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ABSTRACT

In many terrestrial ecosystems, large amounts of

leaf litter are consumed by macroarthropods. Most

of it is deposited as faeces that are easily transferred

into deeper soil layers. However, the decomposi-

tion of this large pool of organic matter remains

poorly studied. We addressed the question of how

leaf litter transformation into macroarthropod fae-

ces, and their burial in the soil, affect organic

matter decomposition in a Mediterranean dry

shrubland. We compared mass loss of intact leaf

litter of two dominant shrub species (Quercus coc-

cifera, Cistus albidus) with that of leaf litter-specific

faeces from the abundant millipede Ommatoiulus

sabulosus. Leaf litter and faeces were exposed in the

field for 1 year, either on the soil surface or buried

at 5 cm soil depth. Chemical and physical quality of

faeces differed strongly from that of leaf litter, but

distinctively between the two shrub species. On the

soil surface, faeces decomposed faster than intact

leaf litter in Quercus, but at similar rates in Cistus.

When buried in the soil, faeces and leaf litter

decomposed at similar rates in either species, but

significantly faster compared to the soil surface,

most likely because of higher moisture within the

soil enhancing microbial activity. The combined

effects of leaf litter transformation into faeces and

their subsequent burial in the topsoil led to a 1.5-

fold increase in the annual mass loss. These direct

and indirect macroarthropod effects on ecosystem-

scale decomposition are likely more widespread

than currently acknowledged, and may play a

particularly important role in drought-influenced

ecosystems.

Key words: decomposition; drylands; faecal pel-

lets; litter quality; litter transformer; millipedes.

INTRODUCTION

The role of climate and plant litter quality in reg-

ulating decomposition has been thoroughly as-

sessed in many studies and is reasonably well

understood (Couteaux and others 1995; Parton and

others 2007; Cornwell and others 2008). On the

other hand, the impact of soil fauna is much less

studied, despite being a major factor in driving
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decomposition as recent large-scale studies and

meta-analyses suggest (Wall and others 2008;

Garcı́a-Palacios and others 2013; Handa and others

2014). However, a difficulty for the quantification

of fauna effects on decomposition is the distinction

between litter mass loss due to consumption by

detritivores and the amount of organic matter that

is actually mineralized. Even though

macroarthropods can ingest a large proportion of

the annual litter fall (Cárcamo and others 2000;

David and Gillon 2002), a substantial amount of

the initially consumed litter is returned to the soil

as faeces composed of poorly digested litter material

(Wolters 2000). As a result, these detritivores

convert large quantities of intact leaf litter into

faeces without substantially increasing the miner-

alization of this material. It is critical to understand

the fate of faeces in order to correctly assess

decomposition processes and how it affects carbon

(C) sequestration and mineralization (Prescott

2005), in particular for ecosystems with high

macroarthropod abundance.

Few studies have compared the long-term

decomposition of macroarthropod faeces with that

of intact leaf litter. In the short term (up to 2–

3 weeks after egestion), the transformation of litter

into faeces can stimulate microbial activity, with

higher respiration rates in macroarthropod faeces

than in intact leaf litter (Maraun and Scheu 1996;

Frouz and Simek 2009). In longer term experi-

ments, however, microbial respiration was found to

be similar or even lower in faeces than in intact leaf

litter (Scheu and Wolters 1991; Špaldoňová and

Frouz 2014). The few field studies explicitly mea-

suring decomposition over a longer period of time

were conducted exclusively in temperate ecosys-

tems and reported contrasting results. Two studies

with millipedes found no differences between fae-

ces and leaf litter mass loss rates after 1 year (Ni-

cholson and others 1966; Webb 1977), and another

study on dipteran larvae (Bibionidae) found a

lower mass loss rate in faeces compared to leaf litter

after 11 months (Frouz and Simek 2009). After the

initial flush of microbial activity, ageing

macroarthropod faeces may have lower respiration

and mineralization rates than leaf litter, both be-

cause of their compaction and as a result of accu-

mulating recalcitrant compounds, such as lignin

(Lavelle 1997). However, changes in organic mat-

ter quality after gut passage may vary among

detritivore species. For example, Zimmer and oth-

ers (2002) found that different woodlouse species

differed in their ability to digest litter phenolic

compounds. Additionally, the degree of stimulation

of microbial activity in faeces may vary depending

on the quality or the species of leaf litter consumed,

as suggested by results from several short-term

studies (Hassall and others 1987; Maraun and

Scheu 1996; Joly and others 2015).

