CLOSING THE GAP BETVEEN GRASSLANDSAND GRAIN
AGRICULTURE

Timothy E. Crews

|. INTRODUCTION

Grasslands are among the biomes that have beemrtessively degraded
or eliminated by the expansion of agricultéré&rasslands are also threatened
by development, poor management, and climate chaigé expansion of
agriculture has prompted intense concern amongst conservation biologists, as
grassands provide critical habitat for thousands of wild plant and animal
species. Less attention has been focused on théiodiversity ecosystem
services that intact natural grasslands préviflervices such as soil protection,
carbon sequestration, wataurification are essentially taken for granted when
ecosystems provide them for frelm contrast, row crop agriculture has received
growing recognition as a problematic source of ecosydisservices As will
be discussed in tharticle, soil erosion, nutrient leakage, weed establishment,
loss of soil organic matter, agrochemical and fossil fuel dependence are all
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disservices that occur as a consequence of converting grasslands to annual,
monoculture croplands. There now exists the dppiy to develop
agroecosystems that function more like natural grasskamtithus are expected

to recapture many of the ecosystem services that grasslands originally pfovided
The two areas of research deemed most critical to make this transiteon t
grasslandike agriculture are the breeding of perennial grain crops, and the
management of higher diversity cropping arrangements.

In this article, | am going to describe what ecologists perceive as the most
important ecosystem services that wereanetl by diverse, native grasslands.
| will then explain how these services turned into disservices with the conversion
of grass to croplands, and finally how a new agriculture, informed by the
structure and function of the original native grasslandsthaspotential to
resolve the tradeoff between the provision of food and other critical ecosystem
services (Figure 1).

6. See generallyTimothy E. Crews et alGoing Where no Grains Have Gone Before: From
Early to Mid-Successior223AGRIC. ECOSYST. ENVEr 223, 22338 (2016).

7. The focus of this paper will be how agriculture can capture these ecosystem services by
mimicking aspects of naturally occurring grasslands. However, | want to suggest caution about

us ng the term fecosystem serviceso0o as a reason

his highly influential essays published @ke Sand County Almandd969, argued that all

members of the land community should have standing simply as fellevmb er s of Ear t hés

community.
The land ethic enlarges the boundaries of the community to include soils, waters,
plants and animals, or collectively: the

role of Homo sapiens from conqueror of the koghmunity to plain member and

citizen of it. It implies respect for his fellemembers, and also respect for the

community as such.

In human history, we have learned (I hope) that the conqueror role is eventually

self-defeating. Why? Because it is implicitsach a role that the conqueror knows,

ex cathedra, just what makes the community clock tick, and just what and who is

valuable, and what and who is worthless, in community life. It always turns out

that he knows neither, and this is why his conqueststeally defeat themselves.

Aldo Leopold, A SAND COUNTY ALMANAC 204 (Oxford U. Press, 1968).
All members of the land community are therefore valuable both because of the roles they play but
also simply because they exist. As humans identify and try te ealosystem services they run at
least two risks. First, species that do not appear to play functional roles that benefit humans may
not be valued and therefore may not be protected.

One basic weakness in a conservation system based wholly on econoimés mot

is that most members of the land community have no economic value. Of the

22,000 higher plants and animals native to Wisconsin, it is doubtful whether more

than 5 per cent can be sold, fed, eaten, or otherwise put to econonhit; as210.
Anotherrisk is that we are more ignorant than we are informed about ecosystem processes, thus
there is a good chance we fail to identify, and therefore fail to value and protect critical parts of the
whole. That said, the emergence of the ecosystem serviceepbrhas helped the public
comprehend the critically important lipporting processes performed by #wesphere. That
nutrients are recycled, water is cleaned and many other essential ecosystem activities occur at no
expense to human society has led to them being taken for granted. There may be no expense when
ecosystems are functioning, but when they are damaged aoyaght the technrendustrial
replacements, if they exist, can be extremely costly. But many ecosystem services have no suitable
replacement.
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Il. GRASSLAND SOILS EXPLOITED FOR AGRICULTURE

Agriculture is thought to have first originategdareas with floodplains and
forests; floodplains because they had little vegetation that needed clearing and
forests because clearing patches of the landscape with slash and burn was also
energetically feasible using stone todl&rasslands were modéficult to clear
with stone tools and were not as easily subdued by Neolithic faPmers.
Eventually farmers did manage to convert the perennial grass and forb
vegetation of grasslands to agriculture and were rewarded with access to new
soil types, amonghem the highly fertile Mollisol$?

What began as local patchwork exploitation of grassland soils for annual
grain agriculture was gradually scaled up across entire landscapes. Today, less
than 10% of North AmericadowreGearaal Pl ains prai |
of Europeans remain todayThe disappearance of grasslands is not limited to
temperate regions either. Fifty percent of B
been converted to agricultu¥e. As permanent perennial vegetation was
replaced ith annual crops that leave bare soil exposed for months of every year,
the ecosystem services that characterized the intact grassland ecosystem gave
way to ecosystem disservices. Of course, there was one key ecosystem service
that was greatly improved thi grain agriculture, and that was the provisioning
service of food production. It seems obvious, but is important to point out that
it wasin fact food production, and not some consideration of sustainability or
resilience that motivated this massive ®&iem conversion to cropland$ius
as humansve find ourselves with an unprecedented populatiosfoundly
dependent on a foedproducing ecosystenof our designthat is hidly
productiwe, butultimatelyunsustainablé3

8. MARCEL MAZOYER & LAURENCE ROUDART, A HISTORY OF WORLD AGRICULTURE
FROM THE NEOLITHIC AGE TO THECURRENT CRISIS 87, 260 (2006).

9. Id.

100 Mol I'i sol is the soil type (or fAordero) as designated
forms under grasslandSeeNYLE C. BRADY & RAY R. WEIL, ELEMENTS OF THENATURE AND
PROPERTIES OFSOILS 78 (3d ed. 2010).

