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Résumé

La disponibilité en eau est le principal facteunitant le fonctionnement des écosystemes
méditerranéens. Des sécheresses plus marquéesiodrdriuentes pourraient avoir d'importantes
répercussions sur I'activité et la diversité déalane du sol qui régule la décomposition des étest
le cycle des nutriments. Dans cette thése jaiiétadpérimentalement les interactions entre une
modification des apports en eau et limpact de Ecrofaune détritivore sur les processus de
décomposition en conditions méditerranéennes.

Dans une premiére partie, j'ai étudié I'effet d'wespéce de détritivore trés abondante localement,
Ommatoiuus sabulosusur la décomposition des litiéres d’arbustes ateigue. Une expérience d'un
mois en microcosmes a permis d'étudier ses effietstsl (via la consommation de litiére) et indisect
(via l'activité microbienne dans ses feces) supdate de masse des litieres et les communautés
microbiennes a deux niveaux d’humidité contradbé&is une autre expérience d'un an sur le terrain,
la mise en place de sachets de litieres et de #edesix profondeurs dans un sol de garrigue a permi
d’étudier les effets @mmatoiulusa plus long terme. Les principaux résultats mantgue sa
consommation de litiere est moins affectée paétheresse que la décomposition microbienne, mais
que, a court term&mmatoiulusme stimule pas la minéralisation de la matiérewiaue, quelles que
soient les conditions d’humidité. En revanche, aspbng terme Ommatoiuluspeut accélérer la
décomposition de certaines litieres comme le ch@mmes, puisque des féces issues de cette litiere
déposées a la surface du sol pendant un an pellsntie masse que de la litiere nhon-consommée.
Cette stimulation semble liée a un lessivage phportant des composés organiques solubles dans les
feces et ne se produit qu'a la surface du sol.r&fopdeur, ou I'humidité du sol est plus favorabla
décomposition, la perte de masse des féces augm@serésultat suggere qu'en facilitant
'enfouissement de la matiére organique dans le $d détritivores peuvent accélérer la
décomposition.

Dans une seconde partie, j'ai cherché a évaluapdiitance de la diversité fonctionnelle des
litieres et des détritivores pour le processus éeonhposition. Grace a une approche basée sur les
traits, des assemblages d'espéces représentant grnaflient de dissimilarité fonctionnelle maisuaty
une richesse spécifique constante, ont été créésepadier la réponse de la relation diversité-fiomc
a la sécheresse. Les résultats de cette expérnesicée a I'Ecotron de Montpellier, montrent que la
dissimilarité fonctionnelle des litieres et desritig¢bres explique jusqu'a 20% de la variation olbée
dans plusieurs processus clefs du fonctionnememsbtjuels que la perte de masse des litieres et le
lessivage du carbone et de I'azote dans le sotfstipe Toutefois, les effets de l'identité depeses
présentes aux deux niveaux trophiques restent phportants que ceux de la dissimilarité
fonctionnelle. Bien que la sécheresse influenceifioent les processus étudiés, les relations digersi
fonction ne sont pas modifiées par un changementaddisponibilité en eau. Cependant, les
assemblages d'espéces les plus performants ertiocoadi’humidité favorables sont aussi les plus
fortement affectés par la sécheresse, ce qui seiggéll existe un compromis entre I'efficacité des

organismes du sol et leur capacité a résister @pererbation.






Abstract

Water availability is a major limiting factor foh& functioning of Mediterranean ecosystems.
More pronounced drought could severely impact &aiha activity and diversity that could in turn
affect litter decomposition and nutrient cycling. iy PhD thesis | investigated experimentally the
interactions between changing water availabilitg @etritivorous macrofauna on decomposition and
associated processes in a “garrigue”, a typicalitdednean woody shrub dominated ecosystem.

In the first part of my thesis, | studied the impa&af Ommatoiulus sabulospysn abundant
diplopod species in garrigue ecosystems, on shittdr Idecomposition. During a one month
experiment, | studied the direct (litter consump}iand indirect (microbial activity in feces) effeof
this detritivore on litter mass loss and microlgi@nmunities under two contrasted moisture levals. |
a different experiment, | placed litterbags filletth litter or feces in the field at the soil suréaor at
5cm soil depth during one year in order to studg thng term impact ofOmmatoiuluson
decomposition. A key result was that detritivoregintain litter consumption in dry conditions when
microbial driven decomposition drastically droppetbwever, this detritivore effect does not lead to
an overall increased organic matter mineralizatiogspective of moisture conditions, at least ia th
short term. In contrast, under field conditions aver a longer time perio@mmatoiulusincreases
decomposition of certain species suchQagrcus cocciferasince feces from this species decompose
faster than un-ingested litter after one year atsthil surface. This stimulation is likely due tbigher
leaching of soluble compound in feces. Moreoverdépth feces decomposition increases relative to
that of intact leaf litter, possibly indicating thamore favorable soil humidity is more favorable to
decomposition. Collectively, my results suggest ttetritivores can strongly increase decomposition
by transforming leaf litter into feces of differemrtganic matter quality, and by facilitating thartsfer
of organic matter into the soil.

In the second part, | evaluated the importance uoictfonal dissimilarity of leaf litter and
detritivores on decomposition processes. Usingad brased approach, species assemblages were
constructed in order to obtain a gradient of fuor@i dissimilarity of both, leaf litter and detvitire
communities, while keeping species numbers consfdr different communities were kept under
controlled conditions at the European Ecotron imigellier to study the effect of changing functibna
dissimilarity on process rates at two different stiie conditions. | found that detritivore andelitt
functional dissimilarity explain up to 20 % of tledserved variation for several key soil processes
including litter mass loss and the leaching of aligsd organic carbon and nitrogen from top soail.
However, effects of species identity at both troegeivels have a larger impact on process rates than
functional dissimilarity. In general, drought stghn affects soil processes but does not alter the
diversity-function relationship. Species assemisagesulting in highest process rates at favorable
moisture level are also the most negatively affbédig drought, suggesting a tradeoff between the

efficiency of soil organisms and their ability &sist perturbation.
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INTRODUCTION

Introduction

« La science se forme plutdt sur une réverie queise expérience et il faut bien des expériences po

effacer les brumes du songe »

Gaston Bachelard
La psychanalyse du feu

— «Lorsqu'on cherche, on ne trouve que ce que I'barche. Et c’est souvent pas grand-
chose...

— Pourquoi n'est-ce pas grand-chose que de trouvguedon cherche ?

— On n'atteint alors a aucune connaissance.

— Heu... Précisez ce que vous voulez dire...

— Préciser c'est toujours fatiguer ce que I'on a udiite.

Le vénérable soupire, quitte I'antenne de la veiteir va se poser sur une plante minuscule, couverte
de poussiére, qui végete au pied d'un panneawnd point. Le jeune I'y rejoint en veillant a nespa
s'empoussiérer les ailes et fixe son tourmenteac aes yeux de luciole morte.

— Quand tu cherches, tu sais ce que tu cherches) tinoe le chercherais pas ? lui demande
I'ancien qui finit par céder.

—  Oui.

— Donc, ce que tu cherches tu le connais déja, tud&a imaginé, et tu es déja en train de
I'espérer ?

— Oui, possible.

— Deés lors, tu tournes en rond en trouvant ce quesperes. Il y a la peut-étre une re-
connaissance, mais en tout cas aucune vraie ceanas

— Comment cela ?

— La connaissance survient d’abord dans ce que Bbrineapable d’'imaginer, et qu’il nous a
été impossible jusqu’alors d’espérer. »

Patrick Chamoiseau

Le papillon et la lumiére
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INTRODUCTION

Le rayonnement solairest la principale source d’énergie pour les écésyss de la planete.
Grace au processus de photosynthese, les végétala oapacité d'utiliser cette énergie pour
convertir des composés minéraux COIO;, HPQ,...) en composés organiques. Dans les
écosystemes terrestres dominés par les plantesufige (foréts, landes, garrigues,...), la part de
la biomasse végétale consommée par les herbivetefaible (environ 10%), et la majorité de
cette biomasse demeure intacte jusqu’a la sénesqeng rejoindre la matiére organique morte
au niveau du sot la litiere (Cebrian & Lartigue 2004). C’est I'ughtion de cette matiere
organique morte par les organismes décomposeurgsiitue le processus de décomposition. A
l'issue de la décomposition, une partie des élésnelmimiques (C, N, P, K,...) contenus dans la
matiére organique est libérée sous forme minéraladralisation) alors qu’'une autre partie est
stabilisée et demeure sous forme organique stable k& sol (humification) pendant de longues
périodes (plusieurs centaines d’années selon Stletrdd. 2011). La décomposition est donc une
étape majeure des flux d’énergie et de matieredg@raquelle est dissipée une grande partie de
I'énergie fixée par la photosynthése et sont rexydes éléments chimiques contenus dans la

matiére organique morte.

D . 58 Atmosphere 780
ecomposition ~ (Annual increase 3.2)
Respiration—59 f l Photosynthesis—120 2.2 A A 6.3 ~92 l | -90
Vegetation 550 Land use Surface ocean
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(Annual increase 0.7) Dissolved inorganic 700
1.7 Dissolved organic 25
* 60 (Annual increase ~0.4)
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558 Litter 300 o1 42 decomposition —37 33
I Surface biota 3 |
* 2-5 * Detritus ~1 |
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Soil 1200 0.4 ) . .
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Figure 1. Cycle du carbone a I'échelle planétairdes unitées sont en Pg de carbone ou en Pg de
carbone par an.Tiré de Schlesinger (2005).
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LES ENJEUX LIES A LETUDE DU PROCESSUS DE DECOMPOSITION

La compréhension du processus de décompositioemigsle multiples enjeux. Au niveau
global, des quantités significatives de gaz a eftetserre tels que le GOe méthane ou des
oxydes nitreux sont relachés lors de la décomposifFigure 1). La quantité de carbone
organique contenu dans le sol et les litieres'estviton 1500 Pg, ce qui représente environ 2 fois
le C atmosphérique ou 3 fois le C contenu dansoimdsse végétale vivante (Schlesinger 2005).
Les émissions de GQiées a la décomposition de la matiére organiqusal sont de 58 Pg par
an, soit 9 fois plus que les émissions de, @Origine anthropique ce qui représente un flux de
matiere considérable a I'échelle de la planete. tdodification méme minime du processus de
décomposition pourrait donc avoir d'importanteserépssions. C’est pourquoi il est important de
comprendre finement les mécanismes et les facteummsodlant le processus de décomposition et

comment ce processus pourrait étre affecté pahiasgements globaux.
LES FACTEURS CONTROLANT LE PROCESSUS DE DECOMPOSINIO

La décomposition est un processus complexe résydtarcipalement de 4 mécanismes : (i)
'oxydation chimique d'origine abiotique (radiat®nUV, cycles de ré-humectation et
dessechement, gel et dégel...), (ii) le lessivadi®|didécomposition microbienne principalement
via des exo-enzymes ainsi que (iv) la décompositioa a la faune, par la fragmentation et la
digestion (Chapin Il & Matson 2002).

Phase 1
N\

"7 Phase2 Phase 3 " Phase 4

100

50

Cellulose and
hemicellulose

Mass remaining (% of original)

Microbial products
0
Tropics: 0 1 2 3 100
Arctic: L L L b e - - -
0 5 20 100 1000
Time (yr)

Figure 2. Les différentes phases de la dynamique dicomposition.Tiré de Chapin Il & Matson
(2002)
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Au cours de la décomposition, la masse des détlitggsoit approximativement de maniere
exponentielle (voir Wider & Lang (1982) pour plus détail sur les modéles de dynamique de
décomposition ). Cette dynamique de décompositieut @tre divisée en trois grandes phases
(Figure 2). Durant la premiére il y a un fort lesgje des éléments solubles et la masse décroit
rapidement sur une courte période. Les phases rdag/asont sous l'influence de l'activité
biologique des microorganismes, modulée par de nemses interactions avec la faune du sol.
Enfin durant la quatrieme phase, la décompositgtrirés lente, I'origine de la matiére organique
n'est généralement plus discernable de plus, ledr@les du processus sont différents des
précédentes phases (Svéftal. 1979; Berg & McClaugherty 2008). Au cours de mesthje me
suis focalisé sur I'étude des premieres phasesategsus pendant lesquelles la décomposition
peut étre fortement influencée par (1) les factabistiques que sont le climat et les propriétés du

sol, (2) la qualité de la matiére organique ef’éR}ivité des décomposeurs.

A I'échelle globale, le climat explique une partpiontante de la constante de décomposition
[r>=0.51 (Meentemeyer 1978) ; r>=0.46 (Aerts 199P~0.3 (Zhanget al. 2008) ] car le taux
métabolique des organismes décomposeurs est dmectelié a la température et aux
précipitations qui influencent la disponibilité eau. Par conséquent, de la méme maniere que la
productivité primaire, la décomposition tend a aagter des pdles vers I'équateur. Les propriétés
du sol influencent aussi la décomposition, en matupar exemple la disponibilité en eau pour
les organismes décomposeurs. Enfin, les factewtscpgatiques ont un effet indirect important
via leur influence sur la composition des commuéawégétales qui détermine la qualité de la

matiere organique (Zhareg al. 2008).

Suivant le modéle hiérarchique de Lavelle et a29@), le climat a une influence sur la
décomposition a de larges échelles géographiqoes @l’'au sein d'une méme zone climatique,
la qualité des litieres a une influence prépondéraha notion de qualité fait directement
référence aux caractéristiques physiques ou chesidtraits) des litieres qui sont les mieux
corrélées a la vitesse de décomposition. A l'instes plantes, les organismes décomposeurs
peuvent étre limités par les nutriments. Les Etede bonne qualité ont donc généralement une
teneur emutriments élevée, leur ratio avec le carbone (C/N, C/P)t&thus faible que pour les
litieres de mauvaise qualité. La nature @esnposés carbonéa un effet sur la qualité des
litieres. Une forte proportion de composés stabtedifficiles a dégrader tels que la lignine ou la
cutine sera généralement associée a une décoroposgitils lente et donc a une mauvaise qualité.
Les alcaloides, les tannins ou d’autoesnposés secondaireproduits par les plantes peuvent
également ralentir la décomposition en ayant uat effhibiteur ou toxique sur les organismes
décomposeurs (Coegt al. 2010). Enfin degraits physiques tels que la capacité de rétention en
eau ou la dureté, sont des propriétés des litguepeuvent influencer de maniere importante la
décomposition (Makkoneet al.2012).
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L'activité des organismes décomposeurs est unrdés grincipaux facteurs influencant le
processus de décomposition. Les décomposeurs rigosohinsi que la faune du sol sont au coeur
du processus de décomposition puisqu’ils se n@amisde la matiére organique morte du sol. Les
décomposeurs microbiens (bactéries et champigroms)n role tres important car ils digerent la
matiere organique morte en excrétant des enzymes ldar environnement proche puis en
assimilant les produits issus de la dégradatios.mieroorganismes sont ainsi responsables de 80
a 95 % de la respiration hétérotrophe du sol (Bete& Luxton 1982; Lavelle & Spain 2001).
Néanmoins, bien que les décomposeurs microbiengntsoies principaux organismes
décomposeurs, leur activité est fortement régudéd activité de la faune du sol.

LES EFFETS MULTIPLES DE LA FAUNE SUR LE PROCESSUS DE
DECOMPOSITION

Le réle de la faune du sol dans le processus dengasition est pour le moment moins bien
compris que le role du climat ou de la qualité dhire des litieres. On peut y voir deux raisons
principales, la premiére est 'immense diversitélaldaune du sol (Decaéns 2010) qui rend
difficile la connaissance du role exact des espéunpliquées dans le processus. L'autre raison
tient a la complexité des effets de la faune spréeessus de décomposition. En effet la faune
n'a pas seulement un effet direct en se nourrisdariitiere, mais elle influence également la
décomposition via une multitude d’interactions ale=cmicroorganismes. Ces interactions ont la
particularité de se produire a des échelles spatetl temporelles multiples (Figure 3) et, comme

la plupart des interactions entre organismes, @'dortement dépendantes des conditions
environnementales.

e AP Macro-
aggregate

RhlLOb]:J here

co

ma |H LS
4,!"““,\ Bacterial

Figure 3. Vision hlerarchlque des mlcrohabltats dwsol ou l'activité blologlque est concentréeliré
de(Berg 2012)modifié a partir de Bearet al. (1995).
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INTRODUCTION

Un des objectifs de ma thése est de contribuercartgpréhension du réle de la macrofaune
qui attaque la litiere a la surface du selles détritivores épigés, qui sont surtout des
macroarthropodes dans les écosystemes méditeran€as "litter transformers”, dans la
terminologie de Lavelle & Spain (2001), ne sont ggepremiers maillons d'une chaine qui peut
se prolonger dans les horizons plus profonds dul@shue des vers de terre endogés ou
anéciques sont présents. Les détritivores quivieenent dans la litiere ont néanmoins de
nombreux effets directs et indirects sur le pragceske décomposition, dont beaucoup sont encore

mal compris.

Effets directs des détritivores

L’effet le plus direct de la faune détritivore dardécomposition est la consommation de
litiere (Figure 4-1), qui se traduit par des transfations physiques, biochimiques et
microbiologiques de la matiére organique. A I'étdhele I'écosystéme, la consommation de litiere
par 'ensemble de la communauté de détritivoreséesmte selon les écosystémes entre 10 et 80
% des chutes annuelles de litiere (Bertrahdl. 1987; Hassalét al. 1987; Carcamet al. 2000;
David & Gillon 2002; Garcia-Pausas al. 2004). Le taux de consommation de litiere paalmé
dépend des conditions environnementales et deoladsise de la communauté de détritivores
(Fazi & Rossi 2000; Irmler 2000; David & Gillon 220 Cependant la plupart de ces estimations
sont réalisées dans des écosystéemes ou les contdsirgal détritivores sont abondantes (en
général des humus de type mull) alors que danstrdawcosystemes, les communautés de
détritivores sont trés peu abondantes et le fomgément du sol est principalement influencé par
I'activité des champignons (humus de type mor).plapart des schémas conceptuels et des

mécanismes présentés dans ce travail se réfénentdies sols ayant un humus de type mull.

La principale transformation physique due aux tétries est la fragmentation de la litiére
en particules millimétriques ou inframillimétriqué&3hez certaines especes, ces particules peuvent

cependant étre agglomérées dans des boulettesddiizd compactes.

Les transformations biochimiques pendant la digastiarient en fonction des activités
enzymatiques propres a chaque espéce. Chez Ipdild&Glomeris marginatala concentration
de composés non-structuraux (sucres simples, amjplotéines, acides gras...) est beaucoup
moins élevée dans les boulettes fécales que dditte, ce qui indique qu'ils sont facilement
digérés et assimilés (Jocteur Monrozier & Robin89Bignell 1989; Scheu & Wolters 1991;
Gillon & David 2001; Rawlinst al. 2006). Les macroarthropodes peuvent aussi hydnolys
oxyder une grande partie des tannins contenus ldditere (Zimmeret al. 2002; Couliset al.
2009), ce qui contribue a détoxifier la nourritimgérée. Au contraire, la lignine est un composé

tres récalcitrant que l'on retrouve a des conctois élevées dans les boulettes fécales. Quant a
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la digestion des polysaccharides structuraux (losl®y hémicellulose), elle est tres variable d'une

espéce animale a l'autre.

Des microorganismes sont ingérés en méme tempdadiitéére et beaucoup sont digérés
dans le tube digestif des détritivores. En génésalapport bactéries:champignons est beaucoup
plus élevé dans des feces fraiches que danséle I{tHassalkt al. 1987; Maraun & Scheu 1996;
Byzov et al. 1998). Cela s'explique d'abord par le fait quehgshes sont plus affectés par la
mastication de la litiere que les bactéries. Des,piypres la digestion des microorganismes dans
les parties antérieures du tube digestif, le nomtbee bactéries (mais pas le nombre de
champignons) augmente a nouveau dans lintestiténms des macroarthropodes, qui est un
environnement favorable a la croissance bactériéinemer & Topp 1998; Zimmer 2002; Frouz
et al. 2003). Selon I'équilibre entre phase de digestion et plugseroissance, il peut y avoir
accroissement ou diminution de la densité de biast&tans les féces par rapport a la litiére
d'origine, et les deux cas de figure ont été ragpatans la littérature (Hassatlal. 1987; Byzov
et al. 1998; Suzuket al.2012).

Malgré les quantités importantes de litiere guiédsmisomment, les détritivores n’en assimilent
gu'une certaine proportion (Figure 4). Le taux diaslation des macroarthropodes est
habituellement faible, la fourchette variant efitret 30% pour les diplopodes (Kohkdral. 1992;
David & Gillon 2002; Lawrence & Samways 2003). Lisspodes ont également des taux
d’assimilation variables mais généralement plusédeque les diplopodes, compris entre 15 et
70% (Dudgeoret al. 1990; Nair & Fadiel 1991; Hattenschwilet al. 1999; Davidet al. 2001;
Zimmer 2003). Les gastéropodes ont un systeme tdigesore plus efficace que les isopodes,
qui leur permet d’assimiler entre 50 et 75 % d&sérés ingérées (Mason 1970; Jennings &
Barkham 1979; Seifert & Shutov 1981; Gupta & OIi98® Pour évaluer I'effet direct des
détritivores sur la décomposition il faut donc ghenen compte a la fois le taux de consommation
et le rendement d’assimilation. Ainsi, d’apresdstimations de David et Gillon (2002) en milieu
méditerranéen, 109 g de litiere de chéne vertammommés annuellement par une population de
Glomeris marginatace qui correspond a 43 % des chutes annuellesigte liCependant dans le
méme lapse de temps, 103 g de boulettes fécaléesesorgtées. Cet exemple montre bien que
I'effet direct des détritivores sur la décompositiest parfois assez faible en termes de
minéralisation de la matiere organique, méme sjrd@des quantités de litiere sont broyées et

transformées en boulettes fécales.
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Figure 4. Schémaconceptuel regroupant les effes directs et indirects desdétritivore sur la
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pour plus de précision se référer au paragraphke saux d'assimilaon dans la section effet direct ¢
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Effets indirects des détritivores

Les détritivores peuvent influencer l'activité deisroorganismes décomposeurs de multiples
fagons (Visser 1985), et ces effets indirects autdcomposition sont souvent présentés comme
les plus importants. Ce sont aussi les plus mahesnet de nombreux mécanismes sont encore a

éclaircir.

La modification de I'activité microbienne dans féses

Bien qu'il soit souvent admis que les détritivoséimulent I'activité microbienne dans leurs
feces,les modifications physico-chimiques subies paitieré dans le tube digestif peuventssi
bien accélérer que ralentir le processus de décsitigpo La fragmentation, qui détruit les parois
végétales et rend accessible le contenu cellulaire microorganismes, peut favoriser la
décomposition (Hanlon 1981). De plus, les litiawas une capacité de rétention en eau supérieure
une fois transformées en boulettes (Webb 1977, vEkyoet al. 1992), ce qui peut aussi favoriser
l'activité microbienne. En revanche, la concergraticcrue de composeés récalcitrants comme la
lignine a un effet négatif sur la décomposition Wias et al. 2007). La compaction des
fragments de litiére dans les boulettes fécales pessi ralentir la décomposition (Webb 1977,
Hanlon 1981).

Dans la plupart des études qui ont comparé laredgpi des feces de macroarthropodes et
celle de la litiere intacte, la respiration a augtéadans les féces fraiches mais seulement pendant
un temps relativement court, allant de quelquesdsea 2-3 semaines aprés leur émission (Van
der Drift & Witkamp 1960; Hassadit al. 1987; Maraun & Scheu 1996; Frouz & Simek 2009). A
plus long terme, la respiration a été similairesdbes deux substrats, ou moins importante dans
les feces que dans la litiere. De méme, les qusl§tueles qui ont comparé la perte de masse des
feces de macroarthropodes et celle de la litietiecia sur des temps assez longs (allant jusqu'a 1
an) ont montré que la vitesse de décomposition gitailaire dans les deux substrats, ou moins
rapide dans les féces que dans la litiere (Niclmoktoal. 1966; Webb 1977; Frouz & Simek
2009). Cependant ces études ont été réaliséegaecfas sur une seule espéce de litiere et toutes
en milieu tempéré. Il serait intéressant d'étutieffet de la transformation en boulette fécales su
la perte de masse de litieres de différentes @safibur tester si les boulettes se décomposent de

maniere identique quelque soit I'origine de la @xa@iorganique consommeée.

La modification de 'activité microbienne dansiEre non-consommeée

Les détritivores disséminent de nombreuses propagulcrobiennes en les transportant sur
leur cuticule, et surtout en déposant leurs feeas da litiere et les horizons superficiels du sol
(Pherson & Beattie 1979; Visser 1985; Lilleskov &uBs 2005). Cela influence probablement la

composition des communautés microbiennes dangdeelnon-consommée. Hanlon & Anderson
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(1980) ont montré que l'activité de lisopo@amiscus asellussugmentait considérablement et
durablement les quantités de bactéries dans éaeljtce qui peut étre d, au moins en partie, au
dépbt des fecesorsque de grandes quantités de boulettes fécalesiéposées dans les litieres
par des détritivores, elles pourraient agir comnmme imoculum, favoriser la colonisation
microbienne des litieres non-consommées et airgginanter la décomposition (Figure 4-4). Ce
mécanisme d’interaction entre macroarthropodesietoorganismes des litieres n’a cependant

jamais été étudié.

L'incorporation de la matiere organique dans le sol

Contrairement aux vers de terre anéciques et esdngévivent et se déplacent surtout dans
le sol, les autres invertébrés détritivores sointcgalement actifs dans les horizons superficiels
du sol au niveau de la couche de litiere. Cestolétres épigés n'ont donc pas une activité de
bioturbation aussi importante que les vers de térevelle & Spain 2001). Cependant en
réduisant la taille des particules, les macroaphdes peuvent faciliter le transport passif de
boulettes fécales a travers la couche de litierdaes les premiers centimétres du sol. De plus
certaines especes sont partiellement endogées ifH&dgRead 1992). Par exemple les diplopodes
de I'ordre des Julida appartiennent au type écohmogique des « bulldozers ». Ces especes ont
un corps parfaitement cylindrique leur permettamtsténfouir facilement dans le sol. En vivant
dans le sol, méme temporairement, ces espécesnedoBc y déposer des boulettes fécales
composeées des résidus des litieres consomméesfaoesiLe transport de la matiére organique
de surface jusque dans des microsites plus profoadtes conditions d’humidité sont plus
favorables peut favoriser la décomposition de ldéraorganique (Figure 4-5). Cet effet indirect
des macroarthropodes sur la décomposition n'a ceperpas été testé experimentalement depuis

gu'il a été suggéreé par Hassatlal. (1987)
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LES INTERACTIONS ENTRE DETRITIVORES LE ROLE DE LA DIVERSITE

Les différences entre especes sont plus importaqtes la richesse spécifiqgue

Nous avons détaillé précédemment comment les idétes interagissent avec les
organismes d’'un autre groupe trophique (microosyaes), cependant différentes espéces de
détritivores peuvent également interagir dans triadont elles exploitent et transforment la
litiere. Ce type d’interactions entre des espéceméme groupe trophique entre dans le cadre de
I'étude des relations entre biodiversité et fonutiement de I'écosystéme. Bien que les relations
entre la diversité des organismes et la produétpitmaire, ou la résistance aux invasions aient
été largement étudiées (Balvanetaal. 2006), il y a encore peu d’études portant suefésts de

la diversité de la faune du sol sur le processugedemposition.

La richesse spécifigue des organismes du sol neblsepas beaucoup influencer les
processus (trés peu étudié, mais voir (Huttaal. 1998) pour une revue des études en forét
boréales). Cependant comme la relation biodivefsitétionnement est basée sur des interactions
entre organismes telles que la compétition ou laptémentarité — la complémentarité regroupant
les mécanismes de facilitation divers ainsi qudifférentiation des niches (Loreat al. 2001) —
le nombre d’'espéces n'est peut-étre pas le meilgicateur de diversité. Par exemple, une étude
récente sur les bactéries a montré qu’augmenteiclesse sans augmenter la dissimilarité
génotypique peut avoir un effet négatif sur la paiivité & cause d’'une augmentation de la
compétition (Joussedt al. 2011). Le probleme de la diversité taxonomiquedeste pas prendre
en compte les différences ou les similitudes fametelles entre les especes, qui sont pourtant au

cceur des interactions impliquées dans la relaiiodiversité-fonctionnement.

L'approche fonctionnelle permet de mieux prendrecempte les différences entre espéces.
A partir de mesures de traits fonctionnets peut calculer des indices de diversité fonctile
reflétant les différences moyennes entre les esmacsein de la communauté (Botta-Dukat 2005;
Barantalet al. 2011). Heemsbergeet al. (2004) ont manipulé la diversité des détritivoers
créant différents assemblages a partir de 8 espghxesilieux tempérés. Les résultats de cette
étude ont montré que les communautés de détrisdeseplus dissimilaires ont un effet positif sur
le processus de décomposition alors que les conutémavec des espéces semblables ont un
effet négatif. Ces résultats sont attribués a uet @hhibiteur de la compétition dans les
communautés les plus similaires et a un effet dditition dans les communautés les plus

dissimilaires. La dissimilarité fonctionnelle appiérdonc comme un élément important pour

" Selon Violleet al. (2007) un trait fonctionnel est défini comme tooéeactéristique morphologique,

physiologique ou phénologique mesurable au niveaul’iddividu, de la cellule a I'ensemble de
'organisme, sans référence a I'environnement tauhautre niveau d’organisation.
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prédire I'effet de la diversité des détritivores $a décomposition. Cependant dans I'étude de
Heemsbergeret al. (2004), les taux de processus issus des communalgédeétritivores
monospécifiques ont été utilisés pour calculer lasidhilarité dans les communautés
plurispécifiques. Cette méthode pose un problemltagique puisqu’une partie des résultats de
I'expérience est utilisée pour prédire d'autresltats de la méme expérience. Heedlal (2010)

ont apporté une amélioration a cette méthode disauti des traits fonctionnels des détritivores
mesurésa priori, indépendamment de I'expérience dont ils cherchaeprédire les résultats,
pour mesurer la dissimilarité fonctionnelle. A $dige d’'une expérience manipulant la diversité
dans des assemblages créés a partir de 4 espédésitieores, Heddet al. (2010) ont confirmé
les résultats de Heemsbergenal. (2004) en montrant que la dissimilarité fonctidieeles

détritivores avait un effet positif sur le processie décomposition.

Cependant un certain nombre de critiques sont séleesaux études portant sur la relation
biodiversité-fonctionnement. Le manque de réalisesé pointé du doigt car les conditions
expérimentales sont en général éloignées des mwlitaturelles (Srivastava & Vellend 2005).
Un des challenges de cette discipline de I'écolegied’intégrer un certain niveau de complexité
trophique dans les plans expérimentaux, ainsi guerdndre en compte la variabilité naturelle
des conditions environnementales ou la variabilitduite par les activités anthropiques
(Hillebrand & Matthiessen 2009; Reigsal. 2009).

La diversité des litieres : moteur des interactiopasitives ?

La relation entre la dissimilarité des détritivoetde processus de décomposition n’a jusqu'a
présent été étudiée que sur un substrat simple as#mg’'une seule espece de litiere d’arbre
(Heemsbergeret al. 2004; Heddeet al. 2010). Or la diversité végétale est importantergdeu
processus de décomposition puisqu’elle détermimiviersité des ressources disponibles pour les
détritivores. Un assemblage de litieres plus difiérest donc susceptible de fournir une gamme
plus compléte de ressources nutritionnelles (beldrdiet hypothesis) et de favoriser ainsi la
biomasse et 'activité des détritivores . |l esalégnent plus probable que des interactions de type
complémentarité dans l'utilisation des ressouregsraduisent lorsque les ressources disponibles
pour les détritivores sont plus diversifiees. Onitpgonc faire I'hypothese que la diversité des
litieres a un réle moteur dans la relation entralilzersité des détritivores et le processus de
décomposition. Suivant cette hypothese, le prosedsudécomposition devrait étre optimale dans

les conditions combinant a la fois un haut niveawigdersité des détritivores et des litieres.
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IMPACT DE LA SECHERESE SUR LES INTERACTIONENTRE ORGANISMES

ET CONSEQUENCE®OURLA DECOMPOSITION

Changement climatique et sécheresse en milieu negchineer

Dans son dernier rappérte GIEC (IPCC) annonce pour la premiére faiec certitude qu
I’lhomme est en partie responsable des changemianttiques observés depuis lennées 1900.
Outre l'augmentation du GQOet de la température de I'air, la modificati du régime de

précipitations risqud’affecter le fonctionnement des écosyster

Le climat méditerranéen ecaractérisépar une sécheresse estivale alternant ave
épisodes pluvieux violents et généralement conésniur de courtes périoc Dans des
écosystemes qui sont dodéjaplus ou moindortement limités par la disponibilité en «, une
accentuation de la sécheresse pourrait avoir deasségoencesimportanes pour le
fonctionnementDans le cadre des changements climatiquesaugmentation de la séchere
peut résulter d’'une part daugmentationrdes températures qui accrb@vaporation de I'eauet
d'autre partdes modifications dla circulation atmosphérique qui peuvevoir d’importants
conséquences pour la quangtéda fréquencdes précipitations. Dans tégionméditerranéenne
il est possiblegue les quantités de précipitati diminuentde 10 & 30% dans les 100 procha
années (Lionello 2007)De plus | fréquencedes précipitations sera également mod,

entrainanune augmentation des riss de sécheresses et de pluies intefGaeet al. 2006).

Figure 5. Les 5 régions du monde ayant un climat de type mierranéen. Tiré de(Cowling et al.
1996)

T Rapport intitulé « The PhysiciScience Basis » publié le 30 September 2013, doetwversior
provisoire est accessible en ligne.
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Le bassin méditerranéen est considéré comme updiate biodiversité a I'échelle mondiale
(Myers et al. 2000). Malgré sa petite superficie (Figure 5, reoide 3 % des écosystemes
terrestres selon le Millennium Ecosystem Assessr{#@dd5), le bassin méditerranéen compte
environ 25 000 especes de plantes vasculairesldanbitié sont endémiques (Cowlirgg al.
1996). Ces especes seront donc particulieremengrables aux changements climatiques. De
plus le fonctionnement des écosystemes meditemargiasi que le rbéle de la diversité dans ce
fonctionnement restent tres peu étudiés. Par exerdjiinportants travaux de synthése comparant
la structure des communautés et le fonctionnemessbtidans les différents biomes terrestres ne
prennent pas en compte le biome méditerranéenrgenaté& Luxton 1982; Fiereet al. 2009;
Garcia-Palaciost al.2013).

Les challenges sont donc multiples. Il s’agit danspremier temps de mieux connaitre le
réle de la faune en milieu méditerranéen —notamrtentdaptations et les acclimatations des
organismes a la sécheresse— et dans un second tEmmamprendre comment une augmentation
de la sécheresse pourrait affecter I'activité dialae du sol et les interactions entre organismes

qui sont au cceur du processus de décomposition.

Particularités biologiques des écosystémes médite¥ens

Une phénologie adaptée pour éviter la sécheresse

La plupart des organismes méditerranéens évitesédaeresse en concentrant leurs activités
pendant les périodes de I'année ou I'eau est disf@oat ou la température est clémente, c'est-a-
dire au printemps et a 'automne. L'été est doneégélement marqué par une phase d’activité
trés réduite : les plantes réduisent leur assiioil&tanspiration et souvent leur surface foliaire
(Van der Molenet al. 2011), la faune s’enfouit dans le sol (Shastral. 2001) et I'activité

microbienne est tres réduite (de Datal. 2010).

Une végétation sclérophylle : la qualité des l@gen patit

La végétation présente également des adaptatiomphoiogiques et physiologiques lui
permettant de résister a la sécheresse (scléraphylubescence, composés aromatiques,
aphyllie,...). Ces adaptations se traduisent de magi&nérale par une mauvaise décomposabilité
des litieres (Gallardo & Merino 1993; Pérez-Hargi@guyet al. 2000).

Les communautés microbiennes dominées par les chaoms

Contrairement a la plupart des bactéries, les cliaraps et les actinomycetes ont la capacité
d’étre actifs dans des sols avec une faible digjldgi en eau (Cook and Papendick, 1970 in
Salamancaet al. 2003). De plus, les champignons possedent desmaszyadaptées a la

dégradation des substrats complexes, tels quéiéred récalcitrantes produites par les arbustes
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méditerranéens. Par conséquent, les champignonsperc une place importante dans les
communautés microbiennes des écosystemes médaéensiiWilkinsoret al. 2002) et y jouent

un réle fonctionnel prépondérant (Colliesal. 2008).

Des foréts sans vers de terre ?

