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SUMMARY

1. We examined the effects of wind-induced mixing and particle resuspension on the pelagic food
web in eutrophic shallow lakes. These processes are known to have a major impact on a variety of
biological, physical or chemical parameters such as the underwater light climate, the nutrient
availability in the water column and the abundance and composition of the phytoplankton
community. However, little is known about the effects of these processes on other compartments of

the freshwater food web.

2. We conducted a 9-week experiment comprising a manipulation of mixing intensity in 15 m’

mesocosms equipped with wavemakers in order to explore the impact of two mixing regimes on

water chemistry as well as viral, bacterial, phytoplankton and zooplankton communities.

3. The turbidity level in mixed mesocosms (compared to calm conditions) was higher on average,

especially at the bottom, indicating a successful resuspension of the sediment bed. Mixing increased

chlorophyll a concentration without any clear increase in algal abundance, measured as cell counts

by flow cytometry, which pointed to a change in species composition or a physiological adaptation

to mixing. pH increased strongly in mixed mesocosms, suggesting enhanced primary productivity in
perturbed conditions. Zooplankton responses to mixing were neutral for cladocerans and negative
for copepods, which potentially mediated top—down controls on the rotifer population.

4. Bacterial and viral abundances were not significantly changed by the mixing regimes; however,
peaks of viral lysis of heterotrophic bacteria were seen in each mixed mesocosm, while none were
observed in calm mesocosms. These results suggest that viral lysis is enhanced by the water column

mixing.

5. Our experiment demonstrates that mixing is likely to influence shallow lake functioning through a
complex combination of direct and indirect effects on the underwater light climate and water
chemistry, phytoplankton physiology and productivity, zooplankton growth and possibly virus-host
interactions. These complex effects could play a major role in structuring pelagic and benthic

communities in shallow lakes.
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Introduction

Wind-induced mixing is a key process in shallow lakes
(Reynolds et al., 1983; Reynolds, Wiseman & Clarke,
1984; Carrick, Aldridge & Schelske, 1993; Schelske, Car-
rick & Aldridge, 1995; Sendergaard, Jensen & Jeppesen,
2003; Reynolds, 2006). In addition to mixing the water

column, wind forcing usually generates sufficient shear
stress to cause the erosion and resuspension of bottom
material. As a result, vertical mixing can significantly
affect the underwater light climate, nutrient availability
and distribution of organisms (Wetzel, 2001). In nature,
freshwater lakes experience different mixing regimes
depending on the local climate, their morphometry,
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thermal stratification and exposure to wind. Indeed, this
natural heterogeneity in mixing regimes might have
important consequences on the functioning and struc-
ture of such ecosystems.

Wind-induced mixing has long been recognised as a
major factor impacting phytoplankton biomass, growth
and community composition. Phytoplankton species,
whether motile, non-motile or buoyant, respond differ-
ently to water stability. Typically, micro-stratification
within the euphotic zone generally favours motile or
buoyant species, while fast-sinking species like diatoms
or desmids are quickly lost from suspension (Reynolds
et al., 1983; Reynolds, 2006). Sinking species rely heavily
on mixing processes to maintain or be resuspended in the
photic zone. The seasonal succession of phytoplankton
groups in temperate lakes has been shown to be regulated
in part by shifts in mixing patterns and intensities (typi-
cally in autumn and spring) (Reynolds et al., 1983, 1984;
Sommer et al., 2012). Furthermore, the different strategies
exhibited by phytoplankton with regard to mixing inten-
sity have been successfully studied through modelling
(Huisman & Weissing, 1994; Huisman, van Oostveen &
Weissing, 1999; Klausmeier & Litchman, 2001; Huisman
et al., 2004; Aparicio Medrano et al., 2013; Blottiere et al.,
2013) and applied in water management to prevent
bloom-forming cyanobacteria in stratified lakes and reser-
voirs using artificial mixing (Hawkins & Griffiths, 1993;
Visser et al., 1996; Jungo et al., 2001; Burford & O’Dono-
hue, 2006; Johnk et al., 2008; Hudnell et al., 2010).

In shallow lakes, mixing has a direct influence on water
quality as it affects turbidity levels (Bengtsson & Hell-
strom, 1990, 1992; Luettich, Harleman & Somlyody, 1990).
Indeed, by resuspending matter from the sediment bed,
mixing increases light attenuation, which can in turn
reduce planktonic as well as macrophytes and meroplank-
ton growth and productivity. For instance, Hellstrom
(1991) calculated an 85% reduction in algal production fol-
lowing storm events in Lake Tamnaren (Sweden). How-
ever, most studies with a simulation of resuspension
events showed a short- and long-term increase (from a
few hours to a week) in chlorophyll concentrations, algal
productivity and growth, with no visible adverse effect of
turbidity (Ogilvie & Mitchell, 1998). This positive outcome
of mixing and resuspension is mainly explained by the
inoculation of meroplanktonic algae in resting stages into
the water column, thus changing community composi-
tions and increasing phytoplankton biomass and chloro-
phyll a concentration (Carrick ef al., 1993; Schelske et al.,
1995; Head, Jones & Bailey-Watts, 1999; Schallenberg &
Burns, 2004; Verspagen et al., 2004, 2005). Through the
resuspension of sediments, mixing also increases the