11. Thomas H. De Luca & Catherine A. ZabinsKirairie Ecosystems and the Carbon
Problem 9 FRONTIERSECOLOGY & ENVEr 407, 407 (2011).

12. David M. Lapola, et al.Pervasive Transition of the Brazilian Lande Systemé4
NATURE CLIMATE CHANGE 27, 29 (2014).

13 WESJACKSON, CONSULTING THE GENIUSOF THE PLACEL00' 30 (2010).
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Figure 1. The evolution of ecastgm services and disservices in agriculture

Natural Ecosystem Agriculture
Perennial Annual Perennial
High Plant Diversity Low Plant Diversity Moderate Plant Diversity

—

Ecosystem Services Ecosystem Dis-services Ecosystem Services
Soil formation Soil erosion Soil formation
Maximizes soil organic matter Reduce soil organic matter Maximizes soil organic matter
Resistant to pathogens and insects Vulnerable to pathogens and insects Resistant to pathogens and insects
Nutrients retained Unintentional nutrient losses Regulated nutrient losses
Weed establishment suppressed Weeds establish easily Weed establishment suppressed
High functioning soil microbiome Low functioning soil microbiome High functioning soil microbiome
No fossil fuel dependence Heavily fossil fuel dependence Reduced fossil fuel dependence

A. Soil formation and erosion

The degradation of the soil resource that has resulted from the conversion
of natural ecosystems to annual crop agriculture is arguably the greatest
ecosystem disservice thaill be addressed in this article. Mgstople have a
general sense of what is meantgilo, but to fully appreciate the impact of
human activities othis resource it helps to have a finer understanding of what
it is and how ifs formed. Soil, thethin membrandike coating that forms over
much of t he Eiainmamodraspectoformed byehe grewnth and
decomposition of plantsnd also is required for most plants to grbowOther
organisms such amicrobescontribute to soil formation as well, but plants are
unique in that through photosynthesis, they provide the organic matter on
which all other organisms depetrdMany people think of soils as being
comprised primarily of minerals, butey are actually only about half mineral,
about 110% organic matter (of which ~58% is carbon), and the rest is pore
space that is either occupied by water otfir.

14. BRADY & WEIL, supranotel0, at 2, 4445.

15. F. STUART CHAPIN, Il ET AL., PRINCIPLES OFTERRESTRIALECOSYSTEMECOLOGY 68
(2011).
16. BRADY & WEIL, supranotel0, at 15.
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Soils develop when new fiparent material o is
land1?” Mineral paent material is either sediment, recently deposited lava or
ash from a volcano, or newly exposed rock tha

surfacel® Often times the first things to colonize new parent materials are
primitive communities of plariike organismghat include lichens,

bryophytes, algae, bacteria and futgDrganic acids produced by these
communities, coupled with the oxidizing effects of air and moisture begin to
break down rock crystals and add small amounts of organic rffatants
eventuallytake root and accelerate soil development through the physical
activities of roots and the chemical reactions and conditioning of organic
matterz!

Some plants that colonize newly developing soils might initially be annuals,
that is, plants thagerminate from a seed, grow to maturity, set seed and die in
one growing season. Annuals, however, quickly lose out in competition with
perennial plants, which live for many years. Almost all terrestrial ok land
based ecosystems become dominated by piadgriants because once
perennials are able to establish as seedlings, they have an inherent advantage
over annual plants at the beginning of a growing se&s8imce annual plants
have to restart their growth cycle from a relatively small seed eveay ythey
are vulnerable to being eabmpeted for sunlight or soil resources such as
water by already established perennial plants which that can emerge quickly
from dormancy at the end of winter, or a dry se@3ofinnuals only persist as
the dominant vegfation type past a few years in ecosystems that experience
frequent, extreme disturbance, such as annual flooding along large rivers, or
landslides. There are a few exceptions such as the California grasslands in
parts of the Sierra foothills that werenverted from perennial to annual
vegetation through livestock grazing and fire (such ecosystems still feature

17. CHAPIN, supranote b, at 64 65.

18. BRADY & WEIL, supranotel0, at 33 35.

19. Timothy E. Crews et al.Qrganic Matter and Nitrogen Accumulation and Nitrogen
Fixation during Early Ecosystem Development in Hayg#iBIOGEOCHEMISTRY259, 265 (2001).

20. CHAPIN, supranote b, at 74.

21 Id.

22. 1t is useful to point out that the practices of tillage or herbicide use are carried out
specifically to control vegetation that could compete with the crop. This includes eliminating the
native vegetation that exists when agriculture is first established in a location, but most of the time,
it involves eliminating or suppressing the vegetathat invades land that is already farmed,; this
vegetation is commonly known as weeds. Ecologically speaking, weeds establish in a place where
one or more resources such as water, nutrients or sunlight are not fully appropriated by existing
vegetationAs described above, during the process of succession, perennial vegetation outcompetes
annual plants because it can more fully utilize available resources. This makes it more difficult for
weeds to invade and establish in fully developed perenniaystenss. In contrast, a freshly
plowed field is the ideal habitat for weeds to invade and establish.

23. DAVID TILLMAN, RESOURCE COMPETITION AND COMMUNITY STRUCTURE 127i 28
(1982).
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woody perennial speci&. These annual grasslands appear to have been
losing organic matter steadily since conversion, representing a backwards
trajectory in soil developmept.

There are good reasons to hypothesize that soils cannot form under annual
plant communities. However, since almost no natural terrestrial ecosystems
are dominated by annual plant species it is not practical tthigs$typothesis.
David Montgomenhas calculated that globally, the net median rate of soil
formation (formatioiierosion) is approximately 0.004 mm per y&afe
further calculates that the median net rate of soil loss in tilled agriculture is
1.52 mm per year, and 0.065mm per year Hiilhagriculture2” These rates
of soil loss are 360 and 16 times the rate of soil formatiopeotisely. It is
evident that annual crops exploit rather than build on the soil capital that
developed under the perennitiminated natural ecosystem that preceded
agriculture.

