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Trophic positioning and microphytobenthic carbon uptake of
biofilm-dwelling meiofauna in a temperate river

NABIL MAJDI**, MICHELE TACKX*" AND EVELYNE BUFFAN-DUBAU*'*

*Université de Toulouse, INP, UPS, EcoLab, Toulouse, France
*CNRS, EcoLab, Toulouse, France

SUMMARY

1. 8"°C and 8'°N stable isotope signatures combined with an in situ microphytobenthic '°C
labelling experiment were performed on epilithic biofilms of a large temperate river (the Garonne,
France) to infer the trophic positioning of biofilm-dwelling meiofauna and their uptake of

microphytobenthic carbon.

2. Chironomidae larvae and Chromadorina spp. nematodes rapidly incorporated freshly produced
microphytobenthic carbon in contrast to Rhyacophilidae larvae and Naididae oligochaetes.
Quantitatively, macrofaunal Chironomidae incorporated more microphytobenthic carbon per day
than did meiofauna. Moreover, Chironomidae seemed more involved in the spatial export of
microphytobenthic carbon than nematodes.

3. Rhyacophilidae larvae were predators feeding on large meiofauna (Naididae and Chironom-
idae) but not on nematodes. Naididae oligochaetes primarily gained their carbon from
allochthonous and/or microbial-loop recycled sources.

4. A rapid and significant loss of labelled microphytobenthic carbon was observed. Feeding
activity of biofilm-dwelling invertebrates seemed not to be primarily involved in this loss.
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Introduction

The epilithic biofilm is a complex assemblage comprising
microphytes, bacteria, meiofauna and macrofauna embed-
ded in a mucous matrix of exopolymeric substances (EPS)
together with entrapped allochthonous imports (e.g.
Romani et al., 2004). This biofilm coats any hard sub-
merged substrate and, when enough light is available,
microphytobenthos (and their EPS exudates) contributes
copiously to the organic content of biofilm (Azim &
Asaeda, 2005). Epilithic biofilms contribute significantly to
biogeochemical processes and sustain secondary produc-
tion (e.g. Lock et al., 1984; Pusch et al., 1998; Battin et al.,
2003; Cardinale, 2011).

Meiofauna are small invertebrates that pass through a
500-pum mesh and are retained on a 40-um mesh (Fenchel,
1978). Understanding their trophic role is a key issue to
disentangle energy flows in freshwater food webs (Hil-
drew, 1992; Ward et al., 1998; Reiss & Schmid-Araya,
2010). In freshwater sediments, meiofauna can specifically

ingest microphytobenthos and smaller heterotrophic
organisms (Borchardt & Bott, 1995; Traunspurger, Berg-
told & Goedkoop, 1997; Reiss & Schmid-Araya, 2011).
From in situ studies conducted in marine intertidal
habitats, it is now well established that meiofauna can
rapidly take up freshly photosynthetically fixed micro-
phytobenthic carbon, as such improving its transfer rate to
higher trophic levels (e.g. Montagna, 1984; Middelburg
et al., 2000; Moens et al., 2002; Pinckney et al., 2003).
Generally, the quantitative in situ uptake of microphyto-
benthic carbon by meiofauna has received little attention
in freshwater systems (Borchardt & Bott, 1995; Moens,
Traunspurger & Bergtold, 2006), though the role of
meiofauna as intermediates in stream food webs is
increasingly recognised (e.g. Schmid & Schmid-Araya,
2002; Schmid-Araya ef al.,, 2002; Dineen & Robertson,
2010; Spieth et al., 2011).

There are some indications that meiofauna can influ-
ence key processes in epilithic biofilms, such as oxygen
turnover, secondary metabolites release and detachment
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(Sabater et al., 2003; Gaudes et al., 2006; Mathieu et al.,
2007). Some recent studies have addressed the feeding
habits of biofilm-dwelling meiofauna. For example, Ka-
thol, Fischer & Weitere (2011) produced a budget of the
importance of pelagic-benthic import through rotifer and
ciliate filtration activity, while Majdi et al. (2012b) showed
that Chromadorina spp. nematodes feed on biofilm diatoms
non-selectively. However, most studies addressing graz-
ing within epilithic biofilms remain focused on macrofa-
una (Hillebrand, 2009).

Stable isotope analysis (SIA) multi-approaches (i.e.
trophic tracers in addition to natural isotopic signatures)
can be used to unravel trophic processes in ecosystems
(Boschker & Middelburg, 2002). SIA multi-approaches
have often been successfully applied to examine in situ
trophic linkages and carbon flows involving meio- and
macrofauna in marine and brackish benthic systems
(Middelburg et al., 2000; Galvan, Fleeger & Fry, 2008;
Pascal et al., 2008a; Evrard et al., 2010). SIA multi-
approaches using addition of dissolved *C and/or N
as trophic tracers are also commonly used in freshwater
benthic systems to disentangle a variety of trophic
processes (e.g. Hall, 1995; Parkyn et al., 2005; Cardinale,
2011). However, so far, no freshwater studies have
applied SIA multi-approaches to examine trophic posi-
tioning and in situ grazing of meiofauna.

Using an in situ SIA multi-approach, our objectives are:
(i) to specify the organisation of the biofilm food web by
including meiofauna, (ii) to quantify the importance and
rate of carbon transfer from benthic photosynthesis to
both meio- and macrofauna inhabiting the biofilm. These
objectives should contribute to the elucidation of the fate
of biofilm microphytobenthic carbon.

Methods
Site description

With a total length of 647 km and a drainage basin of
57 000 km?, the Garonne is the largest river of south-
western France, displaying alternate cobble bars in chan-
nels up to the seventh-order. The study site was on one of
these cobble bars 36 km upstream of the city of Toulouse,
where the Garonne is sixth-order (Iat 01°17'53”E, long
43°23’45”N; elevation: 175 m asl, Fig. 1a). The dynamics of
epilithic phototrophic biofilm with its bacterial, micro-
phytobenthic and meiofaunal components has already
been described at this site (Lyautey et al., 2005; Boulétreau
et al., 2006; Leflaive et al., 2008; Majdi et al., 2011, 2012a).
In this stretch of the Garonne, the residence time of water
is too low to allow substantial phytoplankton develop-

ment, and it is assumed that benthic biofilms provide
most of the riverine primary production (Ameziane,
Dauta & Le Cohu, 2003). On the basis of these data, the
study site was located along a longitudinal transect 45 m
from the bank, so that depth remained between 40 and
50 cm (i.e. the depth where the phototrophic biofilm
typically develops; Ameziane ef al., 2002).

