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SUMMARY

1. Leaf litter degradation in fresh waters is a fundamental ecosystem process performed by a wide

array of decomposers. The meiofauna is an important component of aquatic heterotrophic

assemblages, which can provide a trophic link between plant detritus and associated microbial and

macroinvertebrate communities, but their contribution to leaf breakdown remains poorly understood.

2. We hypothesised that, through their feeding activity, microcrustaceans influence the structure of

fungal assemblages and consequently microbially mediated litter breakdown. Litter-associated

microcrustaceans were predicted to change the pathways of energy transfer in the food web

according to the positive (e.g. complementarity) or negative (e.g. predation) interactions with

macroinvertebrate detritivore taxa.

3. We evaluated experimentally in the laboratory, over 6 and 13 days, the potential contribution of

two freshwater microcrustaceans (a cladoceran and a copepod) to litter breakdown in the presence of

microfungi (aquatic hyphomycetes), with and without macroinvertebrate detritivores (a trichopteran

and a gammarid amphipod).

4. The presence of microcrustaceans enhanced leaf mass loss by 62 and 22% in treatments with fungi

or trichopteran alone, respectively, while no significant effect was observed for treatments with the

amphipod. Microcrustaceans strongly increased the production of fine particulate organic matter,

particularly in treatments with fungi alone (+637%). The leaf consumption rate by the amphipod

significantly decreased (�61%) at 13 days in the presence of microcrustaceans, likely due to

predation on cladocerans.

5. Our study supports the potential role of microcrustaceans in the detrital food web of streams and

rivers. Interestingly, microcrustaceans may interact with microbial and macroinvertebrate

decomposers in either positive or negative ways. Therefore, microcrustaceans add complexity to

detrital food webs by increasing vertical diversity and modulating biotic interactions with important

consequences for carbon and energy transfers in stream ecosystems.

Keywords: aquatic hyphomycetes, Microcrustaceans, leaf breakdown, macroinvertebrate shredders, trophic
interactions

Introduction

Aquatic ecosystems receive substantial amounts of

allochthonous leaf litter from the riparian vegetation.

Litter input and breakdown, by providing an energy

source for the aquatic biota, play a pivotal role in the

food web (e.g. Cummins et al., 1989; Webster, Wallace &

Benfield, 1995). Consequently, litter breakdown has been

recognised as a critical process in the functioning of

freshwater environments (Webster & Benfield, 1986;

Boulton & Boon, 1991; Gessner & Chauvet, 2002). Litter

breakdown involves organisms ranging from bacteria
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and fungi to invertebrate detritivores, the latter com-

monly referred to as shredders. While Hieber & Gessner

(2002) estimated that bacteria accounted for 7% of over-

all alder leaf mass loss, bacterial contribution are gener-

ally disregarded because their relative importance to

litter breakdown in terms of standing biomass is much

lower than that of fungi, especially during the first

decomposition steps (Findlay & Arsuffi, 1989; Baldy,

Gessner & Chauvet, 1995). Fungi, mainly aquatic hypho-

mycetes, contribute to litter breakdown in two ways: (i)

they are responsible for a significant fraction of total

litter breakdown and (ii) fungal colonisation of leaves

enhances litter nutritional value and palatability to

shredding invertebrates through mycelial biomass and

enzymatic metabolisation of leaf tissue into more assimi-

lable compounds (e.g. Rounick & Winterbourn, 1983;

Suberkropp, 1998; B€arlocher, 2005). Invertebrates have

an important effect on the litter breakdown through

direct shredding of leaves and by feeding on fungi,

which in turn influences microbial assemblages associ-

ated with decaying leaves (Arsuffi & Suberkropp, 1989;

Suberkropp, 1992).

While numerous studies have documented the role of

fungi and shredding invertebrates in litter breakdown,

little information is available regarding the role of smal-

ler organisms regrouped under the term meiofauna or

meiobenthos (Giere, 2009) in the litter breakdown pro-

cess despite calls for more experimental work on this

topic (Palmer et al., 1997; Swan & Palmer, 2000). Meio-

fauna is mostly found in and on soft sediments, but also

on plants among the epiphytes. Meiofauna is known to

be abundant and diverse in association with leaf and

wood detritus and consequently as a significant compo-

nent of the heterotrophic assemblage and a trophic link

between organic detritus, its associated microbial com-

munity and larger macroinvertebrates (e.g. Lancaster &

Robertson, 1995; Hakenkamp & Morin, 2000; �Agoston-

Szab�o et al., 2016). This potential role of meiofauna in

organic matter decomposition has received much atten-

tion from marine biologists but less by freshwater ecolo-

gists. In freshwater ecosystems, most studies focused on

nematodes which dominate lotic meiofauna communi-

ties, early-instar chironomids and on interactions with

bacteria associated with decaying leaves (e.g. Perlmutter

& Meyer, 1991; Lillebø et al., 1999). Gaudes et al. (2009)

reported colonisation of leaf packs by aquatic biota,

including microcrustacean (copepods and cladocerans)

but the interaction with leaf-shredding macroinverte-

brates was not investigated experimentally. Hence, the

role of microcrustaceans in litter breakdown remains lar-

gely under-researched, probably because they are less

abundant in lotic ecosystems and widely believed to be

restricted to planktonic life in fresh water. This is mis-

leading since many cladocerans such as Chydorus sphaeri-

cus (Chydoridae) and cyclopoid copepods have been

reported as living among macrophytes, organic rich ben-

thos, and water column of lentic ecosystems (e.g. Giere,

2009; Basi�nska et al., 2014). They perform diel vertical

migrations concentrating near the bottom during the day

and on the surface at night (Lauridsen et al., 1996; Cas-

per & Thorp, 2007; Semyalo, Nattabi & Larsson, 2009;

Wallace et al., 2010). There are also known to survive

harsh periods as resting stages within or on the sedi-

ment (Viitasalo & Katajisto, 1994; Scheef & Marcus, 2010;

Nascimento, N€aslund & Elmgren, 2012). Their associa-

tion with coarse detritus is less known, but suggests that

these organisms could be involved in litter breakdown.