So far, all studies focusing on macroarthropod

faeces decomposition were carried out either under

controlled laboratory conditions or on the soil

surface in the field. However, comparatively small-

sized macroarthropod faeces may not stay at the

soil surface. Instead, they can easily sediment pas-

sively by gravity and in percolating water or even

be buried actively by soil animals down to deeper

soil horizons (Anderson 1988). In laboratory

experiments, juliform millipedes were shown to dig

burrows down to 10 cm deep, in which they

incorporated faecal pellets (Haacker 1967; Bowen

and Hembree 2014). At this depth, microclimatic

conditions differ considerably from those on the

soil surface. These differences are important for

microbial decomposers, and it has previously been

shown that buried litter decomposed more rapidly

than litter placed on the soil surface (Beare and

others 1992; Ghidey and Alberts 1993), probably

due to more favourable moisture conditions, and

thus, improved microbial decomposition at greater

soil depths (Beare and others 1992; Rovira and

Vallejo 1997). Similarly, buried faeces are likely to

decompose more rapidly than on the soil surface,

and Hassall and others (1987) hypothesized that

the translocation of faecal material into the soil

profile might be the most important indirect con-

tribution that macroarthropods make to decompo-

sition processes. However, this hypothesis has

never been tested so far. As there is evidence that

the impact of organic matter burial on its decom-

position varies inversely with the amount of rain-

fall (McInerney and Bolger 2000; Powers and

others 2009; Lee and others 2014), the incorpora-

tion of faeces in deeper and moister microsites

could be especially important in water-limited

environments such as Mediterranean ecosystems,

which are projected to become even drier in the

coming decades.

Here we assessed the combined effects of leaf

litter transformation into faeces by macroarthro-

pods and burial of these materials on organic

matter decomposition in a Mediterranean shrub-

land of southern France. In this type of ecosystem,

the millipede Ommatoiulus sabulosus can be

remarkably abundant and was shown to produce

large amounts of faeces when feeding on shrub leaf

litter (Coulis and others 2013). In a one-year field

study, we evaluated annual mass loss for intact leaf

litter of Cistus albidus and Quercus coccifera, the two

most abundant shrub species in this area, and for
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faeces produced by Ommatoiulus feeding on each

litter type. Moreover, leaf litter and faeces were left

to decompose in litterbags either placed on the soil

surface or buried to a depth of 5 cm. We hypoth-

esized that decomposition over 1 year proceeds

identically in macroarthropod faeces and intact leaf

litter, irrespective of plant species identity. Addi-

tionally, we hypothesized that faeces and intact leaf

litter both decompose faster when buried in the

topsoil compared to when they remain on the soil

surface. Consequently, at the ecosystem scale, the

transformation of leaf litter into faeces, combined

with the high probability of transfer of faeces to

deeper soil horizons, should increase organic mat-

ter decomposition, a mechanism that should be

particularly important in our Mediterranean

ecosystem experiencing regular drought condi-

tions.

MATERIALS AND METHODS

Study Site

The study was conducted in a shrubland located at

the Chaine de l’Etoile, 5 km northeast of Marseille,

southern France (43�22¢ N; 5�25¢ E; 275 m a.s.l.).

The climate is typically Mediterranean with a mean

annual temperature of 15.5�C, a mean annual

rainfall of 518 mm and a period of pronounced

drought in summer (Figure 1). Climatic conditions

during our experiment were similar to the long-

term average with a mean annual temperature of

15.4�C and mean annual precipitation of 522 mm

(Figure 1). The soil is a shallow rendzina on lime-

stone (Montès and others 2008), in which rock

fragments and stones represent 59% of the soil

volume in the top 20 cm. The vegetation is a typical

garrigue with an irregular cover of mostly shrubs

less than 1.4 m in height and some perennial and

annual herbaceous plants, with a total cover be-

tween 25 and 95% of the ground surface. Five

plant species dominate the community and account

for 97% of total cover: the woody shrubs Q. coccifera

(36%), C. albidus (18%), Ulex parviflorus (10%), and

Rosmarinus officinalis (9%) and the perennial grass

Brachypodium retusum (24%) (N. Rodriguez,

unpublished data). In this study, we focused on the

two most abundant shrub species Q. coccifera and C.

albidus. The saprophagous macrofauna community

is dominated by the julid millipede O. sabulosus

aimatopodus, a Mediterranean subspecies of O. sab-

ulosus with no dorsal yellow bands and that has a

phenology adapted to the Mediterranean climate

(David and Coulis 2015). Its population density and

biomass, which vary seasonally and annually, were

estimated at 164 ± 37 individuals m-2 and

9.2 ± 2 g (live mass) m-2, respectively, in the

spring of 2010.

Leaf Litter Collection and Faeces
Production

Quercus and Cistus leaf litter were collected on the

ground at the study site in March and April 2011.

