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Abstract In littoral environments, different food
resources are available for zooplankters. In addition to
seston, species may feed on biofilms growing on
sediments, plants (epiphyton), and at the air—water
interface (neuston). However, despite a growing
interest in these different biofilms, little is known
about their food quality for microcrustaceans. In a
field study, we measured changes in the food quality
over time in terms of the essential fatty acid (EFA)
content of different potential food sources for littoral
consumers. The food quality of seston, neuston, and
epiphyton growing on three different aquatic macro-
phytes were assessed. Our results showed that there is
an important seasonal variability within each food
source. However, in the system studied, epiphytic
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biofilms, especially those of Ludwigia and Callitriche
offered the highest food quality, in terms of EFA
content, throughout the year. As the highest EFA
concentrations in each food source were found con-
secutively, high concentrations of these physiologi-
cally important compounds are maintained in the
system throughout the year. Therefore, greater diver-
sity of food resources could affect ecosystem
productivity.

Keywords Food quality - Polyunsaturated
fatty acids - Seston - Epiphyton - Neuston

Introduction

The factors that regulate energy transfer efficiency
between primary producers and consumers have been
largely documented and it is now accepted that
differences in this efficiency can be attributed to the
variability of food quality (Ahlgren et al., 1990; Brett
& Miiller-Navarra, 1997). Among the factors deter-
mining food quality, concentrations of some polyun-
saturated fatty acids (PUFA) have been highlighted to
be one of the most important in aquatic ecosystems
(Miiller-Navarra, 1995; Wacker & von Elert, 2001). In
a field study, Miiller-Navarra et al. (2000) showed a
positive correlation between zooplankton growth and
the concentration of some PUFA, especially the
concentration of eicosapentaenoic acid (EPA,
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20:5w3) in seston (i.e., suspended particles). The
importance of PUFA for zooplankton development
have been confirmed in several field studies (Wacker
& von Elert, 2001; Miiller-Navarra et al., 2004;
Gladyshev et al., 2008). However, almost all the
studies thus far dealing with food quality and its
seasonal variations for microcrustaceans in natural
environments have concentrated on sestonic food
sources only (Miiller-Solger et al., 2002; Maazouzi
et al., 2008).

Littoral macrophyte zones harbor 75% of known
microcrustacean species (Walseng et al., 2006), and
this species richness leads to trophic niche separation
(Chesson, 2000; Levine & HilleRisLambers, 2009). In
littoral macrophyte zones, different foraging strategies
therefore coexist. Some zooplankton species have
morphological adaptations allowing them to exploit
different resources. The modified ventral rim of the
valve in the genus Scapholeberis allows them to feed
at the underside of the surface biofilm of the water, i.e.,
the neuston (Dumont & Pensaert, 1983; Masclaux
et al., 2013). Some chydorid cladocerans, including
Eurycercus lamellatus, are considered to be scrapers
and feed mostly on periphyton (Masclaux et al., 2012a,
2014). Moreover, while the Eurycercus genus appears
to have a specialized diet, others are able to feed
intermittently on different biofilms. For example,
Chydorus can feed on either neuston (Masclaux
et al,, 2013) or periphyton (van de Bund et al,
1994). Therefore, some microcrustaceans exploit the
seston in littoral environments, while other species
feed on biofilms growing on sediments and plants (i.e.,
periphyton), or at the air—water interface (i.e.,
neuston).

Few studies have assessed the taxonomic compo-
sition of the neuston (Burchardt & Marshall, 2003;
Hortnagl et al., 2010), despite its presence in lentic
systems for most of the year. On the contrary
periphyton (including benthic and epiphytic biofilms)
has received growing attention in the last decade.
Some studies have attempted to describe periphyton
taxonomic composition (Leland et al., 1986; Vymazal
& Richardson, 1995) as well as its quantitative
importance for the overall primary production (Vade-
boncoeur et al., 2003; Liboriussen & Jeppesen, 2009).
Recently several studies have highlighted that peri-
phytic production can be an important food source for
invertebrates (Herwig et al., 2004; Rautio & Warwick,
2006), especially for microcrustaceans (Cazzanelli
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et al.,, 2012; Masclaux et al., 2012a). Despite a
growing interest in these different biofilms there have
only been a few studies describing their food quality
(Hill et al., 2011; Mariash et al., 2011).