It is likely that meiofauna does not feed on detritus

itself, but feeds on the associated biofilm. Indeed, most

of the permanent meiofauna, such as rotifers, nematodes,

cladocerans and harpacticoid copepods feed on varying

sizes of particles coated with biofilm (fungi, diatoms,

bacteria and their extracellular secretions). Depending on

meiofauna density, grazing on biofilm influences (i.e.

enhances or reduces) the rate of carbon mineralisation by

microbial activity. For instance, Perlmutter & Meyer

(1991) reported that the stream-dwelling harpacticoid

copepods Attheyella spp. (Canthocamptidae) effectively

removes accumulated organic material, fungi, and bacte-

ria from detritus. They were the first to designate meio-

fauna as micro-detritivores, suggesting feeding activities

by meiofaunal organisms may play a significant role in

the detrital dynamics of aquatic ecosystems.

The interaction between meiofauna and leaf-associated

fungal communities is largely unknown. Some studies

suggested a trophic relationship between fungi and

meiofauna elucidated by increased meiofauna abun-

dance in leaf packs with the highest microbial biomass

and conversely a decrease in fungal biomass with an

increase in meiofauna density (e.g. Palmer et al., 2000;

De Mesel et al., 2006; Men�endez & Sanmart�ı, 2007; San-

mart�ı & Men�endez, 2007). Yet, to date, the underlying

trophic interactions between meiofauna and leaf-asso-

ciated fungal communities have not been elucidated.

The interactions between meiofauna and leaf-shred-

ding invertebrates have also been largely overlooked,

notably in freshwater ecosystems. Some studies reported

an increased assimilation of detritus by macrofauna in

the presence of meiofauna (Tenore, Tietjen & Lee, 1977)

and a higher decomposition rate of detritus in treatments

with meiofauna and macrofauna than in treatments with-

out macrofauna (Lillebø et al., 1999), suggesting a positive



interaction between meiofauna and macrofauna. Other

studies suggest that competition or predation might

occur between meiofauna and macrofauna. van de Bund

& Davids (1993) reported higher efficiency of the chy-

dorid cladoceran Chydorus piger to remove food resources

negatively affecting early instar of Chironomus riparius

chironomids. This suggests that meiofauna and macro-

fauna operate similarly at the primary consumer level of

the food chain. In freshwater ecosystems, some studies

reported evidence of presence of meiofauna in diet of

several predator invertebrates (Lancaster & Robertson,

1995) or leaf-associated stoneflies (Feminella & Stewart,

1986), suggesting trophic relationships between macroin-

vertebrate shredders and meiofauna associated with det-

ritus.

So far the effects of biodiversity on litter breakdown

have mostly focused on individual trophic levels (e.g.

litter, microorganism or macroinvertebrate detritivore),

although several studies have reported changes in litter

breakdown due to changes in diversity across trophic

levels (e.g. Duffy et al., 2007; Srivastava et al., 2009;

Jabiol et al., 2013). Meiofauna contribution to litter break-

down in heterotrophic food webs may be additive to

that of other compartments (i.e. fungi and detritivorous

invertebrates) or non-additive through facilitation (meio-

fauna enhances other compartments’ activity), resource

partitioning (meiofauna uses different food/resources

than detritivores or fungi) and/or antagonistic interac-

tions (e.g. competition and predation).

Here, we tested whether (i) microcrustaceans facilitate

the decomposition of litter through positive effects on

fungi (aquatic hyphomycetes) and macroinvertebrate

detritivores, (ii) predation by macroinvertebrate

dampens the contribution of microcrustaceans to litter

breakdown and (iii) competition for resources by micro-

crustaceans causes a decrease in the contribution of

macroinvertebrate detritivores to litter breakdown. A

laboratory experiment was designed to evaluate the

potential contribution to litter breakdown of a micro-

crustacean assemblage using the cladoceran C. sphaericus

(Eurycercidae) and copepod Cyclops bohater (Cyclopidae),

with and without two macroinvertebrate detritivores,

the amphipod Gammarus pulex (Gammaridae) and the

trichopteran Sericostoma personatum (Sericostomatidae).