Interestingly, perennials do not come to dominate ecosystems becayse th
facilitate soil developmedta process that happens over very long spans of
timed but because they cabmpete annuak8 And yet without perennials, it
is arguable that soils would not develop in the first place, at least nothing close
to the depth andrganic enrichment of profiles that exist today.

Soil erosion can be viewed as an ecosystem disservice that replaced the
ecosystem service of soil formation when croplands replaced grasslands and
other natural ecosystems around the planet. When protpetieanial

vegetation is removed to make way for agriculture, the soil is exposed to wind,
rain, and the effects of gravity for weeks and even mantbey year? Soil is

even vulnerable to erosion after a crop has been sowed until the young crop
canopy closes which can also take many wégks.

Not surprisingly the threat of soil erosion and other forms of degradation have
been a problem of agriculture since it begémeed, the Fertile Crescent,

where wheat was first domesticated in Mesopotamia, has been transformed in

24. California Central Valley grasslands, WORLD WILDLIFE FUNtps://www.world
wildlife.org/ecoregions/na08Q0(last visited April 22, 2017).

25. Rebecca Ryals & Whendee L. Silvéifects of Organic Matter Aemdments on Net
Primary Productivity and Greenhouse Gas Emissions in Annual Grassl@B8dSCOLOGICAL
APPLICATIONS46, 46 (2013).

26. David R. MontgomerysSoil Erosion and Agricultural Sustainabiljtt04 PROC. NATA
AcAD. cli. 13268, 13270 (2007). Megomery is a Professor of Earind Space Sciences at the
University of Washingtorand has published widely read scientific and lay texts describing the
severe impacts that tillage has on soils and the sustainability of civilization.

27. 1d.

28. TILLMAN , supranote 23, all27 28.

29. DANIEL HILLEL, OUT OF THE EARTH: CIVILIZATION AND THE LIFE OF THE SOIL 38
(1992).

30. Karine Vezina et al.Agricultural Landuse Patterns and Soil Erosion Vulnerability of

Wat ershed Units in Vi liLanpsordeECONIB1111322 2006).Hi gh | ands
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many parts by agriculture into a wasteland. Soil degradation contributed to

civilization decline in the Indus Valley, Greece, Italy, China andsprt

Mesoameric&! And the problem continues today. According to one

calculation, twentyfour billion tons of soil are lost annually around the

worldd several tons for each person on the pléhet

When the rate of soil loss via erosion exceeds the ra@ldbrmation, as

happens across many agricultural landscapes, the ecosystem is simply

unsustainable. In the words of David Montgoméif/agricultural erosion

rates remain far beyond rates of soil production, global society will eventually

be complled to either adopt agricultural methods that sustain the soil or face
increasing competition ove¥ a shrinking agric
This problematic tradeoff between sustenance and sustainability is what led

Wes Jackson to write the influential bodkw Roots for Agricultur which

he proposed the creation of a new agriculture that is modeled after the prairie.

By breeding perennial grain crops, including cereals, pilaed oilseed

crops, and by planting them in complementary arrangementspdacks

proposed that agriculture could be transformed from a soil degrading to a soil

building activity3> This work has been pursued by The Land Institute in

Salina, Kansas since Jacksond6s book in 1980,
universities and resedrdinstitutions around the worfd.

B. Soil organic matter loss from tillage

Soil erosion is the most destructive form of soil degradation that results
from the conversion of grasslands to cropldhdsit even when soil particles
are not physicallyemoved by wind or water, soils can lose a key component
of what makes them productive: organic matter. Soil organic matter (SOM) is
an umbrella term for a wide range of substrates that form in the decomposition
process of plants, animals and soil mics%eSOM is not a static property of
soil, but rather reflects a dynamic equilibrium between inputs of new organic
compounds from plants, originating from photosynthesis, and losses of organic
matter from soil microbes metabolizing organic matter andriegpCQ; to
the atmospher®.

31 HILLEL, supranote 26, at 4, 5, 169DAVID MONTGOMERY, DIRT: THE EROSION OF
CIVILIZATION 40, 46, 77 (2007).

32 1d. at 74.

33. MONTGOMERY, supranote 24, at 13271.

34. Seed cropspecifically from the legume or Fabaceae family such as beans and peas.

35. WESJACKSON, NEW ROOTS FORAGRICULTURE 130 (1980).

36. See map of Land InstitutResearch PartnerResearch PartnersTHE LAND INST.
https://landinstitute.org/abouis/researcipartners/ (last visited March 21, 2017).

37. JACKSON, supranote &, at 13 14.

38. Brady& Weil, supranotel0, at 372.

39. Crewset al, supranote 6, at 22&28.
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When grasslands are converted to croplands, this dynamic equilibrium
between organic matter inputs and loses is dramatically altered resulting in
substantial declines in overall SOM stoéksSoil scientists recognize tha
plant roots represent the most important avenue by which new organic matter
enters a soil profilél Senesced plant parts such as leaves and wood that
accumulate on the soil surface contribute to SOM as well, but less of those
materialspersist bybecomingncorporated into sotggregates. Perennial
grasses and forbs, such as those that make up native grasslands, allocate
anywhere from 5@ 7% of fixed carbon in root or rodike tissues
belowground? It is this investmenthat gradually builds the deep dark surface
or AAO0O horizon that charactermes Mol lisol s,
addition to roots, most plants host networks of mycorrhizal fungi that act in
some ways as filamentous root extensions, helpingpta explore larger soil
volumes to scavenge nutrients, among other functffons.

In contrast to perennial plant species, annual species, which includes crops
like wheat, corn and sunflowers, allocate on the order @025 of their
productivitybelowground®> The reduction in organic matter inputs that occurs
when perennial vegetation is replaced with annual crops is one reason why
SOM declines with agriculturé.