possibility of releasing high quantities of nutrients and,
especially, phosphorus into the water (Sendergaard, Kris-
tensen & Jeppesen, 1992; Sendergaard et al., 2003; Zhu,
Qin & Guang, 2005; Reynolds, 2006). Nutrient input from
the sediment might alleviate nutrient limitation and thus
positively affect phytoplankton growth and biomass. In an
attempt to disentangle the influences of light, nutrients
and algal entrainment, Schallenberg & Burns (2004)
reported that meroplankton resuspension and, to a lesser
extent, nutrient release were the main mechanisms
through which phytoplankton was impacted by mixing.
Light limitation due to increased turbidity was shown to
be unlikely, except at very high turbidity levels that coin-
cide only with extreme weather events.

Despite the large number of studies on mixing in shal-
low lakes, little is known about the overall impact of mix-
ing on trophic levels other than phytoplankton. A few
studies have investigated the effects of mixing and resus-
pension on bacteria and the benthic microbial food web,
observing a global positive effect of resuspension on bac-
terial and protist growth (Weithoff, Lorke & Walz, 2000;
Garstecki & Wickham, 2001). Eckert & Walz (1998)
explored the link between the frequency of wind events
and zooplankton succession in a shallow polymictic lake
in Germany, while Levine, Zehrer & Burns (2005) studied
how wind-induced resuspension decreased the feeding
and clearance rates of Daphnia (Daphniidae) and Boeckella
hamate (Centropagidae) in Lake Waihola (New Zealand).
Weithoff et al. (2000) studied more than one trophic level
by simultaneously testing the effect of two consecutive
resuspension events on three trophic levels:bacteria, phy-
toplankton and rotifers, demonstrating a positive effect
on bacteria and phytoplankton through enhanced nutri-
ent availability, which could in turn favour rotifers. Nev-
ertheless, more studies are needed on multiple trophic
levels in order to better understand the global effects of
mixing on the dynamics of the pelagic food web and the
functioning of the whole ecosystem.

In this study, we attempted to show experimentally
whether and how mixing and particle resuspension
impact the trophic food web through direct physical
effects or indirect pathways. To explore this phe-
nomenon, we used a unique experimental set-up with
mesocosms equipped with wavemakers. The goal was to
mimic as closely as possible the natural water motion
induced by continuous moderate winds in lakes. Previ-
ous attempts to study mixing have usually been con-
ducted in situ using bubbling systems or manual mixing
of the water column, both producing water motions that
might not be representative of natural wind-induced
mixing (Blottiere, 2015). Furthermore, the use of large
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mesocosms equipped with wavemakers provides a
unique opportunity to isolate and study the effects of
mixing under controlled conditions on a realistic pelagic
community (Ledger ef al., 2009). We used these meso-
cosms over 9 weeks to follow the physical, chemical and
biological responses of our systems to two mixing levels:
(i) complete mixing of the water column plus resuspen-
sion, which mimics well-exposed shallow lakes; (ii)
superficial mixing of the top water layer and no resus-
pension, which concerns sheltered shallow lakes.

Methods
Study site and experimental design

The experiment was run from July to September 2012 at
the CEREEP-Ecotron Ile-de-France (Equipex Planaqua,
St-Pierre-les-Nemours). We used six outdoor rectangular
mesocosms (10 x 1.5 x 1.5 m), located at the same place
and made of 10 cm insulating polyester covered with a
liner with a wavemaker fixed at one extremity (see Pic-
ture 1a). This experimental system is inspired by wave
flumes or wave tanks used in fluid mechanics. In short,
a paddle rotates around an axis assembled at its basis
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and, in a back and forth movement, pushes the water.
The motions of the paddle generate surface travelling
waves. The wavelength and amplitude of waves are
determined by the frequency and amplitude of paddle
oscillations respectively (see Picture 1b). The experimen-
tal system is able to generate waves from 0.1 to 6 m of
wavelength and 1-5 cm of amplitude with a 1 m water
column (Blottiere, 2015). All enclosures were filled with
tap water, reaching a final total volume of 15 m’ and a
water column of 1 m. The mesocosms were left
untouched for a few days to let chlorine evaporate. To
create a sediment bed, approximately 300 L of aged
(several months) sieved sand from the Loire River
(France; granulometry class: 0/4 with grain sizes rang-
ing from 0.063 to 4 mm) were put into each mesocosm
as homogeneously as possible. At the same time, we
used four outdoor circular containers of c. 1.5 m® to cul-
tivate algae and zooplankton collected from natural
communal lakes and ponds nearby the experimental
site. The diversity in these containers was maintained by
regularly adding water from the same lakes and ponds.
Two of these containers were specifically used to grow
phytoplankton and the other two were used to grow
zooplankton (the zooplankton density in the latter was

Picture 1 Photographies of (a) mesocosm prototype with the wavemaker motor on the left and the ramp in the middle from which all sam-
plings were made (photography copyright: Bruno Verdier); (b) example of three different wavelengths that can be generated by the wavemak-
ers (not representative of the ones we used in our experiment) (photography copyright to Florence Hulot). See online version for colour display.