Methods

Biological material collection

Leaves of senescent alder (Alnus glutinosa, Betulaceae)

were collected from trees at a latitude of 43°17044.2″N

and a longitude of 1°39052.9″E just before abscission in

Autumn 2013 and air-dried in the laboratory. Leaf discs

14 mm in diameter were cut in the alder leaves avoiding

the major veins. Seventy-six sets of 25 leaf discs were

freeze-dried and weighted to the nearest 0.01 mg. Each

set of leaf discs was enclosed into a mesh bag

(10 9 10 cm, 500 lm mesh size). Leaf discs were then

incubated for 15 days in a reference forested headwater

stream located in the Pyrenees Mountains (01°44042″E,
43°01046″N) to allow microbial colonisation. Leaf-asso-

ciated microorganisms, especially after such a brief incu-

bation in an oligotrophic stream, were expected to be

dominated by aquatic hyphomycetes (Gessner et al.,

2007). Once retrieved, the leaf discs were returned to the

laboratory and carefully rinsed with filtered stream

water and checked to remove fine particulate matter and

others organisms. An additional four sets of 25 leaf discs

was preserved at �20 °C and later lyophilised and

weighed to the nearest 0.01 mg to estimate the initial

dried mass introduced into the experimental units.

Thirty litres of stream water were collected for the labo-

ratory experiments, filtered (0.45 lm pore size; What-

man, Maidstone) and kept at 4 °C in the dark until use.

The selection of microcrustaceans taxa was performed

based on previous observations of assemblages identi-

fied from leaves sampled from three nearby streams

located in the Pyrenees Mountains. Two taxa were cho-

sen according to their abundance on leaves and their

resistance to laboratory conditions: C. sphaericus and

C. bohater. Chydorus sphaericus is one the most common

benthic cladoceran species (Giere, 2009), and has been

reported living in the littoral zones of lakes among

macrophyte vegetation and on benthic substrates that

are rich in organic material (e.g. Giere, 2009; Basi�nska

et al., 2014), as well as in the water column in the open

water zone of eutrophic lakes and ponds (Vijverberg &

Boersma, 1997). Therefore, this taxa is probably better

adapted to detrital food sources compared to large-bod-

ied pelagic cladocerans (Vijverberg & Boersma, 1997).

Due to its close relation with sediments, C. sphaericus

has been proposed in sediment toxicity tests (e.g. Vijver-

berg & Boersma, 1997; Dekker et al., 2006). The meioben-

thic cladocerans dig, rake and climb with their large and

muscular locomotory antennae and thoracic appendages

rather than using them as swimming and filtering legs.

The terminal claws can also be used to scrape the sub-

strate. Benthic cladocerans are known to feed on small

algal and detrital particles (Giere, 2009). Thus, C. sphaeri-

cus has been described as filter-feeder of small particles

(e.g. algae and detritus) and scraper-feeder (or sweeper)

of detritus and diatoms. de Eyto & Irvine (2001)



observed that C. sphaericus grew equally well on all of

the following food types offered: algae, detritus or fil-

tered pond water, and explained this by its generalistic

mode of feeding. Cyclops bohater belongs to cyclopoid

copepods, widely believed to be restricted to planktonic

life in fresh water. This is misleading since many cyclo-

poid copepods live on and in the sediment or the phytal

(Giere, 2009). The stout bodies of most cyclopoids are

adapted to living on the benthos or burrowing in

muddy sediments. Most freshwater cyclopoids live on

the benthos among macrophytes, with all transitions

towards an endobenthic life. Cyclops bohater is already

reported living along the plant-covered banks of stag-

nant and slow-flowing bodies of water and in clay-pits

(Wierzbicka, 1974). While cyclopoid copepods are gener-

ally known for their broad food spectrum, some fresh-

water taxa are reported as predators (e.g. Macrocyclops

albidus, Mesocyclops leuckarti) or herbivores (e.g. Eucyclops

agilis, Acanthocylops bisetosus) feeding on a variety of

algae (unicellular diatoms and filamentous algae) and

protists (Fryer, 1957). They probably switch opportunis-

tically between food sources (crustaceans and rotifers to

protists, phytoplankton, bacterial aggregations and detri-

tus) according to food availability within their habitat

(Santer, Sommerwerk & Grey, 2006). Since C. sphaericus

and C. bohater are not strictly benthic, they are generally

not considered as meiofauna and were both referred to

as microcrustaceans.

Individuals of both taxa were collected, using plank-

ton net (50 lm mesh size) in two ponds near the labora-

tory in winter 2013. The ponds are situated in a forest

and hence contain high amounts of leaf litter as well as

high abundance of C. sphaericus and C. bohater, allowing

to collect many more individuals than in streams. Indi-

viduals were carefully sorted and isolated from filtered

water samples in the laboratory under stereomicroscope

(909 magnification), using a micropipette for Chydorus

and an ophthalmic surgical clamp for Cyclops. Ovigerous

females were systematically discarded to avoid potential

eclosions. Thirty sets of 20 (�3) Cyclops and 40 (�4) Chy-

dorus individuals were randomly selected (Table 1) and

starved prior to the experiment by putting them in a

plastic container with 500 mL of filtered stream water at

10 °C without food during 24 h.

Two species of shredder macroinvertebrate with dif-

ferent feeding strategies were used: the amphipod

G. pulex as an opportunistic shredder and the tri-

chopteran S. personatum as a selective shredder (Colas

et al., 2013). Individuals were sampled in a reference

headwater stream located in the Pyrenees Mountains

(01°05035″E, 42°56048″N) in winter 2013, sorted and

counted back in the laboratory. Individuals were

selected from one size class (8–9 mm for Gammarus;

10–11 mm for Sericostoma). For Gammarus, females were

systematically removed. Individuals were then starved

prior to the experiment following the same protocol as

for Cyclops and Chydorus.

