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Abstract 11 

Saprophagous macroarthropods are important actors in litter decomposition as they process 12 

large amounts of litter and transform it into fecal pellets that differ in  chemical and physical 13 

properties compared to ingested litter. When having a choice among several litter types, 14 

saprophagous macroarthropods exhibit feeding preferences depending on their nutritional 15 

requirements and body size. However, how these preferences affect feces properties is not 16 

well known. We compared the feeding preferences, production of fecal pellets and their 17 

properties for six widespread saprophagous macroarthropods species feeding on a litter mix 18 

of four common tree species from Mediterranean forests. The six animal species showed 19 

different feeding preferences that were not correlated to litter nutritional quality. Instead, 20 

we suggest that the use as microhabitat of the leaves of one litter species with tubular shape 21 

by macroarthropods  induced its higher consumption despite having the lowest nutritional 22 

value. Larger species consumed less litter per unit of body mass and had a more diverse diet 23 

composition. Furthermore, feces properties could not be linked to the diet composition. 24 

However, fecal pellets always had higher nutritional and water holding capacity value 25 

compared to the leaf litter. The three woodlice species consistently produced feces with 26 

higher tannin concentration, higher specific area, and lower water holding capacity than that 27 

of the three millipede species. Our study calls for the consideration of other leaf litter 28 

properties than the generally studied physical and chemical ones, as well as quantifying the 29 
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difference between millipede and woodlice faeces properties that may have functional 30 

implication for nutrient cycling. 31 

Keywords 32 

feeding preferences, litter transformation, palatability, microhabitat, consumption rate, 33 

feces production 34 

Highlights 35 

 Six widespread saprophagous macroarthropod species differed in their feeding 36 

preferences. 37 

 Litter morphology rather than nutritional quality determined feeding preferences. 38 

 Larger animals had lower feeding and feces production rates and higher diet 39 

diversity. 40 

 Feces properties were not predictable from the animal diet composition and differed 41 

among classes 42 

 43 

1. Introduction 44 

During the decomposition of dead organic matter, soil fauna feed on leaf litter and therefore 45 

interact with microbial communities involved in the enzymatic breakdown of organic 46 

molecules [1–4]. Saprophagous macroarthropods (e.g. millipedes, woodlice or some insect 47 

larvae) are important for litter decomposition where they are abundant as they can 48 

consume up to 50% of the total annual litter input [5] and produce large amounts of fecal 49 

pellets composed of poorly digested material due to their typically low assimilation rate [6]. 50 

Litter conversion into fecal pellets is associated with a number of physical and chemical 51 

transformations of organic matter that alters considerably its further decomposition 52 

compared to the initial litter material [3,7]. Physical transformations include litter 53 

fragmentation into smaller pieces (litter comminution) of 2 to 40 µm [8] that are assembled 54 

in fecal pellets of different size, shape, and compactness depending on the invertebrate 55 

species [3,4]. Chemical transformations following litter conversion into fecal pellets are the 56 

result of digestion through the activity of the enzymes produced by the animal itself or by its 57 

microbiota and ingested bacteria [9,10]. This may homogenize the initial differences in litter 58 
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properties and reduce variability in microbial abundance and activity among the feces 59 

compared to the original intact leaf litter [7,11]. Despite these transformations feces 60 

properties are still dependent on the properties of ingested litter, a mechanism described as 61 

the “litter identity effect” [3,12,13]. This means that the net change in feces compared to 62 

litter properties depends strongly on the diet composition of the animal.  63 

Saprophagous macroarthropods feed on a wide variety of resources, but in most studies, 64 

they exhibit feeding preferences related to the chemical and physical characteristics of their 65 

food [10]. They prefer leaf litter with high nutrient contents (e.g. low C:N and C:P ratio, high 66 

calcium content), low contents in deterrent compounds like tannins, and low toughness 67 

related to low lignin concentration [10,14,15]. The intensity of microbial colonization of the 68 

leaves also increases leaf palatability [10,16,17]. The morphology of individual leaves, such 69 

as curliness (height of a leaf deposited on a flat surface), 3-dimensionality (volume occupied 70 

by a defined mass of leaves), or tubularity (the capacity of a leaf to roll into a tube), shapes 71 

microhabitats, and influence soil arthropod communities that live in a “house made of food” 72 

[18–22]. The use of a leaf as a microhabitat may promote its decomposition through either 73 

direct consumption or stimulated microbial activity by the deposition of arthropods feces on 74 

the leaf surface [23]. However, leaf litter morphology is not assessed in studies on 75 

saprophagous macroarthropods feeding preferences, despite being relevant in explaining 76 

litter decomposition rate [18,24]. 77 

Macroarthropod feeding (consumption rate, diet composition and diversity) is related to 78 

body size. Metabolic rate (linked to consumption and feces production rate) is known to 79 

decrease with body mass according to the metabolic scaling theory [25], with smaller 80 

saprophagous individuals consuming more food per unit of body mass, both within and 81 

across species [26–31]. Body size may also be linked to diet diversity, as was demonstrated 82 

for phytophagous insects (Lepidotpera, Orthoptera) where large individuals with larger 83 

mouthparts and higher digestive capacity are able to process a wider range of food [32]. 84 

Secondly, phylogenetically distant taxa may exhibit anatomical and/or ecological niche 85 

differences that translate into different feeding specialization [33,34]. In the case of 86 

millipedes and woodlice, their digestive tracts differ in terms of relative length and function 87 

of the fore-, mid-, and hindgut, total length of the gut, type and form of the organs 88 

dedicated to produce and secret enzyme into the gut, and possibly in terms of microbiota 89 
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[10,35,36]. Besides the distinction between millipede spheric and woodlice tile-shape feces 90 

[4], these differences and how they influence feeding behavior and feces properties remain 91 

poorly understood so far. 92 

Feeding preferences, fecal pellets properties, animal size and phylogenetic affiliation are 93 

therefore important to explain the role of saprophagous macroarthropods in organic matter 94 

decomposition but were never studied together. Here, we experimentally assessed the 95 

feeding behavior of six different macroarthropod species (three woodlice and three 96 

millipedes) feeding on a mix of four litter species with contrasting chemical, physical, and 97 

morphological characteristics, and describe changes in these characteristics upon 98 

transformation into feces. We hypothesized that (H1) litter chemical and physical properties 99 

are a major predictor for macroarthropod consumption with preferential consumption of 100 

leaf litter with high nutrient concentrations and low tannin concentrations, and high water 101 

holding capacity and low thickness. Regarding litter transformation, we expected that (H2) 102 

feces properties are predictable from diet composition (plant identity effect). Additionally 103 

we hypothesized that (H3) larger species will exhibit lower consumption rate but higher diet 104 

diversity. Finally we expected that (H4) woodlice and millipede differences regarding their 105 

digestive track structure and enzymes will result in different feces properties, notably in 106 

millipede feces with lower specific area due to their spheric shape. 107 

2. Material and methods 108 

2.1. Leaf litter and animal collection 109 

We selected six saprophagous macroarthropod species that often co-occur and are 110 

widespread in Western Europe, including the woodlice (Crustacea: Isopoda: Oniscidea) 111 

Armadillidum vulgare Latreille 1804 (Armadillidae), Armadillo officinalis Duaméril 1816 112 

(Armadillidae), Porcellio laevis Latreille 1804 (Porcellionidae), and the millipedes (Myriapoda: 113 