Colour figure can be viewed at wileyonlinelibrary.com.
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artificially high as we captured large quantities of zoo-
plankton on a net in the nearby ponds and lakes and
inoculated them directly in the containers). All four con-
tainers were equally used as reservoirs for reseeding the
mesocosms on a weekly basis throughout the experi-
ments in order to limit the loss of diversity due to spe-
2011) and ensure the
development of potential populations in favourable

cies selection (Mette et al.,

environmental conditions (Hulot, Lacroix & Loreau,
2014). On July 10, each mesocosm was seeded with phyto-
plankton and then the following week with zooplankton.
Phosphorus was added along with phytoplankton using a
K,HPO, solution to reach a final mesocosm concentration
of 70 ng [PO,> -P1 L~'. Four days after zooplankton
introduction, eight or nine planktivorous cyprinid fish
(Carassius carassius, purchased from SARL Vinal fishfarm,
France; mean size: 10.56 £+ 0.21 cm long) were added to
each mesocosm with a mean density of 9.10 & 1.02 g m °.
Fish were used as a mean to control zooplankton popula-
tions during the experiment and to better mimic natural
conditions by increasing the complexity of the pelagic
food web. They were not studied further in the experi-
ment, however, it should be noted that no fish died during
this experiment. The machines were activated immedi-
ately after the fish addition on July 20.

To test the impact of mixing on shallow lakes, the
experimental design had two treatment levels (‘mixed’
and ‘calm’) run in triplicates. In three of the mesocosms,
we generated long wavelength waves (c. 3.5 m) to mix
the entire water column and create friction forces at the
sediment surface so as to ensure the regular resuspen-
sion of the bottom-top layer and sedimented particles
(‘mixed’ treatment). In the other three mesocosms, short
wavelength waves were generated to create a very
superficial mixing (‘calm’ treatment).

Sampling and measurements

All measurements and samples were taken weekly (July
23: date 0 to September 19: date 9) in all mesocosms at
two discrete depths: below the surface and just above the
sediment bed in order to detect gradients in the water col-
umn. Water samples for total suspended solids (TSS), dis-
solved concentrations,  phytoplankton,
zooplankton and flow cytometry analyses were taken
with a 2.2-1 Alpha model Van Dorn horizontal water sam-
pler (Wildco, Yulee). This sampler allows for precise sam-
pling at a chosen depth. Samples and measurements were
taken at the centre of the enclosures from a small ramp
fixed on top of each mesocosm. Mesocosms were sampled
in random order on each occasion.

nutrient

Physical measurements and water chemistry

Physical parameters such as temperature, pH, oxygen
concentration, conductivity and nephelometric turbidity
(expressed in NTU) were measured directly in the meso-
cosms using a multiparameter probe (YSI 6600 V2-4-M).
Secchi disc transparency was measured whenever the
bottom of the mesocosm was not visible.

Total suspended solids (in dry weight per litre) were
obtained by filtering a known water volume (typically
1 L, more or less depending on the particulate density)
through pre-weighed and dried 0.7 um pore size What-
man GF/F filters and then weighing the filters again after
at least 24 h of drying in an oven at 105 °C. The filtered
water was then used in the laboratory to measure dis-
solved nutrient concentrations with a spectrophotometer
(DR3900 Hach Lange, Diisseldorf). Orthophosphates
(PO, -P) were determined using the vanadate-molyb-
date method (LCK349 Kit Hach Lange, Detection Range
(DR): 0.05-1.50 mg LY. Total nitrogen was determined
using the Koroleff digestion (peroxodisulphate) and pho-
tometric detection with 2.6-dimethylphenol (LCK138
Hach Lange Kit, DR: 1-16 mg L™"). Nitrate (NO3-N),
ammonia (NH3-N) and nitrite (NO,-N) were, respec-
tively, determined using the cadmium reduction, diazota-
tion and salycilate methods (Hach Lange kits: Nitraver 5
DR: 0.1-10 mg L', Nitriver 3 DR: 0.002-0.300 mg L™
and Ammonia 0.01-
0.50 mg L™1).