Freshly fallen leaves were discarded, because litter-

feeding macroarthropods generally prefer litter in

later decomposition stages (Wolters 2000). Col-

lected leaves were shed mostly during the previous

year’s litter fall. This litter cohort, however, still

consisted of intact leaves as decomposition pro-

ceeds comparatively slowly in this dry ecosystem.

Leaf litter was air-dried in the laboratory, sorted

into species, and adhering soil particles were bru-

shed off.

Part of this material was used to produce faeces.

Three batches of sixty grams of leaf litter each from

both species (Quercus and Cistus) and 20 Omma-

toiulus individuals (mean individual live weight

103 ± 0.2 mg) per batch and litter type, all

collected at the study site, were incubated for

15 days at 20�C in transparent plastic boxes

(40 9 33 9 8.5 cm). Every third day, millipedes

were removed from the boxes and the material was

sieved (2 mm mesh) for faeces collection. Leaf litter

Figure 1. Monthly precipitation during the experimen-

tal period (complete seasonal cycle from June 2012 to

May 2013) plotted with the long-term means of monthly

precipitation, evapotranspiration, and air temperature.

Long-term means were calculated from a 30-year

recording period (1982–2011). All data are from the

meteorological station of Marignane (43�26¢N, 5�12¢E,
9 m a. s.l.), located 17 km away from the study site.
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and millipedes were then put back in their box and

sprayed with water to maintain optimal conditions

for millipede activity. Another stock of Quercus and

Cistus leaf litter was kept in plastic boxes without

fauna under the same conditions as those used for

faeces production. After 15 days, we produced a

total of 8 and 16 g of faeces from Quercus and Cistus

leaf litter, respectively. Leaf litter from the boxes

without millipedes and millipede faeces were air-

dried and stored at room temperature in the dark

until the beginning of the experiment.

Leaf Litter and Faeces Quality

A number of initial quality parameters were

determined on leaf litter and faeces materials.

Water holding capacity (WHC), expressed as a

percentage of dry mass, was determined by soaking

samples of leaf litter and faeces for 24 h in distilled

water using a mass to volume ratio of 1 g:50 ml.

Litter and faeces were drained to remove surface

water, weighed moist, and reweighed after drying

at 60�C for 48 h. Soaking water was filtered

through 0.45-lm cellulose nitrate membrane filters

and analysed for dissolved organic carbon (DOC)

and total dissolved nitrogen (TDN) using a TOC

analyser equipped with a supplementary module

for N (CSH E200V, Shimadzu, Kyoto, Japan). The

filtrate was also used to determine an index of DOC

aromaticity following the protocol of Weishaar and

others (2003). Specific UV absorbance at 280 nm

(SUVA280) was measured using an UV spec-

trophotometer (Helios Gamma, Thermospectronic,

Cambridge, UK) and calculated as SUVA280 = ab-

sorbance at 280 nm/DOC (in L g-1 cm-1).

Further analyses were performed on oven-dry

leaf litter and faeces materials, which were both

ground to a uniform particle size of 1 mm using a

Cyclotec sample mill (Foss Tecator, Höganäs, Swe-

den). Total C and N concentrations were measured

using a flash elemental analyser (EA1112 Series,

Thermo Finnigan, Milan, Italy). Ash content was

measured gravimetrically after combustion for 3 h

at 550�C. Organic matter composition in leaf litter

and faeces were assessed by solid-state 13C cross

polarization magic-angle spinning (13C CPMAS)

NMR spectroscopy (Alarcón-Gutiérrez and others

2009). Chemical shift values were referenced to

tetramethylsilane and calibrated with glycine car-

bonyl signal at 176.05 ppm. The 13C-NMR spectra

were divided into the following chemical shift re-

gions (Mathers and others 2007; Alarcón-Gutiérrez

and others 2009): alkyl C (10–45 ppm), N-alkyl

and methoxyl C (45–60), O-alkyl C (60–110 ppm),

aromatic C (110–140 ppm), phenolic C (140–

160 ppm), and carboxyl C (160–190 ppm). Inter-

pretation of litter components (for example,

polysaccharides and lignin) was based on previous

NMR studies (Mathers and others 2007; Preston

and others 2009). The alkyl C:O-alkyl C ratio was

used as an index of decomposition (Preston and

others 2009).

