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Abstract The present study aimed at evaluating the
sustainability of ecological engineering solutions
based on the introduction of the gastropod V. viviparus
for maintaining the hydrological performances of
infiltration basins clogged by benthic biofilms. This
sustainability depends on the ability of gastropods to
deal with variations in trophic resources throughout
seasonal changes and so their feeding strategy. It is
expected from literature that V. viviparus is a gener-
alist species, well adapted for ecological engineering
approaches. With this objective, laboratory and field
experiments were developed to measure the ability of
gastropods to maintain energy body stores under
several food sources and seasons, in relation with their
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physiological state. Our results showed that V.
viviparus was not a strict generalist: it tended to be
more efficient to constitute energy reserves when
feeding on algae under laboratory conditions and its
energy stores were positively correlated with primary
productivity of the benthic biofilm in the field. Despite
this higher efficiency of V. viviparus to produce energy
reserves from algal resources, the survival and the
levels of energy reserves measured on the field, even
when trophic conditions were the harshest (low algal
development), make this species a good candidate for
ecological engineering approaches.
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Introduction

Ecological engineering is a discipline aiming to use
ecological theories to treat/ameliorate environmental
issues. Ecological engineering approaches are often
based on the introduction/manipulation of species
diversity to modify environmental systems. For
example, introduction of piscivorous species has been
proposed to reduce eutrophication problems in lakes
by trophic cascade effects (Carpenter et al., 1985).
However, the sustainability of ecological engineering
solutions depends on the ability of introduced species
to deal with environmental changes. Then, knowing
the ecological strategies of introduced species is
crucial to evaluate the sustainability of ecological
engineering solutions.

The identification of feeding strategies is funda-
mental to the understanding of many ecological
processes such as the flow of energy within food
webs, the spatial distribution of species and the
evolution of competitive interactions in communities
(Bolnick et al., 2003; Holt, 2009; Poisot et al., 2011).
Theory distinguishes generalist and specialist strate-
gies, even though organisms employ a range of
feeding strategies between these two extremes
(Levins, 1968; Futuyma and Moreno, 1988; Devictor
et al., 2010). Species with generalist strategies have a
higher ability to endure environmental changes than
organisms with specialist strategies (Clavel et al.,
2011). For example, Devictor et al. (2008) showed that
landscape disturbance would lead to a dominance of
generalist individuals in bird populations.

Recently, we measured a positive influence of
freshwater gastropod introduction to limit excessive
development of benthic biofilm and its impact on the
hydraulic performance of infiltration basins designed
for groundwater recharge (Gette-Bouvarot et al., 2015;
Estragnat et al., 2018). Experiments were performed
on biofilms developed under various environmental
conditions (hydrological regime, nutrients fluxes, light
availability) resulting in the formation of biofilms
exhibiting contrasted structural and functional char-
acteristics. However, all these experimentations were
conducted during autumn season when chlorophyll-
a concentrations are the highest (more than 10 pg of
chlorophyll-a per g of dry sediment in Gette-Bouvarot
et al., 2015).

With seasonal changes and their effects on biofilm
abundance, composition, primary production and
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metabolic balance (heterotrophs/phototrophs), the
long-term sustainability of the introduction of the
gastropod Viviparus viviparus (Linnaeus, 1758) needs
to consider the feeding strategy of this organism under
contrasting food sources availability. Recent findings
demonstrated that V. viviparus was efficient to reduce
clogging in infiltration basins characterized by vari-
able quantities of food sources (bacterial-algal mat
occurring on surface sediment, sedimentary biofilm
and organic matter from surrounding vegetation) and
suggested a low influence of food sources availability
on gastropod feeding behaviour (Estragnat et al.,
2018). This assumption was consistent with the study
of Jakubik (2009) which reported that the mass and
composition of foods ingested by V. viviparus mainly
depended on the availability and abundance of food
sources in the environment. This study, performed in
lotic and lentic freshwater environments between
1995 and 2006, also indicated that V. viviparus could
significantly feed on low-energetic food sources such
as detritus. Indeed, detritus could represent 70 to 90%
of the food mass ingested by the gastropod whatever
the season or the habitat (river, reservoir, lake). All
these information suggest that V. viviparus has a
generalist feeding behaviour favouring the develop-
ment of this species in contrasted trophic environ-
ments and thus making V. viviparus a good candidate
for ecological engineering approaches. However, this
hypothesis has to be tested by evaluating the ability of
V. viviparus to maintain its physiological state under
different food sources. Among the parameters that can
be measured to assess physiological state, the reserve
in triglycerides of an organism can be considered as a
good proxy, because it is the major form of energy
storage in gastropods (Gust et al., 2011) and free lipids
(mainly triglycerides) have been shown to be corre-
lated with the growth rate of aquatic snails (Hill et al.,
1992).