We hypothesize that the different food sources
available for microcrustaceans in a littoral macrophyte
zone differ in terms of food quality, particularly in
terms of essential fatty acid (EFA) content. These
differences are important for understanding ecosystem
functioning as the food quality of resources can
determine secondary production. In littoral macrophyte
zones, the diversity of microcrustacean feeding strat-
egies may imply a link between the temporal changes of
EFA availability in the different food sources and the
seasonal dynamic of microcrustacean species. In this
field study, we assessed the temporal changes of the
food quality, in terms of PUFA composition, of five
potential food sources for microcrustaceans of a
freshwater littoral zone. The five potential food sources
included seston, neuston, and epiphyton growing on
three different macrophyte species.

Materials and methods
Study site

The study was carried out from March to November
2008. Field work began when aquatic macrophytes
started their development in late winter, and ended
when most of the plants started to senesce. All samples
were obtained from a backwater (3°28'E, 46°01'N) of
the river Allier, in France. The backwater was
composed of a deeper basin in the center (maximal
depth 3 m), surrounded by a shallow littoral macro-
phytes zone (mean depth 0.8 m). The backwater is
connected to the riverbed all along the year via a
single, narrow (mean width 10 m), and shallow (mean
depth 0.8 m) channel. The channel and the shallow
zone of the main basin were covered by three
dominant aquatic macrophytes: Callitriche sp., Elo-
dea canadensis, and Ludwigia granddiflora, which
occupied around 30% of the total area of the
backwater.

Sample collection

Seston was collected on 12 sampling dates from
March to November 2008. Neuston was collected at 11
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sampling dates from May to November 2008. Hori-
zontal integrated samples of seston were done by
collecting 40 1 of water at 50 cm water depth (eupho-
tic zone) using a remote controlled catamaran
equipped with a pump (3 x 30 m transects). Hori-
zontal sampling of neuston was done by collecting
401 of water at the air-water interface (surface
layer ~ 2 mm) with a modified oil sampler according
to Schomaker (Agogué et al., 2004). Seston and
neuston were collected in the area not covered by
macrophytes. To collect epiphyton, the three dominant
aquatic macrophytes in the backwater were picked by
hand at different spots and put in different stomacher
bags containing filtered water (<0.2 um, see below).
Epiphytic biofilms of Callitriche and Ludwigia were
collected at six sampling dates from March to
November 2008, whereas epiphytic biofilm of Elodea
was collected at four sampling dates from July to
November 2008. All samples were stored on ice,
transported to the laboratory, and processed
immediately.

Sample processing

In the laboratory, stomacher bags containing the
different macrophyte species were placed in a Stom-
acher (Bagmixer 400, Interscience, France). The bags
were vigorously pounded on their outer surface by
metal paddles to remove microbial community
attached on plant stems (see Bowker et al. (1986) for
a complete description of the method). The stomacher
was operated at normal speed (230 rpm) for 3 min.
The solutions containing the epiphyton removed from
the three macrophyte species with the Stomacher, as
well as seston and neuston were then filtered through a
Nitex mesh (50 um) to keep the <50 um fraction of
particulate organic matter (POM), i.e., the optimal size
range of particles ingested by cladocerans (Burns
1968). For each food source, this POM fraction was
then filtered onto pre-combusted GF/F-filters (What-
man™™) immediately after sampling for subsequent
lipid analyses. All samples were stored at —80°C until
analysis.

