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A continuously growing pressure to increase food, fiber, and fuel production to
meet worldwide demand and achieve zero hunger has put severe pressure on soil
resources. Abandoned, degraded, and marginal lands with significant agricultural
constraints—many still used for agricultural production—result from inappropriately
intensive management, insufficient attention to soil conservation, and climate change.
Continued use for agricultural production will often require ever more external inputs
such as fertilizers and herbicides, further exacerbating soil degradation and impeding
nutrient recycling and retention. Growing evidence suggests that degraded lands have
a large potential for restoration, perhaps most effectively via perennial cropping systems
that can simultaneously provide additional ecosystem services. Here we synthesize
the advantages of and potentials for using perennial vegetation to restore soil fertility
on degraded croplands, by summarizing the principal mechanisms underpinning soil
carbon stabilization and nitrogen and phosphorus availability and retention. We illustrate
restoration potentials with example systems that deliver climate mitigation (cellulosic
bioenergy), animal production (intensive rotational grazing), and biodiversity conservation
(natural ecological succession). Perennialization has substantial promise for restoring
fertility to degraded croplands, helping to meet future food security needs.

Keywords: degraded lands, marginal lands, soil fertility, soil carbon, soil nitrogen, soil phosphorus, bioenergy,
rotational grazing

INTRODUCTION

The continuously growing pressure on agricultural lands to increase food production has severely
tested their capacity to produce agricultural products at an acceptable environmental cost.
Estimates suggest that if current trajectories continue, 840 million people will be affected by hunger
by 2030 (FAO et al,, 2021). And some contend that by 2050 food production will need to double or
more to meet the demands of a growing global population that is ever more affluent (Food Security
Information Network, 2017). However, many lands that are already in use or have previously
been used for food production are agronomically degraded. Decreased soil fertility and increased
environmental sensitivity to farming due to poor soils or poor management or both have steadily
reduced yields on these lands. Many once arable lands are now unsuitable for agriculture, and many
have been abandoned from agriculture.
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Degraded lands often result from reduced soil fertility
stemming from intensive management, poor soil conservation
measures, and climate change. Innumerable studies have
documented the negative impacts of intensive annual crop
production on the soil environment—indeed, the current
resurgence of interest in regenerative agriculture (sensu Francis
et al., 1986; Giller et al., 2021) has the restoration of soil health
as a central tenet (Schreefel et al., 2020). Some specific aspects of
intensive annual crop production that lead to soil degradation
include frequent disturbance events such as tillage, the absence of
continuous year-round plant cover, the lack of continuous deep
rooting systems and crop functional diversity, and unbalanced
nutrient budgets. Additionally, climate change—increased
warming and changing precipitation dynamics worldwide—
has accelerated or exacerbated soil degradation in regions
where soils are increasingly subjected to flooding and drought
(Intergovernmental Panel on Climate Change, 2019). Erosion
losses have been particularly severe—up to 1% of topsoil is lost
yearly in many places (Montgomery, 2007), the result of tillage,
overgrazing, and the growing incidence of extreme climate
events that accelerate both wind and water erosion.

The continued use of degraded lands for agricultural
production requires ever-increasing management interventions
to enable high-yielding food production. In this context, further
land degradation represents an additional threat to agriculture’s
environmental integrity by exacerbating soil carbon (C), nitrogen
(N), and phosphorus (P) losses. The loss of C and essential
nutrients from the agricultural system results in land that
struggles to produce nutritious food for human consumption
(FAO, 2019), and losses will only increase as management
intensifies to replace lost fertility, creating a positive, downward
spiraling feedback loop.

Estimates of the extent of degraded lands worldwide differ
markedly depending on the definition. Defined most commonly
as lands with reduced productivity due to human activity
(Oldeman et al., 1990) leaves wide latitude to estimates of its
extent, which range globally from 0.5 to more than 6 billion
ha (Gibbs and Salmon, 2015). Narrowing the definition to
perhaps its most severe agricultural extent—former agricultural
land now abandoned—yields a more restricted estimate of 864
to 951 million ha (Campbell et al., 2008), though still highly
uncertain (Gibbs and Salmon, 2015). In the United States alone,
estimates based on county land-use records (Campbell et al.,
2013) and satellite observations (Cai et al., 2011) suggest a
range of 74-99 million ha. We focus here on this narrower
definition of degraded lands—croplands or pastures that might,
with proper management, be restored and made productive
again without long-term consequences to environmental health.
Such management might include biologically based practices
that promote soil health and recouple C, N, and P cycles
through a systems-based approach, focused on improving
nutrient retention and balancing nutrient budgets, rather than,
for example, fertilizer additions intended to maintain high
inorganic nutrient levels in soils (Drinkwater and Snapp, 2007;
International Fertilizer Industry Association, 2009). Ecological
nutrient management (Drinkwater et al., 2008) is intrinsic to
organic, sustainable, and regenerative agriculture (Edwards et al.,

1983; Robertson and Harwood, 2001; Giller et al., 2021) and is
achieved principally by improving plant diversity, including the
incorporation of perennials into long rotations.

We also consider restoring fertility for a newly recognized
class of contemporary cropland—subfield areas with consistently
low and unprofitable yields. Satellite-based yield stability analyses
suggest that >20% of maize (Zea mays L.) and soybean
(Glycine max L. Merr) fields in the US Midwest may fit this
classification (Basso et al., 2019). Moreover, precision farming
technologies (such as identifying under-performing subfield
areas and converting them to perennials) create additional
potential for restoring the productive capacity of these lands
with perennial cropping strategies (Brandes et al., 2018). Subfield
variability of this sort likely occurs worldwide.

The restoration of degraded soil fertility via natural
perennialization is a longstanding farming practice in place
for millennia. Shifting cultivation, known by different names in
different regions of the world, and in widespread use worldwide
until the Eighteenth century and in the pantropics into the
Twentieth century, has as a central tenet the restoration of
soil fertility during a natural fallow phase after intensive
cropping (Nye and Greenland, 1960; Irvine, 1989; Robertson
and Harwood, 2001; Sandor et al., 2007; Schmidt et al., 2021).
The natural fallow provides an unmanaged period during which
ecological succession restores soil fertility to a point where soil
can again be “mined” for agriculture.

That ecological succession restores soil fertility—or, in the case
of primary succession, creates soil fertility—is a longstanding
ecological principle (Odum, 1969). In primary succession newly
exposed parent material is successively colonized by lichens,
grasses, forbs, shrubs, and eventually trees, together with
a more and more complex soil ecological community that
develops as soil organic matter accumulates and N, P, and
other nutrients cycle quickly enough to support accelerating
primary productivity (Gorham et al., 1979). Secondary succession
follows a disturbance that resets the successional clock to
some earlier time but does not remove soil and depending
on the disturbance—be it fire, extreme weather, agriculture,
or some other perturbation—a similar but faster sequence of
recovery takes place, eventually, in the absence of continued
disturbance, restoring the system to some pre-disturbance state.
In one sense, annual cropping systems are caught in an early
successional cycle, whereby the ecological clock is reset annually
with crop harvest (Robertson and Paul, 1998; Crews et al,
2016). Essential nutrients are readily lost from early successional
systems and tightly conserved later, when perennial biomass is
rapidly accumulating (Vitousek and Reiners, 1975), which helps
to explain the contribution of perennial vegetation to nutrient
retention and system-wide nutrient use efficiency. Incorporating
perennials into cropping systems to restore fertility and retain
nutrients thus draws on ecological theory and a long history of
worldwide practice.