Outputs or losses of organic matter increase when grasslands are converted
to annual croplands. In undisturbed soils, organic matter is stabilized inside
naturally forming soil clods or aggregat@sSoil scientists believe that this
stabilization occurs because microbes have a difficult time accessing SOM
when it is bound betweesiightly charged clay particles in the middle of
aggregate® A glue-like protein called glomalin that is produced by
mycorrhizal fungi is thought to play an important role in stabilizing soil

40. See generallyEric A. Davidson & llse L. AckermarGhanges in Soil Carbon Inventories
Following Cultivation of Previously Untilled SojI20 BIOGEOCHEMISTRY161, 16193 (1993).

41. See generallyMichael W. |. Schmit et al.,Persistence of soil organic matter as an
ecosystem propert78NATURE 49,49 56 (2011).

42. Benard Saugier et alEstimations of Global Terrestrial ProductivityConverging
Toward a Single Numberth TERRESTRIALGLOBAL PRODUCTIVITY 545 Jacques Roy et al. ed.,
2001).

43. CHAPIN, supranote b, at 81.

44. See generallyDavid D. Douds Jr. & Rita SeidellThe Contribution of Arbuscular
Mycorrhizal Fungi to the Success or Failure of Agricultural PractigesVICROBIAL ECOLOGY
IN SUSTAINABLE AGROECOSYSTEMI 33 52 (2012).

45. Jan Goudriaan et alProductivity of AgreEcosystemsin TERRESTRIAL GLOBAL
ProDUCTIVITY 305 Jacques Roy et al. e@Q01).

46. Timothy E. Crews & Brian E. RumseyVhat Agriculture Can Learn from Natural
Ecosystems in Building Soil Organic Matt&iSUSTAINABILITY 578,581-82(2017).

47. A. Stuart Grandy & Jason C. Neffjolecular C Dynamics Downstream: The Biochemical
Decomposition Sequence and its Impact on Soil Organic Matter Structure and FuAGdSTI.
ToTAL ENvEr 297, 303 (2008).

48. Id.



282 KAN. J.L.& PuB. POL&r Vol. XXVI:3

aggregate® When soils are plowed, mycorrhizal fungi are ddgrh and the
aggregates containing physically protected organic matter are broken open,
exposing the SOM to microbial attazk This enhancement of microbial
activity happens every time a soil is tilled untit20% of the SOM

accumulated under grasslaretyetation has been lost at which time a new low
SOM steady state takes place within about two decades.

Figure 2 A 1.5 metedeep soil profile planted t8ilphium integrifoliuma

perennial prairie species in the sunflower family. This species is beddgal an
oilseed crop by researchers at The Land Institute. The soil is in the Mollisol order,
and is characterized by a dark surface horizon called a mollic epipedds

dark horizon was formed by the inputs of organic matter from native prairie
vegdation before the site was converted to agriculture. It is predicted that an
agriculture consisting of perennial plants I&#phium integrifoliumwill begin to

build soil organic matter in the same way as did the original prairie vegetation.

The ecosystem disservice of SOM loss with conversion of grasslands to
croplands is not only confined to soil degradation, but also impacts global

49. See generally Matthias C. Rillig, Arbuscular Mycorrhizae, Glomalin, and Soil
Aggregation 84 CAN. J.SoIL Scli. 355,355 63 (2004).

50. Grandy,supranote 49.

51. Davidson & Ackermansupranote 40, at 16162; seeR. Lal, Sequestering Carbon in
Soils of AgreEcosystems36 FoobPoLdr 533, 533 (2011) (explaining the range of how much soil
matter is lost depends chiefly on soil texture, climate, crop choice, and management such as use of
rotations or cover crops).

52. Brady& Well, supranotel0, at 61.

53. Crewset al, supranote6, at 22628.



2017 CREWS GRASSLANDS AND GRAIN AGRICULTURE 283

atmospheric C@concentrations. DelLuca and Zabiriskistimate that the
conversion of tall, médm and short grass prairies to croplands that took place
across the Great Plains at the turn of tHé @htury resulted in ~5 Pg of C
emitted as C@into the atmosphere. This release of carbon is of the same
magnitude as that released from deforestaticthe Brazilian Amazon
rainforeste2

C. Implications of chemical weed control

In the last fifty years, agronomists have devised ways to substitute chemical
control of weeds for the traditional mechanical controls of plowing and
di s ki ntgi.drdpgimdNirvolves carefully timed applications of herbicides
to kill vegetation so that the soil remains intact with crop residues remaining
on the surfacé In recent decades, the development and release of herbicide
tolerant crops has helped to increadeption of netill practices, especially in
North and South America and, AustrefifaBy eliminating tillage, ndill
farmers not only greatly reduce erosion, but they also address one of the two
ways in which the ecosystem disservice of SOM decliners€eMo-till does
not enhance microbial consumption of SOM, and thus many have suggested
that some fraction of the carbon that was lost following initial cultivation
should be recaptured once-tilbpractices are adopted. Interestingly,
evidence for sutreaccumulation of SOM under rdl is equivocal, leading
to strong disagreements in the academic literature regarding the rokgilbf no
in rebuilding SOMe7

No-till cropping systems, especially when expanded to include diverse
cover crops betwaeplantings of commercial crops, may be the most
sustainable way of raising grains, with respect to soil health and protection.
However, the method depends on applications of herbicides which carry a
range of human health and ecosystem hazards. In g@@lwWorld Health
Organization released a study suggesting that the most commonly used

61. DelLuca,supranote 11, at 410.

62. Id.

63. David R. Huggins & John P. Reganolip-Till: The Quiet Revolution299ScI. Am. 70,
73-74(2008).

64. Rolf Derpsch et alCurrent Status of Adoption of Nall Farming in the World and Some
of its Main Benefits3 INT& J.AGRIC. & BIOLOGICAL ENGGG 1, 1,5 (2010).

65. Crews& Rumsey supranote 48, at 584.

66. Johan Six et al.Soil MacroaggregateTurnover and Microaggregate Formation: A
Mechanism for C Sequestration Under -WNdage Agriculture 32 SoiL BIoOLOGY &
BIOCHEMISTRY 2099,2099(2000).

