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Soil degradation is widespread in smallholder agrarian communities across

the globe where limited resource farmers struggle to overcome poverty and

malnutrition. This review lays out the scientific basis and practical management

options for an ecologically based approach to sustainably managing soil

fertility, with particular attention to smallholder subsistence systems. We seek

to change the trajectory of development programs that continue to promote

inorganic fertilizers and other high input strategies to resource constrained

smallholders, despite ample evidence that this approach is falling short of

food security goals and contributing to resource degradation. Ecological

nutrient management (ENM) is an agroecological approach to managing the

biogeochemical cycles that govern soil ecosystem services and soil fertility.

The portfolio of ENM strategies extends beyond reliance on inorganic fertilizers

and is guided by the following five principles: (1) Build soil organic matter

and other nutrient reserves. (2) Minimize the size of N and P pools that are

the most susceptible to loss. (3) Maximize agroecosystem capacity to use

soluble, inorganic N and P. (4) Use functional and phylogenetic biodiversity to

minimize bare fallows and maximize presence of growing plants. (5) Construct

agroecosystem and field scale mass balances to track net nutrient flows

over multiple growing seasons. Strategic increases in spatial and temporal

plant species diversity is a core ENM tactic that expands agroecosystem

multifunctionality to meet smallholder priorities beyond soil restoration and

crop yields. Examples of ENM practices include the use of functionally

designed polycultures, diversified rotations, reduced fallow periods, increased

reliance on legumes, integrated crop-livestock production, and use of variety

of soil amendments. These practices foster soil organic matter accrual and

restoration of soil function, both of which underpin agroecosystem resilience.

When ENM is first implemented, short-term yield outcomes are variable;

however, over the long-term, management systems that employ ENM can

increase yields, yield stability, profitability and food security. ENM rests on a
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solid foundation of ecosystem and biogeochemical science, and despite the

many barriers imposed by current agricultural policies, successful ENM systems

are being promoted by some development actors and used by smallholder

farmers, with promising results.

KEYWORDS

agricultural diversification, soil organic matter, nutrient use e�ciency, nutrient

cycling, decomposition, agroecology, biological N fixation, soil restoration

Introduction

Smallholder subsistence farming systems provide food to

almost half the global human population. Limited access to

resources makes it challenging for farmers to replenish soil

nutrient reserves and compensate for harvested removals,

leading to soil organic matter1 (hereafter, SOM) depletion and

soil erosion (Tittonell and Giller, 2013; Tully et al., 2015; Barbier

and Hochard, 2018). Time lags exacerbate the downward trend

in soil fertility because management is oriented toward annual

food production, whereas soil degradation accrues over decadal

timescales. As soil fertility and yields decline, smallholders

often respond by intensifying cropping systems in ways that

undermine soil fertility and food security, creating a downward

spiral of malnutrition and poverty (Vanek et al., 2016; Barbier

and Hochard, 2018).

Ecological nutrient management (hereafter, ENM) is a

comprehensive, ecologically based approach to sustaining soil

fertility (Drinkwater and Snapp, 2007a; Drinkwater et al., 2017).

Ecological nutrient management aims to restore and maintain

SOM/nutrient reservoirs, achieve acceptable yields, balance

nutrient additions with exports, and minimize nutrient/soil

losses. Our initial paper introduced ENM and focused on

how this approach could reduce environmental nutrient losses

in high-input, industrial farming systems (Drinkwater and

Snapp, 2007a). Here, we shift our emphasis to smallholder

farming systems where nutrient mining and degraded soils

are pervasive. We first present the guiding principles of

ENM and highlight features which distinguish ENM from

conventional nutrient management. We then review the

current understanding of SOM pools and their functions

incorporating new understanding of the mechanisms regulating

SOM dynamics and discuss the roles of plants and decomposers

in governing elemental cycling processes. Then we discuss how

ENM creates positive feedbacks that increase agroecosystem

adaptive capacity and resilience and discuss core management

strategies using three case studies of ENM in smallholder

systems in Sub-Saharan Africa. Lastly, we briefly examine the

obstacles that privilege the use of synthetic fertilizers while

1 Refers to soil organic matter in its entirety including all elements.

discouraging implementation of ENM strategies and present

ideas about how these barriers can be overcome.

How does ENM di�er from conventional
nutrient management?

Conventional nutrient management aims to maximize

inorganic fertilizer (Fi) use efficiency by reducing temporal

asynchrony and spatial separation between Fi applications and

crop uptake (Table 1; Cassman et al., 2002). To achieve this goal,

a collection of best management practices designated as “4Rs

Nutrient Management” (4R-NM) is widely promoted. The 4R-

NM system seeks to maximize crop uptake of Fi using “the

Right Fi source, at the Right rate, at the Right time, with the

Right placement” (Vollmer-Sanders et al., 2016; Fixen, 2020).

Compared to earlier strategies that often focused on one aspect

of Fi management, 4R-NM is more comprehensive; however, the

focus is still on a single growing season, and 4R-NM does not

attempt to manage SOM reserves or the long-term trajectory

of SOM levels. Thus, crop yield improvements can be rapidly

apparent under 4R-NM due to high doses of Fi or “rescue” Fi

applications, while the slower process of SOM decline continue

(Ladha et al., 2011). Over the long-term, simplified rotations

of crops bred to be highly responsive to Fi combined with

SOM declines and diminished nutrient recycling act together to

reinforce Fi dependency. This creates what has been termed a

fertilizer treadmill (Drinkwater and Snapp, 2007a,b; Houser and

Stuart, 2020).

ENM extends an ecological conceptual framework to

agricultural management (Table 1). The nitrogen (N) saturation

hypothesis was developed to explain changes in forest ecosystem

biogeochemistry resulting from chronic anthropogenic N

deposition and provides the theoretical foundation for ENM

(Agren and Bosatta, 1988; Aber et al., 1989). According to

this hypothesis, ecosystems are N saturated when primary

productivity is no longer limited by N, and N additions

exceed the capacity of the ecosystem to cycle or store N

internally. Nitrogen flows are governed largely biotic processes,

so retention of N depends on plant and microbial assimilation

while microbial N transformations (nitrification/denitrification)
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TABLE 1 Management strategies employed, and pools/processes targeted by 4R-NM and ENM.