Growing evidence suggests that degraded lands also have
the potential for restoration while remaining productive
(Asbjornsen et al., 2013; Bell et al., 2020). In almost all cases,
perennialization—the incorporation of perennial crops and
forages in long rotations—is key. Perennialization can be applied
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in many different systems to enhance the delivery of ecosystem
services from agriculture (e.g., Syswerda and Robertson, 2014;
Snapp et al, 2015; Schulte et al, 2017), including fertility
restoration (Asbjornsen et al., 2013), soil C accretion (Bell et al.,
2020; Ledo et al., 2020), N availability (Burke et al., 1995; Reeder
etal., 1998; Tufekcioglu et al., 2003), and P retention (Patty et al.,
1997; Crews and Brookes, 2014), all important components of
ecological nutrient management.

Here we synthesize the advantages of and potentials for using
perennial crops to restore soil fertility on degraded lands and
their ecosystem functions (Figure 1). In particular, we identify
the mechanisms whereby perennial crops enhance and restore
C, N, and P cycling using a systems approach. Further, we
illustrate alternative management strategies, barriers to adoption,
and potential solutions to restore degraded lands via cropping
system management might help to meet future food security
needs (FAO, 2019).

IMPACTS OF PERENNIALIZATION ON
FERTILITY RESTORATION

The central attributes of ecological nutrient management are
more efficient nutrient cycling and greater retention of C, N,
and P, which are particularly important for sustaining yields
in agriculture. Soil C, N, and P stores are key indicators of
soil health, and almost always associated with other aspects
of soil quality—physical characteristics (including improved
infiltration, soil structure, porosity, and aggregate stability),
chemical characteristics (including nutrient availability and
retention), and biological attributes (including soil food web
complexity and pest and pathogen suppression).

Soil Carbon Accrual

There is perhaps no better metric to characterize soil fertility
than soil organic matter or soil organic C (SOC) levels. Any
activity that leads to SOC accrual benefits the system with
increases in soil water holding capacity, nutrient storage and
retention (N and P, among others), cation exchange capacity,
soil porosity, erosion resistance, soil biota habitat, and any
biologically mediated process dependent on C. Soil fertility
restoration thus relies heavily on SOC accrual, with strategies
to promote C accretion depending on crop type, agricultural
management, and organic amendments.

Conventional agricultural practices tend to promote SOC
loss. In particular, tillage stimulates the oxidation of soil organic
matter, simplifies microbial populations (especially fungal;
Helgason etal., 2010), and accelerates erosion, all leading to lower
SOC pools, poor soil fertility, and land degradation. Additionally,
annual crops contribute relatively little C belowground. In a
typical annual cropping system, only a small proportion of total
plant biomass is comprised of roots, ready to contribute to stable
SOC through turnover and exudation. Root-to-shoot ratios of
annual crops are typically <0.30 (Table1) or <25% of total
plant biomass. This is significant for SOC accretion because
root derived-C appears to contribute more to SOC stabilization

than does aboveground residue, whether the SOC is mineral-
associated C (e.g., Kong and Six, 2010; Austin et al., 2017; King
etal., 2020) or particulate organic C (e.g., Puget and Drinkwater,
2001; Cates et al., 2016).

Conversely, perennial cropping systems tend to promote
SOC accretion, which results from several attributes (Anderson-
Teixeira et al., 2009; Agostini et al., 2015). First, the root-to-shoot
ratios of perennial crops are high, typically much >1 and 3-20
times those of maize (Table 1; Ma et al., 2001; Frank et al., 2004;
Bonifas et al., 2005; Dietzel et al., 2017). Perennial plants also tend
to have longer growing seasons which contributes to more root
biomass production (Dohleman and Long, 2009; Ferchaud et al,,
2016). Relatively large and deep rooted systems correspond with
greater root-associated C inputs (Rasse et al., 2005; Anderson-
Teixeira et al., 2009; Agostini et al., 2015). In one synthesis,
Anderson-Teixeira et al. (2013) found that a shift from annual
conventional systems (e.g., maize-soybean rotations) to perennial
crops increased belowground C allocation by >400%, associated
with increases in root biomass of up to 2,500%.

Greater root biomass also implies greater rates of root
exudation, known to increase and improve soil aggregation,
which protects soil C from microbial attack. Thus, one can
expect that more roots throughout the soil profile will increase
aggregation at many different soil depths (Liebig et al., 2005;
Kutsch et al., 2009; Stockmann et al., 2013; Cates et al., 2016).
Aggregation not only protects soil C, assuring longer C residence
times but also has positive implications for soil water holding
capacity and water infiltration (Bharati et al., 2002; Hernandez-
Santana et al., 2013; Huang et al., 2014; McGowan et al., 2019).
Soils with high levels of aggregation are better able to withstand
large precipitation events because water can more quickly
infiltrate into deeper depths than soils with poor structure.
Improved water infiltration thus reduces runoff of plant available
water and essential nutrients, improving water availability over
time and helping these systems to be more resilient to extreme
weather events (Steward et al., 2011).

The absence of soil disturbance further contributes to SOC
gains—in continuous perennial systems, tillage is used only
in establishment years, such that afterwards permanent plant
cover and better soil structure leads to reduced erosion, lowered
decomposition rates, and greater aggregate stability. The use of
perennial crops also has the potential to increase the amount,
and the diversity of organic inputs returned to the soil when
included in any given system. Longer growing periods and less
biomass removals during harvest from perennial crops result in
more ground cover and more biomass to be returned to the soil,
resulting in more SOC.

Diversity per se can also boost SOC accrual, in perennial
as in annual systems, leading to more diverse soil microbial
communities (Tiemann et al., 2015; Sprunger et al., 2020) and
more microbial biomass C (Spehn et al, 2000; Zak et al,
2003). More microbial diversity and biomass C can also enhance
soil pore formation (Kravchenko et al., 2019) and aggregate
stability facilitated by fungal hyphae and microbial extracellular
compounds (Helgason et al., 2010; Tiemann et al., 2015). Further,
microbial biomass and decomposition byproducts can stimulate
gains in mineral-associated organic matter fractions (Carrington
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FIGURE 1 | Patterns of key agronomic and biogeochemical process changes during the restoration of soil fertility via perennialization of degraded cropland.

Time Since Perennialization

etal., 2012; Miltner et al., 2012) and thus stable C stores. Diversity
can also promote soil C accrual through interspecific root C
transfer, whereby systems with species that participate in such
transfers gain stable C at faster rates (Kravchenko et al.,, 2021).
In addition to impacts on SOC accrual, plant diversity can
also enhance pest (herbivore, weed, and disease) suppression,
pollination, and other ecosystem services (Gallandt et al., 1999;
Abawi and Widmer, 2000; Robertson et al., 2014; Landis, 2017).