67. A.J. VandenBygaarfThe Myth That Nd'ill Can Mitigate Global Climate Chang@16
AGRIC., ECOSYSTEMS& ENVEr 98, 98 99 (2016).
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herbicide in the world -glyphosatéd -is a potential carcinogeéfWhere it is
widely used, the efficacy of glyphosate has declined as resistance to the
herbicide has deveped in 23 weed specié€s.This has compelled the
herbicide industry to develop crops that are tolerant of herbicide cocktails,
which are expected to carry greater health risks than singular glyphosate
applicationg’?

Aside from issues surrounding baide use, ndill approaches to weed
control will not accumulate levels of soil organic matter attained by the natural
ecosystems that preceded agriculture because annual crops do not allocate as
much productivity to roots as perennial spec¢ieShere lave not been any
formal studies to date measuring the soil carbon accumulation under perennial
grain protecrops under development, however there exist numerous studies on
lands that have been converted from annual cropping to perennial grasslands or
peremial cellulosic biofuel crops that suggest accumulation rates of10883t
carbon hayr1.73 These rates have been found to persist for one or two
decades, and then gradually decline until no net carbon is sequestered after
fifty years74 The wide rang of soil carbon sequestration values reflects site
specific differences in soil texture, climate, vegetation composition, and degree
of soil degradation experienced under agricultural managefent.

D. Nutrient retention and loss

| have made the case thus far that natural perennial grasslands build soils,
which includes SOM, whereas annual croplacmemonly degrade or lose
soils. More difficult to observe, but no less important is wedl-developed
capacityfor grasslands to rain critical nutrients for plant growtland the
tendency for annual croplands to lose them1975, ecologists Peter Vitousek
and William Reiners published what is now a classic paper in ecology titled
AEcosystem successi on taredf inmhistpaperent r et enti on:
the authors explain how highly disturbed ecosystems are predicted to leak

68. Produced commercially by Monsanto Corporation Rsundup", Glyphosate and
Roundup Brand HerbicideMONSANTO, http://www.monsanto.com/glyphosate/pages/default
.aspx(last visited March 21, 2017).

69. Daniel CresseyVidely Used Herbicide Linked to Canc®ATURE (March 24, 2015),
http://www.nature.com/neviiwidely-usedherbicidelinked-to-cance1.17181

70. lan Heap Herbicide Resistant Weeds INTEGRATED PESTMANAGEMENT 281i 82 (D.
Pimentel & R. Peshin, eds., 2014).

71 Lawsuit Challenging EPA Approval of Harmful Herbicide Advan€&sR. FOR FOOD
SAFETY (Oct. 26, 2015)http://www.centerforfoodsafety.org/presseases/4103/lawstit
challengingepaapprovalof-harmfutherbicideadvances#

72. Saugiersupranote42.

73. Crews& Rumsey supranote 4, at 586.

74. 1d.

75. Brady& Weil, supranotel0, at 383 85.

76. Peter M. Vitousek & William A. Reinergcosystem Successiand Nutrient Retention:
A Hypothesis25BIOSCIENCE376, 376 (1975).
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prodigious quantities of nutrients, but when these same ecosystems are allowed
to undergo ecosystem development over the course of sucééssitrients

bemme much more highly regulated and tightly retained, resulting in very low
leakage to adjacent landscapes, rivers or [&k&¥hile Vitousek and Reiners

were describing the effects of extreme natural disturbances such as landslides
or catastrophic fires dloods, their model describes precisely what happens to
ecosystem nutrient retention in annual croplands that are disturbed by tillage.
The main difference between natural ecosystems and agroecosystems, is the
former experience extreme disturbances vainequently, while the latter
experience them every time the ground is plowed, disked or tilled. | have
suggested, along with other researchers, that the annual grain crop ecosystem is
likely the most disturbed ecosystem on the planet when areal dréguency

and intensity of disturbance are considered togéther.

As predicted by Vitousek and Reinerds model ,
are extremely efficient at taking up nutrients such as nitrogen from both
shallow and profound soil depths oeelong growing season, which in
temperate areas begins early in the spring and ends late in fieGalhsistent
with nutrient uptake patterns they also experience very low nutrient losses
either via surface runoff or leaching through the soil préfil&his high
degree of nutrient retention is one reason why grasslands can maintain high
levels of productivity with very low nutrient inputs.Even when grasslands
experience the natural disturbances of fire or grazing, perennial plarsare
with minimd disruption to nutrient uptake pattefi3sOverall, water that
leaves natural perennial grasslands is remarkably clean and free of nétrients.
When grasslands are converted to croplands, the ecosystem service of nutrient
retention gives way to the ecosst disservice of nutrient loss and related
excessive freshwater or marine algae grdwtiivhile many elements that
make up soil can exit croplands at times of the year when crops are absent or
undeveloped, the essential plant nutrients nitrogen (N) argppbrus (P) are

77. Succession is an overarching term in ecology describing directional changes in the
composition of biological communities and their ecosystem processes throughe@GelAPIN,
supranotel5, at 348.

78. Vitousek& Reiners supranote ®, at 378.

79. Crewset al, supranote 6, at 226.

80. Robert B. Woodmanse@dditions and Losses of Nitrogen in Grassland Ecosyst2®ns
BIOSCIENCE448, 448 (1978); Walter K. Dodds et Blitrogen Transport from Tallgrass Prairie
Watersheds25 J. ENVIRON. QUAL. 973, 97381 (1996); Kevin C. Masarik et alLong-Term
Drainage and Nitrate Leaching below W#&ltained Continuous Corn Agroecosystems and a
Prairie, 5J.ENVIRONMENTAL PROTECTION240, 240 (2014).

81. WoodmanseeSupranote B; Dodds et al.Supranote B; Masarik et al. Supranote 3.

82. See generallydohn M. Blair et al.Terrestrial Nutrient Cycling in Tallgrass Prairjén
GRASSLAND DYNAMICS 222 36 (Alan K. Knapp et al. ed., 1998).

