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Abstract

This paper considers the local, �eld-scale sustainabilityof a productive industrial maize
agrosystem that has replaced a fertile grassland ecosystem. Using the revised thermody-
namic approach of Svirezhev (1998; 2000) and Steinborn & Svirezhev (2000), it is shown that
currently this agrosystem is unsustainable in the US, with or without tilling the soil. The
calculated average erosion rates of soil necessary to dissipate the entropy produced by US
maize agriculture, 23 { 45t ha� 1 yr� 1, are bounded from above by an experimental estimate
of mean soil erosion by conventional agriculture worldwide, 47 t ha� 1 yr� 1, (Montgomery,
2007). Between 1982 and 1997, US agriculture caused an estimated 7 { 23 t ha� 1 yr� 1

of average erosion with the mean of 15t ha� 1 yr� 1 (USDA-NRCS Database). The lower
mean erosion rate of no till agriculture, 1.5 t ha� 1 yr� 1 (Montgomery, 2007), necessitates
the elimination of weeds and pests with �eld chemicals { with the ensuing chemical and
biological soil degradation, and chemical runo� { to dissipate the produced entropy. The
increased use of �eld chemicals that replace tillers is equivalent to the killing or injuring of
up to 300 kg ha� 1 yr� 1 of soil 
ora and fauna. Additional soil degradation, not calculated
here, occurs by acidi�cation, buildup of insoluble metal compounds, and buildup of toxic
residues from �eld chemicals. The degree of unsustainability of an average US maize �eld
is high, requiring 6 { 13 times more energy to reverse soil erosion and degradation, etc.,
than the direct energy inputs to maize agriculture. This additional energy, if spent, would
not increase maize yields. The calculated \critical yield" of \organic" maize agriculture
that does not use �eld chemicals and fossil fuels is only 30 percent lower than the average
maize yield of 8.7 tons per hectare (� 140 bu/acre) assumed here. This critical yield would
not likely be achieved and sustained by large monocultures,but might be achieved by more
balanced organic polycultures (Baum et al., 2008).
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1 Introduction

On April 8, 2008, some 484 000 web pages were 
agged in search for \sustainability de�ni-
tion." Why so many 1 de�nitions? Perhaps, because it is very di�cult to provide a physically,
biologically, and chemically consistent de�nition of sustainability and translate its linguistic
expression into a self-consistent and comprehensive mathematical model. This paper attempts
to accomplish a little of both, and apply a speci�c, entropy-based de�nition of sustainability to
a narrow class of ecosystems encompassed by agriculture and, in particular, maize agriculture.
First let us introduce three preliminary de�nitions:

(1) An ecosystem is a community of living organisms that occupy a given space and time,
and their abiotic substrate (soil, water, and air). (2) Exergy (free energy referenced to the
environmental conditions) is a part of energy that can be converted to work of a rotating shaft;
one can think of exergy as an equivalent of electricity. (3) Entropy is that part of energy that
must be dissipated as heat and cannot be converted to work of arotating shaft.

Thermodynamics can provide quantitative insights into the sustainability (or lack thereof)
of the simpli�ed, \permanently immature" agricultural eco systems that select for rapid growth
(maximum rate of exergy production) and edibility of a single crop plant; are susceptible to
attack by insects, worms, animals, and disease; have widelyopen nutrient 
ows; and are re-
set every year to a state of barren soil partially covered with remnants of dead plants (early
succession).

Eugune Odum (1969) developed a theory of ecosystem succession and noted that { given
enough time measured in years, decades and centuries { maturing ecosystems develop a strategy
of \maximum protection," or maximum support of their comple x metastable biomass structures
against environmental perturbations, seeFigure 1 . The seminal paper by Odum has caused
much controversy and a 
urry of research in theoretical ecology, see (Holling, 1986; Ulanowicz,
1986; J�rgensen, 1992; Schneider and Kay, 1994), just to name a few. Thirty years later,
Kutsch et al. (1998) measured 25 key properties of ecosystems at di�erent stages of maturity
and quanti�ed the maturation process starting from two �eld systems (continuous maize, and
maize + crop rotation), and proceeding through a dry and wet grassland, a beech forest, and
a wet alder forest. The crop �elds represented pioneer stages, the grasslands an intermediate
stage, and the forests a mature stage of ecosystem development.

In particular, the \permanently immature" continuous maiz e system was characterized by
the least number of species, a non-detect presence of soil fauna, the smallest soil microbial mass,
the smallest total soil organic carbon (TSOC), the highest phytomass in systems with no trees,
the highest net photosynthetic rate, the highest 
ux of net p rimary production relative to TSOC,
the highest ecosystem respiration relative toTSOC, and a non-detect production of soil fauna.
The authors concluded that the agricultural maize systems represent the \perpetuated pioneer
stages of secondary succession," and are driven to a high yield by the external anthropogenic
energy and chemical inputs.

Ecosystems are inherently dynamic and follow the four-stage cycles2 proposed by Odum
(1969) and re�ned by Holling (1986), seeFigure 2 . The �rst two stages determine ecosys-
tem succession:Early-to-Middle Successionor Renewal (1), and Middle-to-Late Successionor
Exploitation (2). The Climax or Conservation stage (3) is metastable and may not persist in-
de�nitely 3. Stage (4) is a discontinuous ecosystem simpli�cation, called Creative Destruction,
by �re, 
oods, storms, hurricanes, pests, pathogens, or an abrupt climate change. After being
thrown back to Stage (1), the ecosystem reorganizes itself,as resources that were released in

1There were 97 000 000 hits for \sustain" or \sustainability" or \sustainable."
2The idealized cycle shown here may be considered as a smoothed envelope of a set of chaotic loops of various

lengths that �ll its interior. The Lorentz strange attracto r provides a good analogy for these \space-�lling loops."
3The undisturbed tropical rain forests have persisted for several thousands of years.
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Figure 1: Odum's (1969) comparison of the energetics of succession in a forest and a laboratory
microcosm. PG (= GPP), gross primary production; PN (= NPP ), net primary production;
R, respiration; B , total biomass. Note that with time each ecosystem achievesa metastable
climax characterized by zero net ecosystem production (NPP = GPP � R � 0). Both ideal-
ized ecosystems arenot thrown from their climaxes back to the origin by a �re or patho gen.
In real life, this always happens sooner or later. Typically, liter-sized microecosystems contain
two or three species of non-
agellated algae and one to threespecies each of 
agellated proto-
zoans, ciliated protozoans, rotifers, nematodes, and ostracods; a system derived from a sewage
pond contained at least three species of fungi and 13 bacterial isolates. Reproduced with the
permission of AAAS.

the Destruction Stage (4) are made available for the consecutive Exploitation Stage (2). These
four stages make the clockwise-oriented envelope curve depicted in Figure 2.

Kay et al. (1999) reinterpreted the Odum { Holling cycle in te rms of exergy accumu-
lation and 
ow, thus providing an ecosystem-centric thermodynamic framework required for
this paper. In the early exploitation stage (2), given su�ci ent nutrients, water, and genetic
information, dissipative processes emerge that sequesterthe energy of sunlight. The rate of
sequestration increases with the accumulation of biomass and exergy. A positive feedback loop
develops that helps the ecosystem to acquire ever more structure and connectivity and to store
ever more exergy. TheFirst Thermodynamic Branch (late 1 ! 2 ! 3) uses the sun as the main
source of energy. With the growing accumulation of exergy (an increasing store of intercon-
nected biomass), the probability of emergence of clusters of �re, pests, etc. also increases. In
State 3, the system is as far from thermodynamic equilibriumas it ever gets. Stage 4 brings the
ecosystem closer to thermodynamic equilibrium. The higherthe density and interconnected-
ness of biomass, the higher the probability of the �re or pathogen clusters merging and forming
a percolating cluster (Stau�er and Aharony, 1994). For example, the August 1988 �restorm
obliterated much of the forest in the Yellowstone National Park after nearly 100 years of �re
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Figure 2: Odum (1969) and Holling's (1986) model of the cyclical ecosystemdynamics. 1 =
Early-to-Middle Successionor Renewal, 2 = Middle-to-Late Successionor Exploitation , 3 =
Climax or Conservation, and 4 = Creative Destruction. One can imagine the envelope curve
shown here as being �lled with countless smaller loops that correspond to the sub-cycles at all
spatial and time scales.

suppression4.
Agrosystems are arti�cially driven to the maximum growth ra te stage (2) in the shortest

possible time by mechanical work, fertilizers, pesticides, herbicides, etc., as well as �re protec-
tion. In the case of agrosystems, specialized pathogens always emerge and provide the most
probable path 2 ! 4 ! 1. As shown by May (1985) with the use of simple population genetics,
no pesticide can ever stop a new destructive pathogen from emerging. These pathogens will
destroy their target crop monocultures unless new �eld chemicals are invented fast enough5.

In the renewal stage, the exergy that was stored in the dead biomass is made available for
reuse. Thus ecosystems not only recycle mass within each of the stages 1, 2, and 3, but also
recycle mass to the fullest extent possible between the stages. The Second Thermodynamic
Branch 3 ! 4 ! early 1 uses the chemically stored exergy as the main source of energy. In
the reorganization stage, decomposition processes that consume the previously stored exergy
provide feedstock for the First Thermodynamic Branch.

4Management objectives that focus on maximizing biomass accumulation, thus preserving the ecosystem in
State 3, can be overwhelmed by the emergence of a �re or pathogen. These objectives can lead to a larger loss
over a larger area than would naturally occur because they encourage excessive accumulation of exergy that
cannot be consumed or degraded by the structures that are preserved (Bass, 1998; Kay et al., 1999).

5 In his review, Professor Chapella observes: \No need to go into May's description of ecological processes {
this description is challenged by observation, although it makes good material for the thermodynamic analysis
at hand. Personal communication, Nov. 20, 2007. Professor Pimentel concurs, personal communication, Nov.
22, 2007. The question still remains: What happens when a pathogen emerges for which we have not prepared
in advance?
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2 Sustainability

This paper is about the local sustainability of an ecosystem and its environment. In 1990,
Svirezhev de�ned, and later published (1998; 2000), thermodynamic sustainability of an ecosys-
tem as follows:

1. Any ecosystem is an open thermodynamic system, exchanging mass and energy with its
environment.

2. A metastable maximum-biomass steady state (climax) of an ecosystem exists when the
entropy production inside the ecosystem is balanced by the entropy export from the
ecosystem to its environment.

