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Abstract
1. Soil organic matter (SOM) is the largest actively cycling reservoir of terrestrial
carbon (C), and the majority of SOM in Earth's mineral soils (~65%) is mineral-
associated organic matter (MAOM). Thus, the formation and fate of MAOM
can exert substantial influence on the global C cycle. To predict future changes
to Earth's climate, it is critical to mechanistically understand the processes by
which MAOM is formed and decomposed, and to accurately represent this
process-based understanding in biogeochemical and Earth system models.
2. In this review, we use a trait-based framework to synthesize the interacting roles
of plants, soil micro-organisms, and the mineral matrix in regulating MAOM formation and decomposition. Our proposed framework differentiates between
plant and microbial traits that influence total OM inputs to the soil (‘feedstock
traits’) versus traits that influence the proportion of OM inputs that are ultimately incorporated into MAOM (‘MAOM formation traits’). We discuss how
these feedstock and MAOM formation traits may be altered by warming, altered
precipitation and elevated carbon dioxide.
3. At a planetary scale, these feedstock and MAOM formation traits help shape the
distribution of MAOM across Earth's biomes, and modulate biome-specific responses of MAOM to climate change. We leverage a global synthesis of MAOM
measurements to provide estimates of the total amount of MAOM-C globally
(~840–1540 Pg C; 34%–51% of total terrestrial organic C), and its distribution
across Earth's biomes. We show that MAOM-C concentration is highest in temperate forests and grasslands, and lowest in shrublands and savannas. Grasslands
and croplands have the highest proportion of soil organic carbon (SOC) in the
MAOM fraction (i.e. the MAOM-C:SOC ratio), while boreal forests and tundra
have the lowest MAOM-C:SOC ratio. Drawing on our trait framework, we then
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review experimental data and posit the effects of climate change on MAOM
pools in different biomes.
4. We conclude by discussing how MAOM is integrated into soil C models, and
how feedstock and MAOM formation traits may be included in these models.
We also summarize the projected fate of MAOM under climate change scenarios
(Representative Concentration Pathways 4.5 and 8.5) and discuss key model
uncertainties.
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I NTRO D U C TI O N

Soil organic matter (SOM) is the foundation of the terrestrial carbon (C) cycle. It holds more C than the atmosphere and global vegetation combined, and mediates the flow of C, nitrogen (N) and
other nutrients as they cycle between the atmosphere and land
(Scharlemann et al., 2014). Critically, SOM is not homogeneous,
but complex in its chemical composition, molecular size, degree

Plant Biomass
400–600 Pg C

POM
(peatlands)

265–565 Pg C

MAOM

840–1540 Pg C

of association with the mineral matrix and responsiveness to climate change. To distil this complexity, SOM can be functionally

POM
(mineral soils)

divided into two main fractions: mineral-associated organic matter (MAOM) and particulate organic matter (POM) (Cambardella

450–830 Pg C

& Elliott, 1992; Lavallee et al., 2020). MAOM describes the OM
fraction in close association with silt- and clay-sized soil minerals, and is primarily comprised of relatively small biopolymers and
monomers (Lehmann & Kleber, 2015). In contrast, POM primarily
consists of more structurally complex, lightweight, partially decomposed organic compounds (e.g. leaf litter fragments). While
SOM in organic soils (e.g. peatlands) is almost entirely POM, in
Earth's mineral soils, MAOM and POM are integrated into the
complex three-dimensional structure of soil aggregates and pore
networks, which further regulate SOM storage and turnover.
Globally, MAOM constitutes ~34%–51% of total organic C in the
terrestrial biosphere, and within Earth's mineral soils, an average of
~65% of C in SOM is MAOM-C (Figure 1; Georgiou, 2022). However,
the relative proportion of MAOM-C varies widely across ecosystems
and soil types—from less than a quarter to over 90% of the SOM
pool (Kleber et al., 2015). In addition to its size, MAOM is distin-

F I G U R E 1 Earth's major terrestrial pools of organic carbon.
Within mineral soils (shown in dashed lines), approximately 65%
of soil organic carbon (SOC) is mineral-associated organic matter
carbon (MAOM-C), whereas ~35% of SOC is particulate organic
matter carbon (POM-C). MAOM-C represents ~34%–51% of
total terrestrial organic carbon globally (see Appendix S3 for
calculations). MAOM-C and POM-C values to 1m depth are based
on their respective proportions of total SOC in each biome (see
Figure 3; Table 2) with uncertainty reflecting the range in total
SOC between global data products (namely, SoilGrids and HWSD;
Hengl et al., 2017; Wieder, Boehnert, et al., 2014). Peatland POM-C
estimates are from Hugelius et al. (2020), plant biomass C estimates
from Spawn et al. (2020). Biomass from kingdoms other than plants
is not included due to their proportionally small contributions to
total terrestrial organic carbon

guished from POM in mineral soils by several key features. MAOM

the mineral matrix, as well soil physicochemical properties which

has a lower C:N ratio relative to POM, and hence a higher nutrient

promote sorption and sequential layering of OM (Gao et al., 2018;

density—containing simpler compounds that are more assimila-

Kleber et al., 2021).

ble for plants and microbes (Williams et al., 2018). While the POM

MAOM, however, is not uniformly slow cycling. In certain

pool can, in theory, accumulate OM indefinitely, the MAOM pool

contexts—such as tropical forests, tundra and the surface soil

may eventually saturate due to a finite sorption capacity of the min-

of some temperate forests—M AOM and POM can have roughly

eral matrix, especially in low clay soils (Hassink, 1997). And, across

equivalent turnover times (Heckman et al., 2022; Pries et al., 2017).

soil horizons, MAOM is often slower cycling than POM (Heckman

A subset of MAOM is highly dynamic, and this ‘fast cycling’ or

et al., 2022), because interactions between decomposers and OM

‘kinetic’ MAOM can serve different ecosystem functions other

are limited both by the complex three-dimensional architecture of

than long-term C storage—such as being an important source of

SOKOL et al.

N for plants (Jilling et al., 2018). It can thus be misleading when
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(Figure 2): (1) direct incorporation of intact or partially oxidized plant

terms such as ‘mineral-s tabilized’ OM are used synonymously

compounds into MAOM (‘plant-derived MAOM’) or (2) microbial as-

with mineral-associated OM, since mineral-association does not

similation and biosynthesis of plant C inputs, and subsequent incor-

necessarily confer long-term persistence (Keiluweit et al., 2015; Li

poration of microbial compounds into MAOM (‘microbial-derived

et al., 2021).