83. Id. at 239

84. Woodmanseesupranote B; Masarik,supranote B.

85. Also referred to as eutrophication
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particularly important. These two nutrients commonly interact to control how
much algae grows in lakes and rivé&q®hosphorus does not leach very much
although small amounts can be carried by water in different forms down
through a soil file into groundwater and eventually to rivers or la¥es.

More commonly phosphorus is lost from landscapes via overland #inoff
Nitrogen on the other hand, is readily carried in the form of nitrate in water
that leaches through soils ultimately flogimto rivers and lake®.Freshwater
eutrophication does happen naturally in certain situations, but it has become
extremely common, even the norm, for lakes and rivers in heavily fertilized
agricultural regions to become eutrophic for extended perioti®#t

summers?

Nitrogen, in the form of nitrate, not only plays a damaging role in
stimulating algae growth in rivers and lakes, but also in coastal marine
ecosystems. For example, in the Gulf of Mexico, a large dead zone forms
every summer as a ceequence of the Mississippi river delivering nitrate from
upstream point and nguoint source8! It is clear that this nitrate loading
increased substantially during thefentury?2 The most important of these
sources is fertilized agricultural fields that cannot retain nitrate because soils
are left with few or no active roots for a majority of every y8&roductivity
of algaeincreases in response to the addettientsand then decomposition of
dead algae increases as WellThe organisms that decompose the algae draw
down the oxygen concentrations in the watérich causes other oxygen
breathing organisms (like fish) to dfe.There are more than 400 deamhes
around the world with fertilizer loss being the most important deiver.

86. James J. Elser et aGJobal Analysis of Nitrogen and Phosphorus Limitation of Primary
Producers in Freshwater, Marine and Terrestrial Ecosysteb@ECOLOGY LETTERS1135, 1135
36 (2007).

87. See generalhAndrew N. Sharpley & Seppo Rekolain€thosphorus in Agriculture and
its Environmental Implicationsn PHOSPHORUS.OSSFROM SOIL TO WATER 1i 53 (H. Tunney et
al. ed., 1997).

88. Id.

89. CHAPIN, supranote b, at 237.

90. UNITED NATIONS ENVIRONMENT PROGRAMME, Why is Eutrophication Such a Serious
Pollution Problem? http://www.unep.or.jp/ietc/publications/short_series/lakereserasirasp
(last visited March 21, 2017).

91. See generallyhitney Brussard & R. Eugene TurnérCentury of Changingand-use
and Waterquality Relationships in the Continental UB FRONTIERSIN ECOLOGY AND THE
ENVIRONMENT 302, 30207 (2009);See alsdNancy N. Rabalais et aDynamics and Distribution
of Natural and Humaitaused Coastal Hypoxi& BIOGEOSCIENCEDISCUSSIONS585, 585619
(2010).

92. Broussard & Turnersupranote84; Rabalais et alsupranote 8.

93. R. Eugene Turner & Nancy N. Rabaldisnking Landscape and Water Quality in the
Mississippi River Basin for 200 Yea&3BIOSCIENCES63, 56368 (2003).

94. Rabalaiset al, supranote 8!, at 585.

95. Id. at 587.

96. Robert J. Diaz & Rutger Rosenbergpreading Dead Zones and Consequences for
Marine Ecosystems321SCIENCE 926, 926 (2008).
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Researchers who have documented the occurrence and underlying causes of
the dead zone in the Gulf of Mexico have acknowledged the need for more
functional, agricultural lasiscapes based on perennial crops

i . [W]ater.quality may be rehabilitated if there are changes in land
use practices, such as reduction in cropland area dedicated to corn
agriculture, increases in cropland diversity, or changes in intensive
land managment. Increasing the area of perennial crop systems could
meet these objectives and could lead to major improvements in water
quality, ecosystem services, and the production of the farming
oper &@tion. o

Culman and colleagues at the Universitid€higan compared the
nitrogen retention between single species plantings of annual wheat and
perennial wheatgrass or Kerrf8aThey found that once established, the
perennial grain crop reduced total nitrate leaching by 86% compared to annual
wheat. The ififerent uptake efficiencies of perennial wheatgrass compared to
wheat make sense when the rooting systems of these two species are
compared, as in Figure 3.

Studies of nitrogen retention in diverse natural ecosystems have found that
plant commaities that include different and complementary functional
groups®, will take up different forms of nitrogen from the soil profile at
different times of the growing seastA.Niche complementarity for nitrogen
coupled with the uptake efficiency of peredm@ots helps explain the highly
efficient nutrient retention demonstrated by natural grasslands. Studies such as
these suggest that the integration of perenniality and-spéties
complementarity into grain agriculture has the potential to correct the
ecosystem disservice of nutrient leakage that is prevalent today in modern
annual crop productiot?

97. Broussard& Turner, supranote 8, at 306.

98. See generallySteve W. Culman et alSoil and Water Quality Rapidly Responds to the
Perennial Grain Kernza Wheatgrgsk05AGRONOMY J. 735, 73544 (2013).

99. Functional groups refer to categories of speciaes ftave similar functions in a plant
community as opposed to a taxonomic group (genus, family, etc.). Typical functional groups in
grasslands are warm or cool season grasses, forbs, and nitrogen fixers, early and late season
producers.

100. See generallyAnsgar Kahmen et alNiche Complementarity for Nitrogen: An
Explanation for the Biodiversity and Ecosystem Functioning Relation8fiECcOLOGY 1244,

1244 55 (2006).