Experimental design

Contribution of microcrustaceans to leaf breakdown was

evaluated with feeding assays (Elger & Lemoine, 2005;

Colas et al., 2016). Six treatments (Table 1) and two

incubation times (i.e. 6 and 13 days) were applied. For

each treatment and incubation time, six replicates

were realised using a permuted block randomisation

(Appendix S1). For each replicate, one set of 25

fungi-colonised leaf discs was introduced into a plastic

container with 300 mL of filtered water. The following

combinations were made using experimental units

at random: F (Fungi), FM (Fungi + Microcrustaceans),

FG (Fungi + Gammarus), FGM (Fungi + Gammarus +

Microcrustaceans), FS (Fungi + Sericostoma) and FSM

(Fungi + Sericostoma + Microcrustaceans). The 72 experi-

mental units were placed for 6 and 13 days in a thermo-

static chamber (10 � 1 °C) under a daily photoperiod of

10 h light and 14 h dark. The microcosms were not agi-

tated or aerated during the experiment. At the end of each

experiment, for each replicate, ten leaf discs were ran-

domly collected. Five discs were immediately introduced

into Erlenmeyer flasks containing 20 mL of filtered water

for the determination of fungal assemblage composition

and sporulation rate. Five discs were preserved at �80 °C

for subsequent ergosterol analysis. The remaining leaf

discs were preserved at �20 °C and later lyophilised

prior to mass loss determination. Then, microcrustacean

individuals were removed from leaves, counted to deter-

mine survival, and finally preserved in 4% formalin.

Table 1 Overview of the experimental treatments combining fungi,

microcrustaceans and two leaf-shredding macroinvertebrates.

Treatments Biological compartment Initial densities

F Fungi Natural assemblages

(NA)

FM Fungi + microcrustaceans NA + 20 Cyclops + 40

Chydorus

FG Fungi + Gammarus NA + 1 Gammarus

FGM Fungi + Gammarus + micro-

crustaceans

NA + 1 Gammarus + 20

Cyclops + 40 Chydorus

FS Fungi + Sericostoma NA + 1 Sericostoma

FSM Fungi + Sericostoma + micro-

crustaceans

NA + 1

Sericostoma + 20

Cyclops + 40 Chydorus



Similarly, macroinvertebrates were individually removed

from leaves, rinsed and counted before being frozen at

�20 °C and later freeze-dried for the weighing.

Litter breakdown

For each replicate, the remaining freeze-dried discs

were weighed to the nearest 0.01 mg. The masses of

leaf discs used for ergosterol and sporulation determi-

nations were added to the remaining mass of the corre-

sponding set of leaf discs. Litter breakdown was

expressed as the percentage of leaf detrital mass

remaining after subtracting fungal biomass (as esti-

mated by ergosterol contents). Additivity between

microcrustaceans and macroinvertebrates was tested for

both macroinvertebrate taxa by extracting the contribu-

tion of each compartment coming from treatment FG

and FS [i.e. the loss of dry mass (DM), expressed in

percentage] and by comparing the sum of each indivi-

dual contribution (IC) to the joint contribution (JC)

coming from treatments FGM and FSM. Additivity of

individual contributions (IC) of each compartment to

leaf mass loss can be formulated as:

LDMFGM or FSM ¼ ICFungi þ ICmeiofauna þ ICmacrofauna

with:

ICFungi ¼ LDMF

ICmeiofauna ¼ LDMFM � LDMF

ICmacrofauna ¼ LDMFG or FS � LDMF

where LDM is the loss of DM corresponding to each

treatment and IC the individual contribution for each

compartment.

Consumption rates

At the end of the experiments, invertebrates were

weighed to the nearest 0.01 mg and relative consump-

tion rates (RCR) expressed in mg leaf per mg macroin-

vertebrate per day were calculated following Maltby

(1992):

RCR ¼ ½ðDM1 � CÞ �DM2�
M� T

where DM1 is the initial mass of the leaf discs (in mg)

exposed to invertebrates, DM2 the remaining mass of

the leaf discs (in mg) at the end of experiment, M the

DM of invertebrates (in mg) and T the exposure time (in

day). For each treatment, the initial mass of leaves was

corrected for non-consumptive mass loss by a correction

factor (C) according to the following:

C ¼
PðDMb=DMaÞ

Days

where DMa and DMb are the initial and final DM (mg)

of control leaf discs used to estimate the mass loss not

caused by invertebrate consumption and days corre-

spond to 6 or 13 days according to each experimental

unit. For treatment FG and FS, leaf discs of treatment F

were used as control. For treatment FGM and FSM, leaf

discs of treatment FM were used as the control.

Fine particulate organic matter production

At the end of experiments, water from the experimental

units (i.e. 300 mL) was filtered on a 0.45 lm pore size,

25 mm diameter, nitrate cellulose membrane (What-

man). The membrane was first washed with distilled

water, dried at 80 °C and weighed to the nearest

0.001 mg. After filtration, the membrane was dried at

80 °C for 12 h and weighed to determine the mass of

fine particulate organic matter (FPOM) produced.

Fungal assemblages

Erlenmeyer flasks containing five discs and 20 mL of fil-

tered water were placed on an orbital shaker (100 rpm)

for 48 h at 10 °C to induce fungal sporulation. After incu-

bation, the leaf discs were removed and the conidial sus-

pension was poured into 50-mL centrifuge tube, which

was rinsed in the flask with distilled water (3 9 2 mL).