Diplopoda) Glomeris marginata Villiers 1978 (Glomeridae), Cylindroiulus caerulocinctus 114 

Wood 1864 (Julidae), and Ommatoiulus sabulosus L. 1758 (Julidae). Individuals were 115 

collected by litter hand sorting in different Mediterranean forests surrounding the city of 116 

Montpellier in Southern France (Table S1). Animals were kept in large plastic boxes with leaf 117 

litter and placed in climatic chambers (natural light fluctuations, constant temperature at 118 

12°C). Leaf litter from four common Mediterranean tree species were selected: Acer 119 



5 

 

monspessulanum L. 1753 (Sapindaceae), Arbutus unedo L. 1753 (Ericaceae), Quercus ilex L. 120 

1753 (Fagaceae), and Quercus pubescens Willd. 1796 (Fagaceae). These species are 121 

widespread in the French Mediterranean basin, often found in mixed forests, and strongly 122 

differ in their leaf chemical, physical, and morphological traits, leaf lifespan, and litterfall 123 

phenology. Leaf litter was collected in different forests located nearby Montpellier (Table S1) 124 

with suspended litter traps for A. monspessulanum and both Quercus species, and from the 125 

ground for A. unedo, since for this species, field work was done a little bit after the peak of 126 

leaf litter fall. For this last species, the freshly fallen leaves were however clearly 127 

distinguishable on the forest floor and we selectively collected only these recently fallen 128 

leaves. This and the dry weather between leaf litter fall and litter collection makes it 129 

reasonable to assume that decomposition did not yet start. Litter material was dried at 30 °C 130 

for 48 hours in a drying oven.  131 

2.2. Leaf litter properties 132 

2.2.1. Chemical properties 133 

Five subsamples per litter species were ground to a uniform particle size of 1 mm (Cyclotec 134 

Sample Mill, Tecator, Höganäs, Sweden). Total carbon (C) and nitrogen (N) concentrations 135 

were measured with a flash CHN Elemental Analyzer (Flash EA1112 Series, ThermoFinnigan, 136 

Milan, Italy). Phosphorus (P) concentration was measured colorimetrically after a 137 

mineralization step (Fanin et al, 2011) with an autoanalyzer (SmartChem 200, Alliance 138 

Instruments, Roma, Italy). Tannin concentrations were measured with the protein-139 

precipitable phenolics microplate assay, a microplate protocol adapted from Hagerman and 140 

Butler [37], following [38]. Calcium (Ca) concentration was measured using an atom 141 

absorption spectrometer (AAS, ICE 3000 series, ThermoScientific, China). 142 

2.2.2. Physical properties 143 

To measure litter water holding capacity (WHC), six individual leaves per species were re-144 

watered by dumping them in deionized water during one minute before removing adhering 145 

water drops. We then were weighing leaves before and after drying (48 hours at 105 °C). 146 

Immediately after WHC measurement (before drying), leaf thickness was measured on 8 147 

points per leaf avoiding leaf veins with a caliper to the nearest micrometer (Digimatic 148 

micrometer, Mitutoyo 0-25 mm). Specific Leaf Area (SLA) was measured on 20 leaves per 149 
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species as the ratio between leaf total surface area (Atotal) after re-moistening and flattening 150 

them in a scanner and their dry mass (after 48 hours at 105 °C). 151 

2.2.3. Morphological properties 152 

Litter curliness was measured on 20 leaves per litter species by measuring the height of a 153 

leaf when it is deposited on a flat surface [21]. On the same leaves, we developed a measure 154 

of litter tubularity by calculating the ratio of dry leaf projected surface area (Afolded) over its 155 

total surface area (Atotal) after re-moistening the leaves and flattening it in a scanner. 156 

Tubularity was then calculated with the formula: 157 

             
       

      
             eq. 1 158 

Tubularity is comprised between 0 and 1, with increasing values for highly folded leaves. 159 

Litter 3-dimensionality [22] was estimated by measuring the volume occupied in an 160 

Erlenmeyer flask with three different batches of leaves of known dry mass for each species. 161 

The size of glass flasks varied depending on the leaf size for accurate measurements and we 162 

used mean species SLA value to convert the mass of litter per unit of volume into surface of 163 

litter per unit of volume [22]. All litter characteristics of each litter species are summarized in 164 

Table 1. 165 

2.3. Microcosms and experimental conditions 166 

One day before the start of the experiment, we moistened one gram (1.04 ± 0.03 g) of each 167 

litter type again by dumping it in deionized water during one minute before removing 168 

adhering water drops. Fifty individuals of each saprophagous macroarthropod species were 169 

selected, taking care not to include gravid females and to have a representative sample of 170 

species body size range. The individuals were kept in plastic boxes with a moistened tissue 171 

for 24 hours to empty their guts. Litter of the four species were evenly mixed and placed 172 

with 10 randomly chosen animals per species in 115 x 85 x 43 mm transparent plastic boxes 173 

with a lid, with five replicate boxes per animal species. An additional 15 boxes without fauna 174 

were set up as controls. We used five climatic chambers (LMS, Sevenoaks, England) as the 175 

unit of replication, with one box of each animal species treatment and three boxes without 176 

animals in each climate chamber (i.e. nine boxes in each climate chamber). Every three days, 177 

the positions of the boxes within each climatic chamber were randomized and 0.8 mL of 178 

deionized water was added to all boxes to keep litter moisture visually constant without 179 



7 

 

resulting in water accumulation in the bottom of the boxes. The experiment lasted 15 days 180 

with a day/night duration of 12/12 h and a temperature of 17/12 °C. 181 

2.4. Saprophagous macroarthropod characteristics 182 

2.4.1. Physiological traits and feeding properties  183 

At the end of the experiment, fecal pellets and remaining litter of each species were sorted 184 

and placed in the oven at 30 °C for 48 h and then weighed to the nearest 0.01 mg. Animals 185 

were sorted out, their gut emptied by keeping them 24 hours in a plastic box lined with a 186 

moistened tissue, and weighed before being released. The final animal fresh mass was used 187 

for later calculations. To quantify animal consumption of each litter species we used the 188 

formula [39]: 189 

  
         

    
      

  
    

 

  
                          eq.2 190 

with M0 the initial litter dry mass, Mf the final litter dry mass, D the contribution of 191 

microbial-driven decomposition to each litter species mass loss, i.e. the mean proportion of 192 

litter mass loss in the absence of saprophagous macroarthropods for each species, M’0 and 193 

M’f the initial and final litter dry mass in control boxes, respectively. The calculated 194 

consumption C was then referred to the duration of the experiment (15 days) and to the 195 

number of individuals (10) to obtain individual consumption rate (Ci, g ind-1 day-1) and to the 196 

final fresh mass of fauna to obtain mass-specific consumption rate (Cm, g gfresh weight
-1 day-1) 197 

[5]. Consumption values were calculated for each litter species separately and summed up to 198 

obtain total litter consumption by saprophagous macroarthropods. Individual (Fi) and mass-199 

specific (Fm) fecal pellet production rates were calculated by dividing total feces mass by the 200 

experiment duration and the number of macroarthropod individuals or their total fresh 201 

weight, respectively. Assimilation rates (A) were estimated by calculating the difference 202 

between mass-specific consumption and feces production rate. To quantify animal diet 203 

diversity, we calculated the Shannon diversity [40] of the saprophagous macroarthropod 204 

mass-specific feeding rates of each litter species, with the following formula: 205 

