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Abstract Despite decades of research progress,

ecologists are still debating which pools and fluxes

provide nitrogen (N) to plants and soil microbes across

different ecosystems. Depolymerization of soil

organic N is recognized as the rate-limiting step in

the production of bioavailable N, and it is generally

assumed that detrital N is the main source. However,

in many mineral soils, detrital polymers constitute a

minor fraction of total soil organic N. The majority of

organic N is associated with clay-sized particles where

physicochemical interactions may limit the accessi-

bility of N-containing compounds. Although mineral-

associated organic matter (MAOM) has historically

been considered a critical, but relatively passive,

reservoir of soil N, a growing body of research now

points to the dynamic nature of mineral-organic

associations and their potential for destabilization.

Here we synthesize evidence from biogeoscience and

soil ecology to demonstrate how MAOM is an

important, yet overlooked, mediator of bioavailable

N, especially in the rhizosphere. We highlight several

biochemical strategies that enable plants and microbes
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to disrupt mineral-organic interactions and access

MAOM. In particular, root-deposited low-molecular-

weight exudates may enhance the mobilization and

solubilization of MAOM, increasing its bioavailabil-

ity. However, the competitive balance between the

possible fates of N monomers—bound to mineral

surfaces versus dissolved and available for assimila-

tion—will depend on the specific interaction between

mineral properties, soil solution, mineral-bound

organic matter, and microbes. Building off our

emerging understanding of MAOM as a source of

bioavailable N, we propose a revision of the Schimel

and Bennett (Ecology 85:591–602, 2004) model

(which emphasizes N depolymerization), by incorpo-

rating MAOM as a potential proximal mediator of

bioavailable N.

Keywords Rhizosphere � N cycling � Soil organic
matter � Organo-mineral � Plant-microbial interaction

Introduction

Nitrogen (N) bioavailability limits plant productivity

in most ecosystems. However, it remains challenging

to predict bioavailable N dynamics, particularly in

mineral soils, because the specific origins and ultimate

fate of N mobilized from soil organic matter (SOM)

are unclear (Niu et al. 2016). Currently, the enzymatic

depolymerization of SOM to monomers (e.g., from

proteins to amino acids) is thought to be the key rate-

limiting step in soil N mineralization and cycling

(Schimel and Bennett 2004). Both microbes and plants

can use the N-containing monomers generated by

depolymerization (Bardgett et al. 2003; Roberts and

Jones 2012), and the resulting competition for

monomers can have cascading effects on N mineral-

ization and bioavailability. Thus, recent research has

focused on the mineralization path that N takes—from

polymeric to monomeric and finally to inorganic N

forms—and how these pools and processes influence

N bioavailability or accessibility (Mooshammer et al.

2014; Darrouzet-Nardi and Weintraub 2014).

The focus on pathways of N mineralization has

emphasized N release from plant litter; by contrast,

there has been limited focus on other sources of

bioavailable organic N that may also be important in

mineral soils. Moreover, to understand N dynamics in

mineral soils (the main rooting zone in most systems)

we must also consider live roots and their localized

effects on microbial and nutrient dynamics. These

plant-soil interactions are not captured by most

laboratory measures of soil N availability, which

usually rely on soils that have live roots cut off during

sampling (Hart et al. 1994), and any remaining roots

are often removed by sieving. This has led to

uncertainties in our understanding of the variability

in soil N pools, availability of N to organisms, and

plant-microbe competition. For example, in many

agricultural soils laboratory measures of SOM depoly-

merization and mineralization correlate only weakly

with plant N uptake or yield (Luce et al. 2011). Field

based measurements of net N mineralization also

poorly predict plant N availability (Abril et al. 2001)

and uptake (Monaco et al. 2010). Such results often

lead to fertilizer overapplication in agricultural sys-

tems (Liu et al. 2010) and then to N losses from

leaching and denitrification. While gross rates of

mineralization are higher and may better correlate

with plant N uptake (Osterholz et al. 2016), they are

rarely measured at the temporal and spatial scales that

are needed to resolve the complex processes that

regulate bioavailable N. In addition, many natural

ecosystems exhibit a ‘‘missing sink’’ phenomenon

wherein soils store more N than can be accounted for

by N budgeting (Bernal et al. 2012; Yanai et al. 2013;

van Groenigen et al. 2015). This suggests there are

other pathways of N storage and production that are

not adequately represented by standard laboratory

measures of N availability. Such discrepancies can

make it challenging to predict how SOM cycling will

respond to environmental stressors such as climate

change or N deposition.

Current conceptual models do not fully account for

the pools and processes that supply bioavailable N.

Given the emphasis on mineralization from plant litter

and microbial detritus, conventional perspectives on

SOM maintain that SOM pools that are not physically

protected—defined operationally based on particle

size or density—are the primary source of plant-

available N. Such pools consist of partially decom-

posed plant material and are referred to as ‘‘light

fraction’’ or ‘‘particulate’’ organic matter pools (Wan-

der 2004; Haynes 2005; Gosling et al. 2013). How-

ever, these particulate organic matter (POM) fractions,

which are notoriously vulnerable to disturbance (e.g.,

tillage) (Grandy and Robertson 2007), store only a
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small proportion of total organic N in some soils

(Table 1). In contrast, mineral-associated organic

matter (MAOM) fractions, which are defined based

on particle size (\ 53 lm) and/or density

([* 1.7 g cm-3), often hold an order of magnitude

or more total N than POM fractions.

MAOM stores a lot of N, but has a longer turnover

time than POM fractions; as a result, it has historically

been considered inaccessible to microbes and plants

(Fabrizzi et al. 2003; Denef et al. 2013; Paul 2016).