Nitrogen reagent set DR:

Phytoplankton, prokaryotes and viruses

Phytoplankton was studied by fluorometry and flow
cytometry. The first technique provides information on
chlorophyll a concentration of the different phytoplank-
ton groups while the second technique provides precise
algal counts informing on the phytoplankton dynamics.
Phytoplankton samples were divided into three size
classes directly on site using differential filtration, that
is, a consecutive filtration through 100 and 30 pm mesh
size nylon filters. Hence, we had three sub-samples:
unfiltered water with algae of all sizes, a sub-sample
with algae that passed through 100 pm filters, and a
sub-sample with algae that passed through 100 and
30 um filters. These sub-samples were kept in the dark
for 15 min before taking fluorescence measurements
using the BBE FluoroProbe™ spectrofluorometer (bbe
Moldaenke GmbH, Schwentinental) in laboratory. This
fluoroprobe provides an estimate of chlorophyll a con-
tent (expressed in equivalent ug L' of Chl-a) by mea-
suring in vivo autofluorescence of pigment-containing
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microorganisms (Beutler et al., 2002; Leboulanger et al.,
2002; Rolland, Rimet & Jacquet, 2010). The probe allows
us to differentiate four phytoplankton groups referred to
as ‘green’ (Chlorophyta and Euglenophyta), ‘brown’
(Bacillariophyta, Chrysophyta and Euglenophyta), ‘blue’
(Cyanophyta) and ‘red” algae (Cryptophyta). Preliminary
results showed that there were no algae larger than
100 pm, therefore, we had two size classes: algae less
than 30 pm and algae between 30 and 100 pum. The Chl-
a concentration of the 30-100 um fraction was obtained
by subtracting the Chl-a concentration of the 30 pm frac-
tion from the Chl-a concentration from the 100 pm-fil-
tered fraction.

For flow cytometry (FCM) analysis of small phyto-
plankton, prokaryote and virus abundance, 4 mL of water
was filtered through 30 um mesh size nylon filters and
immediately fixed with paraformaldehyde (1% final con-
centration). The samples were then plunged into liquid
nitrogen for 1 min before storage at —80 °C. Just before
FCM analysis, samples were thawed at room temperature
for a few minutes. Autotrophic small eukaryotes, pico-
cyanobacteria, heterotrophic prokaryotes and virus-like
particles (VLPs) were counted using a FACSCalibur flow
cytometer (Becton Dickinson, Franklin Lakes) equipped
with an air-cooled laser providing 15 mW at 488 nm. For
the analysis of the VLPs and heterotrophic prokaryotes
(mainly represented by bacteria), samples were diluted in
0.02 pm-filtered TE buffer (0.1 mm Tris-HCL and 1 mm
EDTA, pH 8), and incubated with SYBR Green I (at a final
104 dilution of the commercial stock solution; Thermo
Fisher Scientific, Waltham) for 5 min at ambient tempera-
ture, followed by 10 min heating at 75 °C and then
another 5 min at room temperature, prior to FCM analysis
(based on Brussaard, 2004 and modified by Jacquet, Dor-
igo & Personnic, 2013). For photosynthetic cells (i.e. pico-
cyanobacteria and small eukaryotes), no fluorochrome
was used; analysis was thus made on fixed samples to
which we added a suspension of 1 pum (Polyscience)
beads (i.e. calibrated microspheres in terms of size and
fluorescence, used as a standard). The flow cytometer list
mode files thus obtained were then transferred and anal-
ysed on a PC using the custom-designed software CYTO-
WIN (Vaulot, 1989).

Zooplankton

Three to five litres were filtered through 30 um mesh
size nylon filters to collect zooplankton, which were
immediately fixed in a solution of 96% ethanol and 4%
glycerol (72% and 1% final concentration respectively) to
avoid body deformation. Samples were taken separately

© 2016 John Wiley & Sons Ltd, Freshwater Biology, 62, 161-177

Mixing in shallow lakes 165

at the surface and then at the bottom of each mesocosm.
Samples were then exhaustively identified to the genus
or species level and counted under a microscope. In
order to assess whether top-down (predation), mechani-
cal interference, or bottom—up control (food availability)
was imposed on rotifer population, female egg ratios
were established for two abundant species which carry
their eggs: the brachionids Keratella testudo and Anu-
raeopsis fissa (Gonzales & Frost, 1992). Attached and
detached eggs were counted under a compound micro-
scope. Detached eggs were identified to species based
on shape and size. The egg ratio was calculated as fol-
lows: ER = (attached eggs + detached eggs)/number of
female.