             
 
                               eq. 3 206 
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with Hj the diet diversity of animal species i, Cmi,j the mass-specific consumption rate of litter 207 

species j by animal species i. This index informs on the diversity of the litter species 208 

constituting the animals’ diet.  209 

2.4.2. Diet and feces characteristics 210 

To estimate the quality of the available litter and diet (ingested litter), we calculated the 211 

community weighted mean [41] of litter trait using the following formula: 212 

                  
 
                                                                                                          eq. 4 213 

Where pi is the relative proportion of litter available in the mixture, or saprophagous 214 

macroarthropod mass-specific consumption rate of litter species (g gfresh weight
-1 day-1) and 215 

traiti is the mean value of trait X for litter species i. Feces C, N, P, and tannin contents were 216 

measured following the same protocol as for leaf litter. Feces WHC capacity was measured 217 

by placing c. 2 mg of feces in an Eppendorf tube with 2 ml of deionised water for 1 hr, 218 

weighing it wet after gently removing excess water and reweighing after drying at 60°C for 219 

48 hr [7]. Feces specific area (mm2 mg-1) can be linked to C and N cycling, water holding 220 

capacity, and is influenced by litter species identity [7]. It was measured by calculating the 221 

projected surface area of 10 fecal pellets from photographs using a stereo-microscope and 222 

reporting it to their total dry mass. 223 

2.5. Statistical analysis 224 

Differences in feeding properties (consumption, feces production, assimilation, diet 225 

diversity) and feces characteristics between macroarthropod species and orders, and 226 

differences between litter species physico-chemical and morphological properties were 227 

tested using one-way ANOVA (using lm function from stats package [42]) followed by post-228 

hoc Tukey test (HSD test function, package agricolae [43]) on the R software v.4.0.5 [42]. 229 

Normality and homoscedasticity of variance were assessed visually and with Shapiro and 230 

Breusch-Pagan test (bptest function, lmtest package [44]), and data were log-transformed if 231 

necessary. Differences in diet composition among species and orders were assessed 232 

separately with two permutational analysis of variance (PERMANOVA, [45]) with the 233 

metaMDS function (vegan package [46]) on the Bray-Curtis dissimilarity matrix of animal 234 

mass-specific consumption rate of the four litter species, after homogeneity of variance was 235 

checked with the betadisper function [46]. Results were visualized with NMDS ordination. 236 
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The relationships between feeding properties and body mass were tested with linear-mixed 237 

models with body mass as fixed effect and species identity as random factor since nesting 238 

species within order led to models with higher AIC [47,48]. Differences between available 239 

litter and diet quality, and available litter and feces quality were separately tested by one-240 

way ANOVA. The relationships between diet and feces properties were tested by linear 241 

regressions with the properties that were measurable on both material i.e. C:N, C:P, tannins 242 

content and WHC. Further, we tested the effect of saprophagous macroarthropod mass-243 

specific consumption and feces production rate, assimilation rate, and diet diversity on feces 244 

properties (C:N, C:P, tannins content and WHC). The best models were selected with the 245 

dredge function (MuMIn package [49]) by keeping the best models within a ∆AIC of 2, or 246 

rejecting all models if the null model was included [47]. To assess which litter properties 247 

influenced animal feeding preferences, we constructed individual regression between each 248 

litter species relative consumption and the different litter properties [50]. This approach was 249 

used because the limited number of litter species and the high collinearity between litter 250 

properties (Fig. S1A) made impossible to include all litter properties as independent 251 

variables in the same model.  252 

 253 

3. Results 254 

3.1. Litter properties 255 

Litter species differed strongly in their chemical, physical and morphological traits (Table 1). 256 

A. monspessulanum had the lowest C:N and C:P and the highest WHC and SLA. It also 257 

showed high curliness value and three-dimensionality but low tubularity. A. unedo was of 258 

poor nutritional quality with the highest C:N ratio and tannins concentration and lowest 259 

WHC, but had the highest tubularity value due to its cylindrical shape. Quercus ilex was N-260 

rich but P-poor with low tannins concentration and was the thickest litter species. It was the 261 

only species with simultaneously low values of curliness, tubularity, and 3-dimensionality. 262 

Finally, Q. pubescens had the lowest tannin concentration, intermediate value of P, and 263 

physical traits, and similar morphological characteristics as A. monspessulanum. 264 

3.2. Saprophagous macroarthropod feeding preferences 265 
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All saprophagous macroarthropod species fed on all litter species. Across all animal species 266 

A. unedo litter was consumed the most, constituting on average 42 % of the diet, followed 267 

by A. monspessulanum (32 %), Q. ilex (9%), and Q. pubescens (7 %). However, the 268 

PERMANOVA test identified different diet composition among species (F5,24=3.69, pval 269 

<0.001) and between the two classes (F5,24=2.99, pval=0.03; Fig. S2). In line with the overall 270 

average, the two millipede species G. marginata and C. caerulocinctus showed the highest 271 

consumption rates on A. unedo litter (Fig. 1). In contrast, the isopod P. laevis consumed A. 272 

monspessulanum at the highest rate (though not significantly different from A. unedo and Q. 273 

ilex), and isopods in general consumed A. monspessulanum litter at comparatively high rates 274 

similar to A. unedo.  The only species without significant feeding preferences was O. 275 

sabulosus. Among the ten litter properties, only tannin concentration and tubularity 276 

explained litter preferences by saprophagous macroarthropods (Table 3). 277 

 278 

3.3. Saprophagous macroarthropod feeding properties 279 

Consumption rates per unit fresh mass across all litter species were highest in A. vulgare 280 

(Table 2, Fig. 2), intermediate in P. laevis and C. caerulocinctus, and lowest in A. officinalis, G. 281 

marginata, and O. sabulosus. No differences between species were observed when 282 

consumption rates were expressed per individual (Table 2, Fig. S3). The rate of feces 283 

production (per capita and per unit animal fresh mass) mirrored largely that of consumption 284 

with A. vulgare producing more than three times the amount of feces compared to A. 285 

officinalis that had the lowest feces production rate (Table 2). The per capita consumption 286 

and feces production rates did not appear to depend on total animal fresh body mass, while 287 

both, consumption and feces production rates decreased with increasing total animal body 288 

mass (Fig. 2, Table S2). Diet diversity (Shannon) did not differ between saprophagous 289 

macroarthropod species but increased with total animal body mass. The assimilation rate did 290 

not differ significantly among species and was not influenced by animal body mass, but there 291 

was considerable variability within species. 292 

3.4. Links between litter, diet, and feces traits 293 

When all saprophagous macroarthropod species were pooled, diet properties differed 294 

significantly from the available litter properties with lower C:N ratios and tannin 295 
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concentrations in the available litter (Fig. 3). When evaluated at the species level, only C. 296 

caerulocinctus diet showed significant differences compared to the available litter with a 297 

higher C:P ratio and lower WHC in their diet. Across all species, feces showed lower C:N and 298 

C:P ratios, lower tannin concentrations, and higher WHC compared to the initial litter, 299 

except for tannin concentration of A. vulgare feces that did not differ from that of the litter. 300 