Nitrogen Conservation

Nitrogen is one of the most important and dynamic elements
that limit terrestrial plant growth (Lebauer and Treseder,
2008). Though N fertilizer is commonly added to agricultural
ecosystems, it is energy-intensive and expensive to produce and
typically results in large N losses that harm the environment
and human health (Robertson and Vitousek, 2009): Less than
half of the N fertilizer applied to agricultural lands globally is
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TABLE 1 | Root-to-shoot ratios of annual and perennial crops measured at the
end of the growing season.

Crop Root-to-Shoot ratio References

Annual crops

Maize 0.09 Ordoéfiez et al., 2020
Maize 0.17 Allmaras et al., 1975
Soybean 0.21 Orddhez et al., 2020
Soybean 0.14 Allmaras et al., 1975
Spring wheat 0.33 Sainju et al., 2017

Perennial crops*

Switchgrass 1.39 Sainju et al., 2017
Switchgrass 6.11 Ma et al., 2001

Intermediate wheatgrass 1.89 Sainju et al., 2017
Smooth bromegrass 2.51 Sainju et al., 2017

*All perennial stand ages are between 4 and 6 years.

recovered at harvest (Lassaletta et al.,, 2014); the rest is lost
to the environment, where it promotes the eutrophication of
surface waters, causes marine dead zones, pollutes groundwater
drinking supplies, suppresses biodiversity, and contributes to
global warming, ultimately threatening long-term food security.

Soil N stocks tend to be severely depleted in degraded lands,
making production on these lands even more dependent on
external N sources. At the same time, production becomes less
responsive to N inputs owing to other constraints on soil fertility,
such as low soil organic matter (section Introduction). The net
result is even lower N use efficiency, making these systems ever
more leaky and environmentally harmful and exacerbating soil
degradation in an unfortunate downward spiral.

Nitrogen conservation is thus a cornerstone of regenerative
agriculture (Robertson and Harwood, 2001) and sustainable
intensification (Pretty, 2018; Spiegal et al., 2018), is central to
ecological nutrient management and can be readily evaluated
by considering the balance of N inputs and outputs. Cropping
systems with high N use efficiency—where N outputs other
than harvest are low relative to inputs—will conserve N. Or,
put another way, in N-conserving systems, most N inputs
will become part of the harvest or be stored in soil organic
matter, ready to supply N to a succeeding crop. This can
be seen in side-by-side comparisons of fertilized perennial vs.
annual cropping systems, where N use efficiency (the amount
of N removed relative to fertilizer inputs) is substantially
higher for perennial systems (Table 2). Perennial crops—whether
harvested, grazed, or used for conservation plantings—have a
naturally high potential for conserving N for a variety of reasons
and additionally can have novel N acquisition strategies that can
minimize their needs for fertilizer N.

Perennial crops are highly N use efficient due to a combination
of harvest stoichiometry, translocation abilities, long growing
seasons, and extensive root systems. First, with the exception
of forage legumes and seed crops, relatively little N is removed
in perennial harvests. This is because the N content of non-
reproductive biomass is commonly several times lower than
that of seeds and grain, with their high protein contents and

low C:N ratios. This is especially true when harvest occurs
post-senescence, when the N content of biomass can be well-
under 1% due to N translocation to roots. In grazed systems,
“harvests” occur in-season as forage is consumed, but most of
the N in this biomass is immediately returned to the pasture as
urine and manure. However, this is not as true for forage crops
harvested during the growing season for later consumption,
when substantially more N can be removed, especially by legumes
such as alfalfa (Medicago sativa) that have especially high biomass
N contents.

Low post-senescence N contents reflect the ability of perennial
plants to translocate N from aboveground leaves and stems
to belowground roots, rhizomes, and root crowns prior to
senescence (Vergutz et al, 2012). The N stored will then be
re-translocated aboveground for use during the next growing
season (Yang and Udvardi, 2018), reducing the need for new
N. Nitrogen resorption efficiencies for perennial grasses can
be >75% (Vergutz et al., 2012) but can also vary substantially
even within cultivars of the same species (Yang et al., 2009;
Roley et al, 2020), as well as with stand age (Propheter
and Staggenborg, 2010). Although N fertilization can increase
resorption efficiency—more N gets translocated belowground
even when there is no productivity response—it also can lead
to higher post-senescence leaf N content, leading to less N
conservation overall (Jach-Smith and Jackson, 2015).

Longer growing seasons for perennials also contribute
to N conservation. Synchrony between N mineralized from
soil organic matter, and plant N uptake is an important
N conservation mechanism in most terrestrial ecosystems
(Robertson, 1997). In perennial systems, plant growth typically
starts earlier in the spring and persists longer into the fall, leading
to a greater proportion of the growing season with active N
uptake as compared to most annual crops (Culman et al., 2013).
Since microbes are active throughout this period and more,
in perennial systems, more of the N they mineralize will be
immobilized by plants, leaving less to be lost to the environment
(Sprunger et al., 2018).

Finally, as noted earlier, perennial plants tend to have deeper
and more extensive rooting systems—about 3 to 8 times more
extensive than annual crops (Anderson-Teixeira et al., 2013;
Dietzel et al., 2017), with root:shoot ratios of 2 to 3 times higher
than for annual crops (Table 1). This provides an enhanced
potential to capture inorganic N, whether naturally mineralized
from soil organic matter or added in fertilizer, before it leaches
from the soil profile. Lower leaching rates for both nitrate
(Syswerda et al., 2012; Smith et al., 2013; Hussain et al., 2019) and
dissolved organic N (Hussain et al., 2020) have been documented
in a variety of herbaceous crops and short-rotation trees relative
to adjacent annual crops, as well as in conservation strips (Schulte
etal., 2017).

All cropping systems must acquire N to replace that removed
in harvest or lost to the environment via leaching, volatilization,
or denitrification. Perennial cropping systems are no different
than annual in this respect, although their losses to the
environment are typically lower, as noted above. Nonetheless, to
maintain productivity, lost N must be replaced through biological
N fixation (BNF), atmospheric deposition, or fertilization. In
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TABLE 2 | Crop yields, nitrogen removal, and nitrogen use efficiency (proportion of fertilizer removed at harvest) in alternative annual and perennial cropping systems at
the Bioenergy Cropping Systems Experiment at the W. K. Kellogg Biological Station, Hickory Corners, Michigan in 2014.

Cropping system Crop Harvest biomass N removal N use Efficiency
Mg ha™' kg Nha=' yr~! %

Annual cropping systems

Continuous maize Grain 11.4+03 68.0 + 3.6 40.7

Continuous maize + cover crops Grain 9.7+04 57.7 £ 3.0 34.6

Maize-Soybean rotation + cover crops Grain 9.8+ 04 621+ 3.4 37.2

Perennial cropping systems

Monoculture switchgrass Biomass 85+0.4 50.0 £ 3.3 89.3

Monoculture miscanthus Biomass 21.9+0.3 87.4+49 >100.0

Polyculture native grasses Biomass 6.5+ 09 345+43 61.6

*All perennial stand ages are 6 years old. Maize received 167 kg N ha~" yr=" of N fertilizer and perennial crops 56kg N ha~" yr~'.