Statistical analysis

Statistical analyses were performed using the R software
version 3.0.3 (www.r-project.org). The data set from the
first date was analysed using the Wilcoxon test in order
to test the homogeneity between mesocosms. To test the
effects of mixing on the biological and chemical vari-
ables measured, we constructed linear mixed-effect mod-
els (LME, fit by REML — nlme packages —, Pinheiro
et al., 2013; R Core Team, 2014) with time, treatment and
their interaction as fixed effects. Individual mesocosms
were treated as a random effect. Temporal autocorrela-
tion was tested for each variable using acf function in R
and was never significant. Residuals were visually
checked to assess the quality of the model. The effects of
sampling depth were tested on every variable, and when
non-significant, further statistical analyses were con-
ducted on the mean values between depths (every vari-
able except for turbidity and TSS). Prior to these
analyses, the normality and homoscedasticity of each
variable were assessed visually, and log or sqrt correc-
tions were applied when necessary.

Results
Initial conditions

At the start of the experiment (2 weeks after P enrich-
ment up to 0.70 mg L"), dissolved phosphorus and
nitrogen concentrations were 0.02 + 0.01 and 5.8 +
0.1 mg L' respectively. Total chlorophyll a concentra-
tion was 24.6 + 4.0 pg L' with a large dominance of
green algae compared to cyanobacteria and diatoms
(21.6 + 3.8, 2.6 + 1.8 and 0.3 + 0.2 pg Chl-a L' respec-
tively). Phytoplankton abundance assessed using FCM
was 1.01 x 10° £ 412 x 10* and 1.08 x 10° + 4.10 x
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10* cells mL ™" in mixed and calm mesocosms respec-
tively. Prokaryotes (essentially heterotrophic bacteria) as
well as virus-like particles abundance were also very
similar between mixed and calm treatments (prokary-
otes: 4.6 x 10° + 3.2 x 10° cells mL~" versus 4.3 x 10°
+58 x 10° cells mL™";  virus: 6.5 x 10° + 2.0 x 10°
6.1 x 10° + 5.3 x 10° part mL™").
Zooplankton was largely dominated by rotifers on the
first date with 63 & 13 individuals L™". Crustacean con-
centration was very low at the beginning with only a

part mL~'  versus

few Bosmina longirostris (Bosminidae), Scapholebris mucro-
nata (Daphniidae) and calanoids. Between-treatments
comparisons on the first date for all physical, chemical
and biological variables showed no significant differ-
ences (Wilcoxon test, P > 0.05).

Mixing effects on turbidity and water chemistry

Mixing increased the nephelometric turbidity in the
more turbulent mesocosms, while it decreased slightly
in calm conditions (Fig. 1a, Table 1, LME, Mix-
ing x Time: Fq 99 = 13.556, P = 0.0004). Surface turbidity
of mixed mesocosms was similar to the turbidity level at
the bottom of the calm mesocosms (Fig. 1a). Overall, the
nephelometric turbidity was always greater at the bot-
tom compared to the surface, except during the first
week of the experiment (LME, Depth: F;q9 = 77.863,
P <0.0001). On average, the turbidity was maximal at
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the bottom of mixed mesocosms with a mean value of
14.8 £ 2.2 NTU, suggesting the continuous resuspension
of the sediment top layer.

Total suspended solids concentration increased in the
mixed mesocosms from the fourth week until the end of
the experiment, while it remained stable under calm
conditions (Fig. 1b, Table 1). TSS concentrations at the
end of the experimental period were 14.6 £ 5.4 and
8.0 £ 0.9 mg L' in mixed and calm mesocosms respec-
tively. TSS concentration was strongly correlated with
green algae biomass (spearman rank correlation,
p =0.677, P <0.0001), suggesting that most of the sus-
pended solids in our mesocosms were phytoplankton
cells and cell debris. Secchi disc measurements were not
useful in these experiments because the bottom was visi-
ble most of the time.

Mixing did not impact water temperatures, which were
indistinguishable between treatments (Fig. 1c). When a
small difference between depths appeared, the difference
(c. 1 °C) was similar in both treatments (see weeks 1, 4, 5
and 7). Oxygen concentrations decreased from week 3
until the end, but remained elevated throughout the
experiment with an average of 168.6 +23.5 and
159 £ 26.1 %Sat. in mixed and calm mesocosms respec-
tively (Fig. 1d). On average, oxygen concentration was
greater at the bottom of the mesocosms (LME, Depth:
Fi99 =26.295, P < 0.0001). Oxygen concentrations were
slightly more elevated in mixed mesocosms compared to

(b)

TSS (mg L)
10 15 20 25

5
1

0
1

150 200 250
1

Oxygen (%sat.)

100
1

Fig. 1 Temporal dynamics of (a) nephelometric turbidity, (b) total suspended solids (TSS), (c) water temperature and (d) oxygen concentra-
tions during the 9-week experiment. Black and white symbols represent mixed and calm mesocosms respectively. Spheres are measurements
taken at the surface, while diamonds are those made above the sediments. Error bars show the standard error.
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Table 1 Results of the mesocosm experiment carried out in sum-
mer 2012. n.s., not significant. Bold values indicate statistically sig-
nificant results with significance limit set at P<0.05.