There were no significant correlations between feces and diet traits (Fig. S4). Some feces 301 

traits differed among saprophagous macroarthropod species (Fig. 3A, Table S3). Across all 302 

macroarthropod species, the feces of G. marginata had the lowest C:N and C:P ratios and 303 

the lowest tannin concentrations. On the opposite side of the gradient, A. officinalis feces 304 

showed the highest C:N and C:P ratios and A. vulgare feces showed the highest tannin 305 

concentrations. Cylindroiulus caerulocinctus produced feces with the highest WHC value 306 

while A. officinalis produced low-WHC feces, and overall, feces from woodlice had lower 307 

WHC than those from millipedes. Saprophagous macroarthropod feces differed in their 308 

specific area with the highest values measured in A. officinalis feces, and low values 309 

measured for all three millipede species. The difference between the two classes were 310 

significant (Table S3). Tannin concentrations of feces correlated positively with consumption 311 

and feces production rate (Fig. S1B), but no other correlations among feeding properties 312 

were observed. 313 

4. Discussion 314 

Our study shows for the first time how leaf litter properties affects feeding preferences and 315 

consequently feces characteristics among six widespread saprophagous macroarthropods of 316 

to two distinct class, allowing to test the differences between phylogenetically distant taxa 317 

commonly considered functionally similar. If we confirm the existence of feeding 318 

preferences among four contrasted litter type, we show that they can be species-specific, 319 

and strongly influenced by litter morphology rather than its nutritional value. Additionally, 320 

feeding behavior and diet composition could be linked to species identity, and interestingly 321 

to animal body mass, supporting the use of this trait as a pertinent proxy of saprophagous 322 

macroarthropods role in litter transformation. We further confirmed the strong changes in 323 

physical and chemical properties of organic matter during gut passage as frequently 324 

reported in the literature. However, we identify key feces properties that differ between 325 
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millipedes and woodlice, stressing the importance to question the traditional functional 326 

group used to classify soil organisms.4.1. Feeding preferences explained by litter properties 327 

In our study, A. unedo was the most consumed litter species, which is surprising given its 328 

high C:N ratio, tannin concentrations, and thickness, and low WHC and opposite to our first 329 

hypothesis. These trait values are usually indicative of rather poor food quality, and hence 330 

low preference by saprophagous macroarthropods. On the other hand, the tubular-shaped 331 

leaves of A. unedo may have allowed favorable microclimatic conditions such as higher 332 

moisture and lower light exposure. Microclimatic conditions such as small scale variation in 333 

moisture and light exposure are in fact important for the abundance and diversity of 334 

macroarthropods [51] that likely consumed the litter they inhabited according to the “house 335 

made of food” concept [19,52]. While study does not allow to clearly disentangle nutritional 336 

and microhabitat properties of leaf litter, we observed throughout the experiment 337 

macroarthropods inside the leaves of the lowest physico-chemical quality litter species, the 338 

latter being the  most consumed. The use of leaf litter as microhabitat strongly suggests that 339 

other litter characteristics linked to their morphology such as tubularity can be as important 340 

or more important than nutritional traits in determining macroarthropod feeding.  341 

The deposition of fecal pellets on A. unedo litter might have been an additional non-342 

exclusive reason for high feeding rates on this litter. Feces deposition may promote 343 

microbial communities along with the assumed more favorable microclimatic conditions, 344 

which is known to increase litter palatability to saprophagous macroarthropods [16,53,54]. It 345 

is important to note that A. unedo litter was the only one collected on the ground. Even if we 346 

took great care to select leaves with no sign of early decomposition (supported by the very 347 

low microbial decomposition in control microcosms, Table 1), it is not possible to rule out 348 

microbial colonization of the litter before collection, and that microbial necromass may have 349 

further attracted saprophagous macroarthropods in the experiment. 350 

Finally the consumption of A. unedo may have been facilitated by the parallel consumption 351 

of A. monspessulanum that was the second most consumed litter species. This litter species 352 

was of high physico-chemical quality and showed the highest microbial decomposition rate. 353 

The mixed diet of all saprophagous macroarthropod species likely permitted them to reach 354 

their nutritional demands, allowing them to feed on poor-quality litter [10,55].  355 
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4.2. Feeding behavior and diet diversity are linked to saprophagous macroarthropod species 356 

identity and body mass 357 

Based on physiological and morphological traits, A. vulgare, P. laevis, and C. caerulocinctus 358 

formed a distinct group of smaller bodied taxa with high rates of consumption and feces 359 

production per unit animal biomass and low diet diversity (Table 2, Fig. S5, Table S5). The 360 

negative relationship between body mass and mass-specific consumption and excretion rate 361 

is in line with the metabolic theory [25,27] and with several studies done on the same or 362 

closely related species, namely G. marginata, C. caerulocinctus, and Ommatoiulus rutilans 363 

(C.L. Koch, 1847) feeding on grass litter [30,56] and G. marginata, G. hexasticha, C. 364 

caerulocinctus, and Porcellio scaber feeding on Alnus glutinosa litter [28]. Interestingly, diet 365 

diversity was positively related to organism body mass. Higher food specialization of smaller 366 

taxa have been reported for phytophagous insects [57–60] but are less studied for soil 367 

saprophagous invertebrates. Larger organisms may have a more diverse diet because their 368 

higher mandibular gape and chewing strength offset the consumption limits set by leaf 369 

thickness and toughness [61,62]. If litter thickness partially explained feeding preferences 370 

(high consumption of A. monspessulanum that was the thinnest), additional measurement of 371 

litter toughness and mandibular strength would be required to support this hypothesis. Our 372 

data suggest that fresh body mass may be a good and easy to measure proxy to predict 373 

saprophagous macroarthropod consumption and diet diversity without complex 374 

measurement of consumption or metabolic rate [31]. Further studies including taxa with a 375 

wider spectrum of body size than that in our study and body size variation within species, 376 

would be interesting to explore how body size and diet diversity and consumption rates are 377 

related [63,64]. This also could improve our understanding of species coexistence through 378 

niche partitioning which is a mechanism of great importance for the positive role of 379 

macroarthropod diversity and community composition for litter decomposition through 380 

complementarity effects [55,64–69].  381 

4.3. Chemical and physical transformation of organic matter during gut passage 382 

Saprophagous macroarthropod species differed in their feces properties, but these 383 

differences are not easily explained by the differences in their diet. This highlights that, in 384 

our study, feces characteristics are poorly predictable from litter and diet characteristics. It 385 

must be noted that litter traits were measured using the whole leaf, including veins that are 386 
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of lesser quality and usually avoided by macroarthropods that prefer leaf lamina [4]. This 387 

may induce difference between the quality of what the animals actually ingested and how 388 

we measured it, limiting the detection of correlation between litter and feces properties. 389 

Nevertheless, on average, feces were of higher chemical quality (lower C:nutrient ratio, and 390 

tannin concentration) than the initial litter, which may have important consequences on 391 

microbial activity and the further decomposition of feces [3,35]. Indeed, by changing organic 392 

matter C:N and C:P ratio from 95.6 ± 0.7 and 2942 ± 32 in the available litter mix to 32.6 ± 393 

6.9 and 95.6 ± 29 in their feces, saprophagous macroarthropods likely promote microbial 394 

activity that usually is limited by substrate C:N and C:P ratios above 30 and 92 [7,70,71]. 395 