3. This entropy export is driven by the solar entropy pump.

Three corollaries follow from this de�nition: (1) For the \s olar entropy pump" to work, only
heat can be transferred from the ecosystem to the environment. This heat is then radiated into
space �lled with the Big Bang radiation at almost 3 K. (2) Over a su�ciently long time interval,
almost all mass must be recycled in the ecosystem, and some isburied, see Patzek (2007) for
more discussion. (3)All industrial monocultures violate Condition 2 for di�erent r easons and
are unsustainable, seeAppendix D for more discussion.

Ulanowicz (1998) proposed an information- or entropy-based necessary condition of sustain-
ability of an ecosystem. Ten year later, Ulanowicz et al. re�ned this condition (2007). Using
the authors' notation:

1. The capacity for a system to undergo evolutionary change or self-organization is the sum
of two aspects: It must be capable of exercising su�cient directed power to maintain its
functionality over time (E�ciency, A). Simultaneously, it must possess enough capabil-
ity for 
exible actions (Resilience, �) that can be used to me et the exigencies of novel
disturbances.

2. The system E�ciency, A, is a matrix product of the total system mass 
ow rate (throug h-
put), T , and the deterministic constraints, X , quanti�ed by mutual information about
the system components:A = T X .

3. The system Resilience, �, is the product of T and the conditional entropy of the system,
	, which is related to the total indeterminacy of the system ( the absence of order or
information), H : 	 = ( H � X ); � = T	.

4. The set of constraints,X , quanti�es all that is regular, orderly, coherent and e�cie nt. It
encompasses all the conventional concerns of science. By contrast, 	 represent the lack
of those same attributes, or the irregular, disorderly, incoherent and ine�cient behaviors.

5. Sustainability is the probability that a given system achieves its optimal balance between
E�ciency and Resilience. At the community level a system is therefore considered 100%
sustainable whenever that balance attains the optimal mix (assuming that there is a single
optimal mix), see Figure 3 . That is, in order to remain sustainable, a natural ecosystem
must possess a propitious ratio of order to 
exibility. From available data6, it appears
that this ratio is somewhere near 2:3.

An important corollary to the Ulanowicz et al.'s (2007) necessary condition of sustainability is
that an ecosystem cannot survive unless it is biodiverse, disorderly, and somewhat ine�cient.
The giant monocultures favored by the current \green revolution" are destined to a certain
long-time failure precisely because they are streamlined and e�cient to an extreme, but lack

6Dr. Robert Ulanowicz, Private communication, April 7, 2008 .
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biodiversity and, thus, resilience. Ulanowicz et al. illuminate perhaps the most essential quality
of sustainability: it depends less on what is, than on what is not, i.e., on the absence of
information : the system entropy.

Resilience
(Diversity + Redundant interconnections)

E�ciency
(Streamlined)

0%

100%

Sustainability

Optimum

Maize agriculture

Figure 3: Ulanowicz et al.'s sustainability curve mapped between the two extremes of E�ciency
and Resilience. In may be conjectured that the modern maize monocultures occupy points along
a lower part of the right branch of the sustainability curve.

Patzek gave (2004) aglobal de�nition of sustainability. A cyclic process is sustainable if
and only if

1. It is capable of beingsustained, i.e., maintained without interruption, weakening or loss
of quality \forever," and

2. The environment on which this process feeds and to which it expels its waste isalso
sustained \forever."

Patzek's de�nition relies on an operational de�nition of \f orever," a few thousand years at
most for anthropogenic systems, and perhaps another 50 { 200years for the well-managed,
intensive \green revolution" agriculture 7 in the US and the tropics. Identical corollaries follow
from Patzek's de�nition. All agricultural processes that r ely on external (fossil fuel) inputs
are not cyclic and cannot be sustainable. This is not to say that humans do not know how to
operate high-yield sustainable agriculture with no fossilfuel inputs. This agriculture evolved
and operated in China for over 2000 years with little or no destruction of the densely popu-
lated agrosystems (King, 1911). Its main requirement was torecycle everything8 locally, thus
satisfying the necessary and su�cient conditions in Patzek's de�nition. At the same time, in
China, during the two thousand year period (between 108BCEand 1910) there were 1828 years

7The high N-P-K treatments and an increasingly massive incor poration of crop residues into the soil at the
the Morrow test site, lead to a prediction of the complete dep letion of soil organic carbon in 290, 320, and 560
years, respectively, see Table 2 in (Khan et al., 2007). Agriculture was strong in the US Midwest in 1860, some
150 years ago. Soil fertility crashes long before all soil organic carbon is depleted, see (Stocking, 2003; Wilhelm
et al., 2007).

8The total recycling in China included soil dredged from rive rs and canals together with Ca-rich shells, all
urine and excrements, all plant and animal leftovers, old cl othing, and even �replace mud bricks soaked with
carbon and nutrients from wood smoke.
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(over 90 percent of the total) in which famines involved at least one province of the country, see
Ponting, p. 102, (2007). Ponting also documents the often recurring and wide-spread famines
of Europe in the 2000 years prior to the 20th century.

Svirezhev's de�nition leads to a particularly simple quanti�cation of the degree of unsus-
tainability in terms of the local entropy production and 
ow rates in the system, and the
minimum, i.e., reversible, local restoration work. The concept of global reversible restoration
work was used by Patzek (2004) and Patzek & Pimentel (2006) tode�ne the degree ofglobal
unsustainability of the US maize-ethanol agrosystem and its supporting industrial systems at
large, as well as of three tropical agrofuel systems, industrial plantations of eucalypts, acacias,
and sugarcane.

At this stage, we can determine the degree of local unsustainability of US maize production.
We already know that external conversion of maize grain to ethanol is ca. 37% energy-e�cient
on the average, uses coal, natural gas, electricity and petroleum, and is therefore unsustainable,
see Patzek (2006b; 2006a).

3 Average Unsustainability of US Maize Production

After a signi�cant revision, see Appendices A { D , Svirezhev's approach (2000) is applied
to a productive agricultural maize system that has displaced (successionally closed) a fertile
natural grassland system. In particular, the following function is used for the total entropy
increment from a natural ecosystem (0) to an agrosystem (1)

�T
As

� _S �
1

As

�
_R1 + _D1 + _W + _D fc � GPP0

�
(1)

All the quantities appearing in this equation are explained below and in Appendices A { D.
Gross primary productivity of an agrosystem is GPP1, expressed in energy units per area

per time, here GJ ha� 1 yr� 1, see Patzek (2007) for details. Net primary productivity of this
agrosystem is

NPP1 = GPP1 � _R1 = GPP1

 

1 �
_R1

GPP1

!

= GPP1(1 � r ) (2)

where _R1 is respiration rate by the agrosystem autotrophs and heterotrophs, mostly crop plants
in maize �elds, and r is the respiration ratio.

Crop yield _Y is a fraction k of the total crop biomass at the end of each year assumed to
be the natural accounting period:

_Y = kNPP1 = k(1 � r )GPP1 (3)

The remainder of plant biomass is transferred to the litter and soil, and decomposed within an
accounting period:

_D1 = (1 � k)(1 � r )GPP1 (4)

Note that consistently with Appendix D, if k = 0, _D1 = NPP1. If, in addition, _W = 0 and
_D fc = 0, GPP1 = GPP0 and � _S = 0.
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The average rates below are expressed per unit area of the agrosystem, and 1=As is omitted:

�T � _S � _W|{z}
Rate of

anthropogenic
energy inputs

into the system

+ _D1|{z}
Rate of energy

production from
crop biomass

decomposition

+ rGPP1| {z }
Rate of

crop plant
respiration

+ _D fc|{z}
Rate of energy

production from
decomposition of life

killed by �eld chemicals

� GPP0| {z }
Rate of gross primary

production of
displaced ecosystem

GJ ha� 1 yr� 1

(5)

GPP0 is the rate of solar energy dissipation in a successionally closed (displaced) natural ecosys-
tem, equal to its gross primary productivity. _W is the rate of total anthropogenic exergy inputs,
equal to the exergy in fertilizers, herbicides, pesticides, fossil fuels, electricity, etc. per year and
hectare.

Fixing attention on a maize agrosystem in the US Midwest, say, in North Dakota, Iowa
or Nebraska, the displaced natural systemwas native grassland. A productive grassland may
generate as much as 0.3kg m� 2 yr� 1 of biomass above ground and 1.2kg m� 2 yr� 1 below ground
on dry mass basis (dmb) (Lauenroth and Whitman, 1977), or 15 tonnes of biomassdmb per
hectare per year. With an average exergy of grass materials of 17 GJ (t dmb)� 1 a native
grassland may dissipate as much as 255GJ ha� 1 yr� 1 of solar radiation by converting it to
plant mass.

Let's assume an average yield of maize to be 139wet bushel acre� 1 yr� 1 of grain with 15
percent of moisture, and the exergy of 18GJ (t dmb)� 1, for a total of _Y = 134 GJ ha� 1 yr� 1,
seeAppendix E for details. A logistic �t of average maize yield in the US, shown in Figure
4, is

_Y = _Y0 +
_Y1 � _Y0

1 + exp[� r c(t � t �
c)]

= 25 +
200� 25

1 + exp[� 0:067(t � 1985)]
GJ ha� 1 yr� 1 (6)

The logistic �t, due to Verhulst (1838), is also known as the Law of Diminishing Increment
and the Law of the Soil, quanti�ed in agriculture by Mitscherlich, Spillman, and L ang (1924).
It may be argued (Loomis and Connor, 1992) that the single largest factor behind the 7-fold
increase of maize yield over the last 100 years has been nitrogen fertilizer, followed by genetic
gains, plant density, herbicides, and machinery. The decreasing factors have been less manure,
less organic matter, erosion, insects, and crop rotations.It also follows that all easy genetic
gains may have been already achieved with maize, as well as most other major crops. Therefore,
Figure 4 may have a strong predictive capability.