Field Decomposition Experiment

Litterbags (5 9 4 cm) were made of 68 lm nylon

mesh (68PES4/135, DIATEX, St-Genis-Laval,

France). This mesh size prevents macro- and

mesofauna from entering bags and also prevents

the loss of very small fragments. Litterbags were

filled with either 300 ± 10 mg of leaf litter or

200 ± 10 mg of faeces, which was equivalent to

about 22 leaves of Quercus, 13 leaves of Cistus, and

1000 faecal pellets of Ommatoiulus. To compare leaf

litter and faeces decomposition rates in the field,

144 litterbags were installed in 18 plots at the study

site, all dominated by Quercus and Cistus. In each

plot, there were two litterbags per type of substrate

(Quercus leaf litter, Quercus faeces, Cistus leaf litter,

and Cistus faeces), one on the soil surface and the

other at 5 cm depth. The soil was carefully re-

moved to a depth of 5 cm in a 25 9 25 cm area,

four litterbags (one of each substrate) were placed

horizontally, and the initially removed soil was put

back. The four remaining litterbags (one of each

substrate) were then placed flat on the soil that was

put back within the same 25 9 25 cm area and

fixed with stainless steel wire netting (1 cm mesh).

All litterbags were installed on 16 May 2012 and

removed on 3 June 2013 (that is, after 383 days).

An additional 42 litterbags were installed in six of

the total 18 plots to determine the water content of

leaf litter and faeces during the experiment. Half of

these litterbags were placed 5 cm deep in the top

soil and half were placed on the soil surface, in the

same way as previously described, but in a different

25 9 25 cm area. They were collected in autumn

(25 October 2012), during a period of favourable

climatic conditions for decomposition.

After removal, the litterbags were carefully

cleaned of adhering soil particles before being en-

closed in sealed flasks, taken to the laboratory,

weighed fresh, dried at 40�C for 72 h, and re-

weighed to determine the final dry mass and cal-

culate the water content. The final ash content was

determined for each individual litterbag to correct

for potential contamination by soil particles. Mass

loss was calculated as the difference between initial

dry mass corrected for litter-specific ash content

(Table 2) and final dry mass corrected for ash
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content in each litterbag. The mass loss rate is thus

the percentage of organic matter lost over the

duration of the experiment.

Microclimatic conditions were assessed in all 18

experimental plots from autumn to spring, the

most favourable period for decomposition. In each

plot, a button-type data logger (Signatrol,

Tewkesbury, UK) protected from solar radiation by

a custom-made screen, was placed 2 cm above the

ground next to the litterbags, and recorded air

temperature and relative humidity every second

hour. Data were converted into daily averages,

maxima, and minima. Soil moisture was also

measured in all experimental plots at three dates in

April and May 2013. On each occasion, a soil core

(diameter 1 cm, length 10 cm) adjacent to the litter

bags was sampled. The soil cores were immediately

enclosed in sealed flasks, taken to the laboratory,

weighed fresh, and reweighed after drying at 105�C
to determine the gravimetric soil water content (%

of oven-dried mass). Microclimatic data are sum-

marized in Table 1.

Statistical Analyses

Differences in initial quality parameters between

leaf litter and faeces were tested using two-way

ANOVA with species identity (Quercus vs. Cistus)

and substrate type (leaf litter vs. faeces) as fixed

factors. Tukey’s HSD test was used for multiple

comparisons among pairs of means. Differences in

mass loss rates were tested using a mixed model

four-way ANOVA. Experimental plots were con-

sidered as a random blocking factor, which was

crossed with the three fixed factors, litterbag

placement (surface vs. buried), substrate type (leaf

litter vs. faeces), and species identity (Quercus vs.

Cistus). The same ANOVA model was used to test

for differences in the water content of leaf litter and

faeces in autumn and spring. Relationships be-

tween microclimatic variables and mass loss rates

were tested using ordinary least square regression.

Before ANOVAs and regression analyses, normality

of residuals and homogeneity of variances were

checked and data were log or power transformed if

required. All statistical analyses were performed

using R software version 3.0.1 (R Development

Core Team 2013).

RESULTS

Initial Quality of Leaf Litter and Faeces

Almost all quality parameters differed significantly

between Quercus and Cistus leaf litter (Table 2). The

ash content was lower in leaf litter of Quercus com-

pared to that of Cistus. Both carbon (C) and nitrogen

(N) concentrations were higher, and C:N ratio

lower, in Quercus than in Cistus leaf litter. The WHC

was lower in Quercus compared to Cistus. Concen-

trations of DOC and TDN in leachates were sub-

stantially higher in Quercus than in Cistus leaf litter.

However, leaf litter of both species had approxi-

mately the same aromaticity of DOC (Table 2).

