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ARTICLE INFO ABSTRACT

Keywords: Earthworms are integral parts of many ecosystems and may play a decisive role in determining whether soils
Soil fractions function as carbon (C) sink or source. However, information on how earthworms affect the composition and
Cutin stability of soil organic matter (SOM) is scarce. Particularly their effect on organic matter deriving from leaves
f;lgeri“ and roots with distinct composition and, thus, susceptibility to decomposition and stabilization remains unclear.
Aggregates {-gere, we combine cutin- and suberin-derived lipids as specific markers for leaf- and root-derived SOM with their
Stabilization C composition and physical fractionations of soil. We show that earthworms overprint the protective role of

organo-mineral associations and aggregates to favor the accumulation of root- relative to leaf-derived SOM. This
gradual accumulation contributes to the often-observed dominance of root-derived organic matter in soil and
emphasizes the need to consider molecular level effects of earthworms on SOM dynamics.

Earthworms are major players in determining whether soil acts as a
carbon (C) source or sink (Frouz et al., 2014; Jouquet et al., 2006;
Lubbers et al., 2013). Their role in soil organic matter (SOM) dynamics,
though, is often neglected despite their presence in many ecosystems
worldwide (Hendrix et al., 2008). Earthworms affect SOM dynamics in
two principal ways: (1) they stimulate soil microbial activity and bio-
mass and, thus, enhance the mineralization of SOM (i.e., the release of
CO, into the atmosphere; Ferlian et al., 2018; Groffman et al., 2015;
Lubbers et al., 2019; McLean et al., 2006) and (2) they promote the
formation of macro- and microaggregates, transferring SOM into a more
stabilized form (Bossuyt et al., 2005; Pulleman et al., 2005). The net
effect of these processes on the storage of soil organic C (SOC), though,
is still subject to debate likely due to a focus on coarse-scale measures,
such as the SOC contents of bulk soil. Instead, molecular level studies
may reveal more intricate earthworm-effects on SOM (e.g., Angst et al.,
2017b; Ma et al., 2013; Nguyen Tu et al., 2020; Vidal et al., 2019).
Additional insights into the fate of SOM in the presence of earthworms
may be generated by combining such molecular analyses with the
physical fractionation of soils into SOM pools with different stability
(e.g., Angst et al., 2019b; Lavallee et al., 2019; von Liitzow et al., 2007).
Specifically, the effect of earthworms on leaf- and root-derived organic
matter calls for more attention. Due to differences in composition, roots
decompose more slowly than leaves and root-derived SOM often re-
presents a larger soil C pool as compared to leaf-derived SOM (Crow
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et al., 2009; Rasse et al., 2005). Earthworms may unpredictably influ-
ence the proportion of these C pools with unknown consequences for
the stability and amount of organic C in soil. This is of particular im-
portance in light of the ongoing earthworm invasion of (North Amer-
ican) ecosystems (Hendrix et al., 2008) or shifting allocation of plant
biomass to above- and belowground organs in the wake of climate
change (Pendall et al., 2004). While some studies found short-term
effects of earthworms on leaf- and root-derived SOM using molecular
and isotopic methods (within the timeframe of several weeks; Vidal
et al., 2019, 2016), no clear differences in the contribution of these
sources to SOM have been found in the long-term. This is surprising
given that earthworms, in the absence of mineral soil, commonly prefer
more easily palatable substrates as a food source (Curry and Schmidt,
2007).

Here, we use cutin and suberin-derived lipids as specific markers for
leaf- and root-derived SOM in combination with their 3C composition
and soil physical fractionations to provide clear indications as to whe-
ther the presence of earthworms results in a preferential degradation of
leaf- relative to root-derived SOM.