MAOM’) (Sokol et al., 2019). The respective contributions of plant

In this article, we use the term ‘mineral-associated’ to refer to

and microbial compounds to MAOM vary by ecosystem type; for ex-

processes that encapsulate OM within micropores or microaggre-

ample, MAOM in temperate forest tends to be more plant-derived,

gates in the mineral matrix, and/or processes involving OM sorption

whereas MAOM in grasslands and croplands tends to be more

to mineral surfaces directly or through organo–organic interactions

microbial-derived (Angst et al., 2021). It is therefore important to

(Kleber et al., 2021; Possinger et al., 2020). An increasing body of

resolve the dominant controls for each formation pathway to de-

evidence shows that OM does not form a uniform coating on min-

termine their distinctive responses to climate change. Trait-based

eral surfaces, but rather forms disparate, layered patches over time

approaches are a particularly useful approach, because plant and

as OM compounds interact with one another (Vogel et al., 2014).

microbial traits shape the amount, chemical composition and spatial

Operationally, MAOM is defined by its heavier density (i.e. >1.6–

distribution of OM input within the soil profile (Malik et al., 2020;

1.85 g/cm3) and/or by its smaller particle size (e.g. <20–63 µm).

Poirier et al., 2018).

Some researchers also distinguish a ‘coarse MAOM’ fraction, which

Most theory and research on SOM cycling has focused on a rela-

has a particle size greater than 20–63 µm and a density greater than

tively limited suite of traits, such as microbial carbon-use efficiency

1.6–1.85 g/cm3 (Lavallee et al., 2020). This coarse MAOM fraction

(CUE) (e.g. Cotrufo et al., 2013). Here, we propose additional traits

constitutes a relatively small portion of total SOM, but can exhibit

that likely impact MAOM cycling, by differentiating between OM

distinctive properties relative to the fine MAOM fraction, such as

‘feedstock traits’—that is, plant and microbial physiological traits

a higher C:N ratio, faster responsiveness to OM additions and di-

that control the supply of OM inputs to soil (Table 1a), and ‘MAOM

rect incorporation of more chemically complex OM inputs (Samson

formation traits’—or traits related to C allocation, biochemistry and

et al., 2020). Clearly, MAOM is a diverse pool, with a range of turn-

morphology, which influence the subset of total OM inputs that are

over times, pathways of formation and chemical compositions.

incorporated into MAOM (Table 1b). Together, these two sets of

Whether MAOM acts as a net source or sink of atmospheric

traits—total OM feedstock × MAOM formation traits—help deter-

CO2 in the coming decades will dramatically impact the pace and

mine the total amount of MAOM formed. Yet, MAOM cycling is not

extent of global climate change, yet much of our basic understand-

only a function of plant and microbial OM inputs; these OM inputs

ing of how MAOM will respond to climate change is still developing

dynamically interact with different types of minerals to influence

(Heckman et al., 2022; Lavallee et al., 2020). One fruitful approach

the formation and persistence of MAOM. Below, we illustrate our

is to consider MAOM cycling through the lens of plant and micro-

trait framework with examples of plant and microbial feedstock and

bial traits. Here, we use a trait-based approach to summarize the

MAOM formation traits; we then review the role of the soil matrix in

current understanding of MAOM dynamics, its global distribution

shaping MAOM dynamics.

and its response to climate change. We first propose a novel framework of plant and microbial traits that shape MAOM pools through
both the total supply of OM inputs to soils (feedstock traits) and the
potential of these OM inputs to associate with minerals (MAOM for-

2.1 | Plant inputs: Feedstock traits and MAOM
formation traits

mation traits). Second, we examine how these feedstock and MAOM
formation traits may be altered by different facets of climate change.

2.1.1 | Feedstock traits

Third, we leverage a global synthesis of MAOM measurements to
estimate the current distribution of MAOM across Earth's terrestrial

Total plant inputs to soil are controlled by traits that shape net pri-

biomes, drawing on our trait framework to posit how these biome-

mary productivity (NPP): the total quantity of root and shoot tis-

level MAOM pools may respond to climate change. Last, we discuss

sues and rhizodeposition. Feedstock traits that affect total plant OM

how MAOM is integrated into soil C models, the potential role of

inputs include plant size (e.g. trees versus herbaceous vegetation),

feedstock and MAOM formation traits in these models, and projec-

plant CUE, and growth and death rates, among others (Table 1a).

tions of the fate of MAOM under climate change.

2 | PL A NT A N D M I C RO B I A L TR A IT S
I N FLU E N C I N G M I N E R A L-A S S O C I ATE D
O RG A N I C M AT TE R DY N A M I C S

2.1.2 | MAOM formation traits
Only a proportion of the total OM feedstock ultimately forms
MAOM; the amount is determined by MAOM formation traits related to plant C allocation, the biochemical composition of inputs

The primary sources of C inputs to soil are above- and below-

and plant morphological characteristics—particularly those control-

ground plant material, which form MAOM via two main pathways

ling root C distribution throughout the soil profile (Table 1b).
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F I G U R E 2 A range of different plant and microbial OM inputs enter the mineral soil (‘total OM feedstock’), and a proportion of these
OM inputs associate with minerals to form plant-derived or microbial-derived MAOM. Different plant and microbial traits govern these
processes: ‘feedstock traits’ determine total microbial and plant OM input to the mineral soil, whereas ‘MAOM formation traits’ determine
the proportion of these inputs that ultimately form MAOM. Abbreviations: DOM, dissolved organic matter; EPS, extracellular polymeric
substances; POM, particulate organic matter

Organism

Examples

Responses to warming

NPP, Plant CUE, Plant Size,
Growth Rate, Mortality Rate
(all impact NPP)

Microbial CUE, Total Biomass,
Extracellular Products,
Growth Rate, Turnover Rate

Plants

Microbes

↑ CUE, biomass and growth with greater
precipitation4,13–15
↓ CUE, biomass and growth under drought13,14or
no change16
↓ CUE under greater moisture stress (frequent
wet/dry cycles)17

↓ CUE or no change6–8
↑ growth and turnover on short
time-scales9–11, possible
decreases over longer
time-scales12

Biochemistry

Allocation

Litter quality and chemical
composition, rhizodeposit
composition

Cellular composition (cell wall,
cytosolic materials), EPS and
metabolite composition

Microbes

Intracellular: extracellular
compound allocation,
EPS quantity, exoenzyme
production

Microbes

Plants

Above-ground: below-ground
allocation, rhizodeposition
quantity

Plants

Changes in lipid composition of
cell membranes to reduce
membrane fluidity, expression
of heat shock proteins50
Shifts in EPS composition are
likely with changes in microbial
community composition51

↑ fine root N, especially in cold
regions and subsoil42

↑ allocation to metabolic
maintenance and stress
tolerance compounds over
decay35

↑ above-ground: below-ground
biomass ratio in forests22–24
↓ above-ground: below-ground
biomass ratio in grasslands25
↑ rhizodeposition26,27

↑ production of N-free osmolytes (polyols) by
fungi and N-rich osmolytes by bacteria37,52
↑ relative abundance of melanized fungi53,54

Drought induces shift in rhizodeposit
composition43, increased complex organic
acids 44 and reduced labile root exudates28
Drought causes change in metabolite
composition45,46
and cell wall composition to maintain cell
strength/turgor47

↑ EPS production and allocation to osmolytes
and other stress compounds under
drought36–38
↓ exoenzyme production under drought39,40