Growth of the epilithic biofilm and natural §°C and §"°N
signatures

On 20 July 2009, eight 400-cm?; ceramic tiles were placed
on the riverbed at the chosen site (Fig. 1b). Biofilm was
allowed to colonise tiles for 2 months, a sufficient expo-
sure period for the establishment of mature biofilm
communities in temperate rivers (Pusch et al., 1998; Norf,
Arndt & Weitere, 2009).

On 20 September 2009, four 50-cm? biofilm samples
were collected (by scraping with a scalpel and a tooth-
brush) from four of the eight biofilm-colonised tiles to
measure the natural §'°C and 8N signatures of the
biofilm and its associated invertebrates.
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Fig. 1 Experimental design: (a) Cross-section view of the Garonne
River at the study site. (b) Ceramic tiles lying on the streambed before
colonisation by biofilm (20 July 2009). After 2 months of colonisation:
(c) biofilm was gathered from four tiles to estimate initial standing
stocks, and (d) biofilm from four other tiles was labelled with
NaH"CO; solution for 3 h.



A total of twenty leaves (mainly Populus sp. and Alnus
glutinosa (L.) Gaertn.) were hand-collected underwater
from natural accumulations in small depositional zones
between the tiles to determine the isotopic signature of
leaf litter. Four replicates of five leaves each were carefully
rinsed with milliQ water to remove epibionts and stored
(=20 °C) for further measurement of their natural §C
and 3'°N signatures.

Labelling experiment

Just after the collection of biofilm samples to measure
natural §'°C and §'"°N signatures, the same four sampled
tiles were placed in two rectangular basins (Fig. 1d) filled
with 1.5 L of low mineralised water (<25 mgL™" dry
residue; Mont-Roucous, Lacaune-les-bains, France), at
ambient river water pH (7.1) and containing 160 mg L™
NaH!®*CO; (>99% °C; Sigma-Aldrich, Buchs, Switzer-
land). Photo-incorporation of '*C by microphytobenthos
was favoured by leaving the tiles exposed to sunlight
from 11 am to 2 pm at ambient river water temperature
(17 °C). At the end of this labelling period (¢ = 3 h), four
50-cm? biofilm samples (one from each tile) were collected
by scraping with a scalpel and a toothbrush. The tiles
were then replaced in the river at the colonisation site.
Four additional 50-cm” biofilm samples (one from each
tile) were collected on each of the following 3 days (at
t =24, 48 and 72 h). Attention was paid (i) to minimise
any detachment of biofilm during the removal and
replacement of the tiles by gentle handling and (ii) to
always gather biofilm surfaces from non-previously
scrubbed locations of the tile. All biofilm samples were
preserved in 100 mL formaldehyde solution (4%)
immediately after collection. No corrections were applied
for any carbon added through the formaldehyde preser-
vation.

Sample processing for stable isotope analysis (SIA)

All biofilm samples were thoroughly homogenised and
poured through stacked 500-, 40- and 25-um mesh sieves.
The resulting filtrate was then filtered on 1.2-pm glass
fibre filter (GEF/C; Whatman, Clifton, NJ, U.S.A.). Macro-
and meiobenthic metazoans were gathered from the >500
and 40- to 500-um biofilm fractions respectively and
sorted to the lowest practical taxonomic level under a
stereomicroscope (9-90x). From each biofilm sample, two
80-uL aliquots of biofilm filtration residues were collected,
one from the 25-pum sieve fraction (representing the 25- to
40-pum biofilm fraction) and the other from the GE/C filter
(representing the 1.2- to 25-um biofilm fraction). These

aliquots were transferred into tin cups and prepared for
SIA as described below.

Nematodes were not identified to the species level.
However, at the time and site of the study, most biofilm-
dwelling nematodes (>95%) belonged to two species from
the genus Chromadorina (Majdi ef al., 2011). Hence, we
assumed that nematode SIA results should depict mainly
the feeding habits of Chromadorina spp. Oligochaetes were
strongly dominated by Naididae (>85%). Naididae were
selectively isolated for SIA since they were easily distin-
guishable from the Lumbricidae and Tubificidae that
comprised the rest of the oligochaete assemblage. Chiro-
nomidae larvae were pooled without further taxonomic
distinction. However, a size distinction was made
between meio- and macrofaunal Chironomidae. Psycho-
myiidae and Rhyacophilidae larvae (Trichoptera) com-
prised the rest of the biofilm-dwelling macrofauna.
Psychomyiidae were not found in sufficient numbers in
each sample, so only Rhyacophilidae were isolated for
SIA. From each biofilm sample, 500 Chromadorina nema-
todes, 30 Naididae oligochaetes, 30 meio- and 10 macro-
faunal Chironomidae and one Ryacophilidae were
isolated, checked for body integrity, thoroughly washed
in two successive milliQ water baths to remove any
adherent particles, transferred to cleaned pre-weighed tin
cups (one cup for each taxon), dried at 55 °C overnight,
pinched closed, weighed and stored (-20 °C) until SIA.

Leaf litter samples were freeze-dried and ground to a
homogeneous powder prior to encapsulation in tin cups
for SIA.

Isotopic analyses

Samples were analysed for organic carbon (C) and nitrogen
(N) content and isotopic composition using a FLASH EA-
1112 elemental analyser coupled to a DELTA V Advantage
mass spectrometer (both Thermo Fisher Scientific Inc.,
Waltham, MA, U.S.A.). C and N percentage contributions
to organic dry weight were measured for each sample. §'°C
and §"°N isotopic ratios were expressed with the standard
%0 umit notation: 6X(%,) = ([Rsample/Rstandaral—1) % 1000,
where R is either the *C/"°C or "N/"N standardised
according to Vienna Pee Dee Belemnite (VPDB) for C, and
to atmospheric N, for N. Measurement reproducibility was
<0.15 9, for both C and N. The incorporation of 13C label
was defined as excess "°C.

Specific uptake was calculated as AS3C = 813Csamp1e—8
BContro, With 82C expressed relatively to VPDB. Total
uptake (I) was quantified in mg '°C m™> with I = excess
13C (E) x organic C content, according to standing stocks.
E is the difference between the '°C fraction of the control



(Feontro) and the sample (Fgampie), Where F = B¢y
(®C + ?C) = R/A(R + 1). The carbon isotope ratio (R) was
derived from the measured §”C values as R =
(8'C/1000 + 1) x Ryppp, with Ryppp = 0.0112372. For
invertebrates, daily total microphytobenthic carbon assim-
ilated was calculated as the product of I with the initial
(t = 3 h) proportion of 13C to microphytobenthic carbon
stock of the pooled 1.2- to 25-um and 25- to 40-um biofilm
fractions, assuming equal uptake of labelled versus non-
labelled carbon.