Dans les écosystémes méditerranéens ou les lidérsarface peuvent étre totalement seches
a certaines périodes de l'année, les vers de &piges sont quasiment absents (David 1999).
D’autres especes animales, plus résistantes asficdation, telles que des macroarthropodes ou
des gastéropodes jouent le méme rble dans le dometinent de I'écosystéme en fragmentant les
litieres de surface. De plus les macroarthropodisdue les diplopodes peuvent atteindre des
biomasses trés importantes (latrou & Stamou 19%tir&d & Lumaret 1992; David 1995) et
consomment une part importante des chutes annua@literes (David & Gillon 2002). Les vers
de terre ne sont cependant pas absents des éoosystaéditerranéens, mais les espeéeces
appartenant aux groupes écologiques des anécifuies eendogés dominent les communautés
(David 1999). Cela suggere que, dans les écosystaraditerranéens, I'effet des vers de terre est
principalement concentré dans les horizons minécaugol alors que les macroarthropodes ont
un effet plus important dans les horizons supeificiau niveau de I'humus et des litieres
(Romanyeet al.2000).

Impact de la sécheresse sur les organismes et éetivité

Effet de la sécheresse sur la décomposition mienoigi

La sécheresse a un effet négatif sur la décomepnsiticrobienne comme le montrent un
grand nombre d’expériences d’exclusion de pluidesterrain qui ont été menées dans différentes
conditions et a différentes échelles de temps. r€gsltats montrent que la décomposition peut
étre réduite dans des proportions allant de 9 &7&empet al. 2003; Yahdjiaret al. 2006;
Lensing & Wise 2007; Van Meeteren al. 2008; Joo®t al. 2010; Sanaullakt al. 2012; Allison
et al. 2013). Les différences entre ces résultats peldtemien partie expliqguées par la quantité de
précipitations exclues. Néanmoins, ce ne sont @asurs les expériences excluant la plus forte
proportion des précipitations qui engendrent lss glute diminution de la décomposition. Par
exemple Yahdjianet al. (2006) ont exclu 80 % des précipitations et onseote aprés 80
semaines une baisse de la décomposition de 35%nsend, alors que dans 'étude de Sanaullah
et al. (2012) une interception de 56 % des précipitatadgclenché une diminution d’environ 60
% de la décomposition en seulement 28 semaina®l&iion entre le volume des précipitations et
la décomposition n'est donc pas linéaire. Yahdgasala (2008) ont émis I'hypothese que la
décomposition des litieres de surface est contrpéela fréquence des épisodes pluvieux plus

que par le volume des précipitations.
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Effet de la sécheresse sur I'activité des détnigso

Plusieurs études montrent que la sécheresse a fah régatif sur I'abondance des
détritivores, méme dans les milieux méditerranéensles communautés sont constituées
d’espéces résistantes a la sécheresse. D’apréd RaMianda (2010), une augmentation de la
sécheresse peut avoir un impact négatif sur laesdes individus et notamment des juvéniles.
Dans des sites de garrigue@@ercus calliprinosayant une végétation et un sol similaires, Sharon
et al. (2001) ont mis en évidence une relation positingecl’abondance des détritivores et la
moyenne des précipitations. Ces observations smfirmées par des résultats expérimentaux
montrant que [lirrigation d'un écosystéme méditeémn augmente de maniére importante
'abondance de la macrofaune détritivore (MorongRioal. 2010). La sécheresse pourrait réduire
'abondance et donin fine affecter négativement l'effet des détritivores #irprocessus de
décomposition comme le suggére I'étude de Garcisd@et al. (2004). Cette étude de terrain
portant sur trois sites méditerranéens ayant degemm@s annuelles de précipitations tres
contrastées, a montré que la production de boslééteales par la faune était beaucoup plus

importante dans les sites les plus pluvieux.

La sécheresse peut aussi avoir des conséquenoestdecme sur l'activité des détritivores.
Dias et al. (2012) ont montré grace a une expérience en mientrélé qu’'un passage de
I’humidité relative de I'air de 80 % a 50 % dimirituentre 3 et 4 fois le taux de consommation de
l'isopode Porcellio scaber Plusieurs études ont montré que des macroarttiespdétritivores
consommaient moins les litieres seches que l&sd#ihumides (Bertraret al. 1987; David &
Gillon 2002; Collisoret al.2013). On peut donc faire I'nypothése que la comeation de litiére
par les détritivores sera négativement affectédgpaécheresse en milieu méditerrannéen, méme
si I'on peut s'attendre a des réponses variablee ddspece animale a l'autre (Collisgtnal.
2013).

La sécheresse peut également modifier les interectientre différentes espéces de
détritivores. En effet des études a la fois thém$g(Cardinaleet al. 2000) et expérimentales
(Steudelet al. 2012) suggerent que la relation biodiversité-fimmciest dépendante du contexte
environnemental. Suivant I'hypothése des gradidetstress (SGH), les interactions positives
entre especes ont tendance a étre plus fréquentes dbs conditions plus stressantes, qui
favorisent la facilitation par rapport a la compéti (Bertness & Callaway 1994). Selon cette
hypothése on pourrait s’attendre a une relatiorreefd diversité des détritivores et la

décomposition plus prononcée en conditions séches.
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Résumé des objectifs et plade la these
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Figure 6. Photo dOmmatoiulus sabulost
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L'objectif principal de cette thése est d'étudieffet des détritivores et de leur diversité sur la
décomposition des litieres en garrigue méditerna@égans un contexte de sécheresse accrue. La
premiere partie, comportant les deux premiers chapitres de leetipéste sur I'effet du diplopode
Ommatoiulus sabulosusir la décomposition des litieres de 4 espécequgment méditerranéennes
(Quercus coccifera Cistus albidus Rosmarinus officinalis Ulex parviflorug. Cette espece de
détritivore, remarquable par son abondance dansyme d’écosysteme, est apparue comme un
organisme modeéle évident pour étudier en détailrlésanismes directs et indirects par lesquels les

macroarthropodes du sol influencent la décompasitio

Le chapitre 1 se focalise sur les interactions entre macrogstides du sol et microorganismes a
deux niveaux d’humidité des litieres. Dans ce pegrohapitre, j'ai cherché a tester I'hypotheserselo
laguelle les macroarthropodes stimulent la décoitippsmicrobienne en déposant d’'importantes
quantités de boulettes fécales pouvant avoir wet dffnoculum sur les litieres (H1a). L'expérierse
microcosmes réalisée pour tester cette hypothégalament permis d’étudier la variation du taux de

consommation dmmatoiulussous différentes conditions d’humidité (H1b).

Dans le chapitre 2 je me suis intéressé, via une étude de décommuosiii situ, & deux
mécanismes par lesquels la faune peut influengamleessus de décomposition : (i) la transformation
des litieres en boulettes fécales, et (ii) 'enfseiment de la matiére organique dans le sol. Leeraat
organique contenue dans les boulettes fécales géaméralement plus récalcitrante que dans les
litiéres, j'ai testé I'hypothése que les boulettesdécomposent plus lentement que les litieres)(H2a
Inversement, I'enfouissement de la matiére orgamiqan améliorant les conditions micro-
environnementales pour les microorganismes, pduacdélérer la décomposition et compenser la

qualité inférieure des boulettes fécales compaxdigeres foliaires (H2b).

Dans lasecondepartie de la thése, développée également sousrieefde deux chapitres
(respectivement 3 et 4), jai tenté d’améliorerclampréhension de la relation entre diversité des
détritivores et fonctionnement du sol. L'objectifirzipal de cette partie est de tester cette mati
biodiversité-fonction en faisant varier expérimégt@ent, non seulement la diversité des détritivores
mais aussi la diversité des litieres et la dispiitében eau. J'ai choisi 5 espéces de détritivgaasni
les plus représentatives du pool régional d’esp&tede la méme maniére 5 espéeces de litieres
méditerranéennes pour créer des assemblages selgnadient de diversité fonctionnelle. Une vaste

expérience en microcosmes a été réalisée a I'Ecdadlontpellier.

Le chapitre 3 traite des effets de la diversité fonctionnelle sne large gamme de processus du
sol (perte de masse des litieres, activité microi@edu sol, lessivage) mesurés a I'échelle de la
communauté (assemblage d’especes de détritivores kEtieres). Dans un premier temps, j'ai testé
I'hypothése selon laquelle la diversité fonctidimeles détritivores et celle des litieres interafg

maniere positive. Selon cette hypothese les prasess sol devraient étre optimaux dans les
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traitements combinant & Ifois un haut niveau de diversité des détritivoregles litieres (H3a
D’autre part, la sécheresse pourrait modifieelation entre la diversité fonctionnelle et lesgassus
du sol. Comme la relatidmiodiversite-fonction repose sur des mécanisnmapliquant des interactiol
entre organismes, on pesupposer que, selon I'’hypothese des gradientsreess{SGH), la relatic
diversité fonction soit plus prononcée dans leglitmms de stress hydrique (HS

Enfin, dans lechapitre 4 la relation etre la diversité des détritivores la perte de masse ¢
litieres aété étudiée séparément pour chacune des 5 esptigérds. Le premier objectif a été
déterminer quels traits fonctionnede la faunesont importants pour prédiison effet net sur la
décomposition (H4a). J'ai ensuite voulu tester gbthese selon laquelle la relation entre la dit@
des détritivores et la décomposition est détermpeéda qualité de la matiere organiget donc que
la relation biodiversitdonction différesuivant 'identité de I'espéce de litiere (H¢
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Figure 7. Schémaeplacant les interactiors étudiées au cours de ma thése dans un cadre trophi|plus
général. La fleche rouge indique les interacts entre détritivores et mianoganismes et les fleches kes
font référence aux interactions entre la diverdds litieres et la diversité des détritivo
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Présentation de I'écosysteme étudié

Figure 8. Photo aérienne du site expérimental du
correspondent aux dispositifs d'exclusion de pluie.

Etoile. L

&

nsaif de | es structures carrées
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Les travaux de cette thése s'inscrivent dans ugetpptus large, le projet CLIMED, qui étudie
impact des changements climatiques sur la biadit& et le fonctionnement d'un écosystéme
meéditerranéen. Une expérience d'exclusion de gluiébuté a l'automne 2011 dans une garrigue a
chéne kermés du massif de I'Etoile a Marseilleleeprojet CLIMED a pour but d'‘étudier les
conséquences de la sécheresse sur la croissanqdadéss, la macrofaune, la mésofaune et les
mircoorganismes du sol, ainsi que sur le procedsutecomposition. C'est sur ce site que l'expégienc
de terrain du chapitre 2 a été réalisée et lectaistiques de cet écosysteme ont servi de réfésen

pour préparer les expériences en microcosmes ties a@hapitres.
LA GARRIGUE DU MASSIF DE LETOILE

Notre site d’étude fait partie du massif de I'EQilin petit massif montagneux culminant & 779 m
et recouvrant une surface de 10 000 hectares. Gsifreat dépourvu d’habitations mais est entouré du
tissu urbain dense de I'agglomération d’Aix-ManreeilLes roches sont issues de sédiments calcaires
déposés pendant la période mésozoique (de -270 Bal C’est ensuite pendant le Paléocene et
I'éocene (de -65 a -35 Ma) que des mouvements opiEssion ont provoqué les plis et les failles a
I'origine des reliefs actuels. Le site d’étude dojgt CLIMED est situé dans la partie sud du massif

sur un petit plateau de calcaire dur a 269 m daé. Il appartient a la ville de Marseille.
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Abb. 378. Regressionsstadien und Ersatzgesellschaften des Quercetum ilicis galloprovinciale
typicum und seines Bodenprofils auf kompaktem Kalk (aus Br.-Br. 1936). 1 Quercetum
ilicis, 2 Quercetum cocciferae brachypodietosum, 3 Brachypodietum ramosi, 4 Uberweidetes
Euphorbia characias-Stadium
Figure 9. Série régressive de la végétation méditanéenne sur calcaire dur.La végétation du massif de
I'étoile correspond dans cette classification adest2 ou le chéne kermes et le brachypode rametixdeso
especes dominantes (cf Iégende en allemand pouples latin des groupements végétaux). Tiré de Braun
Blanquet (1964).

La végétation est typiguement méditerranéenne iran\60% du massif est recouvert par la

garrigue. La présence humaine, qui est attestéendae date, est marquée par de petites indusiies
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Moyen Age (carrieres et four a chaux) ainsi que desimunautés monastiques. Le massif a
longtemps été utilisé par ses habitants pour lerpdé et le prélevement de bois, 'lhomme a dong jou
un réle important dans la structuration de la vetign. Le dernier grand incendie, en 1997, a cduver
les 3500 hectares correspondant au versant sudssifrou se trouve le site expérimental. Le feu est
maintenant le seul élément qui maintient une véigétauverte sur le massif car le paturage n’ess pl
pratiqué. Si I'action combinée du feu et des as/ihumaines a permis I'évolution et le maintien
d’'une flore diversifiée, c’est probablement au idétnt de la qualité des sols et de leur fertilEé.
effet, le sol est aujourd’hui peu profond et comparne grande proportion de cailloux ce qui est
caractéristique d’'un sol érodé. On peut supposerl@tat actuel résulte d'une série régressive de
végétation due a I'érosion des couches superfisielu sol, telle que I'a décrite Braun-Blanquet
(Figure 9).

LE SITE EXPERIMENTAL DU MASSIF DE LETOILE

Les dispositifs d’exclusion de pluie

Pour simuler une sécheresse expérimentale, dessdiffpde 4 x 4 m surmontés de gouttiéres en
acier inoxydable couvrant 40 % de la surface, thirstallés sur le site. Ces dispositifs sont t&sip
un gradient de diversité végétale. Des placettegpoenant les 4 principales espéces arbustivegelu si
dans toutes les combinaisons de diversité possibies, deux, trois ou quatre especes) ont été
équipées. Pour chacune des 15 combinaisons, 3ttelant été installées. Comme les dispositifs
perturbent le rayonnement car ils recouvrent eriepda végétation, autant de placettes ont été
équipées de dispositifs témoins dont les gouttiéeésurnées n’excluent pas la pluie. Au total 90
dispositifs ont été installés sur une superfici@ dehectares.

Figure 10. Photo des dispositifs d'exclusion de pki (arriere plan) avec les tuyaux évacuant les
précipitations hors des parcelles (au premier plan)
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La végétation

Sur I'ensemble des 2,5 hectares du site expérimdisteespéces végétales ont été identifiées en
2011 par le botaniste Daniel Pavon (cf. annexdaj.la suite, Natalia Rodriguez a fait des relevés
d’abondance de la végétation sur les 94 placetfeipées de dispositfs. Ses résultats montrent que 5
especes dominent la communauté végétale (FigurePEIni ces 5 espéces, 4 espéces arbustives
peuvent étre qualifiées de pyrophytes : le chénmég Quercus cocciferg le ciste cotonneuwistus
albidug, le romarin Rosmarinus officinaljset I'ajonc de ProvenceU(ex parviflorug. Le chéne
kermés a une stratégie de « resprouter » ; sa saasiste au feu et il émet des rejets rapidenmesa
un incendie. Bien que leur &ge n'ait pas été estieséchénes kermes présents sur notre site sont
probablement plus vieux que lincendie de 1997 &®). Les trois autres especes arbustives
dominantes sont des « seeders », c'est-a-direedaa provoque la mort des individus mais favoldse
germination des graines. Les individus de ces tesigéces sont donc forcément plus jeunes que
I'incendie (<26ans). Enfin le brachypode rameBrachypodium retusu)rest une espece de graminée
hémicryptophyte qui est, dans cette région, caratitfue des péaturages ovins abandonnés. Les 5
plantes dominantes du site traduisent bien les éi&rstructurants des communautés végétales que

sont le feu et les pratiques anthropiques sylvaegpales.
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Figure 11. Recouvrements relatifs des 12 principadeespéces végétales présentes sous les dispositifs
d’exclusion de pluie(Données Natalia Rodriguez, Juin 2012).

Parmi les cinq espéces végétales qui ont étéagdlisans les expériences en microcosmes, quatre
sont les arbustes dominants du site expérimeQiarcus, CistusRosmarinugtUlex). La cinquieme
espece, le pin d'AlefP(nus halepens)jsqui s'installe frequemment dans les garriguelséne kermés
suite & la déprise pastorale, est trés peu présente site (17™ espéce en terme de recouvrement)

mais est un arbre commun dans le massif de I'Etoile
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La faune du sol

La densité moyenne de la communauté de macroadbsogu sol (détritivores, herbivores et
prédateurs) a été estimée a 558 + 101 individuskmprintemps 2012. L’abondance relative des
fourmis est de 81%, une forte proportion qui esaci@ristique des écosystemes méditerranéens
(Doblas-Mirandaet al. 2009). Les macroarthropodes détritivores ne reptést que 5 % de
I'abondance totale dans cet échantillon, maispéogodeOmmatoiulus sabulosugui représente a lui
seul plus de 95% de I'abondance des détritivorgtsl'espéce la plus abondante apres les fourmis. |l
existe des variations importantes de la densitépamilation ddDmmatoiulusentre les différentes
années. En 2010, la densité de population étalbdet 37 individus/m? alors qu’en 2012 elle n’était
plus que de 27 + 4 individus/m2. Cependant la basaast restée importante en 2012 (5.3 + 0.9 g/m?
contre 9.2 + 2.0 g/m2 en 2010) car la populatiait @mposée essentiellement d’adultes de grande
taille (masse moyenne d'environ 200 m@matoiulusest I'espéce animale ayant probablement la
biomasse la plus importante dans le sol (excepté-giee les vers de terre, qui n‘'ont pas encore été
échantillonnés). En effet les fourmis qui compteeaucoup d’individus pésent pour beaucoup dans
'abondance, mais comme la plupart des individut gle tres petite taille (< 2 mm), la biomasse de

fourmis reste faible comparée aOmmatoiulugiont les femelles atteignent facilement 35 a 40 mm

2 5 o reh 1 o
Figure 12. Photos des macroinvertébrés du sol étui au cours de ma thés&ur la photo de gauche, trois
individus d’espéces différentes observés sous laer@ierre. Malgré leur distance phylognéntique,toss
espéces ont la méme aptitude a se rouler en bdelbas en hautGlomeris marginataGlomeris anulata
Armadillo officinalig. Sur les photos de droitérladillidium vulgare (haut) etPomatias elegangas).
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Parmi les cing espéces d'invertébrés détritivotiisées dans les expériences en microcosmes,
seul Ommatoiulus sabulosusst présent sur le site de I'Etoile. Cependantqledre autres espéces
(Figure 12), le diplopodé&lomeris marginata le gastéropodé®omatias eleganset les isopodes
Armadillidium vulgareet Armadillo officinalis sont assez communes dans les garrigues a chéne
kermeés du sud de la France. D'alilleurs, a I'exoppdiArmadillo, elles ont toutes été récoltées par
Bigot et Bodot (1972) lors d'une étude sur un asiteedu massif de I'Etoile.
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Chapitre 1 : Effets directs et indirects dOmmatoiulus

2 £ -

B v N i
Figure 1

3. Photo montrant un exemple de microsometilisé au cours de I'expérience décrite dans ce
chapitre. Les litieres des 4 espéces (ajonc et romarin ey bhéne et ciste en bas) étaient séparées par des
petits batonnets en plastigue empéchant les Btideese mélanger mais permettant aux détritivoeesed
déplacer sans difficulté. Inutile de chercher @asmatoiulussur la photo car c’est une boite sans faune qui a
été prise en photo. Par contre comme c’est une Haitraitement « ajout de boulette fécales >stipessible

de discerner les petites boulettes fécales querdtdiéposées sur les litieres tous les deux joamdant toute

la durée de I'expérience.
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Résumé du chapitre
Contexte :

Les détritivores jouent un role important dansrigcpssus de décomposition car ils se nourrissent
de litiere. Ces organismes du sol peuvent étre @ab&mdants, en particulier dans les écosystémes
méditerranéens ou les populations de diplopodesegmeuconsommer jusqu'a 47% des chutes
annuelles de litiere (David & Gillon 2002). Cepentdd est généralement admis que les détritivores
ont peu d'effet direct sur la décomposition maisigent indirectement l'activité des décomposeurs
microbiens. En effet, ils ne digérent qu’'une failpi®portion des litieres ingérées et rejettent de
grandes quantités de boulettes fécales, dans lesjllactivité microbienne est généralement plus
élevée que dans les litieres. Ainsi, les microoigraas des boulettes fécales peuvent jouer un role
d’'inoculum dans les litieres non-consommeées, e€laoer leur décomposition. L'objectif de ce
chapitre est donc de tester si I'ajout de bouldtieales de diplopodes stimule la décomposition des

litieres et peut ainsi jouer le réle de « fertifisa (H1a)

Figure 14. Photos montrant les outils d'analyse micbienne utilisés pour étudier les microorganismes
des boulettes fécales et des litiere&.gauche, la migration des extraits de lipides meamdaires a travers des
billes de silice a pour but de séparer les phogphek des autres lipides memebranaires avantiesage. A
droite le multiplexeur permettant d'effectuer legsores de respiration potentielle sur 30 échansllo
simultanément.

Méthodes :

La principale espéce de détritivore sur le sit¢Eimile est le diplopod®©mmatoiulus sabulosus
dont I'abondance atteint 164 individus/m2 pendast pics d'activite. Pour comprendre I'effet de
I'ajout de boulettes fécales de cette espece aativité microbienne et la décomposition, nous avon
réalisé une expérience en conditions contrélée80d@urs ; durant laquelle les litieres des quatre
espéces du site de I'Etoile ont été incubée au desnmémes microcosmes mais dans des patches
distincts (Figure 13) selon trois traitements d#fés : (i) en absence@mmatoiulus (ii) en présence
d’Ommatoiuluset (iii) en absence @mmatoiulusnaisen déposant régulierement ses boulettes fécales

sur les litieres. Comme les écosystéemes méditemangont trés influencés par le manque d'eau et
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gu'il est prévu que les changements climatiquesnamgent la fréquence des sécheresses, nous avons
simulé deux conditions d’humidité différentes. Lamditions séches correspondaient a un arrosage
deux fois moins fréquent, et donc a deux fois mdieau ajoutée. A l'issue de I'expérience la peee
masse des litieres et la respiration potentiellRY®nt été mesurées dans les litieres des 4 espece
(Figure 14). De plus les phospholipides membraraire été dosés dans ces litieres de cistei@eelit

la plus impactée pabmmatoiuluy pour caractériser I'impact du dép6t de boulefte=mles sur la

structure des communautés microbiennes (Figure 14).

Résultats et discussion :

Ommatoiulusa transformé de grandes quantités de litiere ameties fécales au cours de
'expérience, ce qui confirme limportance de sd@teren tant que fragmenteur. De plus, des
préférences alimentaires ont été mises en éviderotre les quatre espéces proposeées, le ciste
cotonneux Cistus albiduy a représenté 71 % des litieres consommeées. Oaitcda majorité des
boulettes fécales ont également été déposées sistde Cependant, le dépdbt de boulettes n’a néodifi
ni I'activité microbienne dans les litieres ni lguerte de masse, contrairement & notre hypothese de
départ. Le ciste a également été la litiere owfaraunauté microbienne était la plus active en atgsen
d’animaux. Ces résultats suggérent que, dans osyseme, les fragmenteurs et les microorganismes

recyclent plus rapidement les nutriments contemns des litieres de ciste.

En absence @mmatoiulusja décomposition microbienne a été affectée paekheresse et la
perte de masse des litieres a été beaucoup phis fan conditions seches qu'en conditions hunfides
58%). A linverse, en présence@hmatoiulus la perte de masse n'a diminué que de 28% en
conditions séches par rapport aux conditions husnickr la consommation du diplopode (en moyenne
de 84 + 4 mg/g) n'a pratiquement pas varié. Cdtegsuggere que la faune du sol est plus résestant
la sécheresse que les décomposeurs microbiensfleedes animaux détritivores pourrait étre
important pour le maintien des processus de décsitigpodans les écosystémes méditerranéen ou les

sécheresses risquent d'étre plus fréquentes etraguées.
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Macroarthropod-microorganism interactions during decomposition of
Mediterranean shrub litter at different moistunecls

Article published in the journal « Soil Biology & @hemistry »
Authors: M. Coulis, S. Hattenschwiler, N. Fromin, J.F. Dhvi

Address:Centre d’Ecologie Fonctionnelle et Evolutive, CNRS19 route de Mende, F-34293
Montpellier Cedex 5, France

Abstract
Saprophagous macroarthropods reach high populatiensities in many Mediterranean terrestrial

ecosystems of southern Europe but their impact enomhposition processes remains unclear. We stulied
effects of the milliped®Ommatoiulus sabulosusn the decomposition of litter from four shrub spe Cistus
albidus, Quercus coccifera, Rosmarinus officinaisd Ulex parviflorug in a 1-month laboratory experiment.
Millipede effects on litter mass loss, organic ratiecomposition, and substrate-induced respird&R) in
faecal pellets and uningested litter, were assedsssithplified systems (litter, microorganisms, ritetores). By
adding freshly collected millipede faecal pelleiditter, we specifically tested their influence mrass loss rate,
SIR rate and microbial community structure and taesn(using PLFA profiles). Two watering frequenciese
used to study the effects of simulated droughthmse processes. Millipedes consumed large amotistyub
litter with a low assimilation efficiency. The lagt effect was observed f@istusthat showed also the highest
rate of microbial-driven decomposition. Conversmflitter into faecal pellets by millipedes did nioicrease
organic matter decomposition and there was no aveléor a stimulation of microbial activity in fesqellets
compared to uningested litter. Faecal pellet dejoosbn litter, which was maximal i€istus did not change
mass loss and SIR rates in the underlying littert, gignificantly changed microbial community struret
Bacterial biomass was lower and fungal:bacteriib raas higher in moist, but not in d@istuslitter, after 1
month of faeces addition. Simulated drought strpndécreased microbial-driven decomposition but not
millipede feeding activities. The resulting sustalnproduction of faecal pellets, however, did nfisei the
lower rate of microbial organic matter decompositio dry litter. We conclude that the transformatif large
amounts of shrub litter into faeces by macroarthdspand the resultant interactions with microorg@ansi do not
enhance carbon mineralization in the short termandiess of litter humidity. We however surmiset taeeces
could be incorporated into the soil more easilynti@act plant litter, with important consequenéascarbon

and nutrient cycling in Mediterranean ecosystengeuimcreasing drought.

Keywords: Millipedes, Litter decomposition, Litter qualityaEcal pellets, Microbial biomass,
Microbial respiration, Drought, Mediterranean eisyn
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INTRODUCTION

Litter decomposition, i.e. the gradual breakdowndebd organic material that is ultimately
mineralized into C®and mineral nutrients, is a key process in teigstcosystems (Chapin Ill &
Matson 2002). The activity of microbial decomposgracteria and fungi) depends primarily on litter
quality and climatic conditions (Aerts 1997; Heslal. 1997; Lavelle & Spain 2001) and, in this
respect, Mediterranean ecosystems have severgctiig features. First, in spite of large diffeces
in decomposition rates among plant species, thenemmand abundant evergreen sclerophyllous,
coniferous and aphyllous species generally decoenplmsvly due to the toughness and low nutrient
content of their leaves, needles or thorns (Gadlatd Merino 1993; Gillonet al. 1999; Pérez-
Harguindeguyet al. 2000; Cornwellet al. 2008). Second, the summer is typically dry, anought
periods that affect the litter and upper soil layexert a strong climatic control on decompositiates
(Aerts 1997; Bottneret al. 2000; Saura-Mast al. 2012). This influence of drought is predicted to
become more pronounced with climate change, duwediaced frequencies and amounts of rainfall in
the Mediterranean region (IPCC 2007; Giorgi & Libee2008). Another feature of Mediterranean
ecosystems is that saprophagous macroarthropodeaetm very high abundance and biomass locally,
especially in southern Europe (latrou & Stamou 19DP4vid et al. 1999; David 1999). These
detritivores ingest large amounts of leaf littethwa typically low assimilation efficiency, resulg in
the production of large amounts of faecal pelleisarly visible in the litter and topsoil layersdf@ia-
Pausast al. 2004; Taggeet al. 2008). In a holm oakQuercus ilek forest of southern France, for
example, the milliped&lomeris marginatavas reported to consume about 109 g (dry magspim
leaf litter and egest 103 g (dry mass§ of faecal pellets per year (David & Gillon 2008uch high
feeding activities have potentially important capsences for decomposition processes in these

systems.

Soil invertebrates can affect decomposition digeethd indirectly. Macroarthropods, as litter
fragmenters, generally have little direct effectaganic matter decomposition through assimilation
and respiration (Wolters 2000; Lavelle & Spain 200large amounts of undecomposed plant
material, especially cell wall structural constittee are egested in their faeces (Gillon & DavidD0
Therefore, a clear distinction must be made betwleeimpact of macroarthropods on litter mass loss,
which can be substantial in many types of littend atheir direct impact on organic matter

decomposition, which remains marginal.

Indirect effects of macroarthropods on decompasittwough interactions with microorganisms
are thought to be important (Visser 1985; Wolted9@ Lavelle & Spain 2001). Such interactions
were mainly investigated in macroarthropod fae@es] large increases in bacterial counts were
observed in freshly egested material compared togested leaf litter (Ineson & Anderson 1985;

Hassallet al. 1987; Byzowet al. 1998). This has led to the widely accepted vieat thicrobial activity
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is stimulated and organic matter decomposition rob@ in macroarthropod faeces (Lavelle & Spain
2001; Colemaret al. 2004; Bardgett & Wardle 2010). However, other madound that microbial
respiration was not greater in faecal pellets tlmmningested leaf litter (Scheu & Wolters 1991,
Suzukiet al. 2012) and, similarly, that mass loss rates wetehigter in macroarthropod faeces than
in leaf litter (Nicholsonet al. 1966; Webb 1977; Frouz & Simek 2009). This maylteBom the
compact structure of faecal pellets that inhibiisrobial decomposition (Webb 1977; Suzwhial.
2012) and from the depletion of readily assimilab&bon compounds associated with increased
concentrations of recalcitrant compounds such gagnlj which is not digested by macroarthropods
(Gillon & David 2001; Rawlin®t al. 2006).

Interactions between macroarthropods and microsganalso occur in leaf litter (Visser 1985;
Crowtheret al. 2012). Some are linked to the grazing behaviouineértebrates, which inevitably
results in damage to fungal tissues. However, theseactions are complex and may have negative or
positive effects on decomposition (Crowtletral. 2011). For example, Hanlon and Anderson (1980)
showed that macroarthropod feeding activities dted carbon mineralization at low but not at high
population densities of the woodlouSaiscus asellysvhich may depend on the grazing pressure on
litter fungi. Macroarthropods are also good dispey®f propagules, both on their body surface and i
their faeces (Lilleskov & Bruns 2005), which maycelerate microbial colonization of litter
substrates. Finally, the deposition of fresh fagsepposed to be hotspots of bacterial activityleaif
litter may enhance decomposition (Visser 1985; Er&uSimek 2009). This type of interaction,

however, is only poorly studied and understood.

In this study, we examined the direct and indiedt#cts of saprophagous macroarthropods on the
decomposition of plant litter from Mediterranearesies, with special attention to interactions with
litter microorganisms and the influence of increaskkought. We investigated the effects of the
millipede Ommatoiulus sabulosusn the decomposition of litter from four woody s@s Cistus
albidus, Quercus coccifera, Rosmarinus officinaisd Ulex parviflorug in a 1-month laboratory
experiment. These four shrub species are commolamtdant in the garrigue ecosystem of southern
France on calcareous bedrock. Due to its remarkhiglg abundance in this type of ecosystem,
Ommatoiulugproduces large amounts of faecal pellets in smimdjautumn, which potentially leads to
strong interactions with microbial decomposers. sre frequent dry spells and droughts are
expected in the Mediterranean region, we carrigdio experiment at two moisture levels, to study
the effects of intermittent drying of litter on midial and faunal activity. Microbial activity isnlbwn
to decrease steadily with decreasing litter mogs{iianzoniet al. 2012). Leaf litter consumption by
macroarthropods is generally reduced by low magstantents (Bertranet al. 1987; David & Gillon
2002; Collisoret al. 2013), but Tiaret al. (1997) suggested that fauna-mediated decompositiolul
be less susceptible to drought than microbial dgasition.
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More specifically we assessed (1) the effects diipades on litter mass loss and organic matter
decomposition, and their effects on microbial attiin faeces and uningested litter. For the finste,
we studied the consequences of faecal pellet addit leaf litter for decomposition and microbial
biomass and activity. (2) We evaluated the congerpee of low litter moisture contents for both
millipede feeding activities and microbial activity litter and faeces, and tested the notion that
macroarthropods can mitigate the negative effeictraught on decomposition, i.e. have a relatively
more important role when moisture conditions ass favourable (Verhoef & Brussaard 1990; Tean
al. 1997). (3) Finally, we took advantage of the ooence of four litter species of contrasting quality
in the same shrubland to test the notion that naattrmpods can also mitigate the negative effeicts o
litter recalcitrance on microbial decompositiore.ihave a relatively more important role in the
decomposition of low-quality litter (Tiaet al. 1995, 1997; Yang & Chen 2009; Riutghal. 2012).

MATERIALS AND METHODS

Biological material

Leaf litter was collected in a shrubland locatedha Massif de I'Etoile near Marseille, France
(43°22' N; 5°25' E). A detailed description of thite was given by Montest al. (2008). Litter from
the four dominant plant speciegistus albidus (Cistaceae),Quercus coccifera(Fagaceae),
Rosmarinus officinaligLamiaceaeand Ulex parviflorus(Fabaceae), was collected on the ground in
March-April 2011. Freshly fallen litter was exclublbecause soil macrofauna generally prefer litter
with microbial conditioning (Lavelle & Spain 2001)itter was air-dried in the laboratory, sortedint
species and cleaned of adhering soil particlest &md flower parts or twigs. Leaves are wooly in
Cistus sclerophyllous irQuercus tough and narrow (needle-like) RosmarinuswhereadJlex litter
consists of thorny stems, which are the photosyigtbegans in this aphyllous species. Litter chezhic
and physical characteristics were determined (Tapl&otal C and N concentrations were measured
using a flash elemental analyzer (EA1112 Seriesyifib Finnigan, Milan, Italy), P concentration was
measured colorimetrically using an Evolution |l @analyzer (Alliance Instruments, Cergy, France),
and lignin concentration was determined using @1Siic 24 fibre analyzer (Ankom, Macedon, USA)
(Hattenschwileret al. 2008). Condensed tannin concentration was measymrettrophotometrically
using the butanol-HCI method (Couli$ al. 2009). To determine water holding capacity, litteas
soaked in distilled water for 24 hr, drained, weidhmoist and reweighed after drying at 60 °C for 48
hr.

The julid millipede Ommatoiulus sabulosus aimatopodus the Mediterranean sub-species of
Ommatoiulus sabulosusith no dorsal orange-yellow bands — was colledtedh the same site in
April 2011. It is a very abundant species at thasdf de I'Etoile, whose population density was

estimated at 164 + 37 individualsin the spring of 2010, which represents a liveridss of 9.2 + 2

38



CHAPITRE| : EFFETS DIRECTS ET INDIRECTS TOMMATOIULUS

g m? (J.F. David, unpublished data). Individuals in taage of 100 to 200 mg in live mass, mostly
sub-adults, were selected and kept at 18 °C inteaspiecific mixture of moist leaf litter before the
experiment.

Table 1. Characteristics of the four species of shtu litter used in this study (means * SE)All
percentages are on a dry mass basis (CT: condearsg@dg; WHC: water holding capacity).

Shrub species Cis_tus Que_rcus Ros_,rr_\ari_nus U_Iex

albidus coccifera officinalis parviflorus
C (%) 43+0.2 45+0.3 50+0.3 49+0.2
N (%) 0.64 £0.01 1.03+£0.02 0.65 + 0.02 1.08@20.
C:N ratio 671 44 + 1 76+1 45+ 1
P (%o) 0.56 £ 0.01 0.50 + 0.003 0.37 £0.01 0.200
CT (%) 0.6 +0.11 0.6 £ 0.02 0.1 +0.003 0.1+0.01
Lignin (%) 25+0.5 15+0.4 16 +0.3 23+1.0
WHC (%) 178 +5 1322 146+ 6 972

Decomposition experiment in the laboratory

Leaf litter was put in large (40 x 33 x 8.5 cmyded transparent plastic boxes, the inside of
which was divided into four equal parts by 1 cmhhfgastic dividers to prevent litter mixing, while
allowing fauna to move freely. Six grams of airedfilitter from each of the four species were
moistened by submersion in distilled water for 1th,ndrained and put separately in each box.
Millipedes could thus feed on four monospecifitelitpatches randomly disposed in each box. Boxes
were assigned to three faunal treatments: (1) abbtixes without millipedesn(= 10); (2) boxes with
six individuals ofOmmatoiulusof similar size, representing a mean live bionafs863 + 12 mg per
box, which was equivalent to about 70% of the fiesdimate olOmmatoiulushiomass f = 10); (3)
boxes in which only faecal pellets of millipedesrav@rogressively added to leaf litter € 10). For
this purpose, fresh pellets were collected evecpisg day in an additional set of 10 boxes with the
same millipede biomass as in treatment (2) (862mg9er box), and put on the corresponding litter
patches (i.e. all faecal pellets collected on aifipditter type were added to the same litterayip
boxes of treatment (3). Each litter patch was veatevith 1 ml of distilled water either twice a week
(moist conditions in five boxes) or only once a wddry conditions in five boxes). The resulting
differences in litter water content were repeateabgessed in two additional boxes per moisture
treatment over the course of the experiment (124iin total, at various intervals after wateringj).
the boxes were kept for 30 days in an open shedruvidditerranean conditions (CEFE, Montpellier,

France), in which the mean air temperature over dberse of the experiment was 19 °C. All
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millipedes survived the 30-day period and, at thd ef the experiment, they were removed and
weighed. Leaf litter and faecal pellets were cdlgforted and weighed. One gram of fresh litteswa
freeze-dried for phospholipid fatty acid (PLFA) &isés and the remaining material was air-dried and
reweighed. Some air-dried sub-samples were usetbtermine substrate-induced respiration (SIR)
and others were oven-dried at 60 °C for 2 daystionate the water content and final dry mass ef air
dried materials. Initial oven-dry litter mass waaslcalated using litter species-specific conversion

factors of air-dried to oven-dried mass.