4Rs Fi management Ecological nutrient management

Nutrient supply

• Primarily soluble, inorganic fertilizers (Fi)

• Optimize delivery of Fi : Right rate, form, time, and placement

• Use soil tests to predict plant available P and net N mineralization; match Fi

applications accordingly

• Reliance on BNF and strategic use of diverse nutrient sources

• Maintain reservoirs with longer MRTs that can be accessed by plants and

microbes

• Promote exchanges of C from plants for N and P released by decomposers

Actively managed soil pools

• Inorganic N, extractable P • All N and P pools, organic and inorganic

Plant management strategies

• Manage crop to create a strong sink for Fi

• Remove all crop growth limiting factors

• Use of plant diversity to maximize N and P assimilation

• Select species to provide diverse belowground ecosystem services

Microbial and abiotic transformations

• Chemical additives to inhibit nitrification and denitrification

• Reduce surface area of fertilizer patches

• Optimize pH to reduce P-fixation

• Reduce the size of soluble Ni and Pi

• Promote microbial uptake and growth

• Promote plant-mediated microbial transformations that supply nutrients

Modified from Drinkwater and Snapp, 2007a. BNF, biological N fixation; MRT, mean residence time.

drive N losses from ecosystems. More recently, the N saturation

conceptual framework has been extended to P (Deng et al., 2017;

Chen et al., 2021) with some modifications due to differences in

N and P cycles. While N sinks and transformations are primarily

controlled by plant- and microbially-mediated processes, P

cycling processes include several abiotic mechanisms, including

precipitation-dissolution, sorption-desorption, and occlusion.

These geochemically mediated sinks compete with biological

assimilation for the small amounts of soluble, inorganic P

(hereafter Pi) which are typically present in the soil solution

(Attiwill and Adams, 1993). Under P saturation, excess soluble

P can be captured by geochemical processes (“fixed”) essentially

removing P from the biological P cycle.

There are two key aspects of this ecosystem-based

framework that inform ENM. First is the recognition that time

lags and cycling processes occurring across spatial/temporal

scales influence ecosystem-scale accrual or loss of carbon (C),

N and phosphorus (P). Second, the framework highlights the

importance of interactions among elemental cycles and clarifies

the role of C-N-P coupling in determining whether conservation

or loss pathways dominate.

Thus, the overarching goal of ENM is to manage

agroecosystems to reach dynamic steady states where SOM

formation equals decomposition, nutrient additions equal

harvested exports, and yields and SOM/nutrient reserves are

maintained. The scope of ENM extends beyond promoting

fast, single season nutrient supply to consider all processes

governing biogeochemical cycling across spatial and temporal

scales (Figure 1). ENM aims to recouple elemental cycling

processes at multiple temporal and spatial scales to restore

soil nutrient reserves that can be accessed by plants. As

a result, the ENM portfolio includes a diverse array of

management practices that seek to recouple elemental cycles,

promote conservation pathways and gradually rebuild SOM and

regenerate biogeochemical resilience (Drinkwater and Snapp,

2007a).

Guiding principles of ENM

1. Build SOM and other nutrient reserves. Because plants

can access many forms of N and P though partnerships

with beneficial microorganisms living in the rhizosphere,

ENM targets the full range of nutrient reservoirs. The

basic strategy is to conserve and build nutrient reserves

that are less vulnerable to loss which can be accessed

through rhizosphere and microbially mediated processes.

These reserves include labile and stabilized SOM, microbial

biomass, and sparingly soluble plus some forms of

adsorbed P.

2. Minimize the size of N and P pools that are the

most susceptible to loss. A central objective of ENM is

to reduce loss pathways by minimizing standing pools

of soluble inorganic N (hereafter, Ni) and Pi in soil,

fostering plant and microbial assimilation, and reducing

Ni and Pi additions. While the loss mechanisms differ,

greater concentrations of Ni and Pi promote nutrient

losses. As the concentration of Ni increases, leaching and

denitrification increase. Phosphorus is less mobile, but

most soils, particularly highly weathered soils commonly

found in the Global South, “fix” excess soluble P though

adsorption, precipitation, and occlusion. Reducing Fi rates

is a powerful lever for significantly reducing Ni and

Pi losses.

3. Maximize agroecosystem capacity to use soluble, Ni

and Pi. Plant and microbial acquisition increase internal
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FIGURE 1

ENM expands the focus of nutrient management to SOM pools and mineral P reserves. Flows, inputs, and pools that are increased under ENM

are outlined in black. Arrow colors indicate dominant elemental fluxes as follows: N only (blue), P only (green), N and P (blue green), and C

(brown). Modified after Drinkwater and Snapp, 2007a.

cycling, removing soluble nutrients from the soil solution,

preventing their loss from the soil, and diverting Ni and

Pi flows into SOM reserves. The greater abundance of soil

C relative to Ni and Pi fuels the growth of soil organisms,

increasing SOM formation.

4. Use functional and phylogenetic biodiversity to

minimize bare fallows and maximize presence of

growing plants. Plant and microbial species differ in

their capacity to carry out elemental cycling processes.

Diversifying crop rotations and reducing use of bare

fallows by adding cover crops or perennials in conjunction

with legume N sources are effective strategies for

recoupling elemental cycles (Figure 1). Using plant

diversity to maximize niche occupancy and promote a

more functionally diverse soil biota can enhance overall

productivity and nutrient cycling capacity of belowground

communities. Integrated crop-livestock farming systems

expand opportunities for diversification of plants and

implementation of ENM.

5. Construct agroecosystem and field scale mass balances

to track net nutrient flows over multiple growing

seasons. Using simple mass balances ensures that soil

mining, where crop harvests remove greater amounts

of N and P compared to additions, can be detected,

and addressed. Long-term removal of nutrients that

exceeds nutrient additions undermines soil fertility and

leads to soil degradation. This is the situation in many

smallholder subsistence systems. On the other end of

the spectrum, limiting the degree to which nutrient

additions exceed harvested removals reduces the risk of

environmental losses.

Ecosystem processes that govern C,
N and P cycling

Successful application of ENM principles is grounded in a

basic understanding of the biological and geochemical processes

governing soil elemental cycles. Ecosystem state factors (climate,

parent material, topography, potential biota, time, and human

activities) are the master regulators of SOM levels (Jenny,

1941). The legacy of these factors provides the context for

agricultural management to affect elemental cycles and SOM

reserves (Amundson and Jenny, 1997; Kleber et al., 2015).

Thus, the environmental context, management history and the

current management regime determine the balance between

decomposition and SOM formation/ stabilization. Over the

past decade, major discoveries have fundamentally altered our

understanding of SOM biogeochemistry (Kuzyakov and Xu,

2013; Lavallee et al., 2020; Liang et al., 2020; Daly et al., 2021).

The fundamentally distinct components
of SOM

The diverse functions of SOM reflect the heterogeneous

composition of SOM reserves (Figure 2). Specifically, SOM

pools differ in terms of turnover rate, nutrient density, the degree
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FIGURE 2

Soil OM pools di�er in composition and function. Compared to occluded particulate OM (POM) and mineral associated OM (MAOM), free POM is

more accessible to decomposers, more energy rich but nutrient poor with a relatively fast turnover time (Liang et al., 2019; Lavallee et al., 2020).