We used material from a long-term incubation (33 weeks) of
earthworm-affected and non-affected soil, where (3x) replicated treat-
ments were mixed once at the start of the incubation with the same
amounts of leaf and root material from Alnus glutinosa L. (European
alder; 7 g plant material, 80 g mineral soil) crushed to a size of
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2 X 2 mm. Each treatment was incubated together with two specimens
of Aporrectodea caliginosa, Savigny, an endogeic species (i.e., soil-
dwelling), and one specimen of Lumbricus rubellus, Hoffmeister, an epi-
endogeic species (i.e., living in mineral soil and the forest floor). The
soil samples and earthworms were collected from the same sites; the
soil samples were taken from the subsoil that was devoid of earth-
worms, while the latter were collected from the topsoil. This approach
guaranteed the absence of an earthworm legacy of the incubated soils,
but a similar textural/mineralogical composition as compared to the
topsoil in which the earthworms dwelled. After the end of the incuba-
tion, the soils from the treatments were physically fractionated into five
fractions increasing in stability: plant fragments freely residing in the
soil and most similar to the plant input (fPOM), organic matter oc-
cluded (i.e., stabilized) in macro- (0POMyacro) and microaggregates
(0POMyyicr0), and organo-mineral associations from macro- (claymacro)
and microaggregates (claymicro). Details about the physical fractiona-
tion procedure and the incubation experiment can be found in Angst
et al. (2018) and Angst et al. (2019a).

Cutin and suberin-derived lipids were solvent extracted from the
different soil fractions, followed by base hydrolysis and GC-MS/-FID
measurements to qualify and quantify the biomarkers in the extracts
(Supplementary Material S1; Angst et al., 2018). Target lipids were
plant-derived a,w-dicarboxylic acids, w-hydroxy acids, and mid-chain
substituted hydroxy acids, which were assigned to cutin and suberin
depending on their occurrence in alder leaves or roots. We further
analyzed these biomarkers for their *C composition using GC-IRMS
(see Supplementary Material S1 for analytical details). Because in most
biochemical processes the lighter (*2C) isotope is preferentially in-
corporated as compared to the heavier *30) isotope (Hobbie and
Werner, 2004), the decomposition of individual compounds, such as
certain lipids, should be accompanied by a relative enrichment of *3C in
the remaining compounds (cf. Chikaraishi and Naraoka, 2006). Thus,
apart from changes in the concentration of cutin and suberin in a soil,
their 8'3C values should provide additional information on the fate of
root- and leaf-derived SOM under the influence of earthworms.

The C-normalized concentrations of the cutin and suberin markers
in the different soil fractions indicate that earthworm activity pre-
dominantly affected leaf-derived SOM. Compared with the unamended
control soil, the content of cutin was substantially higher in the litter-
amended treatments, indicating that most of the cutin extracted from
the fractions derived from the newly added plant material
(Supplementary Table S1; Fig. 1). Yet, the contents of cutin in the
earthworm-affected treatments were substantially lower as compared to
those in the non-affected treatments independent of the soil fraction
focused on (from 54% in o0POM,yjcro to as much as 80% in claymacro). An
exception to this general pattern was claypico, Where the content of
cutin markers was higher by 73% (Fig. 1). This increase may indicate a
partial redistribution of cutin to claymicro (in which lipids might be
particularly stable; cf., Angst et al., 2017a), which, however, does not
fully compensate for the earthworm-induced loss of cutin in the other
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Fig. 2. Corrected 8'3C values of cutin and suberin in leaves, roots, and the
different soil fractions from earthworm-affected and non-affected soil. Cutin in
this graph is represented by x,w-dihydroxyhexadecanoic acids only because our
other cutin monomer (9,10,w-hydroxyoctadecanoic acid) had been partly me-
thylated during base hydrolysis, for which we were not able to calculate the *>C
introduced by the methyl groups. Delta '3C values for suberin are weighted >C
values (normalized to lipid concentrations) of its constituting lipids.