Fatty acid analysis
Lipids were extracted in triplicate for seston and

neuston, and in duplicate for epiphyton of each
macrophyte species, using chloroform: methanol,

Table 1 Abbreviations used for essential fatty acids or groups
of fatty acids

Full name Structure Abbreviation
Linoleic acid 18:2m6 LIN
o-Linolenic acid 18:303 ALA
Arachidonic acid 20:406 ARA
Eicosapentaenoic acid 20:5m3 EPA
Docosahexaenoic acid 22:603 DHA
»3-Polyunsaturated fatty acids - »3-PUFA
w6-Polyunsaturated fatty acids - ®6-PUFA

following the method of Folch et al. (1957). Fatty
acid (FA) from total lipid extracts were converted into
FA methyl-esters (FAME) after the addition of non-
methylated 13:0 and 23:0 as internal standards. FAME
were generated by acid catalyzed trans-esterification
according to a modified protocol of Christie (1982)
(4% H,SO, in methanol at 75°C for 2 h). FAME were
analyzed on an Agilent technologies 6850 gas chro-
matograph equipped with a DB-Wax column (J&W
Scientific), and a flame-ionization detector (FID;
250°C; split injection; carrier gas: helium; oven
temperature ramp 150-240°C at 3°C min~'). FAME
were identified by comparing retention times with
those obtained from Supelco® standards (37-Compo-
nent FAME mix, Bacterial FAME mix) and quantified
using internal standards (13:0 and 23:0). The absolute
amount of FAME was normalized in terms of the
independently determined POC content of the sam-
ples. POC was measured using an elemental analyzer
(EA 1110, CE Instruments, Milan, Italy). Abbrevia-
tions used for EFAs are presented in Table 1.

Data analysis

Differences in EFA concentrations between the
different food sources were assessed by repeated
measures ANOVA for six sampling dates for which
data on seston, neuston, and epiphyton were available
(i.e., 19 March, 13 May, 1 July, 29 July, 9 October, and
20 November). Repeated measures ANOVA allowed
us to take into account the effect of repeated
measurements on the same food source over time,
and of the interaction between time and food sources
on the concentrations of EFA. Pair-wise comparisons
were performed using a post-hoc test (Tukey’s HSD)
with the Bonferroni adjustment (x = 0.005). All
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Fig. 1 Percentages (annual mean + SD) of saturated fatty
acids (SAFA), monounsaturated fatty acids (MUFA), and
polyunsaturated fatty acids (PUFA) in seston, neuston, and
epiphyton growing on Callitriche, Elodea, and Ludwigia of a
littoral macrophyte zone

calculations were performed using the XLStat-Pro 7.5
(Addinsoft).

Results

The relative proportions of saturated fatty acid
(SAFA), monounsaturated fatty acid (MUFA), and
PUFA varied depending on the food sources consid-
ered (Fig. 1, see supplementary material for detailed
compositions of FA in the food sources). However, on
an annual basis, the average concentrations of PUFA
were higher in the epiphyton (29.5 £ 225,
224 £ 9.7, and 49.9 £ 19.1 pg of PUFA/mg C for
Callitriche, Elodea and Ludwigia, respectively) than
for seston (4.3 = 1.90 pg of PUFA/mg C) and neuston
(6.6 £ 4.2 ng of PUFA/mg C).