Incubation and rinsing waters were collected in the tube,

and the volume was adjusted to 30 mL with distilled

water and 2 mL of 37% formalin. Conidial suspensions

were stored in the dark until analysis. The five leaf discs

were frozen at �20 °C, lyophilised and then weighed to

the nearest 0.01 mg. Before conidial identification, Triton

X-100 (Sigma-Aldrich Co., St. Louis, Missouri) solution

(5%) was added to the suspensions, which were then sha-

ken on a magnetic stirrer for 10 min to ensure a uniform

distribution of conidia. An aliquot of the suspensions

was filtered (membrane filter, 5 lm porosity, 25 mm

diameter; Millipore, Bedford) and stained with Trypan

blue (0.1 in 60% lactic acid), and conidia were counted

and identified under microscope at 200–4009 (B€arlocher,

2005). For each species, the sporulation rate (number of

conidia mg�1 leaf day�1) was determined.

Fungal biomass

Ergosterol was extracted from leaf discs and quantified

as previously described (Gessner & Schmitt, 1996).



Briefly, the leaf discs were lyophilised, weighed to the

nearest 0.01 mg and heated in 5 mL of alkaline metha-

nol (KOH, 8 g L�1) for 30 min at 80 °C. The extract was

purified by solid-phase extraction on cartridges (Oasis

HLB, 60 mg, 3 cm3; Waters, Milford). Ergosterol was

separated by reversed phase high performance liquid

chromatography on C18 and quantified by measuring

absorbance at 282 nm. Ergosterol was converted to fun-

gal biomass, using a conversion factor of 5.5 mg ergos-

terol g�1 mycelial DM (Gessner & Chauvet, 1993).

Data analyses

Multiple comparisons were performed to test the

hypotheses stated in the introduction concerning interac-

tions between microcrustaceans and fungi or macroin-

vertebrates compartments. Leaf litter breakdown

expressed by the remaining DM and FPOM production

were compared between treatments F and FM (fungi–

microcrustaceans hypothesis), treatments FG and FGM

or treatments FS and FSM (macroinvertebrates–micro-

crustaceans hypothesis), using analyses of covariance

(ANCOVA) with time as covariate. Two-way analyses of

variance (ANOVA) have been used to compare fungal

biomass, sporulation rate and the consumption rates of

leaf-shredding invertebrates (RCR) between treatments

with and without microcrustaceans. At the end of trials,

microcrustaceans abundance was compared between

experimental units with and without macrofauna, using

Student’s t-test in order to test the hypothesis of inverte-

brate predation on micro-crustaceans. Additivity

between microcrustaceans and macroinvertebrates was

tested by comparing the remaining DM of treatments

FGM and FSM and the sum of individual contribution

(IC) of each compartment calculated for each replicate

coming from treatments F, FM, FG and FS, using Stu-

dent’s t-test. For all parametric analyses, normal distri-

bution and homoscedasticity were respected. R software

(R Development Core Team, 2008) was used for all sta-

tistical analyses.

Results

Leaf mass loss

The remaining DM of alder leaves (% �1 SD) was sig-

nificantly lower (Fig. 1; F3,20 = 16.7, P < 0.01) in the

fungi with microcrustaceans treatment (FM) than in the

treatment with only fungi (F), 66 � 3 and 79 � 3% at

13 days, respectively. The remaining DM was not differ-

ent between treatments with (FGM) and without (FG)

microcrustaceans in the presence of Gammarus (Fig. 1;

76 � 3 and 75 � 4%, respectively). Conversely, when

Sericostoma was present, the remaining DM was signifi-

cantly lower (Fig. 1; F3,20 = 23.6, P < 0.001) in treatment

with microcrustaceans (FSM; 56 � 3%) than without (FS;

64 � 3%).

FPOM production

The amount of FPOM released (�1 SD) was significantly

higher (Fig. 1; F3,20 = 29.7, P < 0.001) in treatments with

microcrustaceans (FM: 0.017 � 0.006 and 0.028 � 0.007

mg at 6 and 13 days, respectively) compared to the

without shredders with Gammarus with Sericostoma
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treatment with fungi alone (F: 0.0036 � 0.002 and

0.0038 � 0.0025 mg at 6 and 13 days, respectively). Simi-

larly, when Gammarus was present, the amount of FPOM

released was significantly higher (Fig. 1; F3,20 = 3.3,

P < 0.05) in treatment with microcrustaceans (FGM;

0.028 � 0.006 mg) than without (FG; 0.017 � 0.007 mg),

particularly at 6 days. In contrast (Fig. 1), the FPOM

production was not different between treatments for

Sericostoma without (FS: 0.032 � 0.02 and 0.045 � 0.01

mg at 6 and 13 days, respectively) and with microcrus-

taceans (FSM: 0.043 � 0.01 and 0.047 � 0.008 mg at 6

and 13 days, respectively).

Litter consumption by detritivores

Relative consumption rates of Gammarus showed a non-

significant increase in the presence of microcrustaceans

at 6 days, but were significantly depressed by 61%

under the effect of microcrustaceans at 13 days (Fig. 2a;

F3,21 = 17.8, P < 0.01). RCRs of Sericostoma were not sig-

nificantly different between treatments at both 6 and

13 days (Fig. 2b).