Standing stocks

On 20 September 2009, at the beginning of the labelling
experiment, the biofilm from four additional replicate tiles
(Fig. 1c) was removed by scraping, and each sample was
thoroughly homogenised and suspended in 200 mL
formaldehyde solution (4%) for the following analyses.

Four 20-mL subsamples obtained from the four ho-
mogenised biofilm suspensions were used for biofilm
biomass determination. Each subsample was dried over-
night at 55 °C, weighed for its dry mass (DM) and then
combusted for 8 h at 450 °C to determine its ash-free dry
mass (AFDM).

Four 500-uL subsamples from the four homogenised
biofilm suspensions were gently sonicated for 15 min at
35 kHz in an ultrasonic bath (Transsonic T460; Elma, South
Orange, NJ, U.S.A.) and vortexed for 15 min to disaggre-
gate bacterial aggregates (Garabétian, Petit & Lavandier,
1999). Then, the density of bacteria was determined
following a DAPI-staining method (Porter & Feig, 1980).
Bacterial counting was carried out using a Leitz Dialux
microscope (1250x) fitted for epifluorescence: HBO 100 W
mercury light source (Osram, Winterthur, Switzerland),
with an excitation filter for 270 and 450 nm, a barrier filter of
410 nm and a 515-nm cut-off filter. Bacterial biomass was
assumed to be 20 fgC cell " after Lee & Fuhrman (1987).

The remaining four replicates of 179.5-mL biofilm
suspensions were size-fractionated by sieving as de-
scribed above. Since microphytes were rarely encountered
in >40-um fractions, we focused on 1.2- to 25- and 25- to
40-pm biofilm fractions to determine biofilm microphyto-
benthos (MPB) density and biomass. Microphytes were
enumerated using a Malassez counting chamber under a
Nikon Optiphot-2 microscope (50-600x). Diatoms were
identified to genus level. For each replicate, 50 cells of
each MPB group (i.e. diatoms, green algae and cyanobac-
teria) were measured to calculate their cell biovolumes
after Hillebrand et al. (1999). Then, cell carbon content was
calculated from biovolume after Menden-Deuer &
Lessard (2000).

The density of meio- and macrobenthic invertebrates
was determined by counting four replicates of the 40-500
and >500 um fractions, respectively. Their biomasses were
measured from DM and Carbon (C)/DM values obtained
after SIA.

Estimation of invertebrate carbon budgets

Daily production (P, mgC m™> day™') was calculated from
invertebrate taxon biomasses using Plante & Downing’s
regression (1989), assuming an average water temperature
of 17°C. We assumed net production efficiencies
(NPE = P/Assimilation) of 0.6 for nematodes, 0.55 for
predators and 0.4 for other taxa (Smock & Roeding, 1986;
Herman & Vranken, 1988). Hence, the daily assimilation
demand (in terms of C) of each invertebrate taxon was
estimated from P and NPE. Daily assimilation demand
was compared to the total microphytobenthic carbon
(MPBC) assimilated daily, to budget the contribution of
MPBC to consumer’s daily assimilation demand. For
predators, we estimated the number of potential preys
needed daily to fulfil their daily assimilation demand.

Data analyses

The organisation of the biofilm food web was assessed by
plotting natural §'°C versus natural §'°N isotopic signa-
tures, with trophic levels being identified using §'°N and
food sources using 8'°C (Peterson & Fry, 1987). Natural §'°C
and §'°N signatures of food sources were compared using
one-way ANOVA, after assessing variance homogeneity
using Levene’s test. The expected trophic enrichment factor
during food assimilation was assumed to be +0.5%,, for 31°C
and +2.29%, for "°N (McCutchan et al., 2003). Therefore, the
isotopic signature of the probable food was estimated by
removing 0.5, for C and 2.29,, for N from the mean isotopic
values of the consumers. Differences between specific label
uptake dynamics were analysed by two-way ANOVA with
meiofaunal taxa and post-labelling times as factors, after
assessing variance homogeneity using Levene’s test. Tu-
key’s HSD test was performed for a posteriori pairwise
comparisons. All statistical analyses, as well as total 3C
uptake dynamics fitting, were performed with STATISTI-
CA software (version 8.0; Statsoft inc., Tulsa, OK, U.S.A.).

Results
Standing stocks

On 20 September 2009, the biofilm averaged (+SD)
129 +6 DM m™2 and 16.1+ 15 gAFDM m~2. Thus, or-



ganic content contributed 12% of the total biofilm dry
mass. Biofilm C/AFDM ratio was assumed to be 0.45
(Whittaker & Likens, 1973), allowing the total biofilm
organic C stock to be estimated at 7.2 gC m™2 Bacterial
density in the biofilm averaged 9.6 + 1.1 x 10'* cells m 2,
or 193 mgC m™2 (i.e. 2.7% of the biofilm organic C stock).

Green algae and diatoms contributed equally to bio-
mass in the 25- to 40-um biofilm fraction (Table 1).
Encountered diatom genera were mostly Diatoma spp.,
Melosira spp., Cymbella spp., Amphora spp. and Gyrosigma
spp. In the 1.2- to 25-pm biofilm fraction, cyanobacteria
were numerically dominant, but diatoms represented
most of the MPB biomass (Table 1). Most abundant
diatom genera were Achnantidium spp. and Cyclotella
spp.- Taken together, MPBC in both biofilm fractions
(1165 mgC m ™) contributed 16.2% of the estimated bio-
film organic C stock.

Meiofauna and especially nematodes dominated the
invertebrate community in terms of density (Table 1).
Rotifers were also abundant but had a very small
individual biomass (~15 ngC ind™). Hence, for practical
reasons (>1000 individuals per sample needed for SIA
measurements), they are not considered further. Macro-
fauna and especially Chironomidae larvae dominated in
terms of biomass (Table 1). Taken together, invertebrate C
(164.6 mgC m™>) contributed 2.3% of the biofilm organic

C stock.

Natural §°C and 8N signatures

The 38'C versus 8N signatures of leaves, biofilm
fractions and invertebrates are shown in Fig. 2. From
their low 8'°N values, leaves and both biofilm fractions

can be considered as basal food sources (Peterson & Fry,
1987). Their §'°C signatures differed significantly (ANO-
VA, Fy11 = 66.6, P < 0.001), leaves having the most nega-
tive 5'°C values.