The repeated measures ANOV A showed significant
interaction effects between food sources and time,
which can be explained by the non-independence of
samples on a same food source over time (Table 2).
The concentrations of physiologically important FA,
or groups of FA, in the five diets studied showed that
the concentrations of EFA were significantly different
between the five diets (Table 2), with higher concen-
trations often found in epiphyton throughout the
sampling season (Fig. 2). However, a high temporal
variability was recorded (Fig.3, Table 2). For
instance, the concentration of EPA in neuston is 100
times higher in early July compared to early June. For
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the epiphyton of Callitriche and Ludwigia, the highest
concentrations of LIN and ALA were recorded in
spring and early summer. At that time, values reached
18.8 ng of LIN/mg C and 32.5 ng of ALA/mg Cin the
epiphyton of Callitriche, and 18.5 pg of LIN/mg C
and 18.5 pg of ALA/mg C in the epiphyton of
Ludwigia. On the contrary, the highest concentrations
of ARA and EPA were measured in the fall for the
three kinds of epiphyton. EPA concentrations in
epiphyton ranged from 1-3 pg/mg C up to 10.4, 9.5,
and 19.7 pg/mg C for Callitriche, Elodea, and Lud-
wigia, respectively. The highest concentrations of
DHA were also recorded in fall in seston and in
epiphyton of Ludwigia and Elodea but this value never
exceeded 2 pg of DHA/mg C (Fig. 3). Finally, if the
concentration of EFA remained low in seston and
neuston most of the year, increases of ALA, EPA, and
»3-PUFA concentrations were measured in neuston in
summer (Fig. 3). In this food source, ALA concentra-
tion reached 4.5 pg/mg C in June, and EPA and ®3-
PUFA reached 4.4 pg/mg C and 10.7 pg/mg C in July,
respectively. Interestingly, the highest concentrations
of LIN, @3- and 0w6-PUFA, and to a lesser degree of
ALA were not always recorded in the same food
source of the backwater, depending on the sampling
date.

Discussion

LIN (18:2w6) and ALA (18:3w3) are the two FA
considered to be strictly essential, as most animal
including zooplankton species are not able to synthesis
them de novo. Some aquatic consumers are then able
to convert LIN to ARA (20:4w6), and ALA to EPA
(20:5w3) and DHA (22:6®3), probably through the
successive use of A6 and A5 desaturases and elongases
(Bec et al., 2003; Masclaux et al., 2012b). However,
the rates of these bioconversion processes are too low
to meet the physiological requirements of consumers,
and these PUFA must also be supplied in the diet
(Sargent et al., 1999; Arts et al., 2001). ARA, EPA,
and DHA are therefore also grouped frequently as
EFA. The sources of EFA in freshwater systems are an
important issue to resolve as they play key roles in
many physiological processes in microcrustacean and
fish (Parrish, 2009), especially ARA, EPA, and DHA
which are the most physiologically active ones. ARA
and EPA are precursors of hormones, the
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eicosanoides, involved in inflammation, immunity,
energy allocation, mineral balance, and reproduction
(Schmitz & Ecker, 2008; Parrish, 2009). DHA have
been shown to be associated with neural tissue and eye
structure (Arts et al., 2001). More generally, ®3- and
®6-PUFA are thought to be physiologically important,
especially for maintaining membrane fluidity at low
temperatures (Farkas et al., 1984; Schlechtriem et al.,
2006). Several studies have consequently shown that
the availability of dietary EFA improve the somatic
growth, reproduction, and survival of many aquatic
consumers (Copeman et al., 2002; Ravet et al., 2003).

In this study, we showed that, whatever the food
source, there was an important seasonal variability in
the EFA concentrations, with different patterns from
on food source to another. EFA concentrations varied
sometimes by a factor of 100 in the same food source
(e.g., neuston). The seston is the most studied food
source when dealing with food quality for microcrus-
taceans (Miiller-Navarra et al., 2004; Gladyshev et al.,
2008). However, in the backwater studied here, the
seston exhibited the lowest food quality for micro-
crustaceans according to its EFA concentrations. It is
interesting to note that, almost all along the year,
sestonic EPA concentrations were lower than the
saturation threshold of 1.3 & 0.3 pg EPA (mg C)™!
established by Ravet et al. (2012). EPA is one of the
most important PUFA for cladoceran’s development
(Bec et al., 2006; Masclaux et al., 2009; Sperfeld &
Wacker, 2012). Ravet et al. (2012) suggested, based
on supplementation experiments, that Daphnia growth
and reproduction demands for EPA will be almost
entirely met when their diets reach this value. Our
results are not surprising as sestonic carbon comes
from multiple origins. Eukaryotic microorganisms,
which are the major potential sources of PUFA (Brett
& Miiller-Navarra, 1997; Desvilettes & Bec, 2009),
can be mixed in with allochthonous or littoral detritus
(Delong & Thorp, 2006), rich in recalcitrant compo-
nents such as lignin and cellulose. This important
detrital component, and the high bacterial biomass
associated with it, can thus explain the low sestonic
PUFA content.