Additionally, preferential consumption of the lowest-quality litter led to a higher proportion 396 

of high-quality litter in the remaining litter layer. All these effects combined result in 397 

improved organic matter quality (both in litter layer and feces) that may  favor microbial 398 

activity in the remaining litter [72]. In addition to chemical changes, feces exhibited a 2.2 399 

fold increase in WHC compared to the litter mix. Therefore, conversion of litter into feces 400 

may therefore improve humidity conditions in the organic layer, which may significantly 401 

promote microbial activity. 402 

4.4. Differences between woodlice and millipede in OM transformation 403 

An interesting result of our study was that tannin concentrations remained higher in 404 

woodlice feces than in millipedes’ feces, especially in A. vulgare feces where tannin 405 

concentrations in feces were similar to those in leaf litter. Our study is the first to our 406 

knowledge to show such differences that may be explained by the different digestive track 407 

structure between woodlice and millipede. Similar to woodlice, the digestive track of 408 

millipedes consists in a straight tube, but likely is longer as it occupies the major part of the 409 

longer body of julid-form milliped compared to woodlice. This may result in longer food 410 

retention time in the digestive system in millipedes, resulting in a prolonged digestion of 411 

complex molecules and reduction of tannins concentration in feces [73]. The body length of 412 

the pill millipede G. marginata is similar to that of woodlice, but its digestive track (hindgut) 413 

is composed of two limbs that increase its volume that can lead to longer retention time 414 

food as well. Low if not undetectable tannin concentrations in G. marginata feces have 415 

already been reported when feeding on different litter types varying in tannin 416 

concentrations and in decay stage [12,74]. Additionally, species and phylum-specific 417 
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microbiota composition in the digestive tube may also explain these differences since 418 

microbial communities largely contribute to saprophagous macroarthropod food digestion 419 

and assimilation [14], but complete description of microbial communities in these animals 420 

digestive tube and detailed comparison between distant phylogenetic groups are lacking 421 

[35,36]. Finally, highest tannin concentrations in feces were negatively correlated to mass-422 

specific consumption rate (and therefore feces production rate) but not to assimilation. A. 423 

vulgare showed the highest consumption rate and feces production and therefore processed 424 

litter faster than other species, likely resulting in less time for tannins and protein to 425 

complex in the animal digestive track, making tannins more detectable by the method 426 

employed. If not complexed to proteins, tannins would also be more impacting for microbial 427 

activity and feces and litter decomposition [75].  428 

In addition to tannins transformation, physical differences in feces were observed with 429 

higher WHC in millipede than in woodlice feces. This difference was notably due to the 430 

highest feces WHC of C. caerulocinctus whilst its diet, dominated by low WHC-leaves of A. 431 

unedo and Q. ilex particles, was of lower WHC compared to the litter mix. This means that 432 

feces WHC is not linked to the physical properties of the particles that constitute them, but 433 

rather to feces specific area. Millipede produce thicker and rounded fecal pellets compared 434 

to the thin, flat and squared woodlice feces, with lower specific area [14]. This is important 435 

as it may imply that those two phylogenetic groups, generally grouped in the same 436 

“functional group”, actually have quite a different impact on organic matter transformation 437 

and therefore on the carbon and nutrient cycle [4,7]. 438 

5. Conclusion 439 

Our study provides support for the important chemical and physical transformation of 440 

organic matter due to the feeding activity of woodlice and millipedes, notably with improved 441 

nutritional quality and water holding capacity in feces compared to leaf litter. In addition, we 442 

show clear differences in the feeding preferences of six widespread species that, contrarily 443 

to current knowledge, cannot be predicted only by the nutritive value of the litter but is 444 

rather linked to morphological attributes of the leaves which were previously largely 445 

overlooked [19]. Our study showed a clear distinction between woodlice and millipedes that 446 

usually are considered functionally similar. The differences in tannins digestion as well as 447 

feces shape and water holding capacity deserve more interest as polyphenols and water 448 
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availability are major drivers of microbial activity [1,75]. If further confirmed, differences 449 

observable at the class level (Malacostraca vs Diplopoda) would suggest that traditional 450 

functional groups [76], that nowadays are confounded with taxonomic groups (“all woodlice 451 

and millipedes species are equivalent litter transformers”), hides important differences 452 

among saprophagous arthropods class, families or genera. Functionally meaningful 453 

differences at high taxonomic ranks would allow a more detailed and accurate description of 454 

soil food-web which would improve our understanding of C and nutrient cycles [3,77]. Since 455 

obtaining species-specific information can be tedious, the links between body mass and 456 

consumption rate and diet diversity that we observed (Fig. S5), are valuable as they could be 457 

more easily incorporated in C and N cycling models [78] and improve the integration of 458 

biological control on these processes [79]. 459 

Acknowledgments 460 

This research was part of the SoilForEUROPE project (website: 461 

https://websie.cefe.cnrs.fr/soilforeurope/) funded through the 2015-2016 BiodivERsA 462 

COFUND call for research proposals, with the national funders Agence Nationale de la 463 

Recherche (ANR, France), Belgian Science Policy Office (BELSPO, Belgium), Deutsche 464 

Forschungsgemeinschaft (DFG, Germany), Research Foundation Flanders (FWO, Belgium), 465 

and The Swedish Research Council (FORMAS, Sweden). This work was possible thanks to the 466 

grant awarded to Pierre Ganault from the “Ecole Doctorale GAIA” of the University of 467 

Montpellier as well as the French unemployment allowance. The experiment was conducted 468 

at the Terrain d’Expérience and chemical analyses were performed at the Plateforme 469 

d’Analyses Chimiques en Ecologie, technical facilities of the LabEx Centre Mediterranéen de 470 

l’Environnement et de la Biodiversité. We thank Patrick Schevin and Raphaelle Leclerc for 471 

laboratory and technical assistance. The author are grateful for the positive and constructive 472 

comments by two anonymous reviewers that improved the clarity of the manuscript. 473 

References 474 

[1] B. Berg, C. McClaugherty, Plant Litter, Springer Berlin Heidelberg, Berlin, Heidelberg, 475 
2014. https://doi.org/10.1007/978-3-642-38821-7. 476 

[2] G. Cadisch, K.E. Giller, eds., Driven by nature: plant litter quality and decomposition, 477 
CAB International, Wallingford, Oxon, UK, 1997. 478 



17 

 

[3] F.-X. Joly, S. Coq, M. Coulis, J.-F. David, S. Hättenschwiler, C.W. Mueller, I. Prater, J.-A. 479 
Subke, Detritivore conversion of litter into faeces accelerates organic matter turnover, 480 
Commun Biol. 3 (2020) 660. https://doi.org/10.1038/s42003-020-01392-4. 481 

[4] J.F. David, The role of litter-feeding macroarthropods in decomposition processes: A 482 
reappraisal of common views, Soil Biology and Biochemistry. 76 (2014) 109–118. 483 
https://doi.org/10.1016/j.soilbio.2014.05.009. 484 

[5] J.-F. David, D. Gillon, Annual feeding rate of the millipede Glomeris marginata on holm 485 
oak (Quercus ilex) leaf litter under Mediterranean conditions, Pedobiologia. 46 (2002) 486 
42–52. https://doi.org/10.1078/0031-4056-00112. 487 

[6] V. Wolters, Invertebrate control of soil organic matter stability, Biology and Fertility of 488 
Soils. 31 (2000) 1–19. https://doi.org/10.1007/s003740050618. 489 