Fungal community structure, activity and biomass

The fungal richness based on sporulating species varied

between three and four. The fungal assemblage was dom-

inanted by Alatospora acuminata (Leotiaceae) accounting

for an average 92 � 3% of the counts. Other frequent spe-

cies were Tetracladium marchalanium (Helotiales), Heliscus

lugdunensis (Nectriaceae) and Tetracladium setigerum

(Helotiales). The total sporulation rates were not different

between treatments (Fig. 3). While sporulation rates of

Tetracladium marchalianum were significantly lower, by

35% on average, in treatments with microcrustaceans

than with fungi only (F3,21 = 4.3, P < 0.01), those of the

other important species did not differ between treat-

ments. In the absence of macroinvertebrates, microcrus-

taceans promoted mycelial biomass measured at 13 days

(Fig. 3; F3,21 = 11.8, P < 0.01). The presence of both Gam-

marus and microcrustaceans induced a significantly lower

mycelial biomass at 6 days (Fig. 3; F3,21 = 18.6, P < 0.01)

while no differences were found in the presence of both

Seriscostoma and microcrustaceans (Fig. 3).

Microcrustaceans survival

At both 6 (t9.84 = 7.20, P < 0.001) and 13 days (t9.81 = 17.3,

P < 0.001), the abundance of Chydorus was significantly

lowered by the presence of Gammarus (Fig. 5a). The abun-

dance of Chydorus was not significantly affected by the

presence of Sericostoma at 6 (Fig. 4a; t7.45 = 1.88, P > 0.05)

and 13 days (Fig. 4a; t9.90 = �0.26, P > 0.05). The abun-

dance of Cyclops did not differ significantly between treat-

ments with and without Gammarus at 6 days (Fig. 4b;

t9.90 = 2.21, P = 0.05) but was significantly different

between these two treatments at 13 days (Fig. 4b;

t9.90 = 2.7, P = 0.02). As for Chydorus, the abundance of

Cyclops was not significantly affected by the presence of

Sericostoma at 6 (Fig. 4b; t5.45 = 0.67, P > 0.05) and 13 days

(Fig. 4b; t6.34 = 1.50, P > 0.05). Table 2 summarises the

main results between treatments with or without micro-

crustaceans.

Functional additivity

The sum of ICs of Gammarus and microcrustaceans to lit-

ter breakdown did not significantly differ from the JC of

all decomposers together at 6 days (Fig. 5a; t7.33 = 1.15,

P > 0.05). This also held for Sericostoma at 6 days

(Fig. 5b; t9.5 = 0.12, P > 0.05) and at 13 days (Fig. 5b;

t7.6 = 0.5, P > 0.05), suggesting additivity between micro-

crustaceans and Sericostoma. Conversely, the sum of ICs

significantly differ from JC for treatments with
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Gammarus at 13 days (Fig. 5a; t5.8 = 3.15, P < 0.05).

Indeed, the sum of ICs of Gammarus and the other

decomposers to litter breakdown (IC) was significantly

higher than breakdown when all decomposers occurred

together (JC) at 13 days, suggesting no additivity

between microcrustaceans and Gammarus.

Discussion

Our study is the first to provide experimental evidence

of direct and indirect interactions between

microcrustaceans and the two main decomposer com-

partments, i.e. macroinvertebrates and fungi, together

with the consequences of such interactions on leaf litter

breakdown. Indeed, the presence of microcrustaceans

enhanced litter breakdown mediated by leaf-shredding

invertebrates and fungi by 22 and 62% respectively, and

consequently led to increased food availability, via

FPOM, to other organisms (i.e. collectors and filter-feed-

ing invertebrates). While microcrustaceans contributed

to litter breakdown, their role depended on the presence

of either litter-shredding macroinvertebrate species due

to complex trophic interactions such as resource switch-

ing and complementarity.

The reduced leaf mass in treatment with fungi and

microcrustaceans compared to treatment with fungi
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Table 2 Main results coming from comparisons between treat-

ments without and with microcrustaceans in interaction with fungi,

Gammarus and Sericostoma for each measured parameter. The sym-

bols ↗ and ↘ indicate positive or negative effects, respectively, due

to the presence of microcrustaceans; n.s., not significant; RCR, rela-

tive consumption rate; FPOM, fine particulate organic matter; T. m.,

Tetracladium marchalanium. F, FM, FG, FGM, FS and FSM refer to

treatments (see Table 1).

Variables

F versus

FM

FG versus

FGM

FS versus

FSM

Leaf mass loss ↗* n.s. ↗**

FPOM production ↗** ↗* n.s.

RCR ↘* n.s.

Total sporulation

rates

n.s. n.s n.s.

T. m. sporulation

rates

↘* n.s n.s.

Fungal biomass ↗* ↘* n.s.

Chydorus survival ↘** n.s.

Cyclops survival ↘ n.s.

Levels of significance: *< 0.05; **< 0.001.



alone can be related to direct consumption of leaves by

microcrustacean and/or facilitation of fungal biomass

development, e.g. due to leaf surface bioturbation or

preferential consumption of bacteria by microcrus-

taceans, thereby reducing competition for resources

between fungi and bacteria, or for some species of fungi.

Other studies investigated bacteria–meiofauna interac-

tions in leaf packs and sediments and reported that

meiofauna enhance the mineralisation of organic matter

by modifying bacterial community composition and

stimulating bacterial activities (e.g. Perlmutter & Meyer,

1991; Traunspurger, Bergtold & Goedkoop, 1997; Men�en-

dez, 2008; Nascimento et al., 2012). However, nothing is

known about the feeding pressure of meiofauna on leaf-

associated fungi of freshwater ecosystems while fungi

are clearly the predominant microbes on coarse particu-

late organic matter (i.e. leaf litter and woody debris) in

streams (Findlay et al., 2002) and may contribute at least

to 15% of alder leaf mass loss (Hieber & Gessner, 2002).