Leaf litter ingestion and gut passage led to a

considerably higher ash content in faeces compared

to that in initial leaf litter in both species, but the

relative change was more important in Quercus

compared to Cistus (Table 2). The C concentrations

were lower in faeces than in leaf litter in both

Table 1. Microclimatic Data in the 18 Experimental Plots

Plot with the

lowest value

Plot with the

highest value

Mean for all

plots (±SE)

Temperature (�C)
Mean temperature 9.1 10.5 9.7 ± 0.1

Mean maxima 14.5 19.7 16.7 ± 0.5

Mean minima 4.7 6.1 5.5 ± 0.1

Relative Humidity (%)

Mean RH 81.4 89.8 85.7 ± 0.8

Mean maxima 93.3 98.5 96.8 ± 0.4

Mean minima 56.4 74.9 66.5 ± 1.5

Soil moisture (%)

3 April 2013 18.6 28.2 22.5 ± 0.5

19 April 2013 13.2 29.5 20.6 ± 1.1

23 May 2013 18.1 30.0 24.0 ± 0.9

Average air temperature and relative humidity 0.5 cm of the ground from autumn 2012 to spring 2013 (n = 13 due to logger failures) and soil water content at three different
dates in spring 2013 (n = 18) are shown.
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species. In contrast, the N concentration was higher

in faeces compared to that in initial leaf litter in

Quercus but not in Cistus (Table 2). In both species,

the WHC increased in faeces compared to leaf litter.

The DOC and TDN were higher in leachates from

Quercus faeces than in its litter, whereas differences

between leaf litter and faeces were not significant

for Cistus. In both species, but much more so in

Quercus, DOC aromaticity increased in leachates of

faeces compared to leaf litter.

In accordance with the overall larger differences

between leaf litter and faeces characteristics ob-

served in Quercus than in Cistus, 13C-NMR spectra of

leaf litter and faeces differed markedly for Quercus,

but were much more similar for Cistus (Figure 2).

The only region of the Quercus leaf litter spectrum

that was little affected by gut passage was the alkyl

C region (10–45 ppm) corresponding to lipid, wax,

and aliphatic carbons. At 33 ppm, the signal was

even stronger in faeces than in leaf litter, while it

was clearly the opposite (stronger signal in leaf

litter than in faeces) across the rest of the spectrum.

The spectral region that was the most affected by

gut passage was the O-alkyl C region (60–

110 ppm), corresponding to C from structural

polysaccharides (for example, cellulose and hemi-

cellulose), which strongly decreased in Quercus

faeces compared to leaf litter. The decrease was

much less pronounced in Cistus faeces compared to

its leaf litter. Likewise, the alkyl C:O-alkyl C ratio

was higher in faeces than in leaf litter, but much

more for Quercus than for Cistus.

Leaf Litter and Faeces Mass Loss

The placement of litterbags strongly influenced

decomposition (Table 3), with a 32% higher mass

loss in buried materials than on the soil surface

(Figure 3). Averaged across the two types of sub-

strates and the two species, annual mass loss was

34.5 ± 0.7% on the soil surface compared to

45.6 ± 1.2% at 5 cm depth. However, the place-

ment effect was more marked in leaf litter than in

Table 2. Chemical and Physical Characteristics of Leaf Litter from Cistus albidus and Quercus coccifera, Along
with Ommatoiulus Faeces, at the Start of the Experiment

Quality characteristics Cistus albidus Quercus coccifera

Litter Faeces Litter Faeces

Ash (%) 12.7 ± 0.4b 16.1 ± 0.5a (+27) 7.9 ± 0.2c 13.6 ± 0.8b (+72)

Carbon (mg/g) 453 ± 2b 438 ± 4c (-3) 478 ± 1a 451 ± 3b (-6)

Nitrogen (mg/g) 9.4 ± 0.2c 8.6 ± 0.1c (-9) 11.7 ± 0.1b 13.4 ± 0.3a (+15)

C:N ratio 48.0 ± 0.7a 50.9 ± 0.8b (+6) 40.7 ± 0.1c 33.7 ± 0.6d (-17)

WHC (%) 178 ± 5b 236 ± 3a (+33) 132 ± 2c 187 ± 0.3b (+42)

DOC (mg/g) 3.8 ± 0.5c 4.7 ± 0.3c (+24) 10.6 ± 0.8b 17.4 ± 0.03a (+64)

TDN (mg/g) 0.12 ± 0.04c 0.18 ± 0.07c (+50) 0.53 ± 0.03b 1.05 ± 0.01a (+98)

SUVA280 (l/g) 56 ± 5c 155 ± 7b (+177) 62 ± 3c 313 ± 16a (+405)

(mean ± SE, n = 3) Different letters within a row indicate significant differences (Tukey HSD test, P > 0.05). Numbers in brackets indicate the difference (%) relative to leaf
litter.

Figure 2. 13C CPMAS NMR spectra of Quercus and Cistus

leaf litter and of faeces produced by Ommatoiulus feeding

on either of these two litter species. Dotted lines show the

division into chemical shift regions.
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faeces, resulting in a significant placement 9 sub-

strate interaction (Table 3).

Species identity and substrate type also had a

significant effect on decomposition, with a clear

interaction between the two factors (Table 3).