Yet, certain attributes of MAOM could make it a

substantial N source. MAOM is enriched in low-

Table 1 Examples from published literature that illustrate the average relative distribution of N across particle size-based or density

fractions in agricultural and non-agricultural systems

System and location Depth

(cm)

Fractionation

method and

cutoff

%POM-N or

LF-N out of

total soil N

%MAOM-N

out of total

soil N

References

Agricultural systems

Tillage studies across

southern USA

5 POM[ 50 lm 26.0

(3.4–49.6)

74.0 (50.4–96.6) Schomberg et al. (2009)

Tillage studies in Illinois,

USA

5 POM[ 53 lm 22.5

(17.1–25.8)

77.5 (74.2–82.9) Wander and Bidart

(2000)a

Cotton cropping systems in

Texas, USA

5 POM[ 53 lm 16.5

(13.2–18.9)

83.5 (81.1–86.8) Bronson et al. (2004)b

Cropping sequence, tillage,

and fertilization studies in

North Dakota, USA

7.5 POM[ 50–53 lm 32.4

(12.9–43.5)

67.6 (56.5–87.1) Liebig et al. (2004)

Crop rotation study in

Saskatchewan, Canada

7.5 LF\ 1.7 Mg m-3 NaI 5.8 (3.4–8.2) 94.2 (91.8–96.6) Biederbeck et al. (1994)

Grass and cereal production

sites in Alberta, Canada

10 LF\ 1.7 Mg m-3 NaI 5.5 (4.1–6.9) 94.5 (93.1–95.9) Arshad et al. (2004)

Grassland and plantation sites

in south-western Australia

10 POM[ 45 lm 65.3

(56.7–73.8)

34.8 (26.2–43.3) Mendham et al. (2004)

Comparing cultivated soil

and field edge in the UK

30 LF\ 1.7 Mg m-3 NaI 13.6 (4.3–23) 86.4 (77–95.8) Bending et al. (2002)c

Non-agricultural systems

Temperate deciduous forests

in northeastern USA

5 LF\ 1.65 Mg m-3

NaPT

37.3

(29.9–44.7)

62.7 (55.3 –70.1) McFarlane et al. (2013)

Primary and secondary

forests in Puerto Rico

10 LF\ 1.85 Mg m-3

NaPT

18.6

(17.8–19.6)

81.4 (80.4–82.2) Marin-Spiotta et al.

(2009)

Temperate

shrubland/grassland in

Denmark

12.3 LF\ 1.6 Mg m-3

NaPT

18 (7–29) 82 (71–93) Thaysen et al. (2017)

Grasslands in China 15 LF\ 1.8 Mg m-3 NaI 19 74 Ming Shi et al. (2010)d

Alpine forests in Austrian

Alps

20 LF\ 2.0 Mg m-3

NaPT

40.4

(26.7–53.2)

59.6 (46.8–73.3) Schnecker et al. (2016)

The maximum and minimum values are provided in parentheses. If MAOM-N not explicitly provided, value was calculated as POM-

N subtracted from total soil N. POM (particulate organic matter), LF (light fraction), NaI (sodium iodide), NaPT (sodium

polytungstate). Selected studies do not represent a comprehensive, unbiased literature review but instead are provided to show ranges

across varied ecosystem and management contexts
aValues from ‘‘location’’ averages
bValues reported for cotton cropping systems only
cProportion of total organic N
dSingle average
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molecular-weight plant compounds (Haddix et al.

2016) and microbial byproducts (Schmidt et al. 2011;

Miltner et al. 2012; Kopittke et al. 2017). MAOM thus

possesses a low C/N ratio (Sollins et al. 2006), which

generally promotes N mineralization (Sollins et al.

1984; Whalen et al. 2000); this is in contrast to POM,

which often has a relatively high C/N ratio and thus,

early in its decomposition, acts as a sink for N (Whalen

et al. 2000; Luce et al. 2011; Fornara et al. 2011).

Other recent discoveries also collectively point to the

mineralization potential of MAOM (Table 2), which

is not uniform; for example, it includes a range of

N-rich molecules whose turnover times vary depend-

ing on their molecular structure and interaction with

different minerals and microbial communities (see

sections below). Finally, changes in pH or soil solution

composition can cause organic matter to be mobilized

off mineral surfaces, or alternatively to be sorbed onto

them (Avena and Koopal 1998; Rashad et al. 2010;

Singh et al. 2016). Such variability points to MAOM’s

potential to serve as an active N source and sink.

Taking into account the pool size, composition, and

mineralization potential of MAOM, we synthesize

emerging research to show that the processes regulat-

ing MAOM mobilization may be critical, proximal

mediators of dissolved organic N cycling and bioavail-

ability in mineral soils. We discuss the mechanisms

that facilitate the release of mineral-associated N, with

a particular focus on the rhizosphere where root

exudates and microbes enhance its bioavailability to

plant roots. There is ample research on the physical

and chemical mechanisms that mobilize other nutri-

ents (e.g., phosphorous) from mineral surfaces (Hin-

singer 2001; Sharma et al. 2013) and increasing

attention on factors controlling organic N stabilization

(Bingham and Cotrufo 2016). However, there is a need

to highlight and synthesize evidence for the biological

pathways and plant-microbe interactions that govern

N turnover from MAOM. In the sections that follow

we describe mechanisms that control the destabiliza-

tion of MAOM and the role of clay minerals as

mediators of bioavailable N supply, distinguishing

between processes that proceed through chemical

mechanisms (direct) and those that occur via microbial

activities (indirect). Finally, we integrate these ideas

into a conceptual framework that extends the Schimel

and Bennett (2004) model by incorporating MAOM as

a mediator of rhizosphere N transformations and N

bioavailability (Fig. 1).

Plant exudates enhance the destabilization,

solubilization, and accessibility of MAOM

Belowground plant C inputs, specifically in the form

of root exudates, can suppress or stimulate C and N

decomposition rates, through a suite of microbial

processes collectively known as ‘‘priming’’ (Binge-

man et al. 1953; Kuzyakov et al. 2000). Exudates can

interact directly with the mineral-organic bonds and

thus mobilize MAOM from clays (Keiluweit et al.