P-values

Mixing  Time

Response variable M) (T) M x T Depth
Turbidity
Nephelometric 0.0207 ns. 0.0004  <0.0001
turbidity (NTU)
TSS (mg L") 0.0113 0.0377 0.0363 0.0478
Chemistry
Oxygen (%Sat.) ns. <0.0001 ns. <0.0001
pH 0.0129  <0.0001 0.0015  ns.
NO;-N (mg L™ n.s. <0.0001 n.s. n.s.
NO»N (mg L™ 0.0886* <0.0001 <0.0062  n.s.
NH;-N (mg L™) ns. 0.0248  ns. ns.
PO’ P (mg L7 n.s. ns. n.s ns.
Phytoplankton
Green algae 0.0434 0.0001 0.0008 n.s.
(ug Chl-a LY
<30 pm (ug Chl-a L) nus. 0.0132  0.0024 ns.
30 < green algae 0.0483  <0.0001 <0.0001 n.s.
<100 pm
(ug Chl-a LY
Abundance (cell mL™")  n.s. 0.0093 ns. ns.
Virus and heterotrophic bacteria
Virus (VLP mL™") n.s. 0.0024 ns. n.s.
Heterotrophic n.s. n.s. n.s. n.s.
bacteria (cell mL™")
Zooplankton
Zooplankton (ind. L™)  n.s. <0.0001 n.s. n.s.
Rotifer (ind. L™") ns. <0.0001  ns. ns.
Bosmina (ind. L™") n.s. <0.0001 n.s. n.s.
Nauplii (ind. L™ n.s. <0.0001 n.s. n.s.
Copepod (ind. L") 0.0644*  <0.0001 0.0003  ns.
Egg ratios of K. testudo  n.s. <0.0001 n.s. n.s.
Egg ratios of A. fissa ns. <0.0001 ns. ns.

*Marginally significant.

calm mesocosms in weeks 4-7. Mixing had a positive
effect on pH levels over the course of the experiment
(LME, M x T, Fy46 = 11.38, P = 0.0015), as it increased
from an average of 8.3 £ 0.1 to 9.9 £ 0.3 in mixed meso-
cosms and 9.5 + 0.1 in calm mesocosms (Fig. 2a).

The concentration of dissolved nitrates, ammonia and
phosphates and their temporal dynamics were similar in
mixed and calm mesocosms (Fig. 2b—d, Table 1). Nitrate
concentration decreased over time from 3.5 £ 0.4 to
2.2 + 0.2 mg L' in all mesocosms, suggesting assimila-
tion by the phytoplankton. No significant variation was
found in dissolved phosphorus as a function of time.
Nitrite temporal dynamic differed significantly between
treatments (Fig. 2e), with a greater accumulation of
nitrites in calm mesocosms (LME, M x T, Fy46 = 8.23,
P < 0.0001).
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Mixing effects on phytoplankton

During zooplankton counting, we could identify some
abundant phytoplankton groups such as the three
Chlorophyceae, Coelastrum sp., Pediastrum sp. and Ankis-
trodesmus sp. According to the BBE fluoroprobe profiles,
more than 80% of chlorophyll a content was attributable
to the ‘green” algal group in all mesocosms (Fig. 3). Con-
sequently, from now on, ‘chlorophyll a concentration’
only refers to green algae.

In both treatments, we observed an increase in chloro-
phyll a content for the first 3 weeks of the experiment
(Fig. 4a). Chlorophyll a subsequently
decreased and stabilised in calm conditions, while it con-
tinued to increase in mixed mesocosms (LME, M x T,
Fi46 = 12.872, P =0.0008). At the end of the experi-
ment, ‘green algae’ chlorophyll a content reached
102.0 + 31.1 ug Chl-a L™' in mixed mesocosms com-
pared to 41.5 + 17.7 pg Chl-a L' in calm conditions.
This positive response to mixing was found for both

concentration

‘small’ and ‘large’ green algae (Fig. 4b, c). Overall, 60% of
the total chlorophyll a2 concentration was found in ‘small’
green algae (<30 um) (Fig. 4b). Larger algae (between 30
and 100 pm, Fig. 4c) reached higher chlorophyll a content
in mixed mesocosms compared to calm mesocosms (last
week of the experiment: 34.1 £ 11.9 pg Chl-a L' versus
12.3 + 2.5 pg Chl-a L.

Flow cytometry data on phytoplankton indicated an
increase in abundance (in cells mL ') during the first
3 weeks of the experiment in accordance with chloro-
phyll a2 measurements (Fig. 4d). However, while we
observed a between-treatment divergence in chlorophyll
a concentration using the BBE probe, here we found a
steady decline in cell abundance until the end of the
experiment with no significant differences between
treatments.

