Indirect GO
Emissions from Business Travel” (WRI 2006). Thiterence estimated 0.18, 0.13 and
0.11 kg CQ per passenger km for short, medium and long mgogl tespectively. Two
different web-based mileage calculators providdnneded mileages between departure
and arrival airports. For domestic flights to/fronajor U.S. airports, an airport to airport
distance calculator available online at the U.Sig®fof Surface Mining was used (OSM
2006). For international flights and smaller U.Bparts, a distance calculator from Air

Routing International was used (ARI 2006). Oncettial distance for each flight was
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determined, distances for all flights in a givenntiowere summed. These monthly total
distances were then used for estimates of €ission using the above factors. The
same distances were also used for estimates ofdd@lssion and energy use of air travel.
A conversion factor of 8.87 kg G@mission per gallon of gasoline was used as
reported by the WRI spreadsheet (again citing tideZb01 report). The NREL report
(Easter 2002) used a value of 36 Ibs per gallomghwis roughly double the factor used
here. No attempt was made to differentiate betwegular, plus or super grades of
gasoline or automobile types (e.qg., cars, truc&spline and diesel engines in the AL

fleet) for C, N or energy emissions and uses.

AL Nitrogen Emissions

As for C, nitrogen (N) emissions from electricibgtural gas, air travel and
gasoline were estimated for AL as an organizafldre main form of N emission was
treated as NOx in general and as NiOspecific when needed for conversions (EPA
1998). In order to sum and compare several diftdxeftuxes, all fluxes were converted
to kg of N using a ratio of 14/46 (i.e., a factdi0d304) for the proportion of N{hat is
N.

As for C, the Allegheny Power fuel mix and air esmsis disclosure sheets
provided NOx emissions for 1997, 2003 and 2004thadEPA eGRID database (eGRID
2006) provided the value for 2000. Also like £@he NOx emissions changed
(decreased) during the period of the study (1998B20Missing values were again

interpolated assuming linear trends in changes.vahees of NOx emission per MWh of
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electricity generated ranged from 5.6 Ibs in 1992.8 Ibs in 2004. (See the Discussion
section for discussion of changing percentage®alf aiuclear and natural gas.)

Estimates of NOx emission from burning of naturad ¢gn AL’s boilers (for
heating the building and hot water) were obtainmechfthe Emissions Factor Information
Retrieval (FIRE) database of the U.S. EPA. (WebFEREG). This database reported a
value of 100 Ibs per thousand cu. ft. of natural fga systems generating less than 10
million Btu per hour with no NOx emission contrdbhn Hutchins (personal
communication) of Casto Technical confirmed thatsAhoilers matched this category.
He also reported that the concentration of NOxximaeist from the boilers was likely 60-
70 parts per million, but no comparison of thisreate to the EPA estimate was made
for lack of information on total boiler exhaust.

The process to accurately estimate NOx emissiams fet aircraft and air travel
is very complicated as the emissions vary with pdexel of the plane (FAA 1997).
Two independent estimates were found for an averalye of NOx emission per
passenger per unit of distance traveled, and tiwasgalues were very similar. The first
estimate was obtained using data for,@@d NOx emissions (National Academy Press
2002), which gave a ratio of NOx to @@mission of 15/3200. This ratio was used to
estimate NOx emission using prior estimates fotrawel CQ emissions yielding a value
of 0.86 g NOx emitted per passenger mile. A se@astitnate was calculated using
annual totals for air travel and NOx emissions f@MASA report (NASA 2003). This
yielded an emission factor of 0.89 g NOx per pagsemile. The lower estimate was
used to calculate total monthly NOx emissions faintravel using monthly flight

distances.
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NOx emissions from gasoline combustion and autola@gines was obtained
using a value of 0.256 g per mile (Davis, S.C. 8. Diegel. 2002). An efficiency
factor of 24.1 miles per gallon was also used toved gallons of gasoline into an
estimate of miles traveled. No comparison valuedNfox emissions per vehicle mile

were found.

AL Energy Use

In order to sum and compare several different gnesgs, all energy was
converted to units of megajoules (Mj). Separatevemsion methods were used for
electricty in KWh, natural gas in cubic feet, gas®in gallons and air travel in passenger
kilometers.

For electricity, a conversion factor of 3.6 meg#gsiwper kilowatt hour (kwWh) was
used as reported by Energy Information AdministratiElA 2006) and Davis and Diegel
(2002). The latter source stated this “...figure doesstake into account the fact that
electricity generation and distribution efficiensyapproximately 29%. If generation and
distribution efficiency are taken into account,1 kW 11,765 Btu”. This higher estimate
is equal to 12.4 Mj per kWh. The lower estimate wsad, and thus this method results in
a conservative or under-estimate of the total gnexgenditure associated with
electricity use.

A conversion factor of 1027 Btu per cu. ft. of drgtural gas was reported in
Davis and Diegel (2002). This number was comparabémother value of 1031 Btulft

reported by EIA (EIA 2006). Monthly values of natligas use reported in hundreds of
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cu. ft. (CCF) on bills from Columbia Gas were comneé to Btu's and then to
megajoules.
Two values for the energy intensity of air travere/reported in Davis and
Diegel (2002) - 4061 Btu per passenger mile foral@d 3952 Btu per passenger mile in
2000. An intermediate value of 4000 Btu per passengle was used for all years.
Monthly gasoline purchases for three different cames were combined to get
total monthly gasoline use. A conversion factof®80.88 megajoules per gallon of

gasoline was then used as reported by both EIA @I@6) and Davis and Diegel (2002).

AL Water Use

Monthly water bills from the City of Frostburg prided data to average annual
calculate water use. These reported gallons ofrwssd and no conversion was needed.
An odd pattern of use with extreme variation caudd be explained. Water use increased
dramatically from 1999 to 2001, then declined shyaipa lower level of use from 2002
through 2005 (see Figure 3.3). A single monthlyexie in July of 2004 also could not
be explained. Without knowledge of different coratis, anomalies or problems, the
entire period was treated the same despite thésnees. No attempt was made to

separate indoor from outdoor water use (i.e., wagesf lawn and vegetation).
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Water supply and use
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1000's gal per ha per

Jan- Jul- Jan- Jul- Jan- Ju Jan- Jul- Jan- Jul Jan- Jul- Jan- Jul-
99 99 00 00 01 01 02 02 03 03 04 04 05 05

date

—e— precip —=— AL use

Figure 3.3. Comparison of AL water use and watepbuvia local precipitation
(precipitation data from Latta 2006).

Human Uses and Emissions of C, N, Energy and Water

All estimates of human C and N emissions and enangiywater uses were made
assuming a total of 70 people at AL. A further asgtion was made that one third of
each person’s daily needs and emissions were agsdevith work or study at AL based
on an eight hour work day. For monthly sums, it @ssumed that people worked 20

days per month and thus 240 days per year. Thioagpip likely leads to over-estimates
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for regular building occupants since not all 70gdeare present every day. Visitors and
special events could result in periods of time whme than the 70 regular personnel are
in the building.

Human CQ emission via respiration was estimated using sg¢veports in the
literature. Values ranged from 0.84 to 1.2 kg penspn per day (Taub 1974, Czupalla et
al. 2005). An intermediate value of 1 kg per pergenday was used for this analysis.
These assumptions resulted in a constant valué®kg per month for human GO
emissions for all personnel combined. Exports @f €ewage was estimated to be about
72 kglyr (i.e., 5% of the respiration G@mount) but was not included in the analysis.

Human nitrogen fluxes were estimated using an @eeoé several values
reported for both ingestion of N in food and exiareof N in urine and feces. All reports
assumed or documented average daily N balanceltdir tumans such that inputs in
food were matched by excretion over time. Repoviddes ranged from 7.53 g/day
(Gajdos 1998) to 15.6 g/day (Heinonen-Tanski amd\Wagk-Sijbesma 2005). An
intermediate value of 12 g/day was used to estimhaily export of N per person. These
assumptions resulted in a constant value of 5.59kgnonth for human N emissions for
all personnel combined.

Human energy use was estimated using a rough estoha500 kilocalories
(kcal) of food energy per person per day (note dnetiary calories on food labels are
energy kilocalories). This is equal to 10.5 meghgs{M)) per day of human energy use.
This value was chosen as intermediate between a@sopavalues of 2002 kcal per day
(or 8.4 Mj per day) for a U.S. national averagel994-1996 (USDA 1998) and 2823

kcal per day (11.8 Mj per day) for NASA astronafidanford 2004).
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Daily drinking water consumed at AL for human ploysgical needs was
estimated to be 0.85 kg per person per work d&y2# gal per person based on the
International Commission on Radiological Protec{inyder et al. 1974). Comparison
values ranged from 0.8 (Taub 1974) to 1.3 (Han&f@d4) kg per person per 8-hour day.

An attempt was made to estimate human non-dietanygienic water use, but a
satisfactory method was not found. A map on an BRfer information website (EPA
2006) showed a value of 171 gallons per persom@gtotal water use for the Mid-
Atlantic area. This combines commercial and redidgrbut the site also reports that
residential uses are 57% and commercial uses &y df the total. Of the residential
uses 33% is estimated to be for bathing, 21% fahieg and laundry, 41% for toilet and
5% for kitchen. Adjusting the estimated total watse for an 8-hour work day and taking
25% of that assuming relatively low water use rieslin a value of 19,852 gallons per
month total for human hygienic water use. This gasdometimes exceeded the actual
total AL monthly water use and resulted in an eatarof hygienic water as 38% of the
AL total. In absence of an approach yielding meaistic estimates, no estimate was

made for hygienic water use.

Local Ambient and Forest Reference Capacities

Standards for comparison of the AL organizatiomal human fluxes of C, N,

energy and water were estimated based on thedogalbnment. This approach is

similar to ecological footprint analysis (Wakernbgeal. 1999), which estimates

“biocapacity” as the basis for assessing human atspend sustainability. The approach
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taken also borrows from the general principlesustainability in the input-output rules
of Goodland and Daly (1996). The latter states émaironmental sustainability requires
that “waste emissions from a project must be witheassimilative capacity of the local
environment to absorb without unacceptable degi@uaf its future waste-absorptive
capacity or other important services.” Specificalbting the “local” aspect of this
definition, the C and N assimilation, retentiorsequestration capacity of a typical, local,
deciduous forest were treated as appropriate cosgparfor assessing the sustainability
of AL’'s C and N waste emissions.

For AL’s organizational and human energy and wagésds or demands, the local
supplies of energy and water via solar and winagnand precipitation were estimated
as reference bases for sustainability. The reéerémlocal solar and wind energy is not
meant to imply that conversion to such energy smsiig necessarily possible or
desirable. This comparison amounts to a prelimiaaug general comparison of the
magnitude of AL energy use — most of which currergtlderived frormon-renewable
natural gas, coal and oil resources that come tistantreserves - relative t@newable
supplies potentially availablecally. This comparison does not address any economic,

political or logistical issues associated with thiéerences in the options for energy

supply.

Forest C Sequestration Capacity

Many literature values, and one value calculatedspreadsheet model, for

carbon sequestration by forests typical of the arer@ found and compared. Values for
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annual C uptake in forests ranged from a low of KT per ha as average for all U.S.
forests (Dixon et al. 1994) to a high of 5850 k@&t ha for oak-hickory forest in Walker
Branch, TN (Malhi et al. 1999). Schmid et al. (2P6&ported an annual range from
2000-5000 kg C per ha in Harvard Forest in Masssattst Niu and Duiker (2006)
reported a potential or maximum rate for forestsaryland as 3600 kg C per ha. Use of
a spreadsheet tool available online from The NaBueservancy (TNC 2006) yielded an
estimate of 4500 kg C per ha when the abovegrostichate was doubled to account for
annual C sequestration in soils. An intermediateuahvalue of 3000 kg C per ha was

chosen for this analysis. Additional estimatesrapwrted in Appendix Table A3.

Forest N Retention Capacity

Many literature values for nitrogen retention byefsts typical of the area were
found and compared. Estimates of atmospheric Nsigpo (both pre-industrial and
current rates) and biotic N-fixation also were edas2d as means of constraining an
estimate of a reasonable N retention capacitynAke Goodland and Daly (1996)
principle above, an important consideration bectimevaste assimilation capacity
achievable “without unacceptable degradation diuitsre waste-absorptive capacity or
other important services”. The observation of @shold of annual atmospheric N
deposition of 7-10 kg/ha above which forested aheémowatersheds begin to export NO
via streams was treated as crucial (Aber et al R008alue of 8 kg/ha was used as a safe
or precautionary N retention capacity assuming lingtier values could plausibly result

in degradation of the future capacity of the foteshbsorb N due to declines in forest
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productivity or leaching of key cations such asicah. This value was also intermediate
for the range of estimates of 7.1 to 9.2 kg C @efdn N uptake into live wood in forests
in the Northeast U.S. (Goodale et a. 2002) Add#ia@stimates are reported in Appendix

Tables A1 and A2.

Ambient Energy Supplies

To estimate the solar energy incident on the Alldig and grounds, two
independent estimates were obtained and compaegd.fidm the Surface Radiation
network downloaded for the Pennsylvania State Usitye(PSU) site (SURFRAD 2006)
provided actual measurements for a site about fd@drtheast of AL and thus likely
receiving similar solar radiation. These data yeel@n average of 3.7 kWhifday for
total solar radiation for the PSU site. Photosyttladly active radiation (PAR) averaged
1.6 kWh/nf/day. This data covered 1999-2005 time period.FSgare 3.4 for monthly
variations in total solar radiation.

National Renewable Energy Laboratory’s (NREL) PVWIAST program was used
to estimate solar energy potentially available fygmotovoltaic collectors (NREL 2006).
This gave 4.66 kWh/ftday for Baltimore, MD, which is about 240 km teteast. This
estimate assumed a flat panel solar array facinthssith a fixed tilt equal to the latitude
of Baltimore (39 degrees). On this same websiteap of the solar energy resource for
U.S. gave a value of 4.5 kWhifday for Western Maryland assuming the same flat,

south-facing array tilted equal to the latituden iAtermediate value between the PSU
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Energy comparison
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Figure 3.4. Comparison of monthly AL electricityezgy, total building energy use
(electricity plus natural gas) and monthly totdbs@adiation at Penn. State University
monitoring site (SURFRAD 2006). All measures areagrer ha basis. Measures of
emergy (energy quality) would improve this compamis

(measured) and Baltimore (modeled) total solaratémh estimates - 4.1 kWhfiday
(i.e., 1500 kWh/rfiyear) - was chosen for this analysis.

These estimates for solar radiation were also eztbesked using studies of solar
radiation and production in forests. Ahl et al.@2Preported an average value of PAR of
1953 Mj/nflyear for 1999 and 2000. This translates to 5.3rfjlay or 1.5 kWh/rfiday.

This was very similar to average daily PAR from P36 kWh/nf/day (SURFRAD

2006).
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Estimates of wind energy potentially available n&ppalachian Lab came from
the National Renewable Energy Laboratory’'s (NRELh&VAtlas (Elliot et al 1986).
This atlas includes maps of average annual winddgspad average annual wind power
density. Several areas on the ridge crests neatlfeng are rated as class 3 or higher.
The NREL Wind Atlas states that class 3 and absweitable for wind turbine
applications, but the U.S. Energy Efficiency anch&eable Energy Program’s “Wind
Basics” website (EERE 2006) states that only classd above is feasible for wind
power generation with present technology. Usinguyger limit of the class 3 power
density range, 200 W/mand assuming that this average annual wind pdeesity is
available all hours of the day gives an estimat® kW#vh/nf/day potential wind energy.
The area in this estimate refers to a verticalgléme vertical area swept by the blades of
the wind turbine as oriented perpendicular to tinection of wind (Elliot et al 1986).

Actual wind energy varies significantly with timéyear and time of day.

Ambient Water Supply

To estimate average annual water supply from pitatipn, data were obtained
from the weather website of Frostburg State UniyeRrofessor Greg Latta for 1999-
2005 (Latta 2006). This data provided an estimatverage annual precipitation of 1116
mm per year. This is comparable to other reporth s$ Kline et al. (2000) for the
nearby Youghigheny basin (45.9 inches = 1166 me23Inm for the Ridge and Valley
province to the east, 1216 mm for the Alleghenyd@la province to the west (Chastain

and Townsend 2004), and 1110 mm for Oakland, M&h & the west (Castro and
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Morgan 2000). An estimate of the total volume afqppitation per hectare of land area
was calculated assuming this average annual rboffall16 mm fell on every unit of
area. See Figure 3.3 for monthly variation in gretation as converted to gallons per

hectare.

Results

Average annual carbon and nitrogen emissions aechge annual energy and
water uses of Appalachian Laboratory from 199900%2are presented in Table 3.1 (for
the mechanical, non-living sub-system) and Tal®g(fér the human sub-system). Also
in Tables 1 and 2 are AL emissions and uses asa@upo estimated forest C and N
assimilation capacities and local ambient suppfesolar energy and water from
precipitation.

These comparisons show that AL’s emissions (tdtdirect, local and indirect,
remote emissions) from building and equipment tbgien (from NOx) and carbon
(from CQ,) exceed the assimilation capacity of a generaliaedl oak-hickory forest
ecosystem by factors of 57 and 70 respectivelgohtrast, AL’s total building and
equipment energy use is less than the ambient eo&agy incident on the lab building
and grounds. The area of land needed to captergyerquivalent to AL’s total needs is
just 0.26 ha total or 0.13 ha per unit area of 8imilarly, AL’s total water use is less
than ambient precipitation. The area of land neede@pture water equivalent to AL’s

total annual needs is just 0.13 ha total or 0.0@draunit area of AL.
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Table 3.1. Carbon, nitrogen, energy and water esassions for Appalachian

Laboratory and use or emission intensity relatova tocal forest reference system. These
are average annual amounts 1999-2005 for the migethamon-living sub-system only,
except for water, which includes human drinking agdienic water. Areal, per unit area
emissions are based on AL area of 2 ha. All cartbdrom CQ emissions from building
and travel. All nitrogen is from NOx emissions framilding and travel. C and N

intensity factors overall tell hectares of foreuired to absorb or assimilate all C or N
emitted by AL in one year. They are calculatedhasratio of AL emission / forest

uptake, or AL use / local ambient supply.

Resource use or emission Amount

Total carbon emission (kg C Y 422,205
C emission per unit area (kg Char'™) 211,103
Forest carbon sequestration (kg C'lya") 3,000

C intensity factor overall (ha of forest) 141
C intensity factor (ha of forest per ha AL) 70
Total nitrogen emission (kg N yy 910

N emission per unit area (kg Nhgr™) 455
Forest nitrogen uptake (kg Nhar™) 8

N intensity factor overall (ha of forest) 114
N intensity factor (ha of forest per ha of AL) 57
Total energy use (Megajoulesyr 14,113,542
Energy use per unit area (Mj hgr™) 7,056,771
Local ambient solar energy (Mj har™) 54,000,000
Energy intensity factor overall (ha of solar land) 0.26
Energy intensity factor per unit area (ha of solar 0.13
land per ha of AL)

Total water use (gal V) 392,159
Water use per unit area (galha™) 196,079
Local ambient precipitation (gal higr™") 2,948,171
Water intensity factor overall (ha of precip. land) 0.13
Water intensity factor per unit area (ha of precip. 0.07
land per ha of AL)
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Table 2. Carbon, nitrogen, energy and water usessens for Appalachian Lab and use
or emission intensity relative to a local forederence system. These are average annual
amounts 1999-2005 for the human, living sub-systety (see notes about water
estimates). Human water use is drinking water ¢rypeople, 1/3 of daily needs).

Human C is C@emission from respiration; C in sewage is aboukd8r or 5% of CQ

from respiration and is not included here. Humais N in sewage. Human energy is

food energy assuming 2500 calories per day peppdi® people, 1/3 of daily needs).

Resource use or emission Amount

Total human carbon emission (kg C'yr 5,594
Human C emission per unit area (kg C'lya™) 2,797
Forest carbon sequestration (kg C lya") 3,000

C intensity factor overall (ha of forest) 1.86
C intensity factor (ha of forest per ha AL) 0.93
Total human nitrogen emission (kg N'yr 67
Human N emission per unit area (kg N'"ha™) 34
Forest nitrogen uptake (kg N har™) 8

N intensity factor overall (ha of forest) 8
N intensity factor (ha of forest per ha of AL) 4
Total human energy use (Megajoule®)yr 58,531
Human energy use per unit area (Mj ha") 29,266
Local ambient solar energy (Mj har™) 54,000,000
Energy intensity factor overall (ha of solar land) 0.0011
Energy intensity factor per unit area (ha of solar 0.0005
land per ha of AL)

Total human drinking water use (gal'yr 3,769
Human water use per unit area (gaf e’ 1,884
Local ambient precipitation (gal higr™) 2,948,171
Water intensity factor overall (ha of precip. land) 0.0013
Water intensity factor per unit area (ha of precip. 0.0005
land per ha of AL)
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Comparing the relative roles of AL’'s mechanical &odnan subsystems shows
that less than 1% of the G@®mission and about 7% of the N emission come tien
human workers at AL (Table 3.3). Less than 1% eféhergy use is due to human food
consumption. Thus the mechanical sub-system acedon99% and 93% of C and N
emissions respectively and 99% of the energy usenath drinking water was estimated
to be 1% of AL’s total water use. Human hygienidevaise was not estimated but is
likely much greater than drinking water use.

Results in Table 3.4 indicate that the vast majaitmechanical C and N
emissions and energy use are associated with theufdlings and on-site equipment
(although note that for electricity use actual esoiss occur at remote sites of
generation). About 6% of carbon and nitrogen erorssand 11% of energy use come
from automobile and air travel. Energy use for ¢hagjs and equipment is from natural
gas predominantly (51%) indicating that winter lmgatind hot water are the most
energy-intensive aspects of the buildings. Eletyris the next largest energy type (38%)
and its seasonal increases in the summer (FigGjes@ggest a large portion of this is due
to summer cooling. Automobile travel uses 6.2% aindravel 4.8% of AL total energy
uses.

Nitrogen emissions (NOXx) from electricity use (88)dominate total N
emissions from the mechanical sub-system followeddiural gas (10.1%), air travel
(4.6%) and automobiles (1.4%) (Table 3.4). Humagnissions are 6.9% of the total and
thus exceed the emissions from automobiles andaael. Carbon emissions are
dominated by C@from electricity use (68.2%) followed by naturalsy26%),

automobiles (3.8%) and air travel (1.9%).
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Table 3.3. Comparison of resource uses and emifigionexosomatic (mechanical) and
endosomatic (human) sub-systems. Endosomatic (Hwweer use is drinking water
only (70 people, 1/3 of daily needs). Exosomatitewancludes human hygenic water
and was calculated by difference. Human C is €@ission from respiration; C in
sewage is about 72 kg/yr or 5% of £ftbm respiration and is not included here. Human
energy is food energy assuming 2500 calories pepdaperson (70 people, 1/3 of daily
needs).

Resource | Total Exosomatic | Endosomatic | Percent Percent

Use or (mechanical) (human) Exosomatic | Endosomatic
Emission

Carbon 423,731 422,205 1,526 99.64 0.36
emission

(kg C yrh)

Nitrogen 977 910 67 93.13 6.87
emission

(kg N yr)

Energy use| 14,172,073 14,113,542 58,531 99.59 0.41
(Mjyr™)

Water use 392,159 388,390 3,769 99.04 0.96
(gal yr')

Table 3.4. Appalachian Lab resource uses or enmsig fuel or activity type.
Percentages for the exosomatic, mechanical subrystly. Average annual uses and
emissions 1999-2005.

Electricity | Natural Gasoline, Air travel Building | Travel
Gas Auto travel Total Total

Carbon 68.2 26.0 3.8 1.9 94.3 5.7
emission
Nitrogen 83.9 10.1 14 4.6 94 6.0
emission
Energy 38.0 51.0 6.2 4.8 88.9 11.1
Use
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AL energy use 1999-2005
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Figure 3.5. Comparison of total energy use, el@tyrinatural gas, gasoline and air
travel, all in units of terajoules per month (tdt@l 2 ha AL area). Note the opposite
seasonality of natural gas (winter heating) andtetgty (summer cooling).

Looking at trends over time, Figure 3.6 shows miyngimissions by AL of carbon and
nitrogen from 1999 to 2005. Both emissions appedreind down, and these trends are
likely due to steady decreases in the percentageadfand increases of nuclear power in
the fuel mix of Allegheny Power (see Table A6 ie tippendix). Figures 3.3 and 3.4
compare AL uses of energy and water to local antlbesources. Solar energy estimates
came from measurements at the Pennsylvania Statersity’s surface radiation

monitoring site (SURFRAD 2006) and precipitatioanfr Frostburg State University’s
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AL NOx-N Emission 1999-2005
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Figures 3.6A and B. Total nitrogen emission in N&dwd total carbon emission in GO

due to the activities of Appalachian Lab. Thesetar& emissions, not per unit area. For
reference, a rough estimate of average monthlytéhtien in forests would be less than 2
kg, and average monthly C sequestration would bets?60 kg C, for a forest of the
same 2 ha size.
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weather website (Latta 2006). Both of these plbtswsAL uses and local ambient
supplies on per unit area (per ha) basis.

The relative and dynamic roles of electricity, matwgas, gasoline and air travel in
AL energy uses are depicted in Figure 3.5. This ghows different seasonality in peaks
for heating and hot water (natural gas) versusiegand equipment use (electricity) and
how the main signal of natural gas use dominatesafal energy use.

Results, estimates and conversion factors takelerved from literature values
are reported in the tables in Appendix A. Thesé&uohe all estimates found, considered
and used related to 1) ambient atmospheric N daposind N input estimates; pre-
industrial and current, 2) N uptake by forestsdstimates of N retention capacity, 3) C
uptake by forests for estimates of C sequestraipacity, 4) human C, N, energy, water
uses and emissions, 5) local ambient solar and amedgy estimates, and 6) conversion
factors used to convert various measures (e.girieiey use to CQ@emission).

Based on the 2004 Allegheny Power fuel mix andssians disclosure, 2.3% of
AL’s electricity energy is derived from renewabtausces. This includes 1.3% from
hydroelectric, 0.6% from solid waste, 0.2% fromtcapd methane and 0.1% from wind
power sources. Given that electricity is 38% of alotal energy supply (for the
mechanical sub-system), and that the remainingalagas, gasoline and jet fuel sources
are all non-renewable, AL’'s energy comes from thas 1% renewable and thus more
than 99% non-renewable resources.

Uses and emissions of C, N, energy and water asmmated relative to the
major AL products of articles published and gradwstidents trained. In the 1999-2005

period, 32 masters and doctoral students graddiaedeither University of Maryland or
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Frostburg State University that had a major facattyisor at AL (Paulette Orndorff,
personal communication). This resulted in an anauatage of 4.6 graduates per year,
which was rounded up to 5 for use in estimatinggtedent environmental fluxes. This
yielded annual values of 84,441 kg C emission, KRl emission, 2,822,708
megajoules of energy use, and 78,432 gallons adnveste per graduate student
completing a degree.

During the study period, faculty and others at Alblsshed 159 articles, reports
and chapters in books based on the online pulditatlatabases at AL and UMCES
(UMCES 2006). For 1999 and 2005 additional publoeg were counted based on
searches of the ISI Web of Science (http://isikrezlgle.com). This amounts to 23
publications per year, but this number was roungetb 25 to account for additional
publications likely not included in the databas®scordingly, this study estimates that
AL emits 16,888 kg C and 36 kg N and uses 564,5d@ajoules of energy and 15,686

gallons of water per published science articleyear.

Conclusions and Discussion

Conclusions

The questions of this study were raised with hagd®th improving the quality

of environmental science and improving the abitynvironmental science to deliver

on its potential to help solve the major, chrosigstemic environmental problems now
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facing citizens of the Chesapeake region as weti@st developed societies. The
approach is not intended to detract from the ingae of discovery of new objective
knowledge. Nor is the intent to accuse, attackisguhlify environmental science from
providing information or opinions pertinent to suafivironmental problems or their
solutions. One might consider comparing this situato the identification of a “conflict
of interest” of a judge presiding over a legal c&ag unlike a legal instance where a
judge may recuse himself or herself and be replagesimore objective judge, in the
case of environmental problems there is no otheerabjective party that could fill in.
To consider key environmental problems as systemiails a view that no party is any
less in conflict of interest. From this perspectiseciety has no alternative but to help
improve environmental science, and it is up to Emmental science to take the lead, be
self-critical and actively work to improve itself.