101 Timothy E. Crews, Perennial Crops and Endogenous Nefi Supplies 20

RENEWABLE AGRIC. FOOD SYST. 25, 25 27 (2005).
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Figure 3 Deep rooted intermediate wheatgrabsifiopyrum intermediujthat
produces the grain Kern24(left) and shallow rooted annual whe@tificum
aestivun on the right%2 This soil profile that was excavated at The Land Institute

was approximately 2.5 meters deep.
T RN : g ,

Il . IMPORTANCE OF DIVERSITY

Up until this point in the article, | haxdescribed how soiicapitab
accumulates under grasslands, and is depleted under annual grainNwops
I will discusghe plant communities that characterize grasslands and croplands
andwhy plant communities matter gustaining the productivity of natural and
agricultural ecosstems With few exceptions, naturally occurring plant
communities are highly diverse and grasslands are no exception. When small
areas of land are considered, grasslands host the greatest plant species richness
of any ecosystem type. At scales of < 5)temperate grasslands have been
found to include the greatest number of plant species, whereas at scales > 100
m?, lowland tropical rainforests hold the record for diverigyA mountain

102 The deep roots of thgerennial grain crop KernZ4 are more efficient at taking up
nutrients such as nitrogen deeper in the profile and for more months of the year compared to annual
wheat. Photo by Jim Richardson and Jerry Glover.

103 J. Bastow Wilson et alPlant Species Richness: The World Recor2i3 J. OF
VEGETATION SCIENCE 796, 796 802 (2012).
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temperate grassland in Argentina was found to have 89 plant sipegig@a.
On a much larger scale, the 3500 ha. Konza Prairie Long Term Ecological
Research Center in the Flint Hills of Kansas has a flora that includes 576
vascular plants4

Diversity of plant species in ecosystems is thought to reflect historic
pathogen pressures that resulted in one or a few dominant, productive species
to lose competitive ability allowing for colonization of other spetie®nce
established, diverse plant communities can function to regulate and suppress
widespread epidemics pathogens% The ecosystem service of plant
diversity suppressing soil pathogens is illustrated in an experiment by
Schnitzer and colleagues involving large pots filled with four soil treatments
(direct from field, sterilized, sterilized + pathogens, atadilized + beneficial
fungi) and planted with one, five, ten or fifteen different plant spéeies.

When grown as single species, plants in sterilized soils achieved significantly
greater productivity than plants grown in field soils or sterilized soils with
pathogens added. This suggests that under conditions of low plant diversity,
pathogens can hawa large negative impact on productivity. However,

pathogen suppression of plant growth declined as species diversity increased to
where at maximum diversity, there was no pathogen suppression €9ident.

This result suggests the possibility of reducirgpese pressure on agricultural
crops not through the application of toxic fungicides, but rather through the
deployment of greater crop diversity.

104. Gene Towne\Vascular Plants of Konza Prairie Biological Station: An Annotated
Checklist of Species in Kansas Tallgrass PraikaN. STATE UNIv. (2002), http://www.konza.
ksu.edu/data_cataloggfa_fauna/common%?20names.txt.

105 See generallyJames D. Bever et alMaintenance of Plant Species Diversity by
Pathogens46 ANNUAL REV. OF ECOLOGY AND SYSTEMATICS 305, 30525 (2015).

106. See generallyal H. Smith et al.Crop Diversification Can Contribute to Disease Risk
Control in Sustainable Biofuels Productioh3 FRONTIERSIN ECOLOGY AND THE ENVIRONMENT
561, 56167 (2015).

107. See generallystefan A. Schnitzer et aBpil Microbes Drive the Classic Plant Diversity
Productivity Pattern92 ECOLOGY 296, 296 303 (2011).

108 Id.
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Figure 4. Experimental results by Schnitzer and colleagues showing how plant
community produgtity increases with greater diversity through the suppression of
soil pathogens. Design involved large pots filled with field or sterilized soils. The
sterile soil treatments included no inoculums (black), mycorrhizal fungi inoculum
(AMF) (red) or diseascontaining inoculumdreen.
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Before the advent of industrialized agriculture, it was typical for farmers
around the world to grow a high diversity of crop species often in
polyculturesto® The agricultural biodiversity they maintained was uguall
much lower than the species richness of the natural ecosystem agriculture
replaced, but nevertheless polycultures and rotations were the i@ rop
diversity often consisted of several primary crops (such as the classic
Mesoamerican corn, bean, squaslygulture), along with a multitude of
minor crops planted in breakws or opportunistic gaps in fieldis. Crop
diversity was deployed in either time (rotations) or space (intercropping) and
was maintained in part because of local demand for diverse ttoatdsere
only produced locally. Diversity was also maintained as a primary tool to
control disease and insect pests, as there were few chemical or biological
options for preindustrial farmers2. There have been numerous hypotheses
proposed to explain ly diversity helps regulate the reproduction and spread

109. JOHN VANDERMEER, THE ECOLOGY OFAGROEMSYSTEMS96 (2010).

110. MATT LIEBMAN, in AGROECOLOGY205 18 (Miguel A. Altieri ed., 1995).

111 MIGUEL A. ALTIERI, AGROECOLOGY126 43 (1995).

112 SeeAltieri, supranote 1@; See alsoStephen R. Gliessma#\GROECOLOGY. THE
ECOLOGY OFSUSTAINABLE FOOD SYSTEMS 300 02 (A ed. 2007).
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of pest organisms in natural and agricultural ecosystems. Three of those
classic hypotheses which are still widely considered today:

1 Enemies hypothesis: vascular plant communities with higher diversi
are more likely to provide continuous food and habitat resources that
can sustain insect predator and parasitoid populatiéns.

9 Diversity-Disease hypothesis: Transmission rates of diseases are
proportional to the abundance of the host. If higher plahhess
leads to lower abundances of most plant species, then disease severity
would decrease accordingif

1 Resourcce oncentration hypothesis: A disease or
establishing and spreading is proportionate to the patch size of the
resource (@., crop plant) in time and spaké.

