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A B S T R A C T

Expansion and intensification of managed landscapes for agriculture have resulted in severe unintended
global impacts, including degradation of arable land and eutrophication of receiving water bodies.
Modern agricultural practices rely on significant direct and indirect human energy inputs through farm
machinery and chemical use, respectively, which have created imbalances between increased rates of
biogeochemical processes related to production and background rates of natural processes. We articulate
how these imbalances have cascaded through the deep inter-dependencies between carbon, soil, water,
nutrient and ecological processes, resulting in a critical transition of the critical zone and creating
emergent inter-dependencies and co-evolutionary trajectories. Understanding of these novel organiza-
tions and function of the critical zone is vital for developing sustainable agricultural practices and
environmental stewardship.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

Humans have added considerable energy, directly and indirect-
ly, to agricultural landscapes in an effort to overcome biogeo-
chemical natural rate limits to maximize food production
(Richardson and Kumar, 2017). Direct energy inputs include
operation of farm machinery and modification of landscape
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topography such as terracing and filling to facilitate agricultural
operations; managing water through channelization, periodic
ditching, and installation of tile drainage; and pumping for
irrigation. Indirect inputs include the embodied energy used for
producing and distributing fertilizers and other chemicals such as
pesticides. Although beneficial for short-term gains in productivi-
ty, these energy inputs are not synergistic with natural biogeo-
chemical and geomorphic processes, and cause imbalances in
natural rates of environmental metabolism, that is the natural
ability to absorb the waste is lower than enhanced rate at which
they are now produced. These imbalances often result in
accumulation or efflux of biochemical constituents, and other
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material fluxes such as sediment, in the environment, and alter the
natural variability of fluxes of water, carbon, nutrients, and
sediment, and affect other material changes that adversely impact
ecosystem services and environmental quality (Richardson and
Kumar, 2017).

While the impacts of unassimilated waste become evident
when its accumulation exceeds the environmental carrying
capacity, the displacement of these impacts in space and time
(Kumar, 2013) also alters the heterogeneity of the landscape. The
rate of these changes is on the order of decades, instead of
centuries to millennia under natural conditions. This rapid
evolution in landscape organization and function arises from a
critical transition (Scheffer, 2009) resulting from and maintained
by sustained anthropogenic inputs. This non-stationarity is similar
to that of other human-induced trends such as changes in
temperature, rainfall, and atmospheric CO2 concentration associ-
ated with the climate system (Milly et al., 2008). These trends
confound our ability to anticipate unintended consequences of
human actions, and therefore to plan adequately to reduce risk and
ensure sustainability of ecosystem services.

The goal of this paper is to provide scientific arguments in
support of a proposed hypothesis that in the Midwestern U.S.
critical transition from industrial agricultural activities have
changed the landscape from primarily a transformation-dominat-
ed system characterized by long residence times of water, carbon,
and nutrients, to a transport-dominated system characterized by
rapid movement of water, sediment, carbon, and nutrients across
land surfaces and through rivers and streams into receiving water
bodies. We refer to this as the transformer-to-transporter hypothesis.
Critical transition refers to the rapid or abrupt change in the
dynamical behavior of the system, in this case the balance shifting
from a transformer dominated to a transporter dominated
functioning of the landscape, that is not easily reversible. We
elucidate the causes and consequences of human-induced
reorganization of landscape heterogeneity by casting current
conditions within the context of the evolutionary trajectory of the
landscape (Fig. 1). These lessons learned and concepts can be
transferred to other areas influenced by intensive agriculture
practices, and specifically to glaciated landscapes (Supplementary
Fig. S1). We do not aim to provide a description of the progression
of human impact in the Midwestern U.S., which happened quite
rapidly over a period of only a few decades (Trimble, 2013). Our
goal is to understand the functioning of the present day landscape
in the context of its dynamics prior to the widespread adoption of
industrial agricultural practices. In particular we show how
cascade of human induced changes propagate through the
interdependencies between the different carbon, water, nitrogen,
soil, and ecological processes.