Mixing effects on zooplankton

The zooplankton communities in this experiment were
found to be typical of a high predation rate by plank-
tivorous fishes, that is, the dominant species were
small, mainly comprising herbivorous rotifers and the
longirostris ~ (Fig. 5a—d).
formed more than 90% of zooplankton abundance at all
times. Rotifer community composition changed over
time, but it was dominated by planktonic brachionids
such as Keratella testudo, Anuraeopsis fissa, and Brachionus
sp., as well as Polyartha sp. (Synchaetidae). Small clado-
Scapholebris  sp., Ceriodaphnia  sp.

cladoceran Bosmina Rotifers

cerans such as
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Fig. 2 Temporal dynamics of (a) pH, (b) PO, -P, (¢) NOs-N, (d) NO»-N and (e) NH5-N, during the 9-week experiment. Black and white
symbols denote mixed and calm mesocosms respectively. Each dot represents the mean between surface and bottom measurements. Error
bars show the standard error.
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Fig. 3 Proportion of phytoplankton classes during the 9-week experiment. ‘M’ and ‘C’ denote mixed and calm mesocosms respectively.
Green algae are shown in grey, diatoms in light grey and blue-green algae in black.

(Daphniidae) and Diaphanosoma brachyurum (Sididae) found from the second half of the experiment onwards.
also appeared occasionally during the experiment. Nau-  The copepod community was largely dominated by
plii and copepods (calanids and cyclopids) were mainly  calanids.

© 2016 John Wiley & Sons Ltd, Freshwater Biology, 62, 161-177



Mixing in shallow lakes 169
‘%\ —~
< _ @ To@
= 27 e Mixed g = |
O o Calm = &
on o [5)
2 =2 2
3 E 2]
g ox
2 g
o . T T T T E <A T T T T
2 4 6 8 A~ 2 4 6 8
L o L.@©
SHE. = § .
= =1
Q 6 § 1 E el
< *
on o - ©v
— 3. [
% e 2
85 E O
52 2 =)
7 g °
E (=3 . ; - T 5 <1 T T T T
7 2 4 6 8 = 2 4 6 8
>
T
—
Fig. 4 Temporal dynamics of (a) total = - © ®
. . = & o
green algae biomass (in eq. pg Chl- @) s
a L™, (b) green algae biomass with g 2 2 g Z]
. on = = .
diameter under 30 pm, (c) green algae = g8 2 5 &l
biomass with diameter between 30 and g g S - % z
[ =]
100 um measured using the BBE fluoro- 5 = o 57
probe, as well as (d) phytoplankton, (e) Mo S g
virus and (f) bacteria abundance mea- E < T T T T m s T T T T
sured using flow cytometry during the by 2 4 6 8 2 4 6 8
9-week experiment. Legends as in Fig. 2. o Weeks Weeks

Rotifer abundance increased up to c. 2200 individu-
als per litre in both treatments. The abundance peak
was reached at week 6 in calm mesocosms and week
8 in mixed mesocosms (Fig. 5b). In calm conditions,
we then observed a steady decline until the end of
the experiment. Despite this difference in dynamic, no
statistical effect of mixing was found for rotifer abun-
dance. To distinguish between predation, mechanical
interference and bottom-up control on rotifer popula-
tions, egg ratios of the two dominant species K. testudo
and A. fissa (both combined make up for more than
40% of the rotifer population from week 3 onwards,
data not shown) were compared. No differences were
found for K. testudo and A. fissa egg ratios between
mixed and calm enclosures (Fig. 6a, b). For both spe-
cies, no correlation was found between egg ratios and
phytoplankton abundance (<30 pm) which may suggest
that there was no food limitation. Even though the
egg ratios tended to decrease, especially for A. fissa,
egg ratios remained above 0.2 for most of the experi-
ments.

Bosmina longirostris abundance and dynamic was very
similar in both treatments over time, with increasing

© 2016 John Wiley & Sons Ltd, Freshwater Biology, 62, 161-177

abundance in the second half of the experiment (Fig. 5c).
Mixing intensity only had a significant effect on cope-
pods over time (LME, M x T: F; 46 = 15.415, P = 0.0003),
reaching higher densities in calm mesocosms (Fig. 5d).
This result was not found for copepod larvae, that is,
nauplii, even though the graphical patterns are similar
(Fig. 5e).