↑ Above-ground: below-ground biomass with
elevated precicpitation4
Under drought: ↑plant allocation to osmolytes,
stress compounds and cell wall polymers28
and ↑ allocation to root biomass29
↑ allocation to rhizodeposition per g root
biomass, but lower total rhizodeposition due
to reduced plant biomass30

↑ NPP with increased precipitation
↓ NPP under drought4

Responses to altered precipitation

↑ total NPP1–3

B. ‘MAOM Formation Traits’: traits influencing proportion of OM inputs that form MAOM

Physiology

A. ‘Feedstock Traits’: traits influencing total organic matter inputs to the soil

Trait category

Functional Ecology
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(Continues)

↑ EPS polysaccharides, and EPS
polysaccharide: protein ratio 41
↑ hydrophilicity and negative surface
charge of bacterial cells 41
↑ fungal: bacterial ratio, and ↑ fungal
necromass (though effects vary)55

↑ C:N ratio of litter (lower litter quality) 48
↑ proportions of soluble sugars,
carboxylate and citrate in root
exudates 49

↑ EPS production41, greater gene
expression related to enzymes,
transporters and secretion systems19

↑ below-ground allocation to roots and
rhizodeposition31–34

↑ growth and biomass, and exoenzyme
production18–21

↑ total NPP5

Responses to eCO2

TA B L E 1 Plant and microbial traits involved in mineral-associated organic matter (MAOM) cycling, and their responses to warming, altered precipitation and elevated CO2 (eCO2). Traits are
grouped into (A) ‘feedstock’ traits: physiological traits that influence total organic matter input supply to the soil, and (B) ‘MAOM formation traits’—traits related to morphology, biochemistry
and carbon allocation, which shape the proportion of total organic matter feedstock that forms MAOM. (Supporting text on eCO2 in Appendix S1. Numbered references are in Appendix S2.)
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↑ mycorrhizal colonization65; Some AMF
species produce more hyphae, others
allocate more to spore production66
Greater fungal rhizomorph production
and length67

↑ root number and root length; decreased
fine root length38,74,75
↑ root dichotomous branching62,63

Responses to eCO2

Functional Ecology

Traits related to plant C allocation are key to MAOM formation
because distinct plant inputs are retained in the mineral soil with
different efficiencies. Overall, root inputs, especially rhizodeposits,
form MAOM with greater efficiency relative to shoot inputs, due
to their biochemical composition and direct point-of-entry to the
mineral soil (Villarino et al., 2021). Plant allocation of photosynthate
to roots and rhizodeposits varies widely across species (Pausch &
Kuzyakov, 2018), and plants with more extensive and dense rooting systems (e.g. perennial grasses) likely promote the most efficient
MAOM formation (Poirier et al., 2018).
Biochemical quality also regulates the incorporation of plant inmost efficiently, either through microbial transformation or through

↑ EPS production under drought36
↑ Bacterial endospore production, fungal
production of resting structures28

In some species, drought can increase rooting
depth and drive a more vertical root
morphology46,59; in others, drought reduces
root elongation and longitudinal rhizosphere
extension60, especially under extreme
drought61

Responses to altered precipitation

puts into MAOM. Litter with a lower C:N ratio typically forms MAOM
direct sorption to mineral surfaces (Cyle et al., 2016; McFarland
et al., 2019). Thus, plants that produce litter with relatively lower
C:N ratios—such as those that associate with N-fixing bacteria, or
those that invest less in structural compounds like lignin—are associated with the greatest MAOM formation efficiencies (Lavallee
et al., 2018).
Root architecture traits, such as root length, density and diameter, affect the distribution of plant inputs and shape MAOM
formation by influencing the proportion of total root surface area
that interacts with soil minerals (Poirier et al., 2018). Fine root
biomass, length and surface area are all positively associated with
MAOM stocks (Yang et al., 2021). Root depth distribution also reg-

↑ hyphal surface area of AMF57
↑ ECM rhizomorph production in
warmer and drier peat64
Growth morphology, microbial
(hyphal) surface area and
density
Microbes

Root architecture, root
morphology,
Plants

subsoil C, and more deeply rooted plants are likely associated with
greater total whole-p rofile MAOM formation (Rumpel & Kögel-
Knabner, 2011). Plant traits such as root diameter, shoot:root ratio
and absolute growth rate are also related to the amount and chemical composition of rhizodeposition, and these traits have been directly linked to SOM formation (Henneron et al., 2020). However,
there is limited evidence directly linking these traits to MAOM
formation.

2.2 | Microbial inputs: Feedstock and MAOM
formation traits
2.2.1 | Feedstock traits
Several microbial physiological traits regulate total microbial necromass contributions to MAOM (i.e. ‘microbial OM feedstock’;
Table 1a). Microbial CUE describes the proportion of microbially
assimilated C that is allocated to biomass versus mineralized, and
dictates the amount of microbial necromass produced per unit substrate consumed. Several studies have demonstrated a positive relationship between CUE and total SOM (e.g. Kallenbach et al., 2016).
However, the widely theorized link between CUE and MAOM (i.e.

Morphology

Organism

Examples

Responses to warming

32,42,56

↑ fine root production
and
specific root length57
↑ relative abundance of deeply
rooted species in grasslands58

ulates MAOM formation because roots are a primary source of

Trait category

|
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Cotrufo et al., 2013) remains relatively untested. Beyond CUE, microbial growth rates and biomass turnover rates are key factors
regulating the production of necromass per unit time (Prommer
et al., 2020).
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2.2.2 | MAOM formation traits
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to favour sorption of microbially transformed OM, whereas amorphous metal oxide surfaces favour direct sorption of OM (Creamer

As with plant traits, microbial traits related to C allocation, bio-

et al., 2019).

chemistry and morphology influence the proportion of the total

The degree of association between mineral types and OM

microbial feedstock that forms MAOM (Table 1b). Microbial C al-

varies considerably across mineral groups (Kleber et al., 2015).

location may act as a control on MAOM formation by promoting

Metal oxides and short-r ange order (SRO) minerals with high

production of specific microbial compounds that are preferen-

surface area and surface charge generally sorb more OM than

tially retained. For instance, proteins, lipids and polysaccharides

phyllosilicate clays, independent of OM input type—likely due to

are often dominant components of MAOM (Kopittke et al., 2018;

more extensive and stronger organo-mineral binding (Sanderman

Ludwig et al., 2015). Many soil microbes live in surface-attached

et al., 2014). Yet, these same poorly crystalline SRO miner-

biofilms, which are primarily composed of extracellular polymeric

als may be most sensitive to MAOM destabilization and loss (Li

substances (EPS). Extracellular polymeric substances consist of

et al., 2021). MAOM can be destabilized or transformed under

polysaccharides and proteins that are produced in close proximity

variable soil environments (shifting pH or redox potential), es-

to mineral surfaces, which can also bind soil minerals and acceler-

pecially in the rhizosphere where plant–microbe interactions are

ate mineral weathering (Krause et al., 2019; Mikutta et al., 2011).