2. Legacy landscape

The modern agricultural landscape of the upper U.S. Midwest
has been established within the context of the long-term
evolutionary trajectory of the pre-agricultural landscape. This
trajectory consists of a glacial legacy that has produced an
edaphically, pedologically, and biologically enriched Critical Zone
that supports a highly productive landscape (Fig. S1). The vertical
and lateral structure of the critical zone in these landscapes reflects
the legacy of at least 11 glacial/interglacial cycles over the past 2.6
million years (Fig. 2). During this period, advances of ice eroded
uplands and filled valleys (Kemmis et al., 1992); and subglacial,
englacial and supraglacial erosion, along with deformation and
deposition processes produced spatially complex sediment
sequences with varying hydrologic, geochemical and physical
properties. Meltwater streams carved valleys and deposited thick
layers of sand and gravel that today serve as aquifers. Across most
of the region, the bedrock surface is buried beneath 10–100 m of
unconsolidated and unlithified glacial sediment (Fig. 2) with
significant lateral and vertical variation in its properties (Mickelson
and Colgan, 2003). Late-glacial eolian activity covered glacial
deposits with loess that decreases in thickness downwind from
major glacial drainage ways from tens of meters to a few meters
(Kemmis et al., 1992; Bettis et al., 2003). Across these landscapes,
the loess buries clayey paleosols formed in weathered glacial till
and outwash. In regions where the loess is less than 10 m thick,
weathered till is exposed along steeper slopes. Outcrops of shale,
sandstone, and carbonate bedrock occur where streams have
incised deeply through the covers of Quaternary deposits. The
resulting soil patterns, therefore, reflect regional and local
distributions of loess, aeolian sand, glacial till and outwash,
lacustrine sediments, paleosols, bedrock, and alluvium.

Prior to agricultural development, natural drainage networks in
areas glaciated during the Late Pleistocene were poorly integrated
with extensive wetlands characterized by poorly-drained soils
(Patterson et al., 2003). Weathering profiles in these regions are
relatively thin and usually grade to unweathered fine-grained
glacial till within 5 m of the land surface, although deeper
penetration of the weathering front through fracture networks
may be present (Bettis, 2007). In parts of the Midwest last glaciated
during the Middle to Early Pleistocene (ca. 0.5–2.6 Ma) landscapes
are dissected by well-integrated drainage networks (Rovey and
McLouth, 2015). In many recently glaciated areas, the present
landscape greatly deviates from the preglacial and earlier
Pleistocene topography. Glacial processes reorganized drainage
networks and moved major drainage divides across central North
America (Flint, 1949). Many of the region's modern rivers reflect
the history of glaciation. For example, most have longer and lower-
gradient profiles than before glaciation, some are underfit to their
valleys, and all owe their sand and gravel resources and alluvial
aquifer characteristics to a glacial heritage (Bettis et al., 2008).
Within the most recently glaciated areas, rivers may not be in
equilibrium with valley profiles (Yan et al., 2017) and channel
adjustments are occurring through migrating knickpoints, bed
incision, and bank failure (Belmont et al., 2011).

The soil continuum in the upper Midwest formed since the last
glaciation reflects the cumulative effects of interactions between
climate-change driven co-evolution of soil, vegetation and other
biota over the underlying geology (Lin et al., 2011). As the climate
warmed and interglacial atmospheric circulation patterns were
established, the paraglacial bioclimatic zones (Supplementary
Fig. S2) shifted northward (Fig. 1). The deglaciated areas were first
colonized by pioneer plants with low nitrogen requirements,
followed by arrival of nitrogen fixing plants and fungi, then hardy
plants and trees, and finally a conifer forest to mixed conifer and
deciduous forest. As temperate deciduous forest spread northward
at rates of 100–300 m/y during the early Holocene, prairie and
savanna expanded eastward as the Prairie Peninsula, reaching its
maximum extent about 6000 years after the last mid-continent
glaciation (Pielou, 1991).