Data are means (n = 5) + standard error. Unpublished data.

non-harvested systems such as conservation plantings, losses
can be extremely low in the absence of fire, and atmospheric
deposition inputs on the order of a few kg per ha per year
may be sufficient to meet most long-term N needs. But for
harvested systems or unmanaged systems periodically burned,
BNF or fertilization must make up for lost biomass N and must
additionally be sufficient to provision accumulating soil organic
matter, which might be 5% N at typical arable soil C:N ratios of
10:1. So degraded land regenerating soil fertility at a typical C
accretion rate of 0.2 Mg C ha™! yr~! would sequester ~20kg N
ha=!yr=!.

Long-term unfertilized perennial grasslands harvested for
hay for >50 years (Jenkinson et al., 2004) show no declines
in soil C and N stocks or yields, suggesting that N stasis
is maintained largely through BNF. Likewise, that perennial
herbaceous crops harvested for bioenergy are often unresponsive
to N fertilizer suggests significant BNF inputs. At a site in the
upper Midwest U.S., for example, Roley et al. (2018) found no
response of switchgrass to N fertilizer in most years, and for a
three-year period following two establishment years calculated
an average minimum annual N deficit of 58 kg N ha~! based on
N mass balance. Biological N fixation—presumably associative
N fixation—must have been at least this high to balance known
losses from yield plus losses from leaching and denitrification
and immobilization of N in soil organic matter, based on N
mass balance.

Symbiotic BNF is well-known in legumes; agriculturally
important perennials known to host rhizobia capable of
N fixation include the herbaceous crops alfalfa and medic
(Medicago spp.), clover (Trifolium spp.), vetch (Vicia spp.), and
birdsfoot trefoil (Lotus corniculatus), as well as woody species like
Leucaena, Gliricidia, and locust (Robinia spp.). In degraded soils,
legumes can meet up to 90% of their N needs with atmospheric
N, (i.e., via BNF), and the inclusion of legumes in pastures is a
well-known strategy for intensifying forage production.

Less is known about associative N fixation (Smercina et al.,
2019; Roley, 2021), which appears as a casual and episodic
association between plants and free-living diazotrophic bacteria.
Associative N fixation appears to occur most commonly on or
adjacent to root surfaces or, at least in sugarcane (Saccharum

officinarum spp.), also within plant stems, where the bacteria
have ready access to labile C. Nitrogenase, the enzyme complex
responsible for transforming atmospheric N, to a form that
plants can use, is exquisitely sensitive to oxygen (Robertson and
Groffman, 2021), making BNF difficult outside of the specialized
nodules created by legumes and actinorhizal plants to exclude
oxygen. Consequently, associative N fixation is slow, spatially
discrete, perhaps episodic (Roley et al., 2019), and in any case
hard to measure directly. Field measurements have detected
major crops such as sugarcane and grasses that benefit from
this type of association with N fixers (Boddey and Dobereiner,
1995; Peoples et al., 2001; Roley et al., 2018, 2019). Nevertheless,
associative N fixation is being increasingly documented in a
wide variety of ecosystems (Reed et al, 2011; Ladha et al,
2016) and attracting renewed attention as a low-cost source
of N for perennial bioenergy crops. Although in some cases
fertilizer N may still be needed to optimize production, including
legumes in bioenergy species mixes would be an additional way
to keep system-wide N use efficiency high. Annual crops that
rely exclusively on BNF are known to have a higher system-
wide N use efficiency (Cérdova et al., 2019), and the potential for
BNF’s improving the N use efficiency of degraded lands through
perennialization is equally promising.

Phosphorus Availability and Retention
Behind N, P is the second most limiting nutrient for plant growth.
As an essential nutrient, P is crucial for the structure of DNA
and RNA, enzyme production, and for ATP. Thus, P can co-limit
plant productivity alongside N or even directly limit productivity
in highly weathered soils where P supply is low (Elser et al., 2007).
Unlike N, global stores of fertilizer P are limited and must be
mined rather than synthesized from an unlimited atmospheric
source. In addition to being in limited supply, around 50% of P
losses are attributed to erosion, making P a strong environmental
pollutant that contributes to poor water quality downstream
(Alewell et al., 2020). Despite its importance, P cycling from a
biological standpoint is under-studied, in part because P is more
difficult to trace than C and N (Guignard et al., 2017). Yet, in
degraded lands, P availability can be as severely compromised as
C stores and N availability (Schneider et al., 2019).
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Soil P is present in organic and inorganic forms, but only
inorganic P is available for plant uptake. And like N, not all
soil inorganic P is directly available to plants. Inorganic P is
present in most soils as minerals such as apatite (a form of
calcium phosphate), which must be weathered to an inorganic
form available to plants. Additionally, P can be adsorbed to
mineral surfaces such as clays containing iron and aluminum.
This adsorbed P must undergo desorption reactions to become
a soluble form available for plant uptake. Alternatively, organic
P in plant residues, microbial biomass, and animal residues such
as feces and urine can be mineralized to HPO4 2 for uptake. The
organic P pool is dynamic and one of the most important sources
of P availability in arable soils (Alewell et al., 2020), especially
in organic, low-input, regenerative, and other systems that rely
principally on biological nutrient sources.

Many degraded agricultural lands have abundant soil P
but not in a form available to plants (Al-Abbas and Barber,
1964). Therefore, the processes that release plant-available P are
important for sustainable P cycling. Factors that contribute to
low plant-available P include fewer root exudates and microbial
products that can aid the dissolution of P into plant-available
forms (Graustein et al., 1977; Fox et al., 1990; Ingle and Padole,
2017), low pH, which can contribute to P adsorption by iron and
aluminum, and high pH, which can contribute to P adsorption by
calcium. Additionally, low levels of soil organic matter can reduce
the amount of P available for dissolution insofar as soil organic
matter also provides binding sites for soil inorganic P (Deb and
Datta, 1967; Hue, 1991). Because the processes involved in P
availability and retention have been largely ignored, degraded
lands rely heavily on the addition of inorganic P fertilizers to
meet plant demand and maintain plant productivity. However,
much of the added P will not be returned to the soil as it will be
harvested in plant biomass or lost to the system through erosion,
runoff, and leaching (Bennett et al., 2001; Childers et al., 2011),
further exacerbating the lack of available P in degraded systems.

Perennialization can improve P availability and recycling by
reducing P losses and increasing the presence of plant-available
P (Patty et al.,, 1997; Lehmann et al., 2001; Crews and Brookes,
2014). There are many different mechanisms by which this
occurs. As previously noted, perennial crops increase soil organic
matter, which can enhance P cycling by providing a source of P
via decomposition or dissolution of adsorbed inorganic P (Kang
et al., 2009; Gaxiola et al., 2011). Phosphatase enzymes produced
by soil microbes can selectively cleave P esters from organic
matter, allowing P to be immobilized in microbial biomass (van
der Heijden et al., 2008; Richardson et al., 2009), which can lead
to more P recycling when microbes die. The processes involved
with the release of plant-available P are facilitated in perennial
cropping systems through enhanced root biomass and rooting
depths and through enhanced microbial biomass and activity.