[7] F. Joly, S. Coq, M. Coulis, J. Nahmani, S. Hättenschwiler, Litter conversion into 490 
detritivore faeces reshuffles the quality control over C and N dynamics during 491 
decomposition, Funct Ecol. 32 (2018) 2605–2614. https://doi.org/10.1111/1365-492 
2435.13178. 493 

[8] R. Hartenstein, Feeding, digestion, glycogen, and the environmental conditions of the 494 
digestive system in Oniscus asellus, Journal of Insect Physiology. 10 (1964) 611–621. 495 
https://doi.org/10.1016/0022-1910(64)90031-9. 496 

[9] M.J. Swift, O.W. Heal, J.M. Anderson, Decomposition in terrestrial ecosystems, 497 
University of California Press, Berkeley, 1979. 498 

[10] M. Zimmer, Nutrition in terrestrial isopods (Isopoda: Oniscidea): an evolutionary-499 
ecological approach, Biol. Rev. 77 (2002) 455–493. 500 
https://doi.org/10.1017/S1464793102005912. 501 

[11] Y. Suzuki, S.J. Grayston, C.E. Prescott, Effects of leaf litter consumption by millipedes 502 
(Harpaphe haydeniana) on subsequent decomposition depends on litter type, Soil 503 
Biology and Biochemistry. 57 (2013) 116–123. 504 
https://doi.org/10.1016/j.soilbio.2012.07.020. 505 

[12] F.-X. Joly, M. Coulis, A. Gérard, N. Fromin, S. Hättenschwiler, Litter-type specific 506 
microbial responses to the transformation of leaf litter into millipede feces, Soil Biology 507 
and Biochemistry. 86 (2015) 17–23. https://doi.org/10.1016/j.soilbio.2015.03.014. 508 

[13] K. Wickings, A.S. Grandy, S.C. Reed, C.C. Cleveland, The origin of litter chemical 509 
complexity during decomposition, Ecol Lett. 15 (2012) 1180–1188. 510 
https://doi.org/10.1111/j.1461-0248.2012.01837.x. 511 

[14] J.-F. David, I.T. Handa, The ecology of saprophagous macroarthropods (millipedes, 512 
woodlice) in the context of global change, Biological Reviews. (2010) no-no. 513 
https://doi.org/10.1111/j.1469-185X.2010.00138.x. 514 

[15] M. Kaspari, S.P. Yanoviak, Biogeochemistry and the structure of tropical brown food 515 
webs, Ecology. 90 (2009) 3342–3351. https://doi.org/10.1890/08-1795.1. 516 

[16] M. Zimmer, G. Kautz, W. Topp, Leaf litter-colonizing microbiota: supplementary food 517 
source or indicator of food quality for Porcellio scaber (Isopoda: Oniscidea)?, European 518 
Journal of Soil Biology. 39 (2003) 209–216. 519 
https://doi.org/10.1016/j.ejsobi.2003.07.001. 520 



18 

 

[17] G. Kautz, M. Zimmer, W. Topp, Responses of the parthenogenetic isopod, Trichoniscus 521 
pusillus (Isopoda: Oniscidea), to changes in food quality, Pedobiologia. 44 (2000) 75–85. 522 
https://doi.org/10.1078/S0031-4056(04)70029-3. 523 

[18] A.T.C. Dias, J.H.C. Cornelissen, M.P. Berg, Litter for life: assessing the multifunctional 524 
legacy of plant traits, J Ecol. 105 (2017) 1163–1168. https://doi.org/10.1111/1365-525 
2745.12763. 526 

[19] S. Fujii, M.P. Berg, J.H.C. Cornelissen, Living Litter: Dynamic Trait Spectra Predict Fauna 527 
Composition, Trends in Ecology & Evolution. (2020) S0169534720301385. 528 
https://doi.org/10.1016/j.tree.2020.05.007. 529 

[20] R.A. Hansen, D.C. Coleman, Litter complexity and composition are determinants of the 530 
diversity and species composition of oribatid mites (Atari: Oribatida) in litterbags, 531 
Applied Soil Ecology. 9 (1998) 17–23. https://doi.org/10.1016/S0929-1393(98)00048-1. 532 

[21] S. Grootemaat, I.J. Wright, P.M. van Bodegom, J.H.C. Cornelissen, Scaling up 533 
flammability from individual leaves to fuel beds, Oikos. 126 (2017) 1428–1438. 534 
https://doi.org/10.1111/oik.03886. 535 

[22] M. Makkonen, M.P. Berg, I.T. Handa, S. Hättenschwiler, J. van Ruijven, P.M. van 536 
Bodegom, R. Aerts, Highly consistent effects of plant litter identity and functional traits 537 
on decomposition across a latitudinal gradient, Ecol Lett. 15 (2012) 1033–1041. 538 
https://doi.org/10.1111/j.1461-0248.2012.01826.x. 539 

[23] J. Frouz, M. Šimek, Short term and long term effects of bibionid (Diptera: Bibionidae) 540 
larvae feeding on microbial respiration and alder litter decomposition, European 541 
Journal of Soil Biology. 45 (2009) 192–197. 542 
https://doi.org/10.1016/j.ejsobi.2008.09.012. 543 

[24] J.H.C. Cornelissen, S. Grootemaat, L.M. Verheijen, W.K. Cornwell, P.M. van Bodegom, R. 544 
van der Wal, R. Aerts, Are litter decomposition and fire linked through plant species 545 
traits?, New Phytol. 216 (2017) 653–669. https://doi.org/10.1111/nph.14766. 546 

[25] J.H. Brown, J.F. Gillooly, A.P. Allen, V.M. Savage, G.B. West, Toward a metabolic theory 547 
of ecology, Ecology. 85 (2004) 1771–1789. https://doi.org/10.1890/03-9000. 548 

[26] S.L. Frears, P.I. Webb, S.R. Telford, The allometry of metabolism in southern African 549 
millipedes (Myriapoda: Diplopoda), Physiol Entomol. 21 (1996) 212–216. 550 
https://doi.org/10.1111/j.1365-3032.1996.tb00857.x. 551 

[27] T.D. Meehan, Mass and temperature dependence of metabolic rate in litter and soil 552 
invertebrates, Physiological and Biochemical Zoology. 79 (2006) 878–884. 553 
https://doi.org/10.1086/505997. 554 

[28] M. Ardestani, V. Šustr, J. Frouz, Consumption performance of five detritivore species 555 
feeding on Alnus glutinosa L. leaf litter in a microcosm experiment, Forests. 10 (2019) 556 
1080. https://doi.org/10.3390/f10121080. 557 

[29] A. Biwer, Quantitative Untersuchungen über die Bedeutung der Asseln und der 558 
Bakterien für die Fallaubzersetzung unter Berücksichtigung der Wirkung künstlicher 559 
Düngemittelzusätze1, Zeitschrift für Angewandte Entomologie. 48 (1961) 377–394. 560 
https://doi.org/10.1111/j.1439-0418.1961.tb03813.x. 561 



19 

 

[30] S. Coq, J. Nahmani, R. Resmond, J. Segrestin, J. David, P. Schevin, E. Kazakou, 562 
Intraspecific variation in litter palatability to macroarthropods in response to grazing 563 
and soil fertility, Funct Ecol. 32 (2018) 2615–2624. https://doi.org/10.1111/1365-564 
2435.13205. 565 