Before the settlement of European immigrants two centuries
ago, tall grass prairie with dispersed wetlands covered upland
areas, while woodlands lined drainageways (Transeau, 1935).
Higher water holding capacity of clay and fine sediment in the
glacial till supported a rich variety of vegetation, while lower water
holding capacity in the glacial outwash regions supported the
establishment of conifer and broadleaf trees. Spatial and temporal
patterns in precipitation and temperature further shaped the
landscape, its soils, and the dominant native vegetation in the
upper Midwest (Baker et al., 1996). Coincident with plant and
microbial colonization were insects and animals that exploited the
developing fertile lands but with exceptions of certain slow
moving ecosystem engineers extirpated by the glacial advance, like



Fig. 1. Evolution of the glaciated agricultural landscape since last glacial maximum to present, illustrated in the context of human history. After the ice receded, the regionwent through a period of rapid climate transitions. Prairies
andwetlandswere the climax ecosystems. Settlement by European immigrants exploited the organic rich soil for agriculture by draining the land through extension and straightening of streams and through installation of subsurface
tile drain networks connected to the stream network.
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Fig. 2. Illustration of the vertical structure of the Critical Zone in intensively managed, glaciated landscapes of the upper Midwest, USA. Examples based on soil cores from the Upper Sangamon River Basin in central Illinois (A), and
Clear CreekWatershed in eastern Iowa (B). The structure of the Critical Zone in this glaciated landscape developed through several episodes of deposition and erosion over the past 2.6 million years. Variations in glacial history and
proximity to large valleys and loess sources dramatically influence the surface topography and vertical structure across the region. Areas glaciated during the Late Pleistocene, such as the Upper Sangamon Basin, have lower-relief
landscapes formed in slightly weathered glacial deposits with thin to no loess cover that bury older, more weathered glacial deposits and glacial aquifers (sand and gravel). Areas last glaciated during the Middle Pleistocene, such as
Clear Creek Watershed, have landscapes with greater relief formed in slightly weathered Late Pleistocene loess deposits that mantle weathered Middle and Early Pleistocene glacial till and glacial aquifers (sand and gravel). The
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earthworms, which would otherwise act to vertically mix plant
litter and mineral soil (Reynolds, 1994).

Moderate to low gravitational gradients, and prevalence of
internally-drained basins in the glacially sculpted topography
promoted low rates of runoff and long residence times of surface
and sub-surface water. Further, moderate to low solar energy in the
temperate latitudes and high soil-moisture supported slow
biogeochemical transformations in the grassland and forest-
grassland transition biomes. Together, these conditions led to
the development of nutrient and carbon rich mollisols through
accumulation of organic material in the form of plant roots and
litter, which formed the basis for highly productive agricultural
soils (Fig. 1).

3. Anthropogenic landscape modification

The transformation of the organically rich productive landscape
for agriculture largely facilitated the expansion of European
settlement throughout the region during the 19th and 20th
centuries. Thick prairie sod required the development of the steel-
bladed plow to cut through thick dense root zones for tillage
(Rhoads and Herricks, 1996). To alleviate poor drainage and
excessive wetness that impeded agricultural production, a vast
network of artificial drainage (commonly called “tile drains”) was
installed underneath the fields and connected to the stream and
drainage ditch network. Existing streams and prairie sloughs were
enlarged, straightened, widened, and extended headward, increas-
ing the density and efficiency of the drainage network (Rhoads
et al., 2016). Today, channels are periodically dredged mechanically
to maintain their conveyance capacity (Landwehr and Rhoads,
2003) and tile drains continue to be installed and maintained. The
tile drains permanently lowered the water table, rapidly drained
the rooting zone after storms, and reduced ponding of water in low
lying areas (Hewes and Frandson, 1952). The reduction of moisture
in the soil horizon facilitated the use and expansion of mechanized
agriculture practices, and lengthened the growing period of crops
by providing access to fields earlier in the spring planting season. It
also created aerated root-zone conditions beneficial for seed
germination and crop growth, and protected crops from excessive
soil water (Skaggs et al., 1994). Over time, nutrient-related rate
limits were surmounted through the use of synthetic fertilizers,
enabled by the energy intensive Haber–Bosch process developed in
the first half of 20th century (Smil, 2004). Together, these practices
have overcome rate-limiting conditions for agriculture associated
with moisture and energy needs. As a result of these changes, the
organizational structure and function of the landscape is on an
emergent trajectory. That is, the heterogeneous organization of soil
structure and composition, carbon and nutrient distribution, and
hotspots of biochemical transformations and sediment sources
reflect an novel spatial organization under the stress and
constraints of this intensive Anthropocene environment.