The observed trophic enrichment factor (Fig. 2) sug-
gested that: (i) Chromadorina nematodes, Naididae oligo-
chaetes and Chironomidae larvae depended on basal food
sources: Chromadorina fed on the 1.2- to 25-um biofilm
fraction. No clear food source was identified according to
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Fig. 2 Mean (1 = 4, +SD) §"C and 5'°N natural signatures of basal
resources (black squares), meiofauna (grey circles) and macrofauna
(white circles) gathered from the epilithic biofilm of the Garonne
River. The expected trophic enrichment factors between consumers
and their probable diet are shown by dashed arrows. (Nema)
Chromadorina nematodes, (Chiro) Chironomidae larvae, (Naid)
Naididae oligochaetes, (Rhya) Rhyacophilidae larvae.

Table 1 Invertebrates and microphytobenthos (MPB) mean density (+SD, n = 4), carbon (C) to dry mass (DM) content, biomass, contribution to
biofilm organic C stock and natural §°C and §'°N signatures (+SD, n = 4) in the epilithic biofilm of the Garonne River on 20 September 2009

Density
Biofilm invertebrates (ind m™2) C/DM Biomass C stock
and MPB or (cell m™3) (%) (mgC m2) (%) s3C (%) 15N (%)
Macrofauna (>500 pm)
Chironomidae larvae 3257 + 98 429 125.1 1.74 -23.39 £ 0.5 7.80 + 0.5
Rhyacophilidae larvae 230 = 13 43.1 14.9 0.21 -21.65 + 0.2 9.25+ 0.1
Meiofauna (40-500 um)
Chromadorina nematodes 369954 + 32790 45.3 14.2 0.20 -21.22 £ 0.7 8.56 = 0.3
Chironomidae larvae 11642 + 1834 38.4 7.2 0.10 -23.36 = 0.4 7.77 £ 0.1
Naididae oligochaetes 3631 + 436 38.5 35 0.05 -23.18 £ 1.0 6.99 + 0.4
Biofilm fraction (25-40 pm)
Diatoms 0.28 x 10° + 46 x 10° - 138.7 1.93 -19.22 £ 1.3 5.96 + 0.4
Green algae 0.15 x 10° + 38 x 10° - 123.7 1.72
Biofilm fraction (1.2-25 pum)
Diatoms 11.18 x 10° + 1.6 x 10° - 804.2 11.17
Green algae 224 x 10° + 0.5 x 10° - 68.0 0.94 -21.73 = 0.7 5.60 = 0.3
44.72 x 10° £ 3.3 x 10° - 30.3 0.42

Cyanobacteria




the trophic enrichment factor of Naididae and Chironom-
idae. (ii) Rhyacophilidae trichopterans were predators,
feeding at least on Naididae.

Labelling experiment

Invertebrate-specific uptake (A8"°C). Invertebrate-specific
uptake showed taxa and time effects (two-way ANOvVA
taxa and time as factors, Fi,77 = 2.1, P < 0.05). Significant
A8"C differences were detected at 24 and at 48 h between a
group comprising Chromadorina and Chironomidae versus
a group comprising Naididae and Rhyacophilidae (Fig. 3,
ANOVA taxa as factor, Fy 15 = 17.3, P < 0.001 and HSD test).
On the one hand, the A8'3C of Chromadorina increased
significantly between 3 and 24 h. The A§"°C temporal
dynamics of meio- and macrofaunal Chironomidae was
similar to that of Chromadorina, except that it decreased
significantly at 72 h. On the other hand, the A5'°C temporal
dynamics of Naididae and Rhyacophilidae did not show
significant changes after labelling (ANOVA time as factor,
F319 =13.3, P < 0.001 and HSD test).

Total "*C uptake (I). I evolution in biofilm fractions is
shown in Fig. 4. After labelling (t = 3 h), MPB from the
1.2- to 25-um biofilm fraction had incorporated on average
(+SD) 41.1 + 5.3 mg"’C m™2 MPB from the 25- to 40-um
biofilm fraction had incorporated on average 5.8 1
mg'°C m™2. Thus, at the end of the labelling period
(t=3h), 4% of the MPBC stock was °C-labelled in
pooled biofilm fractions. Subsequently I decreased expo-
nentially in both biofilm fractions (n =16; 1.2-25 pm:
R =-0.89, P < 0.001; 2540 pm: R = —0.85, P < 0.001) with

similar attenuation coefficients (=0.026 h™; Fig. 4), corre-
sponding to a '>C half-life period of 1.1 day (loss of the
half initial excess >C = In 2/attenuation coefficient).

I evolution in invertebrates is shown in Fig. 5. Macro-
faunal Chironomidae incorporated the largest amount of
label: with I peaking at 1.36 + 0.23 mg'’C m™ at t = 48 h,
whereas Naididae were minor contributors to total
invertebrate I. Second-order polynomial regressions
(bell-shaped curves) best fitted I evolution after labelling
for Chromadorina (n = 16, R = 0.69, P < 0.001), meiofaunal

Biofilm fractions: O 1.2-25 ym @ 2540 ym
50

30
20

10 Qe

Total uptake (mg'3C m-2)

Fig. 4 Evolution of total "*C uptake (I) in the 1.2- to 25-um and 25- to
40-um biofilm fractions during the post-labelling period (t = 3-72 h).
Values are means (1 = 4, +SD). Exponential fits: y = 42.477026% (1.2~
25 um fraction) and y = 6.1470025% (2540 pum fraction). The shaded
area shows the period of microphytobenthos labelling using
NaH'®CO3 (t = 0-3 h).
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Fig. 3 Specific "*C uptake (A8'*C) by biofilm-dwelling invertebrates during the post-labelling period (+ = 3-72 h). Values are means (1 = 4,
+SD). (CHIRO) macrofaunal-sized Chironomidae larvae, (chiro) meiofaunal-sized Chironomidae larvae, (Nema) Chromadorina nematodes,
(Rhya) Rhyacophilidae larvae, (Naid) Naididae oligochaetes. Different letters above bars show significant AS"C differences between inverte-

brate taxa at a given time.
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Fig. 5 Evolution of total '>C uptake (I) by biofilm-dwelling inverte-
brates during the post-labelling period (t = 3-72 h). Values are means
(n = 4, £SD). (CHIRO) macrofaunal-sized chironomidae larvae,
(Nema) Chromadorina nematodes, (chiro) meiofaunal-sized chiro-
nomidae larvae, (Rhya) Rhyacophilidae larvae, (Naid) Naididae oli-
gochaetes. The shaded area shows the period of microphytobenthos
labelling using NaH"?CO3 (¢ = 0-3 h).