Deeper and more diverse rooting systems, as well as enhanced
microbial communities, can also contribute to more efficient
P availability and recycling (Crews and Brookes, 2014). The
release of P from minerals and organic matter can occur through
root exudation of organic acids and through microbial activity.
Organic acids produced by roots and microbes break down soil
minerals and compete for organic matter adsorption sites to

release plant-available P (Deb and Datta, 1967; Fox et al., 1990;
Hue, 1991). There is a positive correlation between the amount of
organic acids in soil and plant productivity due to P availability
(Bolan et al., 1994). More roots at deeper soil depths increase the
amount of root exudates and ultimately the amount of P available
for plant growth. Microbes are also crucial for transforming
P into plant-usable forms by exuding metabolites and organic
acids that release adsorbed, unavailable P from minerals and
organic matter (Graustein et al., 1977; Ingle and Padole, 2017).
Mycorrhizae that are associated with plant roots are particularly
important at facilitating this process (Malajczuk and Cromack,
1982; Lapeyrie, 1988), making P more available and enhancing
plant uptake of P. Therefore, having an active, diverse microbial
community will facilitate P dissolution and mobilization and
ultimately the availability in soils.

Not only do perennial systems provide more plant-available P
through an increase in root and microbial processes, but they also
lead to P retention in the system. When P is not associated with
minerals, organic matter, or biomass, it can easily be lost from the
system through runoff and erosion (Bennett et al., 2001; Childers
etal., 2011). For example, across the globe, agricultural crop fields
lose ~15 million tons of P due to erosion (Smil, 2000). And
Cordell et al. (2009) estimated that globally, 8 million Mg of P are
lost from agricultural fields every year largely due to an imbalance
of P fertilizer application rates and plant uptake rates, resulting in
the overapplication of P in cropping systems. Patty et al. (1997)
found that even small perennial grass buffer stirps were enough
to reduce P runoff into water bodies by 89-100%, though it would
be better if the P remained in the fields available for future uptake.
Root and mycorrhizae uptake of P also helps ensure that the
P is not lost from the system. The greater abundance of roots
and mycorrhizae in perennial systems increases the probability
that P uptake will occur, as root length, root surface area, and
mycorrhizae strongly correlate with P uptake (Bolan, 1991; Pang
et al., 2010). While P exports from harvested perennial biomass
such as alfalfa can be large, less P is removed from the system
compared to annual plants such as corn and soybean (Lehmann
etal., 2001; Cadot et al., 2018; Cooney, 2019). Perennialization of
degraded lands will keep more plant residues and canopy cover
in place for longer periods of time. Thus, these lands will be less
likely to lose P through erosion, leaching, or runoff.

POTENTIAL MANAGEMENT STRATEGIES
FOR RESTORATION

To illustrate the mechanisms underpinning perennialization’s
impact on soil fertility restoration we describe below three
potential management systems that differ in intensity, impact,
and time to full restoration, broadly illustrating three overarching
uses—climate change mitigation (bioenergy cropping systems),
animal protein production (intensive rotational grazing),
and biodiversity restoration (conservation plantings). All
three provide complementary mixes of ecosystem services as
diagrammed in Figure 2, and none are exclusive—these and
other regenerative systems could be established in the same
landscape—indeed, on the same farm or ranch—to provide
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the multifunctionality often sought in sustainable agriculture
(Robertson and Harwood, 2001; Boody et al., 2005). Many
other opportunities for restoration of soil fertility through
perennialization are equally feasible. Some noteworthy examples
include perennial grain systems (e.g., Glover et al., 2010; DeHaan
et al., 2020), orchard and agroforestry systems (e.g., Subler and
Uhl, 1990; Palm, 1995), and long cash crop rotations that include
several years of perennial forage or cover crops. All have great
potential to restore soil fertility on degraded lands.

Bioenergy Cropping Systems

Cellulosic bioenergy is central to all IPCC mitigation pathways
capable of keeping end-of-century global temperature change
below 1.5°C (Intergovernmental Panel on Climate Change,
2018), whether bioenergy is used for liquid fuel or electricity
generation, or both. While some cellulosic feedstocks will
come from agricultural and industrial by-products, a substantial
fraction must come from purpose-grown biomass crops, mainly
perennial grasses and short-rotation trees (Robertson et al,
2017). The amount of purpose-grown biomass required to meet

C-negative energy demands is substantial—in the U.S. alone, at
least a billion tons per year (U.S. Department of Energy, 2011)
and globally much more (Nakada et al., 2014; Calvin et al., 2019).

Productive cropland cannot be used to sustainably meet
much of this demand—converting lands now used to produce
food to produce bioenergy will create pressure to convert
other lands now unmanaged to food production in order to
make up lost food crop productivity, negating much of the
climate benefit of biomass crops on contemporary cropland.
So-called indirect land-use change (ILUC) effects can only
be avoided with unrealistic cropland productivity increases
(to compensate for food production when arable cropland is
planted to new bioenergy crops), or by avoiding altogether
the use of current cropland for bioenergy (Robertson et al,
2017). On the other hand, the use of unproductive or
degraded cropland for perennial bioenergy crops will have
little ILUC impact on account of the additional climate
benefit of removing these lands from annual crop production,
and thus are also excellent candidate lands for perennial
feedstock production.
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Using degraded lands worldwide for cellulosic bioenergy
production is thus attractive on two fronts. First, it avoids ILUC
effects to allow the full climate benefits of cellulosic bioenergy
to be applied toward climate mitigation without benefits’ having
to be discounted for the additional greenhouse gases produced
when natural areas elsewhere are converted to food production.
This also addresses targets from Sustainable Development goal
13, relating to climate action. Second, it provides a means
whereby degraded lands can be restored to a more fertile state,
allowing a greater productive capacity to progressively reduce
the amount of land needed for bioenergy production, which
in turn will allow these lands to return eventually to a more
robust natural state to support global biodiversity goals (IPBES,
2019) or returned to food crop production to meet Sustainable
Development goal 2 related to hunger. A growing proportion of
bioenergy lands with restored soil fertility would be available for
food production once global temperatures stabilized sometime
after 2,100.

The restoration of soil fertility under perennial bioenergy
crops draws on most of the mechanisms related to ecological
nutrient management identified in Section Impacts of
perennialization on fertility restoration: soil C accretion, N
conservation, and more efficient P cycling. We know most about
soil C accretion because of its importance to the climate benefit
of bioenergy crops. N is important both because of its positive
impact on biomass production but also its negative potential to
further burden the biosphere’s reactive N load and to discount
the climate benefit of bioenergy production via fertilizer and
nitrous oxide production. Phosphorus can also limit biomass
production, especially in highly weathered tropical soils.

As noted earlier, soil C gains under perennial crops, whether
grasses such as switchgrass (Panicum virgatum) or short-rotation
trees such as hybrid poplar (Populus spp.), or even complex semi-
natural communities such as restored prairie (Tilman et al., 2006;
Gelfand et al., 2020), derived from root biomass and stabilized
soil C. More specifically, these soil C gains are derived from
root exudates and decomposition products in a soil physical
environment conducive to the persistence of stable forms of soil
C—in particular, C associated with aggregates (e.g., Tiemann
and Grandy, 2015) and mineral surfaces (e.g., Garten and
Wullschleger, 2000). Some have also advocated biochar additions
to bioenergy crops, though the climate benefit will likely be
less than were the biomass C instead fully converted to energy
production in order to offset fossil fuel use (Paustian et al., 2016).