To test the hypothesis that V. viviparus is a
generalist species, we used a combination of labora-
tory and in situ experiments. First, laboratory micro-
cosms were used to quantify to what extent different
food sources affect reserve in triglycerides of gas-
tropods. To this end, gastropods were fed ad libitum on
three food sources: two sources found in natural
environments (algal mat and sedimentary biofilm) and
one control food used for gastropod breeding (Te-
tramin® goldfish flakes). We also measured the
oxygen consumption rate to determine whether



Hydrobiologia (2020) 847:665-677

667

gastropod metabolism has been impacted by food
source. Then, we used in situ enclosures within
infiltration basin to track seasonal changes in triglyc-
eride reserve of gastropods depending on various
quality and quantity of available food resource. Under
the hypothesis that V. viviparus is a generalist species,
gastropods would have the same triglyceride concen-
trations whatever the season, i.e. the proportion of
heterotrophic (sedimentary biofilm) and phototrophic
(algal mat) benthic food sources.

Materials and methods
Study site

The experiment was set up in the pumping well field of
“Crépieux-Charmy” which provides drinking water
for the metropolitan area of Lyon. Infiltration basins
have been excavated to recharge the aquifer with
surface water from the “Vieux Rhone” channel of the
Rhone River. The field experiment was performed in a
basin, in which the water column was maintained
independently of the usual site management, during
the entire course of the experiment. Sedimentary
biofilm and algal mat used in laboratory experiment
were also collected from this basin.

Model species

The studied species was V. viviparus, a prosobranch
gastropod. Literature shows that V. viviparus are filter-
feeders in phytoplankton-rich environments but they
clearly switch to grazing behaviour in environments
characterized by low phytoplankton concentrations
(Cook, 1949; Hockelmann and Pusch, 2000) as
observed in our study site. Indeed, the chlorophyll-
a concentrations in the water column of the studied
basin never exceeded 7 pg 17" whatever the season in
2016, 2017 and 2018 (data from Eau du Grand Lyon).
Specimens were collected in a cut-off channel of the
Rhone River. Before laboratory and field experiments,
gastropods were kept during 6 months in 20-litre glass
aquariums (15 specimens per aquarium) under con-
trolled laboratory conditions following the studies of
Cook (1949) and Tsvetkov et al. (2003): water
temperature (18°C), lightening condition (12:12-h
light:dark regime), aerated water (ambient air bub-
bling) and regular water replacement (50% of the

volume once a week). Animals were fed each week
with Tetramin® goldfish flakes. These laboratory
conditions were favourable as the survival of V.
viviparus was more than 99% after 3 months of
acclimation. The gastropods used in this experimen-
tation were mature and had total shell height com-
prised between 20 and 30 mm. We used a sex ratio of 2
males for 1 female in the experiments to fit with the
sex ratio observed during animal collection. Although
triglyceride concentrations often varied between
males and females in aquatic invertebrate species,
preliminary experiments showed that no difference in
triglyceride concentrations was observed between
males and females of V. viviparus (Online Resource

1).
Laboratory experiment
Experimental design

The laboratory experiment was conducted in 36 glass
aquariums (21 cm in length x 10 cm in depth x 20
cm in height). The experiment lasted 6 weeks under
the same laboratory conditions than those used for
animal maintenance before the experiments (see
paragraph 2.2). We selected an experimental duration
of 6 weeks to fit with the feeding experiments
performed by Hill et al. (1992) on aquatic snails.
The aquariums were filled with tap water previously
dechlorinated by air bubbling during 2 days. One
centimetre of sand collected from a terrestrial quarry
having a grain size distribution comparable to those of
sand in the field (Gette-Bouvarot et al., 2014) and
presenting low organic matter concentrations
(Table 1) was placed in the bottom of each aquarium.
Three gastropods previously maintained in dechlori-
nated water to clean their gut content were introduced
in each aquarium. Then, a density of 142 individu-
als m~ was tested to be in the range of V. viviparus
densities observed in the field (Jakubik, 2012).