concentrated (Keiluweit et al., 2015; Neurath et al., 2021). Within

Since EPS is positively related to soil aggregate formation (Sher

the rhizosphere, biological mineral weathering can also be ele-

et al., 2020), greater allocation to EPS should also enhance MAOM

vated. Enhanced rhizosphere weathering can increase the amount

formation.

of MAOM, by increasing total mineral surface area and by altering

Microbial traits related to the biochemical composition of intracellular and extracellular products may influence compound

the mineralogy and surface chemistry of secondary clay minerals
(Garcia Arredondo et al., 2019).

decomposability—and thus the proportion of necromass that is

In summary, MAOM is composed of a range of plant and microbial

microbially transformed to microbial-derived MAOM, as well as its

compounds, the amount, composition and distribution of which are

sorptive affinity—shaping the degree and extent of its direct inter-

controlled by plant and microbial feedstock and MAOM formation

action with mineral surfaces (Fernandez et al., 2016; Kallenbach

traits, and their interactions with the mineral matrix. Differentiating

et al., 2016). Microbial morphology shapes MAOM formation via

between feedstock and MAOM formation traits can clarify the dif-

its influence on necromass decomposition rates (e.g. hyaline hy-

ferent ways that climate change alters plant and microbial OM inputs

phae decompose faster than fungal rhizomorphs due to differences

to the soil, and their cascading effects on MAOM pools.

in initial N concentration and potentially surface area:mass ratios)
(Certano et al., 2018), and the extent to which microbes interact
with mineral surfaces (See et al., 2022). The latter relationship is
understudied, but a larger surface area for microbe–mineral interaction should increase the potential for mineral association of cell

3 | C LI M ATE C H A N G E E FFEC T S O N
FE E DS TO C K A N D M AO M FO R M ATI O N
TR A IT S

residues and extracellular products (Kopittke et al., 2018; Possinger
et al., 2020). Thus, microbes with high mineral surface colonization,

Climate change affects the expression of plant and microbial feed-

especially those employing surface attachment strategies, may be

stock traits and MAOM formation traits, and these impacts may

positively associated with MAOM formation (Whitman et al., 2018).

differ based on whether they are induced by warming, altered pre-

For example, fungi with high hyphal surface areas (e.g. dense and

cipitation, eCO2 or their interaction (Table 1). In this section, we

diffuse medium-distance foragers) may contribute to MAOM forma-

leverage our trait framework to discuss how feedstock and MAOM

tion more than fungi with low hyphal surface areas (e.g. cord and

formation traits may respond to different facets of climate change

rhizomorph-formers).

(warming and precipitation discussed below; eCO2 discussed in
Appendix S1). In the subsequent section, we discuss how these

2.3 | Dynamic interactions in the mineral matrix
Minerals are not simply passive repositories that bind plant and mi-

changes influence MAOM pools at the biome-scale.

3.1 | Warming

crobial OM inputs; rather, plants and microbes dynamically interact with a range of mineral types in the soil mineral matrix (Kleber

3.1.1 | Effects on feedstock traits

et al., 2021). Mineral surfaces are a dominant habitat for soil microbes, and certain mineral types may select for specific microbial

Warming generally increases plant NPP and total plant OM feed-

populations (Whitman et al., 2018). This can affect the quantity

stock to the soil through changes in plant physiology and shifts

and chemical composition of microbial-derived MAOM that subse-

towards plant communities with higher NPP (e.g. arctic shrub en-

quently forms (Neurath et al., 2021). Mineral types also vary in the

croachment) (Lu et al., 2013; Mekonnen et al., 2021) (Table 1a). The

source of OM they preferentially sorb: phyllosilicate clays appear

influence of warming on total microbial OM feedstock, however,
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is more complex. Of the microbial feedstock traits that control

warming can increase allocation to metabolic maintenance and stress

total microbial OM inputs, CUE has received the most attention.

tolerance traits (e.g. hyphal melanization) at the expense of invest-

Theory suggests that CUE will decline at higher temperatures due

ment in decomposition processes (Romero-Olivares et al., 2019),

to increased metabolic maintenance costs (Manzoni et al., 2012).

potentially altering MAOM formation and decomposition processes.

In laboratory incubation and pure culture studies, higher tem-

In plants, allocation to fine roots is often enhanced by warming, and

peratures typically result in decreased CUE (Steinweg et al., 2008;

root N concentrations increase—both of which can enhance MAOM

Tucker et al., 2013); however, field studies are more limited, and

formation (Wang, Defrenne, et al., 2021). Warming can also affect

suggest a minor effect of warming on CUE (Frey et al., 2013).

the expression of morphological traits that may positively affect

To accurately capture warming-induced changes to total microbial necromass, it is important to also consider changes in the size,

MAOM formation, such as specific root length and mycorrhizal hyphal surface area (Qiu et al., 2021).

activity and turnover rate of microbial biomass. While the biomass
of the soil microbial community is often reduced under warming,
its activity can increase (Pold et al., 2017). Warming also promotes

3.2 | Altered precipitation

elevated microbial biomass turnover (Hagerty et al., 2014). The necromass generated from accelerated microbial turnover may offset

3.2.1 | Effects on feedstock traits

warming-induced decreases to microbial biomass and CUE. For
example, in a laboratory incubation study, warming was associated

Under climate change, ecosystems may experience increased pre-

with faster microbial turnover, an enlarged necromass pool and

cipitation, or more irregular rainfall events—including sustained

greater necromass N contributions to MAOM (Wang et al., 2020).

periods of drought. Increased precipitation generally elevates

Over longer time-scales, however, the response of microbial feed-

plant and microbial OM inputs to the soil (Zhang & Xi, 2021), in-

stock traits to warming may attenuate or even change direction due

creasing the amount of OM feedstock available to form MAOM

to microbial adaptations or substrate limitations (Frey et al., 2013).

(Table 1a). Assuming some oxic areas in the soil are maintained,
higher soil moisture can promote greater microbial growth and CUE
(Domeignoz-Horta et al., 2020), due to greater substrate diffusivity

3.1.2 | Effects on MAOM formation traits

and accessibility and elevated water potentials (Manzoni et al., 2012),
which should also increase OM feedstock. Over longer time-scales,

Ecosystem warming can also influence MAOM formation traits, such

increased precipitation can also lead to faster weathering of primary

as C allocation in plants and micro-organisms (Table 1b). In fungi,

minerals and increased abundance of reactive secondary minerals

(a)

(b)

(c)

(d)

F I G U R E 3 Global distribution of mineral-associated organic matter carbon (MAOM-C) across biomes, climates and depths. MAOM-C
is summarized as (a,b) concentration (g MAOM-C kg−1 soil) and (c,d) proportion of total soil organic carbon (MAOM-C:SOC), from a data
synthesis of 1,144 globally distributed soil profiles (Georgiou, 2022). For the Köppen climate zones in (b,d), croplands are excluded to focus
on climate effects rather than land use. Topsoil (grey boxes) corresponds to 0–30 cm and subsoil (green boxes) to 30–120 cm depths. The
box plots indicate 95% confidence intervals (error bars), 1st and 3rd quartiles (boxes), and median values (horizontal line); n.d. indicates
where there was no available subsoil data. For sample size, see data Table 2 and Table S1
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TA B L E 2 The distribution of mineral-associated organic matter carbon (MAOM-C) across biomes and hypothesized responses to climate
change. The MAOM-C concentration (g MAOM-C kg−1 soil) and MAOM-C:SOC ratio are derived from 1,144 globally distributed soil profiles
and summarized by biome (mean ± s.d.) (Georgiou, 2022). Biomes are based on MODIS MCD12Q1 land cover types (Friedl et al., 2010)
MAOM-C:SOC
(%)