fractions (~1 vs. 10 mg g C™1). Through the ingestion of large quan-
tities of organic matter and mineral soil, the disintegration and re-in-
gestion of aggregates, and the mixing of this material with mucus in
their intestines (Drake and Horn, 2007; Jouquet et al., 2006), earth-
worms likely partly override the protective role of organo-mineral as-
sociations and aggregates and render most of the cutin susceptible to
microbial decomposition or other transformation processes (cf., Angst
et al., 2019a). This interpretation is supported by the relative enrich-
ment in '3C of cutin in the soil fractions affected by earthworms, which
likely results from the preferential decomposition of *C depleted cutin,
leaving the remaining cutin 'C enriched. Notably, the §'°C values of
cutin (and suberin) in 0POM,;cr, from soil without earthworms were
much more positive than those of the same fraction from soil with
earthworms and deviated from what could be expected from the 3C of
cutin in the other fractions (Fig. 2). These increased 13¢ values in
0POMpicro may perhaps derive from highly decomposed biomarkers
previously present in this fraction (see also Supplementary Table S2),
which might have been affected differently in the presence as compared
to the absence of earthworms (e.g., via decomposition or re-distribution
among fractions). In contrast to cutin, suberin was less severely affected
by the activity of earthworms and its content compared to the treat-
ments without earthworms changed significantly in organo-mineral
associations only (Fig. 1). The decrease of suberin in clayaero corre-
sponded to its increase in claypicro (0.4 vs. 0.35 mg g c™h, indicating a

Fig. 1. Cutin and suberin in differently
stable soil fractions from macro- and mi-
croaggregates in earthworm-affected and
non-affected soil. Statistically significant
differences (p < 0.05) are indicated by
lower case letters, marginally significant
differences (p < 0.1) are indicated by as-
terisks. Results from factorial ANOVA with
treatment (earthworm/no earthworm) and
fraction as categorical variables; n 15,
df = 4.
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redistribution of suberin between organo-mineral associations from
differently-sized aggregates in the presence of earthworms rather than a
decrease, such as noted for cutin. The minor effect of earthworms on
suberin is also mirrored by its *3C composition, where differences be-
tween earthworm-affected and non-affected soil fractions were either
small (< 0.7%o, as for o0POMpacro and claymicro) Or could not con-
sistently be related to a preferential microbial utilization, such as was
the case for cutin (Fig. 2). These ambigous 13¢ values may also result
from the fact that higher contents of suberin as compared to cutin were
not derived from the added litter in some soil fractions (Supplementary
Table S1).

When integrated over all soil fractions, the proportion of cutin re-
maining after the incubation in the earthworm-affected as compared to
the non-affected soil was ~37%, while that of suberin was ~86%. We
also estimated the amount of cutin- and suberin-derived C that re-
mained after the incubation with respect to the initial, litter-amended
soil, and calculated the ratio between this cutin- and suberin-derived C.
This ratio was ~1.5 for the non-affected treatments, while it was ~0.6
for the earthworm-affected treatments, indicating a relative accumu-
lation of suberin as compared to cutin in the presence of earthworms.

Combined, our data clearly indicate that earthworm activity favors
the decomposition of leaf- over root-derived SOM, unrelated to the
presumed stability of the soil fraction focused on. A possible explana-
tion for these patterns is an active foraging by earthworms for more
easily palatable substrates in mineral soil (i.e., leaf-derived SOM; see
also Supplementary Fig. S1) or a weaker protection of leaf- as compared
to root-derived SOM (cf., Angst et al., 2018). Independent of the rea-
sons, our results suggest that the introduction of earthworms to soils
overprints the protective role of aggregates and organo-mineral asso-
ciations to “mix up” SOM composition (without necessarily affecting C
contents; Angst et al., 2019a) and favors the accumulation of root- re-
lative to leaf-derived compounds in soil. These results are of importance
in predicting the consequences of earthworms on SOM dynamics and C
sequestration, and highlight the need to study earthworm-effects on the
molecular level.
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