The importance of neuston in terms of organic
matter quantity varied throughout the year and its EFA
concentrations were relatively low most of the times in
the system studied. Nevertheless, in summer, ®3-
PUFA concentrations increased greatly in neuston.
These increasing concentrations may reflect a
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Fig. 2 Essential fatty acid concentrations (mean + SD) in
seston, neuston, and epiphyton growing on Callitriche, Elodea,
and Ludwigia of a littoral macrophyte zone. Distinct letters for
the comparisons of each fatty acid, or group of fatty acids,
indicate a significant difference between diets (ANOVA with a
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proliferation of eukaryotic microorganisms such as
microalgae at the air—water interface (Desvilettes &
Bec, 2009; Bec et al., 2010). The air—water interface
has been poorly documented, especially in freshwater
environments. However, a recent field study showed
that it can be exploited by some species, including
Scapholeberis mucronata. Scapholeberis mucronata
benefits from food high in both quantity and quality in
neuston during episodic deposition of pine pollen
(Masclaux et al., 2013). The results of our study
corroborate the proposition that neuston could some-
times provide such species with a PUFA-rich resource,
which exceed the minimum threshold value of
1.3 + 0.3 pg EPA (mg C)~! reported by Ravet et al.
(2012). These results reinforce the idea that further
studies are needed on the nutritional importance of
neuston for aquatic organisms.

Finally, FA quantification showed that throughout
the sampling season epiphytic biofilms, and those of
Ludwigia and Callitriche in particular, offered the
highest concentrations of physiologically important
FA. Except for the epiphyton growing on Callitriche
on 1 and 28 July, the concentrations of EPA in the
different epiphyton were always higher than the
limiting value of 1.3 & 0.3 pg EPA (mg C)~' (Ravet
et al., 2012). Biofilms are complex assemblages of
microorganisms which can be composed of an impor-
tant bacterial and detrital component when they
develop at the sediment—water interface. Epiphytic
biofilms are distinguished from benthic biofilms as
they are richer in microalgae and are often dominated
by PUFA-rich diatoms (Ahlgren et al., 1990; Karo-
siené & Kasperoviciené, 2008). Periphyton has
received more attention in the last decade. Several
studies used isotope tracers to show that periphytic
production can be an important resource for inverte-
brates (Rautio & Warwick, 2006; Cazzanelli et al.,
2012). Periphyton was mostly quantified as an impor-
tant part of primary production in aquatic systems
(Vadeboncoeur et al., 2003), but very few studies
assessed its food quality (Hill et al., 2011; Mariash
et al., 2011). Our results showed that periphyton, and
more specifically epiphyton, is not only important for
consumers with regards to its quantity, as suggested by
the previous studies (Rautio & Warwick, 2006;
Cazzanelli et al., 2012), but quality in terms of EFA
content is also important. Differences in EFA compo-
sition of the three kinds of epiphyton had nevertheless
been measured in our study. The epiphyton of
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Ludwigia showed the highest concentrations of
ARA, EPA, and DHA throughout the year. While
the epiphyton of Callitriche reached the highest
concentrations of ®3- and ®6-PUFA in spring, the
highest concentrations of ®3- and ®6-PUFA in the
epiphyton of Ludwigia were reached in fall and
summer, respectively. These differences could have
several explanations. First, epiphyton occurrence in
aquatic systems is in part determined by availability of
substrates. The three macrophytes species considered
here had phenological differences. Callitriche is the
first to develop in spring, followed by Ludwigia and
Elodea. These phenological differences could be
accompanied by differences in the development stages
of epiphytic biofilm which may explain in part the
differences in FA composition. The different compo-
sitions of epiphyton could reflect physical differences
in the substrate. Compared to Callitriche and Elodea,
Ludwigia had very thick and solid stems which could
provide better support for epiphyte development,
especially from July when the species reached their
maximal development. Finally, we cannot exclude
that differences in epiphyton composition could be
due to allelopathic processes, as for rooted submersed
macrophytes allelopathy might be an effective strat-
egy to prevent light limitation due to shading by
phytoplankton or epiphytes.