That soil C can accumulate under bioenergy crops even when
all aboveground biomass is harvested illustrates the importance
of roots as sources of stabilized soil C. Perennial legumes grown
as forage crops have long been known to sequester soil C. In
southwest Michigan USA, for example, Syswerda et al. (2011)
showed that a continuous alfalfa stand harvested 3-4 times per
growing season gained 1.0 Mg C ha~! yr~! in the Ap horizon
its first 12 years, as others have documented (e.g., Kumar et al,,
2018), and at almost three times this rate (2.9 Mg C ha™!
yr~!) when considering the whole profile to 1 m. Soil C also
accumulates but often more slowly under grasses; Schmer et al.
(2011), for example, documented rates of SOC gain between 1.4
and 3.3 Mg Chayr~! to 1.2 m depth in a 5 year study of harvested

switchgrass fields on farms in Nebraska, USA. Others (e.g., Frank
et al., 2004; Chimento et al., 2016) but not all (e.g., Sprunger and
Robertson, 2018) have found gains of a similar magnitude soon
after switchgrass establishment. Soil C also accumulates under
short-rotation tree crops (Chimento et al., 2016), although post-
harvest SOC losses can substantially discount soil C gains when
the soil is exposed to erosion and moisture and temperature
conditions that accelerate decomposition when the soil is exposed
prior to canopy closure of the next crop (Syswerda et al., 2011).

The two greatest risks of large-scale bioenergy production—
apart from the use of contemporary cropland now used
for food—are further biodiversity loss upon conversion of
inappropriate land covers and further N loading of the biosphere.
The use of appropriate crops on degraded lands minimizes both
risks. First, use of the 864-951 million ha of abandoned cropland
worldwide (Campbell et al., 2008; see Introduction) avoids
lands of conservation interest—wetlands, old-growth forests,
and other natural areas important for biodiversity conservation
(IPBES, 2019). Avoiding land with significant forest cover is
particularly important in order to avoid long-term C debt that
works against climate benefits (Robertson et al, 2017); lands
undergoing reforestation are already contributing to climate
change mitigation (Griscom et al., 2017). Finally, planting native
grasses and short-rotation trees that are native to a region
will improve the conservation value of most degraded lands,
typically dominated by non-native invasive species with less
biodiversity value. Native mixed-species plantings should have an
even greater benefit (Werling et al., 2014).

Second, avoiding crops with high N requirements or low
N use efficiencies will keep additional reactive N from the
environment. Non-leguminous biomass crops such as perennial
grasses and short-rotation trees have low N requirements and
high N use efficiencies, and if harvested post-senescence, will
remove relatively little N in harvest. Mechanisms in section
Impacts of perennialization on fertility restoration—in particular,
persistent roots that occupy a large proportion of the available
soil volume, pre-harvest translocation of N from aboveground
biomass to roots, and relatively little N allocated to reproductive
biomass such as seeds, resulting in high C:N ratios at harvest—
creates a relatively closed ecosystem N cycle. This is even more
the case when planting species capable of acquiring most or all of
their own N through BNF (see section Nitrogen conservation).
Empirical evidence for low N losses from perennial biomass
cropping systems is accumulating (e.g., Ruan et al., 2016; Hussain
et al., 2019), as is the potential for associative N fixation (Roley
et al,, 2019, 2020). Moreover, planting perennial biomass crops
for biodiversity conservation or bioenergy or both in low-
performing, unprofitable subfield portions of existing cropland
(Schulte etal., 2017; Brandes et al., 2018) could avoid a substantial
amount of contemporary N loss from this cropland (Basso et al.,
2019).

All told, then, growing perennial biofuel crops on degraded
lands could provide substantial climate mitigation while
restoring long-term soil fertility. Non-leguminous perennial
crops are especially attractive: few management inputs, long-
term soil organic matter accretion, and N and P conservation
with biodiversity and other co-benefits. The growth of bioenergy
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markets—currently unrealized—could make such practices
economically profitable as well, providing a well-rounded suite
of ecosystem services (Figure 2).

Intensive Rotational Grazing

Managing perennial forage as pastures for grazing provides a
second major management system for restoring degraded lands.
In contrast to current grazing practices that tend to maintain
or further exacerbate degraded soils, often due to overgrazing,
here we refer to grazing management that aims to maintain
perennial forage production in a sustainable way by rotating
animals across the landscape. Rotational grazing can take many
different forms. Simple rotational grazing (RG) moves animals
at low intensities with 2-14 pastures per herd (Briske et al,
2011; Roche et al., 2015). Management intensive grazing (MiG)
moves animals at higher intensities with 164 pastures per herd,
and adaptive multi-paddock grazing (AMP) often includes 40+
pastures per herd (Teague et al., 2015; Barton et al., 2020; Mosier
et al, 2021). Low intensity systems tend to have more fixed,
planned animal movements, whereas more intensive systems are
more flexible and tend to move the animals based on forage
growth (Undersander et al., 2002). By rotating the animals, the
soil and perennial vegetation are provided grazing-free periods
that help to maintain and improve soil fertility and perennial
productivity (Kemp et al., 2000).

Pastures containing diverse, perennial vegetation offer forage
that can often be more productive (Minns et al., 2001; Moore
et al., 2004; Skinner et al., 2004) and available for a greater
proportion of the growing season (Ferchaud et al, 2016)
compared to grazing systems that rely heavily on annually
planted crops for year-round forage. Increased productivity of
grazed perennial forage could also be due to the increased
drought and stress tolerance of many perennial grasses (Tilman
and Downing, 1994; Skinner et al, 2006). Additionally, in
perennial pastures, there are no annual tillage or extreme harvest
events, so more above- and belowground biomass remains after
grazing events, especially in AMP grazing systems, which aim
to leave 50% of forage uneaten (Teague et al, 2013). With
higher productivity of perennial forage, these lands are able
to support more animals with increased stocking rates without
the negative effects of overgrazing (Jakoby et al., 2015; Teague
et al, 2015). Perennialization also diversifies the vegetation
available for grazing, often producing more nutritional forage
and improving cattle health (Teague et al., 2016).

There are many examples of improved soil fertility from
perennial pastures that are rotationally grazed. When the
perennial pastures are grazed, the animals keep nutrient cycles
more closed and thus conservative, and as well-inexpensive—
manure generated on-site provides organic C, N, and P inputs
that can improve nutrient retention and availability (Elser
and Bennett, 2011; Mosier et al, 2021). In AMP grazing
systems, the use of fertilizers and other inputs is minimized
or even eliminated; for example, Mosier et al. (2021) found
that unfertilized AMP pastures had more soil N than non-
AMP pastures annually fertilized. Rotationally grazed perennial
systems have also been shown to improve soil health across
physical, chemical, and biological indicators (Teague et al., 2011;

Byrnes et al., 2018), also resulting in improved water retention
and infiltration (McCallum et al., 2004; Teague et al., 2011).
The recovery of degraded land using perennial pastures that are
rotationally grazed has been shown in both humid regions such
as the southern U.S. (Machmuller et al., 2015; Mosier et al., 2021)
as well as in semi-arid rangelands in Africa and the western
United States (Teague and Dowhower, 2003; Badini et al., 2007;
McDonald et al., 2019).