The rate of anthropogenic inputs might follow a resource-limited policy

_W =
_W1

1 + exp[� rw(t � t �
w)]

GJ ha� 1 yr� 1 (7)

that limits the maximum anthropogenic inputs at _W1 .
For su�ciently long time 9, the exponential terms in Eqs. (6) and (7) become small compared

with 1, and

� �
_Y1

_W1
= const (8)

Over the last four decades, e�ciency of applying fertilizer to all grain crops has been constant
in industrialized countries and has been declining in developing countries (Oerke et al., 1994;

9More than �fteen years after 1985 in Figure 4.

9



1850 1900 1950 2000 2050 2100
0

20

40

60

80

100

120

140

160

180

200

G
J/

ha
-y

r 
» 

bu
sh

el
/a

cr
e-

yr

 

 

Best fit of data
Optimistic fit

Figure 4: The best and an optimistic logistic �t of average US maize yield in GJ ha� 1 yr� 1 or,
approximately, bushel acre� 1 yr� 1. The maize yield data are from USDA-NASS. The optimistic
ultimate maize yield for the US is about 200bushel acre� 1 yr� 1.

Cassman et al., 2003), seeFigure 5 . Therefore, for the industrialized countries, � has been
almost constant. The assumption of an almost constant� is also satis�ed when one calculates
mass e�ciency of applying elemental N, P, and K to maize in the US over the last decade, see
Figure 6 . Roughly one-half of direct energy application to maize �elds is related to N , P,
K, and lime to deacidify soil damaged by excess ofN fertilizer, see Appendix E. Most of the
remainder of _W is fossil fuels (diesel fuel, gasoline, natural gas, and coal) and electricity.

The intensity of use of electricity and natural gas depends on irrigation needs and amount
of grain moisture to be removed, and may vary considerably from one year to another, see
Patzek (2004). Diesel fuel saved on no-till agriculture is partially o�set by an increased use
of herbicides and pesticides (Benbrook, 2004), which contain 5 { 8 times more free energy per
unit mass than diesel fuel and have to be sprayed by fossil fuel-powered machines. A massive
application of pesticides, fungicides and herbicides has adisproportionately large e�ect on
entropy generation by eliminating interspecies-communication and living organisms (destroying
biological information), see Appendix F .

By analyzing soil data from the Morrow Plots10, the world's oldest experimental site under
continuous maize, Khan et al. (2007) have found that intensive use ofN fertilizers has decreased
soil organicC (SOC) by 9 { 18 percent over 50 years. After 40 to 50 years of synthetic fertilization
at levels that exceeded grainN removal by 60 to 190 percent, a net decline occurred inSOC
despite increasingly massive incorporation of residueC. Their �ndings implicate fertilizer N in
promoting the decomposition of crop residues and soil organic matter11 and are consistent with
data from numerous cropping experiments involving synthetic N fertilization in the US Maize

10 The Morrow Plots, which are located in the heart of the Urbana -Champaign campus of the University of
Illinois, are the oldest continuous agricultural research �elds in the United States. Established in 1876, they
are predated only by the Rothamsted Field in England, which w as started in 1843. The site was designated a
National Historical Landmark by the Federal Government on S ept. 12, 1968.

11 By Le Chatelier's principle.
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Figure 5: Historic e�ciency of application of fertilizer to world crops since the beginning of the
\green revolution." Note that excluding Eastern Europe imm ediately after the fall of Berlin
Wall, the e�ciencies of cereal agriculture in the developing countries and the developed countries
have been similar and almost constant since 1985. In fact, the overall e�ciency of all cereal
grain crops in the world has been almost constant, decliningfrom 25.6 kg of cereal grain per
kg of N at 4% per annum since 1985. Source: Figure 9b in Cassmanet al. (2003).

Belt and elsewhere.
The average 
ux of direct anthropogenic energy dissipated in the US maize agriculture

is _W � 10:8 GJ ha� 1 yr� 1, see Appendix E, and � = 12:4. The ultimate � in Eq. (8) is
approximated with this value.

Let's denote
� = k(1 � r ) (9)

For maize, r � 0:45 and k � 0:5, and � � 0:3.
Equation (5) can now be rewritten as

�T � _S � _W +
1 � �

�
_Y + _D fc � GPP0

�T � _S � _W
�

1 � � +
�
�

�
+ _D fc � GPP0

�T � _S � _Y
�

1
�

+
1
�

� 1
�

+ _D fc � GPP0

(10)

3.1 Calculations

The calculation results are tabulated in Appendix G for an average US maize �eld and for
the Lincoln, NE, experimental �eld site. The parameter changing in both tables is the mass
of mostly weeds killed by �eld chemicals. In US maize agriculture, the mass of killed worms,
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Figure 6: E�ciency of application of elemental N, P, K to US maize in kg of grain dmb per
kg of element applied. Note that N, P e�ciencies are almost identical and constant over the
last 10 years. The mean e�ciency of elementalN is shown as the continuous line and� one
standard deviation as the dotted lines. The mean e�ciency of elemental P is almost identical.
Source: USDA NASS, accessed Nov. 11, 2007.

beetles, larvae, fungi, viruses, etc. is almost negligiblecompared with the weeds, see (Oerke
et al., 1994). All mass of eliminated life is assumed to decompose during the accounting period.

With the average values of parameters de�ned above, we get

�T � _S � 68 � 136 GJ ha� 1 yr� 1 (11)

�T � _S is the excess energy dissipation by an agrofuel system over and above the energy dissipated
by the displaced natural ecosystem. Under natural conditions, the latter energy would be
transferred to the environment and radiated into space.

The ratio of the local restoration work in the average maize agrosystem, _Wrest = �T � _S, to the
anthropogenic inputs, _W , { the \unsustainability ratio" { is 6 { 13 times larger than t he direct
energy input to maize �elds. This means that the work of nulli fying the e�ects of anthropogenic
energy inputs to intensive maize agriculture is 6 { 13 times larger than the direct energy input
to maize �elds. This work would have to be expanded on soil restoration, pollution control,
etc., with no increase of crop yield.

The unsustainability ratio of the high-yielding (250 bushels per acre) irrigated maize in Lin-
coln, NE, is also higher, 13 { 17 times. Therefore, the \predicted"12 300 bu/acre average maize
yields on 90 million acres in the US would be even more unsustainable, were they not physi-
cally impossible. A 300 bu/acre maize yield corresponds to the upper limit of photosynthetic
e�ciency of maize plants, given perfect soil conditions, no weeds and pests, plentiful nutrients
and water, and perfect weather (Lindquist et al., 2004).

12 300-Bushel Corn is Coming by S. R. Schill, Ethanol Producer, Oct 2007.
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3.2 Include the Environment?

As shown in Appendices A { D, the Earth (the maize �eld system + its environment) is a system
closed to the 
ow of mass and open to the radiation of energy. Including the environment into
the system increases further the already high irreversibility of maize �elds. Take, for example,
the neglected grain export from the �elds. Assume that this grain is metabolized by animals
and humans that do not die in a given year. Starch, fat, and proteins in the grain are ultimately
converted into heat and radiated into space. But the grain also contains signi�cant amounts
of macronutrients, seeTable 1 , not to mention micronutrients. The entropy in the excreted
grain macronutrients is �T �Sgrain = 1 :8 GJ ha� 1 yr� 1. Should the stover be exported as well,
the entropy in its excreted macronutrients is another �T �S stover = 1 GJ ha� 1 yr� 1.

Table 1: Macronutrient losses with maize grain and stover scaled to grain yield in Table 2.
Source: Barber (1977).

Macronutrient N P K Ca Mg S

Grain losses, kg/ha-yr 147 26 35 3 14 12

Exergy in graina, GJ/ha-yr 1.69 0.05 0.01 0.00 0.01 0.01

Stover losses, kg/ha-yr 78 15 179 39 38 18

Exergy in stovera, GJ/ha-yr 0.89 0.03 0.03 0.01 0.02 0.02

aN as urea;P as phosphate;K, Ca, and Mg as chlorides; andS as sulphate. The molar chemical exergies
of these compounds are from Tables I, II, and IV in Szargut et al. (1988).

In addition, all anthropogenic inputs to maize agriculture cause an irreversible consumption
of exergy in the environment of maize �elds. The cumulative exergy consumption related to
_W has been calculated by Patzek (2004). It is equal toCExC = 40 GJ ha� 1 yr� 1, see Figure

45 there. Thus an increase of the entropy of the environment caused by maize agriculture is at
least �T �Se = 40 � 10:8 + 1:8 = 31 GJ ha� 1 yr� 1. The actual increase is higher because of the
entropy of chemicals in the aqueous and airborne e�uents from the �elds.

3.3 The Limiting Anthropogenic Energy Input

One may also calculate thelimiting anthropogenic energy input, for which the net rate of entropy
export from an agrosystem is zero:

_Wcrit �
GPP0 � _D fc

1 � � +
�
�

� 8:5 � 6:2 GJ ha� 1 yr� 1
(12)

The range of the _Wcrit values for the Lincoln, NE, site is identical.
The values of _Wcrit calculated here are smaller than \the limit energy load" of 14 GJ ha� 1 yr� 1

obtained by Bulatkin (1982) and Novikov (1984). An even larger estimate of _Wcrit = 16
GJ ha� 1 yr� 1 was obtained by Svirezhev (2000) for Hungarian maize agriculture when a steppe
community (Hungarian \puszta") was a successionally closed ecosystem. The reason for a larger
_Wcrit is that Svirezhev's estimate of anthropogenic inputs (_W = 27 GJ ha� 1 yr� 1) is almost 3

times that for US maize agriculture, see Appendix E.
The \limit energy load" concept of Bulatkin and Novikov is an empirical determination

of the maximum total anthropogenic impact (including tilla ge, fertilization, irrigation, pest
control, harvesting, grain transportation and drying, etc .) on 1 ha of agricultural land per
year. It is assumed that when the anthropogenic impact exceeds this limit, the agrosystem
begins to deteriorate because of the destruction of soil 
ora and fauna, soil acidi�cation and
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erosion, chemical contamination byAl, Fe, Se, herbicides and pesticides, etc. It turns out that
the empirical \limit energy loads" for di�erent maize agros ystems are somewhat higher than
those calculated from the second law of thermodynamics. A similar observation was �rst made
by Svirezhev (2000).