Several important qualitative conclusions can bdertzased on the quantitative
results of this study. First, using the referentclcal, natural waste assimilation
capacities, nitrogen (NOx) and carbon C@missions of Appalachian Lab are
unsustainabldy a factor of 57 and 70 respectively (followitg tGoodland and Daly
(1996) definition for sustainability as emittingstethan the local waste absorbing
capacity). Thus, for example, it would take appneaiely 57 ha of forested land per ha of
AL to absorb all the NOx-N emitted by AL annuallshis same conclusion can be stated
in terms of time - it would take on the order ofygars for a forest of the same size as
AL to safely absorb all the NOx-N emitted by ALone year. For the criterion of non-
renewable resources, it likewise must be conclubdatithe science operations of AL are

unsustainable, since AL uses non-renewable nagasalcoal and petroleum-derived
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energy sources and does not set aside any resdard¢bke development of equivalent
renewable energy capacity.

Considering that the problems of 1) excess N Igaftiom land to water and 2)
excess C@emissions to the atmosphere similarly can be ddfas cases in which
emissions exceed natural assimilative capacities;am conclude that AL is inside, part
of, or participating in the real systems contexXtghese major human-environment
problems. Admittedly, spatial scales need to bees$dd for this categorical conclusion
to be valid. Excess N loading is more readily dedimas a rate of N export from a
watershed greater than the amount that can belsszksand processed by a water body
without undesirable side-effects such as algalbkand associated hypoxia and myriad
other problems.

To bridge sustainability and the chronic-systemiabpem definitions between the
larger global and watershed scales and the snmath@anizational scale of the AL
building and grounds (2 ha) three main principlesild appear to suffice. First, for the
example of reactive nitrogen, we must accept thatyghing that goes up (is emitted)
must come down (results in deposition and loadiRgy.CQ this principle might be
stated as what goes up (is emitted) stays up tadiie shared commons of the
atmosphere), thus affecting all. Second, we needdsess the variety and relative
assimilation capacities of differing local natuealvironments. For example, if wetlands
can assimilate more N than forests, and if wetlardsnore abundant in the overall
watershed than forests, then some allowance mgyhtdxde for locally excessive
emission knowing that the excess can be readilggased by the greater downstream

assimilation capacity. Third and finally, we couwlohsider a watershed-wide or global
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spatial extension of comparative local sustainghflie., emission rates less than local
assimilation capacities). By this principle, foraexple (and other things equal), if we
extended AL’s 70-fold greater G@mission than forest sequestration capacity to the
entire Chesapeake Watershed, we would need am&i@ast 70 times as big as the
watershed to assure sustainability and prevent@mwiental problems. This logic seems
to hold even given that excess £€nission is usually considered a global imbalance.
For the task of placing or locating AL relativett® excess N problem of the
Chesapeake watershed, these three principles vapplear to span the scales and uphold
the general assertion that AL is inside and pgiing in the problem. What we emit or
cause to be emitted will come down as deposititheeon the Chesapeake watershed or
on some other area. While wetlands and other emalbgommunities may well be able
to assimilate more than 8 kg / ha / year, and aftenh more, it is not likely that any can
assimilate the 455 kg / ha / year emitted by ALr. &ample, Lusby et al. (1998) reported
daily rates of denitrification that scale up to aahrates between 31 and 168 kg per ha
for grey willow and Typha wetlands. But the wetlandat do process and denitrify more
reactive N than forests are not nearly as abundaspatial extent. Of the 66,000 square
miles of the Bay and its watershed, forests co®és,Gagriculture 28% and developed
lands 3.6%, with wetlands only 2.6% (CBP 2006bJug ho allowance for excessive N
emission seems defensible as the excess cannssiimad to be processed by greater
natural capacities downstream. The same seem®tr@, emissions — no downwind C
sequestration capacity greater than that of oakelnycforest is likely to exist, so no
allowance seems justified to compensate for AL'Sa@ greater than sustainable C

emissions.
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The same conclusions of unsustainability and “iasSidtatus hold for the
chronic-systemic societal problem of unsustainablergy use, since AL relies on non-
renewable fossil fuels for 99% of its energy neddis AL, and by extension all
institutions of environmental science that sharésAkliance on non-renewable energy
and heavy use of energy supplies associated wgthdmissions of NOx and GQs not
physically outside, separate from or independemhfthese problems and their real
systems contexts.

Looking at finer details of the two major sub-systewithin AL, the data support
the distinction that the non-living, mechanical sylstem of AL is highly unsustainable,
whereas the human sub-system is potentially fulstanable (locally, environmentally)
for energy and water and not too far from sustdanédy carbon and nitrogen. AL’s
energy needs could be met by local solar energyhaady wind energy (although note
that this conclusion does not address economiotret major logistical issues). And
AL’s water needs could be met by capturing locakppitation (however, this does not
address water-related issues such as the aregehiious surfaces of AL’s parking lot
and buildings). Table 3 shows “exosomatic” or meotel versus “endosomatic” or
human emissions of C and N and uses of energyvatet.

Given that AL’s non-renewable energy dependenoyig 99%, and that there is
no known replacement for fossil fuels in terms émrgyy quality (Odum and Odum 2001,
Heinberg 2004), it can be concluded that AL wKElly need to reduce overall energy
use. Similarly, we can suggest other changes redjfior sustainability and limits or rates
characterizing a solution domain or context in wtpcoblems are solved and no longer

occur. In the same way the local carrying capdoityscience as specific to western
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Maryland can be estimated. An environmental sci@pazation that emitted no more
than 3000 kg / ha / yr of Gnd 8 kg / ha / year of N would be sustainablevaodld
not participate in chronic-systemic problems ofesscCQ and excess N. Local
renewable energy is abundant, but its use wouldiregonversion of 99% of AL’s
current fossil fuel basis to solar and wind enefige geographic location of AL receives
approximately 15 million kWh per ha of solar eneegyually — nearly four times as
much energy as AL'’s total annual needs. The aszarakeives nearly 3 million gallons
per ha of precipitation annually — eight to nimags more than AL'’s total water use.
Thus no changes in water use would be requireddaleeally abundant precipitation.
Results support the central hypothesis that subatidin of environmental values
is a root cause of chronic-systemic human-envirortrpeoblems. The data are
consistent with an explanation that we at AL havkectively and individually decided
that our professional priorities of published dets; trained graduate students, discovery
of knowledge, and public service via consulting m@e important than environmentally
sustainable operations. While science, educatisnpdery and consulting are clearly
vital to society, it seems that to subordinate emmental sustainability to these goals is
part of a shared, systemic and problematic worlg\leat also exists in sectors like
transportation, energy, healthcare, industry amdmerce. Workers and citizens in all
these sectors may similarly decide or argue theit thorks and missions are important
enough for society in the long-term that they walrexcessive consumption and waste
emission, and the off-loading of the costs and equences to the larger community and

future generations, in the short-term. The goodsiewhat the present study puts us “all
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in the same boat”, and this common dilemma mayigdeoa basis for empathy,
cooperation and coordination to find and implemasting solutions.

To adopt a new goal and value of local environnmentstainability entails a
principle of fitting science to the particularsafocal environment. This in turn requires
that the operational, physical form of sciencedrgdly dependent on details of the local
context, which varies widely from place to placeud like variations between the form
of forests in tropical, temperate and boreal regji@aience integrated with and
sustainable in local environments would seeminglgchto change form in concert with
the real environmental context in which the sciesamnducted. This same principle of
physical compatibility with the local environmenaynbe applicable to all other sectors

and may be central to lasting solution of chrornistesmic human-environment problems.

Discussion

Qualifications

In general the analyses reported here were coaipery Several other known AL
energy and materials fluxes were not quantifiedsad in the comparison to local forest
or ambient capacities. Known factors not analynetude bulk diesel fuel purchased
occasionally that powers the back-up generatonfdalie paper and related supplies,
electronic waste of computing equipment and hazerdeastes from laboratory
materials. Commuting of personnel between homenstll also was not considered.

These are real energy and materials uses witltC@aINOx and other emissions that are
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associated with the ongoing operations of AL andyreamilar environmental science
organizations. On the positive side, additionahdatists on recycling of office paper,
plastic, cans, batteries, vehicles and surplus cdimpequipment at AL. These data were
not included for lack of processes for comparingsurelated to fluxes of C, N, energy
and water.

One of the positive trends observed — the slighlines in CQ and NOx
emission from 1999 to 2005 — seem likely due toctienging fuel mix for Allegheny
Power (Figures 3.6A and 3.6B). The values of NOxssian per MWh of electricity
generated decreased from 5.6 Ibs in 1997 to 2.81B604 and C@emissions decreased
from 2,066 to 1,194 Ibs per MWh. During this tinhe percentage of coal in the fuel mix
decreased from 94.3% to 52.6% as offset by mageases in nuclear (up to from 0% to
37.2%) and natural gas (up from 0.1% to 6.9%). umse of the decreases in emissions
are at the expense of increasing use of nucleaepdar which the environmental
impacts of radioactive waste and reactor accidampotentially even worse.

It should be noted that the conversion factor &tineating the energy associated
with electricity use leads to a significant undsthaate. Davis and Diegel (2002) stated
the conversion factor of 3.6 megajoules per kWh teginot take into account the fact
that electricity generation and distribution e#iccy is approximately 29%. If generation
and distribution efficiency are taken into accounkwWh = 11,765 Btu” or 12.4
megajoules. Use of the lower estimate resultsdoreservative or under-estimate that is
just 29% of the total energy expenditure associaiéid electricity. Another interesting
estimate is that air travel results in more tham®s as much NOx emission as

automobile travel on a per passenger mile basis.
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An organization of similar size and mission as &le Natural Resource Ecology
Laboratory (NREL) at Colorado State University cocieéd a similar audit of their own
operations and reported the results in 2002 (E@9@2). They reported that NREL with
its the seventy-nine employees produced 1,272dbG%,, which is equal to 315,308 kg
C per year. This is roughly 25% less than AL’s 8P3, kg C average annual emission.
NREL'’s C emissions came from electricity use (7@®tor 58%), transportation (452
tons or 36%) and natural gas for heating and hoem{@5 tons or 6%). In comparison
AL’s C emissions were estimated to be 68% fromtalgty, 26% from natural gas, and
only about 6% from travel (see Table 4). These ndijerences suggest possible
differences in conversion factors as well as aabparational emissions. For example,
the NREL emission factor for gasoline was 36 Ib€6% per gallon (16.3 kg / gal) while
the factor used for AL was 8.87 kg / gal (WRI 2Q06REL staff also appear to do more
international air travel, including significant vl to Antarctica. Unlike the present study
of AL, the NREL report included energy and £@pacts of commuting travel between
work and home.

The NREL report estimated that electricity use ryaivas due to science lab
equipment (329,000 kWh per year or 36%), air comlihg (196,000 kWh per year or
21%), lighting (178,000 kWh per year or 19%) anficefand computer equipment
(100,000 kWh per year or 11%), with other uses aomnsg lesser amounts. The largest
consumers of electricity among lab equipment wieeddrge drying oven, mass
spectrometer, CHN analyzer, smaller drying overtsrafrigeration units.

This study (Easter 2002) also reported that NR&db695,000 gallons of water

on average between 1995 and 2000. This is significanore than AL’s average use of
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about 392,000 gallons. Easter (2002) did not esémérogen fluxes and did not
compare NREL emissions to any local or naturalrezfee basis. The NREL report
suggested several measures for reducing enviromemacts, including choosing
renewable wind sources for its electricity, ingtatin of motion detectors to reduce
lighting needs, reducing travel by use of telecmrieing technologies, purchase of
recycled paper, replacing cathode ray tube (CRMpzder monitors with liquid crystal
display (LCD) monitors, shutting down computersight and other measures.
Comparison of the present study to ecological foot@nalysis (Wackernagel et
al. 1999, RP 2006) is also informative. The resulfables 1 and 2 provide a general
way to compare the methods here to ecological fodtpnalysis. The estimates of
“spatial use intensity” for C and N emissions andrgy and water uses for AL are
conceptually similar to footprints — both are esties of natural capacity on a per area
basis as the reference for gauging the sustaibabflhuman activities. One major
difference is that ecological footprints are basecdstimates of biocapacity that are
global — per acre capacities are averaged takibogcionsideration the relative productive
and assimilative capacities and different totaharef forest, agriculture, developed and
other land cover types worldwide (RP 2006). Anoihgrortant difference is that
ecological footprint analysis combines various emvnental services or fluxes into a
single estimate of biocapacity. That is, no segaaatounting or analysis for C, N,
energy or water is made. Instead, sub-totals of@mwmental impacts incorporating all
these currencies are made for energy, housing, fpmmtls and services and
transportation. One important benefit of ecologfoalprint analysis is the potential for

standardization of such auditing practices ancathkty to compare between regions and
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organizations. As is often the case, larger scatealization must come with a trade-off
of smaller scale detail and precision. There magrbes when more specific auditing
measures like those employed here are worth tlseolioglobal comparability, such as for

comparisons within the Chesapeake Bay region.

Extensions and Implications for Strategic Action

Considering the ways in which AL’s energy use demseasonally, it may be
fruitful to consider the general practice of algria large indoor environment in ways
that are “out of phase” with the local outdoor eamiment (see Figure 3.5). That is, can
we consider that heating a large building in wirged cooling it in summer may be
generally unsustainable and likely to lead to estvinental problems? For an alternative
approach, forests and forest dwellers of the laoah may provide informative examples.
Deciduous trees, perennial herbs and certain maswsnah as bears and groundhogs
alter their activity patterns to be more in phas weasonal cycles by decreasing energy
needs and production in winter, switching into dantnor underground phases or
hibernating. Such adaptations enable these pladts@imals to avoid the energetically
costly indoor heating and cooling practices of Aldamost humans in the developed
world. While specific examples of harnessing suatural role models are not ready
available, the emerging field of biomimicry (Beny2@302) provides a possible
methodology for development of real designs or etigies.

An important but likely controversial implicatior this study is to question the

view that a lack of environmental education in gahplays a large role in current
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human-environment problems. The results suggestdbd for a better examination and
definition of what specific kinds of environmen&ducation can lead to sustainable
operations and real problem solving. If those imiemmental science — clearly those
most educated in the fundamental workings of emwvirental processes and humanity’s
dependence on essential ecosystem services -targyaparticipating in causes of major
environmental problems, then a lack of educatiossdmmt seem a general cause of such
problems.

Some other factors appear to be of greater impoegtdhis as if forces operating
in the larger socioeconomic system — perhaps a&dhmlief that technological advances
will make it easy for others to clean up the messwake, or competition amongst peers
for discovery, prestige and funding - influenceiemwmental science workers and their
organizations to act against their own better judginOr perhaps something in the larger
cultural worldview is considered to be of even ¢geanportance. Perhaps a priority of
providingfinancially for children and for retirement is considered marportant than
providingenvironmentallyfor progeny. These are speculations, but the faresimilar
explorations into other ultimate, systemic caudesn@ironmental degradation appears
real.

Considering the question posed at the start — ve@hetivironmental science can
help society achieve sustainable ends via unsadti@means — the present study
suggests the importance of the integration of maadsends. Given that we know real
and specific details of the unsustainable and prohtic nature of the C and N emissions
and energy use associated with AL’s operations haveé no evidence of any possibility

of substitutes or innovations able to make the @nil energy imbalances moot, it seems
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that the unification of long-term ends and shortrteneans is warranted. This view is
tantamount to treating environmental sustainabégya journey or process as well as a
destination or product. And it implies the needdontinual attention to the
environmental quality of the science procassqual consideration with traditional
science quality criteria such as rigor, completsnesplication, parsimony and testing.

Given the current world environmental crisis, stfemand environmental quality
may now intersect. One aspect of the intended apédfor novel insight from this self-
examination study is that we may see that the sssoes, challenges, strategies and
organizing principles that we in environmental acieand ecology have studied and
learned to be fundamental in communities in thenahivorld apply fully to ourselves as
well. In this sense the reflexive application ofidamental principles of environmental
science and ecology to the real operations of teeiemces themselves is another
rigorous test of the validity of these principles.

Would it be better or worse for environmental sceeto become sustainable, to
internalize its environmental impacts? In the sefdeading by example as a strategy to
solve environmental problems, it clearly would le¢tér. The strongest proponent of this
strategy may have been Albert Schweitzer, whid, “Example is not the main thing in
influencing others. It is the only thing.” (BartleB006). The fact that very few
individuals or organizations provide examples aitainable practices, combined with
the ongoing difficulties we have in solving our @ommental problems, suggests the
links between example, influence, change and outcmay be critical at this time. The
main downside seems to come from considering catigretor funding and resources

among other sectors of society. Those considemigteral, pro-active reductions of
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environmental impact may fear being at a disadypntalative to peers and adversaries
who do not likewise begin to reduce. An ideal m&dgitound might be for environmental
science to commit to reduction of energy use asd@ated impacts at the same time as,
and in cooperation with, one or more allied secferg., local and/or state government,
science funding agencies, sustainable agricultuemaronmental businesses). In this
way the “pain of converting” or the potential disadtage to moving toward
environmental sustainability would be lessenedtardverall environmental benefits
increased.

Another positive interpretation of these resultthes potential to study and solve
difficult environmental problems very close to homm our own labs and on our own
campuses. A leader in sustainability at Oberlinl€gm, David Orr (1992) wrote:

Ecological education will, first, require the reagtation of experience into

education, because experience is an indispensakedient of good thinking.

One way to do this is to use the campus as a labgrior the study of food,

energy, materials, water, and waste flows. Resaamdhe ecological impacts of a

specific institution reduces the abstractness ofalex issues to manageable

dimensions, and it does so on a scale that legdl b finding solutions, which is
an antidote to the despair felt by students wheg tinderstand problems but are
powerless to effect change.

Further, if we in environmental science can sobeess nitrogen and the
intertwined energy, carbon and water problems iaskothe spreading of success stories
and functional solutions to other sectors of sgometght to be much easier in
comparison. Another hopeful potential is that acssted program to reduce energy and
materials use in environmental science could ledmtter scienceOne way this could

happen is that the impetus of tailoring the operetiof science to be compatible with the

physical supplies and capacities of the local emrrent could spur new discoveries as
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each science lab strives to become more keenlyngéinghtely aware of its local
environment.

Additional qualitative, quantitative and compavatself-examination of
environmental science may confirm that the rooseaaf the general human-
environment problem, or excess N loading in speadsdi not primarily “out there”, as in a
cause existing somewhere separate from humansuaniddavidual and collective minds
or intelligences. The reported research suggesatsmd in environmental and ecological
science may have to look no farther than oursdlvege and experience both the
ultimate effects of these problems and the roosesuSimilarly, this line of thought
suggests that solutions are not likely to come arilyifrom “out there”, as in 1)
discovery of new objective knowledge of the extemarld, 2) substitution of new
energy or materials resources, or 3) technologiegices or increases in efficiency of
existing devices and machines. Instead, the routesting and effective solution may be
one that leads inward, and the novelty, innovasind new creations that are needed may
be new constructs within the mind or changes inthegaspirit, other key inner human
realities. If we are to act like and achieve tregaht and excellent N retention and C
sequestration capacities and other environmentaessges of living communities such as
forests (Fiscus 2007a) we may first have to learithink like an ecosystem” (Tippett
2004). Such a collective intelligence (Wolpert dnamer 2000) as a healthy social
mental or knowledge capacity (i.e., wise and eifecscience) may be required for
collective health of a “social body” as integratednutually enhancing relationship with
the necessary environmental services such as finogieling and processing C, N,

energy and water.
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Summary and Synthesis

One counter-argument to the conclusion that AL emdronmental science are
unsustainable and are participating in causing najomnic-systemic environmental
problems is that the products of publicationsniedi graduate students and consulting
services could lead to improvements that more tdosmpensate for the short-term
excesses of use and emission they require. Whdestigenerally possible, it does not
seem likely. This argument would require that tbg8blished articles and 5 graduating
students per year result in more than 420,000 Ke®fsequestration and 910 kg of
reactive N uptake or denitrification. This C andé&imilation might be achieved via new
technologies, better management practices or bigases in capacities by enhancement,
preservation or restoration of natural areas. Rergy, this argument would require that
AL’s annual products, graduates and services refilee equivalent of more than 14
million megajoules of renewable energy capacitgmer for the operations of AL to
generate a net gain in energy capacity for humamitige long-term. If it became the
intention and priority to offset environmental ingps® these estimates provide a basis for
doing so via market based emissions trading, @duoyiring or restoring land such as
forests and wetlands with these natural capackesexample, if AL acquired or
arranged to have set aside 141 ha (about 350 afresested land per year, that land
could effectively offset total annual C and N enuss.

Looking again at the two sub-systems of AL, onel@¢@ay that humans are the
bridge between science and technology on one hashdaure, environment and life on

the other. Currently our machines, buildings, emept and behaviors bring us great
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benefits but also cause serious environmental damvég must be like mediators and
find some way to resolve the conflict between theserealms. This process would
necessitate explicit assessments of the enviroraheosts and science benefits of
machines and equipment.

Balancing the objective and relational sciencelehgkes described in the
introduction can present a third challenge of weiglthe relative importance or strategic
priority of objective versus relational orientatsoto environmental science. Which is
more important — traditional science goals likecdigery of new knowledge, or success
on the new front of solving environmental problens2 more important to bealue
neutral (as in promoting objectivity, non-advocacy andependence), ararbon neutral
(as in generating zero net g@missions)? Can science institutions and scisrdasst
individuals be objective in the scientific sensevé are entangled in real material ways
(C, N, energy and water fluxes) with major envir@mtal problems? Or, rather than
pitting such choices as either/or, must we valwkdmboth? Such are the questions that
arise when one accepts that environmental sci¢sek is now “on the inside” of its
main system of study. The study reported here seetksn these potentially difficult
guestions into advantages by using them to genecatel perspectives and insights via
development of self-reflexive environmental science

In essence this work asks of environmental scieBaa,we really help others
before we have our own environmental “house in oftl&/hat would it take to get our
own environmental house in order, to achieve emvirental sustainability of our own
operations? Would it perhaps be easier and moextie to develop and spread

solutions to other sectors of society after we Hagedeveloped and tested functioning
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solutions and achieved success in our own enviratahscience institutions3ome
initial answers and discussion are provided haremore dialogue and action are
needed.

The central problem as framed here is akin to gsklow do we sustain
environmental science (as a subset) and humantgdeie a whole) in terms of
fundamental energetic and biogeochemical relatiofs@ this question could potentially
be generalized further. Related questions incluttev does any process, community or
system sustain itself over the very long term? ldamany process or system maintain or
increase its productive capacity as it achievedpiaiion? How can any system increase
its assets, potential, relative environmental stagar odds of survival in the future?
How can any system improve itself, its environnaentits relationship to the
environment as it operatehese questions in turn are not far removed fromesof the
most fundamental questions of all such\a@bat is lifeAShrodinger 1944).

Returning to the issue of values, we might ask hre¢ven this is the ultimate
level of cause for our current problems. Is theosdimation of environmental values to
socioeconomic and other values itself caused byesterper cause? Perhaps at some
deeper level it is fear - fear of death or feathef environment — that operates to make it
seem as if environmental degradation is necessagaeptable. Or conversely, perhaps
the way we take life support and environment sexvior granted comes from some deep
belief in the capacity of the environment to heaht all disturbances and provide for our
needs indefinitely. The general assumption of asyasg, individuals and the human self
as separate from the environment may also be iatplic The concept of thetrinsic

valueof nature and all life forms provides a possibi& ko an equalization of
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environmental and socioeconomic values (Wittbe@0€0). It may be helpful to
acknowledge that we don’t have to “put ourselvesrdoor decrease our own forms of
human value. Rather, we just need to raise otheroyromote the value of our fellow
beings and environmental home - not to a level almwrselves, merely to an equal level
of value.
Howard Odum is perhaps the most famous ecologistadvocated reduction of
our energy and materials consumption. He and Heswuiote (Odum and Odum 2001):
Instead of denial, it is time for people at alldés/of society to plan for a better
world in which we use less. There should be taste®throughout society
working on descent.
Their vision of a “better world in which we usedésuggests that we need not consider
such reduction, downturn and contraction as faiturestreat. Instead, it can be both
normal given the environmental circumstances adtiier than continuing trends and
patterns that lead to environmental degradatiomn®dnd Odum (2001) also describe a
gift of being “enriched with knowledge developedhe fuel-rich century of complexity”
as we change course and head back down towardwlee €nergy basis similar to
sustainable communities like forests. In this seéhsevhole cycle of exponential growth,
reaching and overshooting the limits of our envin@mtal carrying capacity, sensing the
problems and the conscious downturn has been aexpariment, and we in science
may have an important role to play in gleaningl#ssons from this great experiment.
Collectively learning these lessons could find ligj@atly enriched with knowledge
about ourselves, our environment and the best fofmalationship and organization for

long-term environmental and social quality.
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In a last example of self-reflection and self-exaation, the author must admit
that these same methods find his own science peacéis both unsustainable and part of
the problem. Estimates for computer use (two peiscomputers running eight hours
each work day) and commuting (car travel 22 migasdtrip each work day) provide
sufficient evidence of the imbalance of the authawwn science research practices with
respect to local C and N assimilation capacitieb#se of non-renewable energy without
replacement. Following such environmental reckoming must decide if he/she is
willing to publish science articles or make recomuafetions for problem solving that in
effect say, when one reads between the lines, ®csay and not as | do”. Personal
changes for the author such as biking to work, mpgo that work and home are nearer,
examining the use of machines, considering the atspaf each action and reducing
energy use and environmental impacts are undemliagit with slow progress.

Additional and ongoing self-critical examinatiorcéses on which aspects of
environmental and ecological science are essarticivhich are affordable given the
resources they require.

In the humbling moments of self-reflection inspitgdthe global ecological crisis
it becomes apparent that there are limits to wleahumans can do, limits even for our
advanced scientific and technological capacitiesn&things simply are not substitutable
or replaceable, and we take them for granted abwauarperil. No matter how crucial our
personal or institutional mission, if we take thesnbasic necessities of life for granted
we cannot assume that local excesses of emissidepietions of capacity will be taken
care of elsewhere in time or space or by somea®e ¥kars of scientific study of

environmental and ecological processes providdia fmndation for knowing that the
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processes associated with C, N, energy and watduadamental and must be attended
to explicitly and with margins of safety.

In perhaps the most concise and straightforwardgehis research simply
suggests the best environmental strategy is tolzaek equal or greater quality to the
environment compared to the quality we take frommehvironment. Otherwise the
environment, our relation to it, and we ourselvésall be degraded and compromised.
Allenby (2005) proposes the following principlerindmmanuel Kant as a global
environmental ethic: “Act such that the world thatuld be expected to result if every
entity acted in an equivalent manner would be hitatand desirable expression of
human design”. This principle builds on the Goldarle, which Allenby (2005) states is
common to most cultures, and it also acknowledgestrong human role in designing
and shaping the world.

If we love our fields of environmental and ecol@adiscience enough to do
whatever it takes to improve them; if we love oluss, our children and our
communities enough to do whatever it takes to solwecurrent chronic-system
environmental problems; and if we love our natfwadsts, wetlands, estuaries and other
systems of study enough to do whatever it takgsdserve, enhance and pass them on to
the next generation in health and vitality; thenmuest transcend our current cultural
context of over-consumption. Luckily the systemssiely - the forests and other living
communities — have been teaching us ways to dpghastical ways of living sustainably

in any environment, all along.
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Chapter 4

Comparative Network Analysis Toward Characterization of the Necessary and
Sufficient Organizational Criteria for Environmenta | Sustainability

Introduction

According to many observers, it appears likely thatface a turning point in our
relationship to our natural environment. Odum anldii® (2001), a famous ecological
science couple, forecast a downward trend in huenangy use and interpreted this trend
the following way:

There is no modern experience in coming down tbygdout we do have some

principles about cycles...and the historical recdrgast civilizations...We get

some ideas observing ecosystems when they contract.
As mentioned in this quote, comparative ecosystetiess could help us understand
long-term environmental trends and key relationshifomparing human ecosystems to
natural ones, many of which have persisted anepsgfietuated for tens of thousands of
years, may help us discern if we can continue atreat general human-environment
relationship, if we need to make fundamental charagel what specific changes could
improve our environmental relations and help sqikablems. Comparative ecosystems
studies may also reveal time-tested, proven suftdes®d robust organizing principles in
ecosystems that we can use as role models viaradbttechnology transfer” like that
developed in the fields of biomimicry (Benyus 20Q&rmaculture (Mollison 1996) and
ecological engineering (Kangas 2004).

The research project described here sought togedundamental information
about quantitative, physical aspects (i.e., biog&ysarrying capacity) as well as

gualitative, relational aspects (i.e., organizaaidorm and dynamic behavior) of
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environmentally sustainable human-environment systéderman Daly (1990)
introduced the clearest and most concise principlesustainability. His “input-output
rules” for sustainability require use of resouraegates less than natural environmental
generation rates and also address waste assimitaacities and non-renewable
resource use (for the full text of the rules, seager 1 in this dissertation). One goal of
this study was to examine whether internal ecogaysted network configuration patterns
could be developed and correlated with these fureddahboundary flux and input-
output principles. One question addressed wagjracgeie network structural patterns
associated with, and key to actualizing, ecosyst@nhesto meet the Daly input-output
rules? And do network structural patterns diffeig@etbetween those systems that are
environmentally sustainable and those that are not?