In addition to soil fertility benefits, rotational grazing
in perennial pastures can also reduce some greenhouse gas
emissions. Teague et al. (2016) found that grazed systems
with year-long grass cover produced a smaller greenhouse gas
footprint than croplands with periods of bare soil through
increased soil C accrual. Further reductions in greenhouse gas
emissions, specifically methane, can be achieved through AMP
grazing. For example, Shrestha et al. (2020) found that AMP
grazing systems increased methane uptake 1.5x compared to
other grazing systems. Rotationally grazed perennial systems can
also reduce the total amount of CO, emissions associated with
production as compared to other conventionally grazing systems
through increased C sequestration and reduced external forage
requirements (Bosch et al., 2008). However, some studies have
found that N,O emissions were increased in these rotational
systems due to higher stocking rates, though these emissions
were offset by higher levels of soil C accretion (Bosch et al,
2008; Rowntree et al, 2020). Reductions in net greenhouse
gas emissions will also address Sustainable Development Goals
linked to climate action.

The costs associated with converting degraded croplands into
perennial forage systems that are rotationally grazed, such as
the need for more fencing, are relatively low and readily offset
by increased productivity and economic returns (Teague et al.,
2013; Jakoby et al.,, 2015; Wang et al., 2018), as demonstrated
for areas in the Midwest United States (Riley et al., 1997).
Additionally, with higher perennial productivity and longer
growing seasons, animals in these systems become less reliant
on external sources of forage (Wang et al, 2018), another
cost savings. And particularly in dry environments, conversion
from underperforming croplands to perennial pastures that are
grazed is attractive, especially when ranchers consider forecasted
increases in drought intensity (Wang et al., 2021).

All told perennial pasture systems that utilize intensive
rotational grazing have the potential to deliver an improved
suite of ecosystem services relative to degraded grazing lands
and underperforming cropland (Figure 2) while at the same
time restoring soil fertility to provide an increasingly productive
land base to meet future food needs. Increased productivity
will also proportionately alleviate pressures to convert natural
ungrazed areas to pastureland, providing significant indirect
biodiversity benefits.

Conservation Plantings

At the low end of the perennial management intensity
spectrum is the practice of converting degraded croplands into
conservation plantings in order to restore soil fertility. Its
simplest form is the fallow phase of bush-fallow or shifting
cultivation agriculture—simply leaving the land to undergo
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ecological succession with its restoration of soil organic matter
and nutrient availability, as noted earlier (section Introduction).
In many cases today, however, soil degradation is past the point
of rapid recovery, and the ubiquity of invasive plants means
that the vegetation that recovers may bear little resemblance to
the original native community with its associated biodiversity
benefits. Often more direct conservation management is
warranted, whereby specific species selections are made with
the explicit goals of restoring ecosystem health or biodiversity
or both.

An example of such a management program is the USDA
Conservation Reserve Program (CRP) (Skold, 1989). Initiated
as a set-aside program to create higher commodity prices—
removing land from production creates higher prices by reducing
supply—the program now targets environmentally vulnerable
lands, otherwise subject to high erosion and nutrient losses,
that can be converted to habitat for wildlife and provide other
environmental benefits. In short, landowners are paid to take
lands that are vulnerable to degradation out of production
and to replace them with perennial systems that minimize soil
erosion (U.S. Department of Agriculture, 2006) and improve
soil health (Li et al., 2017), water quality, and wildlife habitat
(Wu and Weber, 2012). An increasingly recognized benefit has
been greenhouse gas mitigation (Farm Service Agency, 2011),
achieved by increasing soil C sequestration and reducing the
use of N fertilizers responsible for soil nitrous oxide emissions
(Robertson, 2014), simultaneaously helping to reach Sustainable
Development goal 13, which addresses climate change and
its impacts.

By 2011 the CRP had reduced the use of N and P fertilizers
by 275 and 55 million kg, respectively (Farm Service Agency,
2011), and between 1986 and 2014 resulted in avoidance of over 7
billion Mg of soil erosion (Stubbs, 2014). Earlier studies estimated
that CRP enrollment had an average erosion savings of 38 Mg
ha~! (Ribaudo et al., 1990). Young and Osborn (1990) valued the
reduction in wind erosion at up to a billion $US, and Ribaudo
et al. (1990) valued downstream water quality improvements
(from avoided water erosion and nutrient losses) at several times
this amount.

Effects of converting cultivated land to conservation lands
like CRP have increased soil C and N stocks appreciably. In
the U.S., Burke et al. (1995) showed CRP improvements in soil
stability and fertility that accompanied soil C and N accretion.
Improvements can occur quickly, often after only 5 years, likely
due to higher plant productivity from a diversity of seeded
perennial grasses (Gebhart et al., 1994; Reeder et al., 1998; Baer
et al., 2000). On the other hand, recovery rates can vary by
physiochemical soil condition and as well-depend on past land
use and disturbance history (Post and Kwon, 2000). In particular,
recovery can be slower in climate regions with lower plant
productivity, such as arid regions of the western United States
(Robles and Burke, 1998).

Similar trends of soil C recovery have been reported for
conservation plantings in Europe and Asia. In Germany, Breuer
etal. (2006) showed greater soil C and N stores in sites converted
to perennial grassland species than in sites under continuous
cropland. In Russia and China, several authors have shown a high

potential for soil C stock recovery in croplands returned to native
grass vegetation. Soil C accretion rates for restored grasslands in
Russia were nearly 50% higher than for forests in the same region
(Shvidenko and Nilsson, 2003; Vuichard et al., 2008). Similarly,
on the Chinese Loess Plateau, abandoned croplands converted
to grasslands sequestered more soil C than did restored forested
lands (Wei et al., 2012; Jin et al., 2014). Zhang and Shao (2018)
also measured higher soil N, P, and overall soil fertility after maize
and wheat croplands were converted to perennial grassland.

Conversion of degraded land to conservation plantings
benefits multiple taxa, including those that constitute soil
microbial communities. Matamala et al. (2008), for example,
showed microbial community recovery in a restored prairie
converted from cropland, although the recovery was at a much
slower rate than soil C and N stocks. Similarly, Baer et al
(2000) showed a slow but consistent increase in microbial
biomass on CRP lands planted to native perennial grasses.
In Chinas Loess Plateau, Zhang et al. (2012) documented
increases in microbial species richness and biomass, as well
as enhanced microbial activity, after cropland conversion to
perennial grassland. Most authors relate recovery to perennial
rooting systems and associated increases in C inputs from root
turnover and exudation.

With the exception of direct economic return or food
production, the ecosystem services delivered by conservation
plantings are considerable (Figure2). Removing land from
production and its associated inputs immediately eliminates
many of the environmental costs of agriculture and initiates
the restoration of supporting services such as biodiversity and
soil fertility and regulating services such as flood control.
However, it also eliminates most provisioning services, which
means the direct economic returns derived from food, fiber,
or fuel production. That said, with the potential for ecosystem
service payments (Swinton et al, 2007) that may include
payment for biodiversity benefits such as pollination and natural
pest suppression (Asbjornsen et al., 2013; Landis and Gage,
2015), direct economic returns may become an additional
ecosystem service provided by conservation plantings (Figure 2).
Ultimately, of course, the repatriation of these lands to food
production will benefit future food security as once-degraded
lands regain their capacity to produce food crops.