Chironomidae (n = 16,R = 0.54, P < 0.05) and macrofaunal
Chironomidae (n = 16, R = 0.52, P < 0.05). Linear regres-
sions best fitted I evolution for Naididae (1 = 16, R? = 0.31,
P < 0.05) and Rhyacophilidae (n = 16, R* = 0.54, P < 0.001).

Because MPB became progressively less labelled, the
temporal attenuation of available '*C was implemented
for the following calculation: between t = 3-24 h, daily
invertebrate '>C uptake rates were estimated at 1460, 117,
193, 8 and 5 ung m~? da)f1 for macro- and meiofaunal
Chironomidae, Chromadorina, Naididae and Rhyacophili-
dae, respectively. Daily total MPBC uptake rates were
calculated from these '*C uptake rates (Table 2). It was
estimated that the MPBC from the pooled 1.2- to 25- and
25- to 40-pm biofilm fractions contributed 309, 99, 104
and 13% to the daily assimilation demand of macro-
and meiofaunal-sized Chironomidae, Chromadorina and
Naididae, respectively (Table 2). As predators, Rhyaco-
philidae needed to assimilate 6.7 pgC ind™" daily, corre-
sponding to the assimilation of, for example, six Naididae
individuals.

After labelling (t = 3 h), 98% of the label was stocked in
the pooled 1.2- to 25- and 25- to 40-pm biofilm fractions

Table 2 Biofilm-dwelling invertebrate daily production (P), daily
assimilation demand (DAD), daily microphytobenthic carbon
(MPBC) assimilation rates and contribution of assimilated MPBC to
DAD in the epilithic biofilm of the Garonne River on 20 September
2009

DAD MPBC
P (mgC (mgC assimilation DAD

Biofilm-dwelling m™ m™? (mgCm™>  fulfilled
invertebrates day™ day™") day™ (%)
Macrofauna (>500 pm)

Chironomidae larvae 4.73 11.82  36.48 309

Rhyacophilidae larvae  0.85 154 - -
Meiofauna (40-500 um)

Chromadorina nematodes 2.79 4.65 4.82 104

Chironomidae larvae 1.18 2.95 293 99

Naididae oligochaetes 0.59 1.48 0.19 13

and 2% in invertebrates (Fig. 6). At t =72 h, 16% of the
initial amount of label was still stocked in the pooled
biofilm fractions and 3% in invertebrates. However, 81%
of the label was found neither in biofilm fractions nor in
invertebrates.

Discussion

In our study, microphytobenthos (MPB) represented 16%
of biofilm organic content, which is in agreement with
values commonly found in these habitats (Azim &
Asaeda, 2005). Most of this biomass consisted of diatoms,
which can exude high amounts of exopolymeric sub-
stances (EPS) for adhesion and protection functions (e.g.
Winsborough, 2000). Our study did not disentangle the
portion of microphytobenthic carbon (MPBC) incorpo-
rated by direct grazing on MPB cells from that incorpo-
rated indirectly by MPB-EPS consumption. However, on
the basis of contrasting label uptake dynamics, our results
allowed to distinguish between Chromadorina nematodes
and Chironomidae larvae, which seemed to use this
freshly produced MPBC, from Naididae oligochaetes and
Rhyacophilidae larvae, which used MPBC via recycling
by the microbial-loop or through predation, respectively.

From natural 8'C and 8N signatures, we deduced
that biofilm-dwelling Chromadorina spp. nematodes fed on
the 1.2- to 25-um biofilm fraction, which contained high
amounts of small diatoms. This result makes sense, since
biomarker pigments of diatoms were found in guts of
Chromadorina inhabiting epilithic biofilms of the Garonne
River (Majdi et al., 2012b). Moreover, marine Chromado-
ridae nematodes (comprising Chromadorina) feed com-
monly on diatoms by piercing and/or cracking frustules
to suck out cellular contents (e.g. Tietjen & Lee, 1973;
Romeyn & Bouwman, 1983; Moens & Vincx, 1997). In this
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Fig. 6 Evolution of "C stocks among main biofilm compartments
during the post-labelling period (t = 3-72 h). (Fraction) **C incor-
porated in pooled 1.2-25 and 2540 pum biofilm fractions (mean,

n = 8), (Invert) °C incorporated by biofilm-dwelling invertebrates
(mean, 1 = 20), (Other) missing "°C relative to post-labelling (t = 3 h)
13C stocks.

study, Chromadorina nematodes rapidly incorporated
MPBC, thus realising a rapid transfer of freshly photo-
synthesised C through the food web by feeding on MPB
cells and possibly on their EPS exudates. A similar process
was also reported for nematodes inhabiting intertidal
sediments (Montagna, 1984; Middelburg et al., 2000; Mo-
ens et al., 2002). Considering only direct grazing on MPB
cells, Chromadorina would be expected to assimilate daily
0.4% of biofilm MPB cell C stocks. This would correspond
to a daily ingestion of about 1.6% of biofilm MPB cell C
stocks, since nematode ingestion approximates four times
assimilation (Herman & Vranken, 1988). This estimation
fits well with grazing pressures commonly reported for
marine nematodes (e.g. Moens et al., 2002; Pascal et al.,
2008b). In superficial sediments of a third-order stream,
using fluorescently labelled diatoms (FLD), Borchardt &
Bott (1995) found negligible algivory by nematodes.
However, these authors specify that, with FLD, only
diatoms ingested whole are detected. In our study, the
assimilation demand of Chromadorina was fully met
(104%) by MPBC sources. Majdi et al. (2012b) estimate at
the same date and site, that MPB cell-content ingestion
contributes only 1-23% to Chromadorina’s demand.
Chromadorina nematodes can agglutinate surrounding
detritus using mucus silks exuded by their caudal glands
(Meschkat, 1934). Bacterial colonisation and growth is
generally promoted on these mucus silks (Moens et al.,
2005). Riemann & Helmke (2002) propose that bacterial
external enzymatic activity initiates the decomposition of
complex molecules associated with these agglutinations,
so that resulting simple molecules can in turn be easily
ingested and incorporated by nematodes. In this context,
we suggest that within epilithic biofilms of the Garonne

River, Chromadorina nematodes feed to a considerable
extent on EPS exuded by MPB through such ‘gardening’
interactions with bacteria and to a lesser extent can graze
directly on MPB cells.