3.4 The Limiting Crop Yield

The limiting (critical) yields at which the net rate of entro py export from the agrosystem is
zero are

_Ycrit �
GPP0 � _D fc

1
�

+
1
�

� 1
� 5:9 � 4:3 t dbm ha� 1 yr� 1 = 7 � 5 t wet ha� 1 yr� 1

(13)

_Ycrit for the Lincoln, NE, site decreases from 7.2 to 5.3t dbm ha� 1 yr� 1, or from 8.5 to 6.2 t
wet ha� 1 yr� 1, depending on the mass of weeds and other life eliminated by �eld chemicals.

These values approximate the level of \sustainable" maize crops on the former prairie, i.e.,
the maximal crop production for sustainable agriculture, given the natural productivity of a
successionally closed \parent" ecosystem. If the cumulative soil erosion between the date of
ploughing the natural prairie, say 1860, and today has been appreciable, say 1/2 of topsoil has
been eroded, this critical yield must be less. Svirezhev (2000) calculates 2.9t dbm ha� 1 yr� 1 for
the Hungarian maize agriculture. In other words, the longerwe wait to introduce sustainable
agriculture, the lower yield threshold will be and the environmental cost goes up each year we
repeat the same mistakes.

4 Ecosystem Degradation

Excess entropy generated in an agrosystem manifests itselfmostly as soil degradation by chem-
ical and mechanical means, and toxic e�uent runo�. The leadi ng mechanisms of soil erosion
are 
owing water, wind, and splashing rainwater. One shouldalso account for the mechanical
grinding of soil material by �eld machinery, the oxidation ( slow burning) of soil organic matter
(SOM), the buildup of toxic insoluble metal compounds (Al, Fe, Se, As, Cd, etc.), and the killing
of soil bacteria and fungi by these metals and herbicides, aswell as soil fauna by pesticides.

Over the past 150 years Iowa has lost 50 percent of its fertiletopsoil to erosion, while the
rate of loss was 30 tons per hectare per year in the 1990's compared with a formation rate of 1
ton per hectare per year (McDaniel and Gowdy, 2000). The meanerosion rate of conventional
agriculture worldwide is reported13 to be (Montgomery, 2007) 47 t ha� 1 yr� 1 while that of
conservation (no till) agriculture that relies heavily of h erbicides is 1.5t ha� 1 yr� 1. The mean
rate of soil production is only 0.4 t ha� 1 yr� 1. The median erosion rates are roughly 1/3 of the
mean rates, indicating highly skewed distributions with long tails, see Table 1 in Montgomery
(2007). In Appendix H it is shown that US agriculture causes an estimated 7 { 23t ha� 1 yr� 1

of soil erosion on the average. The true local erosion rates may be several times higher across
the Corn Belt.

Suppose that our fertile soil contains 4 percent of organic matter by weight and roughly
1/2 of this matter is of microbial origin (Simpson et al., 2007). The exergy of soil humus is
about 19 MJ kg� 1, and the multiplication factor for bacterial biomass is roughly 3 (J�rgensen
and Nielsen, 1998). Therefore, the total exergy ofSOM in one metric ton of soil is

BSOM � 20 � 18:7 � 106 + 3 � 20� 18:7 � 106 = 1 :5 GJ (t soil)� 1 (14)

This exergy is consumed by the oxidation ofSOM.

13 Using Montgomery's value for the average bulk density of soi l, 1200 kg m� 3 .
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The mechanical grinding of soil particles 1mm in size to dust 1 � m in size involves 1.4
GJ (t soil)� 1 (Svirezhev, 2000). These dust particles are easily picked up by wind and washed

out by water.
Therefore the total exergy of soil destruction by agriculture is estimated as

�T � s = 1 :5 + 1:4 � 3 GJ (t soil)� 1 (15)

If the entire excess entropy of maize agriculture �T � _S went to soil destruction by these two
mechanisms, the annual soil erosion rate would be

_ms =
�T � _S
�T � s

� 23 � 45 t ha� 1 yr� 1 (16)

for US maize agriculture on the average, and 74 { 97t ha� 1 yr� 1 for the Lincoln, NE, site.
These calculated soil erosion rates range from the recent higher estimate of soil erosion in

Midwest (23 t ha� 1 yr� 1) to the mean rate of soil erosion in conventional agriculture calculated
by Montgomery (2007) from his analysis of 448 �eld sites (47t ha� 1 yr� 1).

Many have high hopes for \conservation," no-till agricultu re. This agriculture gets rid of
much of �T � s by eliminating most of soil grinding, and avoiding the exposure of barren soil
to wind and water. Montgomery has found that the mean erosionrate for no-till agriculture
is only 1.5 t ha� 1 yr� 1. So what happens to the excess entropy equivalent to oxidizing and
eroding a soil quantity of 45:4 � 1:5 � 44 t ha� 1 yr� 1? The second law of thermodynamics
allows no exceptions. Therefore the entropy of mechanical soil grinding and oxidation must be
replaced with the entropy of chemical degradation of soil bykilling o� its 
ora and fauna, and
by chemical contamination.

During the last 50 years, microbiology has shown that life processes taking place in soil
were larger and deeper than it had been assumed earlier (Krasil'nikov, 1958). Whereas in the
1950s, hundreds of thousands and millions of microbial cells were counted in one gram of soil,
more recently, with more improved methods of investigation, hundreds of millions and billions
were determined. The total bacterial mass in the top 15cm of the surface layer of one hectare
of fertile land is 0.5 { 5 tons, and the masses of actinomycetes and fungi are 0.5 { 5 and 1 { 15
tons, respectively (Brady and Weil, 2004).

No less important is the soil fauna. According to di�erent authors, amoebae, ciliata , and
other protozoa are numbered in tens and hundreds of thousands in one gram (Brodskii, 1935;
Nikolyuk, 1949; Dogel, 1951). In one square meter of the surface layer of soil some tens to
hundreds of larger invertebrates may be found { earth worms,myriapods, larvae of various
beetles, etc. The population of small non-microscopic arthropods (ticks, Collembola, and others)
is numbered in tens and hundreds of thousands in 1 m2 of cultivated soil layer, and in forest soils
their number often amounts to a million individuals. The num ber of nematodes is sometimes
counted in millions per 1 m2. According to the counts of Gilyarov (1953), the total mass of
this fauna comprises several tons (3-4) per hectare of soil.

J�rgensen and Nielsen (1998) calculate the multiplication factors of bacteria and worms to
be 3 and 35, respectively, relative to the detritus exergy of18.7MJ kg� 1. So, if equal proportions
of bacteria and soil fauna are killed by the herbicides, pesticides and buildup of toxic metals in
soil, it is su�cient to kill

_mlife =
136200�

44
45:4�

3 +
3
5

� 35
�

� 18:7
� 300 kg ha� 1 yr� 1

(17)

Thus, killing o� with �eld chemicals just 300 kilograms of ba cteria and worms per hectare
per year (roughly 4 percent per year of the initial soil 
ora and fauna) will do the job. Of
course, di�culties then arise with nitrogen sequestration by plants (Fox et al., 2007), nutrient

15



mineralization, and general health of soil. In short time, weeds become herbicide-resistant
and pests pesticide-resistant, and more �eld chemicals must be applied each year, killing more
soil life (Benbrook, 2004; May, 1985). Recall that according to Kutsch et al. (1998), maize
monoculture �elds showed non-detect soil fauna with their measurement methods.

5 Summary and Conclusions

It has been shown that a productive industrial maize agricultural system that has succession-
ally closed a fertile prairie ecosystem is unsustainable, with or without tilling the soil. Its
degree of unsustainability is high, requiring at least 6 { 13times more energy to remediate soil
degradation, etc., than the direct energy inputs to maize agriculture. The calculated average
erosion rate of soil necessary to dissipate the entropy produced by US maize agriculture, 23 {
45 t ha� 1 yr� 1, is bounded by an experimental estimate of mean soil erosionby conventional
agriculture (Montgomery, 2007) worldwide, 47 t ha� 1 yr� 1. The much lower mean erosion of
no till agriculture, 1.5 t ha� 1 yr� 1, necessitates chemical and biological soil degradation todis-
sipate the produced entropy. The increased rate of use of �eld chemicals to replace tilling may
require the killing and otherwise weakening of up to 300kg ha� 1 yr� 1 of soil 
ora and fauna.
Additional soil degradation occurs by acidi�cation, build up of insoluble metal compounds, and
buildup of toxic residues from �eld chemicals. Some of the entropy generated in maize �elds
is exported as toxic runo� of surface and ground water, and 
ows all the way to the Gulf of
Mexico, thus causing eutrophication of remote ecosystems embedded in the environment of the
agrosystem. More of the entropy generated by maize �elds is exported to the atmosphere as
ammonia NH3, nitrous oxide N2O, carbon oxides CO2 and CO, methane CH4, and vapors of
�eld chemicals (Patzek, 2006b; Crutzen et al., 2007; Yao et al., 2007).