Initial and final dry masses allowed calculatiorighe following variables under moist and dry
conditions: (1) the percentage mass loss due toobial decomposition in control boxes without
animals. (2) The net effect of millipedes on litteass loss (g per box), i.e. the difference betwhen
total mass loss of litter observed in their presead that in their absence in control boxes; #te n
effect reflects both litter consumption and milld@emicroorganisms interactions in uningested litter
(3) The total amount of organic matter that decosepoin the presence of millipedes, i.e. the
difference between the total mass loss of litted #re mass of faeces collected at the end of the

experiment.

Substrate-induced respiration (SIR) was measuredmaining litter and faecal pellets in order to
compare the potential activity of microbial comntigs in the different treatments. This method
assesses the physiological capacity of microorgate catabolise glucose under optimal temperature
and moisture conditions, and variations in resjratates reflect changes in both the biomass and
composition of microbial communities (Fareh al. 2011). The procedure of Beageal. (1990) was
used and the rate of GQelease (g CO-C ¢* hr') was measured using a Varian 4900 gas
chromatograph with a thermal conductivity dete€tarian, Walnut Creek, USA). To compare SIR in
litter and faecal pellets, it was assumed that ditteh species was consumed in proportion to thie n
effect of millipedes on its mass loss. Hence,ri8R was calculated as the weighted mean (based on

relative consumption of the four litter types) ittfer-type specific SIR.

As our experiment showed th@mmatoiulused mainly onCistusand thus also egested much
more faecal pellets on this litter species, PLFAlgsis was used to compare bacterial and fungal
biomass in the different samples @istuslitter at the end of the experiment. The ratio whdal to
bacterial PLFAs was used as an index of the relatbundance of these two groups of
microorganisms (Leckie 2005procedures described by Zelles (1999) were usetipidrextraction
and separation. After alkaline methanolysis, tradwxic acid methyl ester (CAS number: 1731-88-0)
was added as internal standard and the concemsatibester-linked fatty acid methyl esters (EL-
FAMES) were determined using a Hewlett Packard 6889 chromatograph. Bacterial biomass was
estimated by summing the following PLFAs: i15:054) i16:0, 16:&7, i17:0, al7:0, 18td7 and
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cy19:0 (Wilkinson et al., 2002; Ruess and Chamber2010). Fungal biomass was estimated from
the concentration of 18,9 (Frostegarét al.2011).

Statistical analyses

All statistical analyses were performed using Rivgafe version 2.12.1 (R Development Core
Team, 2010). Two types of ANOVA were used: (1) &cle faunal treatment, the main effects and
interaction of litter species and moisture treatir@nlitter mass loss, SIR in litter and SIR indale
pellets, were tested using partly hierarchical ANOfLogan 2011). In this design, data from moist
and dry boxes were nested within moisture treatsyeamid litter species were crossed with moisture
treatments and boxes. (2) The main effects andaictien of faunal treatment and moisture treatment
on the mass loss of each litter species, SIR ih éer species, and microbial biomass dat&istus
litter, were tested using two-way ANOVA (3 x 2 factl design). Homogeneity of variances was
checked prior to analyses and data were log- orepdransformed where required. Tukey's HSD test
was used for multiple comparisons among pairs oamae Some differences between two sample

means were tested using paitadsts, as indicated in the text.
RESULTS

Litter moisture conditions

The two watering frequencies significantly affectditter moisture in all four species.
Measurements on 12 occasions during the experigihented that mean water content<istusleaf
litter were 55 £ 11% and 33 + 12% (on a litter dnass basis) in moist and dry treatments,
respectively (paired-test,P < 0.01). Similarly,Quercusleaf litter had mean water contents of 29 +
4% and 13 + 3% in moist and dry treatments, respsgt(P < 0.001).Rosmarinudeaf litter had
mean water contents of 38 + 6% and 15 + B (0.001), andUlex litter had mean water contents of

28 + 4% and 17 + 4%(< 0.001) in moist and dry treatments, respectively

Decomposition in control boxes

Litter mass loss in animal- and faeces-free comitoales differed significantly among speciBsg
0.001), Cistus decomposing much faster than the other three epamnder both moist and dry
conditions (Figure 15a). Although correlations bedw litter mass loss and the measured litter gualit
parameters were not significant, the mass loss m$tnmaterial decreased in the same order as the
water holding capacity of litter. Litter mass losas significantly affected by the moisture treatimen
(P < 0.001). On average across all litter specieg| tmass loss was 5.50 + 0.16% under moist
conditions compared to 1.91 + 0.31% under dry doomB. Although there was no significant

interaction between litter species and moistureditmms, the four species tended to respond
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differently to the moisture treatment. Mass losglip conditions was reduced by a factor of 9.6 in

Rosmarinus4.6 inQuercus 2.7 inUlex and 1.8 inCistus(Figure 15a).

Litter SIR rates in control boxes also differedngiigantly among specie(< 0.001) (Figure
15b). The highest respiration rates were recordegistusunder both moist and dry conditions, but
the rank order of other species was not the sanferdgiter mass loss, with notably significantly
higher SIR inQuercusthan inRosmarinusand Ulex that showed the lowest SIR of all litter types
(Figure 15b). There was a marginally significantrretation between SIR rates and initial P
concentrations in the four litter species understhoonditions R = 0.05), a relationship that however
disappeared under dry conditiofs£ 0.16). None of the other initial litter qualitjaracteristics was
significantly correlated with litter SIR. In constato litter mass loss, SIR was not significantly
affected by the moisture treatment. There was hewa\significant interaction between litter species
and moisture conditiond?(< 0.05): under dry conditions, SIR increasedJiex but did not change

significantly in the other species (Figure 15b).
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Figure 15. Mass loss as a percentage of initial dmnass (a) and substrate-induced respiration (b) of
four species of shrub litter maintained for 1 monthat two levels of litter moisture (means + SEj = 5).
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Decomposition in boxes with millipedes

The net effect of millipedes on litter mass losBeded significantly among litter specieB
0.001), with a stronger effect ddistusthan on any of the other species under both namdtdry
conditions (Figure 16). Millipede effects on litterass loss were not significantly correlated wité t
litter quality parameters reported in Table 1, tmaty were positively correlated with the mass lafss
each litter species measured in moist control b@Res0.05). For all species combined, the activity of
millipedes led to a loss of 2.30 + 0.17 and 2.10. 38 g litter per box under moist and dry condiion
respectively. Litter mass loss induced by millipgdeas not significantly different from the mass of
faecal pellets collected at the end of the expentri243 + 0.09 and 1.99 + 0.15 g per box undersinoi
and dry conditions, respectively; non-significaatrpdt-tests), indicating that a very large part of the
litter consumed was not assimilated.. The impachitifpedes on litter mass loss was not signifibant
affected by litter moistureP(= 0.46). There was however a significant inteactbetween litter
species and moisture conditioi®d <€ 0.01). Under dry conditions, the millipede effea Cistuswas
relatively smaller while that oRosmarinusvas relatively greater, indicating a shift in fomeference

when litter was drier.
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Figure 16. Net effect of millipedes on the mass w®f four species of shrub litter after incubationfor 1
month at two levels of litter moisture (means + SEn = 5). The net effect of millipedes is the difference
between the total mass loss of litter measuretiéir presence and that measured in their absenoeninol
boxes.

Organic matter decomposition in the presence dipades, i.e. the difference between the total
mass loss of litter and the mass of faeces colestt¢he end of the experiment, was on average#l.11
0.11 g per box under moist conditions vs. 0.5407 @ per box under dry conditions. This amount of
mineralized litter was not significantly differefrom that expected from microbial decomposition
alone , i.e. 1.24 £ 0.01 and 0.43 + 0.01 g per Wadter moist and dry conditions, respectively (non-
significant paired-tests), indicating that millipede feeding actietihad very little impact on organic

matter decomposition over the experimental duratioone month.
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SIR rates in the litter remaining in boxes with lip#édes at the end of the experiment did not
differ significantly from those measured in contbalxes (data not shown). SIR rates in faecal gellet
varied significantly depending on the litter speoe which faecal pellets were egested by millisede
(P < 0.001) (Figure 17). The highest respiration sateere measured in pellets frddistus patches
and the lowest respiration rates were measurecelietp fromQuercuspatches. SIR rates in faecal
pellets ranged from 204 to 310 pg £ hr' in the moist treatment and from 147 to 298 pg @®
hr' in the dry treatment (Figure 17). These rates wersistently lower than those estimated for litter
mixtures containing the four species in proportiorthe amounts consumed by millipedes, i.e. 340
and 336 ug COg* hr' under moist and dry conditions, respectively.céntrast to SIR rates in litter,
SIR rates in faecal pellets were significantly efféel by the moisture treatmeift € 0.01), with lower
respiration rates under dry conditions (Figure 1iljcating that microorganisms present in faeces

were more sensitive to drought than those presamiingested litter.
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Figure 17. Substrate-induced respiration of faecagbellets egested by millipedes on four species ofrsh
litter under moist and dry conditions. The pellets were 2-day to 1-month old (means +r5Eb5).

Decomposition in boxes with faeces addition

The collection of fresh faecal pellets in the seboxes intended for faeces production showed
that millipedes deposited much more faecal pelbet<Cistus litter patches than on the other three
species, in accordance with their apparent preteréor Cistuslitter. The dry weight of faecal pellets
added to litter in the absence of millipedes, asnesed at the end of the experiment, was on aegerag
1.13 + 0.06 g inCistus patches and ranged between 0.14 + 0.01 and 0@2®3tg in other litter
patches. Faecal pellet addition in the absenceilbpades did not significantly affect litter maksss
and SIR in any of the four species, the resultadeery similar to those recorded in control boxes

under either moisture conditions (data not shown).

44



CHAPITRE| : EFFETS DIRECTS ET INDIRECTS TOMMATOIULUS

Microbial community structure in Cistus leaf litter

In control boxes, total microbial biomass @istus litter determined with PLFAs was not
significantly different between the moist and dryatments (Table 2). However, the effects of these
two treatments differed between bacterial and fungakers. While there was no moisture effect on
fungal biomass, bacterial biomass was significalotlyer under dry than under moist conditioRs<{
0.05).

Table 2. Concentrations of characteristic PLFAs |§g g%) and fungal:bacterial ratios in Cistus litter
subjected for 1 month to three faunal treatments uder moist and dry conditions (means + SEp = 4).
Different letters indicate significant differenc@sthin a row (see text foP values); asterisks indicate
significant differences between moist and dry ctods P < 0.05).

PLFAS Control Boxes with Boxes with
boxes millipedes faecal pellets
Fungal (F) moist 263 £ 27 234 +6 262+2
dry 247 £ 20 220 +13 234 £ 17
Bacterial (B) moist 101+2a 66+4b 69+2Db
dry 79+7* 69+4 74 +3
Total (F+B) moist 364+26a 300x10b 331+2ab
dry 325+27a 289x16D 308+19a
F:B ratio moist 26+03a 36+02b 38+0.1b
dry 3.2+0.1 3.2+0.1 3.2+0.1*

In boxes with millipedes under moist conditions,cteasial biomass onCistus litter was
significantly lower than in control boxeB & 0.001) (Table 2). Fungal biomass did not dead¢ashe
same extent, which resulted in a significantly lkigfungal:bacterial ratio in the presence of mddps
(P < 0.05). Such changes did not occur under dry itiond. Total microbial biomass, however,
tended to be lower in boxes with millipedes tharcontrol boxes under both moist and dry conditions
(P =0.05).

Similar changes in microbial community structurerevebserved in boxes with faeces addition
under moist conditions. There was a significantrei@se in bacterial biomask & 0.001) and a
significant increase in fungal:bacterial rativd< 0.05) in comparison with control boxes (TableAy
in boxes with millipedes, such changes did not pamder dry conditions. This indicates that, in
boxes with millipedes, bacterial communities on sh@istus litter were mainly affected by faecal

pellet deposition and not by other millipede atigg.
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DisCUSSION

Faunal contribution to litter mass loss

In our study system of a Mediterranean garrigusoothern France, the four woody shrub species
Cistus albidus, Quercus coccifera, Rosmarinus ioffics and Ulex parviflorus dominate the
vegetation cover (Montest al. 2008), and thus the litter input to the soil. @esults have shown that
the most abundant species of saprophagous maaa@otts, the milliped®©mmatoiulus sabulosus
consumes large amounts of aboveground litter predilny the four dominant species. Based on our
study, the rate of litter consumption ®ynmatoiulusn spring is at least 2.6 g (dry mass) per g ahima
live mass and per month. This corresponds to ima&=d litter mass loss of 24 g pef per month
for an Ommatoiulusbiomass estimate of 9.2 g (live mass§ im the field, suggesting a considerable

impact of this millipede species on the annuatditurnover in this system.

Ommatoiulusshows a marked preference fOistus litter and consumes comparatively small
amounts of the other three litter types. Otl@enmatoiulusspecies have been reported to feed on
Cistusspp. in southern Europe (Bailey & Mendonca 199@)litter traits underpinning this apparent
preference forCistus remain unknown. Our analyses did not show padityl high nutrient
concentrations irCistuslitter and it is not known whether this food idested on the basis of other
nutritional characteristics, the presence of specificroorganisms, and/or its high water holding
capacity. Clearly, however, the preferred food ur study was also the litter with the highest
decomposition rate in the absence of macroarthmpdlde relative contribution @ddmmatoiulusto
litter mass loss, calculated using the same forrasléTianet al. 1995), was larger iistusthan in
other species. This result does not support the that saprophagous macrofauna, when offered litter
materials of contrasting quality, have a greatdatiree impact on those that show less microbial
decomposition (Tiaret al. 1995, 1997). Other studies have shown that |&mecies preferred by
saprophagous macroarthropods tend to have highitgatif microbial decomposers (Kohlet al.
1991; Zimmer 2002; van Geffeat al. 2011; Collisoret al. 2013), which is consistent with our data.
Collectively, our data suggest that the combineghhmicrobial-driven decomposition and the
preference by detritivores fdCistus leaf litter support a rapid cycling @istusderived nutrients,
while nutrients derived from the litter of the otltaree dominant plant species at our study sitg ma

cycle more slowly.

Direct and indirect effects o©Dmmatoiulus on decomposition

Our study confirms that the direct effects of sapagous macroarthropods on organic matter
decomposition, i.e. the amount of organic matdahialy assimilate during gut passage and transform
into CG, through their own metabolism, are negligible. $mio previous studies (Carcarao al.
2000; David & Gillon 2002; Ashwini & Sridhar 200®)e also found that the mass of faecal pellets
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egested by millipedes was almost identical to libsttfrom litter due their activity, indicating wetow
assimilation efficiency. In such cases, indiredeefs of macroarthropods on decomposition through
interactions with microorganisms are assumed tanbeh more important (Visser 1985; Wolters
2000; Lavelle & Spain 2001).

The most widely mentioned interaction is that thensformation of leaf litter into faeces by
macroarthropods stimulates microbial activity, wattigher activity in faeces compared to intact lea
litter, which ultimately should accelerate decomias (Lavelle & Spain 2001; Colemaet al. 2004;
Bardgett & Wardle 2010). Our results do not supgbi$ mechanism for fauna-driven increased
decomposition. First, substrate-induced respiratrdmich gives an estimate of the catabolic capacity
of the physiologically active microbial communityas lower in faecal pellets @mmatoiulughan in
uningested litter. Faecal pellets consisted of nneg ofCistusand the other litter species consumed at
lower rates, and it can be hypothesized that vanain respiration rates in faecal pellets largely
reflected differences in composition (Suzekial. 2012). However, even the faecal pellets deposited
Cistuslitter patches, presumably the richest in thi®lispecies, respired significantly less than the
average food mixture. Accordingly, there is no ewice for a stimulation of microbial activity in
faeces compared to leaf litter. Although we carmgatlude the possibility that microbial respiration
was stimulated in the first few days after egestiom stimulation was detected in the faeces aged
between 2 days and 1 month collected at the endupfexperiment. Moreover, the insignificant
difference between the litter mass loss attribtitehillipedes and the mass of faecal pellets ctdbbc
at the end of the experiment suggests that massasas not greater in pellets than in leaf litteerov
the duration of our study. Although our results evebtained over a relatively short period of tirie (
month), they are consistent with previous findisgewing that decomposition was not enhanced in
faeces produced by other macroarthropod speciehdlsionet al. 1966; Webb 1977; Frouz & Simek
2009; Suzuket al.2012).

An additional potential indirect fauna effect ottdi decompaosition is the inoculation of leaf litte
with faeces-derived microorganisms. Assuming thegHly produced faeces are enriched in bacteria,
at least temporarily (Ineson & Anderson 1985; Hisstaal. 1987; Byzovet al. 1998), their presence
on leaf litter could promote microbial colonizatiand influence decomposition (Visser 1985; Frouz
& Simek 2009). We tested this potential interactignadding faecal pellets to all litter patchesisth
simulating the effects o®mmatoiulusvia faeces production without the presence of ahinals.
Faecal pellet addition did not change the ratdigtef mass loss and microbial respiration in ahjhe
four litter species, even i@istusthat received the largest amounts of faecal [gelEten though the
effects of faeces deposition are assumed to beglarty strong in the first few weeks after egesti
(Maraun & Scheu 1996), it would be interesting aldiw any potential faeces effects over a longer
period than our 1-month study to confirm this laok effect. Faecal pellet addition, however,

significantly modified microbial community struceuin Cistuslitter. In the moist treatment, bacterial
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biomass inCistuslitter was reduced when faecal pellets were addedpared to control litter. No
faeces effect was observed for fungal biomass, lWwhionsequently resulted in a higher
fungal:bacterial ratio il€Cistuslitter when faecal pellets were present. A redurctn bacterial biomass
following faeces addition is opposite to our irfligxpectation. A possible explanation for this femsu
that the deposition of fresh faecal pellets mayehad to cascading effects on the micro-food web in
leaf litter. For example, bacterivorous microfapeotozoa, nematodes) may have been stimulated by
the addition of fresh pellets, as shown by Bast@®1{) using woodlouse faeces, with possible
negative effects on bacterial populations in migat litter. Whatever the process involved, thismpo

to the importance of macroarthropod faeces deposfbr the structure of microbial communities in
leaf litter. However, this effect of faecal pellesldition on litter microbial community structure
depended on litter humidity. In the dry treatmewdither the biomass of bacteria nor that of fungi

differed between litter with added faecal pellatd aontrol litter.

The overall impact o©Ommatoiulusincluding all its direct and indirect effects dacomposition
over a 1-month period in our simplified system#dti microorganisms, detritivores), did not incea
the mass loss of organic matter. This leads tetimelusion that even high-density populations o th
species that consumes important amounts of ldef ilo not enhance carbon mineralization in the
litter layers of Mediterranean shrublands. Furtadies are needed to clarify other possible effett
these macroarthropods on litter decomposition, siscfl) increased nitrogen mineralization, which is
generally uncorrelated with the faunal impact orboa mineralization (Anderson & Ineson 1984;
Verhoef & Brussaard 1990; Froe al. 2008); and (2) a faster incorporation of dead tphaaterial
into the soil (Anderson 1988), which may be impottéor decomposition in Mediterranean soils
subjected to drought, because the translocatidiaexfal pellets to deeper soil layers may provide a
more favourable microclimate for decomposition canggl to intact leaf litter that remains at the soil
surface (Rovira & Vallejo 1997).

Drought effects

The simulated drought effect by reducing wateriragfiency from twice to once per week, was
sufficient to strongly reduce microbial-driven dittmass loss (assuming that the effects of leaching
were insignificant in both treatments given thepew absolute quantities of water added). The lowe
activity of microbial decomposers under dry cortii coincided with a decrease in bacterial biomass
in leaf litter, at least fo€istuslitter. Although the response of fungal biomass \ss clear because
of the high variability in the PLFA data, there wasapparent drought effect on fungal biomass. This
is consistent with previous studies showing thagfuwhich appear to be dominant in Mediterranean
leaf litter (Wilkinsonet al. 2002), are less strongly affected by drought thecteria (Wilkinsoret al.
2002; Yusteet al. 2011). In addition, our SIR measurements showatttie potential respiration of

microbial communities was not altered in drier [#&ér and was at least equal to that measure@mund
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moist conditions. This also suggests that microb@minmunities dominated by fungi are able to

resume their activity after a temporary decreasesponse to water shortage.

Feeding activities of millipedes were much lesssime to simulated drought than microbial
activity. In contrast to previous studies that shdwhat leaf litter consumption by macroarthropods
was reduced by low moisture contents (Bertrah@l. 1987; David & Gillon 2002; Collisomt al.
2013),Ommatoiuluscontinued to convert shrub litter into faecal pellat the same rate at two levels
of litter moisture. Although these contrasting tesmay be due to different experimental conditjons
they may also indicate that typical Mediterraneatroarthropod species are better adapted to feeding
on dry litter. Ommatoiulusslightly changed its diet in the dry treatmentthahigher consumptions of
Rosmarinuditter at the expense of the preferred litter fr@mtus but maintained its overall feeding
rate. This supports the notion that, under dry @mns, some species of soil fauna play an
increasingly important role in decomposition pr@sssand can, to some extent, compensate for the
low microbial activity (Verhoef & Brussaard 1990iam et al. 1997). On the other hand, even though
litter mass loss remained high under dry conditidas to sustained consumption Gymatoiulus
there was no indication that the material conventéalfaecal pellets decomposed at a higher rate th
dry leaf litter in control boxes. Therefore any ipige effect on overall decomposition by maintained
millipede consumption and litter transformatioroiffidecal pellets under dry conditions, could ordy b
expressed in the field if these faecal pellets mddweedeeper soil layers with more favourable moéstu

conditions.

It may seem surprising that faecal pellets of mathwopods, which generally have a high water
holding capacity (Webb 1977; Tajovslat al. 1992), do not promote decomposition under dry
conditions. However, our SIR data have shown tmaeellets have dried after egestion in a dry
environment, the microorganisms present in faceléis are more affected by desiccation than those
present in litter, and do not return to the samiiviic level when replaced in optimal moisture

conditions.

CONCLUSIONS

We showed that in the studied Mediterranean gagriggosystem, the dominant macroarthropod
species transformed large amounts of above-grdattadfrom the dominant shrub species into faeces.
These feeding activities, however, did not incre@senineralization. No direct litter consumption
effects and no indirect feeding- or faeces-inducgcrobial stimulation effects on C mineralization
were apparent, questioning the commonly assumatvgosiacroarthropod effects on decomposition.
Moreover, the studied millipede species does ntigaie the negative effects of litter recalcitrance
microbial decomposition since it consumes primdghf litter that decomposes rapidly. However, we

cannot exclude potential consequences on nutrigring or on the fate and distribution of C within
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the soil resulting from feeding preferences andanftbe different physical structure of faecal psllet

compared to intact plant litter.

Under drier conditions, the Mediterranean millipesjgecies studied here, apparently did not
reduce its consumption of shrub litter althoughreheas a shift in the preference for certain litter
types. A continued conversion of shrub litter ifiéecal pellets while microbial decomposition is
drastically reduced in dry litter could potentiathjitigate negative drought effects on C and nutrien
cycling in Mediterranean ecosystems. However, suowicroarthropod-driven compensation for
reduced microbial activity could only result fromcflitated spatial translocation of faecal pellets
deeper soil horizons compared to plant litter, bseave did not observe an increased decomposition

of organic matter despite unchanged fauna activity.
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Chapitre 2 : Décomposition des boulettes fécales

Figure 18. Photo montrant un exemple de sachets digére installés sur le site du massif de I'étoileLe
grillage permet de maintenir les sachets en placdedes protéger contre les divers aléas (vepinsga
sanglier,...). Le piquet en bois servait d’indicatpour controler la profondeur d’enfouissement dehets

enterrés.
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Résumé du chapitre
Contexte :

Le premier chapitre de cette thése a montré qdfet’'andirect dOmmatoiulusvia le dép6t de
boulettes fécales n'augmente pas la décompositsnliéres. Cependant, si I'échelle de temps de
cette expérience (30 jours) était appropriee ptudiér I'activité microbienne, elle ne permet pas d
tirer des conclusions sur I'effet@mmatoiulussur la décomposition de litiéie situ, qui se déroule
sur des pas de temps plus importants. Dans I'¢iugsentée dans le chapitre précéd®ntmatoiulus
a consomme et transformé en boulettes fécales dtteptes quantités de litiere de Ciste et de Chéne,

les deux espéces arbustives les plus abondantkssita.

Etant donnée l'importante quantité de bouletteslécproduite, il semble primordial d'étudier
leur décomposition pour réellement comprendre le d@Ommatoiulusdans le recyclage des litieres

de garrigue.

De plus, en milieu naturel, la matiére organiquet @re transportée dans le 0mmatoiulusa
la capacité de s’enfouir aisément jusqu’'a 10 crprdéondeur et peut ainsi rejeter des boulettes
fécales dans le sol. La petite taille des boulgitesrapport aux litieres peut également favoriser

transport passif (gravité, vent, eau ...) a tralespremiers horizons du sol.

L’objectif de ce chapitre est donc de tester cangonent I'effet de la transformation des litieres
en boulette fécales (H2a) et de leur enfouissentems le sol (H2b) sur la décomposition de la matiér

organique.

Méthodes :

D’importantes quantités de boulettes fécales oatpébduites paODmmatoiulusen conditions
contrblées a partir de litiere de ciste ou de chEaeapport C/N, les caractéristiques des lessjvat
capacité de rétention en eau ainsi que la qualit€ dnt été mesurés dans les boulettes et leetié
non consommees. Ce matériel biologique a ensuétplaté a décomposer dans des sachets a mailles
fines dans la garrigue du massif de I'étoile pehdaan. Une moitié des sachets a été disposée a la

surface et l'autre en profondeur pour tester Itefie 'enfouissement sur la décomposition.

Résultats et discussion :

L'enfouissement de la matiere organique a condidiéngent augmenté la perte de masse qui
est passee de 28% en surface a 38% en profondeite. &ligmentation était liée a une humidité plus
importante en profondeur fournissant des conditimaitgo-environnementales plus favorables pour les
décomposeurs microbiens. L'enfouissement de laemgatirganique semble donc étre un mécanisme

important par lequel la faune du sol stimule laciégosition.
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La transformation des litieres en boulettes fécalggovoquée d'importantes modifications

des propriétés physico-chimiques de la matiéremigga. Un élément marquant en est 'augmentation

importante de la quantité et de I'aromaticité duboae organique dissout dans les boulettes par

rapport aux litieres. De plus les propriétés physicimiques des litieres de ciste et de chéne rpast

été affectées de la méme maniere : les transfaynsaétaient beaucoup plus marquées pour le chéne.

De la méme maniére la décomposition des bouletiesgpport aux litieres change en fonction de

Etat initial Etat final

ELY
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l'espéce des litieres. Les boulettes
issues de feuilles de chéne se
décomposent plus rapidement que
les litieres correspondantes, alors
gue pour le ciste, les boulettes et les
litieres se décomposent a la méme
vitesse. Ce résultat suggere que
'effet de la faune du sol sur la
décomposition dépend fortement de

I'espéce de litiere ingérée.

Figure 19. Photo montrant I'aspect
des litiéres et des boulettes de
chacune des deux espéces avant et
aprés 1 an de décompositionDe
haut en bas, les litieres de ciste et de
chéne, puis des boulettes fécales
d’Ommatoiulusproduites a partir de
litieres de ciste et de chéne.
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Decomposition of leaf litter and macroarthropodefeat two depths in the
soil of a Mediterranean shrubland
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Abstract
Detritivorous macroarthropods can consume largeuatsoof plant-derived litter. Typically, only very

small proportions of the ingested litter are adyuaksimilated by macroarthropods that instead peedarge
guantities of feces. However, the decompositionthi$ significant pool of organic matter remains pgpo
studied. Litter consumption by macroarthropods maodify the decomposition process because gut passag
changes organic matter quality, but also becaus# feellets can move down the soil profile moreilgahan
intact plant litter. Here we studied the simultameceffects of leaf litter transformation into fecey
Ommatoiulus sabulospysnd their position in the soil profile on decomipion. Ommatoiulusis a diplopod
species of high abundance in Mediterranean shrdbland is dominant at our study site in Marsedtajthern
France. Leaf litter ofQuercus cocciferand Cistus albidustwo abundant plant species at our study site, and
feces produced b®mmatoiulusfeeding on these different litter types were exgb the field at the soil
surface and buried at 5 cm soil depth over one yeaug fine-mesh litterbags (§8n). Mass loss of leaf litter
and feces was on average 33 % higher at 5 cmepihccompared to the soil surface. However, thecefif the
position of organic matter depended on plant sgadientity and the form of organic matter. At 5 sail depth,
feces decomposed more slowly than intact leaf listehout any difference between the two plant gggcin
contrast, at the soil surfad@uercusderived feces decomposed more rapidly tQaercusleaf litter, while there
was no significant difference betwe@istusderived feces an€istus leaf litter. The difference in response
between the two litter species were associatedmtrasted changes in the quality of organic matteing gut
passage, notably an increase in the concentratiomigrogen and dissolved organic carbo@nercusfeces was
associated with an increase in soluble compoundstlaerefore of the leaching in feces compared tterli
Finally, the heterogeneity of microenvironmentahditions had large effects on organic matter decmsition.
Moreover the decomposition process was less semdibi microclimatic variability once organic matteas
incorporated into the soil suggesting that thisirext effect of macroarthropod is important for ungag

ecosystem functioning facing slight environmentsdges.

Keywords: Millipedes, Faecal pellets, Litter decompositioradgimentation, Microclimatic conditions,
Drought, Mediterranean ecosystem

55



CHAPITRE Il : DISSIMILARITE FONCTIONNELLE ET PROCESSUS DU SOL

INTRODUCTION

The important role of climate and litter quality regulating decomposition is generally well
studied and reasonably well understood (Coutesgtual. 1995; Partoret al. 2007; Cornwellet al.
2008). However, the relative impact of soil faumalitter decomposition is more difficult to quamtif
and seems to vary considerably among different esowallet al. 2008). A recent meta-analysis
based on a worldwide data compilation of littereageriments estimated that soil fauna enhances leaf
litter decomposition rate by 27% (Garcia-Pala@bal. 2013), suggesting that fauna effects cannot be
neglected for the understanding of how litter degosition is controlled. A challenge for the
guantification of fauna effects on decompositiorthig distinction between litter that “disappeared”
due to fauna consumption and true decompositi@n, mineralization of organic material that is
typically driven by microorganisms. The largesttpair the soil fauna effect on litter mass loss is
usually the ingestion of large proportions of #renual litter fall (Carcamet al. 2000; David &
Gillon 2002) and its transformation into feces cosgd of mainly undigested litter material (Wdlter
2000). As a result, soil macrofauna mostly convartact leaf litter into feces with only little dict

effects on decomposition in the strict sense ofemilization.

In consequence the fate of detritivore feces isy vianportant to fully understand the
decomposition process at the ecosystem level. itrast to earthworms that mix organic matter with
mineral soil, macroarthropod feces are mostly digamd are constituted of small fragments of
undigested litter (Lavelle 1997; Wolters 2000). &aV studies explored the decomposition dynamics
of such macroarthropod feces. In the short terman{frseveral hours to some weeks after feces
egestion), the transformation of litter into fed®smacroarthropods can stimulate microbial activity
(Martin & Marinissen 1993), with feces having alieg respiration rate and nutrient release tharmtinta
leaf litter (Maraun & Scheu 1996; Frouz & Simek 2DP0Such initial microbial stimulation would
indeed lead to an overall higher decomposition @aateompared to intact leaf litter, but little rsokvn
on how long such initial stimulation may last andwhimportant it is for the overall feces
decomposition in the longer term (Nicholsenal. 1966; Webb 1977; Frouz & Simek 2009). Two
studies on diplopod feces found no differencewéen litter and feces mass loss over a period ®f on
year (Nicholsoret al. 1966; Webb 1977) and the study comparing feces fdgpteran larvae with
intact leaf litter found a lower decomposition ratefeces compared to leaf litter after 11 month
(Frouz & Simek 2009). After the initial flush of ombbial activity, ageing macroarthropod feces can
have lower mineralization and respiration rates tiitteer because of their compaction or as a resfult
the accumulating undigested recalcitrant compoybagelle 1997). However, the relative change in
organic matter quality of macroarthropod fecesrajté transit can vary considerably among different
detritivore species (Hopkinst al. 1998; Zimmeret al. 2002; Rawlinset al. 2006; Frouz & Simek
2009). For example Zimmextt al. (2002) found that different species of isopodsraiti have the same
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capabilities to digest litter phenolic compoundgidaionally, as a result of varying assimilation
efficiency of detritivores depending on the foodise (Davidet al. 2001; Ashwini & Sridhar 2005),
the relative difference between feces and littaaligudepends on the plant species from which leaf

litter is consumed by the animals.

So far, the few studies comparing subsequent degsitign of feces and the original litter they
were produced from, did this either in controllemhditions in the laboratory or at the soil surfate
the field. However, the comparatively small-sizedcnoarthropod feces do not necessarily stay at the
soil surface. Instead they may be deposited bwthmals away from the feeding sites, or they may
sediment passively (water, wind or gravity) or heidd actively by soil animals down to deeper soil
horizons (Anderson 1988). This translocation wittine soil profile might be the most important
consequence of litter transformation into fecess@dd et al. 1987). In deeper soil horizons, the
microclimatic conditions and microbial communitiean differ dramatically compared to the soll
surface, with important effects on decomposition fefes. Buried feces and their subsequent
decomposition in more humid deeper soil layershinige especially important in water limited
ecosystems such as in the Mediterranean, whezeitiried in the soil was found to decompose faster
than the same litter placed on the soil surfacevifB& Vallejo 1997). This impact of burying may
depend on the intensity of water stress, and mersease with the drier conditions projected in the
future in the Mediterranean region. This interattietween animal activity and projected climatic
change may be a key topic to understand organitemdynamics in Mediterranean regions in the

future.

Here we assessed the combined effects of the doramsfion of litter into feces by
macroarthropods and the burying of litter and feass decomposition in a Mediterranean
sclerophyllous shrub ecosystem of southern Framethis type of ecosystem, the diplopod
Ommatoiulus sabulosusn be remarkably abundant, with live biomassiranbetween 5.3 and 9.2 g
m? (David J.-F., unpublished data). Under similamatiic conditions in a Mediterranean evergreen
oak forest, another species of diplopd@kmeris marginatawith a similar mean live biomass of 7.8
g m? consumed up to 40% of annual litter fall (David Gillon 2002). Previous laboratory
experiments indicated comparable consumption Etg@mmatoiulusas those observed f@&omeris
(Coulis et al. 2013), suggesting a very strong impacQwhmatoiuluson litter turnover and nutrient
cycling in Mediterranean woody shrub ecosysterns, hlowever has never been quantified so far. We
evaluated the decomposition of intact leaf litted deces produced ®mmatoiuluseeding on this
same leaf litter originating frortistus albidusand Quercus cocciferatwo highly abundant shrub
species in this type of Mediterranean ecosystemsedt the impacts of litter transformation intode
and burial on decomposition in a climate changespestive, litterbags were placed either in plots

with a rain exclusion or in control plots.
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We hypothesized that potential differences in lisfr decomposition rates between the two
studied plant species diminish in feces as a re$liomogenizing physical and chemical properties o
the organic matter during gut passage. Accordingéweious studies we additionally hypothesized that
decomposition over several months would be siniideces compared to intact leaf litter regardless
of plant species identity. Finally, we hypothesiteat both intact leaf litter and feces decomposesm
rapidly when buried in the top few centimeters lt# soil compared to the soil surface, and that this
positive effect of burying is stronger in plots wiadditional water exclusion. Consequently, at the
scale of the ecosystem, the transformation of ligaf into feces combined with the high probalilit
of transfer of feces to deeper soil horizons shautdease organic matter decomposition in this type

of drought influenced ecosystem.
MATERIALS AND METHODS

Site description

The study was carried out 5 km north east of MHesai the “Chaine de I'Etoile” (43°220’ N;
5°250’ E). The climate is typically Mediterranedfigure 20) with a mean annual temperature and
rainfall of 14.6 °C and 552 mm, respectively. Ppéation and temperature patterns during the
duration of our experiment matched well the 10-y@asrage (Figure 20). The site is at an altitude of
275 m above sea level. The soil is classified aflal rendzina on limestone (Montés al. 2008).
The soil depth can reach approximately 20 cm, $uaiften less due to abundant rocks accounting for
about 67 % of the total volume in the top 50 cmigdat shown). The vegetation is a woody-shrub
dominated “garrigue”, with shrub heights rangingwieen 0.2 and 1.4 m (Montés$ al. 2008) and a
heterogeneous cover ranging between 25% and 9%v#pkant species dominate the community and
account for 97 % of the vegetation cover. Amongséhare the four woody shrulaiercus coccifera
(36%), Cistus albidug18%), Ulex parviflorus(10%) andRosmarinus officinali§9%), and the grass
Brachypodium retusun24%) (Rodriguez, unpublished data). Regular fioesur in the type of
ecosystem we studied, and at our experimentatrstéast fire occurred in 1997 (35 km2 burnt from a

total of 100 km? covered by garrigue in the arethef‘Chaine de I'Etoile”).