2015). Exudates can indirectly influence MAOM

mobilization by stimulating a concentrated zone of

microbial activity (Kuzyakov 2010) that may facilitate

the enzymatic degradation and/or assimilation of

MAOM. Both direct and indirect priming mechanisms

originate with belowground plant rhizodeposits and

could potentially enhance rhizosphere turnover of N

from MAOM, providing a means for both plants and

microbes to access N from this large pool.

Direct destabilization pathways

In our first pathway, plants increase MAOM bioavail-

ability by producing root exudates that directly

interact with mineral surfaces and MAOM. These

exudates mobilize MAOM by modifying organo-

mineral interactions and sorption dynamics through

mechanisms that do not require microbial intermedi-

aries. Low-molecular-weight organic acids, which are

commonly released by plant roots (Oburger et al.

2013; Bowsher et al. 2015), mobilize formerly

protected MAOM and thus expose new substrates to

microbial degradation and assimilation (Clarholm

et al. 2015) (Fig. 2). This destabilizing effect can

release sorbed organic compounds into solution.

Organic acids can dissolve minerals by decreasing

pH at a local level (Zhang et al. 1985; Zinder et al.

1986). In this case, protonation of a mineral surface

can weaken metal-oxygen bonds (Furrer and Stumm

1986; Xu and Gao 2008). Organic acids may also

chelate with formerly organic-bound surface cations

(Golubev et al. 2006; Wang et al. 2014; Kleber et al.

2015) or compete with binding sites and directly

displace MAOM via ligand exchange (Oburger et al.

2009; Keiluweit et al. 2015). These processes can

affect both metal oxides and silicate clays, although

the potential for MAOM destabilization through this

mechanism is generally greater among the former

(Golubev et al. 2006).
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Recent studies show the capacity of organic acids to

destabilize MAOM-C and enhance its degradation.

For instance, Keiluweit et al. (2015) used an artificial

rhizosphere environment to demonstrate how the

metal-chelating capacity of oxalic acid was directly

responsible for increased microbial respiration and

Table 2 Evidence for the mineralization potential of mineral

organic matter fractions: DF (density fraction/fractionation),

PSF (Particle-size based fractionation), LF (light fraction), HF

(heavy fraction). Selected studies do not represent a

comprehensive, unbiased literature review but instead are

provided to show ranges across varied ecosystem and man-

agement contexts

SOM

fraction

Ecosystem type

and location

Methods Results and implications References

DF Agricultural and

forest sites in

northwestern

USA

LF and HF fractions were added to

whole soils. Rates of C and N

mineralization compared against

basal rates in whole soil samples

HF additions to soil maintained net N

mineralization rates while LF

additions led to N immobilization

Whalen et al.

(2000)

DF Forest sites in

northwestern

USA and Costa

Rica

Compared net N mineralization from

whole soils and isolated LF and HF

fractions. Soils incubated under

anaerobic conditions

Net N mineralization greater from HF

than LF

Sollins et al.

(1984)

DF Grassland site in

Upper Midwest,

USA

Assessed how the plant effects on

SOM fraction C and N

concentrations mediated changes in

soil N mineralization

Plant belowground biomass positively

related to C and N concentrations of

SOM fractions. Total soil C and N of

recalcitrant fraction positively

associated with gross N

mineralization

Fornara et al.

(2011)

Acid

hydrolysis

Agricultural site

in northeast

China

Evaluated the fate and seasonal

dynamics of fertilizer N across

different organic N fractions

The acid insoluble pool stabilized but

not completely protected from

degradation; can be made available

depending on supply and demand

Lu et al.

(2013)

PSF Agricultural site

in the North

Island of New

Zealand

Compared N mineralization from

sand, silt, and clay fractions in

18-week incubation

Most N mineralization derived from

silt and clay fraction

Parfitt and Salt

(2001)

N/A Grassland site in

north-central

Switzerland

Assessed how elevated CO2 altered N

cycling from the recalcitrant SOM

pool and into plant and microbial

pools.

Delivery of N from stable organic

matter; N taken up by plants coming

from non-extractable pools

de Graaff et al.

(2009)

DF of

particle

size

fractions

Grassland sites in

western

Belgium

Evaluated the relationship between C

and N content of SOM fractions and

gross N mineralization rates

N contents of\ 50 and 50–150 lm
fractions explain up to 97% of

variability in gross N mineralization

rates; Larger relative importance

of\ 50 lm fraction in the

regression model

Accoe et al.

(2004)

PSF Grassland site in

England

Examined the contribution of macro-

organic matter N to gross N

mineralization

Macro-organic matter only contributes

2.3–3.4% to inorganic N pool;

inferred that majority of N derived

from mineral-associated pools

Monaghan and

Barraclough

(1997)

DF Forested

chronosequence

in the South

Island of New

Zealand

Measured microbial N cycling and N

functional gene abundance in

incubations of HF fraction and bulk

soil

N cycling rates and N-related N

functional gene abundance similar or

higher in HF compared to bulk soil

Turner et al.

(2017)

DF Harvard Forest

DIRT site in

northeastern

USA

Determined how inclusion/exclusion

of above and belowground plant

inputs influenced the accumulation

of SOM pools

Root inputs did not increase MAOM

pool compared to soils with all

inputs excluded

Lajtha et al.

(2014)
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soil C loss. Using a natural soil, Wang et al. (2014)

observed negligible release of organic C from mineral

surfaces when soil particles were in water, but up to

228 mg C L-1 g-1 organic C was released with the

addition of organic acids (citric and malic acid). This

release was attributed to dissolution of metals like

Fe3? and Al3?, components of the mineral fraction

that can stabilize organic compounds via strong ligand

bonds. The evidence for organic acid-induced desta-

bilization and solubilization of organics from mineral

surfaces suggests this could be an important chemical

pathway for mobilizing MAOM in the rhizosphere.