Occluded POM and MAOM are protected through their association with mineral constituents, and while they are nutrient rich, C limitation may

also hinder decomposer access. As a result, plant driven priming of decomposition is most pronounced for oPOM and MAOM (Daly et al., 2021).

to which they are associated with mineral elements and their

response to management practices (Lehmann and Kleber, 2015;

Williams et al., 2018; Sokol et al., 2022). These distinct SOM

reserves act together to support soil ecosystem integrity and

plant growth.

Most SOM is present as mineral associated organic matter

(MAOM) which has turnover times ranging from decades

to millennia. MAOM accounts for >90% of soil organic C

(hereafter, Corg, refers to elemental C content of SOM) and

plays a significant role in Corg sequestration, nutrient supply

to plants and decomposers, and stabilization of small aggregates

(Kleber et al., 2015). It is largely composed of microbial-derived

monomers and polymers produced during decomposition

and stabilized through protective associations with mineral

components (von Lutzow et al., 2006; Schmidt et al., 2011; Liang

et al., 2019). Rhizodeposition, litter composition, microbial C

use efficiency, and soil mineralogy, all govern MAOM accrual

(Puget and Drinkwater, 2001; Kallenbach et al., 2015; Lavallee

et al., 2018). Interactions with minerals limit decomposer access

to MAOM constituents, however, MAOM can still be accessed

by decomposers and, as a result, decomposition of MAOM can

dominate cycling ofmicro- andmacro-nutrients due to the sheer

size of this reserve (Lavallee et al., 2020).

Particulate organic matter (POM), defined as OM particles

>53 um, is less abundant than MAOM but far more dynamic.

POM consists of plant litter and microbial residues in varying

stages of decay and is divided into two distinct pools

that are either free from mineral interactions (free POM,

hereafter fPOM), or are protected by soil minerals, usually

by occlusion inside of aggregates (occluded POM, hereafter

oPOM). Compared to MAOM, these labile pools which have

shorter turnover times are more sensitive to management

changes and accumulate C and N more quickly (Wander

et al., 1994; John et al., 2005; Lavallee et al., 2020). Free

POM is the raw material that is transformed into oPOM

and MAOM during decomposition (Puget and Drinkwater,

2001).

While fPOM acts primarily as a food source for

decomposers, oPOM contributes to a broader array of soil

functions. Compared to fPOM, oPOM has a narrower C:N

ratio, serves as an important source of mineralizable N and

plays a significant role in aggregate stability (von Lutzow et al.,

2006; Bu et al., 2015). Accordingly, increases in nutrient rich

oPOM stocks contribute to soil fertility while also improving

soil structural properties dependent on soil aggregation.

These processes of organic N and P (hereafter Norg and Porg

refer to organic forms of these elements) storage and soil

aggregation in turn support plant nutrient acquisition and

improve agroecosystem resiliency to extreme variation in

precipitation. The sensitivity of oPOM to management changes,

combined with its central role in key soil functions, makes

oPOM particularly useful as an early indicator of the trajectory

of SOM levels and soil health (Wander et al., 1994; Schmidt

et al., 2011).
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The role of plants in promoting
decomposition and SOM formation

The rhizosphere is a site of plant-microbial interactions and

compared to bulk soil, microbial metabolism in the rhizosphere

is an order of magnitude greater due to root exudates that

support microbial growth (Philippot et al., 2009). Labile

exudates and other rhizodeposits alleviate energetic constraints

onmicrobial extracellular enzyme production (Averill and Finzi,

2011; Dijkstra et al., 2013), leading to mineralization of nutrient-

rich SOM (Hamilton and Frank, 2001; Weintraub et al., 2007;

Kuzyakov, 2010). By supplying amino acids, sugars and other

organic compounds, plants can cultivate distinct communities

of microbes that facilitate decomposition of nutrient rich

SOM reserves which can in turn increase the amount of

N and P available to plants (Reynolds et al., 2003; Panke-

Buisse et al., 2015; Jilling et al., 2018; Dijkstra et al., 2021).

The significance of this process is supported by field studies

where despite substantial Fi additions, Norg reserves supply

a majority of grain crop N (Gardner and Drinkwater, 2009;

Yan et al., 2020). The stimulation of decomposition spurs

microbial growth and turnover promoting SOM formation

and soil aggregation (Alami et al., 2000; Atkinson and Urwin,

2012). Thus, these plant-microbial interactions occurring in the

rhizosphere contribute to the disproportionate accrual of root-

derived C into oPOM and MAOM (Fulton-Smith and Cotrufo,

2019; Sokol et al., 2019a).

Greater species richness and increased plant functional

diversity go together, expanding the influence of plants on a

wide range of belowground processes (Cadotte et al., 2011;

Cardinale et al., 2011). Examples of key plant functional

traits include life history and nutrient acquisition strategies,

the quantity/composition of litter and rhizodeposits, and root

turnover rate (Haynes and Beare, 1997; Bardgett et al., 2014;

Li et al., 2014; Poirier et al., 2018). Rhizosphere microbiome

composition and function vary with plant species/cultivar and

are linked to plant ecological niche and nutrient requirements

(Peiffer et al., 2013; Turner et al., 2013; Emmett et al., 2017).

Plant-microbial partnerships jointly control processes such as

aggregate formation, N cycling dynamics and the net balance

between SOM decomposition and formation in the rhizosphere

(Figure 3; Briones et al., 2003; Philippot et al., 2013; Emmett

et al., 2020). For example, fast growing plant species, including

crops such as maize, tend to be net mineralizers and accelerate

decomposition and N cycling rates (Castro-Diez et al., 2014).

In contrast, many legume species build SOM because the rate

FIGURE 3

In the rhizosphere, decomposition and stabilization/formation of SOM occur simultaneously. Plants exchange C substrates for nutrients

released by the decomposers. Organic compounds and ions are secreted by plant roots into the rhizosphere providing energy to decomposers

and enabling them to produce expensive exoenzymes needed to access nutrient rich oPOM and MAOM fueling microbial growth. The resulting

microbial biomass supports grazers and predators, and these trophic interactions release N and P that can then be taken up by roots. Growth

and turnover of decomposers and soil food web organisms increases the flow of necromass and replenishes oPOM and MAOM reserves.

Modified after Liang et al., 2017 and Valadares et al., 2020.
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of oPOM and MAOM formation in the rhizosphere exceeds

decomposition (Puget and Drinkwater, 2001; Garland et al.,

2018).

Microbial control of SOM dynamics

While all SOM originates from plant inputs and other

organic residues (e.g., manures, composts), the bulk of stabilized

SOM is composed of microbial biomass or “necromass” (Liang

et al., 2017). In the same way that plant species effects on

elemental cycling processes depend on life history strategies

and corresponding plant functional traits, decomposers differ

in their impact on C, N and P cycling processes. Microbial

C use efficiency (hereafter CUE), is defined as the proportion

of organic C taken up that is allocated to microbial growth

(Kallenbach et al., 2019). Life history strategy determines

the ecological and physiological characteristics that govern

microbial allocation of energy to growth, resource acquisition,

respiration, and survival (Roller et al., 2016; Malik et al., 2020).