Based on prior study of ecological network analy&iNA), the hypothesis was
developed that human and natural ecosystems difi@rtatively in relation to the
“window of vitality” (Ulanowicz 2002a, Zorach andahowicz 2003). The window of
vitality describes a narrow region bounded by twwl&-system network organizational
properties — the number of network roles (limitadge of 2 to 4.5) and the effective
connectance per node (limited range of 1 to 3.1)teal natural (and several human)
networks analyzed thus far plot inside this windoywarameter space. Networks with
structure, nodes and links constructed randomiyiaacomputer simulation are not so
confined and can fall far outside this narrow regidlanowicz 2002a).

The window of vitality was tested for its ability help define sustainability via
comparative network analysis. This test involvesting natural ecosystems as

environmentally sustainable reference cases baségl general adherence to the Daly
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(1990) input-output rules above and 2) observatsntshistorical evidence that forests
and other natural ecosystems self-perpetuate amtthae to improve (e.g., build and
enhance soils) over time scales of 10,000 yeansdBa and Amundson 2003), very long
relative to time frames of human cultures.

The second major hypothesis tested relates todusinal ecosystem typology
developed by Allenby and Richards (1994). Theseitwlastrial ecologists presented a
simple classification scheme characterizing funda#aiesystem differences along a
continuum from heavily industrial and resource-def@nt ecosystems (Type |) to ideal
and resource self-sufficient ecosystems (Type Tlheir three ecosystem organizational
types are categorized in ways compatible with tag/Rules via similar focus on system
input and output boundary fluxes. The three ecesystpes vary in degree of reliance
on non-renewable versus renewable resources. ébaslystem types also include
general reference to internal organizational stmactmainly in the form of varying
degrees of material cycling. The comparative edoldgnetwork analyses reported below
examined the utility of this typology and its aggalbility to both a human food web
network and four non-human ecosystem networksedipted that the human network
would be best classified as a Type | industrialgstem and that natural ecosystems
would be similar to the more sustainable ecosysigpe Ill.

The specific human food web studied was a smalnaitvork within the total
U.S. food system. The beef supply chain, extenttimg farms and key farm inputs
through human ingestion and on to waste disposad,studied in terms of stocks and
fluxes of nitrogen. While a very limited and singlese, the U.S. beef supply network

possesses several key properties that should allany results to be generally applicable
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to the industrial food system. Based on initiatlfimgs, beef was chosen due to its status
as the largest source of protein and N in the ti&.(USDA 1998). The humans-beef
network as a whole was deemed representative of major structural aspects of the
U.S. food system, including agricultural productifmod processing, long distance
transportation, retail sales, home storage andapatipn and wastewater treatment. The
beef supply system also exhibits some of the liasioon, nitrogen and energy issues
characteristic of major environmental problems effdrts to define and achieve
environmental sustainability.

In addition to tests of two specific hypothesesarding network and ecosystem
organization relevant to sustainability, this resharoject involved exploration for
additional comparative network analysis measuresnagthods useful for such efforts.
Several surprises were encountered, and it is httyp¢édome of the methods, results and
discussions will benefit sustainability sciencel action steps for sustainability and help

solve the general, chronic and systemic human-enrient problem.

Data and Methods

Ecological Network Analysis Theory and Techniques

Ecological network analysis (ENA) was employedest the hypotheses and

explore the relationship of ecosystem network ogdion to environmental

sustainability. As developed by Ulanowicz (e.g.8691997, 2002b, 2004), ENA

comprises a set of analytical tools and computgrahms for understanding the holistic
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and non-mechanistic nature of ecosystems. Cewttaktunderlying theory for ENA is
the view that communities and ecosystems havedependent, relational aspects that
are understandable via focus on parts of the n&twasolation. Ulanowicz (1999)
elaborates this view in his “ecological metaphysiot promises improvement for
mainstream life sciences now based on mechanisti®arwinian philosophical
foundations (Ulanowicz in preparation). This thebags powerful implications for
ecological science in that it entails that ecolegg fundamental or basic science in its
own right and thus not a discipline derivative ofeducible to others like biology or
physics.

The pragmatic tools of ENA involve identificationdaquantification of stocks
and fluxes of key ecological “currencies” such asrgy, carbon, nitrogen, and
phosphorus but can also be applied to any energyaterial that is exchanged in a
network. A dataset for ENA is constructed by idrig who eats whom and by how
much. Compared to dynamic modeling, the network@gugh is atemporal — the
organizational relations of stocks and fluxes &weied for a snapshot in time during
which they are treated as unchanging. This aterhpspeect can provide a
complementary perspective to dynamic modeling.

In ENA research, in addition to data for internalcks and transfers between
network compartments two types of exports are distinguished and quantified
(Ulanowicz 2004). Transfers of useful medium wititgntial food or nutrient value for
another species or entity outside the focal netveoekcalled exports. Transfers of non-
usable medium, such as energy completed degradezhtar nitrogen reduced to its

lowest redox state inJ\are treated as terminal transfers or respirations
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Comparative Network Analysis

Ecological network analysis was conducted in coraipas fashion to elucidate
similarities and differences in the network orgatian of a partial human food web
relative to several non-human natural ecosystemms fdcal nutrient examined in the
human case was nitrogen (N), as it is currentlyftices of extensive and intensive
research as associated with excess N loading tGhkesapeake Bay and the subsequent
problems this causes.

Comparative network analysis was the basis fomgshe hypothesis that human
food web networks are organized in ways that pemtloutside the “window of vitality”
(Ulanowicz 2002a, Zorach and Ulanowicz 2003). Nekwoethods were also employed
to test the hypothesis that human ecosystems astlik® Type | industrial ecosystems
of Allenby and Richards (1994) while natural ecdsyss are most like their Type lli
ecosystems. Finally, a suite of network analysiasnees and indices were explored for
additional insights into how human and natural gstesns are organized and how this

knowledge can be used to inform sustainabilityrsmeand action for sustainability.

Human Diet in the U.S.

To construct a food web network for humans in th®.lUdata analysis was done

to identify the major food items in typical U.Seth and quantify the contributions of

each item to human ingestion of energy and nitrogased two USDA nutrition datasets
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(USDA 1998 USDA 2006) to construct a list of the top food iteby average daily mass
ingested. These foods accounted for 94% of toti&t dalories using an estimated
average of 2,002 calories per person per day itVtBe (USDA 1999). Ingestion data
came from the USDA SR14 (Standard Reference 14ggwf food intakes over 2 days
by 14,262 individuals between 1994 and 1996 (USDBB8). The numbers reported were
mean quantities of each food item eaten per pgysoday. The dataset is broken down
by ages and gender, and | used summary data forgeoiders and all ages 2 and older.
To convert the food items and quantities into epanrgd protein amounts, a second
USDA SR19 dataset was used (USDA 2006). This repeater, fat, energy, protein,
carbohydrate and other nutrient contents, and efspll and protein conversion factor
for each food item was provided in the “N_Factoeld in the SR19 Food Description
file. The documentation reports that the generebiaof 6.25 is used to calculate protein
in items that do not have a specific factor. Theemse of this factor is equivalent to 16%
N in protein.

The 63 leading food items by mass ingested amdlist Table 4.1 as ranked by
protein amounts, as protein is the major souraatodgen ingestion. The nutrient
contents (e.g., water, energy, protein, fat) of ynainthese items are category averages of
more specific actual items. For example, ground aeerages over 25 varieties of
ground beef with differing percentages lean andufat different cooking methods. The
milk category averages over 23 varieties of flwtiple, reduced fat and non-fat milks.

From this data ground beef was ranked the top safrprotein in 1994-1996.
The original intention was to construct networksdther major protein food items such

as milk, chicken, beans and turkey, as well asdatces like vegetable oil and
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Table 4.1. Average daily intake amounts, nutri@mitents, protein and nitrogen of major food item#JiS. diet, 1994-1996. (USDA
1998, 2006).

Daily Energy N Protein  Daily N
Food item Intake (g) % Water % Fat % Ash % Carb (Kcal/100g) % Protein Protein (g) factor % N Intake (g)
ground beef 25 59.1 14.2 1.0 0.0 238.0 25.7 6.43 6.25 0.16 1.03
fluid milk 182 90.1 0.9 0.9 4.8 40.0 3.3 6.02 6.38 0.16 0.94
chicken 21 60.2 11.7 11 1.7 221.7 25.9 544 6.25 0.16 0.87
beans and peas 17 11.4 1.2 3.7 61.6 338.1 22.2 3.78 6.25 0.16 0.60
turkey 14 64.0 8.3 14 1.2 186.5 25.3 354 6.25 0.16 0.57
cheese (solid) 13 434 242 4.4 4.3 331.0 23.8 3.09 6.38 0.16 0.48
lowfat milk 88 89.9 1.0 0.8 5.0 42.0 34 297 6.38 0.16 0.46
beef steaks 10 585 118 12 0.0 228.6 28.7 287 6.25 0.16 0.46
luncheon meats 19 59.1 20.7 2.7 3.7 257.3 13.3 252 6.25 0.16 0.40
fish (finfish) 10 66.7 6.3 2.0 0.0 161.4 24.9 249 6.25 0.16 0.40
spaghetti 41 62.1 0.9 0.3 30.9 158.0 5.8 238 570 0.18 0.42
pizza 19 434 124 2.6 29.5 278.0 12.2 2.32 NR
eggs 19 73.7 120 11 11 163.4 121 230 6.25 0.16 0.37
dinner rolls 20 28.4 6.5 2.2 52.0 310.0 10.9 2.17 5.80 0.17 0.37
white bread 26 36.4 3.3 2.0 50.6 266.0 7.6 199 6.25 0.16 0.32
whole milk 57 88.3 3.3 0.7 4.5 60.0 3.2 1.84 6.38 0.16 0.29
cereal (ready to eat) 16 3.4 4.0 2.8 81.6 377.3 8.1 1.30 6.25 0.16 0.21
soups 52 89.4 15 1.2 5.6 44.8 2.3 1.21 NR
wheat bread 11 35.7 3.6 2.2 47.5 266.0 10.9 1.20 5.80 0.17 0.21
nonfat milk 34 90.8 0.1 0.8 5.0 34.0 34 1.15 6.38 0.16 0.18
peanut butter 4 14 484 3.2 22.0 586.4 25.0 1.00 5.46 0.18 0.18
chips and popcorn 10 20 237 3.0 62.9 485.9 8.3 0.83 NR
rice 31 70.2 0.4 0.3 26.6 123.1 25 0.78 5.95 0.17 0.13
icecream 15 62.4 7.0 0.9 255 174.2 4.1 0.62
potatoes 20 71.4 3.3 1.4 21.2 122.4 2.6 0.52
oranges 53 86.8 0.1 0.4 11.8 47.0 0.9 0.50
orange juice 55 88.4 0.3 0.5 10.1 44.0 0.8 0.44
french fries 13 61.5 5.2 19 28.7 172.0 2.7 0.35
cooked cereal 16 82.2 0.7 0.6 14.5 71.2 2.0 0.32
mashed potatoes w/ butter, milk 15 75.6 4.2 15 16.8 113.0 1.9 0.28
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Table 4.1, continued.

Food item

coffee

corn

oat cereals

candies and chocolate
beer

lettuce

bananas

tomato sauce

fluid cream

fruit drinks

carbonated drinks with caffeine
onions

tomatoes

candy

grapes

salad dressing
mayonnaise
applesauce

margarine

apples

tea

carbonated drinks (diet, no caff.)
coffee decaf.

syrup

apple juice

wine

jams and jellies

sugars granulated
vegetable oil
carbonated drinks (no caff.)
carbonated drinks (diet)

Daily
Intake (g)

224
10
10
4
78
16
16
13
6
87
193
12
12
2
12
5

5
21
6
14
123
26
31
3
17
9

2
44
18
60
54

% Water
99.4
75.8
85.3

3.7
94.2
95.1
74.9
89.1
72.3
87.8
90.3
91.0
945

5.7
80.5
58.2
51.0
79.6
35.3
85.6
96.7
99.7
99.3
30.0
87.9
85.7
40.5

0.0

0.0
89.6
99.8

% Fat
0.0
0.7
1.0

24.7
0.0
0.2
0.3
0.2

20.0
0.1
0.0
0.1
0.2

14.0
0.2

24.2

34.2
0.2

61.1
0.2
0.0
0.0
0.0
0.1
0.1
0.0
0.1
0.0

100.0
0.0
0.0

% Ash
0.4
0.8
0.3
1.3
0.1
0.6
0.8
2.0
0.6
0.2
0.0
0.6
0.5
1.0
0.5
2.7
1.9
0.1
1.8
0.2
0.1
0.0
0.1
0.5
0.2
0.3
0.2
0.0
0.0
0.1
0.1

Energy
% Carb (Kcal/100g)

0.0 1.0
20.1 84.1
10.8 63.0
63.5 484.8
1.9 33.2
2.8 15.0
22.8 89.0
7.4 37.0
4.5 204.2
11.8 47.0
9.6 37.0
7.2 31.4
3.9 18.0
74.6 433.0
18.1 69.0
135 271.0
11.9 352.9
19.9 76.0
11 547.9
13.8 52.0
3.2 12.8
0.2 1.0
0.0 0.0
68.8 256.5
11.7 47.0
3.8 86.7
58.9 216.6
100.0 387.0
0.0 877.4
10.6 41.0
0.1 0.0

% Protein
0.1
2.7
2.6
6.2
0.3
1.4
1.1
1.3
25
0.2
0.1
1.1
0.9
4.3
0.7
1.2
1.0
0.2
0.6
0.3
0.0
0.1
0.1
0.5
0.1
0.1
0.4
0.0
0.0
0.0
0.0

N
Protein (g) factor
0.27
0.27
0.26
0.25
0.22
0.22
0.17
0.17
0.15
0.14
0.14
0.13
0.11
0.09
0.09
0.06
0.05
0.04
0.04
0.04
0.03
0.03
0.03
0.01
0.01
0.01
0.01
0.00
0.00
0.00
0.00

Protein
% N

Daily N
Intake (g)
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carbohydrate sources like sugar. But the beef gumtivork was so complicated that it
became the sole focus of the project. The compylexXithe full U.S. human food web
seems several orders of magnitude greater thaotleaen the most detailed natural food
webs such as Chesapeake Bay and Florida Everglthgle this does raise questions
about the validity of comparisons, it is hoped thabmparison of the beef supply sub-
network to analogous sub-networks such as the irgpmamid below alligators and
bluefish will provide meaningful results. Also, mes$ and techniques of ecological
network analysis are general and robust and hase b&ed for comparisons of different

networks.

Construction of the Human-beef Supply Network

Boundary, Scale and Component Assumptions

The focus for data collection was a general anglsfiied representation of
nitrogen (N) flux in the beef supply network forlégany County, Maryland. The system
size was based on the 2005 population of approeimn@6,000 people. An annual time
step was used for network fluxes, and national badfagricultural production data for
2005 were used when possible. The focal componehtei network was the beef N input
to humans. The network was traced forward to d iampartment in wastewater
treatment, and traced back to nitrogen fertilizedpction as the primary N input to
agriculture. The other components considered wal®, grass and hay production, feed

corn production, cow-calf operations, cattle feédlgerations, slaughter and
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meatpacking, transportation, retail (supermarketsl, home refrigeration and cooking.
These compartments and the flow links betweenltayeris in Figure 4.1.

The rationale for the compartments chosen anddomparing them to ecological
organisms, species or compartments is based orat&ey assumptions. Like natural
ecological network participants, each of the hurbhaef supply compartments take in a
food item (beef), transform or alter it in some wayg., slaughter a live animal, move
beef from mid-west U.S. to Mid-Atlantic U.S., et@hd pass it on to another network
actor. Also similar to natural food webs, each cartrpent also uses energy and causes
fluxes of N and C in the transformation procegsitforms, analogous to metabolism,
albeit a generalized “industrial metabolism”. Figathe compartments defined and
guantified are associated with real corporate iestitCorporations form an economic
boundary similar that also enables tracking of gna@nd material fluxes via data
reported, government statistics and similar infdramasources. One problem with this
extension of ecological network analysis to the.bu8nan food system is that beef (and
other foods) is not actually ingested in industt@npartments and it is not transformed
into another life form via true metabolism. Thiglrdifference will be kept in mind
during comparisons and bears future work to examtsnealidity and consider alternative

approaches.

Figure 4.1 (next page). Diagram of humans-beebgén network.
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U.S. beef supply chain
Human food web nitrogen sub-network
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« Fertilizer 7. Slaughter-packing 11 -
 Saoll 8. Transport
o Grass-hay 9. Retail
« Corn 10. Home refrig. & cook
o Cow-calf 11. Humans Figure 4.1

Feedlot 12. Waste treatment
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While these compartments are specific to the bagbly chain, the general
network structure seems applicable to many othgomh@od items. If the cow-calf and
feedlot stages were generalized to one or moraciagrral production” components and
the slaughter and meatpacking stage generalizede@r more “food processing”
components, very similar networks could be consddifor C, N or energy fluxes
associated with chicken, turkey, pork, fish, méiggs, cheese, bread, pasta, pizza,
oils, sugar, condiments, beverages and many otl&rdietary staples. All of these foods
would share functional components like the feritizsoil, crop plants and feed plants,
transportation, retail, home refrigeration and eéngland wastewater treatment units
developed for the beef N network.

| assumed the average Allegany County citizen lhhasame annual beef
consumption as the average U.S. citizen. An estimats obtained for per capita
production of beef measured as weight of dresserasses (butchered and ready for
sale) from slaughter and meat packing operatioo&al TJ.S. production (dressed
carcasses) in 2005 was 24.8 billion Ibs (Nationgdiéultural Statistics Service (NASS)
2006). The net balance of imports and exports whalce added a bit to this total supply,
but these numbers were not considered. Based arpopalation in 2005 of 296,410,404
(U.S. Census Bureau 2006), this gave an estim&38 &f (83.7 Ibs) annual beef
production per person in the U.S.

Gregory et al. (199%estimated losses from dressed carcasses (averayd ®@3
kg) to retail sales (average weight 225kg) as 3§i%ng an estimate of 25.8 kg (56.9

Ibs) per person purchased at retail and transpbdate. An estimate of loss at home due
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to cooking waste, spoilage, uneaten portions aheraauses was set at 10% based on
Smil (2002), which yielded an estimate of 23.2 &#.2 Ibs) per person ingested
annually. This was checked for plausibility by certing the figure to an estimated 16
ounces of beef eaten per person per week, or 2@esper person per day. The estimate
of 23.2 kg per person ingested was quite a bitdriglnan another estimate of 12.8 kg per
year obtained from analysis of USDA food surveyadatSDA 1998; see Table 4.1).

This lower estimate only accounted for consumptibground beef and steaks and thus
did not include beef in other types of foods sugls@ups, luncheon meats, sauces and
pizza. The lower estimate was also from 1994-19bkeeef consumption may have
increased since then.

Using another national statistic of total productio weight of live animals gave
an estimate of the average weight of live animadsra@nsumed per person. NASS
(2006) reported 40.7 billion Ibs total live prodoct for 2005 giving an estimate of 137
Ibs per person. Based on population, and usingikeage weight at slaughter of 570 kg
(NASS 2006), this yielded an estimate of 8200 hwfazhttle to supply Allegany
County’s needs for beef. These per capita and betafl consumption estimates provided

the starting point for construction of the resbe&f supply network.

Working Upstream in the Beef Supply Chain

Starting with the human biomass (population) amtbiahbeef N ingestion needs,

| worked back to estimate all stocks, inputs anighots needed to satisfy that human
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ingestion. At the end | traced the excretion ohNéwage to and through the wastewater
treatment stage and estimated N fluxes associatachwman mortality.

Data gathering for each compartment (e.g., restalited with the known amount
needed to supply the receiving compartment (ex.ehfrigeration and cooking). Next |
used scientific literature, online reports and gaweent statistics to estimate losses,
standing stocks and production inputs needed tplgtipe required output. This process
was then repeated for all compartments. Whene&silple | considered multiple
estimates for each stock, flux or conversion patam#lost of these values and their
sources are reported in Appendix A.

For some compartments such as soils, cow-calf tpasaand humans, it was
important to consider how much production is nedda@plenish productive capacity
and sustain the compartment itself. These factar$¢d examination of flow loops inside
some compartments and required iterative calculatio approximate balanced steady
state conditions. In this process it was importamntote if literature values of estimated
losses were reported as percentage of standink, stales, or production output as these
would result in different loss fluxes. Losses watéimes reported in terms of whole
animals (e.g., head of cattle lost to mortalityl ather times as partial amounts of
animals (e.g., percentage of total carcass loshaails, hide, bone and other unused
portions of slaughtered animals).

The dataset construction process was very singlatandard methods of
ecological network analysis such as those develapddeported by Ulanowicz (2002b,
2004). That is, the general approach is to quanmtifg eats whom and by how much.

However, several important differences were enarentin this attempt to extend
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ecological network analyses to U.S. human and tn@lisood webs. One of these major

differences is described next.

Steady State Assumptions

Ecological network analysis requires an assumpifasteady state conditions for
the ecosystem being studied. One must constructetveork stocks and fluxes in such a
way that inputs and outputs for each compartmedtla& network overall are balanced.
Thus for the time interval of the study, it is as®d that the network and its
compartmental stocks and fluxes are assumed ngjtbeting nor declining significantly.

Unlike the living systems traditionally studied &eological network analysis,
industrial systems do not have standing stocksateatully equivalent to living biomass.
The standing stocks that enable production alsoetrequated easily with mainly abiotic
ecological compartments like soils and detritustdad, standing stocks associated with
the industrial beef supply chain are a blend of-liding mechanical, living human
workers and a variety of other building and infrasture aspects. Examples of types of
productive capacity or standing stocks that enpldduction in the slaughter and
meatpacking compartment, some of which contairtibzel N, are 1) buildings with
associated heating, cooling and lighting, 2) largehinery like conveyors and
refrigeration, 3) energy supplies including fo$séls, electricity, coal, gasoline and
natural gas, 4) small equipment like knives, broomeses, 5) vehicles and 6) human

workers.
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Also unlike living systems, industrial systems dx directly regenerate their own
capacity for production with each work cycle. Tlstthere is not an onsite (nor even
corporate or national) allocation of energy or rauits that serves to replenish and sustain
the infrastructure in the same way that organisiiosate energy and nutrients to
replenish and sustain living tissues and ecosystglanization achieves maintenance,
regeneration and enhancement of soils and biodiyehsstead, much of the industrial
capacity for production is external to the locét sif production and, most importantly,
this capacity idiquidatedor used without replenishment during productioay Korms of
capacity like fossil fuels, soil organic matter dnddiversity are exploited to drive
production with no allocation of any gains from gwation for their replacement. At the
corporate level productive capacity is replacedibg of money (exchange value gained
from sales of beef) traded for new, replacememinproved capital equipment and
infrastructure. But at the environmental, ecosysteational and global levels the steady
state assumption of no decrease in essential pigdwstanding stocks is not fully valid
for U.S. industrial systems, since some of thesekstare in fact declining significantly
due in part to the impacts of industrial agricudt¢€ampbell 2005Tilman et al. 2002).

Said another way, the mass and N of beef in themplaslaughter and
meatpacking unit does not cycle internally andasinternally transformed to regenerate
other necessary elements of production. The patiegption is for the human workers.
If human workers were included in each of the cotmpants, some of the N flow and
beef production output could be allocated to repoedand sustain the productive
capacity (the humans themselves via their dietatigke of N in beef). For example, a

staff of 100 workers would ingest about 100 kg N ye=ar in beef. But since this flux is

181



relatively small, and is indirect in that it is matd by the economic system (workers
earn wages as employees of slaughter and meatgaulkints and then exchange some of
those wages for beef at retail outlets), it wasaxamined for this study. Even though a
small and indirect flux, this does constitute aMll@op and form of network complexity
that is worth further study.

Without fully resolving these issues, this projsetved to identify and begin to
characterize them. The N fluxes for human workezsawwgnored, and it was assumed
that stocks of productive capacity would somehowedptaced as for a steady state
network (see more on this in the discussion sertitime simple aspect most similar for
industrial and ecological networks is the massea#flalways present in each
compartment of beef supply network. This was usegktimate standing stocks of N in

beef in the industrial compartments.

Standing Stocks and Biomass Estimates

| used a process of estimating reasonable residanes within each
compartment to estimate standing stocks. Most tnidlistocks are always moving
through compartments in linear assembly line fashit@r example, | assumed that meat
stays in a retail store about one day. Combinel arntestimate of 1078 Ibs of continual
stock of meat in each of 11 stores/restaurantstiaked up to 234 kg N standing stock
and matched the needed output from the retail .ufiits same process for the slaughter
and meatpacking compartment using a rough resid@neeof 4 hours leads to a

standing stock of 43 kg N, roughly the N in fouatef cattle. It is interesting to note
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that beef (in the form of live animals) spends dlsm months in the cow-calf and
feedlot operations (see below), but during and afeughter and conversion to a food
product beef then spends about a day in each afdustrial compartments.

Details of how additional stocks and fluxes of Noeef were estimated for each

compartment are described below.

Human Consumption and Ingestion

Using the value of 23.2 kg beef ingestion as abweakies for protein content of
beef and N content of protein were used to estirmateial human N ingestion from beef.
The USDA (2006) nutrient data reported that grobeef is 25.7 % protein and steaks
are 28.7% protein. These two values were averaggvé an estimate of 27.2% protein
in beef. The same reference also used a convdesstor for protein as 16% N. This
value was comparable to 17% reported by SterneEéset (2002) and a bit higher than
the 10-14% reported by Bahar et al. (2005). Usmege figures an estimated intake of
1.01 kg N per year or 2.8 g N per day from beef wlatained. This value is reasonable,
but perhaps a bit high, as compared to an estiofdt2 g N ingested and excreted per
person per day (Fiscus 2007b in preparation), asgutihhat much additional protein and
N comes from other forms of meat (e.g., chickerkey, pork, fish), milk, cheese, beans
and grains, eggs and other sources. The figure at®itw beef providing 23% of the total
N intake. Scaling this up for Allegany County asfale yielded 75,871 kg N from beef

ingested per year.
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Other data indicated that human bodies containtahé& N on wet weight, live
biomass basis. Several estimates found vary oiglgtst with Sterner and Elser (2002)
reporting stoichiometric ratios that yield 2.4% hdal925 data from Alfred Lotka of
2.5% N. Data from Lane and Schoeller (2000) rasu 6% N. For an average person of
150 Ibs or 68 kg, this amounts to 1.7 kg of N sdlarethe human body. Using the
estimate of 12 g per day of total N (all sourcegjested and passing through the body
gives a residence time of 142 days. That is, tleeame atom of N stays in the body for

142 days before being replaced by a new atom of N.

Home Refrigeration and Cooking

The compartment for home refrigeration and cookwag included as an
important unit based on the significant energy mitrgen fluxes associated with this
integral aspect of U.S. lifestyle. Heller and Keaie(2000) reported that 32% of the total
energy of the U.S. food system is used in housestolchge and preparation. Millstone
and Lang (2003) also estimate that in 2000 hathohey spent on food was for eating
away from home at restaurants and similar operatid®DA statistics (2006b) for 2005
put food expenditures away from home as 46.5% ($456ilion dollars away from home
compared to $973.6 billion total food expenditues;luding alcohol). Refrigeration,
cooking and associated N fluxes for such non-homterprises were treated as combined
into the home compartment.

While worth examination as a unit in the beef sypm@twork, the N fluxes

associated with NOx emissions due to home energyvas not included in this analysis.
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A very rough ballpark estimate was done for N feigssociated with home refrigeration
and cooking for Allegany County using 1) the cotmfyroportion of the total U.S.
population (0.025%), 2) an estimate of N emissj@grsunit of energy consumed in a
university research building (6.8 x 1&g N/Btu, Fiscus 2007b in preparation), 3) energy
used in household storage and preparation in 1825 & 10° Btu, Heller and Keoleian
2000) and 4) an estimate of beef as associatedl@¥h of the total home refrigeration
and cooking needs. The resulting value of 5,52@fKg per year is small relative to how
much N in beef is moving through all homes in Alag County, but it would be more
complete to include this in future studies.

Using the same estimate of 10% loss of beef totssnat home or restaurant as
above, the amount of N flux from retail into thenl®was set at 84,301 kg. Of this 10%
loss, half was assumed discarded as solid wastailandfill and half discarded down
the drain into the sewer system. This loss wagjasdias two output fluxes from the
home cooking compartment - one a respiration onital flux to a landfill, the other a
flux of useful or biologically active material witd to the wastewater treatment
compartment that would join the N flux from huma&wsge wastes.

At this point in the network, beef is 4.35% N owet weight basis — the product
of the proportion of N in protein (16%) times priotén beef (27.2%). Beef as eaten is

about 59% water (USDA 2006a).