Further, considering the low C/N ratio of MAOM,

organic acids could destabilize even greater amounts

of N relative to the C they mobilize. Although organic

acid production is associated with enhanced N avail-

ability (Pan et al. 2016), no study has directly assessed

how organo-mineral structures modulate the effect of

organic acids on N cycling.

More broadly, exogenous dissolved organic matter

(DOM) inputs such as root exudates can interact with

endogenous organic compounds to mobilize MAOM

(Toosi et al. 2012) or cause dissolved materials to

precipitate onto minerals (Halvorson et al. 2016). For

example, new DOM inputs exchange rapidly with

existing mineral-sorbed OM, and this exchange can

Fig. 1 Conceptual model demonstrating the biological path-

ways for the production of plant-available N. Adapted from the

model originally proposed by Schimel and Bennett (2004), our

model highlights the role of mineral-associated organic matter

(MAOM) and its continuous and dynamic exchange with the

free and soluble soil organic matter (SOM) pool. Properties of

the plants, microbes, and mineral particles will further mediate

the exchange of N between mineral-associated and free pools.

The sizes of the boxes do not relate to pool size

Fig. 2 Illustration depicting the direct and indirect pathways to

MAOM destabilization. On the left, oxalic acid can target the

organo-mineral bond directly. This pathway bypasses the

microbial community to stimulate the release of organic

compounds from mineral surfaces. On the right, glucose

stimulates the microbial community and activates a microbial-

mediated N-mining response. These two pathways can work

synergistically to further accelerate the degradation and

turnover of MAOM within the rhizosphere
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mediate both the quantity and quality of OM in

solution (Sanderman et al. 2008). Mineral-bound

organic N is particularly vulnerable to exchange by

incoming DOM (Scott and Rothstein 2014) due to the

propensity for hydrophobic compounds to displace

N-rich and typically more hydrophilic compounds.

This is frequently observed across soil profiles where

DOC is preferentially retained in surface soils while

N-rich and hydrophilic compounds dominate subsur-

face and mineral horizons (Lajtha et al. 2005).

Minerals also serve as hotspots for biogeochemical

interactions between mineral surfaces, microbes, and

OM (Kaiser and Kalbitz 2012; Leinemann et al. 2018).

Thus, the exchange of OM between free and mineral-

bound pools may also be microbially mediated. In the

rhizosphere, plants could potentially intercept this

microbially transformed and N-rich DOM. It is

important to account for the role of root exudates in

facilitating these sorption-desorption processes and

how it may be a means for plants to acquire N from

MAOM.

Indirect destabilization pathways

Root exudates can also enhance SOM degradation

indirectly by stimulating microbial activity and

‘‘priming’’ (Kuzyakov 2010; Zhu et al. 2014). The

leading priming hypothesis states that labile exudates

enhance microbial activity by alleviating microbial C

or energy limitations (DeAngelis et al. 2008; Chen

et al. 2014; Zhu et al. 2014). This priming effect has

been studied mainly for its role in altering whole soil C

or N cycling and without regard for the specific origin

of mobilized nutrients. However, given the quantity

and chemistry of N within MAOM, and the varied

nature of organo-mineral interactions, this pool may

be vulnerable to priming and an important source of N

in the rhizosphere.

The priming effect can elicit a strong N-mining

response (Rousk et al. 2016) by stimulating N-de-

grading microbial communities (Fontaine et al. 2011),

accelerating N-acquiring enzyme activity (Phillips

et al. 2011; Meier et al. 2017) and enhancing gross

N-mineralization rates (Herman et al. 2006; Dijkstra

et al. 2009; Zhu et al. 2014; Finzi et al. 2015).

Resulting increases in soil N cycling can also be tied to

greater N uptake by trees (Drake et al. 2011). Along

with the positive rhizosphere effect on N-acquiring

enzyme activities (Koranda et al. 2011; Ciadamidaro

et al. 2014; Loeppmann et al. 2016), plants can also

stimulate the microbial production of oxidative

enzymes, like laccase, peroxidase and phenol oxidase

(Carney et al. 2007; Phillips et al. 2011; Partavian

et al., 2015).

As opposed to hydrolytic enzymes, which operate

on a lock-and-key mechanism, oxidative enzymes do

not exhibit substrate specificity (Allison 2006). They

can attack a variety of chemical bonds, such as those in

aromatic compounds, and can also catalyze decar-

boxylation and demethylation reactions (Call and

Mücke 1997). Such versatility in catalytic capacity

may allow oxidative enzymes to initiate the first step

in the breakdown of complex organic matter or

destabilization of mineral-bound compounds—there-

after exposing substrates to downstream attack by

hydrolytic enzymes. Oxidative enzymes are generally

associated with the release of bioavailable C, but may

also be a means to access organic N in the rhizosphere

(Sinsabaugh 2009; Kieloaho et al. 2016). For example,

Zhu et al. (2014) observed a positive relationship

between oxidative enzyme activity and gross N

mineralization rates in response to priming, while

Kieloaho et al. (2016) found both oxidative and

protease enzymes activities were needed to release N

from both protected and bioavailable N pools.

The preferential synthesis of N over C-acquiring

enzymes by rhizosphere microbes can slow C miner-

alization and accelerate N mineralization, decoupling

the processes. For example, Rousk et al. (2016) found

that glucose amendments increased gross N mineral-

ization by 100–300%, but reduced Cmineralization up

to 60%. The authors argued that increased root

exudation can stimulate a shift from C to N-acquiring

enzymes—indicative of an N-mining response, or a

specific shift toward N-rich compounds (Rousk et al.

2016). Similarly, Murphy et al. (2015) observed that

simulated root exudates mobilized a pool of SOMwith

a relatively low C/N ratio when compared against

unprimed soils. In other studies, C exudation and N

mineralization rates were positively correlated with

increased N-acquiring enzyme activity (Brzostek et al.

2013), phenol oxidase activities, and subsequent N

transformation rates (Yin et al. 2013).