Microbial CUE ultimately determines the efficiency of microbial

conversion of plant-derived C into stabilized, nutrient rich

SOM reserves (Kallenbach et al., 2015; Barnett et al., 2021).

Thus, the growth dynamics of soil microorganisms are another

determinant of SOM accrual (Caruso et al., 2018; Sokol et al.,

2019b).

Ecological nutrient management:
Many little hammers

Liebman and Gallandt (1997) used the phrase “many

little hammers” to describe the benefits of orchestrating many

practices to achieve effective weed control without the use

of herbicides. This view captures the fundamental nature of

all agroecological management strategies, including ENM. To

achieve the short-term goals of a single growing season while

being mindful of the trajectory of slower processes requires

coordinated use of multiple practices while also recognizing

that each practice can affect many cycling processes. Ultimately,

shifts in fast cycling processes, the resulting changes in slower

processes, and the ensuing feedbacks favoring conservation

pathways increase the capacity of agroecosystems to supply

crop nutrients (Drinkwater and Snapp, 2007a). Tolerance to

stressors can also improve over the long-term as SOM accrual

alters the soil environment and the soil community undergoes

changes in composition (Petersen-Rockney et al., 2021). Here

we first elaborate on interactions among fast and slow processes

and highlight resulting feedbacks that promote soil restoration.

We then discuss four core management strategies, focusing

on practices that are likely to be most compatible with

smallholder farming systems: (1) Diversification of plant species,

(2) Inclusion of legumes and perennials, (3) Crop-livestock

integration and (4) Nutrient sources and soil amendments.

ENM and the soil restoration cascade

There are two distinct types of feedbacks governing the

positive cycle of soil restoration under ENM (Figure 4).

Reinforcing (positive) feedbacks amplify change and result in

transitions to different steady states. An example of a reinforcing

feedback loop is the effect of management practices that increase

Corg levels which in turn impact soil microbiome composition

and function. Greater C abundance relative to Ni and Pi

increases microbial growth and the flow of necromass derived C,

N and P into SOM reserves. Greater SOM levels favor microbial

communities that channel C into growth over maintenance

favoring SOM accrual (McDaniel et al., 2014; Kallenbach et al.,

2015; Buckeridge et al., 2020). Stablilizing (negative) feedbacks

slow processes and favor dynamic steady states and greater

stability. Downregulation of biological N fixation in legumes in

response to increases in soil N supply capacity is an example

of a stabilizing feedback loop. Greater reliance on legumes to

supply N increases oPOM N reserves and soil N supply capacity

resulting in legume downregulation of N2 fixation and reduces

legume N additions and the potential for N surpluses and N

losses over the long-term (Blesh and Drinkwater, 2013; Blesh,

2019).

Under ENM, key shifts in elemental cycling, soil

environmental conditions and C/N/P stocks in the short

term (Figure 4A) set the stage for conservation pathways and

changes in microbial community composition and function

(Figure 4B) creating reinforcing feedbacks that tighten nutrient

cycles and increase soil fertility leading to improved crop yields,

yield stability, and permit further management adjustments

(Figure 4C). Soils cannot accrue unlimited SOM or nutrient

stocks, so ultimately a new steady state condition is reached.

Ecosystem state factors (e.g., climate, soil texture/parent

material) and management determine these limits to SOM

accrual and the extent of soil restoration that can be achieved

under ENM regimes.

Plant species diversity

ENM cannot be effectively implemented without strategic

increases in spatial and temporal plant species diversity.

Polycultures (intercropping and agroforestry), diversified

rotations, and cover cropping are diversification practices

used by farmers to improve yields (Figure 5). In polycultures,

beneficial plant-plant interactions, including complementarity,

resource partitioning and facilitation increase nutrient

acquisition and improve fertilizer and water use efficiency

(Iverson et al., 2014; Brooker et al., 2015; Duchene et al., 2017).
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FIGURE 4

ENM shifts soil processes to favor a positive trajectory of SOM accrual and soil restoration. The diagram depicts changes resulting from

implementation of ENM in a degraded soil with a history of inadequate Fi additions and meager returns of senescent crop residues, a situation

commonly found in limited resource, smallholder systems. In the short term, cycling processes and microbial communities are altered to favor

conservation pathways (A) which have cascading e�ects on SOM accrual, nutrient retention, and microbial community composition/function

(B) and lead to feedbacks that ultimately impact yields, yield stability/resilience and management (C). BNF, biological N fixation.

Likewise, diversification of annual rotations by adding species

with complementary phenology to minimize bare fallows,

increases nutrient retention and promotes SOM accrual (Blesh,

2019; Hallama et al., 2019; Blanco-Canqui and Ruis, 2020; Kim

et al., 2020; Beillouin et al., 2021). Maximizing belowground

ecosystem services requires attention to the ecological niche

and the capacity of functional groups or species to promote

desirable processes. For example, while all legumes can fix

N, there is considerable variation in rhizosphere effects on

elemental cycling processes across species. Lupinus sp. can

mobilize sparingly soluble P though rhizosphere acidification

while other legume species such as Vicia sp. increase soil

phosphatase activity and mineralization of Porg (Balota et al.,

2014; Hallama et al., 2019). Creating polycultures through

purposeful diversification with companion species offers the

greatest potential to maximize complex belowground ecosystem

services. In paddy rice systems, use of Azolla as a companion

intercrop increases N use efficiency, reduces N losses and can

provide yield benefits (Yao et al., 2018; Yang et al., 2021). Other

examples are discussed in the case studies below.

Inclusion of perennials and legumes

Among the immense diversity of plants, legumes and

perennial species stand out because of their exceptional capacity

to expedite SOM formation/stabilization, N and P recycling

efficiency, and soil restoration. Reliance on biological N fixation

reduces Fi dependance and as the proportion of legume derived

N increases, agroecosystem-scale N use efficiency increases,

reducing the potential for environmental N losses (Blesh and

Drinkwater, 2013; Blesh, 2019). Diversification with legumes

can mobilize mineral P reserves and promote accrual of SOM

increasing Norg/Porg stocks that are accessible to cash crops

(Hallama et al., 2019; Jian et al., 2020). Furthermore, compared

to annuals, perennials have a greater capacity to restore soil

functions and SOM reserves (Crews et al., 2016; Crews and

Rumsey, 2017). Compared to cropping systems composed of

annuals, adding perennial forage species to rotations or as

intercrops promotes soil restoration through reduced erosion,

SOM/Norg/Porg accrual, and aggregate formation (Garland

et al., 2018; Paul et al., 2020; Drinkwater et al., 2021). In
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FIGURE 5

ENM practices provide multiple ecosystem services. Management e�ects on desirable ecosystem services are indicated by color, with green

indicating positive e�ects and orange indicating mixed or inconsistent e�ects. Dark green indicates the evidence is strong and reflects

consistent results from multiple meta-analytical reviews while medium green indicates moderate evidence (i.e., ecosystem services that were

considered in a limited number of meta-analyses). The lightest shade of green indicates limited evidence, including management e�ects where

results are from the primary literature or a single meta-analysis. The split cell for cover cropping e�ects on nutrient retention indicates that the

e�ect varies with cover crop composition; grasses (Gr) consistently increase nutrient retention while legumes (Leg) have inconsistent e�ects.