Three food treatments were applied and randomly
distributed among the aquariums (12 replicated aquar-
iums per food treatment):

(i) Breeding food: Tetramin® goldfish flakes
(the positive control)

(i)  Algal mat (predominantly phototrophic) col-
lected within the studied basin by scraping the
upper 5 mm layer of illuminated sediments
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Table 1 Elemental composition (% in mass of total nitrogen, total organic carbon and total phosphorus per dry mass of food source
or sand) of the three food sources and the sand used in the aquariums (mean + SD)

9N % organic C %P
Breeding food 6.5 + 0.1 45.1 + 0.85 0.74 + 0.03
Algal mat 1.5 £0.15 19.1 £ 0.19 0.3 &£ 0.05
Sedimentary biofilm 0.25 + 0.025 213 £ 024 0.037 £ 0.005
Sand 0.013 £ 0.005 0.036 £ 0.004 0.0003 £ 0.000015

(iii))  Sedimentary biofilm (predominantly hetero-
trophic) collected in the studied basin by
sampling a 5 mm layer of non-illuminated
sediments (1 cm above the surface)

Natural food sources (algal mat and sedimentary
biofilm) were freshly collected in the field at the start
of the experiment and introduced in aquariums to
cover the bottom sand layer. Additional samples of
food sources were stored at 4°C to constitute a fresh
stock for food replacement during the experiment.
Food was added (flakes) or replaced (algal mat and
sedimentary biofilms) ad libitum once a week (i.e. we
observed that animals never consumed the totality of
each food source during a week).

These different foods were characterized by their
elemental composition in C, N and P (Table 1). Total
organic carbon (TOC) and total nitrogen were mea-
sured with an elemental analyzer (FlashEA, Thermo
Electron Corporation). Total phosphorus concentra-
tions of foods were determined following the method
of Murphy and Riley (1958). We measured the
following decreasing gradient of nitrogen, organic
carbon and phosphorus contents among the 3 food
sources: breeding food > algal mat > sedimentary
biofilm (Table 1). It is worth noting that the sand at
the bottom of the aquariums was very poor in these
elements (more than 15 fold lower in N, organic C and
P than sedimentary biofilm) and cannot be considered
as a valuable food source for gastropods.

Controls of physical and chemical conditions were
performed in each aquarium every week. Tempera-
ture, pH, dissolved oxygen and electric conductivity
were measured with a HQ40 multiparametric probe
(HACH) and nutrient concentrations (N-NO,~, N—
NO;~, N-NH," and P-PO,*>”) with a sequential
analyser (SmartChem 200, AMS Alliance, Frépillon,
France) using colorimetric methods (Grasshoff et al.,
1983). Comparable physical and chemical conditions
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were measured in the aquariums during the course of
the experiment with mean values of 18.6 £ 0.1°C,
84 +£0.1, 94+0.1mgl", 340 £20 pScm™ ',
0.14 £ 0.08 mg 1™, 2.67 +£0.70 mg 1", 0.11 &
0.07 mg 17" and 0.06 & 0.03 mg 1”' (mean + SD)
for temperature, pH, dissolved oxygen, electric con-
ductivity, N-NO, ", N-NO3 ", N—NH44r and P—PO437,
respectively.

Sampling

For each measured variable (triglyceride concentra-
tions and oxygen consumption rates) and time of
experiment (start, 2, 4 and 6 weeks), twelve individ-
uals were used. Gastropods were analysed individu-
ally to obtain 12 replicates per date and treatment for
each variable. Then, a total of 120 individuals (12 at
the start and 108 during the experiment) were used for
the laboratory experiment.

Measurements performed on V. viviparus

For oxygen consumption rates, the shells of the snails
were gently cleaned before the measurements to
remove biofilm development, to ensure that an over-
shoot in oxygen uptake due to biofilm metabolism did
not affect the results. Then, each individual was placed
in 250-ml watertight container filled with aerated
dechlorinated water (about 9 mg 1~' of dissolved
oxygen) for 4 h under dark conditions. Dissolved
oxygen measurements were made with an inoLab Oxi
7310 (WTW, Xylem Analytics) at the start and the end
of the incubation to determine the consumption of
oxygen during the 4 h. Oxygen consumption was
expressed as consumption of dissolved oxygen per
hour and per gram of dried mass.