Retalil
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To estimate the beef and N flux into the retail pamiment, | again used an
estimate of 32% loss from dressed carcass to wetight as above (Gregory et al. 1994).
This loss in mass was considered to be fat andso@meoved in butchering of dressed
carcasses. As such this processing step was trastesulting in an increase in the
proportional N content in the beef, since bonesfahdontain less N than protein and
muscle. For example, Sterner and Elser (2002)cstatd phospholipids are 1.6% N and
glycerols, fatty acids and waxes contain no N lafféley also say that bone is about 4%
N and blood about 3.5% N. Skin, however, is veghhin N at 16%.

The N content in beef at this stage was estimae¥atotal mass, wet weight
basis as an intermediate value between 4.35%aif ne¢at and 1.6% N reported for live
growth weight gain for feedlot cattle (Hao et &08). These calculations result in an N
content of 0.4% for the 32% of dressed carcass thasss discarded in producing retail
cuts of beef. This N content figure may be low amiild benefit from additional
scrutiny of data on differential N content betwekessed carcass, discarded portions and

retail beef.

Transportation

The transportation compartment represents trudkorg slaughter and meat-
packing plants to retail outlets. | did not gattlata on energy use and associated N
fluxes for this step, but added a nominal 1% teahloss as likely associated with
spoilage due to rare events like breakdowns. Timagt stock | assumed a 2-day transit

and residence time in this compartment to represecking from the mid-west to
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Allegany County. Transportation also occurs mareptimes in the beef supply chain,
for example from cow-calf operations to feedlotsl&h 2006) as well as from retail to
home. Inclusion of just the one transportation cartrpent is thus a minimal treatment of

this function and under-estimates its importancerai.

Slaughter and Meatpacking

Slaughter of beef cattle and meatpacking has be@mrneasingly automated and
industrialized over many decades. MacLachlan (2@0dl Horowitz (2006) document
many of the incredible details of this historicavdlopment. This story includes the
invention of an automated restraining, stunning lahiethg conveyor system able to
decrease the time and human labor for this prosbgs also preventing damage to the
beef product that can be caused by physiologicainotals released if animals sense fear,
are stressed and experience trauma (MacLachlan).ZDiod slaughter process is likely
the most labor-intensive stage in the beef supiprcand many other steps have not
been amenable to automation due to variable simsvaights of the animals. As a result
much of the strenuous human labor required in lauich has led to repetitive motion
and trauma disorders by workers, high employeeottenrates and insurance costs, high
labor costs and very slim margins for the meatpagkidustry (MacLachlan 2001).
Perhaps related to these pressures, the meatpatimgyis also the one most
consolidated economically and just five major cogpions - Tyson, Con Agra Beef Co.,

Cargqill, Farmland National, and Beef Packing Coontrol 81% of the slaughter and
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meatpacking market in the U.S. (Millstone and L20§3). Salin (2001) reported 64
packer operations in total in 2000 with the 4 latgben controlling 82% of production.

NASS (2006) reported that 0.55 percent of beefecataughtered were
condemned and discarded due to unacceptable ma#yg8tarting with 8200 head for
Allegany County, this led to an estimate of 45 &ddal head grown through feedlot but
condemned at time of slaughter. | assumed theseldifional head would not have been
included in the USDA statistics for weight of limaimals produced in 2005 (40.7 billion
Ibs). Thus | added these 45 head to the feedlpuouésulting in a flux of 8,245 live
head out from feedlot to slaughter. The bodiehefa5 head condemned were assumed
to go to the landfill lacking other data and thigsareated as a terminal or unusable flux
of 513 kg N/yr.

| also estimated 39% loss of total mass in dischlaly parts from the
difference between reported values for total livedoiction and total beef production in
dressed carcasses (NASS 2006). This mass wagiteesatan export of usable medium
and most of it is likely rendered into protein puots for other uses. Some beef by-
products are used in feed and supplements for indugoultry and hog operations but
have been banned for use in beef feed since the d8%irrences of mad cow disease

(Pollan 2006).

Feedlot

Beef feedlots are examples of confined animal fegdperations (CAFO) that

have greatly increased the economic efficiencyeaff Iproduction while also creating
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new problems related to manure disposal and arhesdth with implications for human
health as well. Many feedlots have huge numbestedrs, often on the order of 30,000
head (Pollan 2006), in a small central feeding ateeounded by a larger area of land in
corn and/or hay production. The surrounding lartdro&lso serves as a site of manure
disposal and recycling. Salin (2001) reported #¥ilfot operations in ten states in 2000,
with the 300 largest managing 74% of feedlot beedfipction.

The start for characterizing the feedlot compartmeas the need to supply 8245
steers to the slaughter and meatpacking compartasesh¢scribed above. The first step
was to account for an estimated 3% that die inle@e@Pollan 2006). This results in a

need for 8500 steers to enter the feedlot compattme

Average steer weight at the start of feeding whsrtaas 250 kg (Pollan 2006) and
final weight as 570 kg (NASS 2006) thus leadingt¥erage weight gain of 320 kg or
about 1.36 kg per day over the average time ifiebélot of 235 days (Gregory et al.
1994). Steers are usually 7-10 months old at @ ahd are sold for slaughter at 14-16
months (Pollan 2006, Gregory et al. 1994). An agenaeight of 410 kg and 2% N in
live cattle were used for estimation of standingniass N and loss of N due to deaths
(treated as respiration or terminal loss to lahdfito be destroyed).

Estimates of N inputs in feed were based on aadié6% corn and 25% hay and
protein-mineral supplements (Pollan 2006). Usireglfdata from Hao et al. (2005)
provided a value of 51.5 kg N total intake in feddvhich 38.7 kg came from corn, 9.8
kg from hay and 3.6 kg from supplements. Thesenaséis result in feed conversion

efficiency of 6.7 kg dry matter feed intake perdégveight gain. This conversion
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efficiency would be roughly the same for N depegdn the values of %N in feed and
live animal biomass, and identical if both of these taken as 2%. Smil (2002) reported
an N conversion efficiency of 7 for beef cattlelgdly and Herring and Bertrand (2002)
reported dry matter efficiency of 5.7 for the U.S.

Manure output was estimated by subtracting froral teed intake the amount of
N retained in beef cattle weight gain. The resglfigure of 45.1 kg N per head per year
of manure N output was very similar to the estindté6 kg of Aillerry et al. (2005).
Aillerry et al. (2005) also provided estimateslod percentage of manure N lost to runoff
and leaching from animal feeding operations. Thepprted that of total U.S. manure
production about 6% of N is lost via runoff and@®is leached into the soil and
groundwater. Eghball et al. (1997) reported 3.2%3¥ via runoff from cattle manure
composting operations in Nebraska. The larger val®6 was used as it came from
data for the U.S. as a whole and was treated abioeohexport of reactive N via runoff
and leaching. The estimate used for manure N airtitt@ir was 26%; for derivation and
sources for this flux see cow-calf operations beldivmanure was treated as recycled
via application to the agricultural soils usedttoe same corn, grass and hay production
operations of the network. Half the manure N losgee assigned to feedlot (pre-
application) and half to soils (after application).

Many inputs integral to industrial feedlots, sonfigvbich likely involve N fluxes,
were not analyzed. Pharmaceuticals including thibiatics Rumensin and Tylosin,
ingredients in protein supplements such as liqddhg vitamins, synthetic estrogen and
urea and energy use and fuel combustion for ves)igiending and mixing of corn and

feeds and other mechanized processes were igridoddr{ 2006).
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Cow-calf Operations

Cow-calf operations produce steer calves for feasdle well as cows for
breeding. Cows are bred or inseminated, carry atidl dalves and calves are then
nursed, weaned and sold to feedlots. For springnser and fall seasons of this annual
process cows and calves are on range or pastutetigmcally receiving hay and
supplemental feed only in the winter. In 2000 S&id01) reported 900,000 cow-calf
operators nationally marketing 35 million head aftle.

The start for characterizing the cow-calf operaticompartment was the need to
supply 8500 steer calves to the feedlot compartragibove. Considering literature
values and estimated losses, a steady state h&dd1§i0O cows was determined necessary
to produce the needed steers as well as some oéfecement breeding cows.

The NASS livestock report (2006) listed calf death005 as 6% of the total
U.S. calf crop. Tess and Kolstad (2000a) repottatl 8% of calf deaths are in the first
three days of life and so the average weight ofesalost to death was assumed to be
near birth weight and a rough estimate of 50 kg wgksl. This translated to an estimate
of N loss via calf death of 585 kg per year, atreddy small flux. The same NASS report
listed cattle deaths as 3.8% of total cattle mangst Pollan (2006) said 3% of cattle in
feedlots die on average throughout the industrindJthe 3% value with 11,100 head of
breeding cows gave an estimate of 333 cows dyinly g@ar in the sub-system studied.

Assuming the average weight of each cow lost waskgQ(intermediate between
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yearling average weight of 414 kg and mature wead370 kg) yielded a mortality loss
of 2997 kg N per year.

The estimated average age at death of breeding pmwviled a basis for
guantifying needs for replacement of breeding cavess and Kolstad (2000b) also
reported that cows were sold when they reachedeagsyold. Assuming an even age
distribution from 1 to 11 years for the herd of i) cows results in 1010 cows reaching
the age limit and being sold each year and an edsdd\ flux of 11,515 kg. A combined
total of 1344 cows would need to be replaced eaeln.y assumed that half of these
came from the cow-calf operation itself and thesotialf were purchased from another
operation. These replacements were assumed todwedge yearling weight of 414 kg
(Tess and Kolstad 2000b). Nitrogen inputs fromaepiments cows purchased, and from
protein supplements in feed (see below), weredteas imports from outside the
network.

The standing stock biomass of cows and calves stasated from the 11,100
cows and 9,172 calves. For the cows, an averagghtvei 492 kg was again used. The
biomass of calves was estimated assuming an avesgight of 125 kg (intermediate
between 37.2 kg birth weight and 212 kg weaninggiw@i Calves becoming replacement
breeding cows were estimated to weigh 313 kg (@eeoh weaning weight of 212 kg and
yearling weight of 414 kg). For all these calcuas all cows and calves were assumed
to be 2% N live biomass wet weight basis. NASS @06ported that 53% of
slaughtered cattle were steers, 1.6% bulls, 31%dseand 15% dairy and other cows.
Since these figures amount to a sex ratio of abbut males to 45% females that is not

too far from 50%, no accounting was done for addal cow-calf pairs needed to supply
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more males than females. This assumption wouldylilesult in an underestimate of the
herd size and the feeding and other input needféobeef production level studied.

Tess and Kolstad (2000a and 2000b) simulated acadfiyroduction system
applicable to and with parameters derived from apens in the Northern Great Plains
and the Rocky Mountain West as in Montana. Montarthe 7' largest producer of
calves for beef feedlots, and the top six calf patin states are Texas, California,
Missouri, Oklahoma, Nebraska and South Dakota (NA®%). Thus estimates for cow-
calf production from Montana are likely skewed tosvBess grazing time and native
forage intake and more winter feed or hay and smpehts than the actual U.S. average,
since the major calf producing states are fartbatls

Tess and Kolstad (2000b) reported intakes of ngrass, alfalfa hay, grass hay
and nutritional supplements for cows and calveshawl these vary monthly. They also
reported percentage of crude protein (CP) in e&these feeds, which varied from a low
of 6% CP in dormant native grass in November anceBer to highs of 17% and 20%
CP in alfalfa hay and protein-mineral supplemergspectively. All forms of crude
protein were assumed to be 16% nitrogen and asioechkvith CP percentages these
figures showed native grass to range from 1.06862\, hay from 2.2 to 2.7% N and
supplements were 3.2% N. These estimates of Neth fieere similar to those of Bahar et
al. (2005) who reported grass silage to be 2.2% N.

Summing simulated masses of daily intakes of &ltlfeypes for cows and calves
provided estimates for annual N intake per cowR4g N from grass, 31.2 kg N from
hay and 2.7 kg N from protein supplements. Calagested approximately 7.1 kg N

from grass. Calves also nursed for 7 months of gaah from birth typically in mid-
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March to weaning in mid-October, with peak milklgief 11.2 kg per day on average for
five genetic lines (Tess and Kolstad 2000b). Tesskolstad (2000a) reported that
cows’ milk is 3.5% protein and 4% fat. (For compan USDA (2006) describes
commercial whole milk as 3.2% protein and 3.25%) fBlhese figures yielded an
estimate of a maximum of 13 kg N per year thatesintake, and cows output, via
nursing. A lower estimate of 11 kg was used assgreiss than peak milk production
and intake.

Three estimates for calf weights at weaning anusfea to feedlots were found
and the intermediate value of 250 kg of Pollan @0f@as used. Tess and Kolstad
(2000b) reported weaned calves averaging 211 kgGaagory et al. (1994) reported 285
kg. Sterner and Elser (2002) estimated large mamasal.2% N on a dry mass basis.
Assuming cattle are 70% water, this translates28&02\ on wet weight, live animal
basis. Hao et al. (2005) used a value of 1.6% Nupgrof weight increase for growing
feedlot cattle. An intermediate value of 2% N wasadifor live weaned calves which
could then be used to estimate annual N flux from-calf to feedlot operation.

The total cow and calf intake values (from all féyges and milk) of 81 and 18
kg N per year, respectively, were used to estila¢gcreted as manure onto rangeland
pastures. Estimates of N going into milk, birthcafves, and cow and calf weight gains
were subtracted to give 68.4 kg per cow and 13.@dtgcalf available to be excreted as
manure. These per head values were scaled umtal atanure N flux estimate. This
manure was treated as transferred back to the@mipartment, of which part is

associated with the rangeland pasture and partaeith production.

194



Aillerry et al. (2005) and Eghball et al. (1997bpided estimates of losses of
manure N to air and water. Aillerry et al. (2008&ported a 21% loss of ammonia N to air
via volatilization from feedlot storage in the Capsake watershed (and an additional 7%
loss from the field after application). Eghballét(1997) reported annual N losses to air
of 19%, 32% and 43% during composting in threesdéht years in Nebraska for an
average of 31%. An intermediate value of 26% N tossr was used for both cow-calf
and feedlot operations and this was used to $@itanure N flux into portions recycled
back to soils and exported to air as useable medduvalue of 6% N loss to runoff and
leaching was used as above for feedlots. No estiofdll loss to B via denitrification
was made. Smil (2002) reported that NO an@® Mmissions from agricultural soils range
from 0.5 to 2% of N applied. As for the feedlot|flthe N losses to air and run-off were
assigned to the cow-calf operation and half tosthikss compartment.

No specific estimates were made of N fluxes assediaith the backgrounding
process. This step is the two-month period whetlecdiets are transitioned gradually
from grass and hay to corn (Pollan 2006). Thissisally done at the cow-calf operation
but can be done at the feedlot. The N concentrainmhtotal amounts of feed are similar
to other estimates and so this lack of detail ghoot affect estimated N fluxes
significantly. It is, however, a very significarg@ect of the beef production process as
related to ruminant evolution and physiology - rnarits co-evolved with grasses and
eating corn alters their digestion radically inchgichanges to acidity and increased
susceptibility to bacterial infections (Pollan 2p0Bhus the transition to a high corn diet
has many implications for industrial agriculturajraal health and the need for

antibiotics, the fat content in meat, human heattti related issues. Those issues are not
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addressed here except to cite a recent controveleted to antibiotics use in cattle feed

currently in the press (Weiss 2007).

Feed Corn

The history of how corn became the main feed fef battle is another
interesting story. Pollan (2006) links this evabuti a major change from the older
method of raising beef on grass and hay, to baletficiency corn affords by shortening
the time needed for cattle to fatten up to slauglvegght and industrial, systemic need to
make use of excess corn production in the U.S.

Constructing the dataset around the corn produgtioness compartment began
with the need to supply 328,581 kg N in feed tofdezllot. To estimate a total mass of
corn the value of 1.3% N in corn was used fromstim&te for corn silage (Bahar et al.
2005) and higher than an estimate of about 1% ¢bin kernels (Peterjohn and Correll
1984). It is interesting to note that corn has lopmtein and thus N content than grass
(estimated at 1.8% N), grass silage (2.2% N) amig¥pdased feeds (2.4% N, Hao et al.
2005). This seemingly relates to the fact that stdal beef production is geared toward
faster weight gain, and that since corn has matgotgdrates than grass and hay it can
facilitate more rapid weight gain via increasean f

The values found led to an estimate of 25.3 milkgrof total corn dry biomass
output required for the beef supply chain. Addigbwmalues of corn yield of 365 bushels
per ha and 25 kg weight per bushel (Baker and All@®6) combined with values of N

content in corn and total N required provided ameste of 2,723 ha of land needed for
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corn production. Building the data for the corn gamiment was done in concert with
guantifying fluxes for the soils compartment asythee closely linked via application
and uptake of N from fertilizer, manure and othmsrses.

| assumed that the corn production was geared ynrgroduce kernels and thus
that 50% of the non-kernel portion of the plantsev@turned to the soil as litter. The
remaining half of stalk mass and a small pest\es® labeled as exports. Input from
seeds was taken as 1% of kernels harvested or aB60tkg N total. Other usable losses
due to waste, wind blown pollen and saved seeds n@rincluded due to lack of data
but are likely relatively small fluxes. A terminaks of 4000 kg was added based on a
very rough estimate of corn lost to unusable wditeamass for this compartment was

treated as corn reserves and was estimated as fl@3auwal production.

Grass and Hay

The starting point for the production of grass aagl feeds was the need to
provide 907,762 kg in N in grass and hay to bo#ulet and cow-calf operations. Using
Pollan’s (2006) estimate of 10 acres of pastumr@aige land required for each calf
produced led to a need for 35,000 ha for the 8%D@s output from the cow-calf unit.

One eighth of the grass pasture and hay land veasreesl to be nitrogen fixing
alfalfa. Haby et al. (2006) reported 80 to 220 kgéy ha of atmospheric N-fixation in
alfalfa hay in Texas. The mid-point of this ran@&X kg N/yr) was used for N input for
alfalfa. An estimate of 40 kg N per ha uptake fon#leguminous grasses was also used.

Half of the annual grass and hay production wasrmasd to occur belowground and this
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estimated value was used both as root litter prioaluthat flows to soils and as standing
stock of the grass-hay system (i.e., a biomassgpoof roots that survive through
winter). Litter flux was routed as recycling backthe soils compartment. Losses due to
pests were set at 5% and most of this was treated@ort of good medium with just

5000 kg lost as terminal, unusable output.

Soils

The soil compartment represented agricultural sdilsorn, grass pasture and hay
operations needed for forage and feed. The estinoht2, 723 ha of corn production and
35,000 ha for pasture, range and hay were summed, 7@3 ha of soil.

All manure from feedlot and cow-calf operations evarputs to soils. Ferguson et
al. (2005) reported that 30% of added manure is adailfmr plant uptake in the first
year. This value was used and the remaining 70ftamfure N was routed as input to the
organic matter N pool. Input of N via atmosphempdsition was set at 4 kg N per ha, an
intermediate value of many surveyed by Fiscus (B0 preparation). | assumed an N
mineralization rate from organic matter decompositf 50 kg per ha N, less than Aber
et al. (2004) value of 84 kg N per ha for forestsmall and rough estimate of 5000 kg
or about 0.1 kg N per ha was treated as lost tardemation.

Pimentel and Kuonang’s (1998) estimates of ong#arha soil lost to erosion for
grass hay and 10 tons for corn were used. Thewg asinntermediate value 0.1% N in
agricultural soil (range of 0.05% at depth to 0.8%» surface organic matter, Fiscus

2007a in preparation) led to a relatively smalkfaf N lost via soil erosion. To supply
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the total N needs required the N fertilizer inpatswget at 700,000 kg. This amounts to
257 kg N per ha considering just the corn produchiot much less considering the land

in pasture and hay.

Fertilizer

The start for estimating fluxes and stocks assediatith nitrogen fertilizer began
with the need to supply 700,000 kg N to soils fomcand hay feed production as above.
A very rough industrial process was consideredhiciv1) natural gas (CHireacts with
water to generate hydrogen gas)(ida the steam reforming process (Wikipedia 2007b)
2) hydrogen gas (Bl reacts with atmospheric nitrogen gas)(fd produce ammonia
(NH3) via the Haber-Bosch process (Wikipedia 2007agmBinonia (NH) reacts with
atmospheric oxygen (pto form nitric acid (HNQ) (Alley and Wysor 2005), and 4)
nitric acid reacts with additional ammonia to foammonium nitrate (NENOs) (Alley
and Wysor 2005).

Using the mid-point (15%) of the reported yield@&@éncies of 10-20%

(Wikipedia 2007a) provided estimates of input Nnfratmospheric Nas well as output
N> passing through as not converted to ammonia. BBe & N, not converted was
treated as a respiration rather than an exporseful medium, but this choice is
debatable. Using the proportion of ammonium niteet4% N a value of 2.06 million
kg of total NH,NO3; mass was estimated as needed to supply 700,000f&gilizer N.
This total mass value was also used to estimate &flgsions from nitric acid used in

the industrial manufacture of ammonium nitratehi@ U.S. An average value of
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emissions limits of 3.6 Ibs of NOx per ton of rétacid was used based on the Lake
Michigan Air Directors Consortium (LADCO 2005) whipaper. This paper stated, “The
majority of the NOx non-fuel combustion process &siuns are from nitrogen-based
fertilizer manufacturers operating nitric acid gEnLADCO 2005). | assumed that no
fuel-related or combustion NOx emissions are gdadria the use of natural gas in the
fertilizer production process, as the temperat@itb®reaction was reported as 700-1100
degrees C (Wikipedia 2007a), well below the lovirsitl for production of NOx via
thermal process of 1600 degrees C (Wikipedia 2007c)

Galloway et al (2004) state that about 6% of glab&brtilizer produced is not
consumed. This figure was used to estimate starsdouks as reserves of 6% of the

annual production and input to the beef supplyrchaing modeled.

Wastewater Treatment

Rough estimates for transformations occurring @awwhstewater treatment plant
(WWTP) were developed using data from EPA’s Natiét@lutant Discharge
Elimination System data (NPDES 2007) for the Curanel, MD plant. This data
showed an average total N export from 2003 thrddgich 2006 of 388 kg N per day,
which scales up to about 142,000 kg N per year.aMeeage total N concentration
during this time was 7 mg / L, and the averagd mitflow of treated wastewater
reported for years 2000-2001 was 10.4 million galper day (mgd).

The fact sheet associated with the NPDES permi€tonberland’s WWTP

includes this description of the plant (MDE 2001):

200



The plant utilizes two bar screens, two grit remawats, four primary settling
tanks, six BNR [biological nutrient removal] basifeur secondary settling tanks,
chlorination and de-chlorination to treat abou280mgd of wastewater (1/99-
4/01). The plant has been recently upgraded tooBichl Nutrient Removal.
Screenings from the bar screen are disposed ofainddill every two weeks.
Sludge from the primary settling tanks goes togtavity thickeners. Secondary
sludge is mechanically thickened and dewateredid®lis then stabilized and
applied to land. The plant discharges directly i North Branch Potomac
River. At the outfall location the river is aboud®ft. wide and flowing with a

velocity of 1 ft/esc. [Assume this is 1 ft/sec.]

A report on the basic steps in the wastewaterrtreat process (EPA 1998) says
secondary wastewater treatment removes about 8%ffgafic matter in sewage mainly
via activated sludge process in which bacteriakbdeavn the organic matter into
“harmless by-products”. A report to Maryland Depant of the Environment (MDE
2007) stated that Cumberland uses a “step feed3dimal nutrient removal (BNR)
system. Jeyanayagam (2005) reported step feed BNRahieve effluent N
concentrations of 6-8 mg/L. The MDE report (2008paused a value of 38 mg/L for
total Kjeldahl nitrogen (TKN) in influent water cong in to Maryland WWTP’s. A
manual on the use of constructed wetlands to mnemicipal wastewater (EPA 1999) lists
typical wastewater influent TKN ranges from 28 tbrig/L and influent total nitrogen

(TN) ranges of 41-49 mg/L. The values of 38 mg/inNhfluent and 7 mg/L N in
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effluent were used to estimate 82% removal of theWWTP and delivery of 18% of
influent N to the Potomac River.

The 82% of sewage N removed was assumed to goae dyual proportions to
N> gas via denitrification, ammonia gas emission @pylication of biosolids to land.
The latter was routed as an export and not apphid¢ide soils compartment for beef
production. No such applications were includechm present study as the vast majority
of beef production occurs in the west and mid-westeS., and this was deemed too far
for transport of biosolids from the wastewater tingant plant for the human population

in Allegany County.

Human Mortality

Very rough estimates were made of N fluxes assedaith human death. |
assumed an even age distribution from ages 1 tariblife expectancy of 75, such that
1,000 people die each year on average in Alleganyn€. An average weight at death of
50 kg and 2.5% N content in humans led to a flu¥280 kg N per year. The N
embodied in 1,000 people was treated as routeddnaémeteries (terminal, unusable
loss to soils) and half to cremation (an expomigdble medium to atmosphere). No

estimate of intra-compartment N flux associatedhwiiman infants nursing was made.

Natural Non-human Datasets for Comparisons
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Chesapeake Bay

Three datasets for the Chesapeake Bay mesohabsgstem were used for
comparison to the U.S. humans and beef network filh€hesapeake Bay carbon (C)
dataset (Baird and Ulanowicz 1989) depicts the sanseason and has 36 compartments
of which 3 are non-living. Its units are mg CG/far biomasses and stocks and mg
C/mé/summer for fluxes. A full Chesapeake Bay nitrogataset (Ulanowicz and Baird
1999) had the same compartments but in units oifmf for biomasses and stocks and
mg N/nf/summer for fluxes. An aggregated dataset in wiietfull C network was
compressed into 12 living and 3 non-living compamntits was also analyzed (Wulff and
Ulanowicz 1989), since it is closer in number ofngartments to the humans-beef
network. This aggregated dataset is also in umitsgpC/nf for stocks and mg C/ifday
for fluxes. Bluefish was the main species usedwnparisons to humans. In addition to
being a top predator, bluefish provide a good campa since they also gain food over

very long trophic path lengths.

Florida Everglades Cypress Swamp

A fourth dataset used for comparisons was for tbeada Everglades cypress
swamp ecosystem (Ulanowicz et al. 1997). This @atelsaracterizes feeding relations in
the Everglades wet season (May through Octoberhaad®8 compartments of which 65
are living. Units are g C/ffor biomasses and stocks and g &ymfor fluxes.Within the

Everglades ecosystem, humans were compared tataligg black bears and Florida
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panthers. All three are top predators and alliga¢specially have a large number of prey

and diet items and feed over long path lengths.

Network Comparison Metrics

The main goal was to compare human and naturabgical networks in
meaningful ways and to assess the implicationsrfi@ironmental sustainability of
humans. Within ecological network analysis are mays, techniques, analytical
outputs and indices available for characteriziregghlient properties of networks. From
among these many options eight were chosen bastttinmelevance to sustainability
and potential for showing pivotal similarities asifferences between human and natural

systems. The comparative network approaches enplogee:

1. Effective trophic levels and trophic efficienie

2. Degree and structure of material cycling

3. Information indices including ascendency, ovathand capacity
4. Connectance

5. Number of roles and the “window of vitality”

6. Residence times

7. Total contributions and dependencies

8. Stock-flux and stock-respiration scaling
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The software utilized for these analyses includetiixk 4.2b (Ulanowicz 2002b) and
EcoNetwrk (EcoNetwrk 2007), both of which use thes core algorithms. Each of the

methods will be described next.

Trophic Levels and Efficiencies

All networks were characterized according to tleghic concepts of Lindeman
(1942) via the techniques of Ulanowicz and KempZ@%nd Ulanowicz (1995). These
methods apportion the feeding activities of allcspg or compartments among a series of
integer trophic levels with consideration of makdycling. For this analysis
compartments were distinguished between thosegseptiag living populations or
systems versus abiotic compartments. For the huyeahnetwork analysis, four
compartments that combine both living and non-tivine. industrial and mechanical)
functional aspects were treated as living. These Wgslaughter and meatpacking, 2)
transportation, 3) retail, and 4) home refrigeraémd cooking. The rationale was that
these compartments are more like living systemisati@avely transform or impact, and
then pass on a food item, than they are like alivamg detrital or abiotic pools in which
transformation is more passive and does not hawassociated metabolism or
respiration. This imperfect assignment and asswngdmong others) raises important
guestions and suggests a need for examinatioreatension of ecological network
analysis to human and industrial systems. Thesexgered in the discussion section.