Blank cells indicate ecosystem services for which there were insu�cient data points to be included in the meta-analytical reviews.
aLegume-grass intercrops dominate this literature; bPlant available and Norg , Porg;

cNUE=Nutrient use e�ciency; dPathogen and herbivore

control; eCompared to Fi only.

agroforestry and alley cropping systems, belowground benefits

increase in concert with the abundance of trees included with

high value cash crops such as coffee and annual food crops (Tully

et al., 2012; Cristobal-Acevedo et al., 2019).

Nutrient sources and organic residues

Expansion of Fi usage as a remedy for degraded soils in

smallholder systems continues to be widely promoted through

government programs and development agencies (Mitchell

et al., 2018). Besides the emphasis on short term outcomes such

as yield improvements, the assumption is that by supplying

the major limiting nutrients, yields and biomass production

will be greater, and the increased crop residues will reverse

soil degradation and rebuild SOM (Hickman et al., 2020;

Tiefenbacher et al., 2021). Compared to organic amendments,

Ni has the smallest impact on Corg accrual (Han et al., 2016;

Luo et al., 2018). In cases where greater Corg is detected in Fi

treatments compared to zero input controls is often due to a

reduced rate of SOM loss rather than net SOM accrual (Ladha

et al., 2011; Ndung’u et al., 2021; Tiefenbacher et al., 2021). Use of

organic amendments, either alone or paired with Fi, accelerates

SOM accrual, and provides other benefits including increases

in microbial abundance/activity, including beneficials such as

arbuscular mycorrhizae fungi (Figure 5; Jiang et al., 2021).While

fertilizers often improve crop yields in smallholder systems, sole

reliance on Fi does not provide expected yield boosts (Jayne

et al., 2018) or deliver substantive soil health benefits (Ndung’u

et al., 2021; Young et al., 2021). A study of over one thousand

smallholder fields in Malawi is a case in point; management

factors associated with soil Corg levels included crop diversity,

weeds and organic residue incorporation, but not fertilizers (Tu

et al., 2022).

In conjunction with additions of these nutrient sources,

simple mass balances can be constructed using all inputs and

harvested removals. To be of use, mass balances of N, P and K

can be calculated for at least an entire rotation cycle to capture

year to year variation in nutrient additions and removals.

Simple input-output calculations do not include environmental

losses, which can drive significant removals, particularly for N

though biotic transformations or for P and K in erosion prone

situations (Vanek and Drinkwater, 2013). Nevertheless, negative

balances indicate that soil nutrients are being mined, while
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situations where N surpluses are large indicate vulnerability to

denitrification and leaching losses (Tamagno et al., 2022).

Crop-livestock integration

The coordinated production of food crops, forages and

livestock (used here to include poultry/fish/edible invertebrates)

can improve family nutrition, food security and income and are

the backbone of many smallholder farming systems (Lindahl

et al., 2020; Paul et al., 2020; Bezner-Kerr et al., 2021).

Integrated crop-livestock systems encompass all these core ENM

strategies and are highly compatible with ENM because the

pairing of livestock with arable food crops enables farmers to

include perennial species, particularly perennial legumes either

through intercropping with annual food crops or alternating

pastures/forage production with annual food crops in rotation.

Likewise in paddy rice production, production of poultry, fish or

edible crustaceans is highly compatible with use of Azolla green

manures (Sivakumar and Solaimalai, 2003; Chen et al., 2017).

Compared to annual grain production systems, integrated crop-

livestock systems build SOM, including oPOM and MAOM

and conserve nutrients through recycling (Nayak et al., 2015;

Chmelikova et al., 2021; Rui et al., 2022). In Sub-Saharan Africa,

the integration of forge production with food crops significantly

reduced soil loss and increased SOM as well as grain yield

(Khan et al., 2014; Paul et al., 2020; Drinkwater et al., 2021).

Studies of complex paddy rice systems in China that co-produce

ducks or fish find multiple benefits including improved nutrient

use efficiency and reduced GHG emissions compared to rice

monocultures (Nayak et al., 2015).

Case studies: Agroecological
management systems and ENM

There are a number of examples where agroecological

practices and ENM have been successfully implemented to

improve yields and alleviate poverty in smallholder subsistence

agriculture (Pretty et al., 2006). Here, we highlight three

exemplary farming systems that integrate ENM strategies.

Push-pull polyculture, Sub-Saharan
Africa

The groundbreaking push-pull (PP) polyculture system was

developed by the International Center for Insect Physiology and

Ecology (icipe) in western Kenya and uses plant biodiversity to

solve the complex, interrelated constraints that limitmaize yields

in the region (Khan et al., 2008a, 2014). Push-pull polyculture is

an inexpensive win-win technology that improves grain yields,

livelihoods and human wellbeing while restoring SOM reserves

and agroecosystem resilience (Khan et al., 2014; Diiro et al.,

2021; Drinkwater et al., 2021). Originally developed to deter

lepidopteran pests that damage cereal crops in the region, 20

years of research aimed at meeting the needs of smallholder

farmers have yielded an integrated system that delivers a wide

range of ecosystem services.

Development of the PP system started with screening

hundreds of species to find plants that could either repel key

herbivores (push) or serve as trap plants (pull). The resulting

PP system consists of Desmodium sp. (push) intercropped with

maize or sorghum in fields surrounded by trap crop borders

(pull). Volatiles released by desmodium repel stemborers and

other lepidopterans while the trap crop border simultaneously

attracts them out of the field preventing damage to grain

crops (Khan et al., 2014). The diversified plant community also

attracts natural enemies adding another prevention mechanism

to reduce herbivores (Khan et al., 2000).

Push-Pull polycultures provide important belowground

ecosystem services. By a stroke of luck, desmodium root

exudates induce abortive germination of Striga (Striga

hermonthica), an endemic parasitic weed which can reduce

maize yields by as much as 80%. Desmodium intercrops

eliminate striga from infested fields (Khan et al., 2000; Hamilton

et al., 2012) and, despite shading from maize, Desmodium grows

vigorously and fixes N, promoting SOM accrual and increasing

the capacity of soils to supply N and P (Kifuko-Koech et al.,

2012; Drinkwater et al., 2021). Push-pull intercropping leads

to substantial increases in Norg and plant available P. Gains in

Norg are divided between MaOM and oPOM pools with oPOM

N accounting for >60% of Norg accrual (Drinkwater et al.,

2021).