Before triglyceride measurements, each individual
was placed in a beaker filled with dechlorinated tap
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water to empty its digestive tract. Then, animals were
frozen, lyophilixed and homogenized with a ball mill.
Triglycerides were extracted from 30 mg of homog-
enized tissues (from the whole organism) according to
the methods of Barclay et al. (1983) and Elendt (1989),
and then evaluated using specific test-combinations
(Boehringer-Mannheim) (triglyceride levels were
measured by determining glycerol released from
triglycerides hydrolysis). All assays were performed
in a recording spectrophotometer (Beckman DU-6) at
25°C. Enzymes, coenzymes and substrates used for
enzymatic essays were purchased from Boehringer
(Mannheim, Germany) and Sigma Co. (St Louis,
USA). Triglyceride concentrations were expressed as
mg of glycerol per g of dried mass.

Field experiment
Experimental design and sampling

Experiments were performed at different periods to
test the trophic response of gastropods to contrasted
biofilm characteristics at the water—sediment inter-
face. The experiment consisted of four periods of
6 weeks in October 2016, February 2017, June 2017
and April 2018. Two periods were characterized by
elevated photoperiods and global hourly radiations
which were favourable to the development of pho-
totrophic organisms (June 2017 and April 2018),
compared to the other periods (October 2016 and
February 2017). Physical and chemical variables were
measured to characterize each period. The photope-
riod and the global hourly radiation have been
obtained from Météo-France. Temperature and the
water level were measured every 15 min with a water
level logger Diver (Schlumberger Water Sciences,
The Netherlands). Nutrient concentrations were
weekly measured and obtained from filtered water
(0.7 um) conserved at 4°C before analysis within 24 h
with sequential analyser (SmartChem 200, AMS
Alliance, Frépillon, France) using colorimetric meth-
ods (Grasshoff et al., 1983). Conductivity, dissolved
oxygen and pH were also weekly measured with a
Ponsel Odeon data logger and the associated probes
(Aqualabo Controle, France).

Photoperiods were 10.6, 11.4, 15.8 and 14.4 h for
October 2016, February 2017, June 2017 and April
2018, respectively. Global hourly radiations were
33.0, 46.9, 96.0 and 77.5 J cm ™2 for October 2016,

February 2017, June 2017 and April 2018, respec-
tively. Temperatures were 16, 11, 20 and 16°C for
October 2016, February 2017, June 2017 and April
2018, respectively. The mean water levels varied
among the periods between 90 and 120 cm. Respec-
tively, nutrient concentrations were inferior to
1.1mg1™", 249 ug 17" and 13.5 pg 17" for N-NO,
(N-NO; + N-NO,), N-NH," and P-PO,’". pH,
electric conductivity and dissolved oxygen ranged
between 7.3 and 8.4, 298.7 and 351.7 pS cm_l, and
8.2 and 12.7 mg 17", respectively.

For each period, six in situ enclosures (see the
description in Gette-Bouvarot et al., 2015 and Estrag-
nat et al., 2018) with 5 added V. viviparus were used in
the infiltration basin. Briefly, enclosures consisted of
stainless steel cylinders (internal diameter of 30 cm
and height of 14 cm) firmly buried in the sediment at a
depth of 11 cm and covered with nylon nets (0.5 cm
mesh size) to avoid the escape of the gastropods. For
data independence, different enclosures with different
positions were used for each of the four periods. Ten
individuals were used to assess the triglyceride
concentrations at the beginning of each period. A
total of 160 individuals were used for the field
experiment. A density of 71 individuals m™~? corre-
sponding to 5 individuals was introduced per enclo-
sure to mimic natural densities observed in freshwater
habitats. Measurements were performed at the start
and at the end (6 weeks) of the experiment to
determine biological structural characteristics (algal
biomass and total organic carbon) and functional
characteristics (net photosynthetic activity, respira-
tion) of the sedimentary interface for each enclosure.
The top layer (0—1 cm) of sediments was randomly
sampled in each enclosure at the start of the experi-
ment and after 6 weeks of experimentation by coring
using cut syringes (internal diameter = 15 mm for
structural  characteristics and internal diame-
ter = 20 mm for functional characteristics). Fifteen
samples were collected, mixed and homogenized per
enclosure to obtain representative one sediment sam-
ple for each enclosure and date (start and 6 weeks), for
the structural characteristics of the sedimentary inter-
face. In addition, two intact cores were collected for
the functional characteristics of the sedimentary
interface. Sampling was conducted with sufficient
water level in the basin, to prevent any drying and
disturbance of sediment and biofilm. All samples were
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then stored in a cool box during transport to the
laboratory within 4 h.