The trophic aggregation algorithm identifies anchoges any cycles that exist

entirely among the living compartments prior toigissg trophic levels (Ulanowicz
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2002b). Cycles via detritus, soils, sediments dndt& pools are not removed. Effective
trophic level is a weighted average of the amoohtseding that each species does at
each level. This technique provided effective tiopévels for all compartments in all
networks with special focus on those for bluefisithe full Chesapeake Bay networks,
carnivorous fish in the aggregated Chesapeake Bayonk, alligators, black bears and
Florida panthers in the Everglades network and msnrathe human-beef network.
Trophic efficiencies — defined as “the ratio of thput to a trophic level to the amount
that level passes on to the next” (Ulanowicz 2002ke¢re also calculated and compared.
As noted in the humans-beef network methods seatimrall possible nitrogen fluxes
were quantified for industrial compartments. Flugésl associated with fossil fuel use
and human workers were omitted. These omissionsdaitely result in over-estimates
of the trophic efficiencies of these human compartta relative to true or total

efficiencies and relative to natural networks.

Degree and Structure of Material Cycling

Material, nutrient, energy and biogeochemical eygkare all central concepts in
ecosystem ecology. One of many classic papersmisgited comparison of cycling
between human and natural systems as crucial ftgratanding and achieving
sustainability came from Likens et al. (1970). Theypothesized “intrasystem cycling*
as one of two systemic organizing principles resgaa for the homestatic properties of
forested watershed ecosystems (the other beingdmat balance between autotrophy

and heterotrophy). Ecological network analysis ptes means to compare the total and
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proportional amounts of cycling, the number of ayglloops, the lengths (number of
links) of cycling pathways, and cycled flow relaito acyclic flow. The proportion of
total system flow that is recycled comes from thenFeycling index (Ulanowicz 2002b),
and this total flow was also reported as dividedrasycles of varying path lengths. The
latter details are useful in providing knowledgendfether recycling occurs via long and
slow versus short and fast pathways, and this mdd knowledge on the eutrophication
and disturbance status of ecosystems (UlanowicZ)199

In the humans-beef network studied, humans do aticppate in any material
cycles (i.e., in terms of flows of dietary nitrogeiihis would change and cycling would
increase if outputs from wastewater treatmentstphaere included, as in quantifying
sludge or biosolids applications onto farm soilsined in beef production at the

national level.

Information Indices and Ascendency

Perhaps the most synthetic metrics available froatogical network analysis are
the whole-system indices based on information theldnese metrics are powerful in
their generality and robustness and along withutigerlying theory they are largely
responsible for the fact that we can compare suarsk networks in meaningful ways.
The development of these metrics and associatedytla@d application spans 35 years
and continues today (Ulanowicz 1972, Bondavalli Bifghowicz 1999, Ulanowicz in

preparation).
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Six major concepts and associated quantitativeasdivere used for network
comparisons: ascendency, average mutual informatapacity, entropy, overhead and
redundancy. These are next defined briefly as basddlanowicz(2002b) and
Ulanowicz (2004).

Network or ecosysterascendencis a measure of the potential for competitive
advantage over other real or possible network garditions. Ascendency is the product
of system size (total system throughput) times asuee of system coherence (the
average mutual information of the stocks and flonwcture). Thus its units are flow-bits,
where flow is in units of mass of material or enyeflgx per unit time. Theaverage
mutual informationAMI) quantifies the degree of organization or swaint in the
network structure. It is measured in bits.

Network developmentapacityrepresents the total potential for organization as
related to the actual diversity of network nodésclss and flows. Capacity is calculated
by multi-plying the total system throughput by #ystementropyas based on the
Shannon Wiener formula. Capacity is an upper bammdscendency, and entropy is an
upper bound on AMI. The difference between netwarderliness and coherence
(ascendency and AMI) and its upper bound (capacityentropy) is theverhead
Overhead quantifies the non-constrained or resegti@ork structural capacity that may
provide a basis for reorganization in times ofutisance or changing environment.
Overhead is subset into four components - overhsadciated with imports, exports and
dissipations (respirations), and that associaté fldws occurring along duplicate and

parallel pathways. This latter component is thevoet redundancy
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In EcoNetwrk software (EcoNetwrk 2007) ascendemxy @apacity are reported
on internal and total bases as well. This enabbedparison of ascendency to capacity
ratios via both internal and total perspectives €hport overhead and dissipative
overhead — both as proportions of network capacigre highlighted for comparisons
relevant for sustainability as linked to excessogien export from human-dominated

landscapes to surface waters.

Connectance

Ecological network analysis provides three mearchtoacterize the effective
number of connections per compartment and betwegitwao compartments. Treverall
connectanceonsiders all links including exogenous transfergports, exports and
dissipations). Thentercompartmental connectancharacterizes only the endogenous
(intra-system) exchanges. Tfewdweb connectandesats only those transfers among the
living network compartments. The overall conneceaiscalso one of the two metrics

used to define the window of vitality, as in thexngection.

Network Roles and the “Window of Vitality”

Ulanowicz (2002a) has found that all real natucalsystems thus far analyzed

exhibit network properties within a narrow rangetfpossible network configurations.

This small bounded region or “window of vitalitylgzes each system on a plot of the

number of network roles (y axis) versus the effectionnections per node (x axis, the
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overall connectance above). To calculate the numbeles, one raises 2 to the power of
the average mutual information (Zorach and Ulanai@03). While the number of
network roles is related to the highest effectraphic level, these are not identical. A
limit of about 4.5 for both roles and effectivephic levels has been observed
(Ulanowicz 2002a, Zorach and Ulanowicz 2003). Tinmst fueled one of the central
hypotheses of the comparative network study —hibatan food webs would have more
than 4.5 roles and trophic levels and thus falsioiet the window of vitality with major
implications for sustainability. The ways in whiables and effective trophic levels differ

and diverge is examined in the discussion.

Residence Times

Several workers report on the importance of residéimes for understanding
ecosystems, their developmental and dynamic tremelstime and their central
organizing principles. Ulanowicz and Baird (1998ported how compartments with
longer residence times increase the total netwsckradency or coherency. Fath et al.
(2001) also found residence times to be a keyihnknderstanding goal functions or
orientors for ecosystems self-organization. Theynsdd that two widely reported but
seemingly contradictory ecosystem tendencies foeasing (or maximized) system
storage and increasing dissipation can be recahagdong as network residence times
also increase.

Residences times were calculated for fluxes ofaady nitrogen for all

compartments. This was done by dividing compartadestbck or biomass by total
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compartmental throughput yielding a measure insupifitime. These values provided a
means to compare how human and natural networtes #hsed on ranges, distributions

and intra-network relationships of compartmentaldence times.

Total Contributions and Dependencies

Two useful sets of output from ecological netwonklgsis are théotal
contribution coefficientand thetotal dependency coefficier{8zyrmer and Ulanowicz
1987). These analytical results helped make itiplesto compare full food webs (e.g.,
Chesapeake By and the Florida Everglades) witipdngal food web of the beef supply
portion of the U.S. human system. The followingaliggions are taken from Ulanowicz
(2002b).

Thetotal contribution coefficientare reported in a matrix that quantifies the
fraction of the material leaving any given compamtithat eventually enters any another
compartment over all direct and indirect pathwaVhkus, for example, one can ascertain
what proportion of all the nitrogen in gross beefquction leaving the feedlot eventually
enters the human compartment as beef N ingestedselvalues enable measures of
system efficiencies, such as kg N in fertilizerde to provide 1 kg N in beef for human
consumption. Diagonal entries in the contributioef@cients matrix indicate how much
each compartment self-stimulates or self-feeds allgrathways. As mentioned for
cycling analysis above, this value is zero for hosia the humans-beef system since
there is no recycling of N in human wastes or deatck to any other compartments of

the beef network.
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Thetotal dependency coefficierdage also reported in a matrix of cells linking all
compartments in the network. Each entry quantthesproportion of the total ingestion
by any given compartment that passed through amgr @ompartment in the whole
system process. Thus one can know what percentagel species’ diet any other
species or compartment mediates. By looking atrookiin this matrix, for example for
humans, bluefish or alligators, one can see thenebetd and indirect links required to
provide the direct prey items and overall dietdach species. High dependency on one
or more compartments could indicate vulnerabilgyderuption or loss of those
mediating compartments could have a large impaca’'s food supply. Conversely,
low individual compartmental dependencies, perlegpassociated with higher
redundancy and multiple pathways by which one’s idiprovided, should indicate

greater food supply security, stability and resitie to disruption.

Stock-flux Scaling

The final basis for network comparison was to uséspf compartmental
biomasses or stocks versus 1) compartmental réspiffows and 2) total
compartmental throughput flows. These relationshipee of interest based on work by
Ulanowicz (1991) who first reported power law redaships in the distribution of
ecosystem flow magnitudes. Prior work on foresiss@iiscus 2007a in preparation) also
found power law relations in depth profiles of #t®of soil carbon, nitrogen and organic

matter. Using the data for stocks and the two fukeg-log plots were made and linear
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regression lines calculated. These regression firesded slopes and intercepts that

were compared across the human and natural networks

Results

The first result of the research project was thask for the beef supply chain as
a sub-network of N flux in the U.S. human food webis is presented in diagram form
in Figure 4.1 and matrix form in Appendix B. Fig4td shows only internal flow links,
but Appendix B also includes the quantities of Nnnports, exports, respirations and
standing stocks associated with each compartndstinteresting to note the difference
in topology and especially recycling links betwelea agricultural and ecological first
half of the network and the industrial, commeraiasidential, human and municipal
second half. In the latter, from slaughter and peeking through wastewater treatment,
all flows are linear and no recycling occurs. Ascdissed in the methods this would
change somewhat if fuller accounting were doneh sxscincluding flux of N in biosolids

applied to farmland nationally.

Effective Trophic Levels and Trophic Efficiencies

The effective carbon network trophic levels of bisie (4.53), carnivorous fish

(3.16), alligators (3.78), Florida panthers (3.8)l dlack bears (2.25) were all far less

than the effective nitrogen trophic level of humanghe human-beef sub-network (8.1).

Comparisons of carbon and nitrogen networks fosdeXties in the Chesapeake Bay

213



showed most to be very similar in effective tropleiel for these two major ecological
currencies. Effective trophic levels reported ib[Ead.2 show bluefish in the N network
(4.88) to be the highest of any of the non-humaatigs studied. The very high trophic
level for humans is based in part on treating marbrid human-industrial compartments
such as slaughter and meatpacking, transportagtail and home refrigeration and
cooking as living compartments during network asigly

Comparison of trophic efficiencies showed thathtbenan-beef supply chain is
quite different than the natural C and N networkaneined. Whereas natural networks
usually show highest trophic efficiencies in thestfione or two trophic levels with
strongly declining efficiencies going up the fodthm, the human-beef network has
extremely high efficiencies in upper levels of gi@ughter and meat-packing,
transportation, retail and home refrigeration andking compartments, each of which
acts as its own trophic level (Table 4.3). Theseltistrial trophic efficiencies” would be
only slightly lower with N fluxes associated withexgy use and NOx emissions
included, since these fossil fuel-based fluxes a@ir&llikely much less than the fluxes of
N in beef. The high efficiencies apparently refldwt benefits of technology as well as
the energy subsidy that fossil fuels provide. Congpas of trophic levels for carbon and

nitrogen networks in the Chesapeake Bay showedsiemjar efficiencies at all levels.

Degree and Structure of Material Cycling

Table 4.4 reports results for the number of distinaterial cycle pathways,

proportion of total throughput that is recyclednffricycling index) and longest cycle path
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Table 4.2. Effective trophic levels.

Chesapeake Bay full Ches. Bay aggregated Florigagiades Humans and beef
Species Effective | Effective | Species Effective | Species Effective | Compart- | Effective
Trophic Trophic Trophic Trophic Ment Trophic
Level (C) | Level (N) Level (C) Level (C) Level (N)

bluefish 4.53 4.88 carnivorous 3.16 alligator 3.78 humans 8.1
fish

croaker 4.00 4.00 benthic 2.81 snakes 3.75 homerc 7.1
invert. carn.

catfish 4.00 4.00 deposit 2.00 woodstork 3.43 retail 6.1
feeders

spot 3.99 4.02 owls 3.33 transport 5.1

summer 3.99 4.74 kites/hawks 3.33 slaughter 4.1

flounder

white perch 3.99 4.07 Florida panther  3.30 feedlo | 3.1

hogchoker 3.89 3.98 bobcat 3.04 cowcalf 3.0

striped bass 3.86 4.61 turtles 2.82 grasshay 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 | 0O 1.

menhaden 2.77 3.50 terrestrial ins. 2.00 soll 1.0

zooplankton 2.16 2.93 understory 1.00 WWTP 1.0

phytoplankton | 1.00 2.00 phytoplankton 1.00




Table 4.3. Comparison of network trophic or transfi#iciencies.

Trophic Efficiencies
Trophic | Chesapeake Chesapeake Ches. Bay | Florida Humans and
Level Bay full C Bay full N | Aggregated | Everglades Beef N
C C

1 0.792 0.766 0.520 0.244 0.290

2 0.351 0.303 0.183 0.026 0.541

3 0.110 0.194 0.072 0.083 0.104

4 0.114 0.133 0.070 0.153 0.682

5 0.085 0.106 0.012 0.066 0.983

6 0.034 0.085 0.028 0.986

7 0.008 0.008 0.015 0.908

8 0.005 0.095

9 0.002

10 0.001
Table 4.4. Comparison of network cycling.
Cycling Chesapeake| Chesapeake| Ches. Bay | Florida Humans and
Attribute Bay full C Bay full N Aggregated | Everglades | Beef N
C C

Cycling 0.212 0.526 0.305 0.059 0.250
index
Number of 62 52,788 20 3,966,554 6
cycles
Longest 6 17 4 18 4
cycle path
length
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lengths for each of the five networks. These resaré very different for C versus N in
the Chesapeake Bay, with many more distinct cygiapways and more than twice the
proportion of material recycled for N compared tolGe human-beef sub-network (12
compartments) was most similar to the Chesapealk@afgregated C network (15
compartments) for longest cycle path lengths anggntion of material cycled.
Compared to the other C networks, the human netglookved a greater proportion of
cycled flow but over fewer pathways and shorteh pangths. Compared to the full
Chesapeake N network, the human-beef supply clzndss than half the proportion of
N flow as recycle flow and again over far fewerlegcand far shorter longest path

lengths.

Information Indices

Results for many comparisons of information indiaesin Table 4.5. One of the
most interesting results is the relatively highaatf ascendency to capacity for the
human-beef network. This ratio value of 0.51 exeethe 0.43 value for the full
Chesapeake Bay C network, the highest of the nomahiecosystems. Corresponding to
this was the lower network developmental capaciasare of the human-beef N
network (3.53), notably less than the non-humamd M networks (range of 4.47 to
4.92).

Comparisons for overhead measures also showedettiffes. The proportion of
capacity expressed as redundancy was slightly léeveéhe human-beef network (0.25)

than the non-human networks (range of 0.26 to O-A##% human-beef network also had
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Table 4.5. Comparisons of network information imgicconnectance and roles.

Network Chesapeake Chesapeakeg Ches. Bay | Florida Humans | Human

Atttribute Bay full C | Bay full N | Aggregated | Ever- and versus
C glades C | Beef others

Information Indices

TST 4.12E+06 5.58E+05 1.12E+04 3.99E+0p3 1.88E+07

Capacity (C) | 1.97E+07 2.69E+06 5.02E+04 1.96E+04646B+07

Ascendency | 8.59E+06 1.15E+06 1.63E+04 6.58E+03 3.42E+Q7

(A)

AMI 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 | 5.71E+06 1.14E+06 1.85E+04 5.05E+03 1.67E+Q7

(R)

Internal C 1.16E+07 2.05E+06 2.85E+04 7.13E+H03 B+27

Internal A 5.87E+06 9.14E+05 9.97E+03 2.09E+D3 HEEHW

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 1.11E+07 1.54E+06 3.38E+04 1.30E+04 3.22E+07

overhead (O)

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+402176+06

O for 3.57E+06 3.12E+04 1.02E+04 3.82E+03 1.68E+06

dissipation

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- 1.95 2.286 2.268 3.256 1.762 Low

partmental

Foodweb 1.754 1.828 1.87 2.019 1.196 Low

Network Roles

No.roles | 4.25 | 4.7 | 274 | 314 | 352 |
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a higher proportion of capacity in overhead for@xp compared to the C networks but
was similar to the Chesapeake Bay N network. Likewihe proportional overhead for
dissipation was lower for the human-beef netwodatfor the C networks but more than
that found for the Chesapeake Bay N network.

For several information indices including averagguml information (AMI), the
internal ascendency to internal capacity ratio rdteindancy to internal capacity ratio,
internal ascendency to total ascendency ratio paoplortional overhead on imports, the
human-beef network was comparable to or not clehftgrent from the non-human
networks. Some of the measures are not easilythfirsmmparable (e.g., total system
throughput, ascendency, capacity, redundancy)easrépresent vary different units. The

ratios above provide a means for comparison giviéereint network dataset units.

Connectance

For all three of the connectance measures the hoeefnetwork showed lower

values than the non-human networks (see Table @v#all connectance was 1.75 links

per node compared to a range of 1.85 to 2.68 ilCtiessapeake Bay and Everglades

systems. Intercompartmental and foodweb connectaaoe similarly lower.

Network Roles and the “Window of Vitality”

Using the values for AMI for each network, the nanbf network roles was

calculated (Table 4.5). The value for the humarf-heevork (3.52 roles) was
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intermediate between the higher values in theGakksapeake Bay C and N networks
(4.25 and 4.17 respectively) and the lower valogbeé aggregated Chesapeake Bay C
and Everglades C networks (2.74 and 3.14). Thegbaialues for overall connectance
(1.75) and network roles (3.52) indicated thatithenan-beef network plotted inside the
window of vitality contrary to the original hypotsie. Thus based on this measure the
human-beef supply chain is organized in similaotogical fashion to all other non-

human ecosystems thus far evaluated with theseasetr

Residence Times

Residence times for N and C in all the human-besfgartments and several
important compartments in the Chesapeake Bay arthEdes ecosystems are shown in
Table 4.6. Residence times for N in the human-heefork ranged from 0.0005 years
(about 4 hours) in the slaughter and meatpackingaover 24 years in the soil
compartment. Residence times in all the industoeahpartments were much less than for
the ecological compartments. Residence times ginerereased with increasing trophic
level with times for grass, hay and corn rangirogrfr20 to 100 days, cow-calf and
feedlot around 50 days and humans around 80 days.

Residence times for N in the Chesapeake Bay speiged from about 18 hours
for phytoplankton to about 14 days for catfish. iResce time for N in bluefish was
about 8 days. Residence times for C in Everglagesias ranged from about 6 hours for
phytoplankton to 168 days for understory plantsds for C in alligators, Florida

Panthers and black bears were 55, 25 and 25 dsyysatevely.
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Table 4.6. Residence times (days or years) for plesrspecies and compartments.

Chesapeake Bay full Ches. Bay aggregated Floneagiades Humans and beef
Species Res. timesRes. Species Res. Species Res. Compart- | Residence
for C times for N times for times for| ment times for C
(days) (days) C (yn) C (days) (days)
bluefish 14.6 7.8 | carnivorous fish 10.3 alligator 55.1] humans 83.(
croaker 10.8 12.1| benthic invert. carn 3.4snakes 48.0 homerc 2.0
catfish 11.2 14.2| deposit feeders 1.Awoodstork 0.4 retall 1.0
spot 7.9 9.7 | pelagic production 0.6owls 4.1 transport 2.0
summer 15.3 7.9 | benthic production 0.2kites/hawks 4.1 slaughter 0.2
flounder
white perch 18.2 9.7 Florida 24.7 | feedlot 53.0
panther
hogchoker 10.0 12.3 bobcat 21.1 cowcalf 58.1
striped bass 12.9 8.7 turtles 41.7 grasshay 98.1
blue crab 3.4 2.3 black bear 25.1corn 19.5
bay anchovy 3.0 5.6 crayfish 60.8 fertilizer 3.3
menhaden 7.3 9.8 terrestrial ins. 15.1 soil 8829.7
zooplankton 0.2 0.4 understory 167.5WWTP 0.3
phytoplankton 0.6 0.8 phytoplankton 0.2
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Total Contributions and Dependencies

The total contributions into and out from each sk of example species are
shown in Table 4.7A and 4.7B respectively. The gslin Table 4.7A tell what percent of
all the production leaving a given compartment éwalty enters bluefish, alligators,
black bears, Florida panthers and humans ovea#iways, direct and indirect. Also
noted is whether these contributions come via tiwetdirect pathways. The human-
beef network shows similar patterns as naturaksystin that the highest contributions
come from direct prey or transferring compartmettitsse contributions decline with
indirect transfers, but some small proportionaltabations extend to many other
participants and distant nodes in the networks.

Table 4.7B lists the contribution coefficients takbe opposite direction. These
measures indicate what percent of all the prodndg&aving bluefish, alligators, black
bears and Florida panthers eventually reach ottrapartments over all pathways, direct
and indirect. Humans are not included as no reagdr forward contributions of N via
human waste or mortality were quantified in the borbeef network. For the non-human
species, this table lists the guild of species deabmpose each of the focal species thus
making the nutrients embodied in them as organemdsin their wastes available for
future employment in the living ecosystem. It ieenesting that the ranking of relative
contributions is identical for alligators, Floriganthers and black bears through seven
compartments. All have the same ordering of coutitins to vertebrate detritus, labile

detritus, living sediment, refractory detritus réstrial insects, living particulate organic
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Table 4.7A. Contribution coefficients — direct andirect network contributions in to focal specie$.= Link type, D)irect or l)ndirect.

Chesapeake Bay Full C

Florida Everglades C

Humans and beef N

Bluefish Alligator Black bear Florida panther Humans
Speciesor | Contrib. | LT | Speciesor Cptt  Contrih. LT  Species Contrib. | LT | Species| Contrib. LT | Species | Contrib. | LT
Cpt. or Cpt. or Cpt. or Cpt.
Spot 0.02120| D | LFish 0.384 D Hogs 0.0410 D Hogs 1360 D home-rc| 0.900 D
Menhaden 0.00685( D Salamanders 0.382 D Rabbjts  00.0[L D Arma- | 0.0478 D retail 0.887 I
dillo
Bay anchovy| 0.00142] D| FishPC 0.254 D Deer 0.0010 |PRac- 0.0313 D transport 0.879 I
coon
Nereis 0.00010| | Salam. L 0.211 Snakesg 0.00p2 D eerD | 0.0065 D slaughter 0.807 I
Other 0.00006 | | L Frog 0.191 D Turtles 0.0001 D Rabbits.0081 D feedlot 0.182 I
Polychates
Zooplankt. 0.00005| | M Frog 0.171 D Alligators 0000 | D Mice & | 0.0002 D corn 0.104 I
Rats
Macoma 0.00003| | Snakes 0.133 D Terrst.|I 0.0001 DTerrst. | | 5.04E-05 I grass- | 0.040 I
hay
Suspended | 0.00003 | | Fish HO 0.126 D M Frog 0.0001 | Roots OE®5 | | cow-calf| 0.036 I
POC
Bacteriain | 0.00002 | | S Frog 0.118 D L Frog 0.0001 | LFrog 7E&S5 | | soil 0.034 I
Sed. POC
Sed. POC 0.00002 | Tadpoles 0.118 O Tadpgles 0.0001 fertilizer | 0.005 I
Ciliates 0.00002| | Turtles 0.099 D
Fish larvae 0.00002] | Rabbits 0.078 D
Bacteriain | 0.00002 | | Lizards 0.077 D
sus. POC
Ctenophor. 0.00001] | Epiphytes 0.043
Phytoplank. | 0.00001| | Passeriformes 0.041
onniv.
Passeriformes | 0.033
pred.
Galliformes 0.030 D
Mice & Rats 0.030 D
Egrets 0.027 D
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Table 4.7B. Total contributions out from focal sigscdto receiving species or compartments.

Chesapeake Bay Full C Florida Everglades C
Bluefish Alligator Black bear Florida panther
Species or Compartment Contrib. | Species or Compartment  Contrjb. Specigdanpartment Contrib, Species or Compartment  Canri
Sediment POC 0.48400| Vertebrate detritus 0.939 Vertebrate dstrit 0.365 Vertebrate detritus 0.220
Bacteria in sediment POC | 0.48300| Labile detritus 0.555 Labile detritus 0.216 Labile detritus 0.130
Other polychaetes 0.14100| Living sediment 0.467 Living sediment 0.181 Living sediment 0.109
Macoma spp. 0.06290 | Refractory detritus 0.294 Refractory desrit 0.114 Refractory detritus 0.069
Meiofauna 0.03980| Terrestrial insects 0.285 Terrestrial itssec 0.111 Terrestrial insects 0.067
Neries 0.02760| Living POC 0.091 Living POC 0.035 Living €0 0.021
Crustacean deposit feeder| 0.01620| Opossum 0.040 Opossum 0.016 Opossum 0.009
Blue crab 0.00869| Snakes 0.036 Vultures 0.006 Vultures 0.004
Spot 0.00054 | Turtles 0.030 Lizards 0.005 Lizards 0.003
Catfish 0.00025| Vultures 0.017 Aquatic Insects 0.005 Adguiti 0.003
White perch 0.00016| Lizards 0.014 Crayfish 0.005 Crayfish 0.003
Hogchoker 0.00010| Aquatic | 0.014 Prawn 0.004 Prawn 0.003
Bluefish 0.00001| Crayfish 0.013 Fish HO 0.003 Fish HO 0.002
Prawn 0.011 Alligators 0.001 Alligators 0.001
Alligators 0.010
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carbon, and opossum. The ranked contributions\yhagnbut all include vultures,
crayfish, lizards and alligators.

Total dependency coefficients are listed in Tab& #hese measures indicate the
fraction of total N or C ingestion by bluefish, hans and the other focal species that
passed through each of the other compartmentslifihg/pes (direct or indirect) are
again listed. Unlike for contributions, these neetlhave highest values for direct links,
and for bluefish the highest dependency is assstiaith an indirectly linked
compartment. The highest dependencies for humathe ineef supply chain are
anomalous in that no other species exhibit totpeddencies of 1 (i.e., 100%) like
humans do for N in beef passing through the fegdlatighter and meatpacking,
transport, retail and home refrigeration and cogkirediating steps. While these results
are somewhat artificial in that the network datasétot include estimates of likely
small N dietary fluxes from food obtained from lbtaxms or farmers markets, they
would not likely change much for the majority ofSJand Allegany County citizens even

with this additional level of detail.

225



Table 4.8. Dependency coefficients. Proportiorotdltingestion by focal species that passes throtiggr species or compartments. LT as in Table 4.7A

Chesapeake Bay Full C

Florida Everglades C

Humans and beef N

Bluefish Alligator Black bear Florida panther Humans
Species or Depend.| LT| Species or Depend.| LT| Speciesor | Depend.] LT| Speciesof Depend.| LT| Species| Depend.| LT
Cpt. Cpt. Cpt. Cpt. or Cpt.
Suspended 0.741 I Fish HO 0.546 D| Understory 0.462 D  Deer 30.4 | D | home-rc| 1.000 D
POC
SPOT 0.609 D | Labile 0.398 I Hardwood L| 0.437 D| Understory 0.412 fetai | 1.000

Detritus
Bacteria in 0.586 I Periphyton 0.302 I Terrest. 0.120 D | Hardwood| 0.388 I transporty 1.000 I
sed. POC Insects L
Sediment 0.586 I Aquatic 0.247 D | Labile 0.043 I Hogs 0.230 D| slaughter 1.000 I
POC insects Detritus
Phytoplankton| 0.511 I Phytoplanktgn  0.205 Pertphy | 0.022 I Raccoon 0.200 D feedlot 1.000
Other 0.441 I Macrophytes 0.151 I Fish HO 0.021 [ Terrest| 0.181 I soil 0.930 I
Polychaetes Insects
Zooplankton 0.329 I Living POC 0.147 I Cypress L| 0ZL I Armadillo | 0.095 D | corn 0.718 I
Bay anchovy | 0.225 D| Living SED 0.143 I Deer 0.020 DLabile Det.| 0.093 I grass- | 0.525

hay

Menhaden 0.192 D| Crayfish 0.127 0 Rabbits 0.02 D eriphyton | 0.056 I fertilizer| 0.305 I
Nereis 0.146 I Prawn 0.105 Dl Hogs 0.020 D Crayfish 0.049 I cow-calf| 0.303 I
Ciliates 0.110 I Float Veg. 0.099 I Vert. det 0.017 Cypress L | 0.036 I
Macoma spp. | 0.098 I Turtles 0.094 O
Free bacteria | 0.081 I Snakes 0.091 D
DOC 0.081 I Terrst. Insects 0.090 O
Benthic 0.070 I Refractory 0.087 I
diatoms detritus
Hetero. 0.067 I Fish PC 0.085 D
microflag.
Meiofauna 0.043 I Cypress L 0.084 I
Bacteria in 0.035 Salamanders 0.070 O
sus. POC
Ctenophores 0.014 I Understory 0.048

L Fish 0.044 D
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Stock-flux Scaling

The relationships of standing stocks to total carmpantal throughputs are
depicted in Figures 4.2 through 4.6. These graplshaw reasonably strong linear log-
log relationships but vary widely in scaling expotse(associated with the slopes of
regression lines) and regression line intercepisil® analyses of stock versus
respiration fluxes were done for the full ChesapeB&y C and Everglades C networks,
also resulting in strong log-log linear relatiorhibut they are not reported here.

