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Abstract
Microbial necromass is a central component of soil organic matter (SOM), whose man-
agement may be essential in mitigating atmospheric CO2 concentrations and climate 
change. Current consensus regards the magnitude of microbial necromass production 
to be heavily dependent on the carbon use efficiency of microorganisms, which is 
strongly influenced by the quality of the organic matter inputs these organisms feed 
on. However, recent concepts neglect agents relevant in many soils: earthworms. We 
argue that the activity of earthworms accelerates the formation of microbial necromass 
stabilized in aggregates and organo-mineral associations and reduces the relevance of 
the quality of pre-existing organic matter in this process. Earthworms achieve this 
through the creation of transient hotspots (casts) characterized by elevated contents 
of bioavailable substrate and the efficient build-up and quick turnover of microbial 
biomass, thus converting SOM not mineralized in this process into a state more resist-
ant against external disturbances, such as climate change. Promoting the abundance of 
earthworms may, therefore, be considered a central component of management strat-
egies that aim to accelerate the formation of stabilized microbial necromass in wide 
locations of the soil commonly not considered hotspots of microbial SOM formation.
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1  |  INTRODUC TION

Management of soil organic carbon (SOC) via modifications to 
carbon inputs (Amelung et al.,  2020; Janzen et al.,  2022) has the 
potential to aid in offsetting carbon dioxide emissions and contrib-
ute to the climate targets put forward in the Paris Climate Change 
Agreement (Paustian et al., 2016). To be effective, it is imperative 
for such management to follow recent conceptual advances in soil 
organic matter (SOM) formation and stability. Recent concepts 
(Cotrufo et al., 2013; Kögel-Knabner, 2002; Liang et al., 2017) and 
empirical evidence (Kallenbach et al., 2015; Ludwig et al., 2015; Ma 
et al., 2018) recognize microbial necromass as an essential pool of 
SOC (specifically in grassland and arable soil; Angst et al.,  2021; 
Liang et al.,  2019). The manipulation of this pool via plant input-
driven modifications to microbial physiology and traits (Kallenbach 
et al., 2015; Sokol et al., 2022) is thought to be critical in efforts to 
mitigate climate change. Central to recent concepts and the forma-
tion rate of microbial necromass is the efficiency of microbial growth 
on organic matter compounds (i.e., microbial carbon use efficiency 
(CUE)—the amount of carbon used for growth related to the carbon 
heterotrophically respired as CO2), which is directly linked to the 
quality of these organic compounds (e.g., low C/N and/or lignin/N 
ratios). The persistence of microbial necromass, in turn, is depen-
dent on stabilization in aggregates and organo-mineral complexes 
(Castellano et al., 2015; Cotrufo et al., 2013; Schmidt et al., 2011). 
While evidence for the validity of recent concepts is steadily in-
creasing (Angst et al., 2021; Ding & Han, 2014; Gillespie et al., 2014; 
Griepentrog et al.,  2014; Liang et al.,  2019), they neglect organ-
isms relevant in many soils: earthworms. Earthworms belong to the 
main soil-forming agents in multiple soil orders (Kögel-Knabner & 
Amelung, 2021), and with a mean biomass of up to 39.2 g/m2 and 
mean abundances of up to 83 ± 2.0 ind./m2 globally (Figure  1a), 
they are the most important contributor to invertebrate biomass 
in many soils (which is ~2% of that of soil microorganisms; Bar-On 
et al., 2018; Curry, 2004; Fierer et al., 2009). The high abundance 
and burrowing activity of mineral soil-dwelling earthworms (endog-
eic and anecic species) result in the biophysicochemical alteration of 
their soil environment (Brown et al., 2000) and the displacement of 
large amounts of soil, which is estimated to be up to 35 Mg/ha/year 
in temperate ecosystems (Taylor et al., 2019). Referring to the ex-
tent to which earthworms “engineer” their environment (Capowiez, 
Sammartino, & Michel,  2014; Darwin,  1892; Frouz et al.,  2009; 
Humphreys & Field, 1998; Scheu, 1987; Wilkinson et al., 2009), it is 
surprising that they have not found their way into recent concepts 
on SOM dynamics. Here, we argue that earthworms are key to the 
formation of microbial SOM resistant against external disturbances 
in wide regions of the mineral soil. Earthworms achieve this by con-
currently alleviating constraints on microbial growth in space and 
time and fostering the formation of aggregates and organo-mineral 
associations. Embracing this central role of earthworms in SOM dy-
namics beyond their bioturbation activity enables a novel view on 
soil carbon sequestration and provides opportunities for integrated 
management strategies in the face of climate change.