Like nematodes, Chironomidae larvae rapidly incor-
porated freshly produced MPBC. Contrary to what was
observed for nematodes, the '*C incorporated by Chiro-
nomidae decreased significantly 3 days after labelling.
This could reflect rapid population turnover processes
(e.g. migration, emergence and removal by predation).
We therefore suggest that Chironomidae could represent
more important vectors for biofilm MPBC spatial export
than nematodes (at a scale of 400 cm?®). Quantitatively,
the daily MPBC incorporated by pooled meio- and
macrofaunal Chironomidae represented 3.3% of biofilm
MPB cell C stocks (considering only direct grazing on
cells). However, their ingestion of MPBC must be
substantially higher than this assimilation value (Ras-
mussen, 1984). From our estimates, the assimilation of
MPBC greatly exceeded (309%) the demand of macro-
it fulfilled (99%) the
demand of meiofaunal Chironomidae. The feeding

faunal Chironomidae, while
activity and energetic needs of Chironomidae larvae
can be much greater in later larval instars (Berg, 1995),
and we probably underestimated the energetic demand
of macrofaunal Chironomidae. In addition, it was some-
what surprising that both meio- and macrofaunal Chi-
ronomidae showed similar $°C and 8N signatures,
which were slightly biased towards allochthonous sig-
natures. A possible explanation is that Chironomidae
larvae have a rather broad and flexible diet, including
MPB as well as fine particulate organic matter (FPOM).
Their diet also fluctuates with species and larval devel-
opment (Berg, 1995; Schmid & Schmid-Araya, 2002). In
this context, and since our study concerned pooled
Chironomidae species, extrapolation of our findings for
Chironomidae larvae must be done with caution and
considered as a preliminary estimation.

Naididae oligochaetes feed on various food items, but
particularly on FPOM (including bacteria) and diatoms
(Learner, Lochhead & Hughes, 1978). Naididae can
heavily colonise leaf packs placed in the Garonne River,
which are pools of FPOM through the abundance of litter-
processing microorganisms and/or the entrapment of fine
suspended particles (Chauvet, Giani & Gessner, 1993). In
our experiment, §"°C and §'°N signatures suggested that
Naididae could use a mixture of biofilm fractions and leaf
litter. Although we observed entire diatom frustules in
Naididae guts, they only gained slight '°C enrichment
during the post-labelling period. This strengthens the
conclusion that allochthonous C and/or microbial-loop



recycled MPBC contribute predominantly to the diet of
Naididae.

The 5"°C and §'°N signature of Rhyacophilidae larvae
suggested that they were mainly predators feeding at least
on Naididae oligochaetes and probably also on Chiro-
nomidae. This result corresponds to the well-known
predatory habits of Rhyacophilidae larvae (Wiggins,
2004). We found no evidence of any predation on
nematodes, probably because they were too small to be
successfully handled.

After 3 days, on average, 81% of the label initially fixed
by MPB photosynthesis could be detected neither in
invertebrates nor in biofilm fractions. The '°C half-life loss
period (t,,) was 1.1 day in biofilm fractions. In compar-
ison, from the top 5 mm of intertidal sediments of the
Scheldt estuary, Middelburg et al. (2000) reported slower
label losses for diatoms (1, = 1.9 day) and for the total
carbon pool (1, = 2.5 day). To explain their observed
MPBC loss, the latter authors pointed to processes such as
resuspension, respiration and mixing to deeper sediment
layers. For instance, respiration contributes 40% of the
MPB '*C loss in intertidal flats after 3 days. While
respiration is indeed an important C loss pathway
occurring also in the biofilm, river epilithic biofilm
habitats differ strongly from intertidal sediments, and
some specific hypotheses can be proposed to explain the
rapid label loss observed.

1. A major part of the C initially fixed by photosynthesis
may be rapidly exuded by diatoms as EPS, which are
mostly low-molecular-weight compounds being preferen-
tially and quickly assimilated by bacteria (e.g. Romani &
Sabater, 1999). This C pathway could substantially con-
tribute to the observed label loss, since it was not
accounted for in our experimental setup (the <1.2-um
biofilm fraction comprising bacteria and EPS was not
analysed).

2. The biofilm may be detached from its substrate by
flow constraints (e.g. Biggs & Close, 1989). However, this
is not likely, since during our 3-day experimental time-
window, the streambed flow velocity at the study site
remained low (~10 cm s7'), with discharge of the Gar-
onne River ranging between 30-37 m®s™' (Majdi et al.,
2011). Boulétreau et al. (2006) showed, at the same site of
the Garonne River, that self-detachment of the biofilm
from its substratum occurs during extended low-water
periods with high temperatures, presumably because of
bacterial growth destabilising senescent algal layers. This
self-detachment of free-floating biofilm fractions could
partly account for the observed label loss.

3. Finally, it is plausible that during our experiment,
highly mobile grazers (e.g. fishes, Van Dam et al., 2002)

might have grazed and exported some label away from
our labelled biofilms.

Acknowledgments

We are grateful to ]J. Ferriol, L. Ten-Hage, A. Paule, A.
Compin and F. Azemar for helping with microphytes and
bacterial counts, to N. Giani and F. Julien for helping with
macro-invertebrate identification, and to P. Richard and G.
Guillou for stable isotope analysis performed in the LIENSs
UMR 6250 laboratory (La Rochelle, France). The study was
funded by a national CNRS EC2CO-CYTRIX program. Nabil
Majdi received doctoral grant no. 31381-2008 from the French
department of higher education and research (MESR).

References

Ameziane T., Dauta A. & Le Cohu R. (2003) Origin and
transport of phytoplankton in a large river: the Garonne,
France. Archiv fiir Hydrobiologie, 156, 385-404.

Ameziane T., Garabetian F., Dalger D., Sauvage S., Dauta A.
& Capblancq J. (2002) Epilithic biomass in a large gravel
bed river (the Garonne, France): a manifestation of eutro-
phication? River Research and Applications, 18, 343-354.

Azim M.E. & Asaeda T. (2005) Periphyton structure, diversity
and colonization. In: Periphyton: Ecology, Exploitation and
Management (Eds M.E. Azim, M.C]J. Verdegem, A.A. Van
Dam & M.C.M. Beveridge), pp. 15-34. CABI Publishing,
Wallingford.

Battin T.J., Kaplan L.A., Newbold ].D. & Hansen M.E. (2003)
Contributions of microbial biofilms to ecosystem processes
in stream mesocosms. Nature, 426, 439-441.

Berg M.B. (1995) Larval food and feeding behaviour. In: The
Chironomidae: Biology and Ecology of Non-Biting Midges (Eds
P. Armitage, P.S. Cranston & L.C.V. Pinder), pp. 136-168.
Chapman & Hall, London.

Biggs B.J.F. & Close M.E. (1989) Periphyton biomass dynam-
ics in gravel bed rivers: the relative effects of flows and
nutrients. Freshwater Biology, 22, 209-231.

Borchardt M.A. & Bott T.L. (1995) Meiofaunal grazing of
bacteria and algae in a Piedmont stream. Journal of the
North American Benthological Society, 14, 278-298.