The maximum allowed yield of \organic" maize agriculture is 6.7 t wet ha� 1 yr� 1 vs. 8.7
t wet ha� 1 yr� 1 for US industrial maize agriculture in 2005, provided that no �eld chemicals
are used to eradicate the weeds. With 2000 kg of eradicated weeds per hectare, this yield is
6 t wet ha� 1 yr� 1. At this \critical yield," organic agriculture generates a s much entropy as
the displaced and closed native prairie system and, if this entropy does not come from �eld
chemicals and fossil fuels, it can be radiated into space. Bythis criterion the \organic" maize
agriculture would be sustainable. Therefore, any attempt to arrive at a sustainable agriculture
would have to rely on the solar energy to drive electric �eld machinery (Patzek, 2007), on the
maximum possible recycling of biomass, and on the preservation of biodiversity of the soil and
of the multi-species, preferentially, perennial crops (Jackson, 1980). We are a long way from this
ideal, but learning from the phenomenal scienti�c trip diar y by King (1911) and the ground-
breaking work of Jackson's Land Institute might be a good start. From a detailed analysis of
an organic farm by Baum et al. (2008), it also follows that the sustainable smaller farms would
have to be inter-dispersed with small towns to limit transportation fuel use, which otherwise
nulli�es sustainability.
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A Mass Balance

Appendices A { D draw heavily on the epochal monograph by de Groot and Mazur (1962).
Materials from six di�erent courses the author has taught at U.C. Berkeley have also been used.
These courses deal with the 
ow of energy, solids, and 
uids in earth systems at di�erent time-
and spacial scales.

Figure 7: A typical agricultural system may be bounded by a \pillbox" whose side walls follow
the roads that surround the �elds. A "lid" of the box might be 1 m above the tree tops, and its
bottom 1 m below the ground surface. Source: T. W. Patzek, aerial view of �elds near Salina,
KS, June 14, 2007.

The \system" is a �xed region of space separated from the \environment" by a curvilinear
\pillbox" that is o�set from ground surface by slightly more than the height of the tallest living
organism, and extends at least 1 meter below soil surface andbelow lake, river and swamp
beds. The box walls are permeable to radiation, heat conduction and convection, wind, water,
chemicals, living creatures, and machines. As pointed out by Dr. Chapella, one has to be
careful in specifying the spacial and temporal scales of thethermodynamic arguments below.
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The temporal scale has been addressed by Patzek (2007) elsewhere. It seems that the annual
cycles of natural ecosystems should be averaged over decades or more. Some of the agrosystems
that close natural ecosystems may not persist long enough toever become steady-state. As to
the spacial scale, this analysis can be applied to state-wide agriculture on, say, a county or farm
level. A typical system boundary might encompass an area of 10 { 1000 hectares, seeFigure
7.

Because the system-environment interfaceAse that bounds the system volumeVs does not
move relative to the Earth, one can write the following mass balance for each of then chemical
components (not necessarily chemical species) crossing itand/or produced in the system interior
by chemical reactions:

Z

Vs

@�k
@t

dV = �
I

A se

� kvk � n dA +
Z

Vs

rX

j =1

� kj r j dV kg yr� 1; k = 1 ; 2; : : : ; n (18)

Here � k is the mass density (mass/volume) of componentk; vk is the velocity of k; n is the unit
outside normal to the boundary surfaceAse; and � kj r j is the rate of production of k per unit
volume in the jth chemical reaction. The quantity � kj =Mk is proportional to the stoichiometric
coe�cient of k in reaction j , M k being the molecular weight ofk.

The volume-averaged quantities � k , vk , and r j are all functions of time and space co-
ordinates. Assumptions underlying the mechanics and validity of volume averaging will be
elucidated in a separate paper.

Applying the Green-Gauss-Ostrogradskii (GGO) theorem to the surface integral in Eq. (18)
we get

@�k
@t

= �r � (� kvk ) +
rX

j =1

� kj r j ; k = 1 ; 2; : : : ; n (19)

because (18) is valid for an arbitrary volumeVs.
Since mass is conserved in each chemical reaction,

nX

k=1

� kj = 0 j = 1 ; 2; : : : ; r (20)

we can sum Eq. (19) over all components and obtain the overalllaw of mass conservationfor
the system:

@�
@t

= �r � (� v ) (21)

where � is the total density:

� =
nX

k=1

� k (22)

and v is the center of mass or \barycentric" velocity:

v =
nX

k=1

� kvk =� (23)

The mass balance equations can be written in an alternative form by introducing the barycentric
convective (Lagrangian) derivative

d
dt

=
@
@t

+ v � r (24)
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and the di�usion 
ux of k

j k = � k (vk � v) (25)

With the help of Eqs. (24) and (25), Eqs. (19) become

d� k

dt
= � � kr � v � r � j k +

rX

j =1

� kj r j ; k = 1 ; 2; : : : ; n (26)

and Eq. (21) becomes

d�
dt

= � � r � v

dv̂
dt

= v̂r � v
(27)

where v̂ � � � 1 is the speci�c total volume.
We can introduce the component mass fractions

ck = � k=�;
nX

k=1

ck = 1 (28)

and, using Eq. (27), rewrite Eqs. (19) as

�
dck

dt
= �r � j k +

rX

j =1

� kj r j ; k = 1 ; 2; : : : ; n (29)

Note that the di�usion 
uxes sum to zero, i.e., only n � 1 of them is independent.
It turns out 14 that for a quantity 	 of any tensorial rank

�
d	
dt

=
@(� 	 )

@t
+ r � (� v 	 ) (30)

B Momentum Balance

In a similar manner, the equations of motion of a material particle can be obtained from the
principle of momentum conservation and theGGOtheorem applied to the contact forces acting
across the interface:

�
dv
dt

= �r � P +
nX

k=1

� kFk N m� 3 (31)

where P is the (surface) stress tensor, andFk is the (volumetric) body force acting on k:

Fk = �r  k ;
@ k
@t

= 0 (32)

Using Eqs. (27) and (29), the equation of motion (31) can be recast into the following form:

@�v
@t

= �r � (� vv + P) +
nX

k=1

� kFk N m� 3 (33)

14 An exercise in the continuum mechanics course by the late Professor Skip Scriven at the U. of Minnesota.
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where vv is a bivector or dyad (Gibbs, 1994), and� v is the momentum density. By taking
the dot product of Eq. (33) with v, inserting Eq. (32), and some rearrangement one gets the
balance equation for the kinetic plus potential energy:

@�( 1
2v2 +  )

@t
= �r �

"

� (
1
2

v2 +  )v + P � v �
nX

k=1

 k j k

#

+ P : v �
nX

k=1

j k � Fk

| {z }
The source term due to irreversible

viscous dissipation and di�usion

(34)

Note that the sum of kinetic and potential energy of a multicomponent material particle is
destroyed by friction and di�usion as its center of mass moves in space.

C Energy Balance

Total energy is conserved for each material particle. The total speci�c energy is the sum of
internal energy, u, kinetic energy, v2=2, and potential energy,  :

e = u +
1
2

v2 +  MJ kg� 1 (35)

The conservation equation is
Z

Vs

@�e
@t

dV = �
I

A se

j e � n dA MJ s� 1 (36)

or, after the usual steps,

@�e
@t

= �r � j e MJ s� 1 m� 3 (37)

Here j e is the total energy 
ux that includes the convective term, �e v, a mechanical work term,
P � v, a potential energy term,  k j k , due to the di�usion of the mixture components in the
potential �eld (here gravity), and a heat conduction and/or radiation term, j q:

j e = �e v + P � v +  k j k + j q MJ s� 1 m� 2 (38)

If we subtract Eq. (34) from Eq. (37) and make use of Eq. (38), we obtain the balance equation
for the internal energy:

@�u
@t

= �r � (�u v + j q) � P : v +
nX

k=1

j k � Fk MJ s� 1 m� 3 (39)

The internal energy is not conserved, and its source term is minus the source term in Eq. (34).
If we restrict attention to 
uids, the stress tensor can be split into an isotropic pressure part,
pI, and a shear part, � :

P = pI + � (40)

where p is the 
uid pressure, and I is the identity tensor.
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Now, Eq. (39) can be rearranged to the following form:

�
du
dt

= �r � j q � pr � v � � : r v +
nX

k=1

j k � Fk

= �
dq
dt|{z}

Rate of
heat in

� pr � v
| {z }
Rate of

compression
work out

� � : r v| {z }
Rate of energy

dissipation
by friction

+
nX

k=1

j k � Fk

| {z }
Rate of work

of mixing
by di�usion

(41)

where the rate of heataddition to a material particle is de�ned as

�
dq
dt

:= �r � j q MJ s� 1 m� 3 (42)

and I : r v = r � v .
With the use of Eq. (27)2, Eq. (41), the �rst law of thermodynamics for a multicomponent


uid particle that exchanges mass and heat with its environment is

du
dt

=
dq
dt

� p
dv̂
dt

� v̂� : r v + v̂
nX

k=1

j k � Fk (43)

D Entropy Balance

The system and/or the environment satisfy the following assumptions:

1. An agrosystem successionally closes a mature metastableecosystem, replacing it with
agricultural �elds in a state of \perpetuated succession."

2. The eco/agrosystem (\the system") is open to 
ow of mass and heat.

3. The rest of the planet (\the environment") and the system t ogether are closed to mass

ow.

4. The environment radiates heat into the universe.

5. The successionally closed mature ecosystem is assumed tohave exported mostly heat into
the environment.

Assumption 1 does not quite hold for the US agriculture in 2007, when the prairie system was
closed by 1900. For example, soil organic carbon (SOC) typically has been reduced 30 to 50%
of precultivation levels (Schlesinger, 1985) through cropproduction activities. Therefore, if one
accounts for the subsequent degradation of soil by the �rst 100 { 150 years of agriculture, then
the reference gross primary productivity, GPP0, would have to be smaller, and the current
agrosystem even more unsustainable. Assumption 4 is validated by the thermodynamics of the
planet Earth, see (Patzek, 2007; Ponting, 2007), and Figure1.

The Earth 15 is a system closed to the 
ow of mass, seeFigure 8 . She receives the high-
energy \yellow" radiation heat _qsun � 1366W m� 2 from the sun with the surface temperature
Tsun � 6000 K, and radiates infrared heat _qe � 235 W m� 2 at the mean earth temperature
T � 300 K (Kiehl and Trenberth, 1997). This infrared heat is radiated by the Earth into the
cold Universe �lled with the Big-Bang radiation at about 3 K. For every dissipated photon of

15 The Earth is the sum of the System and the Environment in Figur e 8.
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System (s)

Environment (e)

Qsun=Tsun Qe=T

Figure 8: Entropy balance of the Earth.

solar radiation at roughly 6000 K, the system produces 20 photons at roughly 300K. Thus,
ecosystems are proli�c net exporters of radiation entropy that is transported to the environment
and ultimately radiated into space.