2  |  E ARTHWORMS C ATALY ZE THE 
FORMATION AND STABILIZ ATION OF 
MICROBIAL NECROMA SS—CONCEPT 
AND IMPLIC ATIONS

During their burrowing activity, earthworms ingest and mix organic 
matter with mineral soil, add easily decomposable compounds consist-
ing of amino acids, sugars, and glycoproteins (Zhang et al., 2016), and 
egest this mixture as casts (Scheu, 1991). These casts may account for 
a major proportion of the whole soil profile, with soil ingestion rates by 
earthworms of up to 2000 and 500 Mg dry soil/ha/year in tropical and 
temperate ecosystems, respectively (Lavelle,  1988). Moreover, casts 
contain >50% higher amounts of water-soluble compounds and >84% 
higher contents of available nitrogen and phosphorus as compared 
to non-ingested soil (Brown et al., 2000; Van Groenigen et al., 2018). 
Significant increases in microbial biomass and activity in earthworm 
casts are well documented (Groffman et al., 2015; Hoeffner et al., 2018; 
Jouquet et al., 2013). Similarly well documented is the temporary na-
ture of this effect, i.e., microbial biomass and activity in casts approach 
those in control soil several days after reworking (Brown et al., 2000).

We argue that via the creation of such transient microbial 
hotspots in casts, earthworms considerably accelerate the formation 
of microbial necromass (Angst, Mueller, Prater, et al.,  2019; Mora 
et al., 2003; Vidal et al., 2019) by alleviating two factors commonly 
constraining microbial growth: first, addition of bioavailable com-
pounds and provisioning of nutrients alleviate potential substrate 
limitations and increase microbial CUE (Barthod et al., 2021; Bohlen 
et al., 2002), and second, the intimate mixture of mineral soil and 
organic matter in casts (Scullion & Malik, 2000) co-locates micro-
organisms and substrates previously separated (Sokol et al., 2019). 
This results in the efficient built-up of microbial biomass and the 
concurrent and accelerated formation of microbial necromass due 
to a rapid microbial turnover in casts (Thu Hoang et al., 2020).

This process has important implications for SOM dynamics: first, 
due to the transient nature of microbial hotspots, microbial activity 
and, thus, SOM mineralization in casts are increased in the short term, 
which might result in the loss of bulk SOC (Lubbers et al., 2017). By con-
trast, the generated microbial necromass becomes stabilized on longer 
time scales via tight binding to mineral surfaces (Buckeridge, La Rosa, 
et al., 2020) and occlusion within cast aggregates (Bossuyt et al., 2005), 
processes that are favored by earthworms (Al-Maliki & Scullion, 2013; 
Guhra et al., 2020) and which render the remaining SOC more resistant 
against disturbances. Second, the abundance of bioavailable substrates 
in casts enables microbes to grow more efficiently on “recalcitrant” 
compounds via cometabolism (Marschner et al., 2008), such that micro-
bial necromass formation would be partially independent of the quality 
of the pre-existing SOM. This is in contrast to the assumptions of re-
cent concepts that plant input quality is a major driver of the formation 
rate of microbial necromass (Cotrufo et al., 2013). These concepts may 
not be unconditionally applicable in soils inhabited by earthworms.

Based on the considerations above, we propose an alternative 
concept embracing the central role of earthworms in how rapid 
and how much microbial necromass is generated in mineral soils 
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(Figure 2). This concept aligns recent ideas on the formation of sta-
bilized SOM with the activity of earthworms and provides a novel 
perspective on the mechanisms underlying microbial necromass for-
mation and stabilization in mineral soil. We specifically emphasize 
the relevance of this concept in extensive soil regions remote from 
“classical” hotspots of microbial SOM formation, such as the rhizo-
sphere, detritusphere, or preferential flow paths of dissolved organic 
matter (Bundt et al., 2001; Kuzyakov & Blagodatskaya, 2015), due 
to the earthworm's wide sphere of influence (from 0 to more than 
100 cm depth, depending on the species). Management strategies 

that aim to increase soil microbial necromass and SOC sequestra-
tion may thus not only want to employ measures aimed at “directly” 
influencing microbial physiology (Kallenbach et al., 2015), but take 
a broader approach to also maintain or establish earthworm pop-
ulations in mineral soils. This could be achieved by implementing 
various actions at the plot (to landscape) scale that additionally en-
tail benefits for soil health and help adapt to and mitigate climate 
change (Lehmann et al.,  2020; Pörtner et al.,  2021). For example, 
increasing crop diversity, reducing tillage for certain soils, such as 
those affected by heat or erosion, and applying organic amendments 