Some studies in marine ecosystems report negative cor-

relations between ergosterol concentrations (i.e. fungal

biomass) and nematode density within leaf packs

(Men�endez & Sanmart�ı, 2007; Sanmart�ı & Men�endez,

2007; Men�endez, 2008). These authors suggest trophic

relationships between fungi and nematodes or an indi-

rect effect of the increase in water salinity leading to a

decrease in fungal biomass and to an important increase

in nematode density in their studies. As proposed by De

Mesel et al. (2006), nematodes may also cause a shift in

the microbial communities in favour of bacteria, through

secretion of mucus trails, which in turn antagonize the

development of fungi. In our study, the feeding effect of

microcrustaceans led to increased fungal biomass

despite no significant change in fungal species richness.

In addition, sporulation rates of T. marchalianum were

substantially depressed in the presence of microcrus-

taceans, suggesting that microcrustaceans specifically

affected some fungal species, either directly or indi-

rectly. This result raises questions about feeding prefer-

ences of microcrustaceans, on which comprehensive

information is still lacking. In contrast, the selective

feeding of leaf-shredding macroinvertebrates on leaf-

colonising fungi has been abundantly documented

(Arsuffi & Suberkropp, 1989; Grac�a, Maltby & Calow,

1994; Rong, Sridhar & B€arlocher, 1995). That such feed-

ing preferences on fungi also occur in meiofauna species

is to be expected. This nevertheless deserves to be con-

firmed by additional laboratory studies since T. mar-

chalianum was overall marginally present on the leaf

discs in contrast to A. acuminata whose sporulation rate

was not affected by microcrustaceans. Another impor-

tant question, not dealt with here, is whether meiofauna

chooses food items to fulfil specific nutrient require-

ments (Hakenkamp & Morin, 2000). Fungal conditioning

and nutrient (e.g. P) enrichment of decaying leaves are

known to positively influence macroinvertebrate sur-

vival and/or growth rates (Maltby, 1999; Grac�a et al.,

2001; Danger et al., 2013). Whilst studies on this topic for

meiofauna are still rare, some research has suggested

similar mechanisms, such as biofilm composition and

organic matter quality influencing copepod reproduction

(Brown et al., 2003) and leaf-associated meiofauna

assemblages (e.g. Lenting, Williams & Fraser, 1997; Pal-

mer et al., 2000).

Phagotrophic protists are commonly found associated

with microbial communities processing leaf litter. Pro-

tists and bacteria were not specifically included in this

experiment since we aimed to unravel the contribution

of microcrustaceans to leaf breakdown in interaction

with the main decomposers groups (i.e. fungi and leaf-

shredding invertebrates) commonly investigated in leaf

breakdown studies of freshwater ecosystems. Yet, some

studies report that protists significantly stimulate the

efficiency of leaf processing by the microbial communi-

ties (fungi, bacteria) associated with decaying leaves

(e.g. Ribblett, Palmer & Wayne Coats, 2005; Risse-Buhl

et al., 2012; Risse-Buhl, Schlief & Mutz, 2015). In their

study, Risse-Buhl et al. (2012) report that while the pres-

ence of the protist Tetrahymena pyriformis (Tetrahy-

menidae) enhanced the respiration of leaf-associated
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microbial communities composed of the fungus H. lug-

dunensis (Nectriaceae) and a multispecies bacterial

assemblage, no impact of protists on leaf mass was

observed. They state that the experimental period of

21 days was possibly too short to allow the development

of the bacterial consortium that mediates leaf decompo-

sition, and hence, to observe protist-induced effects on

leaf mass loss. Hence, these authors propose a longer

incubation period such as performed by Ribblett et al.

(2005) who showed enhanced microbial litter decompo-

sition in the presence of protists after 120 days incuba-

tion period. In this study, leaf discs were incubated for

15 days in streams to allow fungal colonisation and the

experiments in laboratory were conducted during

13 days. Thus, the importance of bacteria- and protist-

induced effects on leaf mass loss was assumed to be

negligible.

The co-occurrence of microcrustaceans and the oppor-

tunistic shredder Gammarus did not induce any signifi-

cant change in leaf breakdown. Nonetheless, the

omnivorous Gammarus unsurprisingly switched food

resources in the presence of microcrustaceans, with the

resulting predation leading to drastically lower densities

of the cladoceran Chydorus. Several studies already

reported the herbivore/predator plasticity of Gammarus

spp. (MacNeil, Dick & Elwood, 1997; Felten et al., 2008;

Colas et al., 2014), probably linked to its feeding appara-

tus able of coping with a wide variety of food items

(MacNeil et al., 1997). Predation by Gammarus spp. on

meiofauna, particularly cladoceran species, has already

been reported (Kortelainen, 1990). Surprisingly, the

reduced leaf consumption by Gammarus did not lead to

slower leaf breakdown, likely due to compensatory

mechanisms that can dampen or even reverse the top-

down predator effects predicted by the trophic cascade

concept (Gessner et al., 2010; Majdi et al., 2014). For

instance, microbial decomposers might process litter

more efficiently once released from feeding pressure by

leaf-shredding macroinvertebrates (Mancinelli, Costan-

tini & Rossi, 2002) or even by micro-crustaceans. Con-

versely, in the presence of the caddisfly Sericostoma,

microcrustaceans were able to enhance breakdown rates.