A diverse assortment of farmer-centered strategies has

been employed to support adoption of PP polycultures. In

the context of intensive livestock systems, which creates a

demand for high quality forage, adoption has occurred on over

250,000 farms across E. Africa, in part because PP delivers

yield and economic benefits within a short timeframe (Khan

et al., 2014; Murage et al., 2015). The comprehensive suite of

ecosystem services increases maize yields by two- to three-fold

compared to maize grown under the typical farmer practices

(Khan et al., 2008a, 2014; Midega et al., 2015). Moreover, both

Desmodium and border plantings provide high-quality fodder

enabling farmers to venture into dairy cattle and goat keeping

(Khan et al., 2008b). Lastly, while establishing PP polycultures

requires initial investments of seeds and labor, once established

labor requirements are modest and income increases, enabling

investments in child education and household goods (Diiro

et al., 2021).

Parkland agroforestry, West Africa

Parkland agroforestry is an indigenous land use system

developed by farmers which allows them to grow annual

crops in combination with useful trees and shrubs which are
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scattered among cultivated fields at varying densities (Boffa,

1999; Masters, 2021). In addition to cereals, farmers draw on

a rich legacy of ethnobotanical knowledge to selectively retain

native trees within fields and farmland that provide a range

of medicinal, cultural, and livelihood functions. For example,

Masters (2021) found that parklands systems of four cultures

occupying the Aswa River catchment of northern Uganda

included 88 indigenous edible plants used as sources of leafy

vegetables, roots and tubers, fruits, oils, and seeds.

These systems are most common in arid and semi-arid

climates where trees grow as sparse, mixed stands within rainfed

staple crop and intercropped fields, frequently in or near riverine

areas to tap into deep water sources and support leafing out

of trees in the off season. The potential for tree-crop moisture

competition is mediated through farmer management that uses

intensive pruning and/or burning of lower limbs in tree species.

Another common practice involves “reverse phenology” trees

such as Faidherbia trees that leaf out during the off season when

crops have been harvested (Ndoli et al., 2017). This is often (but

not always) associated with higher crop yields and improved

nutrient efficiency compared with other tree-crop combinations

(Ndoli et al., 2017).

Participatory research in Gambia has shown the

multifunctional nature of the parkland system, including a

variety of ecosystem services valued by farmers (Stoate and

Jarju, 2008). The trees generally increase SOM, and N and

P availability which can be as much as two-fold higher in

cultivated land near tree canopies, compared to non-tree areas.

Biological N fixation is an important process supported by

inclusion of leguminous trees, which is common in Parkland

systems. Acacia and Sesbania species produce biomass N in

excess of 150 kg N ha−1, with the exception of very sandy sites

where growth is more limited (Chikowo et al., 2006). In this

Zimbabwe study, legume leaf mulches increased N supply and

maize yields while limiting nitrous oxide emissions. A southern

Malawi trial showed accumulation of 12–15% soil Corg and

POM-N over a decade in a maize-Gliricidia sepium agroforestry

system (Beedy et al., 2010).

Integration of Fi with organic nutrient sources and the effect

of trees on nutrient acquisition and nutrient use efficiency have

been the subject of recent research in parkland agroforestry

(Diallo et al., 2021). Judicious doses of external nutrients

integrated with agroforestry balances nutrient supply and

demand resulting in improved nutrient efficiency, as shown in

millet (above) and maize fields. On-farm studies of N and P

fertilizer use efficiency in Faidherbia parklands in Ethiopia and

Rwanda suggest that improved nutrient use efficiency is one

mechanism contributing to improved grain yields (Sida et al.,

2020). In this study, four fertility treatments (0 fertilizer,+N,+P,

+N&P at 30 kg ha−1 P, 64 kg ha−1 N) were compared in open

fields and under Faidherbia canopies. In general, both crop yields

and nutrient use efficiency were greater under tree canopies

compared to open fields (Sida et al., 2020).

Parkland agroforestry is an example of a traditional, farmer-

developed system which is adapted to local environmental

conditions and has been improved by ENM practices that build

SOM and improve production and nutrient use efficiency.

Doubled up legumes

Smallholder farmers have limited access to land, labor,

and large animals. Thus, plants grown strictly for cover and

green manure purposes are rarely feasible to adopt. This can

lead to resource degradation, as soil is left bare and residues

are minimal in simplified cropping systems with reliance on

short growth duration, annual crops. On-farm research has

shown that while intercropping systems have yield and nutrition

benefits, diversification with annual crops is rarely sufficient to

ameliorate soil fertility or restore SOM (Yusuf et al., 2009; Snapp

et al., 2010; Nezomba et al., 2015).

One way out of this dilemma is diversification with semi-

perennial and indeterminant growth habit crops. Such plant

types deliver ENM services while fitting into farming system

constraints of small parcels of land. Examples include shrubs

such as pigeonpea and spreading forms of cowpea, soybean, and

groundnut. These require modest levels of investment in terms

of seed, and they can be grown as intercrops and boundary

plantings, to be compatible with staple food crops (Bezner-

Kerr et al., 2007; Snapp et al., 2019). Growth types are often

viney or tall, and produce grain to sell or consume, as well as

providing ENM benefits through copious vegetation and deep

root systems. Soil organic matter is stabilized through aggregate

formation, which protects against physical and biologically

mediate degradation processes (Six et al., 2006; Garland et al.,

2018); thus it is promising to see evidence of soil aggregation

associated with pigeonpea root systems (Spaccini et al., 2004;

Garland et al., 2018). Biochemical diversity of aboveground

litter is provided through mixed planting of two legumes,

which supports ENM function through conserving topsoil, and

providing a moist, nutrient rich environment for biological

activity, along with enhanced macro pores in some cases (da

Silva et al., 2022).

ENM requires attention to enhancing rhizosphere diversity

for microbial function, for example, biological N fixation, N

mineralization and mobilizing sparingly soluble P. Legumes

are universally acknowledged to be an important plant family

in such diversification efforts, yet they are often grown at

very low intensity within farming systems. Grain legumes are

generally sown at low population densities and over limited areas

(Mhango et al., 2013), highlighting the need for expanding the

legume varieties available, improving agronomy and developing

market opportunities. Species such as pigeonpea, groundnut and

lupin, have phosphorus-releasing traits such as specialized root

exudates and microbial-assisted solubilization, which could be
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screened to provide improved options for ENM (Ae and Shen,

2002; Tomasi et al., 2008; Garland et al., 2018).

The doubled-up legume system is designed to enhance

the presence of legumes, combining tall statured pigeonpea

with short-statured groundnut varieties. The species are

phenologically complementary, where the rapid early growth of

the latter is not suppressed by the former, with its slow initial

growth (Snapp et al., 2013). Both species enhance organic pools

of soil N and P, although evidence of accrual of total carbon is

variable (Witcomb, 2021). Other variations include pigeonpea-

soybean and pigeonpea-cowpea doubled-up legumes, grown in

rotation with maize (Kalasa et al., 2018). A recent review of

innovative sustainable agriculture practices in Africa highlighted

this technology as enhancing quality and quantity of grain yield

while contributing to integrated nutrient management (Kuyah

et al., 2021).