MAOM-C
(g C kg−1 soil)

Sample size

Hypothesized response of
MAOM-C to climate change

Hypothesized response of
SOC to climate change

Biome

a

Boreal Forest

45.1 ± 16.3

15.1 ± 8.7

39

Cropland

71.5 ± 17.1

12.1 ± 8.2

476

Grassland

69.6 ± 22.0

20.4 ± 12.4

392

Savanna

64.3 ± 17.3

10.9 ± 7.7

52

Shrubland

42.7 ± 20.5

7.3 ± 4.8

68

Temperate Forest

63.5 ± 18.9

23.2 ± 17.2

178

Tropical Forest

64.3 ± 21.0

18.4 ± 11.2

26

Tundra

a

a

/–

/–

/–

Due to low availability of data, we do not include tundra MAOM-C values in the table, but discuss in the main text.

that can enhance the potential size of the MAOM pool (Slessarev

dormancy (Schimel et al., 2007). Together, these responses affect

et al., 2022).

microbial allocation of C and the biochemistry of microbial inputs.

In contrast, drought reduces total plant C inputs to the soil, par-

Bacteria and fungi may invest in greater osmolyte or EPS produc-

ticularly from above-ground biomass (Zhang & Xi, 2021). Drought

tion (Schimel et al., 2007; Sher et al., 2020). As increasing water

also decreases total microbial inputs to the soil (Zhang & Xi, 2021).

tension draws OM and mineral surfaces in closer proximity while

The effects of drought on CUE are understudied, though CUE

soils dry (Kaiser et al., 2015), microbial stress compounds can ac-

is reduced at lower water-holding capacities (Domeignoz-Horta

cumulate as MAOM. Thus, even while there may be no effect on

et al., 2020), and with increasing moisture stress (e.g. increased fre-

total MAOM stocks under drought (Canarini et al., 2017), the chem-

quency and duration of wet-dry cycles; Tiemann & Billings, 2011).

ical composition of MAOM may shift towards higher abundances of

Because drought can cause lower microbial respiration and microbial

EPS and other stress compounds (Bouskill et al., 2016) that may en-

growth, CUE may be unaltered if these two processes are affected

hance the long-term persistence of MAOM (Kaiser et al., 2015; Pan

to a similar degree (Fuchslueger et al., 2019). Even if respiratory C

et al., 2010).

losses are diminished under drought, reductions in total plant inputs,

In summary, different facets of climate change alter the expres-

alongside reduced microbial enzyme production and microbial de-

sion of plant and microbial feedstock and MAOM formation traits, as

composition of POM (Hueso et al., 2012), may limit the OM feed-

well as properties of the mineral matrix. Together, these fine-scale

stock that is available to form MAOM.

changes can have cascading effects on MAOM dynamics, which vary
in their direction and magnitude based on the biome-level context.

3.2.2 | Effects on MAOM formation traits
Shifts in root morphology are commonly observed with altered precipitation, which affect the distribution of plant C throughout the

4 | B I O M E- L E V E L D I S TR I B U TI O N O F
M I N E R A L-A S S O C I ATE D O RG A N I C M AT TE R
A N D R E S P O N S E S TO C LI M ATE C H A N G E

soil profile. Under limited moisture conditions, some species restrict
root depth (Holz et al., 2018) while others increase their rooting

At the biome-level, climatic factors shape the expression of plant

depth (Fang & Xiong, 2015), extending the location of root inputs

and microbial feedstock and MAOM formation traits, determin-

deeper into the soil profile (Table 1b). In drought conditions, rhizode-

ing the overall quantity of MAOM and its soil profile distribution.

posit chemistry can also shift towards more secondary metabolites

These traits also modulate how MAOM pools in different biomes

and complex organic acids (Gargallo-Garriga et al., 2018), which may

may respond to climate change. To explore the current distribution

facilitate desorption of MAOM. Rhizodeposition per gram of root

of MAOM-C across Earth's biomes, we leveraged a data synthesis

biomass tends to increase under drought; however, because total

of 1,144 globally distributed soil profiles compiled from 78 studies

plant biomass declines, total rhizodeposits are reduced (Preece &

that reported MAOM-C and total soil organic carbon (SOC) across

Peñuelas, 2016). Therefore, MAOM formation may increase in cer-

depths (Georgiou, 2022). Across biomes, MAOM-C varies in concen-

tain hotspots of the rhizosphere under drought, while overall MAOM

tration (i.e. g MAOM-C kg−1 soil) and in its proportional contribu-

formation may decline throughout the soil profile.

tion to the total SOC pool (i.e. the MAOM-C:SOC ratio) (Figure 3;

Drought also limits substrate availability and reduces soil water

Table 2). These two metrics capture distinct ecosystem properties:

potentials, which can elicit microbial stress responses or induce

changes to MAOM-C concentration affect an ecosystem's total C
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budget, whereas changes to the MAOM-C:SOC ratio can affect

(Table 2; Figure 3). In croplands, OM input rates are reduced rela-

the functionality of the whole SOC pool. For instance, an increased

tive to undisturbed counterparts (Niedertscheider et al., 2016).

MAOM-C:SOC ratio may result in a longer turnover time and a

This decrease in OM inputs, combined with tillage and high

greater nutrient density of the SOC pool (Heckman et al., 2022;

nutrient concentrations, facilitates rapid POM decomposition.

Lavallee et al., 2020).

Erosion may lead to further POM losses (Shi & Schulin, 2018).

Below, we review the MAOM-C concentrations and MAOM-

This rapid loss of POM in croplands likely drives their high

C:SOC ratios for major terrestrial biomes. We also review results

MAOM-C :SOC ratios (Table 2). The difference between sur-

from manipulative climate change experiments, including a recent

face and subsurface MAOM-C concentrations in croplands is

meta-analysis (Rocci et al., 2021), and draw on our trait framework

comparatively small (Figure 3), likely due to relatively low POM

to hypothesize the direction of biome-specific MAOM responses to

concentrations in surface soils, and soil disturbances (e.g. till-

climate change.

ing) that increase POM incorporation into mineral soils (Angers
& Eriksen-H amel, 2008).