Boschker H.T.S. & Middelburg J.J. (2002) Stable isotopes and
biomarkers in microbial ecology. FEMS Microbiology Ecol-
ogy, 40, 85-95.

Boulétreau S., Garabetian F., Sauvage S. & Sanchez-Perez J.M.
(2006) Assessing the importance of a self-generated
detachment process in river biofilm models. Freshwater
Biology, 51, 901-912.

Cardinale B.J. (2011) Biodiversity improves water quality
through niche partitioning. Nature, 472, 86-89.

Chauvet E., Giani N. & Gessner M.O. (1993) Breakdown and
invertebrate colonization of leaf litter in two contrasting



streams: significance of Oligochaetes in a large river.
Canadian Journal of Fisheries and Aquatic Sciences, 50, 488
495.

Dineen G. & Robertson A.L. (2010) Subtle top down control
of a freshwater meiofaunal assemblage by juvenile fish.
Freshwater Biology, 55, 1818-1830.

Evrard V., Soetaert K., Heip C.H.R., Huettel M., Xenopoulos
M.A. & Middelburg J.J. (2010) Carbon and nitrogen flows
through the benthic food web of a photic subtidal sandy
sediment. Marine Ecology Progress Series, 416, 1-16.

Fenchel T.M. (1978) The ecology of micro-and meiobenthos.
Annual review of Ecology and Systematics, 9, 99-121.

Galvan K., Fleeger JW. & Fry B. (2008) Stable isotope
addition reveals dietary importance of phytoplankton
and microphytobenthos to saltmarsh infauna. Marine
Ecology Progress Series, 359, 37-49.

Garabétian F., Petit M. & Lavandier P. (1999) Does storage
affect epifluorescence microscopic counts of total bacteria
in freshwater samples? Comptes Rendus de I’Académie des
Sciences - Serie 11l - Sciences de la Vie, 322, 779-784.

Gaudes A., Sabater S., Vilalta E. & Munoz 1. (2006) The
nematode community in cyanobacterial biofilms in the
river Llobregat, Spain. Nematology, 8, 909-919.

Hall R.O. (1995) Use of a stable carbon isotope addition to
trace bacterial carbon through a stream food web. Journal of
the North American Benthological Society, 14, 269-277.

Herman P.M.]. & Vranken G. (1988) Studies of the life-history
and energetics of marine and brackish-water nematodes. II.
Production, respiration and food uptake by Monhystera
disjuncta. Oecologia, 77, 457-463.

Hildrew A.G. (1992) Food webs and species interactions. In:
The Rivers Handbook, Vol. 1 (Eds P. Calow & G.E. Petts), pp.
309-330. Blackwell Scientific Publications, Oxford.

Hillebrand H. (2009) Meta-analysis of grazer control of
periphyton biomass across aquatic ecosystems. Journal of
Phycology, 45, 798-806.

Hillebrand H., Diirselen C.D., Kirtschel D., Pollingher U. &
Zohary T. (1999) Biovolume calculations for pelagic and
benthic microalgae. Journal of Phycology, 35, 403—424.

Kathol M., Fischer H. & Weitere M. (2011) Contribution of
biofilm-dwelling consumers to pelagic-benthic coupling in
a large river. Freshwater Biology, 56, 1160-1172.

Learner M.A., Lochhead G. & Hughes B.D. (1978) A review of
the biology of British Naididae (Oligochaeta) with empha-
sis on the lotic environment. Freshwater Biology, 8, 357-375.

LeeS. & Fuhrman J.A. (1987) Relationships between biovolume
and biomass of naturally derived marine bacterioplankton.
Applied and Environmental Microbiology, 53, 1298-1303.

Leflaive J., Boulétreau S., Buffan-Dubau E. & Ten-Hage L.
(2008) Temporal patterns in epilithic biofilm-relation with a
putative allelopathic activity. Fundamental and Applied
Limnology, 173, 121-134.

Lock M.A., Wallace R.R., Costerton J.W., Ventullo RM. &
Charlton S.E. (1984) River epilithon: toward a structural-
functional model. Oikos, 42, 10-22.

Lyautey E., Jackson C.R., Cayrou J., Rols J.L. & Garabetian F.
(2005) Bacterial community succession in natural river
biofilm assemblages. Microbial Ecology, 50, 589-601.

Majdi N., Mialet B., Boyer S., Tackx M., Leflaive J., Boulétreau
S. et al. (2012a) The relationship between epilithic biofilm
stability and its associated meiofauna under two patterns
of flood disturbance. Freshwater Science, 31, 38=50.

Majdi N., Tackx M., Traunspurger W. & Buffan-Dubau E.
(2012b) Feeding of biofilm-dwelling nematodes examined
using HPLC-analysis of gut pigment contents. Hydrobiolo-
gia, 680, 219-232.

Majdi N., Traunspurger W., Boyer S., Mialet B., Tackx M.,
Fernandez R. et al. (2011) Response of biofilm-dwelling
nematodes to habitat changes in the Garonne River, France:
influence of hydrodynamics and microalgal availability.
Hydrobiologia, 673, 229-244.

Mathieu M., Leflaive J., Ten-Hage L., De Wit R. & Buffan-
Dubau E. (2007) Free-living nematodes affect oxygen
turnover of artificial diatom biofilms. Aquatic Microbial
Ecology, 49, 281-291.

McCutchan J.H., Lewis W.M., Kendall C. & McGrath C.C.
(2003) Variation in trophic shift for stable isotope ratios of
carbon, nitrogen, and sulfur. Oikos, 102, 378-390.

Menden-Deuer S. & Lessard E.J. (2000) Carbon to volume
relationships for dinoflagellates, diatoms, and other protist
plankton. Limnology and Oceanography, 45, 569-579.

Meschkat A. (1934) Der Bewuchs in der Rohrichten des
Plattensees. Archiv fiir Hydrobiologie, 27, 436-517.

Middelburg ].J., Barranguet C., Boschker H.T.S., Herman
P.M.]., Moens T. & Heip C.H.R. (2000) The fate of intertidal
microphytobenthos carbon: an in situ '*C-labeling study.
Limnology and Oceanography, 45, 1224-1234.

Moens T., Dos Santos G.A.P., Thompson F., Swings ],
Fonséca-Genevois V., Vincx M. et al. (2005) Do nematode
mucus secretions affect bacterial growth? Aquatic Microbial
Ecology, 40, 77-83.

Moens T., Luyten C., Middelburg ]J.J., Herman P.M.]. & Vincx
M. (2002) Tracing organic matter sources of estuarine tidal
flat nematodes with stable carbon isotopes. Marine Ecology
Progress Series, 234, 127-137.