Overall, Cistus decomposed more rapidly than

Quercus and faeces decomposed more rapidly than

leaf litter. However, the higher mass loss of Cistus

occurred mainly in leaf litter, while the difference

between species was much smaller in faeces. Pair-

wise comparisons showed that mass loss was gen-

erally similar between leaf litter and faeces, with

one noticeable exception: on the soil surface,

Quercus faeces decomposed significantly more

rapidly than Quercus leaf litter (P < 0.001) (Fig-

ure 3).

Microclimate Effects on Mass Loss

The observed greater mass loss at 5 cm soil depth

corresponded with clearly higher water contents of

buriedmaterials compared to surfacematerials, both

in autumn 2012 and spring 2013 (Figure 4). ANO-

VAs showed that most of the variation in leaf litter

and faeces water content was explained by litterbag

placement (P < 0.001). In addition, at high mois-

ture levels in autumn, species identity and substrate

type also significantly influenced the water content,

which was 83% higher in Cistus than in Quercus

(P < 0.001) and 18% higher in faeces than in leaf

litter (P < 0.001) (data not shown).

Microclimatic records collected adjacent to the

litterbags showed substantial variations among plots

(Table 1). From autumn to spring, the warmest plot

was on average 1.4�C warmer than the coolest plot.

The most humid plot had a mean relative air

humidity of 89.8 versus 81.4% for the driest plot.

Soil moisture variations in spring were even more

pronounced,with asmuch as double themoisture in

some plots compared to others. However, linear

regression analyses showed that leaf litter and faeces

mass loss rates were not significantly related to any

of these variables, regardless of whether they

decomposed on the soil surface (P ‡ 0.06) or at 5 cm

depth (P ‡ 0.14) (data not shown).

DISCUSSION

Decomposition of Leaf Litter and
Macroarthropod Faeces

Although it is commonly assumed that litter-feed-

ing macroarthropods enhance decomposition by

Table 3. ANOVA to Test for the Effects of Litterbag Placement, Type of Substrate, and Species Identity on
Organic Matter Decomposition Over 1 Year

Source of variance Df Mean Sq F ratio P value

Block (B) 17 0.015 – –

Placement (P) 1 1.014 32.2 <0.0001

B 9 P 17 0.032 – –

Type of substrate (Ty) 1 0.099 5.2 0.036

B 9 Ty 17 0.019 – –

Species (Sp) 1 0.056 5.3 0.035

B 9 Sp 17 0.011 – –

P 9 Ty 1 0.070 15.0 0.001

B 9 P 9 Ty 16 0.005 – –

P 9 Sp 1 0.041 7.0 0.017

B 9 P 9 Sp 17 0.006 – –

Ty 9 Sp 1 0.071 10.7 0.005

B 9 Ty 9 Sp 17 0.007 – –

P 9 Ty 9 Sp 1 0.009 1.5 0.238

B 9 P 9 Ty 9 Sp 13 0.006 – –

Figure 3. Mass loss of Quercus leaf litter, Cistus leaf litter,

and faeces derived from each litter type placed on the soil

surface and buried at 5 cm soil depth (mean ± SE,

n = 18). Different letters indicate significant differences

within each sub-figure (Tukey HSD test, P > 0.05).
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stimulating microbial activity in their faeces, there

is little experimental evidence in support of this

view (David 2014). A priori predictions based on

chemical and physical changes following gut pas-

sage are difficult, because macroarthropod faeces,

when compared with intact leaf litter, have char-

acteristics that may either stimulate or inhibit

decomposition. Specifically, fresh faeces have

higher water contents than leaf litter (McBrayer

1973; Suzuki and others 2013), lower tannin con-

tents (Zimmer and others 2002; Coulis and others

2009), and, in some cases, lower C:N ratios (Kautz

and others 2002; Bastow 2011), which tends to

accelerate decomposition. On the other hand, fae-

ces are poor in compounds that are readily avail-

able to microorganisms, such as sugars, and

relatively enriched in lignin (Gillon and David

2001; Rawlins and others 2006), which tends to

slow decomposition. In the present study, we

showed that transformation of Mediterranean

shrub litter into faeces by O. sabulosus distinctly

affected organic matter quality. The most striking

difference between Quercus and Cistus faeces quality

changes was a significant increase in N concentra-

tion in faeces compared to leaf litter in Quercus,

whereas it tended to decrease in Cistus, leading to a

much lower C:N ratio in Quercus faeces (C:N of 34)

than in Cistus faeces (C:N of 51). Increased faeces N

concentration in Quercus was accompanied with a

substantially higher total dissolved N concentration

in faeces leachates compared to leaf litter leachates,

which was six times greater than that in Cistus

faeces leachates (Table 2). In addition to these large

differences in faeces N quality, Quercus faeces also

changed much more in overall C quality than Cistus

faeces compared to their respective leaf litter

materials, as indicated by the distinct shift in 13C

CPMAS NMR and a higher concentration of DOC

in leachates from Quercus faeces. The DOC leached

from faeces also had a greater aromaticity than

DOC leached from leaf litter, which may suggest a

higher amount of recalcitrant compounds in faeces.