3.1. Carbon dynamics

Through a series of disruptions, intensive management has led
to loss of organic C (carbon) from the soil, resulting in an increase
in soil bulk density near the surface (David et al., 2009). First, the
onset of agriculture and land conversion disrupted the stable
rhizosphere of prairies and forests. Subsequently, increased
vertical moisture movement and water flux from tile flow caused
erosion (Papanicolaou et al., 2015a) and vertical translocation of
both particulate and dissolved C (David et al., 2009). Saturated, and
hence anaerobic conditions, which inhibited soil organic C
decomposition, have been greatly reduced by land drainage.
Additionally, subsurface tiles have allowed penetration of oxygen
to deeper soil horizons. This increase in the duration of aerobic soil
conditions now accelerates the breakdown of stored carbon at
depth (Liu et al., 2012). As a result, deeper soil layers are becoming
a source of C rather that a sink (Schmidt et al., 2011). Loss of C
diminishes the capacity of biogeochemical cycling of other
elements such as N (nitrogen) and P (phosphorus), and the
formation of aggregates, thereby enhancing soil erodibility. This
constitutes a positive feedback between carbon loss and erosion.

At the surface, tillage reduced soil organic C pools in the
Midwest by 50% between 1907 and 1970 (Matson et al., 1997). This
practice also profoundly affects soil organic C redistribution both
vertically through the incorporation of residue within the soil
profile, and laterally by disaggregating and exposing lighter, more
carbon-enriched material to selective entrainment by flow
(Papanicolaou et al., 2015a). Selective entrainment of small size
fractions by surface runoff affects the enrichment ratio, i.e., the
ratio of the concentration of C in the eroded sediment to that of the
original soil, changing the availability of soil organic C (Wang et al.,
2013). Net fluxes of fine sediment from the upslope, which are
enhanced from agriculture, are enriched compared to downslope
depositional areas, resulting in redistribution of C within the
landscape. High enrichment ratios on upper portion of hillslopes
are attributed to rain splash whereas concentrated flow is more
important in the downslope region (Papanicolaou et al., 2015a).

Erosion rates have increased almost 10-fold over pre-distur-
bance levels (Hooke, 2000). Whether soil erosion is a net source or
sink of C to the atmosphere is an issue marked by considerable
controversy (Harden et al., 2008) and likely dependent on
geography. The conclusion that soil erosion necessarily leads to
a net flux of CO2 to the atmosphere results from an incomplete
accounting of the life cycle of the soil particles and their associated
C (Harden et al., 2008). Subsurface soil exposed by the erosion of
surface layers will accumulate organic C through vegetation
growth, thus serving as a C-sink. Soil transported to aquatic
environments, such as lacustrine and marine sediments, can
adsorb organic C derived from primary production in the water
column (Blair and Aller, 2012). For a large and complex system like
the Mississippi River basin with its myriad sedimentary sinks, it is
challenging to determine whether soil erosion is a net source or
sink of C to the atmosphere.