It remains unclear whether MAOM or other frac-

tions are targeted by N-mining microbes, but the silt-

and clay-sized soil fraction consists of biologically

active microenvironments with an intrinsic N-supply-

ing capacity that could benefit rapidly growing and
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N-limited rhizosphere microbes. While conventional

thinking is that enzymes are no longer active following

sorption onto mineral surfaces (e.g. Quiquampoix

et al. 1993), there are many reported cases of sorption

either enhancing (Tietjen and Wetzel 2003) or having

no influence (Gianfreda and Bollag 1994) over

enzymatic activity. Further, mineral surfaces can

protect enzyme activity from environmental changes

in pH, temperature, and ionic strength (Kim et al.

2012; Schimel et al. 2017), and the highest enzyme

activities are typically found in MAOM fractions

(Grandy et al. 2008; Lagomarsino et al. 2012; Zhang

et al. 2016).

Land use and global change studies provide a

platform for understanding the root-driven priming of

MAOM and any potential ecosystem-level conse-

quences. Under elevated CO2 and ozone (O3),

enhanced rhizodeposition accelerates decomposition,

microbial N uptake, and N mineralization (Hofmockel

et al. 2011; Phillips et al. 2012). This acceleration of C

and N cycles has been tied to a greater vulnerability of

MAOM to priming (Carney et al. 2007). Likewise,

elevated CO2 can lead to significantly more loss of C

and N from older or mineral-associated fractions

(Dorodnikov et al. 2011; Hofmockel et al. 2011). In a

study investigating long-term reforestation, Mobley

et al. (2015) and Richter et al. (1999) observed

significant losses in subsoil SOM, possibly as a result

of priming by new root growth. Thus, rhizodeposition

may accelerate the cycling of mineral-associated pools

of SOM; this increased turnover of N from MAOM

may either prevent or ameliorate plant N-limitation.

As terrestrial ecosystems experience global change

effects, MAOM may become an increasingly impor-

tant source of N for plants and microbes.

Drivers of direct and indirect MAOM

destabilization

While MAOM is N-rich and is a potentially accessible

soil fraction, specific properties of the interacting

clays, organic matter, and microbes will influence its

bioavailability. Minerals have a wide range of chem-

ical and physical properties; similarly, organic com-

pounds vary in molecular structure, functional group

chemistry, and charge characteristics. Collectively,

these properties determine the strength of organo-

mineral associations and in turn, their susceptibility to

destabilization. Aspects of the microbial community,

such as the physiological and compositional response

to labile C inputs, may additionally mediate the extent

of MAOM destabilization and degradation.

Strength of organo-mineral associations

The bond strength between organic compounds and

mineral surfaces influences the vulnerability of

MAOM to destabilization. The strength and nature

of surface interactions are controlled by properties of

the organic compound (i.e., type, abundance, charge

characteristics of surface functional groups) and of the

mineral particle (i.e., size, shape and topography)

(Kleber et al. 2015). Although chemical sorption can

establish a bond that makes a molecule resistant to

oxidation and degradation, many organo-mineral

sorption interactions are also reversible. Sorbates

interact via short- or long-range atomic interactions

with varying bond strengths—e.g., polar covalent

bonds have bond energies greater than 100 kJ mol-1

while bond energies associated with weaker van der

Waals or hydrogen bonds range between 2 and

12 kJ mol-1 (Kleber et al. 2015; Violante and Capo-

rale 2015).

Mineral identity plays a major role in the nature of

organo-mineral bonds (Singh et al. 2017) (Fig. 3) and

potentially in MAOM bioavailability. For example,

relatively low-charge clays such as kaolinite will bind

organic N more loosely than smectites or other

expandable clays with a negative surface charge

(Mikutta et al. 2010; Yu et al. 2013). These less

reactive phyllosilicates may be more likely to deliver

N to plants. Clays with greater sorptivity, such as 2:1

phyllosilicates, may compete more strongly against

microbes for organic N monomers or oligomers

(Dippold et al. 2014). Iron and aluminum oxides have

an even stronger capacity to bind organic N than most

phyllosilicate clays (Kaiser and Zech 2000; Kleber

et al. 2005), but somemicrobial metabolites associated

with these surfaces can still be readily available to

microbes (Swenson et al. 2015). Certain minerals,

such as manganese oxides can catalyze the fragmen-

tation of proteins (Reardon et al. 2016). Thus, the

relationship between clay identity and MAOM-N

stability warrants further investigation. In a recent

case, including mineralogical parameters significantly

improved multivariate models describing N mineral-

ization in agricultural soils (Wade et al. 2018). Similar
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work is needed across a wide range of ecosystems to

understand how mineralogy mediates the turnover of

soil N. While mineralogical composition can drive the

extent of soil C priming by fresh litter inputs

(Rasmussen et al. 2007), its role in priming soil N is

poorly understood, despite the clear influence of

mineral composition over SOM chemistry and binding

strength.

Mineral surface chemistry further interacts with the

specific chemistry of organic compounds to determine

the binding mechanisms ultimately involved in stabi-

lizing organic matter. While there is a range of

compound types and binding mechanisms, here we

focus on amino acids, which are the most abundant

form of N-containingmonomer inmany soils (Knicker

2011) and likely a dominant by-product of degradation

processes occurring at the organo-mineral interface. In

addition, mineral surfaces can re-adsorb amino acids

generated in this zone of dynamic exchange. Minerals

‘‘compete’’ with plants and microbes for liberated

amino acids, thus making mobilization from mineral

surfaces a potential rate-limiting step for amino acid

bioavailability.

Amino acids bind to mineral surfaces readily, but

the interaction depends on their overall charge and

side group chemistry as well as solution pH (Theng

1974; Lambert 2008; Dippold et al. 2014). However,

sorption does not necessarily reduce bioavailability.