Collectively, our results showed that changes in

organic matter quality after gut passage were much

more pronounced for Quercus than for Cistus leaf

litter, suggesting more important consequences for

further decomposition when detritivores transform

Quercus leaf litter into faeces.

Accordingly, Ommatoiulus faeces derived from

Quercus lost more mass in our one-year field study

than Quercus leaf litter when placed on the soil

surface. In contrast, faeces derived from Cistus

decomposed at approximately the same rate as

Cistus leaf litter, regardless whether the material

was placed on the soil surface or 5 cm deep in the

top soil. These findings are only in part in line with

our initial hypothesis stating that leaf litter and

faeces produced from the same leaf litter decom-

pose at the same rate. In previous studies con-

ducted on other combinations of leaf litter and

macroarthropod species, transient stimulations of

microbial activity were sometimes reported in fresh

macroarthropod faeces, but so far none of the only

few long-term studies reported increased mass loss

rates in faeces compared to intact leaf litter (Ni-

cholson and others 1966; Webb 1977; Frouz and

others 2015). Our results based on leaf litter from

Q. coccifera, the dominant shrub species in our

Mediterranean dry shrubland system, indicate that

litter-feeding macroarthropods can significantly

promote the long-term decomposition of organic

matter.

The 32% greater mass loss in Quercus faeces

compared to leaf litter decomposing on the soil

surface may be explained in several ways. (1) As

outlined above, we observed clear changes in

chemical composition of faeces compared to intact

leaf litter, in particular the lower C:N ratio and the

higher DOC and TDN concentrations, which might

have stimulated microbial activity. However, the

Figure 4. Mass loss and

water content of leaf litter

and faeces (averaged

across both substrates)

placed on the soil surface

and at 5 cm soil depth.

Whiskers show 1.5 times

the interquartile range

and outliers are shown as

circles.
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same quality differences between Quercus faeces

and leaf litter did not result in the same effect in

buried material, perhaps because microbial limita-

tions are different in the litter layer and within the

soil (Fanin and others 2012). (2) Another possible

explanation may be greater leaching of water-sol-

uble organic matter from Quercus faeces than from

leaf litter. Leaching contributes importantly to mass

loss during decomposition (Swift and others 1979),

and our data showed that the initial amounts of

DOC and TDN were larger in faeces than leaf litter

in Quercus but not in Cistus. These leachates may

contribute to higher mass loss from Quercus faeces

and, arguably, leaching is greater for materials ex-

posed to rainfall at the soil surface than for buried

materials. (3) Finally, the 42% increase in WHC in

Quercus faeces compared to leaf litter also might

have had a positive effect on microbial activity, an

effect which may be more important at the soil

surface than within the overall moister soil. How-

ever, a similar increase of 32% in WHC in faeces

from Cistus leaf litter did not correspond to a simi-

larly increased faeces decomposition, even though

there was a trend of a slightly greater faeces than

leaf litter mass loss at the soil surface. At present, it

is difficult to identify the overriding factor for a

faster faeces than leaf litter decomposition when

Quercusmaterial is exposed at the soil surface, and it

appears that several chemical and physical char-

acteristics of faeces contribute to this response.

Further studies would be needed to more precisely

pinpoint the underlying mechanisms.

Effect of Organic Matter Burial on
Decomposition

Our data clearly showed that the placement of lit-

terbags (that is, on the soil surface vs within the

topsoil) strongly influenced the decomposition of

leaf litter and macroarthropod faeces. In line with

our initial hypothesis, mass loss was consistently

greater in buried materials, irrespective of their

nature or initial quality. These results for leaf litter

are in line with a previous experiment from a

drought-influenced Mediterranean system, report-

ing higher litter decomposition rates with increas-

ing soil depth (Rovira and Vallejo 1997). It seems

reasonable to argue that burial of organic matter

within the soil profile buffers moisture deficits and

consequently improves conditions for microbial

decomposers in drought-influenced ecosystems

(Lee and others 2014), except perhaps when

physical degradation through UV-radiation makes

an important contribution to decomposition in

more arid ecosystems (Austin and Vivanco 2006).