Biological characteristics

The phototrophic biomass of the sediment biofilm was
assessed by measuring chlorophyll-a content on
frozen sediment by spectrophotometry using the
SCOR-UNESCO method (UNESCO, 1966). The
phototrophic biomasses were expressed as pg of
chlorophyll-a per gram of dried sediment.

Total organic carbon (TOC) was measured on
lyophilized sediment as an estimator of the sedimen-
tary biofilm biomass. According to Mermillod-Blon-
din et al. (2015), TOC was determined by high-
temperature combustion of in situ pre-acidified dry
samples (60°C, 48 h) and subsequent measurement of
CO, by thermal conductometry using an elemental
analyser (FlashEA, Thermo Electron Corporation).
The TOC was expressed as the percentage of organic
carbon in each sample.

The Benthic Trophic State Index (BTSI) was
assessed using comparison between net photosyn-
thetic activity (NPA) and respiration (RES). This
index is a metabolism-based trophic index for com-
paring the ecological values of shallow-water sedi-
ment habitats (Rizzo et al., 1996) and is divided in four
classes: 0O = totally heterotrophic (NPA < RES),
1 = net heterotrophic (RES < NPA < (), 2 = net
phototrophic (0 < NPA < [RESI) and 3 = highly
autotrophic (IRESI < NPA). The net photosynthesis
rates were obtained by measuring the oxygen produc-
tion on fresh sediment under illumination (irradiance
of 150 pmol m?s~") and the respiration was
obtained by measuring the oxygen uptake in the dark.
For each sample, oxygen production and uptake were
obtained at 15°C using 150-ml airtight glass bottle
filled with filtrated water (0.22 pm) from the infiltra-
tion basin. Oxygen production and uptake were
measured with an inoLab Oxi 7310 (WTW, Xylem
Analytics) at the start and the end of the incubation.
Oxygen production and uptake were expressed as
consumption of dissolved oxygen per hour and per
gram of dried organic matter.

Triglyceride analyses performed on gastropods

Triglyceride concentrations were measured at the start
and the end of the experiment according to the method
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presented for the laboratory experiment (see Mea-
surements performed on V. viviparus). At the start of
the experiment, triglyceride concentrations of gas-
tropods previously maintained in laboratory were
0.0038 £ 0.0016 (mean £ SD) mg of glycerol per mg
of dried mass.

Statistical analyses

For the laboratory experiment, the influence of the
food treatment on triglyceride concentrations and
oxygen consumption were assessed using two-way
analyses of variance (ANOVA II), with treatment
(food source) and time as fixed factors. Then, subse-
quent Tukey’s tests were performed to determine
which treatments differed. Pearson’s correlation tests
were performed between the triglyceride concentra-
tions at the end of the experiment and the three food
elements that were measured (total organic carbon,
total nitrogen and total phosphorus).

For the field experiment, the influence of the period
on triglyceride concentrations, TOC, chlorophyll-
a concentrations and the BTSI were assessed using
one-way analyses of variance (ANOVA I), with period
as fixed factor. To evaluate the link between food
sources and triglyceride concentration in gastropods,
Pearson’s correlation tests were performed between
triglyceride concentrations measured at the end of the
experiment and the three proxies of food source
availability (TOC concentrations, chlorophyll-a con-
centrations and the BTSI).

For all wvariables, the normality and the
homoscedasticity of the residues were tested using
the Shapiro—Wilk’s test and the Levene’s test, respec-
tively. All statistical analyses were performed using R
software (R Development Core Team, 2008). Signif-
icance for statistical tests was accepted for a first
species risk set at o < 0.05 considering a bilateral risk.