Another disruption in C dynamics is caused by the suppression
of the natural fire regime due to intensive agriculture and livestock
management. Fire driven disturbance was an integral part of the
prairie ecosystem (Collins and Wallace, 1990) in that it regulated
nutrient cycling (Ojima et al., 1994) and populations of soil
microbes (Lehmann et al., 2011), and provided C with long mean
residence time to soil pools (Santin et al., 2015). Suppression of fire
has substantially reduced the production rate of black carbon,
which once contributed up to 20% of soil organic carbon (Singh
et al., 2012; Santin et al., 2015). The mean residence time is
estimated at centennial to even millennial timescales (Singh et al.,
2012). These long residence times contrast sharply with other
chemical components of the biomass material (Schmidt et al.,
2011), thus its presence in soil is thought to be important for long-
term soil organic C stabilization (Hernandez-Soriano et al., 2016).

Soil respiration, another important regulator of soil C, is a
function of soil micro-climate, texture, prevalence of anaerobic
conditions, and tillage. Tillage enhances C decomposition by
breaking up soil aggregates and increasing mineralization
(Reicosky et al., 2005). It also brings residue at the surface in
contact with soil microbes, and aerates the soil (Reicosky et al.,
2005), factors that enhance C decomposition. Under high N-
fertilizer rates, fast-growing microbes that consume labile C can
increase in abundance, replacing the slower growing microbes that
breakdown the more complex and degraded C forms (Fierer et al.,
2003). So while soil organic C has decreased dramatically, the loss
of usable C may be even more severe. Changes to soil microbial
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substrate-use efficiency may have direct implications for the
source of stabilized soil C (Cotrufo et al., 2013), given that soil
microbial necromass is a substantial source of soil C (Liang et al.,
2011).

3.2. Pedologic processes and erosion

The texture and organic matter content of soil, as well as the soil
aggregate strength, architecture of pore network, and degree of
compaction are repeatedly altered by farm machinery, tillage, and
changes in vegetation cover during crop rotations (Stavi and Lal,
2011). Additionally, rainfall influences the soil composition and
structure, and runoff induced and tillage-enhanced erosion
selectively removes fine organic-enriched soil particles and
aggregates (Abaci and Papanicolaou, 2009). Through these
mechanisms, modern management practices have spatially altered
hydropedologic characteristics across the landscape, including soil
hydraulic conductivity (Papanicolaou et al., 2015a), thereby
directly influencing runoff and soil erosion (Schoeneberger and
Wysocki, 2005), and infield soil and in-stream water quality. In
contrast to the surface increase in bulk density due to C loss, the
vertical translocation of organic C by tile-induced moisture
movement decreases the bulk density of deep soil and increases
its water holding capacity (David et al., 2009). Together with
changes in soil structure through the vertical column, the thermal
regime and its variability, which in turn controls rates of
weathering and microbial-driven redox processes (Gabriel and
Kellman, 2014) has been changed.

Discrete erosional episodes, such as headcut migration, bank
failures, landslides, and the development and enlargement of
gullies, which are enhanced due to agriculture, can also deliver
large pulses of sediment to streams (Papanicolaou et al., 2010). Not
all sediment though leaves the hillslope. The majority of mobilized
sediment is redeposited on floodplains, in riparian zones, or along
roads and ditches. Across the upper Midwest, the introduction of
intensive agriculture is accompanied by an order-of-magnitude
increase in rates of floodplain deposition (Grimley et al., 2017).
Spatial variability in floodplain deposition rates is influenced by
loess thickness and landscape relief. Faster rates are observed in
the high-relief, thick loess landscape of eastern Iowa and the
Driftless Area of Wisconsin (Knox, 1987), than in the Illinois region
(Grimley et al., 2017). Sediment stored in the floodplains may be
remobilized in subsequent events through bank erosion or grazing
in the floodplain (Neal and Anders, 2015). These punctuated
sediment-delivery mechanisms add to the non-stationarity in the
sediment flux of the landscape system. Conservation practices,
such as grass waterways, can decrease the travel times, whereas
intensification of tillage increases soil erosion and decreases
sediment detention (Dermisis et al., 2010).