The community of saprophagous macrofauna is dosthby the diplopod speci€&mmatoiulus
sabulosusaimatopodugthe Mediterranean sub-speciesGfsabulosusvith no dorsal orange-yellow
bands). Its population density can reach 164 n8Wwiduals per square meter during peak activity in
spring. Depending on the season and the year loredss ranges between 9.2 + 2 gamd 5.3 + 0.9
g m? (J.F. David, unpublished data).

Experimental design

Our study was part of a larger field experimentt twas set up to study the consequences of

reduced precipitation on plant performance andystem functioning. To this end, a total of 92 plots
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have been identified to cover a diversity gradihivoody shrub species (based on the four dominant
species mentioned above). Half of all plots wesegaeed to a rain exclusion treatment with the other
half serving as control plots without rain exclusi@ll plots were equipped with an aluminum frame
holding stainless steel gutters 2 m above the groBlot size is 4 m x 4 m with gutters covering 40%
of total plot area (reversely installed in the cohfplots). Rain exclusion and control plots were
installed in October 2011. For the current studyfe@ised exclusively on the plots with vegetation
dominated byQuercusand/orCistus shrubs because we used litter from these two epdor the
decomposition experiment. Litterbags were exposethé 18 corresponding plots for one year (16
May 2012-3 June 2013).
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Figure 20. Monthly precipitation (grey bars, left axis), potertial evapotranspiration (filled squares, left
axis), and air temperature (red circles, right axi3. Data are mean values over the period 2002-2012
averaged across the two meteorological stationdamignane (43°26'12"N, 5°12'54"E) and Marseille
(43°15'18"N, 5°22'48"E) closest to our experimestt# (Located at 17 km and at 7 km, respectively).
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Litter collection and feces production

Leaf litter of Quercus cocciferaand Cistus albiduswere collected on the ground near the
experimental area in March - April 2011. The cdlbetleaves that have been shed mostly during peak
leaf litter fall in the summer of the previous ye@&his litter cohort, however, consisted still ofly
intact leaves as decomposition proceeds compaasi@wly in this dry ecosystem. We decided to
work with older leaf litter rather than with freghiallen leaf litter, because litter feeding maenafia
generally prefer litter that underwent an initisdge of decomposition and is colonized with micabbi
communities (Lavelle & Spain 2001). Field collectedf litter was air-dried in the laboratory, sokte
into species and cleaned of adhering soil partidteg and flower parts or twigs in the same way a
described by Coulist al.(2013).
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Part of this leaf litter was used to produce fededotal of 60 g of leaf litter of each species
(QuercusandCistug and 20 individuals o®mmatoiulugaverage individual live weight of 103 + 0.2
mg) per litter species were incubated at a cons@anperature of 20°C in large (40 x 33 x 8.5 cm)
transparent plastic boxes. Every three days, redigswere removed and the content of the plastic
boxes was sieved through a 2 mm mesh for fecesatimlh. Litter and alOmmatoiulusndividuals
were then placed back in the respective boxes prayed with water to maintain optimal humidity
conditions forOmmatoiulusactivity. This procedure was repeated five timesra 15-day period. In
order to have a comparable pool of leaf litter, meubated additional plastic boxes with each leaf
litter species but without fauna during the sameopgeand in the same conditions as those used for
feces production. Leaf litter from these additioplastic boxes and feces were air-dried and kept in

dark room with constant temperature until the beigig of the experiment.

Chemical analysis

We analyzed a number of quality parameters for liti@r and feces material. Water holding
capacity (WHC) was determined by soaking litter #awks for 24h in distilled water using a mass to
volume ratio of 1g/50ml. After soaking, litter afetes were carefully wiped to remove surface water,
weighed moist and reweighed after drying at 60348 h. The difference between moist and oven-
dry weight was used to determine the WHC (in peradrthe litter dry mass). Soaking water was
filtered through 0.45um cellulose nitrate membrane filters and then amalyfor dissolved organic
carbon (DOC) and total dissolved nitrogen (TDN) hwia TOC analyzer equipped with a
supplementary module for N (CSH E200V, Shimadzuotiiydapan). The filtrate was also used to
determine an index of DOC aromaticity following tetocol by (Weishaaat al. 2003). The specific
UV absorbance at 280 nm (SUVs) was measured with an UV spectrophotometer (H&liasnma,
Thermospectronic, Cambridge, UK) and calculate®d¥ Az, = Absorbance280 nm / DOC (g)!

and is expressed in I'g

Chemical analyses were performed on oven-dry littet feces material ground with a Cyclotech
sample mill (Foss Tecator, Hoganas, Sweden) yigldinniform particle size of 1 mm. Total C and N
concentrations were measured using a flash eleimantdyzer (EA1112 Series; Thermo Finnigan,

Milan, Italy). The ash content was measured gratrigadly after ignition for 3h at 550°C.

The quality of organic matter was assessed usigiibss-polarization magic angle spinntf@
nuclear magnetic resonancEQ CPMAS NMR) following the procedure described biarson-
Gutiérrezet al. (2009). The**C chemical shifts were referenced to tetramettayisiland calibrated
with glycine carbonyl signal, set at 176.5 ppm. @tual shift range ot’C CPMAS NMR spectra of
litter was designed by the following dominant forratkyl C (10-45 ppm), O-alkyl C (45-110 ppm),
aromatic C (110-160 ppm), phenolic C (140-160 ppamd carboxyl C (160-190 ppm). Finally, the
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degree of humification was calculated as the maitithe respective peak areas of alkyl-C to O-alRyl-
(Baldocket al. 1997).

Decomposition in litterbags

Litterbags of 5 x 4cm were made of 68um nylon m@3PES4/135, DIATEX, St-Genis-Laval,
France). Such fine mesh prevents meso- and mac@faom entering litterbags and also prevents the
loss of small fragments. Litterbags were filledwéither 300 £ 10 mg of litter or 200 £ 10 mg of
feces. These amounts were equivalent to about&®24eofQuercus 13 leaves ofCistusand 1000
fecal pellets oOmmatoiulusTo compare litter and feces decomposition, twerlags withQuercus
andCistusleaf litter as well as two litterbags with fecesziged from each litter type were exposed in
each experimental plot (a total of 18, see aboAe)manyOmmatoiulusare frequently found at a few
centimeters depth during their period of activiifterbags containing litter and feces were placed
either at the soil surface or at 5cm depth in otdemimic animal transport of their feces. During
litterbag installation, the soil was dug over aaguof 25 x 25cm down to 5 cm depth. Four littedbag
(one of each substrate) corresponding to burieadrtrents were disposed horizontally. Afterwards we
gently filled back the soil previously removed ampthced on the top four other litterbags
corresponding to the surface treatment. Litterlveg® fixed on the soil surface by stainless steéed w
net of 1cm mesh. A total of 144 litterbags (18 photd substrates x 2 depths) were installed osithe

for the decomposition experiment.

In order to characterize microclimatic conditionstlee soil surface during the relatively humid
period favorable for litter decomposition we inktdl small data loggers (I-buttons, signal control,
Gloucestershire, UK) to record air temperature eeldtive air humidity in each plot from October
2012 onwards. I-buttons were placed 0.5 cm aboeesthil surface next to the litterbags, were
protected from solar radiation by a screen andrdezbdata every second hour until the end of the
experiment. For soil moisture measurements, we $owddl soil cores of 1 cm width and 10 cm depth
in each plot at three different dates (see TableUppn harvest, the soil cores were immediately
enclosed in sealed flasks, taken to the laboratomg, weighed fresh. Samples were reweighed after

drying at 105°C to determine the soil water con{&WC) relative to total soil dry mass.

A set of 42 supplementary litterbags were placediinplots (three of each control and rain
exclusion treatments) to determine the water caorwéreaf litter and feces during the experiment.
Those litterbags containing litter and feces weeeqd at two depths exactly like those from the
decomposition experiment. All litterbags were octiégl in autumn (25 October 2012). Upon harvest,
litterbags were enclosed in sealed flasks, taketihdolaboratory, and weighed fresh. Samples were
then dried at 40°C and reweighed to determine wadatent. At the end of the experiment (3 June
2013), water content was determined as describéowben the material from decomposition

experiment.
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Although we used very fine mesh for litterbag camdion, we measured the ash content in a
subsample (n=12) of retrieved litterbags to corfecpotential contamination by mineral soil. Indee
the final ash content tended to be somewhat higtaar in initial litter and feces material. However,
there was no significant differences in ash contemttveen litterbag position<0.5) and between
litter and fecesp=0.7). For the calculation of mass loss we corgeatéial dry mass by initial litter
specific ash content (Table 3) and final mass kyfithal average ash content (20.6 + 1.4 %).

Table 3. Microclimatic variables in the 18 experimental plos used. All values are pooled across the

control and rain-exclusion plots (no significant diferences were detected between control and exclasi
plots). Data are missing for 5 plots (3 exclusions andritrads) due to I-buttons deficiency.

Environmental variables MinimuMaximum Mean

Soil water content at 0-10cm
(% of water per soil dry mass, n=18)

3rd April 2013 18.6 28.2 225
19th April 2013 13.2 295 20.6
23rd May 2013 18.1 30.0 24.0
Mean of the three dates 17.7 27.8 22.4

Air relative humidity (r.h.)
(%, 0.5 cm above soil surface, n=13)

R.h. mean 81.4 89.8 85.7
R.h. max 93.3 98.5 96.8
R.h. min 56.4 74.9 66.5

Air temperature (temp.)
(°C, 0.5 cm above soil surface, n=13)

Temp. mean 9.1 10.5 9.7
Temp. max 14.5 19.7 16.7
Temp. min 4.7 6.1 5.5

Statistical analyses

Differences in initial quality parameters of littand feces were tested using two way ANOVA
with species identity Quercusand Cistug and litter type (leaf litter and feces) as fix&ttors.

Tukey’s HSD test was used for multiple comparisam®ng pairs of means.

Differences in mass loss were tested using a paedyed design ANOVA model. Experimental
plots were considered as random blocking factostetewithin the rain exclusion treatment, which
was crossed with the three other factors (i.eerlitype, location and species identity). The same

ANOVA model was used to test for differences inwsder content of litter and feces on two dates.
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The relationships between environmental variabhesraass loss were tested using ordinary least
square regression (OLS). Regressions analyses peefermed either (i) for each species and each

type of litter separately either, or (ii) for eddter type after pooling both species.

Before ANOVAs and regression analyses, normalityesiduals and homogeneity of variances
were checked and data were log or power transforihe@dquired. All statistical analyses were
performed using R software version 3.0.1 (R Develept Core Team, 2013).

RESULTS

Initial quality of litter and feces

Leaf litter of CistusandQuercushad contrasted quality (Table 4). The concentnatibnitrogen
(N), dissolved organic carbon (DOC) and total digsth nitrogen (TDN) were significantly higher in
Quercusleaf litter than inCistusleaf litter. Cistusleaf litter had a 25% higher water holding capacit
(WHC) compared t@Quercus Leaf litter of both species had approximately $hene aromaticity of

dissolved organic carbon.

Leaf litter ingestion and gut passage generallyttedgn increase in WHC, DOC, TDN, and
aromaticity of DOC in feces compared to litter. How®r, these changes differed between species
(Table 4). The gut passage increased DOC and TDRdercusbut the difference between litter and
feces was not significant faCistus Moreover the increase in UV absorbance of the Dx@i€r gut

passage was more pronouncedQaoeercusthan forCistus

WHC increased similarly in feces compared to litfer both species. Interestingly, N
concentration in feces tended to decreas€igtuswhile it increased irfQuercuscompared to litter.
The C:N ratio was significantly higher in fecesrtha litter for Cistusbut significantly lower in feces
than in leaf litter foiQuercus(Table 4Table 2).

In accordance with the larger differences betwettar land feces characteristics observed in
Quercus, RMN spectra differed markedly betweearliind feces foQuercus but were more similar
for Cistus(Figure 21).For Quercus the only region of spectra that was not affedigdyut passage
was the Alkyl-C region (10-45ppm), which correspertd lipids, waxes and aliphatic carbons. In
some parts of this region, the signal was evemngéoin feces than in litter. The region of the
spectrum that was the most affected by gut passagesponded to O-alkyl-C (45-110 ppm), which
refers to carbohydrates. The signal of this regias strongly reduced in feces compared to litter. |
regions of the spectra corresponding to Carbon{16D-200 ppm), Phenolic-C (140-160 ppm) and
Aromatic-C (110-160 ppm), the signal decreased ralighatly in feces compared to litter.
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Table 4. Chemical and physical characteristics oOmmatoiulus feces compared to intact leaf litter
(means + SE, n=3)Different letters indicate significant differencbstween mean values within a row
(Tukey HSD test). Numbers in brackets are litesges differences (in %).

Traits Cistus albidus Quercus coccifera
Litter Feces Litter Feces
Ash (%) 12.7+04 16.1+0.8 (+27) 79+02 136+0.8 (+72)
Carbon (mg/g) 453 +2 438+ £  (-3) 478 + I 451+3  (-6)
Nitrogen (mg/g) 9.4+0.2 86+0.1 (-9) 11.7+0.f 13.4+0.3 (+15)
C:N 48.0+0.7 50.9+0.8 (+6) 40.7+0.f 33.7+06 (-17)
WHC (%) 178 +% 236+3  (+33) 132+ 2 187 £0.3 (+42)
DOC (mg/g) 3808 47203 (+24) 106 +0.8 17.4+0.03 (+64)
TDN (mg/g) 0.12+0.08 0.18+0.07 (+50) 0.53+0.08 1.05+0.0F (+98)
SUVAx(l/g) 56 + 5° 155+ 7°  (+177) 62+3 313+16 (+405)
::]‘ég“)i(ﬁcaﬂon 0.237  0.0080.275 + 0.00% (+16) 0.294 + 0.005 0.488 + 0.004 (+66)

Litter and feces decomposition

The exclusion of rainfall had no overall effectanganic matter decomposition (dry ash-free mass
loss) (Table 5). The location of litterbags at $lodl surface or at 5 cm depth explained by far nodst
the variation in decomposition (Table 5). Averagedoss the two specie®\fercusand Cistug and
the two types of organic matter (leaf litter andd®), we measured a mean mass loss of 27.7 £ 0.9 %
at the soil surface versus 36.7 + 1.0 % at 5 cnthd@pgure 22). This higher mass loss in the saisw
associated with substantially higher water contemtsuried materials compared to surface materials
in two different seasons (Figure 22). Water contesis more than 3-fold, and 7-fold higher in thd soi

compared to the soil surface in autumn and spregpectively (Table 6).

Species identity also significantly affected mamss) but this species effect additionally depended
on the location of litterbags (Table 5). When thgamic material decomposed at 5 cm depth there was
no significant difference betweeBistus and Quercus (Figure 23). In contrast, when the organic
material decomposed at the soil surface, masswasshigher inQuercusthan inCistus Moreover,
there was also a significant interaction betwegerltype and location (Table 5). At 5 cm deptleete
tended to have a slightly lower mass loss thanligaf. In contrast, at the soil surface, fecewltd to
have a slightly higher mass loss than leaf littekre to a significantly increased mass loss in feces
derived fromQuercugFigure 23).
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Quercus coccifera

Litter

Cistus albidus

13C chemical shift (ppm)

Figure 21.°C CPMAS NMR spectra of Quercusand Cistusintact litter and after transformation into
feces byOmmatoiulus Regions of spectra delimited by dotted lines cowasgpfrom right to left to alkyl C
(10-45 ppm), O-alkyl C (45-110 ppm), aromatic C (BB ppm), phenolic C (140-160 ppm), and carboxyl
C (160-190 ppm).

Litter and feces water content

Rain exclusion had no significant effect on watentents in leaf litter and feces at either of the
two sampling dates. There was no significant iva between the different treatments. Most of the
variation in water content was explained by thetmn of litterbags, with significantly higher wate
contents in buried materials than in surface malteat both sampling dates (Figure 22, Table 6). In
addition, when water content was high in autuma,lither type and species identity also signifitant
influenced the water content which was 83 % higheCistusthanQuercusand 18% higher in feces
than in leaf litter (Table 6).
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Table 5. Results of ANOVA to test for effects of rai exclusion and position, litter type and species
identity on organic matter decomposition.

Source of variance Df F value
Rain exclusion (R) 1 0.94
Position (P) 1 24.04 *x*
Form (F) 1 4.25
Species (Sp) 1 19.53 ***
RxP 1 3.64
RxF 1 1.91
R x Sp 1 0.30
PxF 1 18.28 ***
P x Sp 1 13.91 **
F x Sp 1 3.12
RxPxF 1 0.92
RxPxSp 1 0.00
RxFx Sp 1 2.93
PXFxSp 1 2.45
RxPXxFxSp 1 0.52

Relationship between decomposition and microclincatariables

The substantial variation in mass loss observewdsacthe different experimental plots, in
particular at the soil surface, was partially exptd by differences in plot-specific micro-
environmental variables. Mass loss of leaf litteirelated positively with mean soil water contdmtt
varied independently of mean relative air humidihd mean air temperature. As regressions yielded
essentially the same relationships for each spesgparately (r=0.35, p<0.05 for the regression
betweenCistuslitter mass loss and soil water content;0r62, p<0.005 for the regression between
Quercudlitter mass loss and soil water content), the tesuére pooled across the two species (Table
7, Figure 24). Mass loss of feces correlated paditiwith mean air temperature, but did not varyhwi
soil water content or mean relative air humiditgaf as regressions yielded similar relationships f
each species separately (r=0.p%0.01 for the regression betwe&listus feces mass loss and
temperature; r=0.63)<0.05 for the regression betwe&uercusfeces mass loss and Tmean), the
results were presented for regressions on feces toas pooled across the two species (Table 7,
Figure 24). Eventually, mass loss of leaf litted daces buried at 5 cm in the soil did not show any
correlation with microclimatic variables (Table 7).
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Figure 22. Mass loss and water content of organicatter at two soil depths.Water content was measured
on litter and feces from a set of litterbags ca#ecin autumn (25 October 2012) and on litter and feces
collected at the end of the experiment in sprindguf8 2013).

Table 6. Results of ANOVA to test for effects of ra exclusion and position, litter type and species
identity on organic matter water content at two diferent dates during the experiment.

Water content in Water content in

Source of variance autumn (n=42) spring (n=144)
Df  Fvalue Df  Fvalue
Rain exclusion (R) 1 1.05 1 0.04
Position (P) 1 165.43 *** 1 26.28 ***
Species (S) 1 33.94 ** 1 0.19
Form (F) 1 7200 ¥+ 1 3.66
RxP 1 0.14 1 0.00
R x Sp 1 1.75 1 2.48
RxF 1 1.07 1 0.03
P x Sp 1 4.23 1 0.25
PxF 1 2.11 1 2.43
SpxF 1 1.07 1 0.65

67



CHAPITRE Il : DISSIMILARITE FONCTIONNELLE ET PROCESSUS DU SOL

DISCUSSION

Effect of organic matter burying on decomposition

Our data clearly showed that the position of orgamatter at the soil surface or within the top soil
strongly influenced the decomposition of leaf fittexd macroarthropod feces. In line with our inhitia
hypothesis, the average mass loss after one yefeldfexposure increased from 28 % at the soail
surface to 38 % at 5 cm depth. This result is toet with previous experiments reporting an inceeas
of decomposition with soil deptfRovira & Vallejo 1997; Withington & Sanford Jr 200 For
example Rovira & Vallejo (1997) found that deconipors of leaf litter from three evergreen
Mediterranean tree species was higher at 20 ancim@epth than at 5 cm depth as a result of the
higher drying of the upper soil horizons. By studyicellulose decomposition along an altitudinal
gradient in tundra, Withington & Sanford Jr (20Gd)ther showed that decomposition was very
sensitive to the slight variations of soil moistbetween surface and 6 cm depth. These formerestudi
showed that higher decomposition within the soiltirawas mainly driven by more favorable
microclimatic conditions for microbial decomposelge to higher moisture levels, which can be
particularly important in ecosystems with low wagemilability. In line with this interpretation we
measured consistently higher moisture levels inedueaf litter and feces during a rather wet pebrio

in fall and during a relatively dry period in spginn the dry Mediterranean shrub ecosystem we
studied.

50 50
O Leaf litter
B Feces a a
40 40 a
b
30 - 2 30
%) a a
[%2]
o
@ 20 20
=
10 10
0 0
Cistus Quercus Cistus Quercus

Figure 23. Leaf litter and feces mass loss @fistusand Quercusat the surface of the soil (left) and at 5
cm soil depth (right) (means + SE, n=18).

As the feces have a much smaller size than leef [inean length and width of feces were 1.3 +
0.13 mm and 0.6 + 0.04 mm), they can reach deepklagers more easily, in basically two ways.

First, asOmmatoiulussabulosusvas regularly observed burying into the first 10 af the soil, feces
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can be egesteih situ within the soil. Second, feces can be buried paBsiby water, wind or by
gravity (Anderson 1988). Feces burial is a suppgsedportant mechanism by which
macroarthropods indirectly affect the decompositdrplant-derived organic matter as it was first
suggested by Hassat al. (1987) for isopods. Transport of organic matteson by macroarthropods
might thus play an important role in soil functiogiby enhancing decomposition of organic matter

and changing the location of nutrient release.

Effect of the transformation of litter into feces

The transformation of intact leaf litter into fed®sOmmatoiulusstrongly changed the quality of
organic matter. For both litter specié€¥ NMR analysis showed that the proportion of caybloates
decreased in feces compared to litter, indicatived these easily accessible compounds were partly
assimilated byOmmatoiulus Other compounds with alkyl and methyl groups (@svor cutins,
(Quideauet al. 2000), were not degraded by gut passage and ghaortion tended to increase in
feces comparing to litter. This confirms that thechemical transformation of leaf litter by
macroarthropods increases the recalcitrance ofmargaatter (Gillon & David 2001; Rawlinet al.
2007). Despite the apparent lower concentrationscasbohydrates in feces, we also measured
distinctly higher concentrations of dissolved oligacarbon (DOC), which however, had a higher
aromaticity compared to DOC leached from litter.t @assage therefore modifies the quantity and
guality of leachates from feces compared to litt&long, with increased DOC from feces, total
dissolved nitrogen (TDN) also increased, mostljeices produced froQuercuslitter, and the water
holding capacity (WHC) in feces was also higher 38¢6 for Cistus and by 42% forQuercus
compared to litter of the two species. Higher TDind AVHC both might suggest more favorable
conditions for microbial decomposers in feces thafitter. The higher water holding capacity of
feces was frequently observed in previous studigshplsonet al. 1966; Webb 1977; Tajovslet al.
1992).

Changes in feces composition and quality were divieiss pronounced foCistuslitter than for
Quercuditter (Figure 21, Table 4), suggesting that theawt of transformation into feces depends on
the litter species. Accordingly, subsequent decaitipn of feces and their relative difference tafle
litter decomposition differed between the two specWhileCistusfeces showed a trend for slower
decomposition thakistusleaf litter, Quercusfeces decomposed clearly faster than intact htteen
maintained at the soil surface for one year. Previstudies investigating macroarthropod feces
decomposition under natural conditions found tleaes decomposed similarly or more slowly than
leaf litter (Nicholsonet al. 1966; Webb 1977; Frouz & Simek 2009), but a statiah of

decomposition compared to intact leaf litter hasbe®n observed so far.

Collectively, our results demonstrate that the dfarmation of leaf litter into feces by

Ommatoiuludead to an increase in organic matter recalcigali¢dHC and DOC and TDN leaching.
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Within the soil, these quality changes resultedhislower decomposition of feces than leaf litter.
However, constraints for decomposition at the nukneatically less favorable soil surface differ and
the consequences for litter decomposition are sexeforQuercuswith faster mass loss of feces than
litter. The high activity oOmmatoiulusat our study site thus accelerates organic matteover at the
soil surface, and this more so for the litter praetl byQuercusthan byCistus This litter species-
specific effect ofOmmatoiulusmay actually increas@uercusleaf litter breakdown compared to
Cistusin contrast to what might be expected from higleeding rates oCistusthan Quercusleaf

litter .

Table 7. Linear relationships between mass loss andieno-environmental conditions.

Mean soil water Mean relative air Mean air
_ _ content humidity temperature
Location Litter type
slope R2 p-value slope R2 p-value slope R2 p-value
Leaf litter 1.0 0.3 0.01 0.0 0.0 1.0 0.4 0.0 0.9

On soil surface
Ommatoiuludeces 0.90.1 0.1 -0.6 0.0 0.5 12.9 0.6 0.001

Leaf litter 0.0 0.0 0.9 0.0 0.0 0.4 -01 O 0.6
Buried at 5cm

depth

Ommatoiuludeces -0.40.0 04 0.2 0.0 0.8 0.2 0 1.0

Effects of microclimatic variability on decompositn

Mediterranean ecosystems are characterized byténgporal and spatial heterogeneity due to the
combination of various abiotic (fire, drought,...) darbiotic (different plant strategies, grazing
pressure,...) factors (Blondel & Aronson 1999). Ewdth a maximum distance of 100 m between
individual plots in our experiment, we documentedetatively high variability in microclimatic
conditions among the study plots. Differences intamperature just above the litter layer and in
moisture of the top 10 cm of soil are likely retat® the heterogeneous rock proportion in soil, and
vegetation cover above ground. Variations in theseroclimatic parameters among plots were
relatively well correlated with the variation of @enposition determined at the soil surface. Such
small-scale variation in microclimatic conditiorssaften neglected in studies on litter decompasitio
that consider rather continental or global scaleatian in climate (Berg 2001, Parton et al. 2007,
Cornwell et al. 2008). In our study these plot #pedifferences in microclimate appeared to bereve
more important than the exclusion of 40% of prdeippn during the entire period of the

decomposition study. Rain exclusion effects caitohg to detect. For example (Yahdjiahal. 2006)
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detected significant effects of rain exclusion oafier 20 months of effective exclusion. On theeoth
hand, Salamancet al. (2003) found that partial rain exclusion had nfeefon litter decomposition
whereas total exclusion significantly reduced degposition. The frequency of rainfall might be more
important than the amount of precipitation (Yahadj& Sala 2008; Haet al. 2013) and explain why

we did not find any effect of rain exclusion in ghsent experiment.

—®— Feces
—&—  Leaflitter °

40

Mass loss (%)

10
|

I I I I I I I I I I
18 20 22 24 26 28 9.0 9.5 10.0 10.5

Mean soil water cotent (%) Mean air tempearature (°C)
Figure 24. Relationships between organic matter demposition and microclimatic variables.Due to
missing data, n= 16 for the relation between SWCdwsmmposition and n=11 for the relation betweeamme
air temperature and decomposition. When linearessgions are significanp<€0.05), regression lines are
drawn.

The few other existing studies that explicitly &skfor microclimatic effects on decomposition at
small spatial scales are scarce (Kdochy & Wilson71®haw & Harte 2001; Simpsen al. 2012). For
example Shaw & Harte (2001) observed that variabbmean soil temperature and soil moisture at
the plot scale (10 x 3 m) influenced decompositoisubalpine meadows. Furthermore (Simpsbn
al. 2012) found that decomposer activity (investigatedugh bait lamina sticks) varied greatly and
matched variation in soil moisture content alongfpdisposed every 100 m from the edge to the core

of the forest.

Interestingly, the decomposition of leaf litter diedes on the soil surface were not influenced in
the same way by microclimatic variables. Leaf titlecomposition showed a good correlation with
soil water content, while feces decomposition oa tther hand correlated well with mean air
temperature (from October 2012 to May 2013) butwith soil moisture. Perhaps because feces have
higher WHC than leaf litter, their decompositiongimi depend somewhat less on soil humidity. The
apparent temperature effect on feces decompositidthe Mediterranean climate might appear less

obvious. However, as most of the annual rain faltencentrated during the cooler months between

71



CHAPITRE Il : DISSIMILARITE FONCTIONNELLE ET PROCESSUS DU SOL

fall and spring, the most favorable conditionsdecomposer activity are actually limited to théstp
of the year when temperatures are relatively lomg potentially limiting for process rates during

decomposition (Almagret al. 2009).

The absence of relation between mass loss and ctifoetic conditions at 5 cm depth suggests
that transport of organic matter in soil could ati@te the effect of slight variation in environnant
conditions on decomposition and potentially ingtiefunctioning of soil in fluctuating environments
However this approach is based on correlative ioglships so we must be cautious about causal
interpretations (Prescott 2005). Despite this tiin, our results suggest interesting insight thie
interaction between environmental conditions arel ¢bmplex indirect effect that macroarthropods
have on decomposition process. The switch in enmental factors controlling organic matter
decomposition caused by macroarthropod suggedt®ftieats of detritivore will likely interact with

environmental changes in complex ways.
CONCLUSION

In ecosystems with abundant detritivore communitelgirge proportion of litter is transformed in
feces but the fate of this material is rarely inigeded. This study provides new data about the
decomposition of macroarthropod feces, which waestigated for the first time in a Mediterranean-
type ecosystem and on litter from different plapedes. Our results showed that long-term
decomposition of macroarhtropod feces is not syatieadly similar or lower than that of uningested
litter. However we found that the effect of ledfdr transformation by macroarthropods depends on
the litter species, the effect on decompositiomdpgiositive forQuercusand null forCistus Higher
decomposition ofQuercus feces was due to physical rather than biochemizghnic matter
transformation. The two main mechanisms likely ¢oitvolved in physical transformation are (i) the
fragmentation that induced a higher leaching ofsali;ed organic carbon from feces and (i)

enhancement of water holding capacity, which majyogmg microbial activity during drought.

Moreover, the burying of feces was an important meésm of organic matter decomposition
since it was responsible for a 33 % increase insniass. However mechanisms linked to physical
properties of feces that apply at soil surfacenateeffective anymore below ground, in better most
conditions. As a result, the indirect effects of cnmarthropods on decomposition by burial and

transformation into feces were not cumulative.
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Chapitre 3 : Dissimilarité fonctionnelle et processs du sol

Figure 25. Photo montrant une enceinte de conditiorement (gauche), l'arrosage des microcosmes (en
haut a droite) ainsi qu'un microcosme en gros plafen bas a droite).
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Résumé du chapitre
Contexte :

La communauté de détritivores du massif de I'étede dominée a 95% p@&mmatoiulus Cette
forte dominance ainsi que la densité élevée deofaulption a permis de faire @mmatoiulusune
espece modele pour étudier finement les effetsentdi de la faune du sol sur la décomposition
(Chapitre 1 et 2). Or dans beaucoup d’écosystephesieurs espéces de détritivores cohabitent et ont
des effets interactifs sur le processus de décatigrosVia les interactions entre especes, la divér
des détritivores est donc susceptible d'influehedonctionnement du sol. De récentes études omt mi
en évidence l'importance de la dissimilarité foowtielle des détritivores dans le processus de
décomposition. Cependant tres peu de travaux adiéte réle de la biodiversité a travers diffésent
niveaux trophiques, ce qui limite fortement notoenpréhension du fonctionnement de I'écosystéme.
L'objectif de ce troisieme chapitre est donc d'éudconjointement le réle de la diversité des
détritivores et de la diversité des litieres sure ularge gamme de processus du sol. Plus
spécifiguement, j'ai testé I'hypothése selon lapuéd dissimilarité fonctionnelle des détritivores
celle des litieres interagit de maniére positiveo8 cette hypothese les processus du sol deviétient
optimaux dans les traitements combinant a la fois©aut niveau de diversité des détritivores et des
litieres (H3a). D’autre part, la sécheresse pdaumadifier la relation entre la diversité fonctiwelle
et les processus du sol. Comme la relation diefeitction repose sur des mécanismes impliquant
des interactions entre organismes, on peut supmpserselon I'hypothése des gradients de stress

(SGH), la relation diversité-fonction soit plus pomcée dans les conditions de stress hydrique (H3b)

Méthodes :

Pour tester ces hypothéses, une expérience encoérnes a été mise en place a I'Ecotron
européen de Montpellier. Cing communautés de depraes de détritivores et 5 mélanges de deux
especes de litieres ont été créés de maniere amsaxila dissimilarité fonctionnelle entre les egse
Toutes les combinaisons possibles entre ces conutémde détritivores et ces mélanges de litieres
ont été incubées durant 11 semaines. Comme undicatidn de la fréquence des précipitations est
attendue pour la région méditerranéenne, nous amuigjué un traitement d’humidité caractérisé par
deux fréquences d'irrigation contrastées mais ulume total d’eau ajouté identique. A lissu de
'expérience, la perte de masse des litieres,dsivage de carbone et d’azote ainsi que la regpirat
potentielle et la capacité a dégrader la celluldes microorganismes du sol ont été mesurés sur

'ensemble des microcosmes de I'expérience.

Résultats et discussion :

L’identité des mélanges de litieres et des commidsade détritivores a fortement influencée les

processus des sols étudiés a I'exception de lecité@gadégrader la cellulosee plus, la dissimilarité
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fonctionnelle a influencé plusieurs processus alef§onctionnement des sols. Par exemple, quand la
diversité fonctionnelle de la faune augmentaitpéate de masse des litieres augmentait et quand la
diversité fonctionnelle des litieres augmentait, léssivage de carbone organique diminuait. La
dissimilarité fonctionnelle n’a pas expliqué ples 2D % de la variabilité des variables de réporse,
qui signifie que son impact est modéré mais semémoins pertinent pour comprendre I'impact de

la diversité biologique sur les processus du sol.

La diversité des litieres et des détritivores @&t de maniére interactive seulement la perte de
masse des litieres. Contrairement a notre hypottié3a), cette interaction n’était pas synergique ca
certains mélanges de litieres ayant une faiblerdigsité fonctionnelle ont été plus fortement aties
par la diversité des détritivores que d’autres mgea de litieres plus dissimilaires. Ce résultantmgo

que les interactions étaient dépendantes de liideshes litieres.

La sécheresse a affecté de maniére significatvglecessus du sol mais n'a pas modifié les
relations entre la diversité fonctionnelle et lesgessus du sol contrairement a nos attendus (H3b).
Cependant la magnitude de I'effet sécheressepdtaitimportante dans les communautés avec un taux
de processus élevé ce qui suggere que les méldrgiesine et de litieres les plus performants sont

plus sensibles a la sécheresse.
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Figure 26. Photos montrant I'étape de lessivas des microcomesEn haut la sé entierement dédiée
lessivage et a la filtration ou Jordane Gavineeedfrain de travaille En bas a gaucheane unité de filtratiol
permetant de séparer la fractionluble de la matiere organique particulaire. En ddsoite un microcosme
avec faune et un sans fauna,l'on distingue bien les boulettes fécales rictresnatiére organique (somt,

du sol minéral (clair).
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Abstract
The role of biodiversity for soil processes remainsrly understood. Existing evidence suggestsfthattional

diversity rather than species richness is relef@nsoil functioning, but this has rarely been assel at more
than one trophic level. This critically limits thgrediction of consequences of biodiversity loss $oil
functioning, because soil organisms interact in glem food webs. In a laboratory microcosm experithere
tested the hypothesis that functional dissimilacdfylitter mixtures and litter-feeding soil faunateractively
affect five different soil processes related ttelitdecomposition. In a fully-crossed design, wenbmed five
mixtures of two plant litter species and five conmitigs of two detritivore species commonly found in
Mediterranean shrubland ecosystems. Trait-baseideimdf functional dissimilarity were calculated feach
litter mixture and detritivore community. As moraténse drought periods are predicted for Mediteman
ecosystems in the future, we additionally included different watering frequencies in our experimém
evaluate the impact of increasing drought on soicesses and their relationships with biodiversithe
different litter mixtures and soil fauna commurstishowed strong effects on litter mass loss, sotb@n and
nitrogen leaching, as well as on soil microbial\aiies, but affected only litter mass loss intanaely. Up to
20% of the variation in response variables was arptl by functional dissimilarity, suggesting aatislely
small, but ecologically relevant impact of soil ftional diversity on soil process rates. Drouglgn#icantly
affected several soil processes but did not mottiéy relationships between functional diversity gmdcess
rates. The drought effect size was higher in comtimsnwith high process rates, suggesting thatebett
performing litter mixtures and fauna communities arore susceptible to drought. Our results inditaae trait
diversity of litter mixtures and detritivore comnitiés can predict soil process rates to some delguedhat

species identity effects are probably dominant.