Results
Laboratory experiment

At the start of the experiment, the triglyceride
concentration of gastropods was 0.0027 £ 0.0010
(mean £ SD) mg of glycerol per g of dry mass.
Triglyceride concentrations increased from week 2 to
week 6 in all food treatments (Fig. 1a, ANOVA 1I,
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“time” effect, F, 99 = 4.57, P = 0.013). A significant
difference in triglyceride concentrations was mea-
sured among food treatments (ANOVA II, “treat-
ment” effect, F 99 = 17.98, P < 0.0001): triglyceride
concentrations in gastropods were the highest with the
breeding food and the lowest with sedimentary
biofilm. Triglyceride concentrations for gastropods
fed on algal mat were intermediate with concentration
lower than those of gastropods fed with breeding food
(Tukey’s test, algal mat/breeding food differences,
P < 0.001). Although the statistical test was not
significant at 5%, gastropods fed with algal mat
tended to have higher triglyceride concentrations than
those fed with sedimentary biofilm (Tukey’s test, algal
mat/sedimentary biofilm differences, P = 0.08). No

“treatment” effects on triglyceride concentrations
was measured (ANOVA II, “treatment*time” effect,
F4,99 bl 228, P = 0065)

At the start of the experiment, the oxygen con-
sumption rate of gastropods was 0.35 £ 0.09
(mean £+ SD) mg of dissolved oxygen per hour and
per gram of gastropod dry mass. Oxygen consumption
rates significantly decreased from week 2 to week 6
(ANOVA II, “time” effect, F, g6 = 5.01, P = 0.009)
but this decrease seemed more pronounced in the
treatment with sedimentary biofilm than in other
treatments (Fig. 1b). Despite no statistically signifi-
cant differences among food treatments (ANOVA 1I,
“treatment” effect, Fg¢ = 2.23, P = 0.11), the oxy-
gen consumption rates of gastropods fed on sedimen-
tary biofilm tended to be lower than those measured in

O Algal mat
o B Sedimentary biofilm
B Breeding food
B
O 1 o -
o] - B
i . ! i
—_ . ! x| T -+
. - _:_ 1

after 2 weeks

T T
after 4 weeks after 6 weeks

significant  interaction between  “time”  and
Fig. 1 Box-plots of the 0.006 -
triglyceride concentrations v a
in gastropods (a) and the %
oXygen consumption rates 2 € 0.005 o
of gastropods (b) depending -f—3 >
on food sources and time. g E ]
Red crosses represent the g S 0.004
means 8 E’ o
)
8 o 0.003
(e}
2o
g g 0.002
>
O Y=
= O — -
E o 0.001
E
0.000 —
06 p
2
o -
E) = 0.5 i
g > |
©
Sw 04 [ X
2 o
E -o R —
2 < 0.3
S 0
o 3
c @ 02+
8) .
>8
o g) 0.1
0.0

1

(@]

= —

1

B -
O —_—
PR

—_

JR—
1
! |
1
'
- '
! X
1
1
o
1
| 1
H —_
—_

after 2 weeks

T T
after 4 weeks after 6 weeks

@ Springer



672

Hydrobiologia (2020) 847:665-677

the two other treatments after 6 weeks of experiment
(Fig. 1b). No significant interaction between “time”
and “treatment” effects was measured on oxygen
consumption rates (ANOVA II, “treatment*time”
effect, F4,86 = 086, P = 049)

The link between energy reserves of gastropods and
the elemental compositions of food sources was
clearly shown by the positive correlations obtained
between triglyceride concentrations in gastropods
measured after 6 weeks of experimentation and the
concentrations of TOC (Pearson’s correlation,
R =0.69, t =5.61, df = 34, P < 0.0001), total nitro-
gen (Pearson’s correlation, R = 0.70, t = 5.73, df =

34, P <0.0001) and total phosphorus (Pearson’s
correlation, R = 0.70, t = 5.65, df = 34, P < 0.0001)
in food sources.

Field experiment

The mean Chlorophyll-a and TOC concentrations of
the sedimentary interface measured from 6 enclosures
(based on one value per enclosure calculated from
measures performed at the start and the end of the
experiment) were significantly different among peri-
ods (Fig.2a and b ANOVA 1, “period” effect,
F3116 = 82.85 for the chlorophyll-a concentration
and F3516=30.10 for TOC concentration,
P < 0.0001 for the two variables) with highest values
measured in June 2017, which was the most favour-
able period for the development of phototrophic
organisms.

Mean BTSI values comprised between 2 and 3 (i.e.
net phototrophic to highly phototrophic states) for all
seasons at the exception of October 2016 during which
BTSI values were lower (between 1 and 2) indicating
variations between net heterotrophic to net pho-
totrophic states (Fig. 2c, ANOVA 1, “period” effect,
F3116 = 34.33, P < 0.0001).