We think that the differences of EFA concentrations
in the different food sources have important implica-
tions for ecosystem functioning. The overall amount of
carbon was probably higher in seston and, therefore,
there was more sestonic EFA in the system studied.
However, most of the cladoceran species, which
represent one of the major links between microorgan-
isms and higher trophic levels, are non-selective
feeders. The presence of detritus and poor quality
particles in seston thus affect their somatic growth and
reproduction rates. For these species, the lower food
quality of seston is probably not compensated by its
quantity. Furthermore, previous studies have showed
that some cladoceran species do not exploit seston.
Chydorid cladocerans, and among them Eurycercus
lamellatus, mostly feed on periphyton (Masclaux et al.,
2012a, 2014), while S. mucronata feed on neuston
(Dumont & Pensaert, 1983; Masclaux et al., 2013). In
ecosystems where the different food sources are
available, these species may thus benefit from feeding
on EFA-rich food sources compared to species feeding
on seston. They may represent the main EFA pathway
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to higher trophic levels. Some consumers may more-
over be opportunistic and exploit different food
sources. They would then rely mainly on seston for
their carbon input, but their source of EFA could be
partially or totally epiphytic or neustonic, if seston
cannot provide them with sufficient concentrations of
these essential compounds. Such a decoupling between
the sources of carbon and EFA has indeed already been
documented for fish in a Mediterranean lagoon
(Koussoroplis et al., 2010). The authors showed that
although the production of settled fish was mostly
supported by benthic dietary sources, the EFA DHA
had a planktonic origin. Finally, we showed that
depending on the food source considered, the highest
EFA concentrations were not recorded at the same time
of the year. The maintenance of macrophyte and food
resource diversity thus enabled the maintenance of
high concentrations of EFA throughout the year in the
system. This EFA dynamics in the different food
sources could also explain, at least in part, the
microcrustacean species seasonal changes. Interest-
ingly, the highest concentration of Chydorideae,
specialized in the exploitation of periphyton, and the
appearance of S. mucronata, specialized in the exploi-
tation of neuston, were recorded in spring and fall, for
the former, and in July for the latter (data not shown).
This corresponds with when their respective food
sources exhibited high concentrations of m3- and w6-
PUFA. This link between the temporal changes of EFA
availability in the different food sources, and the
seasonal dynamics of microcrustacean species, needs
further investigation.

Conclusion

Our study is the first to simultaneously assess the
temporal changes of the food quality of three
zooplankton food sources available in a freshwater
system: seston, neuston, and epiphyton. An important
seasonal variability was highlighted within each food
source. We showed that seston exhibited the poorest
concentration of EFAs in the system studied, probably
because of its important detrital component. On the
contrary, epiphyton showed the highest concentrations
of EFA throughout the year. One of the original aims
of our study was to consider epiphyton growing on
three different aquatic macrophytes. We were able to
show that there were some differences, in terms of FA

concentrations and thus in terms of food quality,
between the different epiphytic biofilms, depending on
the macrophytes on which they develop. Finally, we
showed that neuston, which has been largely ignored
until now, may sometimes be a high quality food
resource in terms of EFA content for species able to
exploit it. The diversity of food resources available for
microcrustaceans and others consumers enabled the
maintenance of high concentrations of physiologically
important FA at the base of the food web throughout
the year. Further studies have to be carried out on the
influence of resources and essential compound input
diversity on secondary production. This diversity,
associated with consumer diversity, could allow
higher efficiency of EFA transfers to higher trophic
levels and therefore, a greater secondary productivity
in the system.
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