Moens T., Traunspurger W. & Bergtold M. (2006) Feeding
ecology of free-living benthic nematodes. In: Freshwater
Nematodes: Ecology and Taxonomy (Eds E. Abebe, W.
Traunspurger & I. Andrassy), pp. 105-131. CABI Publish-
ing, Wallingford.

Moens T. & Vinex M. (1997) Observations on the feeding
ecology of estuarine nematodes. Journal of the Marine
Biological Association of the UK, 77, 211-227.

Montagna P.A. (1984) In situ measurement of meiobenthic
grazing rates on sediment bacteria and edaphic diatoms.
Marine Ecology Progress Series, 18, 119-130.

Norf H., Arndt H. & Weitere M. (2009) Responses of
biofilm-dwelling ciliate communities to planktonic and
benthic resource enrichment. Microbial Ecology, 57, 687-
700.



Parkyn S.M., Quinn J.M., Cox T.J. & Broekhuizen N. (2005)
Pathways of N and C uptake and transfer in stream food
webs: an isotope enrichment experiment. Journal of the
North American Benthological Society, 24, 955-975.

Pascal P.Y., Dupuy C., Mallet C., Richard P. & Niquil N.
(2008a) Bacterivory by benthic organisms in sediment:
quantification using 15N-enriched bacteria. Journal of
Experimental Marine Biology and Ecology, 355, 18-26.

Pascal P.Y., Dupuy C., Richard P., Rzeznik-Orignac J. &
Niquil N. (2008b) Bacterivory of a mudflat nematode
community under different environmental conditions.
Marine Biology, 154, 671-682.

Peterson B.J. & Fry B. (1987) Stable isotopes in ecosystem
studies. Annual review of Ecology and Systematics, 18,293-320.

Pinckney J.L., Carman KR, Lumsden S.E. & Hymel S.N.
(2003) Microalgal-meiofaunal trophic relationships in
muddy intertidal estuarine sediments. Aquatic Microbial
Ecology, 31, 99-108.

Plante C. & Downing J.A. (1989) Production of freshwater
invertebrate populations in lakes. Canadian Journal of
Fisheries and Aquatic Sciences, 46, 1489-1498.

Porter K.G. & Feig Y.S. (1980) The use of DAPI for identifying
and counting aquatic microflora. Limnology and Oceanogra-
phy, 25, 943-948.

Pusch M., Fiebig D., Brettar I., Eisenmann H., Ellis B.K,,
Kaplan L.A. et al. (1998) The role of micro-organisms in the
ecological connectivity of running waters. Freshwater Biol-
ogy, 40, 453-495.

Rasmussen J.B. (1984) Comparison of gut contents and
assimilation efficiency of fourth instar larvae of two
coexisting chironomids, Chironomus riparius Meigen and
Glyptotendipes paripes (Edwards). Canadian Journal of
Zoology, 62, 1022-1026.

Reiss J. & Schmid-Araya J.M. (2010) Life history allometries
and production of small fauna. Ecology, 91, 497-507.

Reiss J. & Schmid-Araya J.M. (2011) Feeding response of a
benthic copepod to ciliate prey type, prey concentration
and habitat complexity. Freshwater Biology, 56, 1519-1530.

Riemann F. & Helmke E. (2002) Symbiotic relations of
sediment-agglutinating nematodes and bacteria in detrital
habitats: the enzyme-sharing concept. Marine Ecology, 23,
93-113.

Romani A.M., Guasch H., Munoz I., Ruana J., Vilalta E.,
Schwartz T. et al. (2004) Biofilm structure and function and
possible implications for riverine DOC dynamics. Microbial
Ecology, 47, 316-328.

Romani A.M. & Sabater S. (1999) Effect of primary producers
on the heterotrophic metabolism of a stream biofilm.
Freshwater Biology, 41, 729-736.

Romeyn K. & Bouwman L. (1983) Food selection and
consumption by estuarine nematodes. Aquatic Ecology, 17,
103-109.

Sabater S., Vilalta E., Gaudes A., Guasch H., Munoz I. &
Romani A. (2003) Ecological implications of mass growth
of benthic cyanobacteria in rivers. Aquatic Microbial Ecology,
32, 175-184.

Schmid P.E. & Schmid-Araya J.M. (2002) Trophic relation-
ships in temporary and permanent freshwater meiofauna.
In: Freshwater Meiofauna (Eds S.D. Rundle, A.L. Robertson
& ].M. Schmid-Araya), pp. 295-319. Backhuys Publishers,
Leiden.

Schmid-Araya J.M., Hildrew A.G., Robertson A., Schmid P.E.
& Winterbottom J. (2002) The importance of meiofauna in
food webs: evidence from an acid stream. Ecology, 83, 1271-
1285.

Smock L.A. & Roeding C.E. (1986) The trophic basis of
production of the macroinvertebrate community of a
southeastern U.S.A. blackwater stream. Holarctic Ecology,
9, 165-174.

Spieth H.R., Moller T., Ptatschek C., Kazemi-Dinan A. &
Traunspurger W. (2011) Meiobenthos provides a food
resource for young cyprinids. Journal of Fish Biology, 78,
138-149.

Tietjen ].H. & Lee J.J. (1973) Life history and feeding habits of
the marine nematode, Chromadora macrolaimoides Stei-
ner. Oecologia, 12, 303-314.

Traunspurger W., Bergtold M. & Goedkoop W. (1997) The
effects of nematodes on bacterial activity and abundance in
a freshwater sediment. Oecologia, 112, 118-122.

Van Dam A.A., Beveridge M.C.M., Azim M.E. & Verdegem
M.C]J. (2002) The potential of fish production based on
periphyton. Reviews in Fish Biology and Fisheries, 12, 1-
31.

Ward J.V., Bretschko G., Brunke M., Danielopol D., Gibert J.,
Gonser T. et al. (1998) The boundaries of river systems: the
metazoan perspective. Freshwater Biology, 40, 531-569.

Whittaker R.H. & Likens G.E. (1973) Carbon in the biota. In:
Carbon and the Biosphere (Eds G.M. Woodwell & E.V.
Pecan), pp. 281-302. National Technical Information Ser-
vice, Springfield, VA.

Wiggins G.B.(2004) Caddisflies: The Underwater Architects.
University of Toronto Press, Toronto.

Winsborough B.M. (2000) Diatoms and benthic microbial
carbonates. In: Microbial Sediments (Eds R.E. Riding & S.M.
Awramik), pp. 76-83. Springer-Verlag, Berlin.