The balance of the rate of total entropy change on the Earth that consists of the system (s)
and the environment (e) is

dS
dt

=
dSs

dt
+

dSe

dt
; GJ K� 1 yr� 1 (44)

where the increment of entropy of the system consists of two parts, the entropy produced inside
the system (i) and the entropy supplied to the system by its environment (e):

dSs = dSs;i + dSs;e GJ K� 1 yr� 1

dSs;i � 0; dSs;e 7 0
(45)

Similarly the increment of entropy of the environment is

dSe = dSe;i + dSe;s + dSe;r GJ K� 1 yr� 1

dSe;i � 0; dSe;s 7 0

dSe;s = � dSs;e

dSe;r =
Qsun

Tsun
�

Qe

T
=

Qe

T

�
_qsun

_qe

T
Tsun

� 1
�

dSe;r �
Qe

T

�
1366=4

235
300
6000

� 1
�

= � 0:93
Qe

T
< 0

(46)

where dSe;r is the negative net supply of radiation entropy to the Earth. 16 The factor of 4
converts the solar constant to the average total solar irradiance.

For the closed Earth, a well-known Carnot-Clausius statement of the second law of thermo-
dynamics is

dS
dt

=
dSs;i

dt
+

dSe;i

dt
+

_Qsun

Tsun
�

_Qe

T
(47)

16 Because our planet is a net exporter of radiation entropy to t he Universe, life can exist. As observed by
Svirezhev, and many others, the Earth is a sun-powered entropy pump that pumps high entropy into the Universe.
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For a steady-state Earth, over a su�ciently long time interv al that is not too long, however
(Barenblatt, 1994), it is reasonable to assume that

dS
dt

� 0

dSs;i

dt
+

dSe;i

dt
� 0:93

_Qe

T
> 0

(48)

i.e., the positive rates of entropy generation in the systemand the environment are balanced
by the negative rate of entropy export into space through the\radiation pump" driven by the
sun (Svirezhev, 2000).

Remark 1 Given su�cient time, entropy generated inside a natural ecosystem is close to the
net reduced heat exported into the universe via the environment. Because of this constraint,
natural ecosystems must recycle almost all mass. One species waste is another species food and
there can be no \trash" (Patzek, 2007). 2

For a large spatially-distributed system and its environment we assume (De Groot and
Mazur, 1962) that entropy and mass can be suitably describedby their densities that are
continuous function of space and time:

Si =
Z

Vi

�s dV; i = s; e (49)

where � is the total mass density, s is the total entropy per unit mass, and Vi , i = s; e, is the
volume of the system or the environment.

The rate of entropy production by the system is

dSs;i

dt
=

Z

Vs

� dV (50)

where � is the entropy source strength or entropy production per unit volume and unit time.
The rate of entropy supplied by the environment is

dSs;e

dt
= +

I

A se

n s;tot � dA (51)

where n s;tot is the vector of total entropy 
ow per unit area and unit time ( the mass-fraction
based entropy 
ux), through the system-environment interfaceAse oriented by the outside unit
normal from the system into the environment.

Thus, the entropy balance of the system is
Z

Vs

@�s
@t

dV
| {z }

Rate of
entropy

accumulation

= �
I

A se

n s;tot � dA
| {z }
Net entropy in
ow

+
Z

Vs

� dV
| {z }

� s= Rate of
entropy

production

(52)

In steady state or quasi-steady state, the accumulation term is zero or negligible, and

� s =
I

A se

n s;tot � dA (53)

Let us de�ne

j s = n s;tot � �s v

v =
nX

k=1

ckvk
(54)

26



where v is the center-of-mass or \barycentric" velocity of mass 
ow, � =
P

k � k is the total
density of material \particles," and ck are the overall mass fractions of then components of
the system.

Using the mass-continuity equation and the divergence theorem, we may rewrite Eq. (52)
as

Z

Vs

�
�

ds
dt

+ r � j s;tot � �
�

dV = 0 (55)

or, becauseVs is an arbitrary volume, the di�erential entropy balance equation is obtained at
each point of the system's volume:

�
ds
dt

= �r � j s;tot + �; � � 0 (56)

In other words, we have assumed that the macroscopic laws of thermodynamics (44) also hold
for very small volumes, or mathematical \points" in Vs. These \points" are obtained through
volume averaging procedures that will be addressed in a separate paper.

Now we must relate the quantities appearing in Eq. (56) to themore directly measurable
variables. To do so, we �rst assume that the speci�c entropy, energy, volume and overall
composition are related by the standard thermodynamic equilibrium relationship:

T ds = du + pdv̂ �
nX

k=1

� k dck (57)

where u is the speci�c internal energy, � k the chemical potential of componentk, v̂ = 1=� is
the total speci�c volume. After de Groot and Mazur (1962), We also assume that

�
ds
dt

=
�
T

du
dt

+
�
T

p
dv̂
dt

�
�
T

nX

k=1

� k
dck

dt
(58)

where the time derivatives are convective or Lagrangian, i.e., they follow material \particles"
moving with the center-of-mass velocity. Validity of Eq. (58) is rather uncertain and its
limitations will be established in a separate paper.

By inserting the standard equations of thermodynamics (42), (43), (27)2, and (29) into the
formula (58), and rearrangement, it can be shown that

�
ds
dt

= �r �

"
j q

T
+

 
nX

k=1

� k

T
(� j k )

!

| {z }
The divergence of the \reduced heat" 
ux in

and the \reduced free energy" di�usion 
uxes out

#

+
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1
T

2

4 j q

T
� r T +

nX

k=1

j k �
�

T r
� k

T
� Fk

�
+ � : r v +

rX

j =1

r j A j

3

5

(59)

where the entropy production term consists of four parts:

�T = �

"
j q

T
� r T

| {z }
Heat

conduction

ux

+
nX

k=1

j k �
�

T r
� k

T
� Fk

�

| {z }
Mass

di�usion

uxes

+ � : r v| {z }
Viscous

dissipation
(friction)


ux

+
rX

j =1

r j A j

| {z }
Reaction

heat

uxes

#

� 0

(60)

27



Fk is the body force (here gravity) acting on componentk, � is the shear stress tensor in a

uid, and

A j =
nX

k=1

� kj � k (61)

is the a�nity of chemical reaction j � r , whose kinetic rate isr j .
Now we can return to the Eulerian description and simplify the resulting equation by as-

suming that the divergence of the total barycentric velocity r � v � 0, i.e., the total material
\particles" are almost incompressible. Then the total speci�c entropy convection term is

� v � r s = � v � r
nX

k=1

ck (hk � � k )
T

� r � (� vs) = r �

 

� v
nX

k=1

ck (hk � � k )
T

!

(62)

where hk is the speci�c enthalpy of component k. Now Eq. (59) becomes
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entropy in
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+ �

(63)

Equation (62) can be integrated over the system volume and time-averaged over an accounting
period � t, usually one year:

Ss(t1 + � t) � Ss(t1)
� t

=
D
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E
=

1
� t

Z t2
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� Z
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@�s
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�
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A se
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� k
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nX
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)

dt+

+
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Z t2
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� Z

Vs

� dV
�
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(64)

Finally, the time-averaged total entropy balance of the system is:

D
_Ss

E
�

*
_Qin

T
�

_� di�, out

T
+ _Sconv, in

+

se

+ h� si (65)

Usually this balance is calculated per unit surface area of the system, As, measured in e.g.
hectares, and multiplied by an average system temperature,�T . The units are then GJ yr� 1 ha� 1:

�T
As

D
_Ss

E
�

�T
As

*
_Qin

T
�

_� di�, out

T
+ _Sconv, in

+

se

+
�T

As
h� si (66)

Even though Eq. (65) was obtained from the assumption of \closeness" to a thermodynamic
equilibrium, its general form is valid for all systems if we replace the equal sign with \� ", see
(De Groot and Mazur, 1962; Hatsopoulos and Keenan, 1965). Inother words, the true entropy
increment is bounded frombelow by the right-hand side of Eq. (65)

Let us analyze the two right-hand side terms in Eq. (65). The �rst term in the brackets is
the time-averaged net in
ow rate of entropy across the system boundary:
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1. h _Qin=Ti is the net rate of in
ow of reduced heat from the solar radiation reaching the
system through the environment, respiring organisms and the system surfaces, and the
heat of exchange through mass-impermeable membranes (zero, unless cooling lava 
ow
tubes or geothermal vents are present).

2. h_� di�, out =Ti is the net rate of di�usion of reduced free energy. Compared with the other
two terms, this term is usually very small in ecosystems and will be neglected.

3. h_Sconv, in i is the net in
ow rate of total entropy convected into and out o f the system
with rain, evapotranspiration, rivers and streams; waterborne soil erosion and airborne
soil dust; airborne gases produced in the system (methane, ammonia, nitrous and sulfur
oxides, herbicide and pesticide vapors, etc.); crop transport out of the system; fossil fuel,
fertilizer, lime, �eld chemical, etc. transport into the sy stem; animals, birds, insects,
people and machines crossing the system boundary; etc.

The time-averaged total entropy production rate term, h� si has two main components, cf.
Eq. (60), because heat conduction and friction are usually negligible in ecosystems, unless
molten lava 
ows, geothermal processes, or fast 
owing rivers dominate. These two compo-
nents describe the di�usion of nutrients and the associatedmetabolic reaction rates, plant and
animal decomposition, as well as chemical reactions of soiloxidation, fossil fuel burning and
chemical decomposition of fertilizers and �eld chemicals. The �eld chemicals also kill life in
the ecosystem, bacteria, fungi, non-crop plants, soil worms and animals, and all these processes
generate entropy:

1. The rate of entropy production by nutrient di�usion and me tabolism has been described
by Virgo & Harvey (2007). Here it will be approximated by the t ime-averaged net rate
of plant respiration, _Ra=�T.