Stock-flux scaling relationships for the Chesapedfg C and N networks
(Figures 4.2 and 4.3) were very similar with sogl@xponents of 1.03 and 1.00
respectively. The human-beef (Figure 4.6) and aggdesl Chesapeake Bay C (Figure
4.4) networks displayed the smallest scaling exptmeesulting in flatter slopes to the
linear regression lines, with values of 0.31 arfi@@espectively. The human-beef
network stock-flux scaling also reflects the veifyadent throughput rates and residence
times of the industrial and agricultural/ecologisagments of this network. The most
efficient commercial and industrial compartmentgp#dtted together in the lower left

region of the graph.
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1 = croaker, 2 = bluefish, 3 = Bay anchovy, 4 = zooplankton, 5 = phytoplankton,

6 = dissolved organic carbon (DOC), 7 = sediment particulate organic carbon

Figure 4.2. Stock-flux scaling for the full Chesake Bay carbon (C) network. Equation for log-latekir regression line and R

shown on the graph. Selected compartments labeled.
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Chesapeake Bay
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Figure 4.3. Stock-flux scaling for the full Chesake Bay nitrogen (N) network. Equation for log-lowear regression line andfR
shown on the graph.
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Chesapeake Bay

Aggregated C Network y = 3.1524x0.60%6

R? = 0.4815
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Figure 4.4. Stock-flux scaling for the aggregatéet€apeake Bay carbon (C) network. Equation fotdgdinear regression line and
R? shown on the graph.
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Florida Everglades

C Network y = 8.4299x0-768°
R* = 0.8927

throughput (g C/m2
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Figure 4.5. Stock-flux scaling for the Florida Egfade carbon (C) network. Equation for log-log #ineegression line and?®hown
on the graph.
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1 = slaughter, 2 = WWTP, 3 = retail, 4 = home refrig. and cook, 5 = humans,
6 = corn, 7 = feedlot, 8 = fertilizer, 9 = cow-calf, 10 = grass-hay, 11 = soils

Figure 4.6. Stock-flux scaling for the humans-h@gbgen (N) network. Equation for log-log line@gression line and¥shown on
the graph. Compartments labeled. Transportatiorpaotment hidden under point 4, home refrigeratioth @ooking.
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For all networks those compartments with the higeesnding stocks and fluxes plotted
in the upper right corner, those with lower stoaksl fluxes at the lower left corner and
intermediate species in the middle. This usuallyesponded to plants, soils and
sediments plotting in the upper right region, rgwecies and higher trophic levels
plotting in the lower left region, and intermedi#tephic levels, generalists and
species/compartments with moderate populationsasses plotting in the middle. Some
of these details are shown in Figures 4.2 andmvéhich the species and compartments

are labeled.

Discussion and Conclusions

This report presented results of comparative ndtwaonlyses for human and non-
human ecosystems as part of a larger project tactaize the necessary and sufficient
organizational principles for environmental susaaifity. One of the goals was to
develop a network basis for distinguishing betwiem fundamentally different types of
ecosystems. Allenby and Richards (1994) charaet@tiaree idealized industrial
ecosystem types. Their Type | ecosystem operatbste greatest boundary flux and
linear throughput, least material recycling, higheput of non-renewable resources and
highest output into finite waste sinks, all analagto traditional industrial systems. Their
Type lll ecosystem shows the highest degree of mahtecycling, no input of non-
renewable resources and no output into finite wsistes, which they pose as analogous
to natural ecosystems, albeit as generalized temets of recycling. Finally, their Type

Il ecosystem is intermediate between Types | anidilrecycling, resource inputs and
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waste outputs. One of the original hypotheseshisrdtudy was that ecosystem networks
for human systems would tend toward the indusiiygle | and networks for natural
systems would tend toward Type lIl.

An additional working idea was that these fundarmakntistinct ecosystem types
would be causally linked to similarly distinct tygef dynamic behavior over time. The
Type | industrial ecosystem was predicted to céasd perhaps be caused by, as in a
mutually causal relationship) dynamic trends in keymasses, stocks and natural capital
characterized as “liquidate and crash” or “boom lamst”. In such generalized systems
key resources and forms of environmental capacéyeaploited totally, or much faster
than regeneration rates, and the system baseasa tesources collapses in concert with
its environmental basis. Analogs of this dynamittgga can be seen in non-human
populations that crash when food supplies run ogaaying capacity is exceeded, and
human civilizations that crash for similar reasoftse antidote or short-term solution in
such cases is often the substitution of a new farenvironmental capacity that then
enables a newly founded system to arise and tHe tycepeat. The second general
dynamic behavior type, one hypothesized to be extyudnd causally associated with the
Type Il highly recycling and renewable ecosysteouyld be called “overshoot with net
gain” in reference to key stocks and environmecaplacity. The main example for this
dynamic pattern is forest succession in which bssnmaaches a maximum and then
declines from that peak toward a lower plateauevalirelatively high and stable
resources. After successional overshoot, forestsegularly known to self-perpetuate
and build and enhance key capacities like soils pedods of 10,000 years (Baisden and

Amundson 2003).
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By testing for the hypothesized strong and repdatannections between
ecosystem and network organization and dynamicwbehaver time — hopefully beyond
correlation to build evidence for causal relatiapsi- the ultimate intention was to help
advance sustainability science by demonstratingnéoessary and sufficient organizing
principles for environmental sustainability. If tedi, these generic principles ought to be
applicable to human-environmental systems thusigiy a basis for long-term
solutions of such chronic and systemic problemsxasss nitrogen loading to the
Chesapeake Bay, excess fH#missions to the atmosphere and excess exploitatio
non-renewable fossil fuels without compensatindasgment energy capacity. The
dynamic system types were not yet developed, amgltths full characterization will
have to wait for future work. But this project gicbvide insights into the ecosystem and
network typology scheme and its potential to infaustainability science.

After constructing the dataset for a small sub-ekwvithin the U.S. human food
web, and after comparison of eight major typesetivork properties, this case of a
human ecosystem network is most similar to theidybype Il ecosystem of Allenby
and Richards (1994). Looking within the twelve cartment network (Figure 4.1 and
Appendix A) one could say that the more heavilyadtural portion of the beef supply
network from soils through feedlots is closer toype Il high-recycling ecosystem,
while the more heavily industrial and commerciaftpm from slaughter and
meatpacking through wastewater treatment is chkosttte Type | industrial ecosystem.
Taken as a whole, this example of the human ecasyst intermediate and displays
aspects of both extremal ecosystem types. The heHveet nitrogen network had a

higher proportion of total network flux as recycliik (25%) than any of the non-human
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carbon networks examined. The Chesapeake Baydtilark for N, however, had more
that twice the proportion of recycling (53%).

The N recycling in the humans-beef network alsauoex over relatively short
path lengths (number of links), mainly via manupelacations from feedlots and cow-
calf operations to soils and litter inputs fromrmograss and hay. This combination of a
large amount of recycling over short path lengths Ibeen associated with eutrophic and
disturbed ecosystems such as the Chesapeake Bagdbave excess N inputs from
human-dominated landscapes (Ulanowicz 1997). Ond#asity that suggests this a valid
correspondence is that the beef supply chain estaavily subsidized with N inputs via
fertilizer use. Nearly ten times as much N subgliolved as fertilizer applied for cattle
feed (700,000 kg/yr) as N eventually ingested ieflyy humans (75,871 kg/yr). This
ratio is similar to the estimate that 5 times mgnan is needed to feed a person via
grain-based versus meat-based diets (Millstond.and 2003). Bleken and Bakken
(1997) also reported that edible products actuatigsted account for about 10% of total
N inputs to plant crops in Norway'’s food systeneiftart and Steinhart (1974), in their
classic paper, also found that the energy inputalarie of food energy output increased
from about 1 to about 10 between 1910 and 1970.

This project also resulted in construction of aadat for N stocks and fluxes of
the human-beef supply chain in the U.S. as scaléldet population of Allegany County,
Maryland and as fitting county population and nadilcagricultural statistics for 2005.
During this process several important issues weceuntered that may prove valuable
for future work to extend ecological network an&@y&NA) to human systems. While

ENA has been performed on a wide variety of non-dunuecosystems, it has rarely been
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used to examine human and coupled human-natur@insggor ecosystem currencies
such as energy, carbon and nitrogen. Two exampleBlA that do address human
systems include a study of the human N networkénfbod system of Norway (Bleken
and Bakken 1997) and money flows in the Polish eson(Szyrmer, J. unpublished
data, Ulanowicz 1986).

ENA requires an assumption of steady state netwonklitions in which stocks
and fluxes are not increasing or decreasing samfly. This assumption can be made
without serious conceptual problems for study dtired ecosystems when a relatively
short time span of one or a few years is adopted jtacan even be trusted to hold true
over long time frames in a general sense. Thisnaggan is valid largely because living
ecosystems are self-sustaining and self-regengrdtimat is, one can reasonably assume
that the quantities of crucial standing stocks kiethasses, for example, which make
continued ecosystem production possible, will bentamed over time. If anything,
when healthy and developing, natural ecosystentsttemcrease key forms of standing
stock and productive capacity such as energy capiarprimary production, population
and biomass numbers for successful species, amdityuand quality of soils. Living
systems do not decrease or degrade their primargsof energy — solar energy — as this
energy is given off “freely” (as defined next) yhysical processes of the sun. Use of
solar energy does not involve extraction or exptan that depletes its capacity as a
resource — the act of capturing more sunlight sm¢sause decrease of the sun’s total
capacity proportional to solar energy harnessitsgise (or demand) and provision (or
supply) are essentially independent and partlytdukis solar energy is often classified

as a renewable resource. Thus the steady statagissn for natural living ecosystems
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can be made for the short-term and can be extanttethe long-term. While species
turn over, biomasses increase and decrease, smils and many other factors change
dramatically, no fundamental basis or capacitytiieroperation of living ecosystems and
the regeneration of essential stocks changes unegstend to perhaps time spans of
billions of years.

This same assumption of steady state conditioms firinetwork analysis is
problematic for human systems such as the industria, however. Our
overwhelmingly dominant energy source is fossilduand as we utilize this finite and
non-renewable resource it declines in direct progoito our use. That is, the act of
using the energy sourcd®escause a decrease in that energy source’s totalimerg
capacity. Fossil fuel energy use and provision, aeiand supply, are essentially co-
dependent and such energy is often classifiedamaenewable resource. Given still
large global supplies of oil, coal, natural gas arghium, the steady state assumption for
a human industrial network can be made for thetdleam, one or a few years, but it
cannot continue to be valid as extended into thg-term. Many energy analysts now
predict that the world has reached or will soorchethe peak of oil production (e.g.,
Campbell 2005) and that supplies will soon begiddoline. Thus unlike the time
domain of applicability for steady state ENA toural systems that extends billions of
years into the future, we have perhaps on the afene to ten or at most 100 years
before a crucial capacity factor for the operatdt).S. human and industrial systems
can no longer reasonably be treated as stable@mdecreasing.

This steady state assumption problem was not redaivthe present study, as the

imports, exports and respirations of energy, ngrognd carbon associated with fossil
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fuels were not directly quantified and analyzedelation to beef production and
consumption. Four other factors encountered thaldvonprove the human network
dataset include 1) a means to integrate influentesonomic network structures and
dynamics, 2) simultaneous and integrated treatwieother key environmental network
currencies such as carbon and energy, 3) expkatrhent of the stocks, fluxes and
cycles associated with human workers as livingesalogical actors integral to all the
agricultural, industrial and commercial compartnseand 4) further scrutiny of the
extension of ENA to industrial entities for whichiestt comparisons of ecological trophic
levels and efficiencies to industrial transfer levend efficiencies are tenuous, and the
designation of industrial compartments as eithandj or non-living is ambiguous and
problematic.

Returning to the steady state assumption, onelgessption for incorporating
this real issue would be to add a fictitious cortypant to the network that accounts for
the real decline in non-renewable fossil fuel cayamccurring and balances that
depletion with a renewal of lost capacity via hyysitcal creation of new renewable
energy capacity. The amount of capacity lost dutimgtime span of the network analysis
would be recorded in this fictional compartmentl arhile not actually replenished in the
real system this modified ENA method would servguantify the debt in “natural
capital” or real environmental capacity for opavataccrued during the period of study
of industrial human systems.

This replacement of lost fossil fuel capacity wiémewable energy capacity plays
a key part in the input-output rules of Herman D@90, Goodland and Daly 1996),

perhaps the most robust and parsimonious operatiefiaition of environmental
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sustainability available. These principles (listedhe introduction) address relative rates
of resource use and waste emission and requiréhbse be within the limits of real
environmental systems on which human society gelgrdependent. The present study
provides evidence that the Chesapeake Bay andikl&wverglades ecosystems meet the
Daly rules and are sustainable while the human&<hgmly network violates the rules
and is unsustainable. Part of the evidence camne the process of constructing the
dataset and the experience of considering the gagma required for network analysis,
namely the assumption of steady state conditiosdigcussed above, the assumption is
reasonable for the non-human ecosystems over hothand long-terms, but is not
reasonable for the human ecosystem over the lang-@ther evidence for this
conclusion comes from observed differences in afgE®@ey to capacity ratio, highest
effective trophic level, total dependency coefinteeand other factors discussed below
for which the human network differed from all nonrman networks compared.

But first, an example of a test that failed to supphis view that human networks
are qualitatively different than, and thus lessiemmentally sustainable than, natural
ecosystems. One hypothesis for a distinguishinfedor sustainable versus
unsustainable systems was the number of netwoek ad associated with the window of
vitality or WOV (Ulanowicz 2002a). Based on genamtlerstanding of differences
between human and natural systems, | expectedhthattrial human ecosystem
networks like that for N stocks and fluxes in tleebsupply chain would exhibit greater
than 4.5 roles and thus would plot outside the WRW natural ecosystem of the nearly
50 analyzed so far (which includes one human ecanogatwork) has ever been

observed to plot outside this narrow region of retnconfiguration space. The WOV is
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bounded by a minimum of 2 and maximum of 4.5 nekwotles, and a minimum of 1 and
a maximum of 3.1 effective connections per nodedZlo and Ulanowicz 2003)

Contrary to the hypothesis, and like all other syst analyzed thus far, the
humans-beef N network plotted inside the WOV regiod was found to have 3.5
network roles and 1.8 effective connections perendthe number of roles was less than
the C and N networks for the full Chesapeake Bawawks, which each had about 4.2
roles, and more than the aggregated ChesapeakanBdaylorida Everglades C networks,
which had 2.7 and 3.1 network roles respectivelgatie the original hypothesis based
on the linked prediction that trophic levels wobkl abnormally high for human food
webs and the false assumption that network roldséfective trophic levels are
synonymous or closely correlated. The humans-bestiWork exhibited a maximum
effective trophic level of 8.1 for humans, and teiseeds natural food webs for which an
effective trophic level limit of about 5 has beei@ly observed (though its cause is not
agreed upon (Post 2002)). However, as shown hénerieroles and effective trophic
levels are not the same or necessarily varyingthegdor the case of the industrial
humans-beef network.

This result suggests several future questionst, Ritsears further study to
determine if the limit of 4-5 trophic levels is aligl rule and defining feature of natural
food webs in its own right (i.e. independent of kin@t of 4.5 roles associated with the
WOV). Other workers in network analysis such adgdpatt al. (1990) do not agree that
trophic levels are limited in such a way, as tine@#thods account for material cycling
differently and can lead to very high numbers ophic levels. The results also call into

guestion whether the much higher number of trofgvels for the example human sub-
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network studied has much relevance for environmeauistainability. Fowler and Hobbs
(2003)have shown that humans fall outside the normalearyariation (outside the
90% confidence level) compared to all other spédissributions of population size,
energy use, biomass consumption, geographic ramy€& production. They infer
from these comparisons that we are possibly eacdbgs well as statistical outliers and
that these deviations can inform how we alter husyatems to be more sustainable.

Other major network comparisons results includeeatgr ascendancy to capacity
ratio for humans-beef network than any non-humawak. This result could be
generalized to an observation that this examplaor&tshows how heavily the U.S.
system has been pushed toward efficiency, ostgrasbiiriven largely by economic
competition. The trophic or transfer efficiencies the industrial and commercial
transportation, retail, home refrigeration and dénglcompartments were all much higher
(range 0.91 to 0.99) than any non-human trophicieffcy observed (highest of 0.79 in
the first trophic level of the full Chesapeake Bayetwork). As mentioned in the results
these N-transfer efficiencies likely would be oslightly lower if measures of N fluxes
associated with fossil fuel use and human workenewncluded, as these external fluxes
are much less than the mass of N in beef movirautir these compartments. However,
as also mentioned, the validity of comparisonsughsndustrial transfer and true trophic
efficiencies requires further examination.

The evidence of high efficiency, while good for uethg losses of valuable meat
along the supply chain, also appears to be assdordth a loss of reliability and
redundancy. Lower residence times observed innhesitrial compartments relative to

the agricultural and ecological compartments aggestive as well. Comparisons of total
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network dependency coefficients — the fractionotéltintake by a focal species (e.g.,
humans) that is mediated by other network compartsnever all direct and indirect
pathways — showed humans to be the only speciésteotdl dependency (coefficients of
1) on any compartment. The humans-beef N netwarkimated as it is in scope and
coverage of the highly diverse U.S. diet, in fauiwed total dependency (100% of beef
ingested was mediated by other compartments) &adi protein supply on five
different compartments in the highly linear begb@y chain — feedlots, slaughter and
meatpacking, transportation, retail, and homegefation and cooking. This dependency
factor would decrease if fuller accounting were matilocal and alternative sources of
meat and protein, such as from farmers marketal facms, personal gardens and
hunting. But these decreases would also likelyfisebby additional dependencies on
the same or similar industrial food system compart®s, since many other staple foods
like chicken, turkey, beans, bread, eggs, milk @inérs are grown, processed,
transported, supplied via supermarket and stordgegpared at home in much the same
ways as depicted for the case of beef. One caroiregeneral plausibility of these results
by asking what would happen if any one of thesésupei.g., transportation, retail,
refrigeration and cooking) in one’s personal foag@y ceased to operate or perform its
role in the supply chain.

Three measures of network connectance were foubd tower for the humans-
beef network than any non-human network comparsdrdll, intercompartmental and
foodweb connectance were all reduced relative es@peake Bay and Florida
Everglades. These differences might decrease soatéfddditional fluxes known to

exist in the humans-beef supply network were inethcuch as additional local
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pathways for foods, pharmaceuticals and supplememittle feed, and others. But
fewer connections per node also is compatible imgpection of network diagrams, the
high number effective trophic levels given the tigkly low number of total
compartments and the high trophic or transfer iefficies. As mentioned above, 90-99%
transfer efficiencies are perhaps only possibleavigghly linear supply chain in which
the vast majority of flux is channeled along veswflinks.

Comparisons to focal species like bluefish in tihesapeake Bay and Florida
panthers, black bears and alligators in the Evdeglgrovided interesting and evocative
results. One of these was seen in the total canioib coefficients going out or forward
from each focal species via fluxes associated dahth and waste egestion. These
fractions of production that become inputs to opcies could not be calculated for
humans in the humans-beef network, as no fluxese weantified via which dead human
bodies or human wastes were ingested by otherespe®eeing the list of compartments
that receive the bodies and wastes of the fislr, lpeather and alligator species made me
aware that we humans don't typically consider haawwill feed others, how we can in

fact become food for other species. The fact figimeShakespeare’s Hamlat which

this character says (Eliot 1914):
We fat all creatures else to fat us, and we fas@lues for maggots. Your fat
king and your lean beggar is but variable sentwe,dishes, but to one table;
that’s the end.
And soon after:
A man may fish with the worm that hath eat of agkiand eat of the fish that hath

fed of that worm...to show you how a king may go egpess through the guts of
a beggar.
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In the contribution coefficients for black bear&gritla panthers and alligators we see the
shared set of compartments and processes, assabl aimilar guild of carrion eaters
and decomposers, able to fill in details of thel@gical actors in Hamlet's scenario for
wild creatures if not for humans.

The half of the human N flux treated as an expothé atmosphere via cremation
could perhaps be traced forward into other idaatilé species and compartments such as
locally abundant plants and soils receiving atmesigtdeposition of N. And N in
biosolids from wastewater treatment plants is baimgjied to agricultural, forested and
restoration lands though it was not quantifiedtfes study. Given widespread practices
such as embalming and enclosure in plastic buaisgs, it is questionable whether, or
over what time frame, the portion of N in human iesduried in cemeteries is available
for decomposition and incorporation into soils @and organisms. These considerations,
while perhaps morbid or uncomfortable, could hagepr meaning as well as additional
means of analysis via ENA. One ENA tool not usethenpresent study quantifies the net
impacts between any two species or compartmerds aftounting for both positive
(gains accrued by the one who eats) and negatgeds$ suffered by the one who is
eaten) trophic effects. A software module, IMPACT®,these calculations is available
in both Netwrk 2.0 (Ulanowicz 2002b) and EcoNetiEcoNetwrk 2007). It would be
interesting to see if in human food webs the adedgs that, as observed in all non-
human food webs thus far, “everything is connetbeglerything”. This property is
shown in the matrix of total impacts, which genlgrabs no non-zero elements (R.
Ulanowicz, personal communication). Thus all speeied compartments do in fact

connect to and impact all others, either directlyndirectly, in natural ecosystems. But
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this would be true for humans and human ecosystetysf we can trace C, N and
energy fluxes outward and forward into living comp@ents able to ingest and benefit
from human deaths and wastes.

Several other ideas and issues arose during thecptbat were not pursued.
Some of these relate to the repeatedly observebbtpgcaling relations of
compartmental stocks and throughputs. While sueteptaw relations have been widely
studied for body mass and respiration relationsrganismal and species basis (e.g.,
West et al. 1997), ecosystem scaling relations has@ived less examination (Ulanowicz
and Wolff 1991). Flatter slopes and smaller scadirgonents of the humans-beef system
relative to non-human networks suggest possibferéifices in the meaning of
“‘economies of scale” in human versus natural systdra the degree that we know
natural ecosystems can self-sustain basic opesatieer many millennia, while also
utilizing mainly renewable energy and achievingnhigaterial recycling, the stock-flux
scaling relationships they exhibit could help imiodesign of sustainable human
ecosystems. The continued observation of stockghuer law distributions may even
suggest a convention to consider these as a gigtributions, which could alter network
indices and the information theory formulas usethair calculation.

Differences in statistical entropy values (H) beswduman and other networks
were also intriguing. The humans-beef H value (883 lower than the other networks,
which varied only slightly amongst themselves (en§4.5 to 4.9). How H relates to
species diversity, functional diversity, systemeepmental capacity, trophic levels,
network roles and the window of vitality all seemaifful to explore. As defined in the

methods, H is an upper bound on average mutuainnaeon (AMI), and the number of
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network roles is calculated as 2 raised to the AbWer. If AMI is typically observed in
a narrow range such as 30% to 50% of H it may aeHhis ultimately responsible for
the observed limit of 4.5 roles in all networks.

Ideally network modification experiments could mnd to show how sub-
systems like the humans-beef supply network coalcedesigned to be more sustainable.
Or conversely, one could alter non-human netwarkshow how localized changes result
in different whole-system indices, patterns or b&bra. Work by Fath and Patten (1998)
suggests essentially that overall synergism (smhalanutualism) among species or
compartments is guaranteed in all networks whenagreunts for all direct and indirect
effects. They report that network synergism appdaesto three properties common to
all networks: indirectness, openness and symmeéhsir work raises the question of
whether or how one could design a network withattwork synergism, or a network
with an alternate general intercompartmental rehesthip such as “network antagonism”.
Linking these systemic relations to sustainabgibyld be useful for understanding the
importance of whole-system organization on timeagyits and the ability to sustain key
forms of natural capital.

Even though not directly quantified, the influerdfeeconomics was apparent in
some of the properties in the human network andesointhe differences relative to
natural systems. The high transfer efficienciew, lesidence times, low connectance and
large inputs of industrially produced N fertilizat imply the drive to reduce costs and
increase production and sales. While these fattatsserve to increase efficiency and
throughput can be positive, they can also leadherdharmful side-effects if emphasized

to the extremes or treated as the single basisataation used to guide network growth
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and development. Ideally, economic and environmetworks could be integrated to
reward the preservation and enhancement of natapatial as being of equal value to
human or financial capital. Daly (1990) is excepélby helpful and clear on defining
capital in general and demonstrates convincingly tluman and natural capital are
complementary (both are required) rather than gukeble.

The human food web, in the example of the beeflgugamb-network, shows signs
of the strong role played by economic, industtet¢hnological and mechanical factors
unique to humans as compared with Chesapeake Bhlylanda Everglades ecosystems.
Efforts to increase the speed and efficiency ofmahifeeding operations - that have
resulted in high-density feedlots and switched fieeoh grass and hay to corn — have
also created new problems in waste disposal, arligsdth, antibiotics use, beef quality
and fat content, and human and environmental hegtid temptation to increase
efficiency in any given compartment is similar be thatural tendency of ecosystems to
increase in ascendency, a whole-system measuhefency, organization and
orderliness of network stocks, fluxes and linkst Bunatural ecosystems ascendency is
always in dynamic tension with system overhead,¢bmplementary portion of total
system developmental capacity than is unorganisetlindant and less efficient
(Ulanowicz 1997). The humans-beef network had adrigscendency to capacity ratio
than any of the other networks studied. If we pilishratio beyond normal or natural
limits, as if we have no need for any redundargarallel pathways to provide reliability
and resilience to changing conditions, we may badfood supply system encounters
trouble in the form of disruption and reduced feedurity. Combined with the known

problems of resource depletion and excess wastesami this potential organizational
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and network problem provides both cause for conaathbasis to inform strategy and
direction for concerted efforts to increase thaaunability of the U.S. food supply

network and human society in general.

249



Chapter 5

Toward a Theory of Applied Environmental Theory

Introduction

The research projects of this dissertation beg@&0@a, but the ideas behind them
began many years prior to the actual start of rekedesign and data collection. One
genesis for the work was a kind of epiphany or éat” moment experienced by the
author in 1996 near the end of masters degreerobsea agricultural soils, nematode
communities and indicators of ecological healthaflftash of seemingly profound
insight entailed “seeing” in graphical form a sautto the central problem of the
environmental degradation of conventional agrigeltand modern culture that also
simultaneously appeared to fit like a missing peiziéce to help solve the persistent
guest to understand the origin of life as emer@iom a non-living environment. In later
years, the two halves of this epiphany were uskitigy to describe the author’'s PhD
research as addressing just two questions: “Wtiaeisneaning of life?” And, “How to
save the world?” The jest continued that the speuiaitive simplifying assumption that
would enable one to study two such deep problentsespace of a four year degree was
the idea these two questions share a single answer.

The graphical pattern envisioned to fit both thigiarof life and the human
sustainability problems was a sideways figure 8s Emerged from two sketched
diagrams. One picture portrayed conventional atitiocelcoupled to human society in a
linear pattern with flow-through of matter and enelike an assembly line, or like a
figure 8 cut and unfolded into a straight line. §'hystem diagram had boxes and arrows

for various stocks and fluxes of matter and it segto explain the environmental
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problems of our existing circumstances in the wagtes necessarily (by system design
and configuration) poured out the end of the lme landfills, oceans and atmosphere.
The second picture represented a hypothetical fwtesystem of agriculture-and-
society in which most material leaving as wasterats circulation through human
society was recycled as resource inputs needdtidarext cycle of food and fiber
production. This seemingly solved the “fouling @un nest” problem above on paper.
And, as sustainability expert, William McDonouglaststated in many public lectures, it
seemed a simple system design with the power bmifehte the concept of waste”.

The latter diagram looked like a figure 8 on i@esiand in two instant mental
hops this evocative image linked to the infinityrdyol and then to an ecological
topology of flow, transformation and relationshigigntially capable of bridging
inanimate energy and matter with the open-endeddeadly infinite future of life as a
unique process in the universe. The dynamic imagieedViobius strip may have also
catalyzed this experience, as drawn with ants tsavg it endlessly by M.C. Esher. Other
Escher works like Drawing Hands, Whirlpools, Ascegdand Descending likely helped
as well. C.S. Holling’s sideways figure 8 depictihg recurring cycle of ecosystem
growth, disturbance, release and renewal and thecywle and binary complementarity
symbol of the yin yang also played assisting roles.