[31] T. Astor, L. Lenoir, M.P. Berg, Measuring feeding traits of a range of litter-consuming 566 
terrestrial snails: leaf litter consumption, faeces production and scaling with body size, 567 
Oecologia. 178 (2015) 833–845. https://doi.org/10.1007/s00442-015-3257-y. 568 

[32] E.A. Bernays, Evolution of Feeding Behavior in Insect Herbivores, BioScience. 48 (1998) 569 
35–44. https://doi.org/10.2307/1313226. 570 

[33] W.H. Karasov, C. Martínez del Rio, E. Caviedes-Vidal, Ecological Physiology of Diet and 571 
Digestive Systems, Annu. Rev. Physiol. 73 (2011) 69–93. 572 
https://doi.org/10.1146/annurev-physiol-012110-142152. 573 

[34] W.R. Terra, C. Ferreira, Insect digestive enzymes: properties, compartmentalization and 574 
function, Comparative Biochemistry and Physiology Part B: Comparative Biochemistry. 575 
109 (1994) 1–62. https://doi.org/10.1016/0305-0491(94)90141-4. 576 

[35] B.A. Byzov, Intestinal Microbiota of Millipedes, in: H. König, A. Varma (Eds.), Intestinal 577 
Microorganisms of Termites and Other Invertebrates, Springer-Verlag, 578 
Berlin/Heidelberg, 2006: pp. 89–114. https://doi.org/10.1007/3-540-28185-1_4. 579 

[36] R. Kostanjšek, J. Štrus, A. Lapanje, G. Avguštin, M. Rupnik, D. Drobne, Intestinal 580 
Microbiota of Terrestrial Isopods, in: H. König, A. Varma (Eds.), Intestinal 581 
Microorganisms of Termites and Other Invertebrates, Springer-Verlag, 582 
Berlin/Heidelberg, 2006: pp. 115–131. https://doi.org/10.1007/3-540-28185-1_5. 583 

[37] A.E. Hagerman, L.G. Butler, Protein precipitation method for the quantitative 584 
determination of tannins, Journal of Agricultural and Food Chemistry. 26 (1978) 809–585 
812. 586 

[38] A.E. Hagerman, The Tannin Handbook, Miami University, Oxford, OH 45056, 2011. 587 
https://www.academia.edu/25605508/The_Tannin_Handbook (accessed July 28, 588 
2021). 589 

[39] J.-F. David, How to calculate leaf litter consumption by saprophagous macrofauna?, 590 
European Journal of Soil Biology. 34 (1998) 111–115. https://doi.org/10.1016/S1164-591 
5563(00)88647-1. 592 

[40] C.E. Shannon, A mathematical theory of communication, The Bell System Technical 593 
Journal. (1948) 379–423. https://doi.org/10.1002/j.1538-7305.1948.tb01338.x. 594 

[41] E. Garnier, J. Cortez, G. Billès, M.-L. Navas, C. Roumet, M. Debussche, G. Laurent, A. 595 
Blanchard, D. Aubry, A. Bellmann, C. Neill, J.-P. Toussaint, Plant functional markers 596 
capture ecosystem properties during secondary succession, Ecology. 85 (2004) 2630–597 
2637. https://doi.org/10.1890/03-0799. 598 

[42] R Core Team, R: A language and environment for statistical computing language and 599 
environment for statistical computing, R Foundation for Statistical Computing, Vienna, 600 
Austria, 2021. http://www.R-project.org/. 601 

[43] F. de Mendiburu, Agricolae: statistical procedures for agricultural esearch, R Package 602 
Version 1.3-3. (2020). https://CRAN.R-project.org/package=agricolae. 603 



20 

 

[44] Z. Achim, H. Torsten, Diagnostic Checking in Regression Relationships, R   News. 2 604 
(2002) 7–10. 605 

[45] M.J. Anderson, Permutational Multivariate Analysis of Variance (PERMANOVA), Wiley 606 
StatsRef: Statistics Reference Online. (2017) 1–15. 607 
https://doi.org/10.1002/9781118445112.stat07841. 608 

[46] J. Oksanen, F.G. Blanchet, M. Friendly, R. Kindt, P. Legendre, D. McGlinn, P.R. Minchin, 609 
R.B. O’Hara, G.L. Simpson, P. Solymos, H.H. Stevens, E. Szoecs, H. Wagner, Package 610 
“vegan,” CRAN. (2019) 1–296. 611 

[47] X.A. Harrison, L. Donaldson, M.E. Correa-Cano, J. Evans, D.N. Fisher, C.E.D. Goodwin, 612 
B.S. Robinson, D.J. Hodgson, R. Inger, A brief introduction to mixed effects modelling 613 
and multi-model inference in ecology, PeerJ. 6 (2018) e4794. 614 
https://doi.org/10.7717/peerj.4794. 615 

[48] A.F. Zuur, E.N. Ieno, A protocol for conducting and presenting results of regression-type 616 
analyses, Methods in Ecology and Evolution. 7 (2016) 636–645. 617 
https://doi.org/10.1111/2041-210X.12577. 618 

[49] K. Barton, Package “MuMin,” CRAN. (2020). 619 

[50] A.F. Quadros, M. Zimmer, P.B. Araujo, J.G. Kray, Litter traits and palatability to 620 
detritivores: a case study across bio-geographical boundaries, Nauplius. 22 (2014) 103–621 
111. https://doi.org/10.1590/S0104-64972014000200004. 622 

[51] K.E. Mueller, N. Eisenhauer, P.B. Reich, S.E. Hobbie, O.A. Chadwick, J. Chorover, T. 623 
Dobies, C.M. Hale, A.M. Jagodziński, I. Kałucka, M. Kasprowicz, B. Kieliszewska-Rokicka, 624 
J. Modrzyński, A. Rożen, M. Skorupski, Ł. Sobczyk, M. Stasińska, L.K. Trocha, J. Weiner, 625 
A. Wierzbicka, J. Oleksyn, Light, earthworms, and soil resources as predictors of 626 
diversity of 10 soil invertebrate groups across monocultures of 14 tree species, Soil 627 
Biology and Biochemistry. 92 (2016) 184–198. 628 
https://doi.org/10.1016/j.soilbio.2015.10.010. 629 

[52] J.M. Anderson, The organization of soil animal communities, (1977) 10. 630 

[53] H. Harrop-Archibald, R.K. Didham, R.J. Standish, M. Tibbett, R.J. Hobbs, Mechanisms 631 
linking fungal conditioning of leaf litter to detritivore feeding activity, Soil Biology and 632 
Biochemistry. 93 (2016) 119–130. https://doi.org/10.1016/j.soilbio.2015.10.021. 633 

[54] M. Maraun, S. Scheu, Changes in microbial biomass, respiration and nutrient status of 634 
beech (Fagus sylvatica) leaf litter processed by millipedes (Glomeris marginata), 635 
Oecologia. 107 (1996) 131–140. https://doi.org/10.1007/BF00582243. 636 

[55] T. De Oliveira, S. Hättenschwiler, I. Tanya Handa, Snail and millipede complementarity 637 
in decomposing Mediterranean forest leaf litter mixtures: Snail and millipede 638 
interactions, Functional Ecology. 24 (2010) 937–946. https://doi.org/10.1111/j.1365-639 
2435.2010.01694.x. 640 