Return to Food Production After Soil

Fertility Restoration With Perennials

To break the cycle of degradation—recovery must be a key part
of any soil restoration initiative. It makes little sense to invest
decades in management that restores the productive capacity of a
system—whether by bioenergy production, intensive rotational
grazing, conservation plantings, or any of a number of other
practices—only to allow the system to degrade again when
returned to food production. Thus, the production system
implemented post-recovery must be sustainable. Sustainable
Development Goal 2 embodies this challenge: to ensure
sustainable food production systems and implement resilient
agricultural practices that increase productivity and production;
that help maintain ecosystems, strengthen the capacity for
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adaptation to climate change, extreme weather, drought,
flooding, and other disasters; and that progressively improve land
and soil quality.

This is a tall order consistent with the need to incorporate
sustainable practices on lands that are not currently degraded
(see other papers in this Collection). The principles outlined
in section Impacts of perennialization on fertility restoration
apply. To sustain fertility will require practices that incorporate
ecological nutrient management, drawing on principles from
organic and regenerative agriculture to maintain stable SOC
stores and link C, N, and P cycles to provide nutrients with
little environmental loss. First and most important is the need
to diversify rotations. Complex rotations that include perennial
crops for forage or fallow have, for reasons described earlier,
nutrient cycles that are more efficient than simpler rotations.
Agricultural systems export C, N, P, and other elements with
harvest, so they will never have closed cycles, but high system-
wide nutrient use efficiency is achievable with continuous green
cover and crops that fix N and mobilize plant-available P.
Within-crop diversity can also help to build and maintain
greater stabilized C stores and improve nutrient use efficiency,
both by intercropping and by using mixed-species cover crops
and forages.

Other practices that will be important to engage include
no-till to better maintain soil health; variable rate nutrient
management and subfield conservation plantings to avoid over-
fertilizing low yielding areas of a given field; minimal, precisely
targeted pesticide use in order to keep soil food webs intact and
fully functional; and animal integration via periodic grazing or
manure return. If perennial grains become agronomically viable
in the coming decades, a new path will open to incorporate
perennial crops into cereal croplands. Incorporating perennials
into post-recovery rotations is thus a key aspect of sustainable,
regenerative soil management.

BARRIERS TO ADOPTION

Farmers and landowners have numerous options for
incorporating perennials into their production and land
management strategies, ranging from more complex crop
rotations that include perennial crops such as forage grasses
and legumes (King and Blesh, 2018) to the establishment
of perennial cropping systems such as those for cellulosic
bioenergy, rotational grazing, and conservation plantings noted
above. Why aren’t these practices more widely adopted? Barriers
are not, in general, related to knowledge gaps—we have the
fundamental knowledge to deploy restorative perennial cropping
systems today, and most farmers have the knowledge and skill
to successfully establish and manage them. Rather, barriers
are largely socioeconomic, related to global trade and national
policies that reward the status quo. Three barriers, in particular,
stand out.

First is the continued pressure of global food demand.
Global food needs are expected to continue their upward
trajectory; projections of 30-50% greater food needs by mid-
century on account of population and income growth (Food

Security Information Network, 2017) will exert continuous
pressure on farmers to intensify and expand food production.
To the extent that expanded production cannot be met by
intensification, there will be pressure to utilize for food
production degraded lands with their inherent production and
nutrient conservation limitations.

Second are policies that reinforce and reward annual cropping
on degraded farmland. In the United States, crop insurance
incentivizes farming on even unprofitable cropland as farmers
are compensated for poor annual yields—which occur ever
more frequently on such lands, creating a downward spiral of
positive feedbacks. Moreover, crop insurance in the U.S. and
subsidies elsewhere do not incentivize ecological management
and are in any case available for only a select few commodities,
directly discouraging crop diversity (Archer et al., 2003) and
instead rewarding low diversity, high input production systems.
As noted by Pascual and Perrings (2007), there is no global
market for soil fertility or cropland diversification, and with
current policies creating financial roadblocks that discourage
regenerative practices, land abandonment is too often the
eventual result.

A final major barrier is the lack of markets for some of
the most promising restorative perennial cropping systems.
In the examples above, neither cellulosic bioenergy crops nor
conservation plantings have contemporary markets, nor are
regional markets for diverse grain crops sufficiently available—
even in the U.S. Midwest, crops as common as canola (Brassica
rapa) cannot be grown for lack of nearby processing plants. Thus,
not only are there often disincentives for moving away from
degraded farmland but there are also no immediate incentives—
and indeed disincentives—for adopting regenerative practices.

Two solutions seem tenable, especially in more affluent
countries: removing perverse incentives that motivate land
degradation and paying farmers for the delivery of ecosystem
services (Robertson et al., 2014). By expanding crop subsidy
payments, whether direct or indirect, to include additional
annual and perennial crops, producers could be rewarded
for the management of crop diversity for ecological nutrient
management and the accompanying soil restoration. Co-benefits
of diversification include resilience to extreme weather (e.g.,
Bowles et al., 2020), a more stabilized food supply (e.g., Renard
and Tilman, 2019), and avoiding yield penalties associated with
continuous rotations (Seifert et al., 2017).

Second, payments for ecosystem services (e.g., Swinton et al.,
2007) provide a means for society to directly compensate
landowners and operators for agricultural practices they would
otherwise not adopt. Long lists of candidate services have been
generated, and nascent markets are paying farmers for soil C
sequestration (Climate Action Reserve, 2020) and more precise N
management (Millar et al., 2012), though payments are currently
insufficient to motivate much adoption. But payments for climate
mitigation practices have been recently proposed in the U.S. and
may allow incentives for sequestering soil C using more diverse
cropping practices that include perennial crops. Likewise, the
USDA CRP program could be expanded to accelerate C accretion
in soil and biomass, and markets for cellulosic bioenergy may be
on the horizon (Robertson et al., 2017). Ensuring that perennial
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crops remain a principal target for the delivery of these services
will allow the full restorative benefits of perennialization to
be realized.

CONCLUSIONS

There is an abundance of degraded land in the world in need
of soil fertility restoration to meet current and future food
security needs. Using perennialization to restore lost fertility
seems possible through practices that promote C accretion and
the efficient use and conservation of N and P. Carbon accretion
is central to fertility restoration, resulting from greater amounts
and diversity of belowground C inputs, improved soil structure,
and less soil disturbance. Nitrogen conservation can result from
practices that improve system-wide N use efliciency, including
perennials with their ability to capture N from deeper in the
soil profile, translocate N to roots prior to senescence, and for
some, fix atmospheric N. Improved P retention and recycling in
perennials arises from enhanced inputs of root and microbial
metabolites that make soil mineral and organic P available for
plant uptake, and fewer losses via runoft, leaching, and erosion.
Barriers to using perennialization to restore degraded soils
are surmountable with policies that can incentivize landowners,
farmers, and ranchers to manage ecological processes for soil
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