As agriculture industrialized in the twentieth century, the diversity of crops
grown decreased at the field, farm and regional séH#i&echanization
favored simple singtspecies cropping arrangements, and farmers shifted to
relying on synthetic pesticides over diversity for crop protedfiofiRotations
with nitrogen fixing legume crops were replaced with continuous production of
grainsfertilized with nitrogen produced by the Hatigwsch industrial
synthesis of ammoni&?8 It is surprising to note that the increased use of
pesticides since 1960 diwbtresult in a corresponding decrease in crop losses
to insect pestsi® Indeed, Pimentel @ahcolleagues reported that in spite of a
10-fold increase in insecticide use in the U.S. between 1945 and 1989, the
share of crop yield in the U.S. lost to insects nearly doubled from 7% to
13%120

The substitution of crop diversity by chemicals tomegs agricultural
pests resulted in what may be the most publically acknowledged ecosystem
disservice of industrial agricultudepesticide poisonings. Most famously,
Rachel Carson in her bo&ient Springchronicled how insecticides such as
DDT could biaccumulate through the food chain, resulting in health concerns

113 See generallybavid Pimentel Species Diversity and Insect Population Outbre&is
ANNALS OF THE ENTOMOLOGICAL SOCIETY OFAMERICA 76, 76 86 (1961).

114 See generallyCHARLES ELTON, THE ECOLOGY OF INVASIONS BY PLANTS AND
ANIMALS (1958).

115 See generallyRICHARD B. ROOT, Organization of a PlanArthropod Association in
Simple and Diverse Habitats: The Fauna of Collaf@assica oleracea). 4BCOLOGICAL
MONOGRAPHS95, 95 124 (1973).

116. Mazoyer& Roudart supranote 7.

117. Power,supranote 5.

118 Timothy E. Crews & Mark B. Peoplesegume Versus Fertilizer Sources of Nitrogen:
Ecological Tradeoffs and Human Need82AGRIC. ECOSYST. ENVIRON. 279, 280 (2004).

119 See generallyErich-Christian OerkeCrop Losses to Pest$44J.AGRIC. Sci. 31, 317
43 (2005).

120. DAVID PIMENTEL ET AL., Assessment of Environmental and Economic Impacts of
Pesticide UseTHE PESTICIDE QUESTION47 (1993).
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and ecosystem impacts. Many mark the birth of the environmental
movement with the pu®Blication of Carsondés boo
Over the decades the agrochemical industry has responded to public
concens by developing toxins that better target the pest species and do not
persist as long in the environméatHowever, the recent controversy around
neonicotinoid insecticides and their link to hotmme colony collapse disorder
demonstrate how even withreful testing, there can easily be unpredictable
and unacceptable ecosystem impacts that result from widespread application of
toxins124 Moreover, farmworkers and rural residents are frequently exposed to
dangerous levels of pesticid&s Exposure can be @escially problematic in
less developed countries where warnings on imported pesticides may not be in
the local language or regulations may not be enforZed.

It is clear that greater crop diversityooth in species and varietiesre
necessary at fieldarm, and regional scales to eliminate dependence on
synthetic pesticides and the ecosystem disservices they deliver. But the
guestion of how much diversity and of what type is salient in the design of a
resilient natural systems agriculture. A significdifference between annual
and perennial cropping systems is that disease and insect cycles can be
disrupted in the former by deploying diversity through rotations. When a
farmer replaces wheat with canola in a rotation, the populations of pest
organismghat favor wheat are reduct&d Since it is not possible to disrupt a
pest organism by removing its host in a perennial system, diversity needs to be
deployed in some type of polyculture arrangement. For example varietal
diversity can help maintain the efficy of natural or introduced pest resistance
genes. Zhu found in the Yunnan Province of China that when a susceptible rice
strain was grown in diverse mixtures with more resistant varieties of the same
species, the proportion of plants affected by thegblast fungus
(Magnaporthe griseawas reduced to 1.2% compared to 20% in
monoculturel28 The work of designing polycultures will never be complete as
pest organisms are always evolving to overcome barriers that restrict their

121 RACHEL L. CARSON, SILENT SPRING (1962).

122 Eliza Griswold How 6 Sil ent Springd | gni,fHENEWt he Environment al
YORK TIMES MAGAZINE (Sep. 21, 2012).

123 MONTAGUE YUDELMAN ET AL., PEST MANAGEMENT AND FOOD PRODUCTION.
LOOKING TO THEFUTURE 20 (1998).

124. SeeXerces Society for Invertebrate Conservatibleonicotinoids and Bee@016)
http://www.xerces.org/netcotinoidsandbees/.

125 See generallydoan D. FlocksThe Environmetal and Social Injustice of Farmworker
Pesticide Exposurel 9 GEO. J.ON POVERTY L. & PoLdr 255, 25582 (2012).

126. See generallyChandrasekharan N. Kesavachandran etAalverse Health Effects of
Pesticides in Agrarian Populations of Developing Countri28) REvV. ENVIRON. CONTAM.
ToxicoL. 33, 33 52 (2009).

127. Barry M. Cunfer et al.Effect of Crop Rotation on Takal of Wheat in DoubléCropping
SystemsO0PLANT DISEASE1161, 116166 (2006).

128 Youyong Zhu et alGenetic Diversity and Disease Control in Rid@6 NATURE 718,
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reproductive success, buversity can potentially slow down evolution to a
manageable rate.

Figure 5. Polyculture of intermediate wheatgragsriopyrum intermediujrand
the perennial legume alfalfdeédicago sativagrown at The Land Institute.

IV. SOLAR VERSUSFOSSIL ENERGY

In spite of many differences in agronomic practices and in cultivated
crops, all traditional agricultures shared the same energetic
foundations. They were powered by the photosynthetic conversion of
solar radiation. Photosynthesis produced foadpieople, feed for
animals, recycled wastes for the replenishment of soil fertility, and
fuels for smelting the metals needed to make simple farm tools.
Consequently, traditional farming was fully renewaife.

Agriculture is an energgcquiring activityand before the widespread
adoption of fossil fuels, it was a thermodynamic necessity that more food

129 VACLAV SMIL, ENERGY INWORLD HISTORY 28 (1994).