2. The net in
ow rate and the rate of entropy generation by anthropogenic energy inputs to
the system will be approximated by the total exergy of these inputs dissipated into heat
at the average system temperature. Thus the time-averaged anthropogenic entropy 
ows
and sources input will be approximated as

_W
�T

=
P

i _mi bi
�T

(67)

wherebi denotes the speci�c exergy with the mass 
ow rate, _mi , of input i , seeAppendix
E.

3. The rate of entropy generation from the decomposition of weeds and other life killed by
�eld chemicals is _D fc =�T. The action of �eld chemicals is discussed inAppendix F .

4. The rate of entropy generation by biomass decomposition will be approximated by the
exergy of plant litter and root decomposition divided by the average system temperature,
_D= �T. If crop mass is equal zero and_D fc = 0, then _D � GPP � _Ra = NPP .

5. The excess entropy production and transport by the anthropogenic soil erosion, life exter-
mination, and chemical contaminant e�uents will be capture d by subtracting the exergy
of gross primary productivity of the successionally closedecosystem that in a steady state
must recycle most of its mass and radiate only heat,GPP0=�T.

In summary, to describe the irreversible US maize agriculture, we consider the following
increment of the rate of entropy accumulation for an agrosystem:

�T
As

� _S �
1

As

�
_Ra + _D + _W + _D fc � GPP0

�
(68)
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This entropy increment captures the main 
ow rates and production mechanisms of non-
radiation entropy in the system over and above the successionally closed natural ecosystem. If an
agrosystem were the original ecosystem, then_W = 0, _D fc = 0, see Appendix F, _Ra+ _D � GPP0,
and � _S � 0, as required. � _S is, however,neither a pure rate of entropy production, as implied
by Svirezhev (1998; 2000) and many others, who reprinted Svirezhev's results in their papers
and books, nor a pure entropy 
ow rate. It is a sum of most of both contributio ns, minus
an estimate of the rate of total entropy production by autotr ophs in the displaced ecosystem.
Several potentially important contributions from contami nant 
ows into the environment and
the system's soil contamination have been omitted at this time.

Remark 2 More work needs to be done to sharpen the incremental entropybalance sketched
here. Among others, issues with time and volume averaging ofthe entropy balance, the zero
divergence of the barycentric velocity, and with the large departures from equilibrium must be
fully addressed. 2

E Exergy of Anthropogenic Inputs

The total exergy of direct anthropogenic inputs to US maize agriculture is based on a USDA
estimate of average mass 
ows, seeTable 2 . The speci�c exergy, b, of each input is taken
from Tables 5.1 and 5.2 in Szargut et al. (1988), Patzek (2004), or calculated using an exergy
calculator at the Exergoecology portal. The cumulative energy consumption (CExC) by the
exterior processes utilized to obtain these inputs has beenignored, because the system here
is limited only to agricultural �elds. Note that Svirezhev ( 2000), and Svirezhev & Steiborn
(2000), inconsistently add to their anthropogenic inputs the energy costs of transportation and
manufacturing of �eld machinery. Also their energy in N fertilizer is much too high because
it involves the cumulative energy consumption in the fertilizer production. These additional
energy costs are borne by the environment of the �elds and should not be included in the
systems bounded by the �eld boundaries. A di�erent analysiselsewhere allows for the inclusion
of these costs, see Patzek (2004). Consequently, the anthropogenic energy inputs to maize
agriculture by Svirezhev et al. are signi�cantly higher (27, 97, and 37GJ ha� 1 yr� 1) than the
exergy 
uxes listed in Tables 2 and 3 (11 and 17GJ ha� 1 yr� 1).

Another estimate of anthropogenic energy inputs is for the experimental site of the Uni-
versity of Nebraska in Lincoln, NE, (Dobermann et al., 2005), seeTable 3 . The signi�cantly
higher maize yield in Nebraska is achieved with higher direct inputs, 16.7 vs. 10.8GJ ha� 1 yr� 1,
and ample irrigation. Also, the maize grain fraction, k = 0 :57, can be calculated directly for the
Nebraska site and, assumingr � 0:4, � = 0 :34 vs. � � 0:3 assumed for US maize agriculture.
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Table 2: Mass and exergy 
uxes of direct inputs to US maize agriculture

Input Quantity a Field Quantity SI Speci�c Exergy

Unitsb Unitsb Exergyc b, MJ/kg GJ/ha-yr

Seed 28739.0 #/acre 23.6 kg/ha 18.0 0.42

Nitrogen, N 133.5 lbm/acre 149.8 kg/ha 24.1 3.61

Potash, K2O 88.2 lbm/acre 98.9 kg/ha 2.7 0.27

Phosphate, P2O5 56.8 lbm/acre 63.7 kg/ha 4.4 0.28

Lime, CaO 15.7 lbm/acre 17.6 kg/ha 2.9 0.05

Diesel fuel 6.9 gal/acre 54.2 kg/ha 44.4 2.41

Gasoline 3.4 gal/acre 24.8 kg/ha 48.1 1.19

LPG 3.4 gal/acre 15.9 kg/ha 48.9 0.78

Electricity 33.6 kWh/acre 298.9 MJ/ha n/a 0.30

Natural gas 246.0 scf/acre 14.5 kg/ha 46.4 0.67

Chemicals 2.7 lbm/acre 3.0 kg/ha 261.0 0.78

Average yield 139.3 bu/acre 7438.4 kg dmb/had 18.0 133.89

aSource: The net energy balance of corn ethanol, Roger Conway, O�ce of Energy Policy and New Uses,
USDA, Presented at NCGA Renewable Fuels Forum, National Press Club, August 23, 2005, Washington,
DC.
bThe common time unit, yr� 1, is not listed.
cSources: Szargut et al. (1988) and The Exergoecology Portal, www.exergoecology.com.
dAssuming 15% of moisture by mass.
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Table 3: Mass and exergy 
uxes of direct inputs to corn-soybean standard management (CS-
P1-M1) at the Lincoln, NE, experimental site (Dobermann et al., 2005)

Input Quantity a Field Quantity SI Speci�c Exergy
Unitsb Unitsb Exergyc b, MJ/kg GJ/ha-yr

Seed 29000.0 #/acre 23.8 kg/ha 18.0 0.43

Nitrogen, N 272.0 lbm/acre 305.1 kg/ha 24.1 7.35

Potash, K2O 92.0 lbm/acre 103.2 kg/ha 2.7 0.28

Phosphate, P2O5 93.0 lbm/acre 104.3 kg/ha 4.4 0.46

Limed, CaO 490.0 lbm/acre 549.7 kg/ha 2.9 1.58

Diesel fuele 6.9 gal/acre 54.2 kg/ha 44.4 2.41

Gasolinee 3.4 gal/acre 24.8 kg/ha 48.1 1.19

LPG 0.0 gal/acre 0.0 kg/ha 48.9 0.00

Electricity f 251.0 kWh/acre 2232.8 MJ/ha 1.0 2.23

Natural gas 0.0 scf/acre 0.0 kg/ha 46.4 0.00

Chemicals 2.7 lbm/acre 3.0 kg/ha 261.0 0.78

Average yield 251.0 bu/acre 13403.0 kg dmb/hag 18.0 241.25

aAdditional source: Impact of New Agricultural Practices and Technologies on Corn Production Ef-
�ciency and Yield , Kenneth Cassman, Dept. of Agronomy and Horticulture University of Nebraska-
Lincoln, Presented at NCGA Renewable Fuels Forum, NationalPress Club, August 23, 2005, Washing-
ton, DC.
bThe common time unit, yr� 1, is not listed.
cSources: Szargut et al. (1988) and The Exergoecology Portal, www.exergoecology.com.
dNominal lime application 1:8� N
eUS average.
f 14 inches of irrigation + 1.4 inches of losses using a centralpivot system @ 22-24 kWh/acre-inch,
Source: Drs. Ken Cassman, Achim Dobermann, and Daniel Walters (2005).
gAssuming 15% of moisture by mass.
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F Entropy Generation by Field Chemicals

Maize yield decreases, at times to zero, because of maize plant susceptibility to weeds, pathogens
(bacteria, fungi, and viruses), and pests (rootworms, fallarmyworms, beetles, and their larvae,
etc.). The largest losses can be caused by weeds and insects,see Oerke et al. (1994) and the
references therein17.

Let me start from pesticides. In the old days, vinegar, honey, smoke, and various evil-
smelling concoctions served to preserve food and repel insects and other pests. In the 19th and
early 20th century Europe, mostly inorganic compounds of arsenic, lead, selenium, boron, cop-
per, mercury, zinc, lime-sulfur, etc., served as both pesticides and fungicides (Gunther, 1966).
They were very toxic to animals and humans, but could be washed o� plant surfaces, grains,
and fruits. The spectacular organochlorine insecticide dichloro-diphenyl-trichloroethane (DDT),
was introduced18 in the early 1940's. DDT belongs to a new class of \systemic" insecticides,
which are soluble in water or fats and metabolized in plant and animal tissues, often leading to a
variety of products in very complicated ways and in extremely small amounts. These metabolic
products are often more toxic to plants, animals, and humansthan the parent compound. The
new pesticides and/or their metabolic products can persistin the environment for a long time
and remain toxic to life (Robinson, 1970). Ultimately the pesticide and its metabolic products
are degraded by metabolic, photochemical, oxidative and hydrolytic processes (Gunther, 1969).
The stories of herbicides and fungicides are not dissimilar. Atrazine (2-chloro-4-(ethylamine)-6-
(isopropylamine)-s-triazine) is the most heavily used herbicide in the United States. It may be
applied both before and after planting to control broadleaf and grassy weeds. Approximately
35 000 metric tons of active ingredient are applied in the US per year19. Its primary uses are
maize and sugarcane �elds and residential lawns in Florida and the Southeast. Currently, the
heaviest atrazine uses per unit area occur in portions of Delaware, Iowa, Illinois, Indiana, Ohio,
and Nebraska. Three quarters of US maize �elds are treated with atrazine. Farms and farmland
have been responsible for almost all runo� of pesticides, fungicides, and herbicides measured in
rivers, streams, and wastewater treatment plants (Neumannet al., 2002). With the spread of
\no-till" and GMO farming, use of herbicides and pesticides is projected to increase by another
factor of 3 by the year 2050, see (Fox et al., 2007) and references 1{9 therein.