Pathways to implementation of ENM

Agricultural systems are complex, nested social-ecological

systems and farm management reflects the surrounding

environmental and social context (Liu et al., 2007; Houser

and Stuart, 2020). The current system of markets and

government policies co-evolved with the dominant input

driven, yield focused paradigm and is therefore at odds with

agroecological management systems (Deguine et al., 2021).

Many recommendations for changes to remove barriers have

been proposed with limited success (Bettles et al., 2021; Calo

et al., 2021; Vermunt et al., 2022).

Under agroecological practices, including ENM, short-term

yield outcomes can vary, and sometimes yields are initially

reduced (Ponisio et al., 2015). However, over the long-term,

agroecological management will contribute to achieving the UN

Sustainable Development Goals (SDGs) by delivering win-win

outcomes for farmers and the broader society. ENM promotes

diversification at multiple scales, an essential strategy for

achieving Sustainable Development Goal #2 (SDG2), which aims

to eliminate hunger and malnutrition. Meta-analytical studies

find that compared to conventional management regimes, farm-

scale diversification increases yields and profitability, improves

yield stability and food security, and reduces risk (Himmelstein

et al., 2017; Rosa-Schleich et al., 2019; Bezner-Kerr et al., 2021).

Furthermore, a recent analysis of FAO data found that cash crop

diversification at the national level increases temporal stability of

the total national harvest, demonstrating that simply increasing

food crop diversity provides a broad societal benefit (Renard and

Tilman, 2019).

We consider three aspects of ENM that present challenges

to broad adoption of ENM within the existing socio-economic

context. First, ENM delivers ecosystem services beyond crop

yield; these outcomes receive less support for scientific research

and are not incentivized for farmers. Second, some ENM

benefits, such as the restoration of the SOM pools, are

incompatible with the short timeframe of market and policy

incentives which are not equipped to deal with time lags

extending beyond a single growing season. Lastly, ENM involves

systems approaches to management of SOM dynamics and

feedbacks and requires new knowledge and options, such as

ENM recommendations and plants with ENM-facilitating traits.

Here we discuss essential changes that will advance agricultural

diversification and ENM implementation.

Infrastructure to support agricultural
diversification

The current socio-ecological matrix can be shifted to

implement new, diversification-friendly policies and programs

to promote ENM though pathways involving both governmental

and non-state actors. In the short-term, modifications to

existing policies could fundamentally shift the landscape to

favor diversification and ENM. For example, existing fertilizer

subsides and other narrow programs could be expanded

to promote farmer access to inputs needed to implement

diversification and ENM [e.g., seeds and seedlings for planting

multiple-purpose and soil-improving species, and livestock;

(Khan et al., 2014)]. Subsidies and credit access to reduce

risk such as short-term reductions in crop yields would

remove one prevalent barrier to ENM implementation. Market

failures can also be countered by promoting farmer access to

price and market information for a wide range of products

beyond commodity crops. Diversification-friendly government

policies are needed, including microfinance institutions and

policies directed at farmers who want to implement ENM and

entrepreneurs who are interested in establishing new enterprises

to supply plant materials needed for diversification. Supporting

formation of farmer associations for greater market power can

also help diversification (Bettles et al., 2021). These actions could

provide immediate benefits for smallholder communities.

More fundamental changes to the government policies

that shape agricultural development and market forces will

require longer timeframes (Calo et al., 2021). One important

ENM enabling policy involves the development of markets

and funding mechanisms to reward farmers for provision

of ecosystem services. This has proven to be controversial

and challenging to implement (Kosoy and Corbera, 2010;

Kolinjivadi et al., 2015). The difficulty in quantifying ecosystem

services such as reduced GHG emissions, SOC sequestration

or improved water quality is a major barrier to monetizing

ecosystem services beyond yields per hectare. To circumvent

the need to monitor actual outcomes at the farm or field scale,

policy efforts could target proven management systems and

practices using the large body of research linking management

to these desirable outcomes. For example, direct payments
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for agricultural diversification, is one way to incentivize ENM

and related management systems that promote ecosystem

services (Renard and Tilman, 2019; Tamburini et al., 2020).

While the multidimensional benefits of diversification are well-

documented, criteria for specific management systems that meet

policy goals need to be developed to ensure that diversification

schemes are suited for specific environmental and social contexts

(Bettles et al., 2021). For example, diversification of cash crops

is sufficient for progress with goals related to reduced risk

of crop failure and yield stabilization (Renard and Tilman,

2019). However, to promote SOM accrual and deliver a broader

suite of ecosystem services that will sustainably improve food

security and human wellbeing requires a broader approach to

diversification that considers the full range of ecological actors

and their ecosystem functions including companion plants that

do not have a cash value per se as well as integration of plant and

animal production (Figure 5).

Expand research portfolio to meet
production and sustainability goals

Massive public investments in fertilizer subsidies and a

narrow range of crop varieties has come at the expense of

investments in knowledge-based ecological management (Ariga

et al., 2019). Research priorities follow this lead and concentrate

on Fi management with the goal of maximizing yields per

hectare, while paying limited attention to the multilayered

priorities of farmers and the biological processes governing

nutrient cycling in agroecosystems. For example, in a review of

more than 200 sustainable intensification studies on smallholder

farms, >70% used yield as the primary metric to evaluate

technology performance (Reich et al., 2021) and a meta-analysis

of N management publications found that only 12% of the data

points were from studies of Norg sources (Yan et al., 2020).

Several modest course corrections to research will start

the process of realigning research to advance agroecological

technologies and ENM that are both effective and compatible

with smallholder farming systems. On-farm research is now

a normative strategy and improved engagement of farmers

is essential for meeting the UN Sustainable Development

Goals. Farmers possess both experience-based and experimental

knowledge of their farming systems, and this perspective adds

to scientific knowledge systems and increases the likelihood of

successful agroecological cropping system redesigns (Doré et al.,

2011). Above all, farmer engagement ensures that performance

assessments include farmer indicators and household priorities

including yield oriented metrics that are useful to farmers.

Yield can be contextualized by expanding yield metrics to

reflect farmer priorities such as yield output relative to limited

resources such as labor, purchased inputs or water used in

irrigation (Avendano-Reyes et al., 2020; Diiro et al., 2021).

Research is also needed to address socio-economic barriers to

implementing ENM practices, including labor access and land

tenure (Calo et al., 2021).

In conjunction with farmer input, better understanding

of soil ecological processes and management effects on these

processes will reduce the trial and error of cropping systems

development and promote development of new agroecological

management systems that will improve food security, resilience,

and sustainability for smallholder communities across the globe.