Some of this story and the attendant corrobordtiegature and logic were
reported in the Bulletin of the Ecological SociefyAmerica (Fiscus 2001-2002).
Inspired by this idea and with great hopes fopdgential to help solve major real and
theoretical problems, the author wrote and emadading thinkers in ecology, Gaia

theory and complexity theory and asked for theinimms and critique. Replies from
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James Lovelock, Lynn Margulis, John Holland, Ffigapra, Stuart Kauffman, Simon
Levin, Pat Kangas, Bob Ulanowicz and others. Masgidolland and Kauffman all
suggested that | contact Harold Morowitz. This adwvas followed, and he was so kind
and generous as to invite the author to George Masversity for lunch and a long
discussion. Dr. Morowitz agreed that material réiagcwould be of great adaptive
benefit as soon as it arose, but he disagreedtiatidea of an ecological material
cycling system as likely prior to or able to genedde in its cellular and organismic
form. Pat Kangas provided a citation to work by oavOdum (1971) in which Odum
had diagrammed the same basic idea of an ecolawigah of life with recycling aided

by abiotic hydrodynamics in the form of “circulagiseas”. James Lovelock said he liked
the idea, but the scenario needed some role fagrthiegonment to play. Bob Ulanowicz
was very optimistic and supportive, shared thedyasw and added insights to it,
thought a PhD would help with pursuit of such ideasl agreed to serve as the author’'s
PhD co-advisor.

Development of the theoretical ideas proceededdore time. The two mutually
causal life sub-systems were characterized asaxgtutrophic and proto-heterotrophic
functions, and, borrowing from Lotka’s (1925) pledsoupled transformers”, the
synergistic team was described as a unitary whaléenof “coupled complementary
processes”. These two sub-functions were furthlerpneted as a molecular string
“composer’-with-“decomposer” system plausibly regaeting the basic functions shared
by both metabolic and genetic systems of cellskéirere made to potential abiotic pre-
cursors to this two-phase and perpetually cyclyggesn in 1) the hydrological cycle,

alternating between liquid and gas water phaseswagoration and condensation, 2) the
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erosion and deposition cycle, by which sedimentserioom land down toward oceans
and for which the cycle can be reversed by uplfitt aew mountain formation, and 3) the
unique estuarine turbidity maximum zone near trelhad tide in estuaries, where the
annual cycle of freshwater runoff meets the mon#mg other cycles of ocean tides
forming a natural churning washing machine-likaactvith resuspension of sediments
and other features akin to Odum’s (1971) “circuigtseas” origin of life scenario.

This model of life also continued to appear fulpphcable to present day
sustainability challenges and capable of solvingpmauman environmental problems. If
one accepted the fundamental unity and requirefoetiie two complementary modes
for lifelike open-ended evolution and environmenhancing operation, then one could
apply this first principle in the design and acizaion of any human production,
technological, agricultural, economic or developtmaoject. Following the model of
autotrophy-with-heterotrophy, composer-with-decosgamne could design and build
any material construction process in concert witio@pled complementary material
deconstruction process. Then one could grow andrekghese two sub-functions as
matched in spatial and temporal scales. Idealli suncecological basis for the creation
of human artifacts would enable them to have tist lifelike properties, to “take on a
life of their own”, to eliminate the concept of iasnd solve any pollution problem
before it even arose.

But after further attempts to pursue this ideaigdnplications directly, the
research was hindered partly due to a lack of caitmpiy with the goals, values and
ways of the author’s highly applied research ingbh. Conceptual trouble also arose

with practical means of development and testinguch a general idea, then called “the
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ecosystemic life hypothesis”. A change of course made to seek aspects of this
holistic view of the essentially cyclic and comntyrecosystem-based aspect of life
relevant to pressing environmental problems lilaséhof the Chesapeake Bay. It seemed
that if the idea were valid and useful, it oughptovide pragmatic information able to
guide research into ecosystem dynamics of excésgjan loading from landscapes to
surface waters and other similar projects beindistlat the Appalachian Laboratory.

The gist of the ecosystemic life hypothesis appieeduman-environment
problems and environmental sustainability is tltai@gical relationships are critical to
both understanding how living systems work andesighing and implementing human
systems that can be free of major chronic and systproblems like excess GO
emissions, excess N loading to surface waters Hred Three research projects
intended to explore and test this simple but profbgeneral hypothesis developed and
conducted. Some of the major results and experseinom those projects are
summarized next. Following the project-specificgyses the mutual meaning and
implications of the projects is presented. Finglly collective take home messages are
applied to identify warranted and likely benefiailanges in theory - philosophy,
science paradigm and cultural mental models - atidra— principles and programs for
restoration of environmental quality and actual@abf environmental sustainability. All
of these revolve around values that operate foathieor in varying degrees of explicit,
conscious and overt versus implicit, subconsciogscvert ways. A way to summarize
the core of these values is akin to those selfentittuths listed in the U.S. Declaration
of Independence - the rights to life, liberty dhd pursuit of happiness. Based on a

personal view that liberty (largely for an eliteviehas been over-emphasized to the
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detriment of life and happiness (for the many) sitiese historic words were written, the
summary seeks to re-balance these and focusesomdife and happiness as
fundamental truths, both of which are amenableitensific inquiry and exploration, as

well as inalienable human rights.

Summaries of Three Research Projects

The Signature of Synergy in Soils

The first attempt to apply the ecosystemic life ttyyesis and kindred holistic
ecological concepts involved a comparative ecoaysteidy of soils (Fiscus 2007a in
preparation). Prior research experience (Eshlerhah 2004, Eshleman et al. 2001) and
work of Eshleman (2000) had shown that forestectrsaed ecosystems located on
different bedrock geologies responded differerdlgxtreme natural disturbance events
of heavy defoliation by gypsy moth caterpillarsabidition to differences in geology, we
had basic information that soils and vegetation differed for the many defoliated
watersheds studied in Virginia, Maryland, Pennsg@amd other nearby states.

Eshleman’s important results came partly from wieahas called “serendipity”,
by which he seemed to mean he just happened tothe right place, at the right time,
measuring the right things. He and colleagueseatithiversity of Virginia had
maintained long-term monitoring on a group of maumstreams in Shenandoah
National Park. They thus had baseline data foastr&ater constituents like nitrate for

many years, when in the late 1980’s the wave ohtrenative gypsy moth’s southward
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migration swept over these watersheds. Within ortaree years after heavy and
sometimes complete defoliation, nitrate concerdratin these streams spiked up with 10
to 100 fold increases. Nitrate export then declimeall watersheds and within 10-15
years had returned to the very low baseline exjbes they had seen prior to
disturbance.

From learning about both the very low baselineatétrexport rates and the
resilience and recovery of this high N retentioieasevere disturbance, forested
watersheds were seen as amazing example systeimgatgintially great lessons to teach
us. In short, forests simply do not exhibit theesscN loading and water quality
problems that the Chesapeake Bay and its landseateeshed have. For some
watersheds, like the Patuxent River, while someawgments and reductions in N
loading had been achieved, it was widely known thase improvements had seemingly
stalled. After about 10 years of good reductiongxiort in the Patuxent had reached a
plateau around the year 1995 as if current managiepnactices had “picked the low-
hanging fruit” and then succumbed to diminishingines from a partial management
solution. Defoliated forests on the other hand stwbessentially complete recovery to
pre-disturbance low N export conditions. And theddme N concentrations in forested
watershed streams were about 40 times lower thegettor the heavily developed
Patuxent watershed.

A general hypothesis was conceived that soils agdnic matter played
important roles in the ability of forests to bo#tain nitrogen under normal conditions
and recover that N retention capacity after distnde. To begin to explore the role of

soils, the first project studied soil structure @hdnges due to land use. Old growth
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forests (150-300 years old), middle-aged foredds1@®0 years old) and long-term
agricultural sites (farmed for 60-100 years) in Hifeeen Mile Creek watershed and
nearby area of Eastern Allegany County in Marylesetle sampled. All sites were on the
same solil type, Calvin shaly silt loam. Samplesentaken at multiple depths in the
vertical profiles of soils and data gathered fdkliensity, total nitrogen, total carbon
and organic matter contents. Two soil cores wekert@n each of three plots on each of
the three land use types for a total of 18 corabokatory analyses for C, N and organic
matter content were performed at Appalachian Laboyavith great assistance by many
faculty, staff and fellow students.

The data showed consistently greater total C stoiraoth forest types relative
to the agriculture sites. Total N storage was sinakross all three site types. Soil C, N
and organic matter all fit power law depth disttibas, except for C distributions in
some of the agriculture sites with greatly reduCeahd organic matter in the surface
layer. For these anomalous sites the depth prditles exponential depth distribution
better.

The power law depth distributions were a surprise lzad not been predicted, but
a very welcome surprise as at the time power laarg\a hot topic related to complexity,
self-organization and spatial patterns of chlordplsglinity and temperature on the
surface of the Chesapeake Bay (Gardner et al. 2008)is chapter for the soils study,
an explanation was posed for the power law degtniblutions of C, N and organic
matter (OM) using a concept from Schneider (20Bi)wrote that power law
distributions can be generated by two opposingefaperating at exponential rates of

the same order of magnitude (e.g., birth and migyjalThis interplay of two
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antagonistic forces is echoed in the dialecticdl avo-tendency nature of ecosystems
and the universe characterized by Ulanowicz (198@)he author’'s knowledge, the
generation of the vertical structure of soils hasbeen explained in such a systemic
way. Further research, such as using a model fesfsoils based on two opposing
exponential rates to see if they can generate plawmedepth distributions, could be
fruitful.

The paper that inspired the title of this chaptasw/The distribution of soil
nutrients with depth: global patterns and the imipoif plants” (Jobbagy and Jackson
2001). Their paper and title implied that the \atidistribution of soil nutrients is
explainable by the action of plants to draw up ieats via roots and deposit them on the
surface via litter fall. The term “synergy” in thide chosen for this first study aimed to
suggest that the pattern of high concentrationsmting and valuable nutrients near the
surface is better understood as the result of plalplayers in a community as linked via
cyclic processes and relationships. The minimalgdement to form a community is two,
and thus the two major ecological roles of autdtgognd heterotrophy seemed the
minimum functions necessary to account for thetmeaf a strong and functional
gradient in soil storage of C, N and organic mafféat these two functional types work
largely in opposite directions with regard to atdphic inputs and heterotrophic outputs
of C ties the power laws in to this view that esisynic organization and interdependent
functional relations are likely at play, integraltheir own right and not reducible to epi-
phenomena of the actions of organisms, speciesgledunctional types.

One other basic but important sense from this rekaa that forestry appears

essentially sustainable with the long-term rotatidone in Green Ridge State Forest
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where several of the forest plots were. Cuttingoemevery 80 years or so seems
compatible with continued soil generation, maintex@aof power law depth distributions
in C, N and organic matter, and a thick and rigtetaof litter and organic matter on the
surface. In contrast, agriculture as practicedhenather sites, likely including annual or
regular tillage and net loss of vegetative mattarcvop removal, seems unsustainable.
This land use practice depletes soil C and orgawaitter, removes the black litter and
organic surface layer and alters the strong gradieconcentrations across the vertical

profile.

Self-examination of Environmental Science as an Emonmental Process

A second research project focused on a very diffassue, yet in certain
fundamental ways continued the thread of the etesys life hypothesis. This project
was conceived partly based on a sense that thédred emphasis on objectivity in
environmental science could be a limitation in gfdo understand and solve
environmental problems. This hunch involved thepdeobservations that 1) the major
environmental problems are caused by humans, Zmwieonmental scientists are
humans, and 3) we environmental scientists in anageesearch and government
agencies appear to be living and working in theeshfastyle, technological, economic
and cultural systems that are responsible for ¢bramd systemic environmental
problems like those with CON, energy and others. From these self-criticaitistg
points, a goal was set to examine whether the Aqgp#&n Laboratory, as a typical

environmental science research organization repta$ee of mainstream science, could
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best be considered to be “inside” or “outside” tia¢ural system context as defined by
major C, N, energy and water-related environmemiablems. Another goal was to
assess whether the operations of the Appalachibr{Als) are environmentally
sustainable or not. The basis for this test wasét@f Daly input-output rules for
environmental sustainability (Daly 1990, Goodland ®aly 1996).

Audits of the annual AL uses of energy and water emissions of C and N from
1999-2005 were conducted. These fluxes were cordparestimated C and N
absorbance capacities of typical local hardwooddtsras comparative ecosystem
reference basis and for testing for sustainabiitiie Daly rules require waste emissions
within the capacity of the local environment to @tsswithout reduction in future waste
absorption capacity. The renewable local water lsufppm precipitation and renewable
local energy sources from onsite solar radiaticcheimd energy available on nearby
ridge tops were also quantified.

Results showed that the operations of AL causesoms of 70 times more C and
60 times more N than can be absorbed by local frékis chapter concluded that AL is
environmentally unsustainable based on C and Nstoms. Energy use was found to
come from 99% non-renewable sources, and sinceokks dot allocate any resources
toward development of equivalent renewable eneagacity (another Daly rule), the
conclusion was again made that AL is unsustainadéed on energy use. Water use for
the lab was far less than ambient rainfall and essmed sustainable. Solar energy was
estimated as sufficient to power the lab if thef were covered with solar panels (but

this simple comparison neglects important econand feasibility issues).
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These results were also used to infer that thee@mwiental scientists at AL, and
the organization as a whole (of which the authqraig), is an active participant and
active causal agent of the problems of excessddissions and excess N emissions.
Both of these human excesses harm the Chesapegk&®&agraphically and spatially,
the lab is located near the farthest upstream hataasy in the small Sand Spring Run
watershed, a tributary to George’s Creek, whicivfido the Potomac River and on to the
Bay. The “self-examination of environmental scienu®ject suggests that not only are
we inside the watershed of the Bay, but we areialside any system boundary one
could draw to the fully characterize and studydhaeses of the Bay’s problems and
attempt to find solutions.

This paper ended with the suggestion that thesesigstemic cultural aspect to the
environmental problems of the Chesapeake Bay, tBe &ahd the world. Hoping to frame
this as good news, the results were posed as gifaod direct access to knowledge of
the nature of this cause, as we are immersed atidipating in it ourselves. Going
further, one could characterize a collective caltunyth, a shared value system or a
consensus reality based subordination of environmental value to other valas the
ultimate cause of our chronic and systemic envirema problemsin environmental
science we are accustomed to examining and citgciagriculture, transportation,
industry, development, energy, government and ateetors for their failure to achieve,
maintain or restore environmental quality. And we familiar with justifications that
profit, progress, food production, practicality]ipos and other values can at times be
priorities that trump environmental quality as #uea But this audit provides evidence

that we do the same thing ourselves — it is just tie values we elevate above

261



maintenance of environmental quality and capaeitgted to C, N and energy are
scientific, educational and associated personakantbeconomic values.

A focus on the silver lining of this critique coukhd to long-term benefits for
both environmental science and society. If we bégiaccount for those resources
integral to theenvironmental capacity to do scientieis can ensure that we continue to
be able to do environmental science and are algads on this important field to future
generations. If we have to fit our organizationahéviors to the real carrying capacity
limits of each local environment, that would seemeacellent opportunity and impetus
to learn about our ecosystems in even more intimuadeaccurate detail. Such research
could provide meaningful experiences for studeatwall as help us reduce the amount
of taxpayer money we spend.

In terms of science paradigm advances, this selfréxation could also
contribute to efforts to develop the internalismgpective. Salthe (2007) describes
internalism:

This is a newly emerging point of view in scienagth few antecedents, which

include phenomenology, the thinking of J.J. von ki and the autopoiesis

model of Maturana and Varela. Current major thiskeclude Koichiro Matsuno,

Yukio-Pegio Gunji, Otto Roessler and George Kamidig.own perspective on

this is that internalism becomes necessary if wéotmake a science which

begins with the fact that we are inside, as pgaicis in, the universe that we are
studying. Internalism applies to such advancedreldyical situations as
cosmological knowledge in the face of the finiteeg of light (we cannot get
outside the universe, or see it whole) and oparalism, as well as to the

situation of a newborn infant trying to manageha world. Internalism is a

viewpoint that accepts in advance limits to knowkedand any viewpoint

expressing limitations, like Herbert Simon's "boeddationality" is internalist.

The problem of waste disposal is an important elyevisible internalist
predicament.
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The implications are potentially revolutionary andy lead to a “new kind of science” as
we begin to internalize the environmental costsarfducting science. Leaders in the
emerging field of sustainability science affirmttsastainability entails fundamental
change for science. Kates et al. (2001) stated, Sthucture, methods and content of the
scientific enterprise would have to change in otdgrursue sustainability science
adequately.” Central to these changes may be nemsfof environmentally self-
reflexive accounting for progress, reward and adgarent structures and strategic plans
for conversion of science operations to meet thig D@ut-output rules for

environmental sustainability as tied to real lamavironmental contexts. Perhaps we can
gain insights and cooperation as the U.S. cultnceexonomy as a whole (hopefully)
work on the same program. Or perhaps we in enviemtah science can help to lead the

way.

Comparative Network Analysis Toward Characterization of the Necessary and

Sufficient Organizational Criteria for Environmenta | Sustainability

The third and final major research project of thissertation again used
comparative ecosystem studies to search for e@msistoot causes and solutions to
major environmental problems facing citizens of @feesapeake region and humanity as
a whole. The original research plan was to consttatasets for and compare three
ecosystem networks, tracing C, N and energy, foeldped, agricultural and forested
watersheds. As the project progressed, the watdigbgroach was largely abandoned

and the ecosystem currencies were reduced to tew.ddta collection focused on N in
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the beef supply subset of the U.S. human food Wwhkéb.last vestige of the watershed
approach that survived was characterizing N fluresand out of the main wastewater
treatment plant for Allegany County and Cumberlavidryland. This plant delivers its
effluent to the Potomac River. Instead of a nevasiat for a forest ecosystem network,
four existing datasets were used for testing asraband sustainable reference
ecosystems. These were C and N networks for th€hdsapeake Bay mesohaline
ecosystem, one aggregated dataset for the ChesapaglC network, and a C network
for a cypress swamp ecosystem of the Florida Eadagl.

The Daly (1990) input-output rules for sustaindabilwvere again employed to
define and test for environmental sustainabilityatidition an ecosystem typology
(Allenby and Richards 1994) was explored for itfitytin defining fundamentally
different ecosystem types and for differentiatimgieen human and non-human forms
of ecosystem network organization.

The hypothesis that a human ecosystem network wediit a number of
network roles and effective connections per noa siiat it plotted outside the “window
of vitality” (Ulanowicz 2002) was not supported the results. Instead, the N network for
the humans-beef supply chain plotted inside thelainof vitality like all other
ecosystems studied thus far. The hypothesis tedtuiman network would be most like
the Allenby and Richards (1994) Type | heavily isttial ecosystem was not supported
either. Instead, the N network of the humans-bepply chain was more of a hybrid
Type |l ecosystem intermediate between a maxingaljuting industrial ecosystem and

an ideally recycling Type Il ecosystem with natiaaalogues like forests.
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Several interesting results did suggest major ihiffees between the human sub-
network studied and all natural ecosystems. Theralmncy to capacity ratio was greater
than 50% for the beef supply chain and 43% orfi@sall non-human food webs. The
highest effective trophic level was 8.1 for the lmmetwork, far above the highest in the
reference networks, 4.9. Caution was urged in comgahe pseudo-trophic levels of
industrial units like slaughter and meatpackingngportation and retail with true trophic
levels in real food webs. Humans were unlike aimgospecies in their total dependency
on several compartments in the highly linear bapps/ chain with no alternative
pathways. The highest effective trophic level al&s decoupled from the number
network roles, an important learning for the autfidns result could potentially aid the
effort to find an analytical solution for the fonrédge of the window of vitality, the limit
of 4.5 network roles observed in all real netwa&dar. The other three edges have
analytical or intuitive explanations, but this rensaa need for the limit of network roles
(Bob Ulanowicz, personal communication).

One result evoked spiritual and philosophical awees. The food web
comparison showed no trophic N contributions whranibg forward from humans to
other species. Unlike for bluefish, alligators,dddoears and Florida panthers,
contribution coefficients could not be calculated N in human deaths and wastes
becoming inputs to soils or sediments or food syl other species. This result would
have been somewhat different had the data colletig@n more comprehensive, but the
experience stimulated the awareness that we doftest think about or discuss whom we
humans will feed, how we ourselves can emit ordwoel ffor other species. Perhaps this

point can aid with developing a more internalist®stem science. Or perhaps it
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provides clues to other aspects of the root camfsesr systemic cultural environmental
problems, such as knowledge, fear and denial obour mortality or the predominant

life science focus on organisms with finite lifeagg. These are discussed more below but
largely left for future inquiries.

The original research proposal was to tie the tesiflcomparative network
analysis studies to dynamic behavior and trend¢t®ynforms of environmental capacity
such as soils, energy, C and N. Based on hypotaesizong, repeatable and even causal
links between system (network) organization andadyic behavior over time the
proposal promised contributions toward charactegizhe necessary and sufficient
organizing principles for environmental sustain@pés associated with maintenance of
environmental capacity and capital. The dynamic @liad and causal inference portions
of this research were not completed, but thesedgalalusibly be done and might yet
yield the promised results.

One starting point for completing these tasks cta@dhe diagram in Figure 5.1.
This figure follows a similar three compartmentauattalytic network of Ulanowicz
(1997) and the inclusion of a compartment for emvinental context of Zorach and
Ulanowicz (2003). It depicts an autotrophic funnabcomponent (A), multiple
heterotrophic roles (HH;, etc.), and environmental context (E). In additionhe loop
of positive links depicted in Ulanowicz (1997), timeee-part base of this model has a
complete set of negative influences and thus tw® &feopposite relations, both of which

connect around in complete loops or cycles, opggati parallel or simultaneously.
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T l A = autotroph

H H,, H,... = heterotrophs
3 .

‘ E = Environmental context
, + = positive effect

H - = negative effect
2

Figure 5.1. Schematic of community/ecosystem asndiractionable, interdependent
whole integrating two biotic functional roles ana @biotic environmental role.

The positive (+) loop can lead to exponential gigveiutocatalytic network
stimulation, mutualistic growth and developmentximaum storage (Fath et al. 2001),
and the centripetality (Ulanowicz 1997) that drawsaterial much like a gravitational

action. The negative (-) loop can lead to expomédecrease, antagonistic predation and
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competition, maximum dissipation (Fath et al. 20@hd perhaps a centrifugal force
associated with radiational action to spin outwapln off new forms (adaptive
radiation) and ejection of various energy and niaterastes. The two parallel loops —
each potentially corresponding to exponential rateshange or flux — could provide the
antagonistic combination Schneider (2001) propcasedead to power law relations. As
Fath et al. (2001) showed, these two antagonistidgncies can be reconciled via the
concomitant dynamic principle of increasing resmkehime for material in the whole
network system.

Including the environmental context with an intégode — perhaps as most
obvious in the form of soils, sediments, aquatieraltal properties and atmospheric
composition — satisfies James Lovelock’s suggestoimproving the ecosystemic life
hypothesis and provides a basis for exploring hitexaind environment co-evolve. If this
co-evolution is at least a bit more positive thagative, the weights of the + arrows a bit
stronger than the — arrows, then one could conadieavironmental sustainability as a
mutualistic (+,+) relation between life and envimoent. It seems this model could benefit
from and contribute to efforts in impredicative pomodels such as those of Kercel
(2003) who has used hypersets, and Giampietro {2004 calls them “chicken and eggs
processes”. Both build on works of Rosen (1991).

Finally, this model could provide a better workiegplanation of the power law
relations between body mass and respiration whiekt\t al. (1997) treat as having
developed and evolved in plants and animals indigaty as based on physical
constraints on fluid flow and fractal branchingwetk design for organismal circulatory

systems. Instead of having evolved independenthlants and animals, such power law
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distributions of mass-energy or stock-flux relasamuld have co-evolved
interdependently — not only in the whole contexliahg community action between
plants and animals, but also as integrated witlirenmental and biogeochemical stocks
and fluxes such as those in soils, whose C andpthdbstributions may hold memory of

this complex and unfractionable triadic synergy.

The Collective Meaning of Three Projects

Speaking of triads, to distill the central resalitsl take home messages from these
three projects, it may help to invoke an analoggrismgulation as when multiple
geographic points of reference are used in oriemgand multiple perspectives are used
in social science. For the latter, Wikipedia.or§(q2d) stated:

In the social sciences, triangulation is often useiddicate that more than one

method is used in a study with a view to doubletiipie) checking results. This

is also called "cross examination". The idea i$ time can be more confident

with a result if different methods lead to the saesult.

The three projects summarized here differed irr tyg@proach, yet in many ways led to
the same result. The relationship of ecosystemnizgton to environmental
sustainability was examined by way of 1) a compesagtudy of soils in human
agricultural versus forested land use types, 2naparative study of environmental
fluxes of a science research lab versus a locaktpand 3) a comparative study of a
partial human food web relative to four aquatic amdland food web networks. In terms

of disciplines or sub-disciplines, these could bsalibed as an ecosystem field and

laboratory study, an environmental audit and huewology study and a network
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analysis study. In addition to the author and hirerent values and biases, these studies
also shared some basic findings.

In all three cases humans exhibited qualitativesystemic differences relative to
natural ecosystems. Human-dominated soils shovesg$oof carbon and surface organic
matter whereas forested soils showed maintenarctégrextension forward in time)
continued gains in these systemic forms of proglaatapacity. The case study of the
human science enterprise showed C and N emissaaoms €xcess of the capacity of the
local environment’s waste assimilation capacitye Tdb studied also showed near total
dependence on non-renewable energy unlike thetfaafesence system with reliance on
renewable energy. And the partial human food wigblyl fairly representative of the
complex, energy and resource intensive, highly atitipe U.S. food system as a whole,
showed an unusually high degree of organizationedintlency and lack of redundancy
in supply pathways compared to non-human networks.

One way to synthesize these joint results is tatlsatythis “triangulation” of

studies suggests:

1. Since systemic differences exist in three suspadlate areas as agricultural soils,

academic science building operations and indudti@ad supply chains, and

2. Since these systemic differences are correlatatiperhaps causally linked, with

major C, N and energy-related environmental problethien
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3. It is reasonable to characterize a single systeaman environmental problem and
infer that, as for the manifest effects, the ranise of this problem is not likely isolated

in any one sector. And,

4. Instead, the root cause of all these systernfierdnces and their associated problems
may be some single factor or set of related fadtwasis diffuse, non-localized, shared
across all sectors, or spread throughout the etuitare in which all these activities are

embedded.

If one accepts this logic and the joint evidencéhefthree studies for the moment, then
initial trial runs could be conducted to searchtfos hypothetical single cultural factor or
set of factors implicated as the root cause oftfstemic and unitary “humans in the
environment problem”.

Linking back to the prior work on the ecosystenie hypothesis, it seems this
general concept has withstood three tests, may fedéeneance still, but may also be seen
in new light. This hypothesis portrays the origiaatl fundamental nature of life as an
ecological or ecosystemic process in which two tedipomplementary functional types
co-arose, co-create, co-evolve and co-sustain tuatly causal interdependence. This
hypothetical proto-ecosystem had a material cydisigect as integral to its organization
from the beginning, and as in Odum’s (1971) degpicthis crucial material cycle was
aided by the “free” environmental subsidy of a logdmamic circulatory system. This
hypothesis, or Odum’s plausibly operational scenexiplaining the original and

fundamental nature of life, could now be used ggst that at least one facet of the
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systemic cultural cause of our human-environmeoblem isan incorrect basic
metaphor, paradigm or mental model for life

In our U.S. culture we now have a dictionary deiom of life that equates life
with organism (Life, noun. “An organismic state cerized by capacity for
metabolism, growth, reaction to stimuli, and reprcitbn”, Merriam-Webster 2007), a

story of the origin of life as the emergence offing cell (e.g._ The Beginnings of

Cellular Life, Morowitz 1992), and a theory of evolution in wiithe focal units of
natural selection are organisms, species and gesidsni¢ just a coincidence that we in
the U.S. also now live and operate in ways thatalleevand degrade the ecosystemic and
biospheric life support capacities of future getierss and jeopardize and limit the future
options of other humans and all species?

The alternative is to suggest a causal or inflag¢cbnnection between 1) our
basic, shared, collective, scientific and societalerstanding of what life is, how it is
defined, and how it originated and evolved and Bawit takes to live well and to live in
ways that enhance and sustain rather than degnaddéeplete key forms of
environmental capacity and quality. This seems mtaasible, and it suggests the need
for consideration of at least two equally valid amdducible models, metaphors or
paradigms for life.