[56] S. Coq, J. Nahmani, E. Kazakou, N. Fromin, J.-F. David, Do litter-feeding 641 
macroarthropods disrupt cascading effects of land use on microbial decomposer 642 
activity?, Basic and Applied Ecology. 46 (2020) 24–34. 643 
https://doi.org/10.1016/j.baae.2020.03.004. 644 



21 

 

[57] L. Cizek, Diet composition and body size in insect herbivores: Why do small species 645 
prefer young leaves?, Eur. J. Entomol. 102 (2005) 675–681. 646 
https://doi.org/10.14411/eje.2005.096. 647 

[58] R.B. Davis, E. Õunap, J. Javoiš, P. Gerhold, T. Tammaru, Degree of specialization is 648 
related to body size in herbivorous insects, a phylogenetic confirmation, Evolution. 67 649 
(2013) 583–589. https://doi.org/10.1111/j.1558-5646.2012.01776.x. 650 

[59] J. Lindström, L. Kaila, P. Niemelä, Polyphagy and adult body size in geometrid moths, 651 
Oecologia. 98 (1994) 130–132. https://doi.org/10.1007/BF00341463. 652 

[60] V. Novotny, Y. Basset, Body size and host plant specialization: a relationship from a 653 
community of herbivorous insects on Ficus from Papua New Guinea, J. Trop. Ecol. 15 654 
(1999) 315–328. https://doi.org/10.1017/S026646749900084X. 655 

[61] E.A. Bernays, Diet-Induced Head Allometry Among Foliage-Chewing Insects and Its 656 
Importance for Graminivores, Science. 231 (1986) 495–497. 657 
https://doi.org/10.1126/science.231.4737.495. 658 

[62] D.F. Hochuli, Insect herbivory and ontogeny: How do growth and development 659 
influence feeding behaviour, morphology and host use?, Austral Ecology. 26 (2001) 660 
563–570. https://doi.org/10.1046/j.1442-9993.2001.01135.x. 661 

[63] J. Frouz, Effects of soil macro- and mesofauna on litter decomposition and soil organic 662 
matter stabilization, Geoderma. 332 (2018) 161–172. 663 
https://doi.org/10.1016/j.geoderma.2017.08.039. 664 

[64] S. Fontana, M.P. Berg, M. Moretti, Intraspecific niche partitioning in macrodetritivores 665 
enhances mixed leaf litter decomposition, Funct Ecol. 33 (2019) 2391–2401. 666 
https://doi.org/10.1111/1365-2435.13448. 667 

[65] M. Zimmer, S.C. Pennings, T.L. Buck, T.H. Carefoot, Salt marsh litter and detritivores: A 668 
closer look at redundancy, Estuaries. 27 (2004) 753–769. 669 
https://doi.org/10.1007/BF02912038. 670 

[66] M. Coulis, N. Fromin, J.-F. David, J. Gavinet, A. Clet, S. Devidal, J. Roy, S. Hättenschwiler, 671 
Functional dissimilarity across trophic levels as a driver of soil processes in a 672 
Mediterranean decomposer system exposed to two moisture levels, Oikos. 124 (2015) 673 
1304–1316. https://doi.org/10.1111/oik.01917. 674 

[67] M. Hedde, F. Bureau, M. Chauvat, T. Decaëns, Patterns and mechanisms responsible for 675 
the relationship between the diversity of litter macro-invertebrates and leaf 676 
degradation, Basic and Applied Ecology. 11 (2010) 35–44. 677 
https://doi.org/10.1016/j.baae.2009.10.009. 678 

[68] D.A. Heemsbergen, Biodiversity effects on soil processes explained by interspecific 679 
functional dissimilarity, Science. 306 (2004) 1019–1020. 680 
https://doi.org/10.1126/science.1101865. 681 

[69] S. Hättenschwiler, A.V. Tiunov, S. Scheu, Biodiversity and Litter Decomposition in 682 
Terrestrial Ecosystems, Annu. Rev. Ecol. Evol. Syst. 36 (2005) 191–218. 683 
https://doi.org/10.1146/annurev.ecolsys.36.112904.151932. 684 



22 

 

[70] P. Čapek, P. Kotas, S. Manzoni, H. Šantrůčková, Drivers of phosphorus limitation across 685 
soil microbial communities, Funct Ecol. 30 (2016) 1705–1713. 686 
https://doi.org/10.1111/1365-2435.12650. 687 

[71] J.P. Kaye, S.C. Hart, Competition for nitrogen between plants and soil 688 
microorganisms.pdf, Trends in Ecology & Evolution. 12 (1997) 139–143. 689 

[72] M. Coulis, S. Hättenschwiler, N. Fromin, J.F. David, Macroarthropod-microorganism 690 
interactions during the decomposition of Mediterranean shrub litter at different 691 
moisture levels, Soil Biology and Biochemistry. 64 (2013) 114–121. 692 
https://doi.org/10.1016/j.soilbio.2013.04.012. 693 

[73] Y. Yang, A. Joern, Influence of diet quality, developmental stage, and temperature on 694 
food residence time in the grasshopper Melanoplus differentialis, Physiological 695 
Zoology. 67 (1994) 598–616. https://doi.org/10.1086/physzool.67.3.30163760. 696 

[74] M. Coulis, S. Hättenschwiler, S. Rapior, S. Coq, The fate of condensed tannins during 697 
litter consumption by soil animals, Soil Biology and Biochemistry. 41 (2009) 2573–2578. 698 
https://doi.org/10.1016/j.soilbio.2009.09.022. 699 

[75] S. Hättenschwiler, P.M. Vitousek, The role of polyphenols in terrestrial ecosystem 700 
nutrient cycling, Trends in Ecology & Evolution. 15 (2000) 238–243. 701 
https://doi.org/10.1016/S0169-5347(00)01861-9. 702 

[76] P. Lavelle, A.V. Spain, Soil Ecology, Kluwer Academic Publishers, New York, Boston, 703 
Dordrecht, London, Moscow, 2001. 10.1007/0-306-48162-6. 704 

[77] A.M. Potapov, S. Scheu, A.V. Tiunov, Trophic consistency of supraspecific taxa in below-705 
ground invertebrate communities: Comparison across lineages and taxonomic ranks, 706 
Funct Ecol. 33 (2019) 1172–1183. https://doi.org/10.1111/1365-2435.13309. 707 

[78] E.L. Fry, J.R. De Long, L. Álvarez Garrido, N. Alvarez, Y. Carrillo, L. Castañeda‐Gómez, M. 708 
Chomel, M. Dondini, J.E. Drake, S. Hasegawa, S. Hortal, B.G. Jackson, M. Jiang, J.M. 709 
Lavallee, B.E. Medlyn, J. Rhymes, B.K. Singh, P. Smith, I.C. Anderson, R.D. Bardgett, E.M. 710 
Baggs, D. Johnson, Using plant, microbe, and soil fauna traits to improve the predictive 711 
power of biogeochemical models, Methods Ecol Evol. 10 (2019) 146–157. 712 
https://doi.org/10.1111/2041-210X.13092. 713 

[79] J. Filser, J.H. Faber, A.V. Tiunov, L. Brussaard, J. Frouz, G. De Deyn, A.V. Uvarov, M.P. 714 
Berg, P. Lavelle, M. Loreau, D.H. Wall, P. Querner, H. Eijsackers, J.J. Jiménez, Soil fauna: 715 
key to new carbon models, SOIL. 2 (2016) 565–582. https://doi.org/10.5194/soil-2-565-716 
2016. 717 

 718 