Keywords: Detritivores, Shrub litter, Drought, Functionalelisity, Mass loss, Leaching, Soil
microbial activity
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INTRODUCTION

Biological diversity has been recognized as a majover of ecosystem functioning and
numerous studies demonstrated its positive relsitips with ecosystem processes (Balvamgral.
2006; Hillebrand & Matthiessen 2009). Mechanismdarlying these relationships are multifaceted
and can vary depending on the trophic level of comitres of organisms and on the processes
considered (Hattenschwilet al. 2005; Hoopeket al. 2005; Duffyet al. 2007). Moreover, biodiversity
is a multidimensional concept that can be quautifie different ways (Purvis & Hector 2000). The
most often used measure is species richness, wduels not account specifically for functional
differences among species, making mechanism-dripeedictions of biodiversity-functioning
relationships difficult. An increasing number ofsfes does not necessarily reflect a parallel asge
in differences among species (Emtsal. 2007) and can even decrease ecosystem processluat¢o
antagonistic (e.g. competition) interactions, as whown in a study with bacteria (Joussetal.
2011). Another widely used concept for the quasdiion of biodiversity is the number of functional
groups, which however has the drawback of ignopiogentially important differences among species
within these groups and to rely on arbitraryriori decisions for group creation (Petchey & Gaston
2006). An alternative approach of functional digrsaims at defining the value and range of
organismal traits that directly influence ecosystocesses at the species or individual level @iim
2001). Villéger et al. (2008) distinguished funaib richness, functional divergence and functional
evenness as distinct components of functional dityerEach component refers to a specific attribute
of the community with evenness, for example, chiaragng and predicting the resistance of the
community to invasion (Wilsey & Polley 2002). Theoice among indices of functional diversity thus
depends on the context of the study and the spemifosystem properties to be related to functional
diversity. In the case of soil processes, Heelo&. (2010) found that process rates tended to saturate
at low levels of soil animal species richness, sstjgg that functional divergence is more relevant
than functional richness of the soil animal comnyumd capture how soil biodiversity affects soil
processes. While functional richness is positivelyrrelated with species richness, functional
divergence— or equivalently functional dissimilarity (Botta-Rét 2005) - refers to the mean
functional distance between all species within enmaoinity and is independent of the number of
species. Communities comprising species with smfilactional attributes are more likely to undergo
mutual inhibition due to competition because congpinspecies process and acquire resources in
similarly ways. On the contrary, communities corajmg species with dissimilar functional attributes
are more likely to generate facilitation and/oraltow complementary resource use among species
(Heemsbergenet al. 2004). Accordingly, functional dissimilarity mayrmrelate with process rates
(Heemsbergeret al 2004), suggesting that process rates could bdigbed by the functional
dissimilarity of the community driving these proses, andh fine by the functional attributes used for

the calculation of functional dissimilarity.
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While the importance of biodiversity for plant pradivity and the underlying mechanisms have
been studied in much detail (Spedtral. 2005), other key ecosystem processes such as gestion
have received less attention (Gesseeial. 2010). During decomposition, the organically b@un
elements such as carbon (C) or nitrogen (N) argyrpssively mineralized and returned to the
environment in inorganic form (Cadisch & Giller 189 With their enzymatic capabilities,
microorganisms are the key group of organisms mgidecomposition worldwide (Lavelle & Spain
2001). However, microorganisms are commonly parhighly complex food webs, in which litter
feeding invertebrates are major regulators of niedoactivity through litter comminution and feces
dispersal in the litter and top-soil layers (Lagelk Spain 2001). A recent meta-analysis on
decomposition with data from five biomes, estimates fauna contribution to overall decomposition
to be as high as 27 % on average (Garcia-Palat&ls2013). Vos et al. (2011) clearly demonstrated
that this fauna effect on decomposition dependdatritivore identity, but when different detritiveor
species interact the effects on decomposition astcated soil processes are often non-additive
(Heemsbergeret al. 2004; De Oliveiraet al. 2010; Heddeet al. 2010). For example, detritivorous
shails can more easily feed on fresh litter malténi@n millipedes, and their co-occurrence leadano

overall synergistic interaction and increased dguasition (De Oliveirat al. 2010).

The mechanisms of facilitation or complementaryovese use by a more diverse detritivore
community can be particularly effective with a hidiversity of available resources. Complementary
resource use by detritivores is discussed as armmagcrhanism explaining the synergistic litter
diversity effects observed in the majority of seslcomparing litter mixture decomposition with that
of the component litter species decomposing sii@lgrtner & Cardon 2004; Hattenschwilet al.
2005). The few studies that assessed decompositiditer mixtures with and without the presence of
fauna, generally found that litter-feeding animataplified litter mixture effects on decomposition
(Hattenschwiler & Gasser 2005; De Olivegtal. 2010; Voset al. 2011; Jabiokt al. 2013). These
findings highlight the importance of interactionsteen trophic levels and the need to incorporate
vertical diversity for the understanding of divéyseffects on ecosystem processes (Detfal. 2007,
Gessneret al. 2010). However, experimental manipulations of mBitg across trophic levels to
explore how they affect litter decomposition haee extremely rare. For an aquatic detritus-based
system, Jabiokt al. (2013) found a synergistic interaction betweenghinand detritivore species
richness and demonstrated that trophic complexity key for biodiversity effects on litter

decomposition.

Here we assessed the interactive effects of chgrdjurersity at two trophic levels on a range of
soil processes related to litter decomposition iMediterranean garrigue ecosystem. In a fully
factorial laboratory experiment, we manipulated tfeg first time functional diversity while keeping
species number constant at both the litter (re®juand the detritivore (consumer) levels. The

rationale for this approach was twofold. First,@es richnesper seusually accounts for very little or
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none of the variation observed in litter diversityperiments (Gessnet al. 2010). Second, a clear
relationship between biodiversity effects on decosipon processes and functional attributes of
contributing species seems to be most promisingtlier establishment of a general predictive

framework of how biodiversity affects decompositaomd associated soil processes.

Water availability is a key factor for decompositiprocesses in Mediterranean ecosystems, in
which the activity periods of detritivores and noigrganisms typically peak in the most humid periods
during fall and early spring (Doblas-Mirandaal. 2009; de Datet al. 2010). However, these optimal
periods of decomposer activity are likely to beeaféd by ongoing climate change. In the
Mediterranean region, climate models predict a fication of the frequency of precipitation that il
increase the probability of extreme events liked®r drought (Gaet al. 2006). Also, the coming
century may be characterized by a continuous acenagated decrease in the amount of precipitation
ranging between 20 and 30 % relative to the curstatus (Lionello 2007). The predicted drier
conditions are likely to affect decomposition preses, and they may also influence the relationships
between these processes and functional diversithandecomposer food web. The stress-gradient
hypothesis (Bertness & Callaway 1994) predicts {hagitive interactions among species tend to
increase in more stressful environments, which c¢aelsult in a greater influence of functional
dissimilarity under drier conditions. To addresis thuestion, we carried out our experiment at two

different watering frequencies in order to simulaptimal and more limiting moisture conditions.

In brief, we hypothesized that (i) decompositiongasses are positively related to the functional
diversity of litter mixtures and detritivore comnities, with expected highest rates when diversty i
highest at both trophic levels. We further hypotres that (ii) the relationships between procegssra
and functional diversity become more marked und@r c&onditions, because positive interspecific

interactions are more likely to occur with incregsenvironmental stress.

84



CHAPITRE Il : DISSIMILARITE FONCTIONNELLE ET PROCESSUS DU SOL

MATERIALS AND METHODS

Plant and animal material

We collected leaf litter of five typical and wideallystributed Mediterranean plant species: the four
evergreen woody shrubQuercus cocciferaRosmarinus officinalisUlex parviflorus and Cistus
albidus and the conifer trePinus halepensithat is a pioneer species of Mediterranean forédts
five species typically co-occur in shrubland ectmys of the Mediterranean basin. Shrub litter was
collected at the Massif de I'Etoile near Marseil825'E 43°22'N), andPinus needle litter in the
surroundings of Montpellier (3°52'E 43°40'N). Allaterial was collected on the ground in March-
April 2011, before the peak of litter fall in ordr avoid confounding by freshly fallen leaf litter
Freshly fallen leaves were discarded because stitidores generally prefer litter that is alreaslgll
colonized with microbial communities. Litter was-dried in the laboratory, sorted into species and

cleaned of adhering soil particles, twigs, andgaftfruits and flowers.

We collected five common detritivore species that@ften highly abundant in the same type of
garrigue ecosystem: the diplopo@omeris marginataand Ommatoiulus sabulosughe isopods
Armadillidium vulgareand Armadillo officinalis and the prosobranch snBibmatias elegansThree
weeks before the start of the experiment, in Octdlmvember, 250 individuals of each species were
collected at the Massif de I'Etoile and in the surrdings of Montpellier. All were kept in large
plastic containers at constant temperature (16A@)day length (12 h), and fed with a mixture of the

five litter species chosen for the experiment.

Table 8. Litter traits used to calculate the functioml dissimilarity (Rao index) of litter mixtures (mean
+SE,n=5).

Condensed Dissolved

Shrub species (mg 9) b:%‘lg) tannins organic carbon V(\:/aaézrcnsk(ii/g)g
(mg/g) (mg/g)

Cistus albidus 6.4+0.2 249+8 5.8+1.95 3.8+0.9 178+10

Pinus halepensis 4.0+0.3 224413 33.2+0.17 7.810.1 9816

Quercus coccifera 10.3+0.3 14848 6.0+0.27 10.6+1.3 13245

Rosmarinus officinalis  6.5+0.3 155+6 0.7+0.06 5.2+0.5 146+12

Ulex parviflorus 10.9+0.4 23018 0.9+0.16 5.0+1.1 9715
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Trait measurements and functional dissimilarity

The selection of functional traits is a critica¢stin the calculation of diversity index (Petchey &
Gaston 2006; Villégeet al. 2008). Traits must be selected according to thelevance to the
ecological process and to avoid high redundancydxst traits. Five litter traits were retained among
ten that were initially measured (Table 8): nitnod®l) and lignin concentrations, as good predictors
of litter decomposition rates (e.g. Zhang et al0&); condensed tannin concentration, due to its
importance for both microbial decomposers (Kratisl. 2003) and detritivores (Coet al. 2010).;
water-soluble carbon concentration, which is daaitenergy source for decomposers and has a strong
influence on how decomposing litter affects soibgasses (Fanin et al. 2012); and water holding
capacity of litter, a potentially important traivrf detritivores when water is limiting, and a good
predictor of decomposition, especially in Meditagan ecosystems (Makkonenal. 2012). We used
standard methods to determine the litter traitslescribed in Cocet al. (2010) and Coulist al.
(2013).

Five functional traits were also selected amongtisat had been measured on each detritivore
species (Table 9). All were related to the abitifydetritivores to transform leaf litter and influee its
subsequent decomposition in their feces: consumptide and assimilation efficiency, which are
directly related to the expected impact of detoites on litter mass loss and mineralization; outer
surface area of fecal pellets and size of littatiglas within fecal pellets, which mirror the sack
available for microbial colonization in feces (LHdee& Spain 2001; Heddeet al. 2007); and
hygroscopicity of feces, due to the importance atew availability in this material for subsequent
microbial activity. All traits were determined ugim single leaf litter specie€istusalbidus which
was found to be the preferred food of the five itetre species studied (unpublished results).
Consumption rates (mg of dry litter consumed peofglive animal per day) and assimilation
efficiencies were calculated according to (Davids#lon 2002). Width, length and height of 50 fecal
pellets from each species were measured and usedtitnate the mean surface area. The mean
particle size in feces was calculated accordingeddeet al. (2007). The water content of feces was

measured after enclosing 50 fecal pellets for fivars in a water saturated atmosphere.
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Table 9. Traits of the five detritivore species usetb calculate the functional dissimilarity (Rao inde)
of detritivore communities (mean + SE, n = 5)Mean individual biomass was not used for distance
measurements but for weighting individual speaiesist

. L Feces Feces mea .
Consumption Assimilation Feces ) Individual
. . surface weighted :
Shrub species rate efficiency hygroscopy . biomass
(mg/g/d) (%) area (%) partlcule (mg)
(mm?2) size (mm)
Armadillidium vulgare 77+1 501 7+0.3 29+1.8 0.26+0.0C 195+0.8
Armadillo officinalis 88+7 6513 9+0.4 28+1 0.2+0.01 149+0.9
Glomeris marginata 126+34 12+3 40+1.2 15+0.9 0.27+0.0 259+0.8
Ommatoiulus sabulosus 117+12 23+4 8+0.1 30+0.7  0.16+0.00 93+0.2
Pomatias elegans 2614 4315 8+0.5 20+0.7 0.1+0.00 475%4.6

Most previous studies did not formally distinguibletween species richness and functional
diversity or varied both components of biodiversitithe same time. We chose here to vary functional
diversity across two trophic levels while keepihg humber of species constant. For this purpose, we
first calculated Rao’s quadratic entropy as aexnaf functional dissimilarity (Botta-Dukat 2005)rf
all possible combinations of two species of platén and soil animals. At each trophic level, ther
were ten possible combinations of two species amathose five that matched the following criteria:
(i) to maximize the functional diversity gradieng. the range of Rao index values, and (ii) tdude
each species exactly twice in the five combinatiofiBe five litter mixtures retained were, in
increasing order of functional dissimilaritQuercugRosmarinus(0.33), RosmarinulJlex (0.40),
CistugUlex (0.43),CistugPinus(0.69) andQuercugPinus(0.81); and the five detritivore communities
retained were  Armadillidium/Armadillo  (0.03), ArmadillidiunyOmmatoiulus (0.21),
PomatiagArmadillo (0.37), GlomerigOmmatoiulus(0.58) andPomatiagGlomeris(0.70). At the end
of the experiment, Rao's index was recalculatedefimh microcosm and weighted by the relative
abundance of species expressed in terms of biofBasantalet al. 2011). Litter biomass values were
similar in all microcosms but invertebrate biomeaahies varied slightly at the start of the experime
and even more at the end of the experiment dueottafity in some microcosms (the overall death
rate was 5 %). The average of the initial and fiiamass was worked out for each detritivore specie
in all microcosms, taking into account the appratendate of death when needed, and these biomass

values were used to weight the dissimilarity indice

87



CHAPITRE Il : DISSIMILARITE FONCTIONNELLE ET PROCESSUDU SOL

N
w
1

N
-

-
o

—_—
~l

-
a

-
w

—
—
|

Phase | Phase |

Phase Il

©
1

Soil water content (% of total soil dry mass)

~l
|

5 T T T
0 20 40 60 80

Time (days)

Figure 27. Dynamicsof soil water content (means + SE, n = 150) in microcosms frothe dry treatment
(open circles) and the moist treatment (filled circles). Arrows indicate rewetting events. Zor
corresponding to water conteraisove the field capacity and below thi#ting point are darkened

Experimental desig

Microcosms were constructed lidded boxes of transparent polystyrene (175 x 115 x 65,
LAB4 © CAUBERE). The bottom of each box was linedhwit cm thick inert plastic compos
(polyamide and polyethylene terephthalate, Enka@jgito improve drainage of the system. T
drainage layer was covered by 700 g o-dried soil sieved through arBm screen, resulting in &
cm deep soil layer within each box. The soil usmdiie experiment was collected from the top I
(top 10 cm) of an experimental agricultural fietldGxignon, France (1°56’E, 48°50N). We chose
particular soil becausée field had been cultivated witt, plants for 40 years and we intended to 1
advantage of the difference in isotopic labelingween soil organic matter and th litter species
used, to distinguish between soil and litter regjmn (data not shov here). The soiwas a Luvisol

developed on loess over limestone, with a totabfent of 13.9 g k* and a total N content of 1.27
1

kg™
of the expe@ment each microcosm was watered with deionizegbita reach 80% of field capacity

Eight grams of leaf litter (4 g of each of theotspecies) were laid on the soil layer. At thet:

the soil andto approach water holding capacity of li (see below for actual litter water contel
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After watering, two individuals of each of the tanimal species, previously starved for 24 h and

weighed, were added in each microcosm.

In addition to the two fully crossed parameterslitier functional dissimilarity (five litter
mixtures) and detritivore dissimilarity (five deiviore assemblages plus a treatment without fauna),
we included two different watering regimes. Eadatment combination was replicated five times
resulting in a total number of 300 microcosms teditreatments x 6 animal treatments x 2 watering
regimes x 5 replicates). An additional five replecaper watering regime without any litter and faun
were included, yielding a grand total of 310 mi@sms. Each of the five replicates per treatment
combination was kept in one of five incubators, hwihicrocosms distributed randomly within

incubators and positions changed every 3 days dioepto a randomized complete block design.

Microcosms were incubated at the European Ecotemilitf for 11 weeks, at constant
temperature (20°C), relative air humidity (50%)datay length (12h) in the incubators. Two watering
frequencies were used in the microcosms. Microcosfnthe humid treatment were remoistened
weekly, whereas those of the dry treatment wereoigtened every two weeks or after a three-week
interval during the last drying-rewetting cycle €gdeigure 27). Microcosm lids were initially pierced
with five 1.3 mm diameter holes to allow ¢énd water vapor exchanges (Phase |, Figure 27he\s
desiccation rate was rather low, an additional dlédwere pierced (a total of 19) during phasesd
Il (Figure 27). The amount of water added whenenag compensated for evaporation losses and
reset litter and soil moisture to initial conditorConsequently, the same total amount of water was
added to microcosms of the humid and dry treatm@@$ +1.8 and 95.5 + 2.2 ml, respectiviey) over
the course of the experiment. However, soil wateitent was on average 81 + 0.1% of field capacity
in the humid treatment, vs. 77 + 0.1% in the dsatment |§ < 0.001). Additionally, soil moisture
content in the dry treatment decreased to 67% apd 8% of the field capacity during the last
drying-rewetting cycle, while it never dropped beld5 % in the humid treatment (Figure 27). Litter
water content just after watering was on average¥dZor Cistus 72% for Quercus 71% for
Rosmarinus67% forPinus and 54% folUlex. These values decreased rapidly within two daygk an
after six days, water content was 26% @istus 24% for Quercus 25% forRosmarinus24% for
Pinusand 19% forUlex Litter water content remained at similar levelsinlg the second week of dry

treatment (see Fig. A. in Annexe 2 for more delails
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Response variables

At the end of the 11-week experiment, animals waken out of the boxes and weighed. The
remaining litter material was collected and ringe@00 ml distilled water for five minutes to rensv
soil particles, and immediately freeze-dried befwegghing for mass loss determination (expressed in
% of initial litter dry mass).The water used fottdr rinsing was added to the corresponding
microcosm in order to simulate a heavy rain shafiver 10 mm of precipitation in less than an hour).
Soil was allowed to drain for 20 min and leachatese collected underneath the drainage layer,
filtered at 0.45 pum (cellulose nitrate membranegidiais) to remove microorganisms and particulate
soil matter, and immediately stored at -80°C uamihlysis. Dissolved organic carbon (DOC) and total
dissolved nitrogen (TDN) in leachates were deteeshiusing a TOC analyzer equipped with a
supplementary module for N detection (TOC-V CSH®2@nd TNM-1, Shimadzu, Tokyo, Japan).

Microcosms were then kept at 25°C for 48 h to alloaderate drying before the soil was sieved
through a 2 mm screen and dried at 25°C for 5 dAysdry soil of each microcosm was then
automatically split into ten equal samples usingamnple divider. From these subsamples, we
measured substrate induced respiration (SIR) fatigvBeare et al. (1990). Further measurements
included the capacity of the soil microbial comnwyrno degrade cellulose paper according to Wardle
et al. (1999). Briefly, cellulose paper disks €éfilpaper qualitative 410, VWR, 55 mm diameter) were
enclosed between two nylon 2 mm mesh nets and atedlwith 20 + 0.5 g of soil watered to 80% of
field capacity in Petri dishes. After three week®%°C in the dark, cellulose disks were recovered,
gently cleaned with a brush in deionized water, andn dried (65°C) to determine remaining

cellulose dry mass and cellulose mass loss (exguiéssb of initial cellulose mass).

Statistical analyses

The main effects and interactions of litter mixtudentity, detritivore community idendity and
watering frequency on the response variables vested using ANOVA. Incubators were included in
the analyses as a blocking factor and the mairctsffend interactions of the three fixed factorsewer
tested over their interactions with blocks. Pogt-tpairwise comparisons were performed using
Tukey's method. The linear relationships betweepaese variables and functional dissimilarity of
litter mixtures or detritivore communities were el@hined by ordinary least squares (OLS) regression,
with litter and detritivore dissimilarity indicessacontinuous explanatory variables. We used
ANCOVA to test the relationships between functiodasimilarity (co-variable) and process rates
with the moisture treatment as a categorical véiabnteraction terms between functional
dissimilarity and moisture treatment were usedaimgare the slopes of the regression lines at the tw

moisture levels.
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In order to assess the magnitude of drought eféeotach treatment combination, we calculated
the standardized difference between mean procéssimehumid flhumig and dry flgy) conditions

(drought effect size) using Cohen’s d formula (Goh892):

Hnumia — Hary

\/(( Ohumia)? + ( Gdry)z)/z

d =

Drought effect size was calculated for each procksgelationship with mean process rates in

humid conditions was tested by ordinary least sEgpI@DLS) regression.
RESULTS

Impacts of litter mixture and detritivore communnitidentity on process rates

Three processes (litter mass loss, organic carbanhing and total nitrogen leaching) were
significantly affected by both litter mixture andtdtivore community identity (Table 10). Moreover,
SIR of the soil differed significantly among detrire communities, and cellulose decomposition

differed significantly among litter mixtures (Talde).

Litter mixture identity strongly affected litter & loss, which ranged from 14.7 + 1.0 % in
Quercus/Pinusto 23.1 + 1.0 % inQuercus/Rosmarinusthen no detritivores were present. The
presence of detritivores nearly doubled these gabug also changed the ranking of litter mixtures i
terms of mass loss rates. Fauna effects were mdistamtial inCistuseomprising mixtures and,
across all detritivore and moisture treatmentderlitmass loss ranged from 29.0 £ 0.6% in
Quercus/Pinusto 43.9 + 1.3% inCistus/Ulex (Figure 28). Detritivore community identity also
significantly affected litter mass loss, which radgrom 31.0 £ 0.7 % witfPomatias/Armadillioto
46.1 + 1.5% withGlomeris/Ommatoiulugall litter and moisture treatments combined) (Fég28).
However, the relative impact of each detritivorencaunity on mass loss differed among litter
mixtures, as shown by the significant litter-fauiméeraction (Table 3). Thé&omatias/Armadillo
community, in particular, had a comparatively wedkgact onCistus/Ulexand a stronger impact on

Quercus/Romarinuthan other detritivore communities.
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Table 10. Results of ANOVAs to test for the effectsf litter mixture identity, detritivore community identity, and moisture treatment on the five variales measured at

the end of the experiment.

Litter mass loss DOC leaching TDN leaching Soil SIR Soil PCD
D-f M.Sq. F value D-f M.Sq. Fvalue D.f M.Sq. Fvalue D.f M.Sq. F value D-f M.Sq. \Ijalue
Block (B) 4 0.020 - 4 025 - 4 301 - 4 136 - 4 294 -
** ** ** *
Litter mixture identity (L) 4 0.243 183, 4 2834 267, 4 384 21 , 4 079 2 4 71 5
LxB 16 0.001 - 16 0.11 - 16 0.19 - 16 0.34 - 16 15 -
11 1 H 1 *% ** ** *%
?De)t”“"ore community identity , 5478 50 4 194 9 . 4 075 5 4 074 9 , 4 10 1
DxB 16 0.004 - 16 0.22 - 16 0.15 - 16 0.08 - 16 11 -
Watering frequency (W) 1 0.028 12* 1 412 8 * 1 223 2 1 284 12 * 1 158 3
W x B 4 0.002 - 4 053 - 4 123 - 4 023 - 4 58 -
*%
LxD 16 0.009 7 16 020 1 16 023 1 16 014 1 16 29 2
LxDxB 64 0.001 - 64 0.23 - 64 0.29 - 64 0.14 - 64 19 -
LxW 4 0002 1 4 023 1 4 006 O 4 029 4 * 4 21 2
LxWxB 16 0.002 - 16 0.20 - 16 014 - 16 0.07 - 16 12 -
DxW 4 0.002 2 4 019 1 4 021 1 4 014 1 4 10 0
DxWxB 16 0.001 - 16 0.13 - 16 0.17 - 16 0.15 - 16 25 -
LxDxW 16 0.002 1 16 023 1 16 033 1 16 007 O 16 13 1
LxDxWxB 64 0.001 - 62 0.19 - 63 0.23 - 61 0.18 - 58 21 -
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Dissolved organic carbon (DOC) leaching from thdirenmicrocosms at the end of the
experiment was mostly driven by decomposing lei#érli as shown by the roughly 6-fold higher
amount of carbon leached in microcosms with liidditions (on average 2.7 + 0.1 mg'kip the
absence of detritivores) compared to control migsots without any litter material and detritivore
(0.4 £ 0.1 mg kg, p < 0.001). Litter mixture identity significantly fected the amount of DOC, which
ranged from 1.7 + 0.1 mg Kgn Cistus/Ulexto 3.5 + 0.1 mg kg in Quercus/Rosmarinu@ll fauna
and moisture treatments combined) (Figure 28). Aigh the presence of detritivores only slightly
decreased carbon leaching in comparison with cbmtiorocosms without addition of fauna, the
amount of DOC differed significantly depending e type of community, ranging from 2.3 £ 0.1 mg
kg™ with Pomatias/Glomeriso 2.8 + 0.1 mg kg with Armadillidium/Armadillo(all litter and moisture

treatments combined) (Figure 28)

Litter mixture identity significantly affected theotal dissolved nitrogen (TDN) content in
leachates at the end of the experiment (Table A@pss all fauna and moisture treatments, TDN
ranged from 1.34 + 0.07 mg kdgn Quercus/Rosmarinug 2.06 + 0.09 mg Kyin Quercus/Pinus
(Figure 28). Although the presence of detritivodgs not significantly affect nitrogen leaching in
comparison with control microcosms without faungaia, the amount of TDN differed significantly
depending on the type of community, ranging frod21+ 0.07 mg kg with Pomatias/Glomerigo
1.72 + 0.08 mg kg with Armadillidium/Armadillo (all litter and moisture treatments combined)
(Figure 28).

Soil microbial processes (SIR and PCD) respond#drently to changes in biotic components.
Soil SIR was slightly but significantly affected tye presence and identity of detritivores, whieDP
was only affected by the identity of litter mixtsrélable 10). Soil SIR was higher in microcosmdwit
detritivores (4.46 + 0.03 pg G@* hr') compared to microcosms in which only litter wasled (3.97
+0.07 pg COg* hr', p < 0.001). Moreover, soil SIR varied significandgpending on the detritivore
community, ranging from 4.32 + 0.05 pg €6 hr* with Pomatias/Armadillicto 4.61 + 0.07 ug CO
g’ hr' with Glomeris/fOmmatoiulugall litter and moisture treatments combined) (féy28). By
contrast, soil PCD varied depending on the littextane, ranging from 20.0 =+ 0.6 % for
Rosmarinus/Ulexto 22.9 = 0.7 % forCistus/Ulex(all fauna and moisture treatments combined)
(Figure 28).
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Figure 28. Effects of litter mixtures and detritivore communities on litter mass loss (mean + SE, n=50,
pooled across the two humidity treatments)Tukey's post hoc tests were performed to evalpatevise
differences between litter mixtures across all ittetre communities (left). The same tests were tan
evaluate pairwise differences between detritivanmmmunities across all litter mixtures (right). Tdiéferent
letters indicate significant differences among g®wf bars. Dotted lines indicate mean process riate
microcosms without leaf litter.
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The impact of functional dissimilarity on procesates

There were significant linear relationships betwdleree processes (litter mass loss, organic
carbon leaching and total nitrogen leaching) amdftimctional dissimilarity of litter mixtures and/o
detritivore communities (Figure 29). Litter massdalecreased with increasing litter dissimilaritg a
increased with detritivore dissimilarity. Althougipposite, the slopes of these relationships were of
similar magnitude and explained a similar amountvaifiation. DOC leaching showed broadly a
similar negative relationship with litter dissimmiky as was observed for litter mass loss but, in
contrast to litter mass loss, DOC leaching was alegatively, though weakly correlated with
detritivore dissimilarity. Unlike DOC leaching, TDMaching was positively correlated with litter
dissimilarity and showed no significant correlatiouith detritivore dissimilarity (Figure 29). We
detected no relationships between the soil mictqlgdieameters (SIR and PCD) and litter or detritvor

dissimilarity (data not shown).

Comparisons between the sums of squares calculatdétlese linear regressions and those
calculated in ANOVAs performed on the same data(ss# above) showed that linear models based
on functional dissimilarity accounted for a muchadier proportion of the total sum of squares than
differences among groups in the ANOVAs (e.g. 16 20 in the linear regressions of DOC on litter
dissimilarity under humid and dry conditions, restpely, vs. 74 and 61 % for the litter treatment
effects on DOC in the ANOVASs). This indicates tlthfferences in process rates observed among

litter mixtures or detritivore communities were pplartly explained by functional dissimilarity.

Moisture effects

Reduced watering frequency significantly affectitteéd mass loss, carbon leaching and soil SIR,
but not total nitrogen leaching and potential dee decomposition (Table 10). Drier conditions
significantly decreased litter mass loss, on awerfigm 19.7 % to 17.7 % in the absence of
detritivores and from 39.6 % to 37.5 % when defites were present (Figure 29). In contrast terlitt
mass loss, microcosm DOC leaching increased sigmifiy from 2.4 + 0.1 mg kfunder humid
conditions to 2.6 + 0.1 mg Kgunder dry conditions (all litter and fauna treattsecombined).
Similarly to DOC, the average TDN (across all faand litter treatments) increased from 1.50 + 0.04
to 1.69 + 0.06 mg kg with reduced watering. Reduced watering frequeaisp increased soil SIR
from 4.36 + 0.04 ug COg" hr' under humid conditions to 4.57 + 0.04 pug Q@ hr' under dry
conditions. In contrast, the PCD decreased fror@ 210.4% under humid conditions to 20.3 + 0.4%

under dry conditions.
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Figure 29. Relationships between functional dissirdrity of litter mixtures or detritivore communitie s
and mass loss (a, b), leaching of dissolved orgamarbon (DOC) (c, d), and leaching of total dissoed
nitrogen (TDN) (e, f). For each process, data are shown either groupduaitmydity treatment in a boxplot
(left), expressed as a function of litter mixtuissimilarity (center) or as a function of detritteocommunity
dissimilarity (right). When linear regressions argnificant p < 0.05), regression lines are drawn with their
respective R2 values.
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The drought effect size for litter mass loss, D@@&ching and PCD significantly increased with
increasing process rates under humid conditiongu(Ei 30). In contrast, there was no change in
drought effect size for TDN leaching and SIR witicreasing process rates under humid conditions
(Figure 30).

Finally, the slopes of the linear regressions tédimass loss, DOC leaching, and TDN leaching
on functional dissimilarity did not differ signiamtly under humid and dry conditions (Figure 29),
indicating that reduced watering frequency in miosims did not change the relationships between

litter or detritivore dissimilarity and rates ofyaof the quantified processes.
DISCUSSION

By manipulating biodiversity equally across the tiophic levels of plant leaf litter and litter
feeding soil animals, we showed that changing biEdity in the decomposer system has important
consequences on a range of soil processes of atdvtedgiean woody shrub ecosystem. Water
availability as a critical environmental factor the studied ecosystem additionally changed soll
processes, but did not appear to modify the obderkationships between functional diversity and

process rates.

Importance of the identity of interacting organisnfer soil processes

A first important result of our study is that thpesies compositions of litter mixtures and
detritivore communities have major effects on beownd ecosystem processes such as
decomposition and nutrient cycling. The results paty confirmed that changes in litter and
detritivore identity interactively affect rates liter mass loss (De Oliveirat al. 2010), but further
showed that these changes have potentially impoitansequences for the transfer of soluble

nutrients in the underlying soil and soil microtiahctioning.

Decomposing litter apparently was an important sewf the C transferred to the soil in the form
of DOC, with a 6-fold higher amount of DOC from Isaith litter compared to bare soil. This is as
such not surprising because leaf litter was a supghtary source of organic matter with a higher
relative amount of labile C compared to soil C (&léer & Spain 2001), which can be leached more
easily. However, changes in litter mixture compositresulted in a 2.1-fold variation in C leaching
and a 1.5-fold variation in N leaching. These u@igs did not correlate with litter mass loss, iimel
with previous findings showing that rates of mirdieation and DOC leaching are independent
(Hagedorn & Machwitz 2007). Moreover, changes itritleore community composition also affected
leaching, with a 1.2-fold difference for C and Nadhing between the communities with the lowest
(Pomatias/Glomerjsand the highestAfmadillidium/Armadillg leaching. Interestingly, these effects

were not correlated with the fauna impacts onrlitbass loss, indicating that different litter-fesgli
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invertebrates did not influence the flux of elenselmy comminuting plant litter to varying degreest b
had more complex effects probably linked to spesptific functional traits, such as digestive
capacity and characteristics of feces. Finally, thfuence of litter mixtures on cellulose
decomposition and that of detrivore communitiesSéR in the soil, although less pronounced, were
also significant. It is clear from our results thatanges in the composition of plant and soil
invertebrate communities play a crucial role in thactioning of the studied Mediterranean

ecosystem.

Functional dissimilarity as a predictor of procesates

Originally we hypothesized that the community idigreeffects discussed above are related to and
thus predictable from trait dissimilarity expresdeyl the different communities. Unlike previous
experiments that included species richness grajieve exclusively varied functional dissimilarity
defined on the basis of five well-described funadib plant and detritivore attributes. Functional
dissimilarity as a specific component of biodiversias been suggested to better predict biodiyersit
effects in the decomposer system than species manf{bieemsbergeret al. 2004). By keeping
species number constant at two species at bothitrdgvels with the same abundances and similar
biomass, we standardized across a number of pagesrtbat are known to affect decomposition and
associated soil processes in order to evaluatéfigply the importance of functional dissimilarigs

a driver of ecosystem processes.

In line with our initial hypothesis, increasing fiional dissimilarity of detritivore communities
correlated positively with litter mass lossand negatively with DOC leaching, which may alsfect
better resource use. Functional dissimilarity of @simals has been proposed to predict soil psEes
before (Heemsbergeret al. 2004; Heddeet al. 2010). In a laboratory microcosm experiment
Heemsbergen et al. (2004) manipulated detritivaverdity by constructing 18 different detritivore
communities using eight temperate species ofrditeding macrofauna witlnus glutinosaleaf
litter as a food source. Similar to our resulteytlobserved a positive relationship between mean
functional dissimilarity of detritivore communitiesd the net diversity effect on litter mass losd a
soil respiration. They concluded that communitieghviunctionally more dissimilar species should
generate facilitation and thus have stronger effemh process rates than communities with
functionally similar species, which should inhil@ach other because of competition. In another
laboratory microcosm experiment with 4 temperatéitilere species, (Heddet al. 2010) also
observed that dissimilarity was positively correthtwith the net diversity effect on mass loss of
Fagusleaf litter and respiratory CQCefflux. The few existing explicit tests on theeabf functional
diversity of detritivore communities from temperébeest ecosystems and our study using a different
set of species from a Mediterranean woody shrulsystem, all suggest that trait dissimilarity of

litter-feeding soil animal communities is an im@ort component of soil biodiversity that can predict
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some of the variation in soil process rates. Howeat the existing studies have been conducted
under controlled laboratory conditions and documénd relatively small amount of variation in
process rates explained by detritivore functioniakichilarity. It remains to be shown whether this
relationship still is relevant under field condit® with fluctuating and non-optimal environmental
conditions. By varying the moisture conditions, eesults indicate that the relationship may stillch
when environmental factors are somewhat more $tlessiggesting that the relationship between

detritivore functional dissimilarity and processasamay be quite robust.

Functional dissimilarity of litter mixtures alsorcelated with litter mass loss, and the leaching of
DOC and TDN. However, in contrast to our initial poyhesis, litter mass loss decreased with
increasing litter functional dissimilarity. This gettive relationship between functional litter
dissimilarity and mass loss also explains in pahlywe could not confirm the hypothesis that
increasing functional diversity at both the reseuand consumer trophic levels leads to the highest
process rates. The different detritivore commanitiad an especially strong effect on the thres lit
mixturesCistus/Ulex Cistus/PinusandQuercus/Rosmarinysvhich include all five litter species used
for our tests and were quite evenly distributechglthe litter dissimilarity gradient. Moreover, the
most dissimilar Glomeris/Pomatias detritivore community, and the least dissimilar
Armadillidium/Armadillocommunity, had the same effect on litter mass @fsQuercus/Pinusthe
litter mixture with the highest functional dissianiity. Consequently, instead of increasing thetitt
dissimilarity effect on mass loss, detritivore mmese attenuated this effect, which in our case maan
less negative correlation between litter dissintijasind mass loss when detritivores were presest. A
far as we know there exists no other publishedysthdt tested the interactive effects of changing
functional dissimilarity of litter mixtures and digtvore communities on terrestrial decomposition.
The few previous studies that specifically evaldathke impact of litter functional diversity on
decomposition reported mixed results. Using le&erlifrom 16 tropical rainforest tree species,
Barantalet al. (2011) constructed 28 different litter mixturesntaning between 2 and 4 different
litter species, that decomposed in the naturalrenment. Although they observed strong non-
additive litter mixture effects, these were notn#igantly related to any of the three functional
diversity components (richness, evenness, and giwee). Barantaét al. (2011) concluded that
interactions among different litter species dependthe presence of particular species driving the
mixture effects on decomposition, independenthythaf number and characteristics of other species
present in the mixture. In a different study, Hésehwiler & Jgrgensen (2010) composed litter
mixtures from tropical rainforest species to spealfy create a dissimilarity gradient in C:N:P
stoichiometry, assuming that resource stoichiometiitycally determines decomposer activity. In the
presence of litter-feeding macrofauna, they obskimereased C, N, and P loss from litter mixtures
with increasing stoichiometric dissimilarity, butig significant correlation disappeared when fauna

was excluded and microorganisms were dominatingrdposition. In line with this result, a recent
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laboratory study with temperate species demonstithizt dissimilarity in litter nutrient content was

strong driver of litter mixture effects, especialtypresence of detritivores (Ves al. 2013).