F I G U R E  1  Global earthworm abundance (ind./m2; in grey) and biomass (g/m2; in blue) of three ecological groups [(a); anecic, epigeic, 
and endogeic earthworms] and abundance and biomass of mineral soil-dwelling endogeics based on land use [(b); cropland, grassland, and 
deciduous and coniferous forests], climate [(c); Köppen-Geiger classification main groups: arid, continental, temperate, and tropical], and 
reference soil group (d) (IUSS Working Group WRB, 2014). The data were compiled based on the dataset on global earthworm diversity and 
abundance published by Phillips et al. (2021), including 78 studies and up to ~6900 observations. Lower-case letters indicate significant 
differences between abundance or biomass values (p < .05, analysis of variance with Tukey's HSD post-hoc test); dots indicate outliers, that 
is, values exceeding 1.5× the interquartile range; means are indicated above each box plot. Note that soil type data, except for Cambisols 
and Luvisols, are relatively scarce. Panels (b)–(d) for epigeic and anecic species are provided in Figures S1 and S2
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in regions with low crop yields are expected to foster carbon se-
questration, have positive effects on plant production, water quality, 
and human health, and reportedly increase earthworm biomass and 
abundance (Amelung et al.,  2020; Lehmann et al.,  2020; Wittwer 
et al., 2021). Diversification of plant species and planting of legumes 
in grassland soils, specifically in low-productivity pastures and sa-
vannahs (Tilman et al., 2006), are expected to increase soil carbon 
sequestration and earthworm biomass and abundance (Eisenhauer 
et al., 2009; O'Mara, 2012; Singh et al., 2020; Wittwer et al., 2021). 
Similarly, an increase in tree functional diversity (De Wandeler 
et al.,  2016) and establishment of species with well palatable tis-
sues (e.g., broadleaf vs. coniferous trees; Curry, 2004) and positive 
influence on the soil's base saturation (such as trees with high tis-
sue Ca concentrations; Angst, Mueller, Eissenstat, et al., 2019; Reich 
et al., 2005) increase earthworm biomass and abundance in forest 
soils and can be considered in re- or afforestation efforts (Mayer 
et al., 2020).

While the central role of earthworms in the formation of micro-
bial SOM is supported by recent experimental evidence (increases 
in microbial-derived amino sugars between 37% and 145% have 

been reported; Angst, Mueller, Prater, et al., 2019; Mora et al., 2003; 
Nguyen Tu et al., 2020; Vidal et al., 2019), the relevance of our con-
cept to bulk SOC stability and stocks in various environments, for ex-
ample, different soil groups, land uses, or covers (see also Figure 1), 
and in the context of a changing climate remains unclear (Phillips 
et al., 2019; Singh et al., 2019). The potential of earthworms to in-
crease N2O emissions (Drake & Horn, 2007; Lubbers et al., 2013) and 
the fact that invasive species may initially reduce overall soil carbon 
stocks (forest floor + mineral soil; Bohlen et al., 2004, but see also 
Ferlian et al., 2020) have to further be reconciled with the favorable 
effect of earthworm activity on microbial necromass formation re-
ported here. To solve these unanswered questions, we encourage 
soil fauna-related studies to break new ground by combining bio-
markers, isotopes, physical fractionations, and a spatially resolved 
sampling design in integrated field studies, with variations in land 
use/cover and climate change-related variables (such as temperature 
and precipitation) as central elements. Monitoring of carbon and ni-
trogen fluxes within this context will be of specific importance to 
disentangle the quantitative role of earthworms with respect to the 
soil's greenhouse-gas balance and the whole SOC budget. Finally, 

F I G U R E  2  Embracing the central role of earthworms in microbial necromass formation and stabilization. In the initial state, the bulk 
soil is characterized by a slow formation rate of microbial necromass due to a lack of easily decomposable compounds, a low CUE, and the 
partial separation of microorganisms and their substrates. Earthworm reworking of this soil co-locates microorganisms and substrates and 
provides nutrients and bioavailable compounds in casts. This induces a transient microbial hotspot in which microbial activity and CUE 
are strongly increased. As a consequence, microbial substrates are partly consumed and microbial biomass quickly and efficiently built-up, 
whose necromass is subsequently stabilized in (earthworm-generated) cast aggregates and by interaction with minerals. With increasing 
time after casting, microbial biomass, activity, and necromass formation gradually decrease to the initial level, while most of the microbial 
necromass generated in the transient hotspot is now part of the (stabilized) SOM pool (aged cast). Subsequent reworking of the same soil 
likely has a smaller effect due to partial re-synthesis of microbial necromass (Buckeridge, Mason, et al., 2020). The relevance of this concept 
likely follows a seasonal trend based on the earthworm's life cycle (dormant during cold/hot and dry periods; Gates, 1961) and would be 
highest for (epi-)endogeic species, given their abundance, biomass, and specifically, their life strategy (foraging in mineral soil horizons) and 
temporary burrows, that is, frequent infilling necessitates the continuous reconstruction of burrows (Capowiez, Bottinelli, & Jouquet, 2014; 
Potvin & Lilleskov, 2017) and higher volumes of affected soil. Factors that influence the stabilization of SOM (Castellano et al., 2015;  
Li et al., 2022) and the abundance, biomass, and activity of earthworms, such as land use (Figure 1b; Spurgeon et al., 2013), management 
(e.g., till vs. no-till; Pelosi et al., 2014; Pérès et al., 2010), ecosystem development (Frouz et al., 2008; Zou & Gonzalez, 1997), climate 
(Figure 1c; Phillips et al., 2019; Singh et al., 2019), soil group (Figure 1d; Clause et al., 2014), or interaction with other soil fauna (Lubbers 
et al., 2019), may further modify the relevance of earthworms to the generation and stabilization of microbial necromass
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we emphasize the necessity to also untwine the role of other, wide-
spread saprophagous invertebrates such as mites, collembolans, and 
nematodes (van den Hoogen et al., 2019) in the formation of micro-
bial necromass and SOM, which will open up new opportunities for 
the management of soils as a carbon sink.
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