Significant differences were observed among the
periods for triglyceride concentrations in gastropods
(Fig. 3, ANOVA 1, “period” effect, F3 16 = 17.83,
P < 0.0001). Surprisingly, triglyceride concentrations
were the lowest in October 2016 and June 2017, which
were the most contrasted periods for chlorophyll-
a concentrations at the sedimentary interface
(Fig. 2a). Indeed, no positive correlation was observed
between triglyceride concentrations in gastropods
after 6 weeks of experimentation and chlorophyll-
a concentrations at the interface (Fig. 4a; Pearson’s
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correlation, R=-—02, t=—222, df=118,
P = 0.03). We also did not detect a positive correlation
between triglycerides concentrations in gastropods
after 6 weeks of experimentation and TOC concen-
trations at the sedimentary interface (Fig. 4b, Pear-
son’s correlation, R = — 0.11, t = — 1.19, df = 118,
P > 0.05). In contrast, the metabolic-based trophic
status (BTSI) was positively correlated to triglyceride
concentrations in gastropods after 6 weeks of exper-
imentation (Fig. 4c, Pearson’s correlation, R = 0.33,
t =3.87, df = 118, P < 0.001), suggesting a positive
influence of the phototrophic primary production on
the ability of gastropods to constitute energy reserves.
From the comparison between field and laboratory
experiments, it is also worth noting that triglyceride
concentrations measured on gastropods enclosed in
the field were around 2-fold higher than concentra-
tions measured for gastropods feeding on algal mat
and sedimentary biofilm in the laboratory experiment
(see Fig. la).

Discussion

Our results provided evidences that V. viviparus could
not be considered as a strict generalist in our
experiments. Indeed, V. viviparus tended to more
efficiently constitute energy reserves on algal mat than
on sedimentary biofilm in laboratory. In parallel,
oxygen consumption rates of gastropods tended to be
lower after feeding on sedimentary biofilms than on
algal mats, indicating an effect of food type on the
metabolism of V. viviparus. These results suggest a
lower food consumption rate for V. viviparus feeding
on sedimentary biofilm than on algal mat. Moreover,
the fact that triglyceride concentrations in gastropods
measured in the field were positively correlated with
BTSI suggested a positive influence of phototrophic
primary production on the constitution of energy
reserves in V. viviparus. Thus, both laboratory and
field experiments showed that phototrophic food
sources (algal mat), and most particularly active algal
mat, were energetically more favourable for gas-
tropods than heterotrophic food sources (sedimentary
biofilm).

The laboratory experiment specifically highlighted
that the efficiency of gastropods to constitute energy
stores among food sources was positively correlated to
food nutrient (C, N, P) concentrations. This
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Fig. 2 Box-plots of
chlorophyll-

a concentrations (a), TOC
(b) and BTSI (c¢) measured
in enclosures (n = 6, each
value corresponding to the
mean calculated from
measures performed at the
start and the end of the

experiment) for each period.

Red crosses represent the
mean. Different letters
highlight significant
differences among periods
obtained with post hoc
Tukey’s HSD tests
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Fig. 3 Box-plots of
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Fig. 4 Correlations between the triglyceride concentrations in gastropods and chlorophyll-a concentrations (a), TOC concentrations

(b) and BTSI (c)

relationship was most likely due to the equilibrium
between the nutrient supplied by the food sources and
the energy demand needed to acquire these nutrients:
gastropods feeding on sedimentary biofilm had to
ingest more food (in terms of mass) to acquire the
same amount of nutrients compared to those feeding
on algal mat. Previous studies reported an increase in
the rate of food ingestion by aquatic grazers as a
behavioural response to acquire energy from low-
nutrient food sources (Fink and Von Elert, 2000;
Flores et al., 2013). For example, Calow (1975)
reported an inverse relationship between the ingestion
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rate of freshwater benthic organisms and food quality:
animals compensated for less nutritive food by
increasing their feeding rates. Cruz-Rivera and Hay
(2001) also observed that the marine amphipod
Ampithoe longimana increased its food consumption
as the total organic matter content in algae declined.
However, in the present laboratory experiment, the
decrease in oxygen consumption measured on V.
viviparus fed with sedimentary biofilms more likely
suggests a physiological response rather than a
behavioural feeding response of gastropods to a low-
nutritive food source. More precisely, gasteropods
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tended to reduce their metabolic rates (i.e. to enter in a
prolonged state of torpor) rather than increase their
food acquisition to maintain their energy budget. The
present study is the first to report this metabolic
response of V. viviparus to low-nutrient food sources,
although such response has already been reported for
other aquatic invertebrates such as gammarids which
can adjust their respiration rates to food quality (Gragca
etal., 1993). Moreover, our interpretation is consistent
with the laboratory observations of Cook (1949) who
reported that V. viviparus can be inactive and partially
buried within sediments during several days.