Entropy generation by �eld chemicals can be deduced as follows. For simplicity, we assume
that these chemicals remain in the system until they are decomposed. Otherwise, the chemicals
and their metabolic products 
ow out of the system, kill life in the environment, and generate
a similar amount of entropy.

The original chemical is ingested by a living organism (plant, fungus, insect, bacteria, or
animal) and kills it or disrupts chemical signalling among species20. Either way, the informa-
tion contents of living organisms and their communicationsare destroyed and ecosystems are
disrupted.

The chemical and its metabolic products can act at very low concentrations, essentially as
a degradingcatalyst of death:

Living organism OL + Field chemical C ! Dead organismOD

Dead organismOD ! Detritus D + � 1C + � 2(1 � � 1) Metabolic products M
(69)

17 A brief list of common sweet corn diseases is at vegetablemdonline.ppath.cornell.edu/NewsArticles/-
CornDiseases� News.htm.

18 The Swiss scientist Paul Hermann M•uller was awarded the 1948 Nobel Prize in Physiology and Medicine for
his discovery of the insecticidal prowess of DDT.

19 Source: Atrazine.us, Use & Conservation Tillage , www.thecre.com/atrazine/use.htm. Accessed Jan. 28,
2008.

20 For example, a subset of organochlorine pesticides, agrochemicals, and environmental contaminants com-
pletely disrupts recruitment of rhizobia bacteria by legum inous plants, thus essentially stopping nitrogen seques-
tration by legumes (Fox et al., 2007).
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or

OL + C ! OD

OD ! D + � 1C + � 2(1 � � 1)M; � 1; � 2 < 1

OL + � 1C + � 2(1 � � 1)M ! OD

OD ! D + � 2
1C + � 2(1 � � 1)( � 1 + � 2)M

: : : ! : : :

(70)

where � 1 and � 2 are the fractions of the �eld chemical and its toxic metabolic products that
persist after each round of ingestion. The reminders becomenontoxic. This chain reaction
catalyzed by C and M stops after n steps, when

Cmin = � n
1C

n =
log

�
Cmin

C

�

log � 1

(71)

because the terms that involve� 2 decay much faster. HereCmin is a threshold value of toxicity
of C. If, for example, Cmin =C = 0 :01, and � 1 = 0 :5, then n � 7. If � 1 = 0 :1, n � 2. In the
�rst case, our example �eld chemical recycles about 7 times,and its metabolic products 2 { 3
times, each time decaying in concentration, and eliminating unwanted life, as well as disrupting
interspecies communications.

Neglecting the information content of the eliminated biomass, and if the �eld chemicals
kill 21 _mlife = 2500 kg ha� 1 yr� 1 of mostly plants, the entropy generated by their decomposition
will be �T �S fc = _D fc � 2:5 � 17 GJ ha� 1 yr� 1. In the calculations, we assume _mlife = 0 � 4000
kg ha� 1 yr� 1. The mass of worms and their larvae that cause signi�cant maize plant damage is
minuscule, often less than 1 larva per plant.

21 Prof. David Pimentel, personal communication, Dec. 12, 2007.
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G Calculation Results

The total entropy generated by an average U.S. maize �eld is listed in Table 4, for di�erent
mass of weeds and other life eliminated by �eld chemicals. This mass is varied between 0 and
4000 kg for a no-till �eld.

Table 4: Results of calculation of entropy generation by US maize agriculture

Quantity Values
_W a 10.8 10.8 10.8 10.8 10.8
_Y a 133.9 133.9 133.9 133.9 133.9

_mlife
b;c 0.0 1000.0 2000.0 3000.0 4000.0

_D fc
a 0.0 17.0 34.0 51.0 68.0

� 12.4 12.4 12.4 12.4 12.4

GP P0
a 255.0 255.0 255.0 255.0 255.0

T d _Sa 68.2 85.2 102.2 119.2 136.2

Unsustainability ratio 6.3 7.9 9.5 11.1 12.7
_Wcrit

a 8.5 7.9 7.4 6.8 6.2
_Ycrit

b 5900 5500 5100 4700 4300

Equivalent erosiond 22.7 28.4 34.1 39.7 45.4

aGJ ha� 1 yr� 1

bkg ha� 1 yr� 1

c By mass, predominantly weeds, but also earth bacteria, viruses, fungi, worms, etc.
dBased on Eq. (16).

Table 5: Results of calculation of entropy generation at theLincoln, NE, test site

Quantity Values
_W a 16.7 16.7 16.7 16.7 16.7
_Y a 241.3 241.3 241.3 241.3 241.3

_mlife
b;c 0.0 1000.0 2000.0 3000.0 4000.0

_D fc
a 0.0 17.0 34.0 51.0 68.0

� 14.4 14.4 14.4 14.4 14.4

GP P0
a 255.0 255.0 255.0 255.0 255.0

T d _Sa 221.9 238.9 255.9 272.9 289.9

Unsustainability ratio 13.3 14.3 15.3 16.3 17.3
_Wcrit

a 8.9 8.3 7.7 7.1 6.6
_Ycrit

b 7200 6700 6200 5700 5300

Equivalent erosiond 74.0 79.6 85.3 91.0 96.6

aGJ ha� 1 yr� 1

bkg ha� 1 yr� 1

c By mass, predominantly weeds, but also earth bacteria, viruses, fungi, worms, etc.
dBased on Eq. (16).
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H Average Soil Erosion Rates in the USA

Estimated average annual sheet and rill erosion22 plus wind erosion on nonfederal cultivated
land, by state and year, are shown inFigure 9 and listed in Table 6 . The 1982 { 1997 data
set was revised byUSDA in 2001. The histogram of all data is shown inFigure 10 . From
the data it follows that most erosion in the US between 1982 and 1997 was 15� 8 t ha� 1 yr� 1.
Since 1997, the estimated average erosion has been approximately 13 � 7 � 8 t ha� 1 yr� 1.

Figure 11 shows that excessive erosion has been widespread across theUS Corn Belt. The
average national erosion rates reported byUSDA for 2001 and 2003 were almost identical to
that in 1997 (Anonymous, 2007), see Figure 9. One should note, however, that local erosion
occurs mostly during extreme rain and wind events, and actual erosion rates are perhaps 10 {
100 times higher than the spatially and temporally averagedpredictions in Figure 9 and Table
6. For example, direct measurements of sediment loads in theupper Mississippi River and the
Illinois River by Gaugush (1999) showed that intensive maize agriculture increases erosion rate
by a factor of 20. Kirchner et al. (2001), in turn, have shown that the long-term sediment yields
from mountain slopes are, on average, 17 times higher than stream sediment 
uxes measured
over 10 to 84 years. Their results imply that conventional sediment-yield measurements {
even those made over decades { can greatly underestimate long-term average rates of sediment
delivery from uplands.

Table 6: Estimated average annual erosion rates of cultivated land USDA NRCSa in t ha� 1 yr� 1

State/Statistic 1982 1987 1992 1997

Texas 34.3 31.4 26.9 26.9

Minnesota 19.1 20.9 19.5 17.7

Wyoming 17.7 21.1 20.2 16.4

Iowa 24.0 20.0 15.7 12.6

North Dakota 18.6 19.1 8.1 12.1

Nebraska 14.4 13.2 11.7 10.1

Michigan 11.2 11.7 11.0 9.9

Wisconsin 11.0 9.6 9.0 8.8

National avg.b 17.9 16.8 13.9 12.6

Meanc 16.0 16.3 14.3 12.9

Stdd 7.2 9.1 8.3 7.8

Max erosion 36.6 55.4 43.8 47.1

Min erosion 4.7 4.5 4.0 3.1

aUnited States Department of Agriculture, National Resources Conservation Service. The sum of water
and wind erosion rates from Tables 10 and 11 at www.nrcs.usda.gov/TECHNICAL/land/erosion.html.
bNational average calculated by USDA.
cThe arithmetic mean of state data.
dThe standard deviation of state data.

22 Excluding gully erosion. Soils with unstable substrata, as loose sand and soft, decomposed rock, develop
caving types of gulleys, which are always exceedingly di�cu lt to control. Soils with impervious clay subsoils,
on the other hand, develop V-shaped gulleys, which are much easier to control, as a rule. Those soils having
substrata of exceptionally high silt content yield readily to the formation of deep gulleys with vertical walls. This
is notably true of the Memphis silt loam and similar types of t he loessial country skirting the Mississippi and
Missouri Rivers in parts of the Corn Belt (Bennett, 1931).
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Figure 9: Estimated average annual water and wind erosion oncultivated land by state. The
US average is the thick black line. Source:USDA NRCS, accessed Dec 27, 2007. The 2001 and
2003 national averages have been estimated from the National Resources Inventories (Anony-
mous,2007).
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Figure 10: The histogram of estimated average annual water and wind erosion on cultivated
land in the US, 1982 { 1997. All data are �rmly lognormally dis tributed with the mean � = 15
and the standard deviation � = 8 t ha� 1 yr� 1. The 1997 data are approximately lognormally
distributed with � = 13 and � = 7 t ha� 1 yr� 1.
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Figure 11: This dot density map shows areas where excessive erosion from wind and water
occurred on cropland in 1997. Each darker (red) dot represent 5000 acres of highly erodible
land eroding excessively (23Mha). Each faint (yellow) dot represents 5000 acres of non-highly
erodible land eroding excessively (20.4Mha). Data are aggregated by 8-digit hydrologic units.
Excessive erosion is de�ned as erosion greater than the tolerable rate. Highly Erodible Land
is de�ned as land where the erodibility index is greater than or equal to 8. The Universal Soil
Loss Equation is used to calculate water erosion. TheAverage Annual Wind Erosion Equation
is used to calculate wind erosion. A total of 44Mha eroded excessively in 1997, resulting in 1.3
billion tons of erosion. In instances where both sheet and rill and wind erosion were classi�ed
as excessive, area was counted only once to avoid double counting. Areas with 95% or more
Federal area are shaded gray. Source:USDA-NRCS-RID, accessed Dec 27, 2007.
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