4.1 | Temperate grasslands
4.1.1 | Current MAOM-C distribution

4.2.2 | Response to climate change
In a continental analysis of biome-specific SOC responses to climate

The concentration of MAOM-C is high in temperate grasslands

change across Europe, cropland MAOM-C was the most sensitive

(~21 g C kg−1 soil), as is the ratio of MAOM-C:SOC (~70%) (Table 2).

to loss (Lugato et al., 2021). Under RCP 8.5, MAOM-C in croplands

In temperate grasslands, OM input rates are high, as are decom-

is projected to decline ~11%, and POM by ~6% (Lugato et al., 2021).

position rates and total bacterial and fungal biomass (Bastida

In croplands, warming can reduce total plant OM feedstock (Zhao

et al., 2021). Together, high NPP and high microbial biomass and ac-

et al., 2017), as well as the persistence of MAOM-C (Haddix

tivity in grasslands limit extensive POM accumulation, and favour

et al., 2020). We hypothesize that losses of both MAOM-C and total

MAOM formation (Table 2). On average, there is little difference

SOC in croplands will occur as the climate warms and droughts and

between subsurface and surface MAOM-C concentrations in grass-

floods become more common.

lands (Figure 3), likely due to minimal accumulation of POM in surface soils, as well as the presence of deeply rooted species that can
transfer C down the soil profile (Beier et al., 2009).

4.1.2 | Response to climate change

4.3 | Shrublands and savannas
4.3.1 | Current MAOM distribution
Shrublands and savannas have the lowest concentrations of

In grasslands, recent meta-analyses suggest that warming has an

MAOM-C relative to other biomes (~10.9 and 7.3 g C kg−1 soil, re-

overall neutral effect on MAOM, whereas eCO2 and increased pre-

spectively). Savannas contain a relatively high ratio of MAOM-

cipitation enhance both MAOM and total SOM pools (Rocci et al.,

C:SOC across soil depths (~64.3), whereas shrublands contain a

2021; Terrer et al., 2021; Figure S1). Due to these interacting cli-

relatively low ratio of MAOM-C:SOC (~42.7), and exhibit declining

mate change factors, we hypothesize a modest overall increase in

MAOM-C concentrations with soil depth (Figure 3).

MAOM-C , and a neutral to modest increase in total SOC in temperate grasslands under climate change (Table 2). This effect may be
driven by both increased OM feedstock and enhanced expression

4.3.2 | Response to climate change

of MAOM formation traits. For example, warming and drought may
promote more deeply rooted species (Liu et al., 2018) with enhanced

Of all biomes, MAOM-C in shrublands is projected to be the least

fine root production (Mueller et al., 2018), as well as increased bac-

sensitive to loss under warming (Lugato et al., 2021). Meta-analyses

terial and fungal necromass feedstock associated with these root

suggest that shrubland MAOM-C is unaffected by warming and eCO2

inputs (Ding et al., 2019; Table 2).

and may increase under elevated precipitation (Rocci et al., 2021;
Figure S1). Shrublands should see a stimulation of both NPP and

4.2 | Croplands

microbial growth with increasing precipitation (Song et al., 2019).
These changes likely result in enhanced plant and microbial OM
feedstock, as well as faster decomposition of POM—both likely pro-

4.2.1 | Current MAOM distribution

moting greater MAOM formation (Table 2). In savannas, encroachment of woody species under climate change is associated with

Croplands contain relatively low MAOM-C concentrations

increased above-ground and below-ground NPP, resulting in greater

(~12 g C kg−1 soil), but a high ratio of MAOM-C :SOC (~72%)

plant OM feedstock, greater distribution of OM throughout the soil

SOKOL et al.
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4.5.2 | Response to climate change

While there is a paucity of experimental studies addressing woody
encroachment on POM and MAOM pools in savannas, some evi-

Across much of the tropics, climate change is expected to in-

dence suggests that the size of both pools may increase (DeMarco

crease NPP (Nemani et al., 2003), though there is likely to be

et al., 2016; Filley et al., 2008).

site-s pecific variation in this response (Clark et al., 2013). Only
a few studies have evaluated the impacts of global change on

4.4 | Temperate forests

tropical forest MAOM-C pools, and they suggest that warming and changing plant litter input will have negligible impacts on MAOM-C (Giardina et al., 2014; Sayer et al., 2019).

4.4.1 | Current MAOM distribution

Data reported from in situ experimental warming studies of
moist tropical forests found that heterotrophic respiration in-

Temperate forests contain the largest MAOM-C concentrations
relative to other terrestrial biomes (~23 g C kg−1soil; Table 2).

creased throughout the whole soil profile by ~55% (Nottingham
et al., 2020), and that warming had a large positive effect on soil

The ratio of MAOM-C :SOC is also relatively high (~64%), and

microbial biomass (Reed et al., 2020). However, it remains un-

there is a pronounced difference between surface and subsur-

clear whether increased soil respiration translates to MAOM-C

face MAOM-C concentrations (Figure 3a). This difference is likely

losses, or whether respiration-induced losses will be balanced by

due to high OM feedstock from litter, combined with the high C:N

increased total root inputs under warming (Giardina et al., 2014).

ratio of certain plant litter inputs (e.g. lignin), resulting in POM

While there is considerable uncertainty in the response of tropi-

accumulation in upper soil horizons. At the same time, there can

cal forest MAOM-C to climate change, based on available data

be leaching of dissolved OM (DOM) down the soil profile, which

we hypothesize a neutral to negative effect in moist and wet

forms MAOM in deeper horizons. Together, these factors lead to

tropical systems (Table 2).

a high ratio of MAOM-C :SOC at depth (Figure 3) (Sanderman &
Amundson, 2009).

4.6 | Boreal forests

4.4.2 | Response to climate change

4.6.1 | Current MAOM distribution

In temperate forests, current evidence suggests that warming in-

Boreal forests contain an intermediate MAOM-C concentration

creases MAOM, but decreases POM and total SOM pools (Rocci

(~15 g C kg−1 soil), and a low proportion of MAOM-C:SOC (~45%)

et al., 2021; Figure S1). This trend is likely driven by increased OM

(Table 2). Decomposition is slower in boreal forests due to lower

feedstocks as well as enhanced expression of MAOM formation

temperatures and lower litter quality. Generally, when microbial

traits under warming—such as increased fine root biomass (Nie

decomposition is inhibited (e.g. in colder regions and water-logged

et al., 2013), fine root length (Wang, Defrenne, et al., 2021) and root

ecosystems), POM accumulates, leading to lower MAOM-C:SOC

exudation rate (Wang, Chen, et al., 2021; Yin et al., 2013). These

ratios (Cotrufo et al., 2019; Lugato et al., 2021). Currently, there is

enhanced root inputs (especially rhizodeposits) likely stimulate mi-

relatively little available data on MAOM-C depth distributions in bo-

crobial activity, transforming more POM to DOM and MAOM. DOM

real forests.

movement into the subsoil can also be elevated, increasing MAOM
at depth (Nie et al., 2013; Soong et al., 2021). As losses in POM are
not entirely compensated for by increases to MAOM-C , the total

4.6.2 | Response to climate change

SOC pool should decrease (Table 2).
Boreal forests are expected to exhibit increased NPP under

4.5 | Tropical forests

climate change (Strömgren & Linder, 2002). Increases in total
plant biomass may lead to N-m ining of SOM in these N-limited,
ectomycorrhizal-d ominated systems (Yin et al., 2013), and