In fact, several studies showed that greater

decomposition rates within the soil were associated

with a higher water content in buried than in

surface plant litter, especially during dry periods

(Beare and others 1992; Rovira and Vallejo 1997;

McInerney and Bolger 2000). These results seem to

confirm that more favourable moisture conditions

within the soil are the driving factor for the positive

effect of burial on organic matter decomposition. In

line with this interpretation, we measured consis-

tently higher water contents in buried materials

than in surface materials, both during a rather wet

period in autumn and a relatively dry period in

spring.

Intact plant leaf litter, however, is not easily

transported down the soil profile, and the previous

studies burying leaf litter at different soil depths did

not represent the natural conditions of our study

system. Apart from chemical changes during the

transformation of intact leaf litter into faeces, the

physical aspect of the organic material is funda-

mentally altered. Most obviously, the commonly

thin leaves of a relatively large surface area are

transformed to small spherical or cylindrical faecal

pellets of about 1 mm diameter, which in contrast

to intact leaves can move more easily to deeper soil

horizons (Anderson 1988). This displacement of

organic material in the form of faeces from the soil

surface down to deeper soil layers has been argued

to be a major mechanism of accelerated decompo-

sition of faeces (Hassall and others 1987). Surpris-

ingly, this mechanism was never tested in the field,

despite the potentially large impact on ecosystem C

cycling and nutrient turnover. By placing faecal

pellets of the dominant macroarthropod at our

study site, both at the soil surface and 5 cm deep in

the topsoil and following their decomposition, we

have tested this hypothesis for the first time. Our

results showed that faecal pellets from either of the

two shrub species studied, decomposed more ra-

pidly in the soil than at the soil surface, suggesting

that faeces burial is an important mechanism by

which macroarthropods can indirectly affect

decomposition processes.

The chosen soil depth of 5 cm for burying faecal

pellets in our study corresponds to quite realistic

conditions for millipede faeces. For example, in a

tropical dry forest with a thick litter layer, Loranger

(2001) found large amounts of faecal pellets of

millipedes between 4 and 8 cm below the soil

surface. In addition to the passive transfer of faecal

pellets that were deposited at the soil surface to

deeper soil horizons, soil macroarthropods may also

deposit their faeces directly within the soil. Diurnal

vertical migrations between the upper litter layers
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and deeper shelters are common for soil

macroarthropods during their activity period

(Hassall and others 1987; Hopkin and Read 1992).

The depth at which faeces are incorporated de-

pends on the morphology and behaviour of ani-

mals, but many species move down to a depth of

5 cm or more, especially the juliform millipedes

(Haacker 1967; Bowen and Hembree 2014). At our

study site, we often observed Ommatoiulus bur-

rowing at about 5 cm or slightly below in the

mineral soil.

The ecosystem-scale consequences of

macroarthropod activity can be substantial. On

average across the two species, annual mass loss at

the soil surface increased from 31 to 38% due to

the transformation of leaf litter into faeces, and

further increased to 46% as a result of the transfer

of faeces to 5 cm soil depth. These values are

indicative for the potential range of variation in

macroarthropod effects on organic matter decom-

position. However, for more realistic estimates, the

proportion of litter that is actually consumed and

buried by macroarthropods would need to be

quantified. Based on the previously determined

live biomass of O. sabulosus at our study site of

9.2 g m-2 and their litter consumption rates

(Coulis and others 2013), the O. sabulosus popula-

tion at our study site may consume up to 96 g m-2

of litter dry mass during their 4-month activity

period per year (according to field observations).

This would be more than half of the total annual

litter fall of 162 g m-2 at our study site (M. San-

tonja, personal communication). These rough

estimates indicate that the transformation of leaf

litter into macroarthropod faeces is an important

process in the studied Mediterranean shrubland

ecosystem. Our data suggest that this would affect

organic matter cycling even without any burial of

faecal pellets, but depending on how much of the

faeces will decompose below the soil surface, this

indirect fauna-driven effect on decomposition may

be augmented.

CONCLUSIONS

For a Mediterranean woody shrub-dominated

ecosystem, we showed that the abundant

macroarthropod O. sabulosus can have a strong

impact on organic matter decomposition through

the consumption of plant leaf litter and its trans-

formation into faeces. The combined effects of

chemical and physical changes of the organic

matter when it is transformed from intact leaf litter

into faecal pellets, and their subsequent transfer

down to deeper soil layers, lead to a 1.5-fold in-

crease in annual mass loss compared to intact leaf

litter material decomposing at the soil surface. The

transfer of the small faecal pellets to deeper soil

layers appears as a particularly important mecha-

nism of how macroarthropods may modify

ecosystem C and nutrient cycling. These indirect

macroarthropod-driven effects on decomposition

are likely playing a much more important role than

currently acknowledged, particularly in drought-

influenced ecosystems.
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l’Environnement et de la Biodiversité. We are
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