Microbes colonize mineral surfaces (Uroz et al. 2015),

bringing substrates and their potential degraders into

proximity. In some cases, permeases (membrane

transport proteins) have a higher affinity for amino

acids than do adjacent mineral surfaces (Dashman and

Stotzky 1986) allowing microbial uptake of amino

acids to outcompete mineral sorption (Fischer et al.

2010). The rate of amino acid sorption can also depend

on the chemistry of pre-existing MAOM, where some

compounds, such as phenolic acids, can enhance the

sorption of amino acids (Gao et al. 2017). The specific

chemistry of binding sites may therefore matter more

than the number of binding sites in determining overall

sorption potential of minerals. In the rhizosphere, the

high density of microbial populations coupled to

changes in pH could stimulate the release of mineral-

associated amino acids.

Fig. 3 Illustration of two mineral types and examples of the

variety of bondingmechanisms that can be associated with each.

While the organo-mineral associations are not mutually

exclusive, the predominant mechanisms of association differ

across clay types leading to variation in bonding strength among

minerals. Blue and red circles represent nitrogen and oxygen,

respectively
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Microbial community dynamics

The availability of N to plants is largely regulated by

root-associated microbes and their access to, and

utilization of, soil nutrients (Reynolds et al. 2003;

Richardson et al. 2009). As such, specific properties of

rhizosphere microbes, such as their abundance, phys-

iology, and community composition, may mediate the

magnitude/direction of the priming effect and the

amount of MAOM destabilized via priming (Zech-

meister-Boltenstern et al. 2015). For example, the C

and N use efficiency (CUE, NUE) of the microbial

community, coupled with its cellular stoichiometry,

will determine nutrient demand (Sinsabaugh et al.

2013; Wieder et al. 2015; Geyer et al. 2016). As

microbial CUE increases, N demand and NUE may

also increase in order to maintain cellular C/N ratios

(Mooshammer et al. 2014), resulting in an enhanced

N-mining response to root exudation. That is, as root

exudates provide a labile C source and microbial C

needs are satisfied, microbes will invest more

resources into enzyme production in order to acquire

N fromMAOM. In contrast to scenarios where CUE is

high, microbes that use C inefficiently will require less

N, and will consequently show a depressed N mining

response to root exudation (Mooshammer et al. 2014).

Further, microbial CUE and NUE also constrain

microbial biomass, turnover, and activity, which will

have feedbacks to the cycling and bioavailability of

MAOM-N (Sinsabaugh et al. 2016).

Microbes also produce a diverse array of metabo-

lites and enzymes that likely vary in their capacity to

destabilize MAOM. For example, some microbes

produce organic acids such as malate, citrate, and

oxalate, which have a high affinity for trivalent metal

cations that bind organics to mineral surface (Jones

1998); by mobilizing the metals, it could release

associated organic matter. In contrast, microbial taxa

that produce organic acids with limited metal com-

plexing capacities, such as lactate, formate, and

acetate (Jones 1998), may be less able to access

MAOM. Microbes capable of oxidative enzyme

production may have a disproportionate impact on

MAOM destabilization. Microbial synthesis of lignin-

degrading and other oxidative enzymes serves to

release N from organic matter (Craine et al. 2007;

Shukla and Varma 2011; Rinkes et al. 2016); more

specifically, oxidative attack may be an important

pathway for fungi to acquire N in macromolecular

structures, like protein-polyphenol complexes (Bend-

ing and Read 1996). Indeed, peroxidase enzymes have

been characterized as a ‘‘proximate control for C and

N mineralization’’ (Tian et al. 2010).

Important microbes that produce oxidative

enzymes to access N include ectomycorrhizal fungi

(EMF) and lignin-degrading saprotrophs (Talbot et al.

2008; Sinsabaugh 2009). Certain groups of EMF

may have the capacity to liberate and assimilate

mineral-bound forms of organic N; hydrophobic

EMF may be better equipped in this regard due to

their capacity to access more insoluble forms of N

(Hobbie et al. 2012; Chen et al. 2016). Not all lineages

of EMF are uniformly equipped to produce oxidative

enzymes (Pellitier and Zak 2018) and other fungi, such

as saprotrophic or ericoid mycorrhizal fungi, have an

overall greater capacity to produce such enzymes

(Bending and Read 1996; Wu 2011). More studies are

needed to identify the fungal taxa that can produce the

enzymes needed to mobilize N from MAOM.

By extending the root surface area for plants,

mycorrhizal fungi may increase the opportunity for a

plant to acquire N from MAOM, especially MAOM

contained within aggregates. Both EMF and arbuscu-

lar mycorrhizal fungi are known to enhance soil

aggregate formation and stabilization (Rillig and

Mummey 2006; Zheng et al. 2014), but they also

have the capacity to explore the interior of aggregates.

Mycorrhizal hyphae can penetrate aggregates and so

overcome the physical barrier a macro- or micro-

aggregate might present that would protect MAOM.

However, research thus far has not addressed if or how

fungal, and specifically EMF, entry into a macro- or

micro-aggregate mobilizes N-containing MAOM con-

tained within.

Microbes can also weather minerals through both

physical and biochemical mechanisms, which could

ultimately solubilize compounds from MAOM. Min-

eral colonization by fungi can lead to biomechanical

weathering—hyphal pressure can be strong enough to

physically alter clay surfaces (Bonneville et al. 2009).

Biochemical weathering can result from the action of

bacterial and fungal chelators (Burford et al. 2006),

protons or siderophores that can alter the chemical

structure or behavior of clays (Gadd 2010; Courty

et al. 2010). Among the fungal groups, ectomycor-

rhizal fungi may play an outsized role in weathering

(Van Breeman et al. 2000) although recent evidence

suggests both arbuscular and ectomycorrhizal fungi
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may have comparable effects on mineral weathering

rates (Koele et al. 2014; Remiszewski et al. 2016).