4.5.1 | Current MAOM distribution

thus a subsequent net loss of boreal forest MAOM-C and total

Tropical forests contain a relatively high concentration of

ability with warming may also increase, potentially increasing

MAOM-C (18.4 g C kg−1soil; Table 2). Their MAOM-C :SOC ra-

certain MAOM formation traits, like the biochemical quality

tios are also high (~64%), exceeding 90% in some contexts (Sayer

of litter inputs (i.e. lower C:N ratio), with unknown effects on

et al., 2019), because very fast decomposition rates typically limit

MAOM-C pools. Experimental data on boreal forest MAOM-C

POM accumulation. Insufficient data are available to draw con-

under climate change are sparse, but evidence from warming

clusions about the depth distribution of MAOM-C abundance in

gradients suggests that MAOM-C pools will be depleted (Peplau

tropical forests.

et al., 2021; Poeplau et al., 2020), likely due to accelerated

SOM (Peplau et al., 2021; Terrer et al., 2021). Yet, soil N avail-
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MAOM-C decomposition of that exceeding increases in plant
OM feedstock. Overall, we expect both MAOM-C and total SOC
in boreal forests to decrease under climate change (Table 2).

5 | R E PR E S E NTI N G A N D PR E D I C TI N G
M I N E R A L-A S S O C I ATE D O RG A N I C M ATE R I N
SOIL CARBON MODELS

Because more POM-C than MAOM-C is lost under warming
via accelerated microbial activity in boreal forests, the ratio of

While SOM cycling is controlled by dynamic interactions between

MAOM-C :SOC should increase (Peplau et al., 2021).

plants, micro-organisms, OM and the mineral matrix, many large-
scale SOM models are still formulated with outdated assumptions

4.7 | Tundra

that the biochemical recalcitrance of complex litter inputs primarily controls SOM formation and turnover. An emerging consensus suggests new approaches are needed (Wieder et al., 2019).

4.7.1 | Current MAOM distribution

Explicitly modelling SOM pools in models is crucial to capture the
distinct behaviours of POM and MAOM (Lavallee et al., 2020).

There are limited data on MAOM-C pools in tundra permafrost

Explicitly including soil micro-organisms in models can help predict

soils, as well as on the responses of permafrost MAOM to climate

how environmental changes affect different SOM pools, such as

change. In these decomposition-limited environments, POM ac-

dry-rewetting dynamics, and priming effects following an influx of

cumulation is typically very high. It is clear, however, that the size

fresh OM inputs to soil (Manzoni et al., 2020; Perveen et al., 2014).

of the MAOM pools can also be substantial: MAOM-C concen-

Several novel ecosystem- to global-scale models seek to directly

trations can be greater than 75 g MAOM-C kg soil−1 (Gentsch

incorporate feedstock traits, MAOM formation traits, and plant–

et al., 2018), and the MAOM-C :SOC ratio can be as high as 80%

microbe–mineral interactions, to better reflect the current empirical

(Dutta et al., 2006).

understanding of SOM dynamics. Below, we review some of these
efforts, and then discuss model projections of SOM under climate
change, using a ‘testbed’ of three models that vary in how they rep-

4.7.2 | Response to climate change
Warming-induced permafrost thaw will likely result in substantial losses of POM and total SOM (Table 2). However, as thaw

resent different SOM pools.

5.1 | Current model landscape

occurs, DOM from the decomposing POM fraction can associate with minerals, increasing MAOM-C (Gentsch et al., 2018).

Emerging SOM models that explicitly incorporate plant and mi-

Shrubification in the Arctic may enhance certain MAOM forma-

crobial traits and OM–m ineral interactions vary substantially in

tion traits of plants such as rooting depth and allocation to fine

their structure and parameterization (Sulman et al., 2018; Wieder

roots (Mekonnen et al., 2021), elevating root inputs and increas-

et al., 2018). For example, some models include a single MAOM

ing their potential interactions with minerals throughout the soil

fraction that tends towards an equilibrium with unprotected C

profile. Moreover, microbial feedstock traits like growth rate and

substrates (e.g. POM, DOM) (Ahrens et al., 2015) while others

efficiency may also be enhanced with permafrost thaw (Chen

break this into several MAOM fractions depending on the mi-

et al., 2018), as may certain MAOM formation traits, such as a

crobial or plant-d erived C source and the location of the C pool

shift in fungal morphology towards ‘longer distance exploration

(e.g. rhizosphere or bulk soil) (Sulman et al., 2014). Select models

types’ (Geml et al., 2015), that could potentially enhance the sur-

represent a saturating capacity of mineral surfaces (Abramoff

face area that hyphae interact with minerals. While a proportion

et al., 2022; Ahrens et al., 2015), whereas others include a slowly

of MAOM can be susceptible to loss, such as through solubili-

saturating function (Grant et al., 1993) or assume that microbial

zation of Fe-b ound MAOM during permafrost thaw (Patzner

activity will limit MAOM to observed levels (Craig et al., 2021).

et al., 2020), we predict that total MAOM-C and MAOM-C :SOC

Some models parameterize sorption and desorption from labora-

ratios will increase in tundra permafrost soils, especially in sub-

tory incubations (Abramoff et al., 2021), while others use field

soils (Gentsch et al., 2018). These increases to the MAOM-C pool

measurements (Ahrens et al., 2015), with or without explicit

will likely buffer some losses to the total permafrost SOC pool

temperature sensitivities of sorption and desorption (Wieder

(Gentsch et al., 2018; Prater et al., 2020).

et al., 2019). Structural differences between these models reflect

In summary, the response of MAOM pools varies by biome,

our incomplete theoretical understanding of SOM dynamics, and

and is shaped by feedstock and MAOM formation traits, as well

make ‘model ensemble spread’ more likely—t hat is, different pro-

as by current MAOM-C concentrations and MAOM-C :SOC ratios.

jections across different models (Sulman et al., 2018). However,

Comparing manipulative climate change experiments with simula-

this is an important step towards increasing confidence that pro-

tions from process-b ased soil C models will improve predictions

jected outcomes might occur, because the state of current sci-

for how biome-level and global MAOM pools will respond to cli-

entific knowledge is better represented within the ensemble of

mate change.

models.
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Currently, a relatively limited suite of feedstock and MAOM for-