3.3. Moisture and transport dynamics

Flow through the tile networks is an important determinant of
hydrologic response across scales from fields to watersheds. Event
water often dominates the rising limb of the hydrographs from the
tiles because of macropore flow and inflow of runoff into surface
inlets in the field. During the falling limb, flow consists of a mix of
event and pre-event water reflecting a more connected pore space
in the soil matrix (Williams et al., 2016). Further, increase in water
table depth and enhanced vertical transport of water through the
soil profile, combined with rapid flow through drainage tiles,
increases connectivity between distal points, resulting in flashier
hydrographs and increased peak flows (Davis et al., 2014). These
factors also increase baseflow and annual maximum flow, thereby
altering the recession curves of hydrographs (Schilling and
Helmers, 2008). Where relief is relatively high, the increase in
erosional energy of streams induces head cut (Abaci and
Papanicolaou, 2009) and knick point migration (Bressan et al.,
2014), increased streambank (Sutarto et al., 2014) and bluff erosion
(Day et al., 2013), enhancing sediment fluxes. Extension of channel
networks by ditching further augments the availability of bed and
bank areas as sediment sources (Abban et al., 2016). The removal of
sinuosity and bedform complexity, the important physical
determinants of hyporheic exchange in low-gradient alluvial
systems, through straightening, dredging, infilling of gravel
frameworks and clogging of streambed with fine sediment
decreases hyporheic exchange (Gomez-Velez et al., 2015). With
the removal of exchange flux, human management also inhibits
ecological benefits such as denitrification, temperature regulation,
and provision of physical habitat (Rhoads et al., 2003).

At the scale of catchments, the human modified drainage
network results in rapid transport of water through the landscape.
The headwater extension of channel network increases drainage
density, reducing travel time through the watersheds by increasing
hillslope and channel connectivity, and impacting both the
hydrodynamic and geomorphologic dispersion that determine
the stream-network scale hydrologic response (White et al., 2004).
The relatively straight, unobstructed, trapezoidal drainage ditches
are maintained to maximize conveyance of channelized flow
(Rhoads and Herricks, 1996). Together, these direct and indirect
impacts of human modification induce regime shifts in streamflow
patterns across a range of time scales from daily to seasonal and
annual (Foufoula-Georgiou et al., 2015).

3.4. Nutrient dynamics

Tillage alters the continuity of the macropore network near the
surface, impacting both water and solute transport (Covino, 2017;
Williams et al., 2016). Macropores also serve as biologically active
sites (Jarvis, 2007) and the destruction of pores alters the redox
potential of the landscape. Reduced transit times also limit the
contact between solutes and biologically active subsurface
locations, which reduces transformation and favors transport
(export) from the hillslope and ultimately the catchment. Changes
in (i) the quality of C due to land use change from prairie and
wetland ecosystems to row crop agriculture (Wilson and
Xenopoulos, 2009), and (ii) the vertical profile of C, nutrients,
moisture and temperature, and their spatial heterogeneity, have
altered biogeochemical dynamics across the landscape.

Synthetic fertilizers and fixation by leguminous crops are the
largest inputs of N to the Critical Zone (Gentry et al., 2009).
Recovery of fertilizer N by crops is typically <50% (Gentry et al.,
2009), and N not taken up by plants is susceptible to loss through
denitrification in soil or rapid runoff to streams or leaching to
groundwater (Royer et al., 2006). Cation exchange of ammonium
in the soil and the tile network determine the vertical distribution
of age of nitrogen where the zone above the tile has younger
nitrogen as a result of reduced accumulation due to the high N
transport rates through the tile network. In contrast, the zone
below the tile has high age indicating slow leaching into the
groundwater system (Woo and Kumar, 2016, 2017). High loading
of N often exceeds the assimilative capacity of streams and results
in long transport distances for riverine dissolved inorganic N
(Mulholland et al., 2008). Surface waters in intensively row-
cropped landscapes are stoichiometrically imbalanced in molar
ratios of N, P, and dissolved silica (Si) relative to the Redfield ratio
(Downing et al., 2016) of 16:1:20 for N:P:Si. High riverine N:Si and
P:Si ratios favor growth of non-siliceous algae (i.e., non-diatoms)
which can promote blooms of harmful algal species, including
toxin-producing cyanobacteria.