Generally, clay weathering is considered a slow

pedogenic process, but it can occur over decadal or

sub-annual time scales, especially within the rhizo-

sphere. Processes occurring at the root-soil interface

can accelerate pedogenesis such that mineral dissolu-

tion or alteration can occur within 20 years (Calvaruso

et al. 2009; Mareschal et al. 2013) or even within a

growing season (Paola et al. 2016). Through these

microbial-driven weathering processes, it is possible

that MAOM could become released into the surround-

ing soil solution. However, these studies are typically

conducted in pure culture environments and with the

mineral substrate being minimally weathered primary

mineral or pure clay minerals. It is also important to

consider the potential contribution of bedrock N—up

to 17% of N in natural systems may be derived from

modern-day rock N, upending the conventional

assumption that the atmosphere is the ultimate and

primary source of N (Houlton et al. 2018). Thus, it is

possible that in the rhizosphere, plant and microbial-

induced weathering can mobilize N from both the

minerals and the associated SOM.

Synthesis: proposed conceptual framework

Building on the mechanisms of destabilization

described here, we propose to reconsider Schimel

and Bennett’s model of soil N bioavailability by

incorporating MAOM as a mediator of rhizosphere N

transformations and N bioavailability (Fig. 1). In our

revised model, SOM is split into particulate and

soluble pools. Particulate SOM consists of polymeric

compounds—essentially plant litter—which must be

enzymatically degraded by microbes in order to

release soluble components that can be accessed.

The soluble pool contains some polymers, such as

protein oligomers, and monomers, such as amino acids

(Warren 2013). This retention of smaller soluble SOM

compounds by mineral surfaces can restrict their

accessibility to microbes and plants. Byproducts from

microbial turnover can accumulate on surfaces and so

contribute to further building MAOM (Grandy and

Neff 2008). However, plant root exudates can remo-

bilize MAOM into the soil solution, thus making SOM

‘‘free’’ and accessible to microbes (and their enzymes)

and to plants.

Our revised framework emphasizes spatially-ex-

plicit processes occurring in the rhizosphere, where

high microbial activity and the influx of lowmolecular

weight C compounds (i.e., exudation) intensifies

sorption/desorption of organic N and plant-microbial

competition for these compounds. Root exudation, by

modifying the soil solution and microbial community,

regulates the accessibility of N in MAOM pools. It is

likely that the direct and indirect pathways of MAOM

destabilization, as previously described, interact syn-

ergistically. That is, as organic acids target MAOM,

adjacent enzymes can degrade newly freed polymers.

At the same time, the chemical properties of mineral

surfaces may mediate the accessibility of MOAM in

the rhizosphere. For example, N-containing com-

pounds that are weakly associated with weathered

silicate clays may be more vulnerable to

destabilization.

In both Schimel and Bennett’s model and our own,

a critical source of bioavailable N is protein depoly-

merization. However, whereas Schimel and Bennett

(2004) developed their model with a focus on plant

material and how N moves from litter to microbes and

plant roots; in mineral-dominated soils there’s now

ample evidence that minerals are a dynamic source

and sink for bioavailable N that can strongly influence

overall N-availability. By providing an additional and

distinct N source, MAOM is also likely to have

consequences for plant and microbial N acquisition.

For example, plant-microbe competition for MAOM

in the rhizosphere is likely distinct from competition

occurring in bulk soil or within particulate organic

matter patches. In bulk soil, where roots and microbes

are disconnected, diffusion limitations drive compe-

tition for N between plants and microbes (Kuzyakov

and Xu 2013) (Fig. 4a); N recycles through the

microbial community and may only reach the plant

when microbial N needs are met (Mooshammer et al.

2014). Alternatively, in POM-rich patches colonized

by roots and their associated hyphae, plants and

microbes are in more direct competition. Plants can

more effectively intercept N when associated with

mycorrhizal fungi (Cavagnaro et al. 2012) and they

can also intercept N released from the turnover of

N-limited microbes (Fig. 4b). Due to temporal niche

differentiation, both plants and microbes can acquire

N from these litter patches: while microbes take up N

quickly, their populations turn over rapidly, cycling N

back into the form that plants can compete for and
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store for a more extended time. Thus, over time, N

moves from the microbial biomass into plants (Hodge

et al. 2000; Kuzyakov and Xu 2013).

These scenarios are likely distinct from those in

which plants and microbes acquire N from MAOM in

the rhizosphere. Root exudates stimulate microbial

activity, driving microbial mining and mineralization

of N, some of which could be derived from MAOM.

As this is driven by root exudate inputs, it occurs along

the root plane where plants can access the released N.

Plants deplete N from solution, which further accel-

erates the N-mining response and enhances desorption

from mineral surfaces. This plant-microbial interac-

tion serves to drive N off of mineral surfaces. Thus, a

tight coupling of C and N cycling provides microbes C

and plants N, leading to a cooperative dynamic distinct

from the more competitive ones occurring in patches

of labile POM or in the bulk soil (Fig. 4c).

Future research opportunities

Developing a more quantitative understanding of

MAOM’s N cycling capacity has been limited in part

by the analytical scale of most SOM studies. Prevail-

ing perspectives on SOM mineralization are based on

analyses conducted on whole-soil samples, whereas

critical zones of activity, such as those in the

rhizosphere or on mineral surfaces, operate at a much

smaller scale (nm3–mm3). Standard chemical extrac-

tions and fractionations may attenuate or overlook the

micro- and nano-scale processes that govern MAOM

transformations. Even isotope-based studies, which

can disentangle chemical processes, are still usually

applied to whole soil samples—although NanoSIMS

can analyze N dynamics at the micro-scale (Herrmann

et al. 2007).