(CORPSE) model (Sulman et al., 2014). Both MIMICS and CORPSE

mation traits are included in soil C models. For feedstock traits, NPP

include explicit representations of microbial activity and mineral in-

is included in all models; microbial growth and turnover rates, and

teractions. All three models predict current SOM stocks compara-

CUE, are represented in the current generation of microbial-explicit

ble in magnitude and in geographical distribution, ranging between

soil C models (Sulman et al., 2014; Wieder, Grandy, et al., 2014),

1,370 and 1720 Pg C globally (Wieder et al., 2019). However, these

with increasing attention towards density-dependent effects

models differ notably in their distribution of C stocks across SOM

and community-level regulation (Abramoff et al., 2022; Georgiou

fractions, and especially in their ‘protected’ fraction (i.e. MAOM,

et al., 2017). For MAOM formation traits related to plant C alloca-

constituting the mineral-associated pools in MIMICS and CORPSE,

tion, many soil C models have ‘litter layers’ and ‘soil layers’ (Wieder

and the passive pool in CASA-CNP). Predicted global MAOM stocks

et al., 2019), where plant inputs primarily enter the litter layer and a

vary over sixfold across these three models, from roughly 215 Pg

fraction of input (modulated by litter quality) is transferred to soil C

C in MIMICS, to 330 Pg C in CASA-CNP, to 1,300 Pg C in CORPSE

pools. Some models explicitly include rhizodeposition (e.g. CORPSE;

(Wieder et al., 2019), highlighting the urgent need to better bench-

Sulman et al., 2014), but this is not common. Microbial intracellu-

mark the distribution of C between SOM fractions in addition to

lar/extracellular C allocation traits are not generally incorporated

total SOM stocks. These differences reflect, in part, outstanding un-

in global-scale models, though some do include exoenzyme pro-

certainties in conceptualizing and measuring distinct SOM fractions,

duction, where the enzyme pool catalyses decomposition and can

and the dominant pathways and environmental controls of MAOM

also sorb to minerals (e.g. MEND; Wang et al., 2013). For MAOM

formation and persistence (Lavallee et al., 2020).

formation traits related to the biochemistry of OM feedstock, many

When evaluating climate change scenarios, the MIMICS, CASA-

models represent litter quality, usually through C:N ratios or lignin:N

CNP and CORPSE models show contrasting responses to projected

ratios (Kyker-Snowman et al., 2020). These ratios can modulate met-

warming (1.8 and 3.4°C in RCP 4.5 and 8.5, respectively) and in-

abolic versus structural litter, and ultimately, POM versus MAOM

creasing NPP (28% and 50%, respectively) by 2100, as demonstrated

pools. Most models do not represent microbial cellular composition

by Wieder et al. (2019). In CASA-CNP, accelerated decomposition

or EPS, though some global-scale models do include fungal:bacte-

associated with soil warming (and thaw at high latitudes) occurs pri-

rial ratios, or r- versus K- strategists (e.g. MIMICS; Wieder, Grandy,

marily in pools with faster turnover times (e.g. POM) and is offset

et al., 2014). Finer resolution trait-based models often include sev-

by increases in NPP, resulting in net gains in POM globally. CASA-

eral microbial functional groups (Grant et al., 1993), but it is difficult

CNP results in negligible changes in the protected ‘passive’ soil C

to parameterize such traits at ecosystem- to global-scales. Finally,

pool (e.g. MAOM) across biomes, due to its inherently slow turnover

it is rare for models to account for MAOM formation traits related

times. Therefore, CASA-CNP projects large C gains in SOM by 2100

to plant or microbial morphology, as they are difficult to explicitly

(+60 and +69 Pg C for RCP4.5 and 8.5, respectively), largely due to

incorporate with a coarse spatial resolution.

the effects of increased production of POM and a negligible effect

In all, considerable uncertainty still exists in the appropriate

on MAOM.

representation of feedstock traits, MAOM formation traits, and

In contrast, MIMICS and CORPSE project large changes in

OM–mineral interactions in soil C models, reflecting gaps in basic

MAOM. In MIMICS, MAOM-C:SOC is generally low; as microbial

empirical understanding. Moreover, differences in biotic and abi-

activity increases and high-latitude soils thaw, rapid decomposi-

otic forcings can make direct comparisons across models exceed-

tion of available OM causes large POM losses but subsequent in-

ingly difficult and inconclusive (Sulman et al., 2018). One fruitful

creases in MAOM formation through enhanced microbial turnover.

path forward is the use of ‘biogeochemical testbeds,’ which force

Therefore, MIMICS projects a seemingly muted response in global

models with identical biotic and abiotic conditions, to better assess

SOM stocks (+18 and +4 Pg C for RCP4.5 and 8.5, respectively), as

structural and parametric uncertainty (Georgiou et al., 2021; Wieder

POM losses are counteracted by large increases in MAOM. On the

et al., 2018).

other hand, CORPSE initially depicts a much higher MAOM-C:SOC
ratio. In CORPSE, mineral surfaces compete with microbes for un-

5.2 | Model case studies

protected C, such that increases in microbial activity can result in
decreases in MAOM formation, especially at high latitudes. Globally,
CORPSE projects large SOM losses (−30 and −58 Pg C for RCP4.5

One prominent testbed for soil biogeochemical models—developed

and 8.5, respectively), but the response of MAOM is more nuanced

by Wieder et al., (2018)—includes three models and allows for test-

and biome-specific.

ing structural and parametric uncertainty. These include (i) the

These case studies highlight the importance of model structural

Carnegie-Ames-Stanford Approach (CASA-CNP) model (Potter

and theoretical differences and their implications for predicting soil

et al., 1993), a first-order linear model that implicitly represents

C feedbacks. First-order models, where MAOM is most closely re-

microbial activity; (ii) the MIcrobial-MIneral Carbon Stabilization

lated to ‘passive’ pools, may project negligible changes in MAOM,

(MIMICS) model (Wieder, Grandy, et al., 2014), and (iii) the Carbon,

but may contain ‘active’ pools (e.g. POM, microbial biomass) that

Organisms, Rhizosphere, and Protection in the Soil Environment

are very sensitive to warming and plant productivity. In contrast,

14

|

SOKOL et al.

Functional Ecology

process-based models typically show significant and contrasting
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MAOM responses to global change. Further model development and
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benchmarking efforts should work to improve the relative distribu-

Emily D. Whalen

tion of C between SOM fractions, and better represent mechanisms

Andrea Jilling

that explain opposing net effects on MAOM in response to global

Cynthia Kallenbach

change. Consideration of plant and microbial feedstock and MAOM

Jennifer Pett-Ridge

formation traits may aid in this effort.

Katerina Georgiou
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CO N C LU S I O N

MAOM is one of Earth's largest terrestrial C pools; its distribution
and responsiveness to climate change are critically important to carbon cycle predictions. New research has identified key plant and microbial traits that influence MAOM distribution and climate change
effects. However, additional empirical studies are needed to explicitly connect changes in the expression of plant and microbial traits to
shifts in MAOM quantity and composition—particularly at depth and
in ecosystems where MAOM response to climate change has been
infrequently measured, such as the tundra, and boreal and tropical
forests. Studies of MAOM formation and fate have primarily focused
on a limited suite of feedstock traits (e.g. microbial CUE) that control the supply of plant and microbial OM inputs to the soil. Fewer
have focused on MAOM formation traits—including traits related to
plant and microbial C allocation, biochemistry and morphology. The
trait-based framework we propose—differentiating between traits
that influence total OM inputs versus the proportion of those inputs that associate with minerals—should yield a more mechanistic
understanding of MAOM formation, and more accurate model representations of how soil C stocks in different biomes will respond to
future climate effects.
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