At the scale of river basins, a strong relationship exists between
discharge and riverine nutrient loads, resulting in stationarity in
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annual flow-weighted nutrient concentrations (Basu et al., 2010).
Although the rates and timing of key processes today are likely
quite different from those prior to conversion to agriculture, these
highly modified landscapes appear to have reorganized and
achieved biogeochemical stationarity. However, recent evidence
suggests that changes in N-use efficiency by crops, and to a lesser
extent adoption of conservation practices, may be causing a
transition to non-stationarity in N loads in some river basins
(McIsaac et al., 2016).

3.5. Ecological processes

The midwestern U.S. has seen rapid conversion of native
vegetation to agriculture, intensification of agriculture through
mechanization, a shift from oats and small grains to soybeans
(USDA, in press), and recently, expansion of corn acreage to
support bioenergy crop production (Secchi et al., 2011). Incentives
for bioenergy production are likely to lead to further conversion of
land use from food/feed crops to grasses for second generation,
lignocellulosic based bioenergy production (Hudiburg et al., 2016).
Such changes have the potential to alter both the hydrology of soil
by increasing transpiration (Le et al., 2011) and the biogeochemical
composition of the soil (Woo et al., 2014).

During the growing season, terrestrial gross primary produc-
tion in the upper U.S. Midwest is remarkably high (Guanter et al.,
2014), although much of the fixed carbon is removed as grain. Over
the long-term, a landscape dominated by corn-soybean rotation
can be a carbon source due to the fraction of gross primary
production removed as grain and the several months each year that
fields are fallow (Dold et al., 2017). Freshwater ecosystems
throughout the region, particularly streams and rivers, have been
degraded by channel modifications to enhance drainage, sediment
inputs, loss or modification of riparian vegetation, nutrient loading,
and inputs of agro-chemicals (Allan, 2004; Blann et al., 2009).
Biodiversity loss has been extensive (Ricciardi and Rasmussen,
1999) with significant impact to ecological functioning of
freshwater ecosystems (Vaughn, 2010).

4. Critical transition and anthropogenically constrained self-
organization

The Critical Zone of intensively managed agricultural land-
scapes is continually responding to a variety of anthropogenic
drivers. Prior to significant anthropogenic influence, biotic and
abiotic co-evolution occurred in a low water- and energy-gradient
environment. However, new modes of self-organization are
constrained by human infrastructure (e.g. the tile drainage
network) and activities (e.g. agricultural practices, channel
modification) that are targeted to achieve specific objectives of
overcoming rate limits to maximize agricultural productivity.
However, strong dependencies among various components induce
self-organizing dynamics that impacts the spatial organization of
different constituents, giving rise to emergent patterns of form and
function. Therefore, we refer to this mode of behavior in the
system, which is far from equilibrium and maintained in this
condition by human energy inputs, as anthropogenically con-
strained self-organization.

The consequences of the critical transition in landscape
organization and function from a transformation-dominated
system to transport-dominated system are not trivial. This change
in landscape dynamics alters rates of reaction and transport across
the landscape for both fast response processes associated with
weather time-scale phenomena and slow response processes
associated with weathering and soil structure formation (Fig. 3).
Event scale dynamics associated with weather phenomena now
play a more prominent role in water and geochemical fluxes,
resulting in significantly reduced residence times in the Critical
Zone compared to those before the introduction of industrial
agriculture. This change in the landscape to a system dominated by
transport has led to emergent challenges such as hypoxia in distant
receiving water bodies, and significant top soil loss in major parts
of the Midwest (Sperow et al., 2003).