Field measurements showed that the triglyceride
concentrations of gastropods were positively corre-
lated with BTSI, whereas it was not the case with
chlorophyll-a concentrations. This result indicates that
the photosynthetic activity of the algal biofilm (asso-
ciated with BTSI) had more impact on the production
of energy reserves in gastropods than the algal
biomass of the biofilm. This interpretation is consis-
tent with the fact that the photosynthetic activity of the
biofilm positively influences the production of extra-
cellular polymeric substances (EPS) which can be
high nutritional compounds for invertebrates (e.g.
Decho, 1990; Decho and Moriarty, 1990). Indeed,
photosynthetic activities and algal growth have been
particularly related to the secretion of EPS (Staats
et al., 2000; Barranguet et al., 2005). In active
biofilms, microbial cells secrete EPS which mainly
consists of carbohydates and proteins (Stewart et al.,
2013; Costa et al., 2018). For example, Fang et al.
(2014) measured a total content in EPS close to
13 mg g~ ' of dried weight containing 67% of carbo-
hydrates and 25% of protein (w:w) in a lake pho-
totrophic biofilm. Depending on environmental
conditions (light, nutrient concentrations), Bellinger
et al. (2010) also reported that carbohydrate concen-
trations in EPS varied between 20 and 60% (w:w) in
phototrophic biofilms from freshwater wetlands.
Therefore, under the varying environmental condi-
tions observed in our field study, BTSI was likely
associated with the production of EPS which con-
tributed to the nutritional quality of biofilms for algal
grazers. As a consequence, we measured a positive
correlation between the energy reserves of V.
viviparus and the BTSI index.

The comparison of triglyceride concentrations in
gastropods between field and laboratory experiments
showed that energetic stores in animals collected in the

field were comparable to those measured in animals
feeding on breeding food in the laboratory. In
comparison, gastropods feeding on algal mat and
sedimentary biofilm during the laboratory experiment
exhibited 2-fold lower triglyceride concentrations. We
suggest that these differences in gastropod triglyceride
concentrations between laboratory (for algal mat and
sedimentary biofilm) and field experiments were due
to the possibility for animals to mix trophic resources
in the field. V. viviparus is known to “bulldoze” the
sediment surface by their crawling and feeding
activities (Estragnat et al., 2018), disturbing the
vertical organisation of phototrophic and hetero-
trophic sediment layers (Cook, 1949). Therefore, the
non-selective ingestion of sediment by gastropods was
associated with the ingestion of a mixture of algae,
heterotrophic bacteria, fungi, and detritus (Jakubik
etal., 2014). As shown by Groendahl & Fink (2016) in
Limnaea stagnalis, this mixing diet could have been
crucial for V. viviparus to achieve a more balanced diet
by acquiring all essential microelements (fatty acids or
vitamins) they needed for growth. Then, simplified
food sources (algal mat or sedimentary biofilm)
supplied to gastropods in the laboratory might have
limited the acquisition of resources by V. viviparus,
and therefore the ability to synthetize energy stores
such as triglycerides. Such conclusion was consistent
with the observations of Jakubik (2009) indicating that
V. viviparus feed on varying food sources depending
on their availability in the environment.

Although our results highlighted that V. viviparus
was not a strict generalist in the laboratory, the
potential use of multiple food sources and their
availabilities during the year in the field allowed V.
viviparus to maintain triglyceride reserves that were
comparable to those obtained in the laboratory with
breeding food (positive control). Indeed, the compar-
ison of food sources among periods in the field showed
that all foods were quite available in infiltration basin
with chlorophyll-a concentrations always higher than
4 pg per g of dry sediment and TOC concentrations
varying between 0.5 and 0.7%. In these conditions, V.
viviparus was able to survive and constitute energy
reserves throughout the year, even when the trophic
conditions were expected to be the harshest (i.e. low
algal levels). In conclusion, the introduction of V.
viviparus appears as sustainable ecological engineer-
ing solution to maintain hydraulic performance of
infiltration basins.
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