“Life as organism” can hardly be thrown out totalyt has too much obvious
validity, truth, merit and utility for understandjrand action. But it may well be
necessary to add a second model of “life as comtyfecosystem” ofully equal
validity, truth, merit and utility to the mainstmaascience view and cultural conventional

wisdom of organismic life. “Life as community/ecesgm” serves the need for a
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continuous view of life that matches the continustasy, evidence and observations of
life as persistent over nearly four billion yedfsosystemic life as an equal mental model
for life also provides a foundational counterbakatw the temptation to over-emphasize
the importance, primacy and standing of individwald organisms. If these discrete and
single lifespan living entities are the benefie@arand heroes of the modern celebration
of independencwhich the American Revolution has helped to pramtite communities
and ecosystems of life are the left out continuemb multi-lifespan entities now awaiting
the necessary and emerguheclaration of interdependengfr the origin and history of
this phrase see Greenpeace 2007).

Our culture, our actions, our behaviors and thaltieg) cumulative effects and
manifest problems in widespread, pervasive andewang environmental degradation all
are compatible with a belief and scientific paradlitdpat life is of, by and for organisms
and individuals. It is as if the future or real \ebon Earth does not exist beyond the
horizon of the death of an individual — like somedkof mental, psychic or cultural
barrier blocks our view, attention and empathyh®duthentic needs, intrinsic value and
equal standing of life-the-continuum that extene@dl after, and far before, our own
personal lives and deaths. Darwinian natural seleand its infusion into competitive
economics fit this worldview as well.

One example of a new mindset, shared mental mpdeddigm shift, or
consensus reality that could both fit better witheative reality and help solve our
environmental problem comes from Daly and Cobb §)98hey propose that “person in
community” is a better mental model than “humamasvidual” for economic theory

and practice. They wrote:
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The view ofHomo economicuderived from that anthropology [of the™.8
century] and still underlying the existing disci@i[of economics] is radically
individualistic. Society as a whole is viewed asaggregate of such individuals.

We want to replace this with an imageHidmo economicuas person-in-

community.

The individualism of current economic theory is iifest in the purely self-

interested behavior it generally assumes. It hagaloplace for fairness,

malevolence, and benevolence, nor for the preservat human life or any other
moral concern. The world that economic theory ndigmmactures is one in which
individuals all seek their own good and are indéfd to the success or failure of

other individuals engaged in the same activity.réhge no way to conceive of a

collective good — only of the possibility that teeran be improvement for some

without costs to others. Even this theory of sogaih is possible only by
neglecting relative status along with feelings obd will and ill will. It would be
difficult to imagine a more consistent abstractiamm the social or communal
character of actual human existence!
It seems likely that the foundational principlesnsensus beliefs, operational definitions
and working assumptions of biological, ecologicadl nvironmental sciences, and
science as a whole, have some responsibility ispinead and persistence of such
monolithically individualistic views as those Dand Cobb critique in economics.

As an antidote and balancing movement, we coulchpte the ecological
metaphysic of Ulanowicz (1999) and kindred work®tbfer systems ecologists (e.g.,
Patten in preparation, Fath et al. 2001) who detnaiesconvincingly the holistic
features of life via the ecosystem network modak basic ecological principles
discovered and defined in these works, if elevatestjual standing with existing
organismal and genomic first principles, would seio reintegrate organisms and
individuals with their necessary living communitydaabiotic environmental contexts.
Fixing this unnatural separation in our “group niibg way of the collective intelligence

of science could be an effective first step to usdeding the causes of our systemic

environmental problems and seeing our ways to thsing solution. Using these
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holistic ideas tdhink with we can go in search of understanding and hedimghuman-
in-environment” as an inherently relational andleg@al being now in trouble and

distress.

Philosophical Implications and Recommended Actions Toward a Theory of

Applied Life-Environment Theory

In the spirit of the pragmatic philosophers C.Srdee John Dewey and William
James, the ideas and concepts of this work woelallglhave some real practical value
and application. Without taking pragmatism to tdilian extremes, the imperative for
practical applications for philosophy, ideas arebtly is compelling. A popular

description of the American-made philosophical pragsm school says (Osborne 1992):

While Wild Bill Hickock was roaming the plains, C.Beirce was honing
his thoughts and in 1878 came up with the followiti@pnsider what effects,
which might conceivably have practical bearings,carceive the object of our
conception to have. Then our conception of thefeesfis the whole of our
conception of the object.”

This was simply meant to be a logical maxim for kiog out the meaning
of words and concepts according to their pracsgaiificance. Or, in other
words, to establish the relationship between thoagt action.

Our idea of anything is our idea of its sensibfeds. If words mean
anything, we should be able to test them. But ifdgsaelate to qualities about
which we can discover no practical effects, thesythre meaningless.

It is astonishing to see how many philosophicagbdliss collapse into
insignificance the moment you subject them to $imsple test of tracing a
concrete consequence. In fact, almost every proposf ontological
metaphysics is either meaningless gibberish orddsenright absurd...

William James summed up the new version [of pragmdt..”ldeas
become true just so far as they help us get irttsfaetory relations with other
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parts of our experience. What, in short, is théhtsucash value in experiential
terms? What does it do for you?”

What might one answer if asked after reading tiaseattation or a part of it:

What applicable knowledge did you gain about emrmental sustainability?

What will you now do based on this new knowledge?

Did this work suggest other knowledge that you neeatder to act for
sustainability, perhaps knowledge specific to y@ai local environment?

For one last round of trying to distill the corencepts, theory or philosophy this
work supports and suggests, Arne Naess’s deep@calul ecological self (1989)
provide insight. Naess’s deep ecology is compatiblke the ecosystemic life hypothesis
(Fiscus 2001-2002), the ecological metaphysic (b\haoz 1999) and a holistic mental
model of life as extensive in space and continuouisne beyond the body and life span
of the organism. He wrote:

Care flows naturally if the 'self' is widened arekgdened so that protection of free

Nature is felt and conceived as protection of duese

Just as we need no morals to make us breatheyifself' in the wide sense

embraces another being, you need no moral exhmrtedishow care. You care

for yourself without feeling any moral pressuraltoit.

If reality is like it is experienced by the ecoloai self, our behaviour naturally
and beautifully follows norms of strict environmahethics.

Suggesting a “hard” scientific basis for these \@#evwas in proposing the scientific
definition, origin theory and evolutionary theorlylibe all be revised to include a second
equally weighted model of “life as community/ecdsys” — could complement the other

real evidence, intuitive appeal and ethical stremftNaess’ work.
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To link in light-hearted and artistic ways to pgeat thinkers, one could imagine
how history might have unfolded differently — hdvetreal effects of different ideas
would have manifested differently - if Leonardo Dad had made a different image and
Rene Descartes had transcribed a different serfioaght. Instead of the famous
“Leonardo Man”, depicting a human — individual, angsm — in isolation, what if this
quintessential Renaissance Man, the world famdist-acientist, had created an image
of the “Leonardo Living Couple”, as in Figure 5@mMage courtesy of Steven Fiscus.)
How might a different conception of ourselves amtj in a community context, and a
symbolic emphasis on the necessary life relatioouto‘better half’, the plants, led to a

different world environmental situation than we nfage?

v W L . L
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Figure 5.2. The Leonardo Living Couple. Courtesypt#ven Fiscus and Leonardo.
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Descartes is similarly famous for helping to founddern science and philosophy
and one of his most powerful and repeated quotédshsk therefore | am.” This
statement was made in the context of Descarteslidgdihat, in order to begin
meaningful philosophical work and inner dialoguevinich a key process is skepticism
and doubting all apparent facts, he had to establi®undation and starting point
somewhere. He could doubt everything else, buttthéd not doubt the doubter” or he
would get lost in an infinite regress of self-doabtd would not be able to ever treat any
facts as real, established, meaningful or true (&fdvWPattee, email discussion list
communication). But what if Descartes had focusedenon continuous @ustained
thoughtversus a discrete or short-term thought proced$ad said instead:

"I think only as long as | have a steady inputxygen, water and food to sustain

my life and thinking. And after | am done thinkingth aid of these materials,

they are transformed into and expelled not so nascivaste but as food for the
plants and other living beings that in turn cresatd supply my material needs. |
can only think, live and love in concert with thekistence, and vice versa. |
think, therefore, | am...we are...an ecosystem..."
Despite the historical anachronisms of many ofwbeds and concepts, it is fun to
imagine how the world might be different. To ackiedge this non-local basis for
sustained thought and sustained life as distribated at least two interdependent agents
would be in a way to “doubt the doubter” and toramkledge an infinite loop or cycle as
required. Current works on self-reference (Bolareteal. 2006) and impredicative logic
(Kercel 2003) show that such cycles need not biewscor pathological. On the contrary,
the holistic ecology espoused here even suggesitisasayclic basis for concepts of truth,

life, mind, thought and action could hold the cto@ur present environmental

dysfunction and associated philosophical patholufigyarmful ideas.
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So if one adopted the ideas of ecosystemic lifelogical metaphysic, deep
ecology or ecological self, what would one do? Avalild one likely fair well in the real
world? Several example applications are next pexvidom the author’s local
community activities.

One initiative is to develop pilot projects in pexcolture — the art and science of
“permanent agriculture” later generalized to “penexat culture” - developed by Bill
Mollison (1996) and a colleague in the 1980’s irstkalia. Permaculture mimics natural
communities and ecosystems as basis for desigaréh agriculture and community. In
Western Maryland this will involve planting fruibd nut trees, berry bushes and other
perennial species so as to produce food whilekaldding and improving soils. The
basis for design and action is the community/edesysand accounting “bottom lines”
include both production (food) and productive catyasoils and biodiversity).

Another area of real application is the Cumberldidryland Sustainable
Development and Restoration Economy Committee. gtuap works to promote
synergy rather than conflict between environmeaia economic community sectors,
agencies and stakeholders. We have developedtah sait of indicators of sustainable
community and produced and distributed a summarg@immendations for guiding
local development toward conversion to renewab&rgn ending car dependence,
moving toward walkable and bikeable neighborhoagigies and zoning ordinances, and
turning environmental problems into entreprenewportunities. Much of our work is
available online (Cumberland Sustainable Develofr2ea7).

Finally, several informal student and staff grohpse emerged to discuss the

environmental “footprint” and greenhouse gas ernaissiof the Appalachian Laboratory,
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Center for Environmental Science (UMCES) and MaBsg&iarine and Environmental
Science (MEES) degree program, all of the UnivesitMaryland. These groups discuss
and work on audits of campus emissions and propdsalmproving environmental
policy and performance. One action step is to getipes added to the UMCES strategic
plan setting goals to address environmental siustdity, convert operations to
renewable energy and achieve net zero carbon emsssi

There are many other ideas and actions to discuksxplore. A list follows of
lingering questions that could help build more ederice in the success potential of the
ideas offered here.

When is knowledge limiting for change action fostsunability and when is
something else limiting?

Do we need to define and clarify a complement &iaoability that is also a
valid mode of action? That is, could sustaining eoldnizing be different but
interdependent modes of life action, both of whighneed to value and pursue?

Are we seeing the need for “sustainable machine8ifelike machines” -
machines re-invented based on coupled complemecdaistruction and deconstruction
capacities for open-ended existence and operation?

How can the works of Robert Rosen (1991) on comiyleron-computability,
metabolism-repair models, closure to efficient eaasticipatory systems and the
modeling relation aid the holistic ecology ideaplered here?

Can an ecological metaphysic help with human hagsn

Can we relate Western science and Eastern philesophuseful ways? Such as

by contrasting that science seeksnodel everything correcthyith the goal being to
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know all ornever be surprised by observations not matchingeations while Tao and
Zen and perhaps mystical Christianity seekntmdel nothingvith the goal being to know
peace and love and end suffering and absger be surprised since one is not attached to
any expectations

Can or should these diverse paths toward truthxpeated to end up at the same
place or some similar place?

Many people seem inclined to look at what we aieglaoow, or even extrapolate
this further via growth, and ask “How can we sustais?” We may also need to ask
“What kinds of processes, and what sizes of systamddevels of activity, are
sustainable?” Based on the answers, we may negtht@e to doing what is inherently
sustainable and give up behaviors (and justifyielgdviors) that cannot possibly be
sustained.

How will we, how should we, allocate and utilize ttemaining fossil fuels?
What would be the best uses for these preciousiress that are really a gift to all?

How can conscience, or “con-science”, ethics, atidion inform science,
systems knowledge, and action for sustainability?

Can we generalize the Golden Rule into an “Envirental Golden Rule”?
Would this ethic or “action-thought” lead to envairaental sustainability? Would it
perhaps be: Do unto other — any other, includirgaiivironment — as you would have it
do unto you. Could this serve as the necessarguaiffidient, simple to say but hard to
achieve, environmentally self-reflexive “theoryagplied theory” we need to solve our

environmental problems once and for all?
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The potential for a concise, open-ended and derio&avironmental Golden
Rule as generative concept to facilitate sustaenabman-environment relations provides

a note of hope and possibility on which to end.
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Appendices

Appendix A. Reference values, conversion factos@her information for Chapter 3,
The Self-Examination of Environmental Science aEawironmental Process.

Table Al. Literature values of N deposition, N fina and total N inputs used in
derivation of estimated forest N uptake and asatmih capacity.

Value
(kg N ha' yr'h)

Description

Reference

1 pre-industrial N deposition Goodale et al. 2002

1 non-symbiotic N-fixation in upland Castro et al. 2001
forests

1-2 background inputs to native ecosystems  Abal. @004

1.5 N deposition to unpolluted forests Gallowagle003

2 NO; deposition in West Africa Jordan and Weller 1996

2.4 NG; deposition in Amazon Jordan and Weller 1996

2.71 N-fixation in forested lands modern dayBoyer et al. 2002
Potomac watershed

4 N deposition in 1900 to Potomac Jaworski et al. 1997
watershed

6.76 wet NH + NO; deposition Garrett Castro and Morgan 2000
County, MD 1996-97

6.8 deposition of N@in Northeast U.S. Jordan and Weller 1996

7 N deposition Hubbard Brook, NH Aber et al. 2003

7.69 N deposition to Potomac watershed Boyer X012

8 N deposition near Parsons, WV Peterjohn etofl61

8-10 threshold of total N deposition before | Aber et al. 2003
linear increases in NO3 export

10.8 N deposition to Chesapeake Bay Castro and Driscoll 2002
watershed 1997

12 highest N deposition in Northeast US,| Driscoll et al. 2003
Adirondacks NY

14 deposition of NO3 in W. Germany Jordan and Wdl896

18 deposition of NO3 in Netherlands, Jordan and Weller 1996
Denmark, Great Britain

50-100 possible, extreme upper range of N | Galloway et al. 2003

deposition
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Table A2. Literature values of N uptake and fomrsduction used in derivation of
estimated forest N uptake and assimilation capacityas related to N deposition.

Value
(kg N ha' yr'h

Description

Reference

7.1 low estimate, N uptake into live wood | Goodale et al. 2002
(from Forest Inventory and Analysis
(FIA) data)

9.2 high estimate, N uptake into live wood Goodale et al. 2002
(from FIA data)

11.96 N production in living wood Currie et al. 200

15 estimate of long-term immobilization, | Aber et al. 2004
retention of N deposition in litter

19 total N production in wood, root and | Currie et al. 2004, Aber et
foliage minus local N recycling via al. 2004.
mineralization

27.72 N production in fine roots Currie et al. 2004

63.8 N production in foliage Currie et al. 2004

84 N mineralization, N supplied via local | Aber et al. 2004
decomposition; low for temperate
deciduous forests

1000 dissolved inorganic N retention on veryGalloway et al. 2003

N-poor soil; extreme case
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Table A3. Literature and online values of C uptaegjuestration and forest production
used in derivation of estimated forest C assinulatapacity.

Value Description Reference
(kg C ha' yr!)
600 Average for all U.S. forests Dixon et al. 1994
2000 low estimate, Harvard Forest Schmid et @020
2360 Indiana forest Schmid et al. 2000
3600 Potential or maximum rate for MarylandNiu and Duiker 2006
deciduous forests
4220 Walker Branch, TN 1997 Schmid et al. 2000
4500 Estimate using TNC carbon TNC 2006 (online tool)
sequestration tool and doubling estimate
for soils role
4650-4820 NPP* carbon in Wisconsin northern | Ahl et al. 2004
hardwoods 1999, 2000
5000 high estimate, Harvard Forest Schmid et @020
5250 Walker Branch, TN 1993-1994 Schmid et al. 2000
5850 Oak-hickory forest, Walker Branch, TN  Malha&t1999

* Note: NPP = net primary productivity.
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Table A4. Literature and online values of C, enefdyand water input and output for

humans.

Value and units Description Reference

Energy

(kcal persoft day)

2000-2500 FDA food labels Most U.S. food labels
2002 U.S. average 1994-1996 USDA 1998

2823 NASA astronauts Hanford 2004
Carbon

(kg C persoit day?)

0.228

C output in respiration

Taub 1974

0.255 C intake in food, average of male Snyder et al. 1974
and female estimates

0.270 C output in respiration Snyder et al. 1974

0.272 C output in respiration, astronauts  Hanf@o4Q

0.282-0.326 C output in respiration in closed| Czupalla et al. 2005
life support system for astronauts

0.0128 C output in urine, feces and otherSnyder et al. 1974
losses

Nitrogen

(kg N persoft day?)

0.00753

N output in sewage

Gajdos 1998

0.0079 N output in sewage Schouw et al. 2002

0.011 Estimated from 80g protein Jacks et al. 1999

0.013 N intake in food Boyer et al. 2002

0.0145 N intake in food, average of male Snyder et al. 1974
female

0.0154 N output in urine and feces, Snyder et al. 1974
average of male, female

0.0156 N output in sewage Heinonen-Tanski 2005

Water

(kg H,O persoit

day")

2.4 Drinking water input Taub 1974

2.73 Total water output Taub 1974

3.56 Drinking water input for closed lifeHendrickx et al. 2006
support system for astronauts

3.857 Drinking water input for closed lifeCzupalla et al. 2005
support system for astronauts

3.909 Water input for NASA astronauts Hanford 2004

4.254 Total water output Hanford 2004
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Table A5. Solar and wind energy estimates for aesa Frostburg, Maryland.

Value and unitg Description Reference

Solar energy

(kWh m? yr')

167 Estimate of solar energy captured in | Ahl et al. 2004
primary production in Maryland
assuming light use efficiency of 0.5 g C
per megajoule of PAR and 3000 kg C
per ha per year

258 Estimate of solar energy captured in | Ahl et al. 2004
primary production in Wisconsin
assuming light use efficiency of 0.51 g|C
per megajoule of PAR and 4735 kg C
per ha per year

584 Average annual photosynthetically SURFRAD 2006 (online)
active radiation (PAR), measured,
Pennsylvania

1,351 Average annual total solar radiation, | SURFRAD 2006 (online)
measured, Pennsylvania

1,643 Estimated average annual total solar | NREL 2006 (online)
radiation assuming a flat panel collector
tilted south

Wind energy

(kWh mi? yr?,

vertical area)

1,752

Using 200 W/mday as the maximum @
a class 3 wind site

fElliot et al. 1986. NREL

Wind Atlas (online)
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Table A6. Conversion factors.

Conversion

Factor or valu

eUnits

Reference or
method

Electricity to CQ
emission (by year)

-

-

-

=]

1997 2066 Ibs / MWh Allegheny Powerl
1998 2020 lbs / MWh Linear interpolatio
1999 2000 lbs / MWh Linear interpolatio
2000 1991 lbs / MWh eGRID 2006
2001 1730 lbs / MWh Linear interpolatio
2002 1500 Ibs / MWh Linear interpolatio
2003 1268 lbs / MWh Allegheny Powerl
2004 1195 Ibs / MWh Allegheny Powerl
2005 1195 lbs / MWh Used 2004 value
Comparison value 1640 Ibs / MWh Easter 2002
Natural gasto C® | 5.91 kg CQ/therm WRI 2006
emission spreadsheet
Comparison value 5.08 kg GOtherm CDIAC 2006

Air travel to CQ

emission (by trip

length)

less than 452 km 0.18 kg GOpassenger km WRI 2006

452 — 1600 km 0.13 kg GO passenger km WRI 2006

more than 1600 km| 0.11 kg CQ/ passenger km WRI 2006
Automobile travel | 8.87 kg CQ/ gallon gasoline | WRI 2006
(gasoline) to C®

Comparison value 16.34 kg GOgallon gasoline | Easter 2002

Notes:

1. Allegheny Power - “Energy Source (Fuel Mix)” di#dr Emissions” disclosure sheets
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Table A6, continued. Conversion factors.

Conversion

Factor or valu

eUnits

Reference or method

Electricity to NOx
emission (by year)

D2

02

D2

D02

D02

1997 5.6 Ibs / MWh Allegheny Power
1998 5.29 Ibs / MWh Linear interpolation
1999 4.96 Ibs / MWh Linear interpolation
2000 4.63 Ibs / MWh eGRID 2006

2001 4.05 Ibs / MWh Linear interpolation
2002 3.52 Ibs / MWh Linear interpolation
2003 2.998 Ibs / MWh Allegheny Power
2004 2.86 Ibs / MWh Allegheny Power
2005 2.86 Ibs / MWh Used 2004 value
Natural gas to NOx | 100 Ibs / 1000 cu. ft. WebFIRE 2006
emission (AL

boiler)

Automobile travel | 0.256 g NOx / mile Davis and Diegel 20(
to NOx emission

Gasoline use 24.1 miles / gallon Davis and Diegel 20
efficiency

Air travel to NOx 0.86 g NOx / passenger mile National Academy
emission Press 2002
Comparison value 0.89 g NOx / passenger mile NASBB32
Electricity kWhto | 3.6 megajoules / kWh Davis and Diegel 20
megajoules

Natural gas to 1027 Btu / cu. ft. Davis and Diegel 20(
energy

Comparison value 1031 Btu / cu. ft. EIA 2006

Air travel to energy | 4000 Btu / passenger mile Intermediate betwe
use two values below
Average value, 19994061 Btu / passenger mile Davis and Diegel 2
Average value, 20003952 Btu / passenger mile Davis and Diegel 2
Gasoline to energy | 130.88 megajoules / gal gas 2O\

Comparison value 130.88 megajoules / gal gas CeandsDiegel 2002
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Appendix B. Network dataset, reference values ahdranformation for Chapter 4, Comparative NetwArialysis Toward

Characterization of the Necessary and Sufficiegfa@izational Criteria for Environmental Sustainipil

Table B1. Humans-beef nitrogen network matrix otks and fluxes. Fluxes in kg N/yr, stocks in kg9ystem scaled to Allegany
County, Maryland in 2005. Exports and respiratiomstinued on next page.

Beef supply chain

No of
Compartments

12

No of Living
Compartments

9

1

3

4

5

6

9

10

11

grasshay

corn

cowcal

f

feedlqt

slaugh

ter

transpg

rtetail

home-rc

humans

fertilizer

soll

grasshay

82890

3

788%9

6804

corn

328581

14018

cowcalf

42500

66648

feedlot

93993

32231

slaughter

8639

transport

8553

retail

84337

home-rc

7587

OO N[O (WIN|F

humans

fertilizer

70000(

Soil

1710625

61267

WWTP

Imports

0

3286

3146

N

D

3066

0

0

4673

y06 188

Biomass

453881

3285

8

1362

B7

697

73

234

46372501

42000

9425000
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Table B1, continued. Humans-beef N network, veabbesxports and respirations. Fluxes

in kg N/yr.

Cpt Compartment Exports Respirations
1 grasshay 75000 5000
2 corn 14418( 4000
3 cowcalf 138464 3585
4 feedlot 61393 2091
5 slaughter 7091 513
6 transport C 855
7 retail 599 599
8 homerc 0 4215
9 humans 625 625
10 fertilizer 3706 3970000
11 solil 1567867 5000
12 WWTP 57244 21527
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Table B2. Beef nitrogen (N) network dataset — gelbflux values and references. All

attributes refer to N in beef unless stated othaewAll units are kg N/yr unless otherwise

noted.

Attribute

Value

Reference or method

Human ingestion of
N in beef

75,871

Calculated from average per capita beef
consumption, protein and N content

Human purchase of
N in beef

84,337

Assume 10% loss (total mass) at home due to
prep, cook, unused, spoilage

Waste beef N to 4,215| Each as 5% losses of home preparation
landfill, sewage

Export N in human 74,621| Ingested N excreted

sewage

Transport of N from 85,534| Calculated using 32% loss from Gregory et al.
slaughter-packing tq 1994

retail

N lost due to 513| Calculated from NASS 2006

condemned animals

N in live cattle 93,993| Calculated using 38% loss from NASS 2006
transported from

feedlot to slaughter

N lost due to death 2091 | Calculated from NASS 2005

at feedlot

N in manure from 260,921| Calculated using Aillerry et al. 2005

feedlot to soils

N exported from 99,764| Calculated using Aillerry et al. 2005

feedlot manure to

atmosphere

N exported from 23,022| Calculated using Aillerry et al. 2005

feedlot manure to

runoff, leaching
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Table B3. Selected reference values used in cartstruof the beef network.

a

Attribute Value Units Reference or method

Retail, Home,

Human Ingestion

Percent protein in 27.2 | percent Average from USDA 2006

beef nutrition data

Percent water in beef 59 | percent USDA 2006a

Percent N in protein 16percent USDA 2006a

Percent N in lipid 12 | percent Bahar et al. 2005

free beef muscle

Percent N in protein 1i7percent Sterner and Elser 2002

Percent loss of total 10| percent Smil 2002

mass at

home, restaurant

Per capita beef 23.2| kg persoit Calculated using 10% loss

ingestion yrt at home from 2005 retalil
supply

Per capita beef 12.8| kg persoit | Sum of ground beef and

ingestion yrt steak ingestion 1994-1996
USDA 1998, 2006a

Retail

Per capita beef 25.8| kg persoit Calculated using estimate

supply at retail yrt 32% loss from Gregory et
al. 1994

Per capita retail 66 | Ibs persoit | USDA 2000b

supply for 2005 yrt

Slaughter-Packing

Per capita beef 83.7| Ibs persori | Calculated using005 U.S.

production yrt production and U.S.
population

Percent animals 0.55| percent NASS 2006

condemned at

slaughter

Percent loss from 39 | percent Calculated using NASS

live to dressed 2006

carcass

Percent loss from 40 | percent Gregory et al. 1994

live to dressed

carcass

Percent loss from 32 | percent Calculated from Gregory ¢

packing to retalil al. 1994

Head of cattle to 8200| head Calculated using total live

supply beef production per capita and
75,000 people

Average live steer 570kg NASS 2006

2t
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weight at slaughter

Feedlot

N in live cattle as 1.6 | percent Hao et al. 2005

percent of weight

gain

Percent N dry mass 7.2 | percent Sterner and Elser 2002

for large mammal

Percent N wet mass 2.2 | percent Calculated using Sterner

for large mammal and Elser 2002

Percent N live cattle 2.0 | percent Intermediate between abg

value used and near Sterner and Elser

N content of cattle 1.4 percent Ferguson et al. 2005

manure, dry mass

N content of cattle 1.6 | percent Larney et al. 2006

manure, dry mass

N content of cattle 2.5 percent Hao et al. 2005

manure, dry mass

N content of cattle 2.8 | percent Vasconcelos et al. 2006

manure, dry mass

Percent manure N 6 | percent Aillerry et al. 2005

lost to runoff and

leaching

Percent manure N 26 | percent Intermediate between

lost to air Eghball et al. 1997 and
Aillerry et al. 2005

Cow-calf

Average weight at 37.2| kg Tess and Kolstad 2000b

birth

Average weight at 250 kg Pollan 2006

weaning

Number of months 7 | months Tess and Kolstad 2000b

nursing

N input in feed for 81| kg N yr? Calculated from Tess and

cows per head Kolstad 2000b

N input in feed for 7.1| kg N yr? Calculated from Tess and

calf per head Kolstad 2000b

N output in manure 68.4| kg N yr™ Calculated from Tess and

per cow per head Kolstad 2000b

N output in manure 13.7| kg N yr* Calculated from Tess and

per calf Kolstad 2000b

Corn, hay and

grass

N in grass silage, dr 2.2 | percent Bahar et al. 2005

N in corn silage, dry 1.3 | percent Bahar et al. 2005

value use for corn

N in corn kernels 0.9V percent Peterjohn and Correll 198

ve
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N in native range 1.8 | percent Calculated from Tess and
grass, dry Kolstad 2000b

Weight of a bushel 25| kg Baker and Allen 2006

of corn

Cornyield 1981 in 222 bushels ha | Peterjohn and Correll 1984
Delaware

Corn yield 2005 in 365 | bushels ha | Baker and Allen 2006

U.S.

Corn N uptake

250 kg N ha' yr'

Peterjohn and Correll 1984

Corn N demand

25Pkg N ha' yr'

Ferguson et al. 2005

Miscellaneous

U.S. population 296,410,404 people U.S. Census Bureau 2006
2005

Total 2005 beef 40.7 | billion Ibs USDA 2006b

production U.S., live

weight

Total 2005 beef 24.8| billion Ibs NASS 2006

production U.S.,

dressed carcass

weight

Per capita beef 83.7| Ibs persort | Calculated from total U.S.
production yrt population and production
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