Disentangling the functional role of MAOM and

the ways in which plants and microbes access and

interact with it will require fine-scale and minimally

destructive techniques. Tracing and quantifying the

N-supplying capacity of MAOM will also require

experiments that include a live plant or that mimic the

action of roots. The mechanisms described in this

paper may be most relevant where there is a constant

drawdown of soluble N. This would maintain the

N-mining activities of both roots and microbes, which

may otherwise be suppressed in standard incubation

experiments where soluble nutrients can accumulate

(Fog 1988; Craine et al. 2007). We also recommend

that future research employ high resolution techniques

such as stable-isotope probing, which can be used to

trace the fate of C and N through living and non-living

soil pools. Combining stable-isotope methods with

emerging techniques for characterizing molecular and

chemical composition will be valuable for examining

Fig. 4 Illustration of three distinct scenarios of plant-microbial

competition for N. In scenario A, diffusion limitations drive

competition for N between plants and microbes. In scenario B,

where roots and their associated hyphae colonize POM- or litter-

rich patches, plants and microbes are in more direct competition.

In scenario C, a tight coupling of C and N cycling provides

microbes C and plants N, leading to a cooperative dynamic
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the cycling of nutrients at the organo-mineral interface

and the role of plants (e.g., see Pett-Ridge and

Firestone 2017). By incorporating these ideas into

existing and future models, we may also improve our

theoretical understanding and practical management

of the N cycle.

Our revised model emphasizing minerals as a

source and sink for bioavailable N should encourage

new avenues of research that foster collaborations

among biogeochemistry, ecology, and soil science.

For example, priming studies, thus far, have largely

focused on specific mechanisms and short-term (days-

to months-long) effects (Huo et al. 2017). To better

understand how priming influences MAOM turnover

and the potential consequences for ecosystem func-

tion, it will be important to link fine-scale geochemical

processes with higher- level and longer-term ecosys-

tem responses. By integrating across diverse spatial

and temporal scales, we can explore MAOM’s role

through a more interdisciplinary lens.

To that end, we suggest the following potential

avenues for future research, broadly categorized by

spatial scale. This is intended to highlight emerging

topics related to MAOM destabilization and the

release of bioavailable N.

(1) At the meter to ecosystem scale, the most basic

questions remain: how much N do plants and

microbes acquire from MAOM in different

ecosystems, and what is the turnover time of N

compounds in the MAOM pool? We have

provided evidence based on pool size, variable

turnover rates, ‘‘missing’’ N sinks, and our

emerging understanding of priming, which all

suggest that MAOM is a dynamic pool of N. Yet

more direct measurements of plant and micro-

bial uptake of MAOM-N are needed. Further,

questions remain regarding how plant traits,

such as root exudate profiles, influence the

potential for MAOM degradation. Certain plant

species may host rhizosphere microbial com-

munities that are more effective at solubilizing

MAOM. It is possible that such traits could

confer plants with a competitive advantage, thus

altering plant-community dynamics and suc-

cession over time.

(2) At the micro-meter scale, patterns of enzyme

induction and microbial investment in organic

N acquisition will depend on microbial traits.

We know how individual morphological and

physiological traits may translate into different

abilities to access MAOM-N, but we do not

fully understand how this manifests within

diverse microbial communities. In theory,

CUE and NUE should be tightly coupled to

MAOM-N acquisition. If this is true, changes in

environmental conditions that alter microbial

physiology could have strong effects on

MAOM-N dynamics. We need to better under-

stand the role that mycorrhizal fungi play in

accessing MAOM. By extending root surface

area, transporting N, and producing degradative

enzymes, they may enhance MAOM-N

bioavailability.

(3) At the nano-meter scale, we need to better

define and measure the ‘‘kinetic zone’’ at the

organo-mineral interface (Kleber et al. 2007). It

is not clear how or under what conditions

enzymes overcome organo-mineral associa-

tions. Oxidative enzymes can generate free

radicals that further decompose SOM (Dasht-

ban et al. 2010). Can these small, diffusible

oxidizers access and decompose MAOM

regardless of the strength of the mineral-organic

bond? Alternatively, are enzymes only capable

of attacking weakly held compounds, such as

those associated with highly weathered

minerals?

(4) Finally, there is a need to investigate processes

occurring at pedon scales: the role of soil

physical properties, such as pore and aggregate

dynamics, and how specific microbial commu-

nity members may be more or less equipped

physiologically to access MAOM. Recent

research begins to address the interactions of

pore size/connectivity and soil moisture in

driving the turnover of SOM cycling (Bailey

et al. 2017; Smith et al. 2017); this remains a

key question in understanding the fate of

MAOM and microbes’ abilities to access the

N in these protected pools.

The importance of MAOM as a source of N to

plants and microbes will likely vary among ecosys-

tems depending on management as well as climate,

vegetation and edaphic soil properties. The proportion

of N stored as MAOM relative to particulate sources

may determine the potential rate of MAOM-N
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turnover within the rhizosphere. For example, in

organic soils or N-limited environments, which served

as the context for the model originally proposed by

Schimel and Bennett (2004), depolymerization (Del-

gado-Baquerizo and Gallardo 2011) or mycorrhizal N

transfer (Högberg et al. 2017) may more strongly limit

N availability than minerals. In contrast, MAOM may

be a more significant source of N in agricultural soils,

where proportionally more N is stored as MAOM than

POM. However, the relative distribution of N across

SOM fractions will not be the only determinant. Other

interacting factors, such as MAOM chemical compo-

sition (e.g., the abundance of monomeric vs. poly-

meric N) and mineral assemblage (e.g., the abundance

of highly reactive versus low-charge clays) will

influence if and how plants and microbes can access

N within MAOM. In certain ecosystems, mineral

subsoils may be a more important source of N where

plants with deeper rooting systems could access and

extract N from MAOM. Moisture and temperature are

additional controls, which may alter the rate of

MAOM turnover and/or mediate whether mobilized

N remains within a physically isolated microbial

community or can translocate through the pore spaces.

New research on the role of MAOM in N cycling

across different ecosystems and spatio-temporal scales

is needed to understand how these factors interact and

to determine where MAOM-N cycling is most

relevant. This will also allow us to move from the

conceptual framework we have provided here to more

quantitatively rigorous simulation models and exper-

imental evidence.
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