Despite increased leaf mass loss, FPOM production did

not change suggesting that microcrustaceans may use

this resource when a non-predatory shredder is also

consuming the same source of detritus, i.e. constituting

a case of resource partitioning. Leaf fragments and fae-

ces from microcrustaceans and macrofauna likely consti-

tute FPOM produced in microcosms. Wagner (1991)

evaluated the production of FPOM by Sericostoma to

0.4–0.56 mg day�1. It is likely that the FPOM production

by Sericostoma within microcosms increased food avail-

ability for microcrustaceans as already suggested with

the chironomids (van de Bund & Davids, 1993). The

complex trophic interactions between meio- and macro-

fauna as described above may thus have important con-

sequences for the way organic matter is transferred

through the food webs. While some authors have pro-

posed that meio- and macrofauna may operate ‘in series’

in a linear food chain (Strayer, 1991) or ‘in parallel’ at

the primary consumer level of the food chain (van de

Bund & Davids, 1993), our study shows that the nature

of interactions between meio- and macrofauna and their

impact on ecosystem processes are species-dependent. In

the wild, where the species mixture and their interac-

tions are more important than in our experiments, this

species dependency should lead to even more complex

trophic webs.

We have chosen to use a controlled laboratory setting

in order to test the hypothesis that microcrustaceans

could alter litter breakdown mediated by fungi and leaf-

shredding invertebrates. Nonetheless, trophic interactions

identified in this study may not occur or occur to less

extent in-field conditions. For instance, top–down effects

of gammarids on microcrustaceans may be dampened in

field conditions by the presence of refuge habitats for

microcrustaceans and the availability of prey alternatives

for gammarids. Densities of microcrustaceans used in this

study correspond to 10 000 individuals m�2 or 0.2 indi-

viduals mg�1 leaf for Chydorus and to 5000 individu-

als m�2 or 0.09 individuals mg�1 for Cyclops. There is

little knowledge on the distribution and densities of

microcrustaceans in stream and more specifically in detri-

tal habitats. Studies in stream ecosystems focused on

coarse sediment habitats and mainly reported lower den-

sity of microcrustaceans than those used in this study

[e.g. Rundle & Ormerod, 1991 (1100 individuals m�2 of

C. sphaericus in gravel habitats), Linhart, Vlckova & Uvira,

2002 (5915 individuals m�2 of cladocerans in gravel

habitat)]. Nonetheless, Gaudes et al. (2009) reported an

average density of 10 individuals mg�1 leaf of permanent

meiofauna (mainly ostracods, copepods and to a lesser

extent, cladocerans) in leaf packs in an intermittent

forested stream, notably during the first week of colonisa-

tion. Microcrustaceans in streams are probably more

abundant in slow-flowing habitats dominated by detritus

and aquatic vegetation as already reported by some stud-

ies in streams and lakes (e.g. Paterson, 1993; Robertson,

Lancaster & Hildrew, 1995; Linhart et al., 2002). Thus, fur-

ther experiments are needed under both laboratory and

in-stream conditions to increase knowledge on the distri-

bution of microcrustacean in stream, especially in detrital



habitats, and on the understanding of organic matter pro-

cessing and trophic interactions between all potentially

involved compartments, i.e. including microbial commu-

nities (fungi, bacteria and protists), microcrustaceans and

macrofauna. More specifically, a better appreciation for

the contribution of microcrustaceans may help to improve

methods assessing detrital processing in the field and

experimental mesocosms. Currently, the arbitrary mesh

sizes typically used in the assessment of leaf breakdown

rates based on leaf bags (e.g. Grac�a, B€arlocher & Gessner,

2005) may obfuscate the relative importance of microbes

and microcrustaceans to leaf breakdown. To cover this

gap, a third type of leaf bags with an intermediate mesh

size (e.g. from 500 to 1000 lm) could be proposed. Such

an approach should aim to identify microcrustaceans

assemblages and determine the extent of their colonisa-

tion of leaf surfaces together with their contribution to

leaf breakdown rate as already suggested by Gaudes et al.

(2009). In addition, a comparison of the role of microcrus-

taceans between various aquatic ecosystems should pro-

vide interesting insights, for instance, an increased

contribution of microcrustaceans being expected in lentic

ecosystems such as lakes, pools and downstream reaches

of streams and rivers.

In conclusion, the main results of this study provide

evidence that microcrustaceans contribute to the detrital

process in aquatic ecosystems. Although the mechanisms

involved need to be elucidated by further experiments,

microcrustaceans may facilitate fungal-mediated break-

down in addition to their own detrital consumption. This

study suggests complex trophic interactions between

microcrustaceans and leaf-shredding invertebrates (i.e.

facilitation, resource partitioning and/or predation) and

that, consequently, the role of microcrustaceans to leaf

breakdown varies according to the presence and identity

of leaf-consuming macroinvertebrates. Therefore, micro-

crustaceans can change the way energy from organic mat-

ter circulates through the food web depending on trophic

relationships involving leaf-associated microorganisms

and macroinvertebrates. Because the microcrustaceans

increase the food web complexity of heterotrophic assem-

blages, their consideration is crucial for a comprehensive

understanding of organic matter and nutrients dynamics

in aquatic ecosystems.
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