Both increasing dissimilarity of litter mixtures aéndetritivore communities reduced DOC
leaching, suggesting that functional diversity eEdmposing litter and litter-feeding soil faunadgsa
to reduced C transport within the soil profile, mgotentially important consequences for soil Gdhi
and long term C storage (Kalbitz & Kaiser 2008). rbtver, as litter mass loss increased with
increasing detritivore dissimilarity, a higher ftional diversity of soil fauna may modify the batan
between C mineralization and DOC leaching as twpontant pathways of soil C fluxes. Any
detritivore effect on C mineralization would rathlee indirect by stimulating microbial activity
(Lavelle & Spain 2001), which concurs with our résuof higher soil SIR in the presence of
detritivores compared to microcosms without defites. However, this detritivore effect on SIR was

not correlated to the dissimilarity of detritivaremmunities.

The litter traits chosen to calculate functionatedsity indices vary from one study to another,
which impacts the value and range of the indicesw Hhe traits are chosen and how many are
combined is apparently an important question. @nbidssis of eight distinct litter traits, Barargalal.
(2011) tested a large number of trait combinatifmrsthe calculation of their different functional
diversity indices, but found very little differerscen the resulting correlations with litter massdoin
spite of determining the five litter traits to beed in our calculationa priori, we also included
additional traits and tested different trait conations and their effect on the dissimilarity indend
the correlation with process ratasposteriori Similar to Barantakt al. (2011), the results differed
very little. This can mean two things, (1) that gvecess relevant traits were not measured, dhé?)
trait-based functional dissimilarity does not explenuch more variation in process rates than what
was observed in our and previous studies, whatieetraits used for dissimilarity calculations. eTh
species entity comprises all potentially measurataliés and the selection of appropriate traita is
tricky issue. In order to be as close to the predesbe evaluated as possible, Heemsbeegead.
(2004), for example, used process rates measargubsteriori in single species treatments as
functional attributes to calculate functional dissarity of multispecies communities. While this
approach assures that the relevant traits are heed, it can be criticized because it confounds
predictor variables with response variables. Ipiisferable to use traits that differ from response
variables and that are determinggbriori, based on literature data or on specific measune® it
was done here and in other studies (Heetda. 2010; Barantaét al. 2011; Voset al. 2013). Such an
a priori choice is relatively simple for litter traits, lzse of the intensively studied litter quality
impacts on decomposition. However, the choice ofiment fauna traits is more difficult, because
there are only few data available and, unlike deades, traits of live fauna such as litter constiomp
rates can vary with environmental conditions. Itufa research, the integration of intraspecifidt tra

variability will be an important step in measuriiogpctional diversity (Petchey & Gaston 2006).
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The impact of drought

Although all microcosms received virtually the saamaounts of water during the experiment,
reduced frequency of watering in half of the miasms clearly resulted in drier conditions, which
caused significant changes in several of the psese®e measured. As expected, litter mass loss was
significantly lower in the dry treatment. This r&gs in line with earlier studies that showed thae
frequency rather than the quantity of precipitaisnmportant for litter decomposition, because the
soil surface dries out at the same rate after largemall rain events, and differences in soil e
at greater depth are less relevant for leaf ldromposing at the soil surface (Yahdjian & Sald30
Litter mass loss also decreased in the dry tredtnben detritivores were present, but the results
suggest that their activity attenuated the negagiffects of drought on microbial decomposition.
Overall, reduced watering frequency decreased littess loss by 5% in the presence of detritivores,
vs. 10% in microcosms without addition of fauna.eTéame fauna-driven attenuation of negative
effects of drought on decomposition was observed fgrevious experiment applying even harsher
drought conditions, which reduced microbial-drivdcomposition by as much as 58% (Costisl.
2013). In order to remain active, both microorgarisand detritivores require a certain humidity of
their substrates and activity ceases below a thtéstalue. For Mediterranean ecosystems it has been
suggested that soil microorganisms become inab#gl@v 13 to 20 % of volumetric soil water content
(Sardans & Pefiuelas 2013). To our knowledge sudslibld values have not been determined for
litter-feeding fauna, but our results suggest thay will be lower for detritivores than for

microorganisms.

Microcosms from the drier treatment leached moreCliBan those maintained at a consistently
high humidity. This result might appear counteritive, but it reflects well the pulse of DOC that i
expected when microorganisms subjected to drowebase osmolites upon rewetting (Schiweiehl.
2007). Such drought-induced pulses of easily abElaompounds might have a positive feedback on
soil microbial activity, as indicated by the higl&R that we measured in soils from the dry treatme
The increase in SIR in response to increased dtadmgtumented here, has typically been observed
after a rewetting event following drought, both anthboratory conditions (Butenschoenal. 2011)
and in the field (Shermaet al. 2012). However, in our study, the increase in &8 associated to a
decrease in potential cellulose decomposition (P6¥Ythe soil microbial communities that were
exposed to increased drought. Without detailed detamicrobial community composition, it is

difficult to interpret this drought-induced decreas PCD.
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Figure 30. Drought effect size as a function of maaprocess rates in humid conditionsEach point
represents the mean of a particular combinatiofiitter mixture and detritivore community. Treatment
without detritivores are not shown. When linearresgions are significanp (< 0.05), regression lines are
drawn with their respective R2 values.
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Despite these significant impacts of the dry treathon soil processes, our data did not confirm
the initial hypothesis that drier conditions woubthange the relationships between functional
dissimilarity and process rates. The stress gradigpothesis states that as stress increases in an
ecosystem, positive interactions between specied) as facilitation, tend to increase and negative
interactions, such as competition, tend to decréBseness & Callaway 1994). Such modifications of
species interactions could in turn affect biodiigreffects on ecosystem functioning and we
hypothesized that functional diversity woulttrease in importance under more limiting humidity
conditions. This hypothesis has recently beenddasten aquatic detritivore community by (Fugete
al. 2012) who found a switch from negative to neutn#ractions with increasing resource quality
stress. Furthermore, (Collisort al. 2013) investigated detritivore diversity effects ditter
decomposition at different moisture levels and diefersity effects tended to be higher in dry
conditions, in line with the stress gradient hygsik. In the present work, there were no changes in
the relationships between functional dissimilagfydetritivore communities and process rates due to

increasing drought.

However, we did observe that the drought effeateased with increasing process rates measured
under optimal humidity conditions. This shows tlié¢r and detritivore assemblages resulting irhhig
process rates under undisturbed conditions were reensitive to reduced water availability. This
result agrees with the suggested higher sensitigitgrought of higher productive plant communities
(Pfisterer & Schmid 2002). Similar to studies oraml productivity, our results for a different
ecosystem process also suggest a trade-off betiighrperformance and resistance to perturbation
(Pfisterer & Schmid 2002; Wangt al. 2007; Van Ruijven & Berendse 2010). In the type of
Mediterranean ecosystem we studied, which is ptedito suffer even more severe drought periods
under future climate scenarios, poorer performipgiumunities might actually ensure more stable

process rates in the long term.

Collectively, our data indicate that a relativelybe change in the frequency of precipitation
leads to clear and predictable changes in soilgas®Es even in the drought adapted Mediterranean
ecosystem studied here. The decrease of litter moassassociated to higher C loss by leaching
suggests important changes in soil C-cycling irpoase to shifts in precipitation frequency. Litter
feeding fauna could buffer these drought effectsaih C-cycling to some degree. However, beyond
some threshold values that need to be determindgkloh studies, fauna populations could crash,

leading to marked and longer term changes in sodgsses.
CONCLUSIONS

In conclusion, by manipulating community compositiand functional diversity at two trophic

levels, but keeping species richness constant, eeved that litter decomposition, soil C and N
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leaching as well as soil microbial activity were dified with changing leaf litter mixtures and
detritivore communities. Part of the variation irogess rates we observed could be explained by
functional dissimilarity of litter mixtures and ditvore communities, suggesting that the trait
diversity of these communities can predict soilgess rates to some degree. However, most of the
variation in process rates was unrelated to funatiaissimilarity, indicating that species identity
effects are overall more important in determiningl grocesses in the studied Mediterranean

ecosystem.

The intensity of drought simulated in our experitnéid not alter the relationship between
functional dissimilarity and soil processes, sutiggssome robustness of this relationship under
changing environmental conditions. However, thet gforming litter mixtures and detritivore
communities under optimal humidity conditions wedestinctively more affected by drought,

suggesting a trade-off between performance anstagsie to perturbations for soil organisms.
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Chapitre 4 : Effets relatifs de l'identité et de la cissimilarité

fonctionnelle des détritivoressur la décomposition

Figure 31 Photo montrant des microcosmes provenant de I'edpience réalisée a I'écotron d
montpellier les 5 mélanges de litiere et le témoin sol nu samiprésentés.A partir de la vignette ehaut a
gauche : le mélang€istugPinus, QuercusRosmarinusQuercugPinus CistugUlex, Rosmarinu/Ulex et le

témoin sans litiere.
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Résumé du chapitre
Contexte :

Dans le chapitre précédent, j'ai montré que laimidzrité fonctionnelle a un effet significatif sur
les processus impliqués dans le fonctionnementfurais que l'identité des espéces a un pouvoir
explicatif plus important. Cependant ces deux caaptes (identité et dissimilarité) ont été étudiées
via des analyses séparées, ce qui a permis de oammiea pouvoir explicatif de chacune des
composantes séparément mais ne renseigne pasféetriélatif de chacune sur le fonctionnement du

sol.

En utilisant les traits fonctionnels des espedesstipossible de quantifier le réle de l'identiigs
espéces. Selon I'hypothése du « biomass-ratio ¥m@gd1998), I'effet de chaque espéce dans la
communauté est proportionnelle a sa biomasse. flaits moyens des especes pondérés par leur
biomasse dans la communauté (en anglais le « coitymweighted mean » CWM) sont donc définis
comme l'identité fonctionnelle d’'une communautépdtir de cette mesure de I'identité fonctionnelle
ainsi que des indices de dissimilarité tels queR&m, Diazet al. (2007) ont proposé un cadre
méthodologique et conceptuel permettant de testes dne méme analyse I'importance de l'identité
et de la diversité fonctionnelle. Or ce type d’'gsala pour le moment trés peu été utilisé. De pdus,
plupart des études ont été menées sur des commsnadeitplantes pour expliquer leur effet sur la

productivité primaire.

L’objectif de ce quatrieme chapitre est donc d'@udieffet relatif de 'identité fonctionnelle et
de la dissimilarité des détritivores sur la pertendasse des litieres (H4a). De plus comme il a été
montré dans le chapitre précédent qu'il y a unerattion entre l'identité des litieres et I'ideétiles
détritivore, on peut donc s'attendre a ce que latiom entre la dissimilarité fonctionnelle des

détritivores et la perte de masse change selgpdtesde litiere (H4b).

Méthode :

Pour tester ces deux hypotheses, nous avons uéBsdonnées de perte de masse des especes
individuelles présentes dans les mélanges provatetiexpérience menée a I'écottdief. chapitre

précédent pour les détails méthodologiques).

Pour tester I'effet relatif de I'identité et dedasimilarité fonctionnelle des détritivore sumplerte
de masse des litieres (H4a), les traits moyensaesnunautés de détritivore ont été calculés pour 5
traits fonctionnels différents. Avec ces 5 mémassr I'indice de dissimilarité fonctionnelle dedra
également été calculé. Dans un premier temps t’éffechaque variable sur la perte de masse a été

étudié individuellement. Dans un second tempstiié fonctionnelle et la dissimilarité fonctionteel

! Ce chapitre est donc dédié a I'étude des pertesamse espéce par espéce alors que le chapitéglpréc
se focalisait sur la perte de masse a I'échellentidanges
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ont été intégrées dans un méme modéle de régregsiaire multiple dans le but de hiérarchiser
limportance de chaque variable. Les analyses o@tréalisées pour chaque espéce de litieres
séparément. Nous avons donc pu étudier la relatiore la dissimilarité fonctionnelle des détritieor

et la perte de masse pour 5 espéces de litieféseatifes, ce qui a permis de tester I'hypothésd)(H4

Résultats et discussion :

L'identité fonctionnelle des détritivores a eu ufeketrés fort sur la perte de masse de toutes les
espéces de litiere étudiées, excepté sur lesektidiJlex qui semblent évitées par les détritivores.
Globalement I'effet relatif de I'identité fonctioele des détritivores est beaucoup plus importast q
celui de la dissimilarité fonctionnelle. Concerndes 4 espéces influencées par les détritivores,
l'identité fonctionnelle a contribué en moyenne®% de la variabilité expliquée par les modéles

alors que la dissimilarité n’a contribuée qu’'a 13%.

L'analyse détaillée trait par trait montre que setgrincipalement les traits fonctionnels liés aux
stratégies alimentaires (taux de consommation,emedt d’assimilation) des détritivores qui sont
importants pour prédire I'effet sur le processusideomposition. Globalement cette approche basée
sur les traits moyens des espéces de détritivarst shontrée efficace pour prédire l'effet des
détritivore sur la perte de masse des litieres.e@éant nos résultats sont le fruit d’expérience en

laboratoire, il serait donc trés intéressant ddigéces résultatm situ.

Cependant I'efficacité des traits a prédire I'efles détritivores sur la perte de masse a vaié sel
les especes de litieres. Les relations entre kindisrité fonctionnelle des détritivores et la tpede
masse étaient soit négativ@uercusg, soit nulle Cistug, soit positives Rosmarinuset Pinug. Ce qui
montre que la relation diversité-fonction est forémt dépendante de lidentité des litiéres. Nous
n’'avons pas réussi a mettre en évidence, ni audeenotre jeu de donnée, ni en comparant avec des
études similaires (Zimmeet al. 2005), des traits des litieres qui semblent faeriune relation

positive entre la dissimilarité des détritivoresegbrocessus de décomposition.
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INTRODUCTION

Biodiversity is a major driver of ecosystem funniity (Balvaneraet al. 2006). Initially, the
efforts towards understanding the relationshipsveeh biodiversity (BD) and ecosystem functioning
(EF) focused mostly on the importance of speciglsness for ecosystem processes such as primary
productivity (e.g. Hector et al. 1999). Later saslishowed that beyond the number of species the
consideration of their functional characteristiosttier improves the understanding and prediction of
BD-EF relationships (Petchey & Gaston 2006; Reissl. 2009). A functional characterization of
communities is based on functional attributes & $pecies composing that community which are
defined as any morphological, physiological or piegical features measurable at the individual
level and which affect ecosystem properties (Vidteal. 2007). Two main aspects of functional
characteristics have been identified in the contéXBD-EF research, the functional identity and the
functional dissimilarity (e.g. Mouillot et al., 2@ The functional identity refers to the biomaater
hypothesis (Grime 1998) by stating that the eftdéa species on an ecosystem process is propdrtiona
to the relative abundance of that species in thenoonity. Extended by the trait framework, the efffec
of each species would be proportional to the netatibundance of the trait value of that species. Th
community as a whole is then described by the stipaoh species’ relative trait value, resulting in
the community-weighted mean (CWM) trait value (Garret al., 2004). Functional community
identity has been demonstrated to be a good poedi€tvarious ecosystem processes such as primary
productivity, or litter decomposition in grasslagecbsystems (Mokamst al. 2008). On the other hand,
the functional diversity insists on the diversitytraits within a community rather than community-
weighted mean trait values. The trait-based d&imibf diversity or dissimilarity indices expligjtl
allows accounting for the functional heterogenatyorganisms within the community (Petchey &
Gaston 2006). Functional identity and functionaledsity are not mutually exclusive for the
understanding of how community characteristicscfcosystem properties, however their relative
effects on ecosystem processes are poorly testeéds@e Diaz et al., 2007; Mouillot et al., 2011;
Roscher et al., 2012; Schumacher and Roscher, 2009)

While the measurement of plant traits has a loadition and is widely used in the ecological
literature (e.g. Kattge et al., 2011), animal sra@te more rarely determined and less generally tse
describe functional aspects of communities (butBemay et al., 2004; Hedde et al., 2013, 2012;
Mason et al., 2008; Mouillot et al., 2007). For exde, a series of morphological traits of co-
occurring fish species have been used to charaetdre functional diversity of fish communities in
order to explore community assembly rules (Mouidlotl. 2007). In terrestrial ecosystems, Hedde et
al. (2013) described the responses of soil macnafasommunities to land use change using a trait-
based approach. However, these trait-based apmedahthe characterization of animal communities

were mainly used to assess the responses of animathunities to environmental constraints and only
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few studies attempted to quantify animal commueffgcts on ecosystem processes using functional
traits (Heemsbergeret al. 2004; Heddeet al. 2010). These two studies compared decomposition
process rates of different communities with vaeablumbers of detritivore species with those
expected from the calculated CWM trait values basedndividual species effects. Both studies
reported significant deviations from CWM predictsosuggesting species interactions beyond purely
additive effects which would be predictable from @WMoreover, these deviations correlated better
with functional dissimilarity of detritivore commities expressed with a series of traits determined
each detritivore species than with detritivore gggcichness (Heemsbergem,al. 2004; Heddeet al.
2010). The greater importance of functional diskinty than of species richness suggests that
communities with increasingly dissimilar traits ussources more complementary leading to higher

decomposition rates.

The previous studies on detritivore diversity arfkirt impact on process rates used a
homogeneous resource of a single leaf litter spetieemsbergeret al. 2004; Heddeet al. 2010).
However, in their natural environment, detritivorggically have diverse food sources at their
disposal and their impact on resource use and qaes#ly on rates of organic matter decomposition
can vary substantially in response to resourcetilyee.g. Rouifedet al. 2010; Voset al. 2011) and
resource diversity (Hattenschwiler & Gasser 208%)owing that trophic complexity and interacting
horizontal and vertical diversity are likely modifg diversity effects on ecosystem processes (Duffy
et al. 2007; Gessneet al. 2010), it is important to introduce such complexih the design of
experiments along with environmental variabilityorder to gain in realism for the assessment of how

biodiversity and ecosystem functioning are reldtdilebrand & Matthiessen 2009; Reissal. 2009).

In the present study we aimed for such more réalsggher complexity by assessing the impact
of varying detritivore dissimilarity and litter dignilarity under two contrasting humidity condition
on litter mass loss. Our study system is a Mediteran shrubland, also known as “garrigue”, with a
typically highly abundant detritivore community. \iew of the anticipated climate change leading to
decreasing precipitations in the Mediterranean éfdiay et al. 2007), we additionally included a
humidity treatment in our experiment. Decreasingewavailability is likely to change the diversity-
functioning relationship, with a hypothesized iragimg importance of biodiversity under more
stressful conditions according to the stress gradigpothesis (Bertness & Callaway 1994). With a
fully factorial laboratory experiment we manipuldtthe functional dissimilarity of detritivores and
their resources, while keeping species number anhat two species at both trophic levels. We aimed
particularly at quantifying the relative importanmiefunctional identity and functional dissimilariof
detritivore communities for litter decompositioneVWypothesized that (i) both functional identityan
functional dissimilarity of detritivore communitiekave an effect on decomposition, but that
functional identity overrides the impact of functéd dissimilarity. Moreover, it was shown that BD-

EF relationships are context dependent (Cardietld. 2000; Fridley 2003), hence we expected this
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relation to vary. According to the results of Zimme al. (2005), we expected that (ii) the effefct o
detritivore dissimilarity will be modified by thedéntity and the diversity of litter and more
specifically that the positive effect of detritieofunctional dissimilarity will increase with imprimg
litter quality. Finally we hypothesized that (ithe effect of functional identity will remain unaiged
under dryer conditions, but that the effect of iigtre dissimilarity will increase under dryer
conditions because species interactions are litelipe intensified under more stressful conditions
(Bertness & Callaway 1994).

MATERIALS AND METHODS

Plant and animal material

N. B. This paragraph is the same as that of chaht®ecause both chapters refer to the same

experiment.

We collected leaf litter of five typical and wideligtributed Mediterranean plant species: the four
evergreen woody shrubs Quercus coccifera, Rosmarofticinalis, Ulex parviflorus and Cistus
albidus, and the conifer tree Pinus halepensis that pioneer species of Mediterranean forests. All
five species typically co-occur in shrubland ectmys of the Mediterranean basin. Shrub litter was
collected at the Massif de I'Etoile near Marsei(le’25'E 43°22'N), and Pinus needle litter in the
surroundings of Montpellier (3°52'E 43°40'N). Alltarial was collected on the ground in March-
April 2011, before the peak of litter fall in ordés avoid confounding by freshly fallen leaf litter
Freshly fallen leaves were discarded because giiittvores generally prefer litter that is already
well colonized with microbial communities. Litteasvair-dried upon harvest, sorted into species and

cleaned of adhering soil particles, twigs, and past fruits and flowers.

We collected five common detritivore species thatadten highly abundant in the same type of
garrigue ecosystem: the diplopods Glomeris marginahd Ommatoiulus sabulosus, the isopods
Armadillidium vulgare and Armadillo officinalis, drthe prosobranch snail Pomatias elegans. Three
weeks before the start of the experiment, in Octblowember, 250 individuals of each species were
collected at the Massif de I'Etoile and in the sumdings of Montpellier. All were kept in large
plastic containers at constant temperature (16°aJ day length (12 h), and fed with a mixture of the

five litter species chosen for the experiment.

Measurements of detritivore functional traits

N. B. This paragraph is the same as that of chahtéecause both chapters refer to the same

experiment.
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The selection of functional traits is a criticagptin the calculation of diversity index (Petchey &
Gaston 2006; Villéger et al. 2008). Traits must dmected according to their relevance to the
ecological process and to avoid high redundancyben traits. Five litter traits were retained (Tabl
8) among ten that were initially measured: nitrodd) and lignin concentrations, as good predictors
of litter decomposition rates (e.g. Zhang et a00&).; condensed tannin concentration , due to its
importance for both microbial decomposers (Krauslet2003) and detritivores (Coq et al. 2010).;
water-soluble carbon concentration, which is aicet energy source for decomposers and has a
strong influence on how decomposing litter affestid processes (Fanin et al. in prep); and water
holding capacity of litter, a potentially importatrait for detritivores when water is limiting , dre
good predictor of decomposition, especially in Medanean ecosystems (Makkonen et al. 2012). We
used standard methods to determine the litterdrag described in Coq et al. (2010) and Coulisl.et a
(2013).

Five functional traits were also selected amongtbat had been measured on each detritivore
species (Table 9). All were related to the abitifydetritivores to transform leaf litter and infloee its
subsequent decomposition in their feces: consumptte and assimilation efficiency, which are
directly related to the expected impact of detoites on litter mass loss and mineralization; outer
surface area of fecal pellets and size of littertigbes within fecal pellets, which mirror the sacke
available for microbial colonization in feces (L#iee& Spain 2001; Hedde et al. 2007); and
hygroscopicity of feces, due to the importance atewavailability in this material for subsequent
microbial activity. All traits were determined ugima single leaf litter species, Cistus albidus jolh
was found to be the preferred food of the five itilatre species studied (unpublished results).
Consumption rates (mg of dry litter consumed peofglive animal per day) and assimilation
efficiencies were calculated according to (Davidafllon 2002). Width, length and height of 50 fecal
pellets from each species were measured and usedtiimate the mean surface area. The water
content of feces was measured after enclosing &4 feellets for five hours in a water saturated

atmosphere. Finally the mean particle size in fegas calculated according to Hedde et al. (2007).

Most previous studies did not formally distinguisatween species richness and functional
diversity or varied both components of biodiversitithe same time. In a novel approach, we chose
here to vary functional diversity across two traphévels while keeping the number of species
constant. For this purpose, we first calculated oRaquadratic entropy as an index of functional
dissimilarity (Botta-Dukéat 2005) for all possiblermbinations of two species of plant litter and soil
animals. At each trophic level, there were ten jdsscombinations of two species and we chose five
that matched the following criteria: (i) to maxiraithe functional diversity gradient, i.e. the range
Rao index values, and (ii) to include each speeiextly twice in the five combinations. The fittedi
mixtures retained were, in increasing order of fimeal dissimilarity, Quercus/Rosmarinus (0.33),
Rosmarinus/Ulex (0.40), Cistus/Ulex (0.43), Cidtusis (0.69) and Quercus/Pinus (0.81); and the
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five detritivore communities retained were Armadillm/Armadillo (0.03)
Armadillidium/Ommatoiulus (01), Pomatias/Armadillo (0.37), Glomeris/Ommatoiul{s58) ant
Pomatias/Glomeris (0.70). At the end of the expemimRao's index was recalculated for e
microcosm and weighted by the relative abundanspeties expressed in terms of bion(Barantal
et al. 2011).Litter biomass values were similar in all microcasivut invertebrate biomass valt
varied slightly at the start of the experiment, aagken more at the end of the experiment du
mortality in some microcosms (the overall deatteratas 5 %). The avere of the initial and fina
biomass was worked out for each detritivore speaesll microcosms, taking into account i
approximate date of death when needed, and thesmalss values were used to weight

dissimilarity indices.
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Figure 32. Dynamic of soil water content in microcosms from dy treatments (open circles) and humic
treatments (filled circles). Arrows indicates rewetting events. Zones corresjmentb water content aboy
field capacity and below wilting point are rkened. Water content was estimated by gravimeneéthod
hence it is expressed in % of water per soil drgsr@ean + SE, n=15

Experimental desig

N. B. This paragraph is the same as that of chapter &use both chapters refel the same

experiment.

Microcosms were constructed in lidded boxes ofdpanent polystyrene (175 x 115 x 65 r
LAB4 © CAUBERE). The bottom of each box was lingtl & cm thick inert plastic compos
(polyamide and polyethylene terephthalate, Enkac®dito improve drenage of the system. Ti
drainage layer was covered by 700 g ol-dried soil sieved through a 2 mm screen, resuliing -
cm deep soil layer within each box. The soil ugedHe experiment was collected from the top I
(top 10 cm) of an experimettagricultural field at Grignon, France (1°56’E,8450N). We chose th
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particular soil because the field had been culightvith G plants for 40 years and we intended to
take advantage of the difference in isotopic laizelbetween soil organic matter and the lifter
species used, to distinguish between soil and liigpiration (data not shown here). The soil was a
Luvisol developed on loess over limestone, withta € content of 13.9 g Kgand a total N content
of 1.27 g kg. Eight grams of leaf litter (4 g of each of theotspecies) were laid on the soil layer. At
the start of the experiment each microcosm wasregteith deionized water to reach 80% of field
capacity in the soil and to approach water holdoapacity of litter (see below for actual litter veat
content). After watering, two individuals of eadtttee two animal species, previously starved foh24

and weighed, were added in each microcosm.

In addition to the two fully crossed parameters liger functional dissimilarity (five litter
mixtures) and detritivore dissimilarity (five deiviore assemblages plus a treatment without fauna),
we included two different watering regimes. Eadmatment combination was replicated five times
resulting in a total number of 300 microcosms {teti treatments x 6 animal treatments x 2 watering
regimes x 5 replicates). An additional five repteEsper watering regime without any litter and faun
were included, yielding a grand total of 310 miavems. Each of the five replicates per treatment
combination was kept in one of five incubators witicrocosms distributed randomly within

incubators and positions changed every 3 days alegrto a randomized complete block design.

Microcosms were incubated at the European Ecotraailify for 11 weeks, at constant
temperature (20°C), relative air humidity (50%), damlay length (12h) in the incubators. Two
watering frequencies were used in the microcosmerogbsms of the humid treatment were
remoistened weekly, whereas those of the dry tesgtmere remoistened every two weeks or after a
three-week interval during the last drying-rewattiocycle (see Figure 32). Microcosm lids were
initially pierced with five 1.3 mm diameter holesallow CQ and water vapor exchanges (Phase |,
Figure 32). As the desiccation rate was rather law,additional 14 holes were pierced (a total of 19
during phases Il and Ill (Figure 32). The amountvediter added when watering compensated for
evaporation losses and reset litter and soil moesto initial conditions. Consequently, the santalto
amount of water was added to microcosms of the dhamd dry treatments (96.6 £1.8 and 95.5 +2.2
ml, respectivley) over the course of the experimgatvever, soil water content was on average 81 +
0.1% of field capacity in the humid treatment, ¥%. + 0.1% in the dry treatment (p < 0.001).
Additionally, soil moisture content in the dry tteent decreased to 67% and even 58% of the field
capacity during the last drying-rewetting cycle, ihit never dropped below 75 % in the humid
treatment (Figure 32). Litter water content justeafwatering was on average 120% for Cistus, 72%
for Quercus, 71% for Rosmarinus, 67% for Pinus, &A@l for Ulex. These values decreased rapidly
within two days and, after six days, water conteas 26% for Cistus, 24% for Quercus, 25% for
Rosmarinus, 24% for Pinus and 19% for Ulex. Littexter content remained at similar levels during

the second week of dry treatment (see Fig. A. meR@ 2 for more details).
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Response variables

Soil water content (SWC) was monitored by weighaarh microcosm once a week before
treatment-specific watering in order to reach thigal total microcosm weight (see Figure 32). Tdes
weekly values of SWC were used to calculate thenmiiee standard deviation and the range of SWC

for each individual microcosm during the entire isguof the experiment.

At the end of the experiment, the remaining litteaterial was collected and rinsed in 200 ml
distilled water for five minutes to remove soil peles. Litter were sorted by species and immedjiate
freeze-dried before weighting for mass loss deteation. The net effect of detritivore communities
on litter mass loss (g) was calculated as the reiffee between the total mass loss of litter obskirve
their presence and that in their absence (themezdtwhere we added only litter) for the respective
litter and humidity treatment. The net effect reféeboth litter consumption by animals and poténtia

indirect detritivore effects on microbial decomgimsi of uningested litter.

Detritivore biomass during the entire experimenswlatermined for each species by averaging
their initial and final biomass. During the elevereks of the experiment, we recorded 55 dead
animals. We replaced 32 of them during the firgheiveeks, and stopped doing so afterwards. Given
the overall on thousand individuals used for theltexperiment, this yields a survival rate of 95%.
In case of dead animals, the integrated biomassvwahs obtained by averaging the biomass of the
death individual and that of the new one weightgthleir respective time spent within the microcosm.
For example if animak die at the 2 week and was replaced by the anifialhe mean biomass (B)

was:

5 [(By x 2/11) + (Bg x 9/11)]
2

Finally, in the few cases for which the date oftde@as unknown and the dead individual has not
been replaced, the individual was considered alipao mid-term of the experiment and the total

detritivore biomass was calculated accordingly.

Functional characterization of detritivore communés

The functional identity of each detritivore commtynivas determined using the community
weighted mean (CWM) for each functional trait. CWisllue was calculated by weighting the species

average trait value by the mean species biomagsgdile experiment as follows:

n
CWM = ZBL X traiti

i=1
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In order to calculate integrated indices of funatibidentity using all five traits we determined fo
each detritivore species, we performed a prinaipahponent analysis. Together, the two first axis of
the PCA explained 79% of variability (see Annexe Bje coordinates of the barycentre of each
species on the two PCA axis (PCA-1 and PCA-2) wexeeacted, and used to calculate species-
specific biomass weighted community indices of fiowal identity (similar to the CWM of single

traits).

The functional dissimilarity of detritivore commties was expressed with the Rao’s quadratic
entropy (Botta-Dukéat 2005). This index represehesdverage dissimilarity between pairs of species
(Eppset al, 2007). It was computed using the standardizedidaan distance weighted by the

relative abundance of component species expresgedms of biomass (Baranttial. 2011).

Statistical analysis

We first analyzed litter mass loss in control masms (i.e. without detritivore) before detailed
analyses of detritivore effects. Differences itelitmass loss of individual litter specieghin the five
distinct litter mixtures without detritivores weamalyzed using ANOVA with species identity (fixed
factor) and humidity (fixed factor) as crossed dastand litter mixture identity as a nested factor

within species identity (fixed factor). No blockif@ctor was included in this analysis.

The differences of absolute values of litter mass With and without detritivores were defined as
net detritivore effects for each litter speciesrireach mixture individually. The net detritivordesit
was tested for each litter species separately wsmgdel for fully randomized block design. Thesfiv
incubators we used (each incubator contained opkcaés of each treatment combination) were
considered as blocks (random factor) and the etfeadentity of detritivore community, identity of
litter mixture and humidity treatments (fixed factpwere tested against the mean squares of their

respective interactions with block (Quinn & Keou2d02).

Finally relative net detritivore effects on eachtw two litter species in a given litter mixture (
the proportion of net detrivore effect on eacletittpecies relative to the total net detritivorfe&fon
the mixture) were analyzed separately for eacérlithixture using a model for a fully randomized
block design. Incubators were considered as blgksdom factor) and the effect of identity of
detritivore community and humidity treatments (fidactors) were tested against the mean squares of

their respective interactions with block (Quinn &&ugh 2002).
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Figure 33. A schematic representation of the experimental degin. Five functional traits were measur
for each of the five detivore species and useddetermine species assemblagesKie different leaf littel
mixtures were created based on the ¢ trait-approach as for the detritivores. All possible corations of
detritivore communities and litter mixtures wergesed to two different watering frequencies fordg@:

(2). Net detritivore effeston litter decomposition as response variableanalyzed for the relative effects

functional dissimilarity, functional identity andbsdard deviation of SWC using multiple regressinalygse

(3). CWM = community-weigted mean of single traits, PC = principal componedg, &WC = soil water
content.

For testingnet detritivore effes, we usedhe methodological framework proposedDiaz et al.
(2007) ; i.e.we proceed gradually by fitting in a first step tpetential parameters affecg net
detritivore effects separately and in a second Isyeiptegrating them in a multiple regression asil
(Figure 33).

The first step consisteh testing for the effect of each main factor sepsaly, using Ordinar
least square regressions. Téféect ofthe abiotic factor (watering frequency) was assessetesiyng
for the relationship between net detritivore effand three different metriacgf SWC: the mean, the
standard deviation and the rangeSWC. The effect ofunctional identity of detritivore communi
was assessed by testing for the relationship betwetdetritivore effect and CWM of each functio
trait as well as the two axé®m PCA (PCA-1 and PCA-2)The effect of functional dissimilarity w

takeninto account by testing for the relationship betwaet detritivore effect arthe Rao index.

In a second stepye used multiple regressions prioritize themain factor explaining net
detritivore effect. These odels wererun/implemented with the variabled each group of mai
factors that correlated best with net detritivoffeas, i.e standard deviation @WC for the factor of
soil humidity, PCA axis for functional idtity and the Rao indefor functional dissimilarity. A

backward selection procedure was used to selecimtbre parsimonious model by removing
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variables that did not add supplementary infornmatigloreover, in order to quantify the relative

importance of each variable in the model, we caled an estimator of relative importance of each
variable. Proportional marginal variance decomjpmsi{(PMVD) was chosen according to Gromping

(2007). PMVD is expressed in % of the variance &ixygld by the model (R?).

For all statistical analyses, normality and homaiggmof variance in residuals were checked, and
data transformed (log or arcsin) if assumptionsemdplated. For multiple linear regressions, co-
linearity among variables was checked using thea#ian Inflation Factor (VIF) and approved (VIF <
2). All analyses were performed using R softwaressiea 3.0.1 (R Development Core Team, 2010)

with the package “relaimpo 2.2".
RESULTS

Effect of litter species identity on litter masssi® without fauna

Mass loss of litter without the presence of fauifi@ied among the five litter speciddosmarinus
leaf litter decomposed much faster than all otlperces.Cistusand Quercusdecomposed at similar
rates with an intermediate mass loss, Hiek andPinusalso decomposed at similar but lowest rates
compared to the other species (Figure 34). In maidib the strong litter species identity effechgn
loss was also affected by the humidity treatmemtb(@ 11). Reduced watering frequency resulted in
an average 11 % lower litter mass loss (data rawsh Litter mixture identity had no effect on ditt
mass loss of either specie® (individual litter species decomposed similarlybith litter mixtures in

which they were present) (Table 11).