5. Conclusion

Along with direct human impact, influences driven by climate
change have played, and are likely to play, an important role in the
ongoing evolution of the Critical Zone. Vegetation acclimation to
increased concentration of atmospheric CO2 increases crop yield,
leaf area index, above-ground dry matter, and also changes leaf
nitrogen (Ainsworth and Long, 2005). However, elevated temper-
atures are predicted to reduce crop yields (Schauberger et al.,
2017). The interplay between these competing influences of rising
temperatures and CO2, along with rainfall variability (Roque-Malo
and Kumar, 2017), is likely to further shape carbon, water and
nutrient dynamics across these landscapes as changes in extremes
of rainfall and drought alter both soil and vegetation function
through direct and indirect impact of moisture content, tempera-
ture persistence, wet/dry cycles, fluxes of nutrients (Davis et al.,
2014) and trace gases, and surficial and stream transport of edaphic
materials and organic matter.

To ensure the sustainability of these landscapes against loss of
productivity (Baumhardt et al., 2015), we need to develop a
framework of predictive understanding that weaves the complex
network of processes, including human related activities, into an
integrated whole, rather than pursue piecemeal or isolated
strategies. Conservation or best management practices that leave
more crop residue at the soil surface, or add more organic matter
to the soil have the potential to substantially reduce the adverse
impacts of human action in these landscapes. These practices also
improve soil aggregation and porosity, so that soils are better
aerated and hold more moisture (Papanicolaou et al., 2015b).
Other practices, such as cover crops, conservation tillage, etc. can
also reduced erosional loss and nutrient runoff. Furthermore,
there is a need to consider a life cycle approach for evaluating the
beneficial effects of management choices so as to incorporate the
near- and long-term values of Critical Zone services (Richardson
and Kumar, 2017). The integrated perspective offered here will
enable the development of improved management practices that
maintain or increase the societal and environmental value of
these landscapes.

The transformer-to-transporter hypothesis is applicable to low
gradient landscapes in temperate climates, such as those in North
America and northern Europe, which have been sculpted through
glaciation. The alternate hypothesis of conversion of landscapes
that have historically functioned as transporters to transformer,
by increasing residence time through human action, is also
evident in certain parts of the world. For example, on the Chinese
Loess Plateau, considerable effort has been devoted to reducing
erosional soil loss from the highly dissected landscapes by
terracing and reclaiming agricultural land on hilltops for
revegetation (Chen et al., 2015) and filling valleys to create
farmland for agriculture that are less prone to erosion.
Nevertheless, such intensive management has to be supported
through human infrastructure. In both situations, though, the
landscape is maintained in far-from-equilibrium state through
human infrastructure and periodic input of direct or embodied
energy to achieve societal goals. Understanding how this human
intervention induces imbalances across interrelated processes
over a range of time scales is essential for developing effective
sustainable approaches by realizing the often competing goals of
economic value and environmental stewardship.



Fig. 3. Illustration (left) and summary (right) of how humanmodifications in intensively managed agricultural landscapes have impacted the inter-dependency between processes associated with carbon, soil, water, nutrients and
ecology. Themodifications include loss of wetlands and native vegetation for farming, tillage practices, channel extension and straightening, installation of tile drain network, application of fertilizers, and ongoing changes related to
land use and climate. The gears indicate that changes in one component cascade to others across different time scales. Processes associated with water dynamics show the quickest response, therefore indicated as smallest gear.
Processes associated with nutrient, ecology, carbon and soil dynamics exhibit progressively slower dynamics, roughly in that order.
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Figure S1. Illustration of the maximum glacial extent along with last glacial maximum (LGM) overlain on the modern day
agricultural land. The colors indicate the intensity of agricultural activity identified as fraction of a 10×10 km2 area under
cropland4. Glacial extent data synthesized from a variety of sources1–4 and map produced using Arcmap v. 10.4
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Figure S2. Illustration of the spatial extent of prevailing biomes at the time of last glacial maximum. Data from Internet
Archeology5.
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