Research geared toward optimizing management to meet the

five ENM guiding principles is urgently needed, such as a better

understanding of SOM cycling, plant-microbiome interactions,

and organic-nutrient replenishment pathways governing oPOM

andMAOM reserves. In particular, management of soil N supply

through replenishing SOM reserves deserves more research, as

does extensionmessaging around this approach. Synchrony of N

supply, as well as managing fresh residues, partially decomposed

and Norg pools are all areas critical to ENM.

In the short-term, focusing this research on soil

biogeochemical cycling in successful diversification/ENM

systems such as those highlighted in the case studies would be

a good starting point. To support and improve ENM, research

on soil food webs, and delineation of trophic interactions along

the lines of the new multichannel model recently proposed is

needed (Potapov, 2022). In addition, considering the prevalence

of highly weathered acidic soils in regions dominated by

smallholder systems, research targeting plant-mycorrhizal

associations that can enhance Pi access and facilitate the

movement of Pi into Porg pools should be a priority (Gianinazzi

et al., 2010; Koskey et al., 2021).

Crop breeding programs can advance ENM by intensifying

plant selection on several fronts to expand plant traits

compatible with ENM regimes. There has been a loss

of traits that allow plants to maintain yields under non-

saturating nutrient conditions and plant selection approaches

may have led to disruption of plant-microbial mutualisms

(Perez-Jaramillo et al., 2016; Jaiswal et al., 2020; Isaac

et al., 2021). Over the near-term improvements could be

made in breeding for ENM. This includes profiling existing

cultivars and companion species for their belowground

traits to jump-start breeding efforts. Substantive differences

in belowground traits occur across existing cultivars and

characterizing the impact of species/cultivars on key SOM

pools will identify cultivars that have greater potential to

perform well under ENM and enable more targeted EMN

strategies. For example, rhizosphere priming of SOM varied

from 8 to 18 µg C g−1 soil across maize lines (Gowda

et al., 2021) and stabilization of root-derived C varied

by 70% among barley cultivars (Mwafulirwa et al., 2021).

Inclusion of neglected crop species, landraces and cultivars

that may have superior adaptations to local conditions can

expand belowground traits and genetic resources available for

breeding programs.
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Over the longer-term, investments are needed in the

development of cultivars that possess a wider range of nutrient

acquisition strategies, and that benefit from plant-microbial

partnerships. Cultivars of important food crops need to be bred

for improved performance in diversification schemes ranging

from cultivar mixtures to polycultures and agroforestry systems

(Bourke et al., 2021; Wuest et al., 2021). Development of

improved cover crops and other companion species is clearly

needed, with traits that maximize belowground ecosystem

services such as oPOM and MAOM accrual. Expanding the

companion species toolbox will broadly support diversification

beyond ENM implementation and provide multiple benefits

including improved food security and resilience (Tamburini

et al., 2020; Bezner-Kerr et al., 2021). Bringing farmers to the

table to expand the knowledge base and engage in participatory

breeding programs has proven to be beneficial for developing

genotypes that are better adapted to farmers’ needs (Alves et al.,

2018). In the long-term, development of perennial and semi-

perennial staple crops would provide tremendous advantages

over annuals in terms of soil restoration and sustainability

(Crews et al., 2016).

Investments in education and
dissemination

Lack of ecological literacy among agronomists, extensionists

and farmers is another barrier to agroecological management

systems such as ENM and marked expansion of education

on agroecology is needed at all levels (Deguine et al., 2021).

Universities, public educational institutions, and government

extension could all be important sources of agroecology training

if this were the focus of education efforts. In wealthy nations,

universities are offering graduate programs in agroecology and

this trend needs to be promoted more broadly in developing

nations (Eksvard et al., 2014). ENM can be enhanced by

extension education that promotes understanding of SOM

functions, nutrient cycling processes and biodiversity-ecosystem

function concepts. A well-rounded ecological knowledge base is

informed by formal education but includes informal learning

and indigenous knowledge (Occelli et al., 2021). For example,

farmers understand that legumes increase soil N fertility, but

they often lack knowledge of key factors that govern N fixation

rates as reflected by the high rates of N fertilizers some farmers

apply to legume-grain intercrops (Drinkwater et al., 2021).

For ENM to be adaptable to local conditions, peer knowledge

is important, and can be facilitated through the support of

networks for farmer to farmer exchange and curricula that

build on local knowledge (Bezner-Kerr et al., 2019). Farmer-

farmer learning, participatory extension and farmer field schools

are all effective strategies for fostering farmer agency and

agroecological management (Doré et al., 2011).

Another key area of investment is tools and training in on-

farm problem solving for adaptive management, an essential

element of ENM and all agroecological management systems

(Lin, 2011). Farmers develop their own systems for evaluating

performance and troubleshooting, and these strategies can be

supplemented with technologies that can be used in the field

(Falkowski and Drinkwater, 2020). Newly developed handheld

sensors and digital tools that measure soil Corg levels are one

example; feedback on soil Corg accrual is valuable to farmers

who practice ENM and for implementing payments for C

sequestration (Tieszen et al., 2004). For instance, in Malawi,

inexpensive handheld sensors enabled extension educators to

visit with farmers and provide reliable information on real-time

soil Corg status and crop N response (Ewing et al., 2021).

Conclusion

Under the dominant agricultural production regime,

farmers use fertilizers and other agrochemicals to maximize

yields and to compensate for loss of the ecosystem services once

provided by species diversity. This choice of crop yield as the

primary performance indicator is particularly untenable given

the limited resources and widespread abject poverty of rural

communities in the developing world. In fact, the promotion

of resource intensive agricultural technologies combined with

the constraints imposed by poverty and food insecurity have

fueled pervasive soil degradation. Farmers are caught in a vicious

cycle where declining soil function requires intensification and

increases the need for purchased inputs to produce crops, which

only reinforces the trend of soil degradation—in essence, a

fertilizer treadmill.

Reversing this downward spiral in the face of a changing

climate coupled with unfettered intensification and widespread

ecosystem degradation requires a change in strategy.

Agroecological approaches and the use of agricultural

diversification to restore ecological integrity provide the most

promising pathway for advancing sustainable poverty alleviation

and food security in regions where malnutrition and hunger

are endemic. Ecological nutrient management falls within

the portfolio of ecologically based management and offers a

comprehensive approach to soil fertility. It recouples elemental

cycles, promotes conservation pathways and gradually rebuilds

SOM for resilience. ENM rests on a solid foundation of

ecosystem and biogeochemical scientific understanding, and

despite the many barriers imposed by current agricultural

policies, successful ENM systems are being used by smallholder

farmers with promising results. Likewise, there is progress in

some development organizations in recognizing the value of
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agroecological management systems including ENM; however,

policy changes that promote an enabling environment are

essential for implementation of ENM and sustainable solutions

to malnutrition and food insecurity.
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