Net effect of detritivore communities on litter ma$oss

Across all litter species, mass loss due to thalegttivore effect (0.73 + 0.03 g on average) was
similar to that due to microbial driven decompasiti(0.69 + 0.03 g on average), indicating that
detritivore activity approximately doubled overatlass loss compared to purely microbial-driven
decomposition. However, the net detritivore effddfered strongly among the five litter species
(Figure 34), and the ranking of net detritivoreeeft across litter species differed from that of
microbial decomposition (Figure 34). We observedl liighest net detritivore effect f@istuslitter
that was three times higher than thatRamsmarinuditter. The net detritivore effect ddlex litter was
low, but significantly different from zerogp€0.001). With the exception diilex litter, detritivore
community identity generally explained most of tlagiance in the net detritivore effect on littersea
loss (Table 12). For example, the net detritivdfeot on Cistuslitter varied from 1.15 + 0.03 g with

PomatiagArmadilloto 2.58 + 0.05 g witlislomerigOmmatoiulugdata not shown).
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Table 11. Results of ANOVA to test for the effect opecies identity, litter mixture and humidity on
microbial decomposition.

source of variance Df F value p value

Species identity (Sp) 4 88.5 <0.001

—Litter mixture (Mix) 5 1.2 0.323
Humidity (Hum) 1 9.2 0.00%
Sp x Hum 4 1.9 0.121
Mix x Hum 5 0.9 0.456
Residuals 80
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Figure 34. Litter mass loss due to microbial activig only (top), and net detritivore effect on mass ks
(bottom) for leaf litter of the five different plant species used in the experiment.
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The two litter species within a litter mixture wedestinctively affected by different detritivore
communities (Figure 35). For instance, within thextore of QuercugRosmarinus75% of the net
detritivore effect was due tdQuercus when the detritivore community was composed of
ArmadillidiunYArmadillo, while Quercusaccounted for only 44% of the net detritivore eff@hen the
detritivore community was composed GfiomerigOmmatoiulus However, despite an important
variability, the relative effect of detritivores asiex mass loss did not significantly vary across the

five detritivore communities for the two litter ntiwes that included this species.

While the identity of litter mixture did not influee individual litter species litter mass loss with
the mixtures in the absence of fauna, the nettdetre effects orCistus RosmarinusandUlex litter
mass loss differed significantly between the twiiedent litter mixtures containing these species
(Table 12). Overall, different watering frequendiesl only little impact on the net detritivore effe

Only Ulex mass loss was negatively affected by reduced ingter

The relative importance of functional identity andinctional dissimilarity for net

detritivore effects

In accordance to ANOVA results, regressions analydso showed small effects of differing
watering frequency on net detritivore effects (daté shown). The only litter species that showed
reduced net detritivore effect with less wateringswlex. Standard deviation of SWC correlated

negatively with the net detritivore effect bitex litter mass loss (r = -0.38>0.001).

In contrast, total detritivore biomass was an inguatrdriver of the net detritivore effect on litter
mass loss with a significantly negative effect amsmloss o€istus Quercus RosmarinusandPinus
with increasing detritivore biomass (Table 13, Feg36). Community-weighted mean trait values
(CWM) of detritivores were generally well correldteith net detritivore effects oBistus Quercus
Rosmarinusand Pinus litter mass loss. However, the traits that coteslébest with litter mass loss
varied depending on litter species. Fiistusand Rosmarinusthe CWM of assimilation efficiency
explained the net detritivore effect best, whefeaQuercusandPinusthe CWM of consumption rate
correlated best. The overall functional identity the detritivore community expressed by the
coordinates on PCA axes (PCA-1 and PCA-2) explaitddast as much variation as the best CWM
of single traits (Table 13). FdCistus and Quercus PCA-1coordinates showed the best correlation
with the net detritivore effect, reflecting theatg contribution of assimilation efficiency and dsc
surface to this axis. The net detritivore effectRinuslitter was relatively well correlated to PCA-2,
but the correlation coefficient was lower than thest CWM single trait value (consumption rate).
Functional dissimilarity was significantly correalt with the net detritivore effect only f@istusand

Rosmarinuditter, but not for the other three species (Tdlde
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Table 12. Results of ANOVAs to test for the effectsf identity of detritivore community, identity of

litter mixture and humidity on the net detritivore effect on litter mass loss.

Cistus Quercus Rosmarinus  Pinus Ulex
Source of variance

Df F Df F Df F Df F Df F
'(%‘zrgity of detritivore COMMUNIYY g5 pewx 4 114 +% 4 404 **4 147 4 0.7
Identity of litter mixture (Mix) 1 297 1 13 1 129 * 1 3.3 1 24.7*
Watering frequency (Wat) 100 1 01 1 0.0 1 50 1 13.4*
Det x Mix 4 31 * 4 23 4 0.7 4 0.3 4 25
Det x Wat 4 15 4 25 4 0.2 4 2.2 4 0.6
Mix x Wat 1 0.0 1 33 1 78 * 1 45 1 02
Det x Mix x Wat 4 0.8 4 23 4 2.2 4 0.2 451
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Multiple regressions including watering frequencfynctional identity, and functional
dissimilarity of detritivore communities accountid a large part of variation in the net detritigor
effect onCistus (76%) andRosmarinug51%) mass loss. Variation @uercusandPinus mass loss
was less well explained by the same model andahbliex was only poorly explained (Table 14).
Functional identity was characterized using PCAnlGistus QuercusRosmarinusandUlex whereas
PCA-2 was used fdPinus Generally, functional identity of the detritivocemmunity accounted for
most of the variation in the net detritivore effect litter mass loss in all species, exceptiex that
was more affected by watering frequency. Howewvencfional dissimilarity significantly improved
model predictions for the net detritivore effect Rnsmarinus Quercusand Pinus litter mass loss
accounting between 12 % and 23 % of the variatiplagned by models (Table 4Listuswas the

only species for which functional dissimilarity didt explain any further variation. .
DiSCUSSION

The relative impact of functional identity and futional dissimilarity of

detritivore communities on litter mass loss

Community-weighted mean (CWM) trait values of plaatmmunities have been shown to predict
ecosystem processes such as productivity (Gaetiat. 2004; Vileet al. 2006) and decomposition
(Kazakouet al. 2006) quite well. This is in agreement with therbass-ratio hypothesis, stating that
the contribution of each species to an ecosyst@regs equals the species’ relative abundance in the
community (Grime 1998). The relative contributiamfsCWM traits and community trait diversity for
the prediction of ecosystem processes, however hanely been assessed conjunctively. The few
studies that did so, were all looking at primargdarctivity in grassland ecosystems (Mokaetyal.
2008; Schumacher & Roscher 2009; Rosatteal. 2012). In all of these studies, community trait
diversity significantly affected primary productiyi however CWM traits always had a greater
relative importance for the prediction of primampguctivity. The CWM approach is not often used in
the assessment of how animal communities affecystem processes. Moreover, the relative
contribution of community functional identity, i.drait-based CWM, and community functional
diversity, i.e. trait-based functional dissimilgriin the prediction of ecosystem processes driwen
animals remains essentially untested. Here we agédethis question for Mediterranean detritivore
communities and the process of litter decomposit®ased on the available literature from plant
studies, we hypothesized that both aspects of ifuradt community composition are important, but
that functional identity has a greater predictiveevpr for ecosystem process rates than functional

dissimilarity.

125



CHAPITREIV : IMPORTANCE RELATIVEDE L' IDENTITE ET DE LA DISSIMILARITE

Table 13. Relationships between functonal characteristics of detritivore communities and net
detritivore effects for each of the five litter speies. Relationships were tested using OLS regres:
Pearson coefficients are given and stars indiggtéfisant relationships (p<0.05).

Functional characteristic of detritivore commu  Cistus Quercus Rosmarinus Pinus Ulex
Biomass -0.58* -0.34* -0.41* -0.44* -0.10
Detritivore community weighted mean (CWI
Consumption rate 0.54* 0.46* 0.48* 0.54* 0.11
Assimilation efficiency -0.83* -0.45* -0.76* -0.22* -0.08
Feces surface 0.78 0.41* 0.64* 0.02 0.04
Feces hygroscopy -0.38* -0.05 -0.31* 0.39* 0.05
Feces man weighted particle si 0.08 0.30* -0.03 0.44* 0.07
PCA-1 0.88* 0.54* 0.70* 0.15 0.08
PCA-2 -0.18 0.09 -0.14 0.47* 0.06
Detritivore functionnal dissimilarity:
Rao 0.47* 0.08 0.54* -0.16 -0.01

Pinus halepensis

Rosmarinus officinalis

coefficients).

CWM of Assimilation efficiency (%)
Figure 36. Examples of regressions between detritivore funicnal traits and net detritivore effect on
decomposition of Pinus halepensi and Rosmarinus officinalis litter (see Table 3 for regressior
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Table 14. Results of multiple regression analysis teeen net detritivore effect (response variable) ah
standard deviation of soil water content (Wateringfrequency), functional identity and functional
dissimilarity of detritivore communities (explanatory variables). The « t-values » are indicated for each
explanatory variables and adjusted R2 as weghheslues are indicated for each model. Explanatariables
written in bold are significant. pmvd is a measoi¢he relative importance of each explanatoryalalg and
is expressed in percent of variability explainecebgh model (R?).

Cistus Quercus Rosmarinus Pinus Ulex
: pmvd pmvd pmvd . pmvd pmvd
t-value %) t-value (%) t-value %) t-value (%) t-value %)

Explanatory variables:
Watering frequency -0.53  (0) -0.35 (0) -0.85 Q) 36.. @) -3.77 (92
Functional identity 15.18 (100) 7.40 (82) 6.82 (87) 6.50 (73) 0.99 4)
Functional dissimilarity -0.82 (0) -3.49 (18) 241 (12) 3.68 (23) -094 (4
models statistics:
R2 0.76 0.35 0.51 0.31 0.11
p-value <0.001 <0.001 <0.001 <0.001 0.006

In line with this hypothesis, our data showed thictional identity of detritivore communities
had a clearly higher impact on litter mass los# ttheeir functional dissimilarity, irrespective cddf
litter species. Across the five different litteresges, multiple regression analyses showed that
functional identity accounted for 34 % of the véida while that of functional dissimilarity accowok
for 4 %. Functional identity can be expressed ffetknt ways. In the multiple regression approach,
we included functional identity as PCA coordinateshe model. In order to explore the different
components contributing to the functional identfydetritivore communities in more detail, we fite
a series of single regressions for each functitra@land the combination of these traits deterhiag
the coordinates of PCA (Table 3). Surprisingly andnter intuitively, detritivore community biomass
was negatively correlated to the net detritivoffeafon litter mass loss. This result is in coritraish
most previous results, that generally reportedtpesielationships between either density or bicgnas
of detritivores and litter consumption (Bolton &ifipson 1976; Dangerfield & Milner 1993; Fazi &
Rossi 2000; David & Gillon 2002). However, thesentcasting results are not necessarily
contradictory. Previous studies quantified littensumption as a function of animal biomass at the
level of individuals or of populations. Communigvel data are rare and results are mixed, Irmler
(2000), reported that litter mass loss in a tentpefarest tended to decrease with increasing
earthworm biomass whereas litter mass loss incteagh increasing macroarthropod biomass. Here,
we were interested in how the whole community bissnavas affecting litter mass loss, and
community biomass was obviously determined by thentity of detritivore species For example,

communities containing the snéibmatias eleganshowed smaller effects on litter mass loss (Figure
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36). Despite having a comparatively high biomd&asmatiashas a low consumption rate but high
assimilation rate which contributes to the apparagative relationship between community biomass
and litter mass loss. However, this relationships wet exclusively driven by the presence of
Pomatias since the isopoddrmadillo officinalis also had a comparatively high biomass but low
consumption rate. Even if this result is a consageef the artificially composed communities in our
experiment which are not necessarily found undarrabconditions, it still makes the important goin
that increasing community biomass may not autoralfiyicncrease rates of litter mass loss or other
process rates. The CWM of consumption rate cogelatell and positively with the net detritivore
effect on litter mass loss, and the assimilatiditiehcy on the other hand was negatively corréelate
with mass loss. These relationships indicate tbatet assimilation efficiency leads to higher
consumption rates and therefore as a logical comseg to higher rates of litter mass loss, which
reflects a physiological necessity of the respectdetritivore communities. The significant
correlations between CWM of feces characteristitd @et detritivore effects on litter mass loss are
less straightforward to interpret. As it is freqtigliscussed in the literature, litter transforioatinto
feces and their physical and chemical charactesistn indirectly influence decomposition. However
the hypothesis that feces could stimulate littecodeposition was not confirmed in a recent
experiment withOmmatoiulussabulosus feeding on litter from the same shrgzisp that we used
here (Couliset al. 2013). It is thus unlikely that feces stimulatétef decomposition in the present
experiment; however feces characteristics coul@cattietritivore digestive capabilities. Kéhleratt
(1991) related the tooth density on mandibles sinaation efficiency of diplopods and found that
animals having higher density of teeth could fragtriéter in smaller particles and thus assimilate
litter more efficiently. In our experiment, the & particle size as well as feces surface tend to
decrease with increasing detritivore assimilatidiiciency (see PCA in Annexe 3 for traits inter-
relations). As those feces traits are often morglyaneasurable in the field than assimilation
efficiency, feces characteristics could be usedaagood proxy of detritivore feeding and its

consequences on litter mass loss.

Despite the fact that functional identity accounfidmore variation observed in litter mass loss,
functional dissimilarity of detritivore communitiesiproved predictions for detritivore effects ireth
majority of litter species tested. Taking into amebdetritivore functional diversity can thus impeo
the prediction of detritivore effects on decomposit Similar to what Heemsbergest, al. (2004) and
Heddeet al. (2010) proposed, the complementarity in resourse etween dissimilar detritivore
species is likely to be involved in this relatioshMoreover our results are in line with the recen
findings from grassland biodiversity-productivitxperiments (Mokanyet al. 2008; Schumacher &
Roscher 2009; Roschet al. 2012) showing that trait values of the dominargcgps and functional

trait diversity at the community level predict effen ecosystem processes best.
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Conclusively, our results suggest that the chariaet®on of macroarthropod detritivore
communities based on functional traits is well ediifor predicting detritivore effects on litter rsas
loss. The functional trait approach allows the ofsanified and relatively easily measureable metric
for a functional description of communities compmbsef contrasted taxonomic groups such as
gastropods, terrestrial crustacean and diplopodeorAbination of functional identity and functional
dissimilarity based on the same set of traits afgéa predict community effects on ecosystem
processes particularly well. It would be interegtio apply the same approach for different detigv
communities, particularly naturally established camities, and from other ecosystem types to test
the generality of the demonstrated relationshipvbenh functional community composition and

ecosystem processes.

Litter species dependent effects of detritivore coumities

In our second hypothesis we stated that the effédunctional identity and dissimilarity of
detritivore communities depend on resource idefatitglity. In the very few previous studies assegsin
the importance of detritivore functional dissimit@arfor decomposition processes single litter spgci
have been used (Heemsbergen,al. 2004; Heddeet al. 2010). However, a relatively important
diversity of different litter species occurs in rh@tosystems, and litter feeding fauna is known to
prefer certain litter species over others (Carcatal. 2000; Hattenschwiler & Bretscher 2001). In
addition it has been demonstrated that fauna effatimass loss of a specific litter species depends
the presence of other litter species (Hattenschvw@leGasser 2005). For a thorough test of how
functional identity and functional dissimilarity detritivore communities affect litter mass logsisi
important to include a range of different littelesjies and allowing a choice for litter feeding aaiisn
We did this in the present study by including foiferent litter species in five different two-spes

litter mixtures.

While the general pattern of detritivore commureffects on litter mass loss was quite robust
across the different litter types as discussed ebitnere were also some important differences among
the five litter species included in our test. Thestrconspicuous litter species Walgx that apparently
was very little consumed and that consequently sldomo significant effect of any CWM trait or
functional dissimilarity of the detritivore commimi This result may appear surprising dkex
showed the highest N concentration of all littee@ps, which is usually considered as a key toait f
detritivore consumption (Curry & Schmidt 2007). e other hand/Jlex is an aphyllous species and
the litter produced from its photosynthetic stermshard and dense and is not very palatable for
detritivore consumers. The CWM of detritivore tsaitffected mass loss of the remaining four litter
species differently. These differences however nemmaderate since only the relative importance, but
not the general trends changed between litter epegiso, the direction of the relationships rersain

unchanged, indicating that functional identity ddtritivore influenced litter decomposition rather
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uniformly across litter species. However, the dffafcfunctional dissimilarity on litter mass lossasv
significant for only three species of the four. Mover, functional dissimilarity had positive effeat
Rosmarinusand Pinus litter mass loss, whereas it had a negative etiad@uercuslitter mass loss.
The relationship between detritivore dissimilastyd litter mass loss thus depends on the identity o
litter species on which detritivore feed. In a mmwsm experiment over 8 weeks, Zimmer et al. (2005)
reported similarly that the interaction between emrthworm and an isopod species is modified
depending on litter identity. Detritivore interamis were positive, negative or simply additive
depending on litter substrate. Such changes iitidete interactions depending on litter qualityuémd
also be at the origin of the modification of thdat®nship between detritivore dissimilarity and
decomposition that we observed in our study. Zimeteal. (2005) suggested that interactions are
more likely to be positive on high-quality littené negative on low-quality litter. Our results do
however not support this hypothesis since the effédetritivore dissimilarity was high oRinus

litter (a low-quality litter) and null oistuslitter (a high-quality litter).

In conclusion, litter type and detritivore commyntiomposition interact on litter decomposition
in a complex way. As it was emphasized by De Olaveit al. (2010), different mechanisms such as
complementarity and facilitation can be involved threse interactions. In addition, the relative
importance of each mechanism can change dynamiahdiyending on litter identity and the
decomposition state of the litter. Detritivore itatetions as well as the effect of detritivore dsitgron
litter decomposition thus appear to be a functiblitter identity and it seems very difficult tongioint

litter trait or traits that may drive such changawgritivore interactions.

The impact of drought on detritivore dissimilaritgffects

According to previous studies that showed thatfthquency of rainfall events rather than the
total amount of precipitation influenced surfackeli decomposition (Yahdjian & Sala 2008), we
manipulated the frequency of water addition in experiment. Reduced frequency of watering clearly
resulted in drier conditions which caused an oVetatrease of 11% of litter mass loss measured in
microcosms without detritivores. Based on the stogadient hypothesis (Bertness & Callaway 1994),
we expected that the relative impact of functiogigkimilarity of detritivore communities increases

with drier conditions.

Our data did not confirm this hypothesis becausagimg watering frequencies did not influence
net detritivore effects on all but one litter sgacUlex as a single litter species showed a reduced net
detritivore effect under drier conditions. As mentd above, litter from this species was avoided by
detritivores. Hence the net detritivore effect,tthaas already very low in humid, still have been
reduced in drier conditions. This could point tossara higher preference of higher quality litter
species under drier and thus more stressful congitiHowever, this result has to be interpreted

cautiously asUlex was actually mostly avoided by detritivore (se@wa). Overall it seems that
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detritivores are more resistant to a reduction &ewavailability than microbial decomposers, alltes
that has previously been shown for one of the tilgire species@mmatoiulus 3.used in our test
(Coulis et al. 2013). In the type of Mediterranesmmosystem we studied, which is predicted to be
exposed to even more severe drought periods underef climate change scenarios, the relative
importance of detritivore could increase as a tesubuffering drought effects on decomposition to

some degree.

However little is known about how detritivore rasie increasing drought and maintain their
activity. Detritivores could have consumed moretiin dryer conditions in order to absorb the wate
contained in litter (Cruz-Rivera & Hay 2000). Tlismpensatory feeding could thus allow detritivores
to maintain their activity in drier conditions baiay in the long term have a negative effect on
detritivore fitness and thus on detritivore popolatdensities. Further and more detailed studies on
detritivore responses to a reduction in preciptatiare needed for a more comprehensive

understanding of detritivore effects on litter depmsition.
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Gt
Figure 37. Photo dOmmatoiulus sabulosusenroulé sur lui-méme, position qu’il adopte pour se protége
d'un danger ou de la dessiccatiol
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L’objectif principal de ma these était d’étudieeffet des détritivores sur la décomposition
litieres d’arbustes méditerranéens en fonctionaddisponibilité en eau. Durant ces 3 années de 1
mon travail s’est articulé autour de deux aspeetd’'effet des détritivores sur la décomposit
(Figure 38). Dans un premiére partie, jai utilisOmmatoiuluscomme une espéce modeéle p
étudier en détail les effets directs (consommatdm litieres) et indirects (dépbt de feéc
décomposition des féces) des détritivores sur tgasus de décomposition en fonctice la
disponibilité en eau. La deuxieme partie avait pout d'intégrer I'effet de différentes espéces
détritivores a 'échelle de la communauté et de pamdre comment les différences fonctionne
entre espéces peuvent influencer le processuscomposition en fonction de la disponibilité en «
et de la diversité des litieres.

Dans un premier temps, la discussion aborde leteBrméthodologiques des approches utili:
puis s’articule en deux grandes parties ayant potd’intégrer les résults obtenus par les différent

expériences et de proposer des pistes de rechafihebapprofondir les sujets traités et de corgpl
mes travaux.
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Figure 38. Schéma replacgant les interactions étudiées au coude ma thése dar un cadre trophique
plus général.La fleche rouge indique les interacts entre détritivores et microorganismes et les flé
bleuesfont référence aux interactions entre la diverdés litiéres et la diversité des détritivo
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LIMITES METHODOLOGIQUES

De nombreux facteurs biotiques et abiotiques agistieectement mais également en interaction
les uns avec les autres dans la régulation du gsasede décomposition. Etudier un processus aussi
complexe est donc un challenge d’'un point de vusceptuel et méthodologique. Le scientifique
observe généralement le résultat du processusiaanple la perte de masse) mais n'a pas toujours
acces a la part relative de chaque mécanismevgessifragmentation, minéralisation,...). Comme la
décomposition suit souvent une dynamique non liré#échelle de temps a laquelle le processus est
étudié peut influencer le résultat. Au cours dethése j'ai étudié « comment varie I'effet de larfau
détritivore sur la décomposition en fonction deskcheresse» via une approche expérimentale.
Néanmoins j'ai réalisé 4 expériences a des nivebarganisation et de complexité contrastés allant

d’'une expérience de 7 jours en conditions contgdene expériende situde 1 an (Tableau 15).

La comparaison des résultats obtenus dans lesn8gales expériences de ma thése montre que
les valeurs absolues des taux de perte de masseédass litieres, issues d’'un lot identique conétitu
a partir de feuilles ramassées sur le terrain,emarselon les expériences (Figure 39) et que la
différence relative entre les différentes espeege\aussi. Ces différences peuvent étre expliqoées
les différences de conditions expérimentales (teatpée, humidité,...), ainsi que par la durée vadabl
de chaque expérience. Pour comprendre en détdhirtermécanismes complexes tels que les
interactions entre macrofaune et microorganisnes,été nécessaire de faire des expérimentations
dans des conditions contrélées assez éloignéesodddions naturelles. Cette approche est puissante
car elle permet de comprendre de maniére mécargsti@ns aspects du processus de décomposition.

Cependant les résultats obtenus peuvent-ils @nefinsés aux écosystemes naturels ?

Il est tres difficile de répondre de maniére catigge a cette question. Certains résultats semblent
transposables de maniére fiable, ainsi les préfésemalimentaires @mmatoiulusétudiées dans le
chapitre 1 sont confirmées par d’autres expérintiems (cf. chapitre 4 ainsi que d’autres tests non
inclus dans le manuscrit). A l'inverse, d'autresuléats ne semblent pas transposables. Par exemple,
les différences relatives de taux de perte de ndesd especes de litieres varient fortement dekon
conditions expérimentales (Figure 39). Dans I'eigrére B, en microcosmes sans sol, la litiere de
ciste se décompose beaucoup plus rapidement deedeethéne, alors que sur le terrain (expérience

D), les deux espéces ont une perte de masse identiq
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Tableau 15. Caractéristiques des différentes expériees réalisées au cours de cette thése.

Durée Nb Nb Echelle  Niveau
Hypotheses ExpChap. Sol . d'unités d'ind. . ,
(jours) spatiale d’org.
exp. (faune)
(Mesure des traits fonctionnels sur les 12x9 T
détritivores) A 3&4 sans 7 25 L om individu

H1

Les féces stimulent la décomposition
a des litieres sur lesquelles elles sont

déposées 40 x 33

B 1 sans 30 40 8 population
cm

b Ommatoiulussonsomme moins de
litiere dans les conditions séches

H3

La diversité fonctionnelle des litiere
a et des détritivores interagit de
maniére synergique

La relation diversité-fonction
b s'accentue dans les conditions de

stress hydrique 18 x 12

H4

C 3&4 avec 80 310 4 communauté
Quels traits fonctionnels expliquent Ll
a le mieux l'effet des détritivores sur la

décomposition ?

L'effet de la diversité des détritivores
b sur la décomposition varie selon
I'identité des litieres

H2

Les boulettes fécales se décomposent
a moins rapidement que les litieres
intactes 160 x 60

D 2 avec 370 180 NA m écosystéme

b L'enfouissement des boulettes dans le
sol accélere la décomposition

Ce résultat peut étre du a la dynamique de pertease qui est différente suivant les especes.
Mais on peut également envisager que les difféseataditions expérimentales n'ont pas affecté
toutes les espéces de la méme maniére. Par exéanptésence de sol dans les expériences peut
fortement influencer la décomposition car les nicganismes du sol (notamment les champignons)
peuvent coloniser les litieres et en exploiter ressources tout en bénéficiant d’'une humidité plus
favorable dans le sol. Ainsi lorsqu’il est en prése de sol (dans I'expérience C), le romarin se
décompose plus rapidement. Comme les litieres mania sont tres denses, elles forment une couche
de litieres en contact intime avec le sol, ce mipropice aux interactions. A l'inverse, les asitre

litieres sont plus volumineuses et ne sont queglarnent en contact avec le sol.

Ces interactions entre l'identité des especessatdaditions expérimentales rendent donc difficile
l'interprétation des résultats de perte de masdenob dans des microcosmes sans sol. Cette

considération devrait étre prise en compte lordutleres études sur la décomposition menées en
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microcosmes. Une méthode intéressante est I'didis@lans les microcosmes de sachets a maille fine
contenant du sol — les «soilbags» — permettanintesactions entre sol et litieres tout en étartpdél

a des manipulations précises telles que la séparatila quantification des litieres restantesest d
boulettes fécales de détritivores.

Plus largement, le dispositif expérimental du diteMassif de I'Etoile que j'ai contribué a mettre
en place au cours de ma thése permettra dansrégsa venir d'aborder de maniéere plus réaliste
linfluence des assemblages de litieres et de toé@ires et I'influence d’'une diminution des
précipitations sur la décomposition des litieres, gxemple via des expériences de manipulatioa de |
macrofaunen situ.
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Figure 39. Comparaison des taux de perte de massars les 3 principales expériences de ma thése.
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LES LECONS DU IULE DES SABLES

Le réle d'Ommatoiulus dans le fonctionnement dedarrigue

L’ensemble de mes résultats suggerenOgunatoiulus sabulosus un effet important sur la

décomposition des litieres des 4 principaux artsudéela garrigue du massif de I'Etoile.

Durant sa période d’activité, qui est concentréedpat le printemps et 'automne, la population
d’Ommatoiulusngére d’'importantes quantités de litieres. Néamsi@ertains individus peuvent étre
observés se nourrissant de féces de lapins outdiepée fleurs de ciste tombés au sol, ce quéteefl
le caractéere opportuniste de ces animaux détrésdra plupart des individus ont été observeés tdans
litiére en train de se nourrir de feuilles mortes @pnstituent la plus grande part du régime alitaies
de cette espece. Nous avons mesuré un taux dencorasion des litieres de 84 + 4 mg/g/jour (a une
température et une photopériode proches des comslitiaturelles pendant le pic d'activité de ces
organismes). En extrapolant & partir de la biomad®ematoiulussur le site du massif de I'Etoile
(9.4 g/m?), on obtient une consommation d’envirdng2de litiere par mois. Sachant que les chutes
annuelles de litiéres sur le site sont d’envirofl §8n2 (Santonja, données non publiées), en seateme
guelques mois d'activité au cours de I'ann®mmatoiulusest susceptible d’'ingérer une part tres

importante des chutes annuelles de litieres.

Lorsqu'il a le choix entre les litieres de plusieuespecesOmmatoiulusa une préférence
alimentaire marquée pour les litieres de cistequiesuggere qu'a I'échelle de I'écosysteme, ce sont
principalement les litieres de cette espéce qut sonsommeées et fragmentées par la population
d’Ommatoiulus Or l'appétence des différentes espéces de htigreut changer au cours de la
dynamique de décomposition (Lavelle & Spain 20019st donc probable que les autres especes de
litieres soient également consommées en grandditfuapres qu’elles aient subi un conditionnement
microbien les rendant plus appétantes, comme cdé&aaété observé en forét tempérée par (Slade &
Riutta 2012).

Contrairement a I'hnypothése Hla, dans I'expéridbickes boulettes fécales produites en grandes
guantités parOmmatoiulus n'ont pas eu d'influence sur la décomposition di®res non
consommées. D’autre part, la masse de boulettehuipeoest sensiblement identique a la masse de
litiere consommeée durant I'expérience corresporejate qui suggere que malgré un effet important
sur la fragmentation des litieremmatoiulusa un effet & court terme négligeable sur la

minéralisation de la matiere organique.

Cependant, a plus long terme, ces feces tendendacomposer plus rapidement que les litieres
intactes (expérience D). Ce résultat va a I'eneodi nos attendus et montre @uaimatoiulusa la

capacité de modifier la trajectoire de décompasitie la matiere organique sur le long terme. A
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l'instar de précédentes études, nous avons trougdagmatiere organique dans les boulettes fécales
est plus récalcitrante que dans les litieres intadCependant plusieurs autres facteurs ont cagatab

augmenter la décomposition des boulettes fécales :

1- L’enfouissement des boulettes fécales sur seulemeetques centimétres permet aux
microorganismes de bénéficier de meilleures camtlitid’humidité qu’a la surface (H2b).

2- L’ingestion et le passage des litieres dans le tdigestif ont fragmenté les litieres et
considérablement augmenté la teneur en compoadislemldans les boulettes fécales, ce qui

peut favoriser la perte en masse par lessivage.

La redistribution de la matiére organique danstaizons du sol padmmatoiulusaccélere donc
potentiellement le recyclage du carbone et desmeitits contenus dans les litieres et est susceptibl
de modifier la répartition dans le profil du sol ldematiere organique et des nutriments disponibles

pour les plantes.

Enfin, mon travail n’a pas pris en compte la cons@ation de feces par d’autres organismes du
sol (acariens, collemboles, vers de terre,...). Tioigeles feces dmmatoiuluspeuvent également
servir de source de nourriture pour la faune cdmpagp. En rendant les litieres plus facilement
accessibles pour ces organismes, les macroarttesgmlirraient donc faciliter leur activité. Plusgeu
études ont ainsi montré que les vers de terre ner@fée nourrir de feces de macroarthropodes plutét
gue de litieres intactes (Scheu & Wolters 1991; kdavski et al. 1998). D’'importantes quantités de
turricules ont été observées a la surface du golessite du massif de I'Etoile, notamment pendant
hiver, ce qui suggere que la facilitation entreersy de terre et macroarthropodes est
vraisemblablement un élément important du foncéonent du sol de cet écosystéme. Cependant
I'étude des vers de terre du massif de I'Etoile texs difficile car se sont des espéces adaptées a
laridité qui ont la capacité de s’enfouir trés formdément. De plus, le sol trés caillouteux rend

problématique un échantillonnage efficace de cgarosmes.

Effet de la sécheresse sur I'activité des détrite®

L'effet de la sécheresse sur l'activité de la fadluesol est trés peu étudié. Plusieurs études
menées en région tempérée ont montré qu’'une rédude la disponibilité en eau peut fortement
diminuer la consommation de litiere par la fauneéduire son effet sur la décomposition (Deasl.
2012; Collisoret al. 2013). Mes résultats contredisent ceux des prétéslé&tudes puisque lors de 2
expériences réalisées avec des espéces de détstiwdifférentes (expériences B et C), la
consommation de litiére n'a pas été modifiée parétduction de la disponibilité en eau (Hla). Ce
résultat suggére qu’en milieu méditerranéen, Na€tide la faune est moins sensible a la sécheresse
gue l'activité des décomposeurs microbiens. La ofaone détritivore pourrait donc jouer un réle

important dans les écosystémes méditerranéenspreimuant a étre active et donc a influencer le
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processus de décomposition pendant les périodeéaleresse qui risquent d’étre plus fréquentes et

plus marquées a cause des changements climatiques.
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Figure 40. Courbe de réponse théorique de I'activit des détritivores et des microorganismes a la
variation de la disponibilité en eau.Les points rouges et bleus font références a dedittans d’humidité
respectivement seches et humides.

Cependant il faut rester prudent avec l'interprétatde ces résultats. En effet, méme si une
attention particuliere a été portée a la manipatatie la disponibilité en eau (cf. m&m des chapitte
et 3), seulement deux niveaux d’humidité ont étpligpés pour simuler la « sécheresse ». Mes
résultats sont donc dépendants du choix des nivdaumnidité. De plus, I'activité de la faune et des
microorganismes ne répond probablement pas de redimiéaire a la variation de la disponibilité en
eau. Par exemple Sardans & Pefiuelas (2013) sugggren dessous de 13 a 20 % d’humidité dans le
sol, les microorganismes sont inactifs. De telsilseniont pas été étudiés pour Il'activité des
microorganismes dans les litieres, ni pour lesiti&ires. De plus, le seuil d'activité des détrities
est probablement inférieur a celui des microorgaas ce qui expliquerait la résistance relative des
détritivores face a la sécheresse (Figure 40). Rber plus loin, il serait souhaitable de fairesde
expériences incluant une gamme compléte de nivé'@uwnnidité pour détecter ce seuil d'activité chez
différentes organismes détritivores. Ces résulpssnettraient une meilleure compréhension des
relations entre I'activité de la faune du sol etlisponibilité en eau ainsi que d’anticiper de reami

plus réaliste I'effet des changements climatiqudeséonctionnement du sol.

Enfin, méme si nos résultats montrent que l'adivdie certains détritivores est relativement
persistante en conditions seches, cela n'exclutjpada croissance et la valeur sélective desiithatv
soient diminuées a plus long terme. Une diminutleria densité des populations pourrait dans ce cas
entrainer indirectement une baisse de l'effet déalme sur la décomposition. Garcia-Pausaal.
(2004) ont montré en étudiant un gradient de pitatipns en Espagne, que I'effet de la faune diminu

avec les précipitations pour finalement étre nuisde site semi-désertique.
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Les interactions entre detritivores et microorgamiss

Il est généralement admis que la faune stimuldiViéé microbienne en fragmentant les litiéres et
en rendant la matiére organique plus accessiblaracroorganismes. Les boulettes fécales sont donc
supposées avoir une activité microbienne plus itapte que les litieres correspondantes non
ingérées. Cette conception du réle de la faune ldgmocessus de décomposition est la plus répandue
et figure dans de nombreux livres d’écologie ebidogie du sol (Cadisch & Giller 1997; Lavelle &
Spain 2001; Chapin Il & Matson 2002; Bardgett 20B&rdgett & Wardle 2010).

Cependant, quelques études ont montré que I'actmitrobienne pouvait étre inchangée, voire
méme inférieure dans les boulettes fécales. Nadtaés du chapitre 1 vont également dans ce sens.
Plusieurs éléments peuvent expliquer cet effettifega premiére hypothése (i) est que l'assinolati
préférentielle par la faune des composés facilemetibolisables tend a augmenter la proportion
relative des composés récalcitrants (lignine, cirticulaire, ...) dans les boulettes fécales, centpst
pas favorable au développement microbien. La secbgdothése (ii) consiste a envisager le passage
dans le tube digestif et la fragmentation desriSecomme une perturbation pour les microorganismes
En effet, la plupart des hyphes mycéliens sont aiédigérés tout comme une forte proportion des
bactéries (Byzoet al. 1998). Malgré la reconstitution rapide des popoitet bactériennes dans le tube

digestif, cette perturbation peut avoir un effegaté sur les communautés microbiennes.

Bien que de nombreux résultats montrent gqu’unehibition » des microorganismes durant
l'ingestion des litieres par la faune est possiliéene remettent pas en cause qu’une « stimulation
des microorganismes existe également. Alors commaaiiquer I'existence de ces effets opposés ? |l
faut considérer que l'effet de la macrofaune detiie sur I'activité microbienne dans les feces est

modulé par plusieurs facteurs :

1-ldentité des détritivoresl’effet des détritivores sur I'activité microbiemmans les féces peut

varier d'une espéce de détritivore a l'autre. Ramele, en comparant la respiration des boulettes
fécales de diptéres (Bibionidae) a celle de Bsenon ingérées, Frouz & Simek (2009) ont observé
une stimulation de la respiration pour une espéms gue pour une autre espéce du méme genre, il
n'y a eu aucun effet détectable.

2-ldentité des litieres L'effet des détritivores sur l'activité microbiemndans les féces peut

également varier suivant l'identité des litieregdenc la qualité de la matiere organique ingérée. A
cours de ma thése, j'ai cherché a tester cettethgpe. J'ai ainsi participé a la préparation detseij a
I'encadrement d'un stage de master 1 (co-encadeé Brxancois-Xavier Joly) ayant pour objectif de
comparer I'activité microbienne d’'une large gamneelitieres intactes a celle des boulettes fécales
issues de ces litieres. Les résultats préliminadescette expérience montrent que l'effet des
détritivores sur la respiration des féces changerfent suivant I'espéce de litiere ingérée (Eneadr
n°l).
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Encadré n°1 :L’activité microbienne des féces varie selon la @lité initiale deslitieres

Afin de tester I'hypothese selon laquelle [I'effetesd détritivores sur [I'activité deps
microorganismes dans les feces dépend de la girdtitde des litieres, nous avons mis en place tine
expérience pour comparer la respiration en comdit&tandardisées (Substrate Induced Respiration)
des litieres d’'une trentaine d'especes d'arbre$aatespiration de boulettes fécales @wmeris

marginataissues de ces litieres.

Cette étude a permis de montrer que l'effet desitidétes sur l'activité potentielle de
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microorganismes dans les féces dépend de l'idetitélitieres consommées. Comparée a l'activité
microbienne dans les litieres, celle des feces-@watstimulée, inchangée, ou inhibée (Figure Bg).
plus, ce gradient de réponses est expliqué paruddité initiale des litieres. En effet, les cas
d’'inhibition ont été mis en évidence pour les tiie dites de « bonne » qualité (riche en N, pHreeut
capacité de rétention en eau forte), alors quedpiration microbienne était stimulée pour legHés

de moindre qualité.
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Figure 41. Différence absolue de respiration entréoulettes et litieres intactes pour chaque espece
d'arbre.

Ces résultats permettent de supposer que le padsadiiéres dans le tube digestif améliore la
qualité des feces issues de litieres de mauvaisdit@uen rendant la matiere organique plus
accessible, mais a un effet négatif sur la qudle féces issues des litieres de bonne qualité, pou

lesquelles les composés facilement métabolisablgsassimilés par le détritivore.
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3-Conditions environnementale€nfin, I'activité microbienne des boulettes peuteét

fortement modulée par les conditions environnentesiteEn effet, il est clair que si les
boulettes se desséchent immédiatement apres deoénéses, aucune activité microbienne

n'est possible.

L'analyse des phospholipides membranaires danpéiéence B (Chapitre 1) a montré que le
dépbt de féces sur les litieres peut modifier lapasition des communautés microbiennes des litieres
dans des conditions d’humidité favorables. Cepenidaréduction de la disponibilité en eau a annulé
cet effet. De plus les microorganismes des bouslééeales ont été plus sensibles a la sécheresse qu
les microorganismes des litieres, ce qui suggéedeaumul de la perturbation liée au passage léans
tube digestif et du stress hydrique est négatifr jea microorganismes des boulettes fécales et

confirme le point 3.

Ces deux résultats montrent que la sécheressetionndi les interactions a court terme entre les
macroarthropodes du sol et les décomposeurs mirebPar conséquent, méme si la faune semble
pouvoir maintenir son activité de consommation etfihgmentation des litieres en cas de stress
hydrique modéré, son effet indirect (stimulatiorcrabienne) peut étre fortement modifié par une

diminution de la disponibilité en eau.
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Figure 42. Schéma conceptuel regroupant les effetdirects et indirects des détritivores sur la
décomposition des litieresLes principaux résultats obtenus au cours de Isetloit été replacés sur ce
schéma présenté en introduction. Les symbolesot, = signifient respectivement une augmentatio un
inhibition ou un effet nul sur la décomposition diééres ou des boulettes fécales. Les symbolaga® font
référence aux effets de la disponibilité en edassymboles vert aux effets des détritivo@mmatoiulus
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LES INTERACTIONS ENTRE DETRITIVORES

La communauté de détritivores du massif de I'Etegeun cas particulier car une seule espéce de
détritivore domine la communauté a 98%. Dans Ipatudes écosystéemes du méme type, plusieurs
espéces de détritivores cohabitent au sein de coeumés parfois assez diversifiées, par exemple
dans le sud de la France, entre 9 et 15 especdétuvores peuvent cohabiter localement (David
1999). Les interactions entre les différentes empéet donc la diversité des détritivores, peuvent
influencer le fonctionnement de I'écosystéme. Omdke de la diversité des détritivores dans le

fonctionnement de I'écosystéme est encore peu &nnu

Mes résultats de thése ont permis de confirmedajdessimilarité fonctionnelle des détritivores a
un impact positif sur la décomposition des litiefdeemsbergeret al. 2004; Heddeet al. 2010). De
plus la dissimilarité fonctionnelle des détritivengeut influencer d’autres processus importants jgou
fonctionnement du sol tels que le lessivage duaraborganique ou de l'azote. La diversité des
détritivores apparait donc comme un élément importaour le fonctionnement du sol: la
modification des flux d'azote influence la dispdiib de ce nutriment pour la végétation et la
modification des flux de carbone organique disgodes conséquences pour les microorganismes du
sol et le stockage du carbone dans les horizonérenix du sol (Kalbitz & Kaiser 2008). Nous avons
d’ailleurs observé un effet significatif assez fdet I'identité des communautés de détritivoreslaur
respiration potentielle du sol (Figure 43), ce guahstitue un élément supplémentaire permettant
d’'affirmer que l'influence des détritivores ne $mite pas a la couche de litieres superficiellessma

s'étend au fonctionnement du sol dans son ensemble.
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Figure 43. Effet des différentes communautés de ddirores sur la respiration potentielle (SIR) du sh
La barre noire indique les communautées incluaat fais Glomeris (Gm) etOmmatoiulus(Os) (les deux
espéeces ayant été observées en train de remoelsiel).| Les barres gris foncé (Pe+Gm et Av+Os)qunelint
les communautés contenant I'une de ces deux espetEsdeux barres gris clair indiquent les commiis
de détritivores ne contenant aucune des deux espgaat un impact sur le sol (Pe+Ao et Av+Ao0).
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Les interactions trophiques

Parmi les 5 processus du sol étudiés, seule lang#msition des litieres a été affectée par une
interaction entre la dissimilarité des litieredaetlissimilarité des détritivores. Cette interaastioontre
que la diversité a un effet au sein de chaque grérgphique ainsi qu’entre les groupes trophigues.
Cependant contrairement a I'hypothese H3a, la sitéerde ces deux niveaux trophiques n’'a pas
interagi de maniére synergique, c'est-a-dire queefée en masse n’était pas a son maximum dans les
communautés combinant a la fois les mélangesideektles plus dissimilaires et les communautés de
faune les plus dissimilaires. Il semble donc dificde pouvoir généraliser les effets positifs de |

diversité sur le fonctionnement de I'écosystéme.

L'effet de la diversité des litieres et de la dsig des détritivores avait déja été étudié, mais
seulement séparément. En compilant les donnée8 daudes indépendantes dans une méta-analyse,
Srivastaveaet al. (2009) ont montré que la diversité des litieres pas d’effet direct sur la perte de
masse alors que la diversité des détritivores aftet positif sur la perte de masse des litieres.
Cependant mes résultats sur I'effet de la divesifusieurs niveaux trophiques montrent qu’il est
possible que la diversité des litieres ait un efifiglirect via son interaction avec la diversité des
détritivores. Malgré un effet direct qui peut éfagble, via cette interaction, la diversité deglies
pourrait donc avoir un effet fort sur le processigsdécomposition, tout particulierement dans les
conditions naturelles ou les communautés d’orgasssdetritivores peuvent étre tres abondantes et

contribuer fortement au processus de décomposition.

Zimmeret al. (2005) ont montré, via une expérience en microessmue les interactions entre un
isopode et un ver de terre peuvent étre synergicargagonistes ou que leurs effets peuvent étre
simplement additifs, selon la qualité ou la diviérsies litieres dont ils se nourrissent. Les rasult
présentés dans le chapitre 4 concordent avecétetie puisque selon l'identité de I'espece derditie
considérée, la dissimilarité des détritivores aseit un effet nul Cistug, soit un effet négatif
(Quercu), soit un effet positif Rosmarinuset Pinug. Cependant, contrairement a I'hypothese
suggérée par Zimmext al. (2005), les effets de la dissimilarité des détites ne semblent pas liés a
la qualité des litieres puisque la litiere peu aBposable Rinug a été positivement affectée alors que
les litieres plus décomposablézigtuset Rosmarinusont été affectées de maniéres contrastées par la
dissimilarité. Il est donc pour l'instant difficilde comprendre pourquoi certaines espéces deeditier
promeuvent des effets synergiques entre les démdts et d’autres non. L’identification des traits
fonctionnels des litieres a l'origine des interant positives entre les organismes détritivoresi@st

une piste de recherche prometteuse.

Pour aller plus loin dans la compréhension desrantimons entre la diversité verticale et la
diversité horizontale (Figure 38), il serait égadgmnintéressant d’'étudier 'effet « top-down » des

prédateurs sur I'activité des détritivores et lessgquences sur la décomposition des litiéresolJetbi
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al. (2013) ont étudié I'effet d’'un poisson prédatesimiulé par la diffusion d’odeur dans I'eau) sur
l'activité des détritivores aquatiques. Leurs réal montrent que certaines espéces de détritivores
réduisent leur activité pour limiter leur vulnérébi alors que d’autres espéces ne sont pas $essib
car elles sont protégées par leur fourreau mingrghopteres). Cette étude montre donc que les
prédateurs peuvent modifier les mécanismes de ddimopéou de complémentarité a I'origine des
effets de la diversité des détritivores sur le pssts de décomposition, cependant cet effet n’a pas

encore été étudié en milieu terrestre.

Importance relative de I'identité et de la dissimiité fonctionnelle

La part relative de la dissimilarité fonctionneltlans les modeéles expliquant l'effet des
détritivores sur la décomposition est en moyenné&3ie alors que la part de I'identité fonctionnelle
est en moyenne de 85 % (cf. Chapitre 4). Ce résuitantre que la dissimilarité fonctionnelle des
détritivores a un réle non négligeable dans le gssas de décomposition, mais que lidentité
(fonctionnelle) des espéces est I'élément de lanwemauté de détritivores ayant I'impact le plus

important sur le processus de décomposition.

Ce résultat correspond aux conclusions de plusi&uides récentes (Ve al. 2011; Treplinet
al. 2013) qui insistent sur I'importance de l'identdés especes de détritivores sur le processus de
décomposition et amenent a se focaliser sur lés treoyens des détritivores qui sont importants pou

prédire le processus de décomposition.

Quels traits sont importants pour prédire I'effeafine ?

Parmi les 5 traits fonctionnels que nous avons réssaur les détritivores, les traits liés aux
stratégies alimentaires de la faune sont ceux xpliqeiaient le mieux I'effet des détritivores sar |
décomposition. Les moyennes pondérées (CWM) du deusonsommation ainsi que du rendement
d’assimilation sont les deux traits expliquant leeum I'effet de la faune sur la perte de masse des
litieres. Les communautés composées d’especes aydott taux de consommation ainsi qu’un faible
rendement d’assimilation (conso+/assim-) avaiemcdendance a avoir un effet fort sur la perte de
masse; a I'opposé les communautés composées dessagant un faible taux de consommation et un
fort taux d'assimilation (conso-/assim+) avaiemid@nce a avoir un effet relativement plus faibles C
observations suggérent qu'il existe bien un comjsantre le taux de consommation et le rendement
d’assimilation. Il y a en effet une relation négatentre ces deux variables pour les 5 espéeceigésud
(R2=0.13, p=0.04) mais qui n'est pas nette, prayabht a cause du nombre restreint d'espéces
étudiées. Il serait donc intéressant de testeirstence d’un tel compromis sur un plus grand nombre

d’especes.

Ces deux composantes de la stratégie alimentairel@etivores pourraient ensuite étre mises a

profit pour faire des prédictions de l'effet de feune sur la perte de masse. Par exemple, des
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communautés dominées par des espéces "conso+/adswvmient avoir un effet fort sur la perte de
masse des litieres alors que des communautés desnps des espéces ayant une stratégie conso-
/assim+ auront un effet faible sur la perte de ma€®s « prédictions » peuvent sembler triviales,
cependant elles sont un point de départ intéressanelles peuvent servir d’hypothése nulle pour

tester en milieu naturel I'effet des traits deseess de détritivore sur le processus de décompositi

Cette approche basée sur les traits parait pronsettenais il reste une part importante de I'effet
faune qui n'est pas expliqué par les traits des@sp Cette part de variabilité non expliquée paet
due a la fiabilité des mesures de traits ou au mmnde connaissances biologiques et

écophysiologiques sur les espéces et donc a I'dulitrait essentiel pour le processus.

Fiabilité et signification de la mesure des traits

Dans la définition du trait fonctionnel, il est diggiement dit qu'il n'y aucune référence aux
conditions environnementales (Violkt al. 2007). Cependant certains traits sont tres serssiél
peuvent varier énormément en fonction des conditienvironnementales. Cela pose un probleme
lorsque I'on utilise (comme c’est le cas ici) lesits moyens de chaque espéce en tant que variable

prédictive.

Par exemple le taux de consommation peut étre tsues'’il est mesuré en absence de sol.
D’autre part, la consommation change suivant I'espie litiere consommeée, la température ou encore
'humidité. Si les valeurs absolues changent mais btps différences entre espéces et donc leur
hiérarchie est conservée, il est alors possiblailider les mesures de traits faites en conditions
standardisées (comme dans nos études) pour pihédirprocessus en conditions plus naturelles.
Cependant si les différences relatives entre Ipéces changent, il n’est alors plus possible dsetil
ces mesures de traits. Un moyen de prendre en eaggtiais est de mesurer également la variabilité
intraspécifique des valeurs de trait, pour coneaila réponse des espéces aux variations

environnementales et permettre une extrapolatios fihble des données aux conditions naturelles.

Le mangue de connaissance sur la biologie degidetes

La biologie et I'écologie des organismes du solt smsez peu connues. Il est donc possible de
passer a coté d’'un élément important pour le psuseétudié. Pour illustrer ce propos, je vais prend
'exemple de I'impact des détritivore sur le solaliituellement, on considere que les détritivores
consomment des litieres et que leur activité estentrée dans les horizons organiques du sol et par
conséquent qu’ils ont peu d’'impact sur le sol mahéCependant au cours de I'expérience C réalisée a
'Ecotron, plusieurs espéces de détritivores oré ébservées en train de remodeler le sol.
Ommatoiuluss’est enterré tout au fond (3 cm) du microcosmar pouer et a fréquemment été
observé fouissant dans le sol (Figure 438pmerismarginataa également eu un impact sur le sol

mais d’une toute autre maniére, a savoir en ingéhasol minéral pour construire une loge de mue ou
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pour entourer ses ceufs (Figure 44). A part ces dspgces, aucune autre n'a été observée ayant une
interaction avec le sol de maniére systématiqus. d@enportements ont probablement eu un impact
important sur I'activité microbienne du sol comneesuggére les données de respiration potentielle
(Figure 43). Cependant, aucun trait fonctionnel p&amis de rendre compte de I'impact de ces
especes sur le remodelage et la bioturbation du sol

Un des challenges pour mieux comprendre |'effeladi@une détritivore sera donc de définir de
nouveaux traits fonctionnels prenant en compte serement I'effet des détritivores sur la perte de

masse des litieres mais aussi sur d’autres proeessis du fonctionnement du sol.

Figure 44. Photographies montrant les effets @mmatoiulus(a) et (b) et deGlomeris(c) et (d) sur le sol.
La photo (a) montre u@mmatoiulusen train de s'enfouir et la photo (b) le trou fé&mt de I'enfouissement.
La photo (c) montre une loge de mue utilisée paBlamerisadulte et la photo (d) montre une capsule de sol
protégeant un ceuf delomeriséclos ainsi qu’un individu de stade | ou Il erirtrde muer. La barre blanche
représente 1cm.
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CONCLUSION

Il existe différentes conception du réle de la fadétritivore dans le processus de décomposition.
De maniére schématique, les détritivores sont wais comme catalyseursde la décomposition
microbienne car ils fragmentent les litieres etmstent les microorganismes, soit comme
stabilisateurscar ils rendent la matiére organique plus réaalaie. Mes résultats de thése confirment
plutét la premiére conception et suggerent quaudaé participe a accélérer le recyclage de la reatié
organique et a favoriser la libération des nutrithegssentiels pour les plantes. Cependant deux
éléments nuancent cette conclusion. D’'une partetale la faune dépend de I'espece de litiere, en
effet Ommatoiulusend a accélérer la décomposition du chéne kemaés pas du ciste. L'effet des
détritivores peut donc étre modulé par la compmsiét la diversité des communautés végétales. Les
interactions entre qualité des litieres et effetlaldaune sont complexes, cependant des travaux en
cours semblent montrer que lorsque la faune seihderlitiere de bonne qualité, son effet est ti€ga
alors que lorsqu’elle se nourrit de litiere de nsdionne qualité son effet est positif. D'autre paes
résultats sont difficilement conciliables avec wiwon de la faune comme un catalyseur des adivité
microbiennes car il semble que la décompositioncdéne kermes a été accélérée grace a une
augmentation du lessivage et non a une augmentdgoliactivité microbienne. Ce résultat est
intéressant car il met en évidence un mécanismieetidde stimulation de la décomposition par la
faune qui a peu été étudié et participe avec limbse de me résultats a dresser un tableau plus
complet des nombreux effets directs et indirectslgmquels les détritivores influencent le processu

de décomposition (Figure 42).

A I'échelle de la communauté, I'identité ainsi daediversité fonctionnelle des détritivores ont
une influence importante sur la décomposition d#érds mais également sur plusieurs autres
processus clef du fonctionnement des sols teld'actévité potentielle et le lessivage de nutrimeat
de carbone a travers le sol. L'utilisation d’'ungmghe basée sur les traits fonctionnels a permis a
partir de mesures de traits fonctionnels effectséedes especes de détritivores d’expliquer lteffe
différentes communautés de détritivore sur la déamition. Cette approche a également permis
d’identifier les traits reliés aux stratégies alit@res des especes (consommation et assimilation)
comme essentiels pour expliquer I'effet de la fasaela décomposition. De plus amples recherches
sur ce sujet sont nécessaires pour mieux caraatées stratégies alimentaire des détritivoresreti a
améliorer la classification fonctionnelle de cegamismes dans le but de mieux comprendre I'effet de

détritivores a I'échelle de la communauté.

s A

Enfin un des fils conducteurs de mon travail alétédle de la sécheresse ou plus précisément le

réle de la disponibilité en eau sur I'effet dedaifie dans le processus de décomposition. Mesatssult

! par exemple Bardgett & Wardle (2010)
2 par exemple Prescott (2010)
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ont montré que les détritivores sont plus résistgae les microorganismes et peuvent donc maintenir
leur activité dans des conditions plus séches. Bign la sécheresse affecte peu I'effet direct de la
faune sur la décomposition (consommation), I'effietirect de la faune sur la décomposition risque
néanmoins d'étre affecté négativement par la dibflidé en eau (cf. Figure 42), ce qui pourrait vo
des conséquences pour le fonctionnement de I'éoegssi les sécheresses s’accentuent dans les
années a venir. De plus les communautés de détatves plus performantes ont été plus fortement
affectées par la diminution de la disponibilitéesu, ce qui suggére qu’il existe un compromis entre
les performances des organismes du sol (dans tangé@sition) et leur résistance a une perturbation.
Pour une meilleure interprétation de ce résultasalait intéressant d'étudier la réponse des
communautés de détritivores situ & une modification de la disponibilité en eau. dispositif
d’exclusion de pluie du projet Climed que j'ai peipié a installer au cours de ma thése permetira da

les années a venir d’apporter des éléments de sé@ooette question.

Figu 45, Phot des dispositifs d'exclusion de pks du projet Climed.
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ANNEXE 1 : LISTE DES ESPECES VEGETALES DU SITE DEETOILE

Nom latin Famille
Allium sphaerocephalon L. subsp. sphaerocephalon Alliaceae
Alyssum alyssoides (L.) L. Brassicaceae
Anthyllis vulneraria L. subsp. praepropera (A. Kern.) Bornm. Fabaceae

Aphyllanthes monspeliensis L.

Arenaria serpyllifolia L. subsp. leptoclados (Rchb.) Nyman
Argyrolobium zanonii (Turra) P.W. Ball subsp. zanonii
Asterolinon linum-stellatum (L.) Duby

Avenula bromoides (Gouan) H. Scholz subsp. bromoides
Bituminaria bituminosa (L.) C.H. Stirt.

Bombycilaena erecta (L.) Smoljan.

Brachypodium retusum (Pers.) P. Beauv.

Carex halleriana Asso subsp. halleriana

Cistus albidus L.

Clypeola jonthlaspi L.

Dianthus sylvestris Wulfen subsp. longicaulis (Ten.) Greuter & Burdet
Dorycnium pentaphyllum Scop. subsp. pentaphyllum
Erodium cicutarium (L.) L'Hér. subsp. cicutarium

Fumana ericoides (Cav.) Gand. subsp. montana (Pomel) Giemes & Mufioz Garm.

Fumana thymifolia (L.) Spach ex Webb
Galium corrudifolium Vill.

Globularia alypum L. subsp. alypum
Hornungia petraea (L.) Rchb.

Iris lutescens Lam. subsp. lutescens
Juniperus oxycedrus L. subsp. oxycedrus
Leuzea conifera (L.) DC.

Linaria simplex (Willd.) DC.

Phillyrea angustifolia L.

Pinus halepensis Mill. subsp. halepensis
Poa bulbosa L.

Quercus coccifera L.

Quercus ilex L. subsp. ilex

Reseda phyteuma L. subsp. phyteuma
Rosmarinus officinalis L. subsp. officinalis
Rubia peregrina L. subsp. peregrina
Rumex intermedius DC.

Sanguisorba minor Scop.

Scandix australis L.

Scilla autumnalis L.

Teucrium chamaedrys L.

Teucrium flavum L. subsp. flavum
Teucrium polium L. subsp. polium
Thapsia villosa L.

Thymus vulgaris L. subsp. vulgaris
Trifolium campestre Schreb. subsp. campestre
Ulex parviflorus Pourr. subsp. parviflorus
Valantia muralis L.

Aphyllanthaceae
Caryophyllaceae
Fabaceae
Primulaceae
Poaceae
Fabaceae
Asteraceae
Poaceae
Cyperaceae
Cistaceae
Brassicaceae
Caryophyllaceae
Fabaceae
Geraniaceae
Cistaceae
Cistaceae
Rubiaceae
Globulariaceae
Brassicaceae
Iridaceae
Cupressaceae
Asteraceae
Scrophulariaceae
Oleaceae
Pinaceae
Poaceae
Fagaceae
Fagaceae
Resedaceae
Lamiaceae
Rubiaceae
Polygonaceae
Rosaceae
Apiaceae
Hyacinthaceae
Lamiaceae
Lamiaceae
Lamiaceae
Apiaceae
Lamiaceae
Fabaceae
Fabaceae
Rubiaceae
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ANNEXE 2 : APPENDIX OF CHAPTER
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Figure A: Dynamics of litter moisture after rewetting. Since moisture oRosmarinusQuercusandPinus

litter was not significantly different at the beging of desiccation dynamic, those three species ar
represented by the same symbol.
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Table A: Litter mass loss (% of initial dry mass) d all treatment combinations (mean +SE, n=5).

Controls Quercus/  Rosmarinus/  Cistus/ Cistus/ Quercus/ ="

without litter Rosmarinus Ulex Ulex Pinus Pinus !|tter

mixtures

i . humid - 24.4+1.7 22.5+1.2 18.7+1.4 16.8+0.5 16.2+1. 19.7+0.9
Control without detritivore ——

dry - 21.7+0.6 23.2+1.4 15.5+0.7 14.7+0.9 13.2+0. 17.7+0.9

. i humid - 38.1+2.6 29.4+1.1 39.1+2.6 38.9+1.9 29+1.Z2 34.9+1.2
Armadillidium/Armadillo R E—

dry - 37.4+1.8 25.8+1.6 38.3x1.9 37.1+3.5 28.7+1 33.4+1.4

- i humid - 43.6+x1.4 39+2.6 48.5+1.4 44 5+3.4 30+2.3 41.1+1.6
Armadillidium/Ommatoiulus———

dry - 47.2+2.3 33.5+2.5 41.4+2.3 43.1+2 30.2+2 39.1+1.6

. ) humid - 35.4+1.8 30+0.4 32.8+0.5 33.2+1.5 24.4+1. 31.2+0.9
Pomatias/Armadillo _

dry - 34.6+2.2 28.8+1.8 32.4+1 33.5+1 24.9+0.¢ 30.9+0.9

. i humid - 54.1+2.8 39.1+2.3 55.2+2.9 55.9+2 33.5+1. 475+2.1
178 Glomeris/Ommatoiulus _

dry - 51.2+1.7 37.3+2.8 50.9+2.2 53.5+0.9 30.1+1. 44.6+2

. i humid - 47.5+0.9 34.8+2.8 54.7+1.6 49.3+2.1 29.4+1. 43.1+2.1
Pomatias/Glomeris T

dry - 41.7+2.2 34.4+1.7 46.1+2 455+1.2 29.2+1 39.4+15

Mean accross detritivore humid = 40.5£1.9 32.5+1.3 41.5£2.5 39.8+2.5 27.1+1.2 36.3+1.0

communities dry = 39+1.9 30.5+1.2 37.4+2.2 37.9+2.4 26.1+1.2 34.2+0.9
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Table B: Leaching of dissolved organic carbon (mgfaC per kg of soil dry mass) of all treatment combiations (means +SE, n=5).

Mean accross
litter
mixtures

Controls Quercus/ Rosmarinus/  Cistus/ Cistus/ Quercus/
without litter Rosmarinus Ulex Ulex Pinus Pinus

) . humid 0.3+0.06 3.6+0.18 3.1+0.20 1.7+0.16 2.4+0.24 2.6+0.. 2.3%0.21
control without detritivore

dry 0.6+0.18 3.3+0.30 3.310.44 2.0+0.14 2.4+0.21 2.4+0.1 2.3+0.19

. i humid - 3.5+0.12 3.310.22 1.6+0.12 2.1+0.15 2.7+0.3 2.6+0.17
Armadillidium/Armadillo R E—

dry - 4.1+0.19 3.4+0.14 2.1+0.15 2.5+0.16 3.0+£0.21 3.0+0.16

. i humid - 3.5+0.36 2.8+0.17 1.3+0.12 2.0+0.13 2.5+0.0 2.4+0.18
Armadillidium/Ommatoiulus———

dry - 3.5+0.36 3.3+0.31 2.1+0.30 1.9+0.17 2.4+0.2 2.6+0.17

. ) humid - 3.6+0.11 2.7+0.26 1.8+0.14 1.8+0.13 2.3+20.2 2.4+0.15
Pomatias/Armadillo _

dry - 3.5+0.18 2.8+0.28 1.9+0.08 2.1+0.25 2.4+0.2 2.5+0.15

) ) humid - 3.3+0.20 3.0+0.23 1.4+0.12 1.4+0.08 1.9+0.1 2.2+0.18
179 Glomeris/Ommatoiulus _

dry - 3.1+0.29 3.4+0.26 2.0+0.31 1.9+0.21 2.4+0.1 2.6+0.16

. i humid - 3.2+0.15 3.0+0.20 1.4+0.10 1.4+0.11 2.2+0.1 2.2+0.17
Pomatias/Glomeris T

dry - 3.7+0.20 2.9+0.12 1.5+0.06 2.0+0.16 1.9+0.1 2.4+0.17

Mean accross detritivore  humid - 3.5+0.08 3.0+0.09 1.5+0.06 1.940.09 2.4+0.10 2.4+0.07

communities dry = 3.5+0.11 3.2+0.11 1.9+0.08 2.1+0.08 2.4+0.09 2.6+0.07
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Table C: Leachate aromaticity (I g*) of all treatment combinations (means +SE, n=5).

Controls Quercus/  Rosmarinus/  Cistus/ Cistus/ Quercus/ Mea”r;tztr:cross

without litter Rosmarinus Ulex Ulex Pinus Pinus .
mixtures

i . humid 16.4+2.1 13.3+0.7 10.4+0.4 14.0+0.4 11.7+1.0 14.840 13.0+0.4
Control without detritivore

dry 14.2+0.6 12.3+1.0 10.9+0.9 15.2+0.8 10.0+0.4 14.3t0 12.5+0.6

. i humid - 13.6+£0.5 11.8+0.9 13.6+£0.7 11.4+0.6 14.9+0. 13.9+0.6
Armadillidium/Armadillo R E—

dry - 12.5+0.3 10.4+0.4 13.9+2.0 10.6+0.7 14.9+40. 12.7+0.6

. i humid - 15.5+1.6 12.5+0.7 16.0+1.3 10.6+0.9 14.7+0. 14.3+0.5
Armadillidium/Ommatoiulus———

dry - 13.6+2.0 11.4+0.2 14.0+0.5 10.2+0.6 15.0+0. 13.0+0.7

. ) humid - 13.8+0.4 13.7+1.1 13.8+0.9 12.1+1.2 16.1+0. 13.9+0.5
Pomatias/Armadillo _

dry - 13.0+0.4 11.3+0.5 14.0+0.2 10.9+0.8 16.1+0. 13.1+0.5

. i humid - 15.2+0.7 12.7+0.5 15.8+1.1 11.5+0.9 16.2+1. 13.4+0.5
180 Glomeris/Ommatoiulus _

dry - 14.8+1.3 12.5+0.3 12.1+3.4 10.7+0.8 14.5+0. 13.0+0.5

. ) humid - 13.3+0.4 11.7+0.6 15.9+0.4 10.8+0.6 15.3+0. 13.4+0.5
Pomatias/Glomeris T

dry - 12.7+0.7 11.9+0.7 15.1+0.4 10.5+0.3 15.6+0.. 12.8+0.4

Mean accross detritivore humid 16.4+£2.1 14.1+0.3 12.0+£0.3 14.9+0.4 11.3+0.4 15.3+0.3 13.7+0.21
communities dry 14.2+0.6 13.1+0.5 11.4+0.2 14.1+0.6 10.5+0.2 15.0+0.3 12.9+0.21
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TableD: Leaching of total dissolved nitrogen (mg oN per kg of soil dry mass) of all treatment combiations (means +SE, n=5).

Mean accross

Controls Quercus/ Rosmarinus/  Cistus/ Cistus/ Quercus/

without litter Rosmarinus Ulex Ulex Pinus Pinus !|tter
mixtures
i . humid 1.75+0.24 1.24+0.10 1.08+0.11 1.57+0.25 1.80+0.19 1.60+C 1.51+0.08
Control without detritivore ——
dry 1.12+0.11 1.45+0.35 1.63+0.37 1.80+0.19 1.48+0.21 2.62+0 1.72+0.16
. i humid - 1.35+0.05 1.33+0.14 1.63+0.09 1.62+0.17 1.85+0. 1.56+0.06
Armadillidium/Armadillo R E—
dry - 1.33+0.16 1.89+0.35 2.08+0.31 2.07+0.37 2.08+0.. 1.89+0.13
- i humid - 1.38+0.21 1.24+0.12 1.78+0.26 1.34+0.18 1.88+0. 1.53+0.10
Armadillidium/Ommatoiulus———
dry - 1.284+0.11 1.64+0.35 1.62+0.14 1.25+0.25 2.00+0.. 1.56+0.13
. ) humid - 1.26+0.18 1.64+0.34 1.53+0.09 1.52+0.32 1.81+0. 1.55+0.10
Pomatias/Armadillo _
dry - 2.18+0.50 1.39+0.32 1.59+0.28 1.54+0.15 2.47+0.. 1.85+0.17
. ) humid - 1.33+0.14 1.47+0.31 1.33+0.22 1.20+0.11 2.03+0. 1.47+0.10
181 Glomeris/Ommatoiulus _
dry - 1.13+0.13 1.41+0.19 1.81+0.38 1.57+0.10 2.45+0.! 1.67+0.16
. ) humid - 1.16+0.11 1.24+0.10 1.18+0.07 1.19+0.09 2.13+0. 1.38+0.09
Pomatias/Glomeris T
dry - 1.01+0.12 1.28+0.17 1.64+0.21 1.55+0.24 1.85+0.; 1.47+0.10
Mean accross detritivore humid 1.75+0.24 1.29+0.05 1.33+0.09 1.50+0.08 1.44+0.08 1.88+0.07 1.50+0.04
communities dry 1.12+0.11 1.4+0.12 1.55+0.12 1.76+0.1 1.58+0.10 2.24+0.17 1.69+0.06
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TableE: Substrate induced respiration of soil (ug bCO, per g of soil dry mass per hour) of all treatmentombinations (means +SE, n=5).

Mean accross

Controls Quercus/ Rosmarinus/  Cistus/ Cistus/ Quercus/ litter
without litter Rosmarinus Ulex Ulex Pinus Pinus .

mixtures

i . humid 3.37+0.35 4.06+0.15 4.07+0.21 3.45+0.23 4.06+0.33 4.02+C 3.84+0.11
Control without detritivore ——

dry 3.84+0.08 3.76+0.37 4.13+0.06 3.99+0.17 4.03+0.15 4.13+0 3.98+0.07

. i humid - 4.18+0.18 4.31+0.16 4.28+0.27 4.43+0.18 4.21+0. 4.28+0.08
Armadillidium/Armadillo R E—

dry - 4.33+0.06 4.10+0.21 4.24+0.25 5.05+0.24 4.39+0.0 4.43+0.10

- i humid - 4.37+0.21 4.37+0.20 4.61+0.14 4.27+0.32 4.24+0. 4.37+0.09
Armadillidium/Ommatoiulus———

dry - 4.87+0.14 4.62+0.27 4.64+0.23 5.01+0.17 4.44+0. 4.70+0.09

. , humid - 4.10+0.14 4.26+0.14 4.26+0.12 4.19+0.32 4.12+0. 4.19+0.07
Pomatias/Armadillo _

dry - 4 55+0.18 4 50+0.17 4.50+0.14 4.49+0.11 4.24+0.1 4.46+0.06

. i humid - 4.48+0.08 4.44+0.25 4.79+0.28 4.50+0.18 4.17+0. 4.48+0.09
182 Glomeris/Ommatoiulus _

dry - 4.91+0.16 4 56+0.14 4.85+0.23 4.89+0.36 4.52+0. 4.75+0.10

. , humid - 4.51+0.39 4.50+0.13 4.60+0.14 4.49+0.17 4.20+0. 4.46%0.10
Pomatias/Glomeris T

dry - 4.39+0.12 4.63+0.15 4.61+0.14 4.77+0.11 4.22+0.. 4.52+0.08

Mean accross detritivore  humid 3.37+0.35 4.28+0.09 4.32+0.07 4.33+0.11 4.33+0.10 4.16+0.05 4.26+0.04

communities dry 3.84+0.08 4.47+0.10 4.42+0.08 4.47+0.09 4.70+0.10 4.32+0.06 4.46+0.04
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TableF: Potential cellulose decomposition (mass loss inf #itial dry mass DM) of all treatment combinat®(means +SE, n=5).

Mean accross
litter
mixtures

Controls Quercus/ Rosmarinus/  Cistus/ Cistus/ Quercus/
without litter Rosmarinus Ulex Ulex Pinus Pinus

i . humid 24.7+2.1 18.2+2.0 20.2+1.7 20.7+3.3 15.9+2.9 23.8+1 20.5%#1.1
Control without detritivore

dry 23.5+3.3 15.6+2.7 17.7£1.5 19.6+2.7 18.5+2.1 18.2+3 18.8+1.1

. i humid - 25.4+2.8 19.4+1.5 25.4+3.1 20.4+1.6 23.4+2. 22.8+1.1
Armadillidium/Armadillo R E—

dry - 21.5+1.6 21.3+2.1 22.7+1.6 21.4+1.4 21.8+2.1 21.7+0.7

. i humid - 23.8+2.5 24.4+2 6 25.8+2.8 17.9+3.2 22.0+1. 22.6+1.2
Armadillidium/Ommatoiulus———

dry - 19.5+1.8 19.6+2.3 24.8+3.5 18.2+1.8 17.2+41. 19.9+1.1

. , humid - 22.7+2.2 18.8+1.5 23.5+1.1 23.3+x1.6 23.2+4. 22.2+1.0
Pomatias/Armadillo _

dry - 21.2+2.7 17.4+1.1 19.3+1.9 19.6+1.5 22.0+2. 20.0+0.9

. i humid - 21.7+2.5 20.7+1.6 21.7+1.6 22.9+2 9 22.8+1. 21.9+0.9
183 Glomeris/Ommatoiulus _

dry - 19.5+1.5 19.2+1.3 22.0+1.6 20.4+1.4 22.6+3.. 20.7+0.9

. , humid - 21.0+2.7 18.8+2.1 20.7+2.1 20.5+1.7 27.7+2. 21.7+1.1
Pomatias/Glomeris T

dry - 17.6+2.7 19.7+2.2 24.0+3.0 22.3+2.6 22.3+3.. 21.2+1.3

Mean accross detritivore humid 24.7+2.1 22.1+1.0 20.4+0.8 22.8+1.0 20.1+1.0 23.9+1.0 21.9+0.4
communities dry 23.5%£3.3 19.1+0.9 19.2+0.7 22.0£1.0 20.1+0.7 20.7£1.1 20.3+0.4
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Armadillidium vulgare

Ommatoiulus sabulosus
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Glomeris marginata

% of variance explained by each PC

% of inertia
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Figure A. Principal Component Analysis (PCA) for the five detritivore species used in the experiment.
As detailed in the barplot, the first componentaact for 54 % of the variability and the second poment
for 25 %. Top left plot show the projection of déore species in functional trait space and plottop right

show the projection of variables, i.e. functiomalts.
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