Mixing effects on prokaryotes and virus-like particles

Temporal dynamics of virus-like particles and
prokaryotes were globally indistinguishable between the
mixing treatments (Fig. 4e, f). Virus abundance
increased during the first 4 weeks, while prokaryote
abundance decreased. Inversely, the prokaryote abun-
dance suddenly increased in weeks 5 and 6, while virus
abundance dropped. In calm conditions, the virus-to-
prokaryote ratio (VPR) remained relatively low and
homogenous between mesocosm replicates. Conversely,
in mixed conditions, each replicate displayed a relatively
high VPR value at different moments of the experiment
(Fig. 7: weeks 3, 4 and 7 for mesocosms 3, 5 and 1

respectively).
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Fig. 5 Temporal dynamics of (a) total zooplankton, (b) rotifers, (c) bosminas, (d) copepods and (e) nauplii abundance during the 9-week
experiment. Legends as in Fig. 2.
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Fig. 6 Temporal dynamics of the egg ratios of two major rotifer species: (a) K. testudo and (b) A. fissa. No values are given prior to week 2
or 3 when both species are not sufficiently abundant. The dotted line represents the egg ratio limit below which rotifers risk food limitation
(limit established for Keratella by Gonzales & Frost, 1992 and extrapolated here for A. fissa). Legend as in Fig. 2.

inorganic matter on eutrophic shallow freshwater using
mesocosms especially built to reproduce natural water
To the best of our knowledge, this is the first experiment =~ movements. In our experiment, we successfully created

Discussion

investigating the effects of mixing and resuspension of = two distinct environments: (i) a well-mixed and
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Fig. 7 Temporal dynamics of the virus-
to-prokaryote ratio ‘VPR’ ratio in each e
mesocosm. Black line: mixed mesocosms, =
0

grey line: calm mesocosms. Each meso-
cosm (from 1 to 6) is identified by a
specific dot shape.

turbulent water column with the resuspension of bottom
materials leading to higher turbidity; (ii) a stable water
column with only superficial mixing (comparable to
calm conditions) and no resuspension. In fine, we found
multiple differences between those systems that we dis-
cuss below.

Mixing effects on turbidity and sediments

As expected, turbidity and TSS concentration were
greater in mixed mesocosms, with maximum values at
the bottom indicating the resuspension of the top layer
of the sediment bed. The difference of turbidity between
the surface and bottom of mixed mesocosms comes
from the equilibrium between sedimentation and resus-
pension in the upper part of the water column; while
the coarser particles sink rapidly, fine inorganic and
organic particles, small cells and cell debris are kept in
suspension thanks to water movements. However, the
impact on overall turbidity was moderate, with values
never exceeding 20 NTU in mixed mesocosms. Turbid-
ity levels in lakes are of great importance for primary
production, as it reduces light availability for plank-
tonic, benthic and attached algae and macrophytes. The
effect of resuspension on phytoplankton production
depends on the amount of matter that is resuspended
for a given mixing intensity (which depends on the sed-
iment composition and cohesion) and on the threshold
of phytoplankton species for light limitation. Schallen-
berg & Burns (2004) showed that the threshold for light
limitation of phytoplankton is rather high, for example,
>200 NTU in Lake Waihola (New Zealand). Keeping in
mind that NTU values and corresponding thresholds
for light limitation can vary from lakes to lakes depend-
ing on depth and nutrient concentration, these levels of
turbidity are most likely to be seen after strong weather
events like storms. It is therefore unlikely that algae
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would suffer from strong light limitation with the mod-
erate level of continuous mixing as seen in our experi-
ment, but following the turbidity gradient, algae at the
bottom of the mesocosms could still be light limited.

Mixing effects on nutrient concentration

In eutrophic shallow lakes, wind-induced resuspension
is usually associated with the release of total phospho-
rus from the sediments (Sendergaard etal., 1992;
Hamilton & Mitchell, 1997; Zhu et al., 2005, Thomas &
Schallenberg, 2008). Detectable effects on dissolved
phosphorus are less common, as dissolved nutrients
are subject to rapid biological assimilation and depend
on the difference in concentration between sediment-
bound and dissolved phosphorus in the water (Gunati-
laka, 1982; Hamilton & Mitchell, 1997; Schallenberg &
Burns, 2004). In this experiment, we did not observe
any significant differences in dissolved phosphorus
concentrations between the mixed and unmixed enclo-
sures. This can partly be explained by the nature of the
sediments chosen in our experiment, that is, sieved
sand from the Loire River (France). With usually poor
organic matter content, it is rather safe to suggest that
the sand phosphorus concentration was very low com-
pared to a fresh sediment layer from a eutrophic shal-
low lake.

Phosphorus release following mixing events has been
shown to have a positive impact on phytoplankton
(Schallenberg & Burns, 2004; Zhu et al., 2005) and bacte-
rial biomass (Weithoff et al., 2000). This positive effect
will only be found when phytoplankton and prokaryotes
are in a state of nutrient limitation (Schallenberg &
Burns, 2004). In our experiment, there was no indication
of nutrient release from the sand nor nutrient limitation,
given the concentration of dissolved phosphorus
throughout the experiment which was never completely
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depleted and remained relatively stable. This set-up is
quite unlikely in nature as sediment beds of eutrophic
lakes often behave as reservoirs of phosphorus and
nutrients that can be released during mixing events
(Sendergaard et al., 2003). However, this helps us to
determine the effect of resuspension of matter alone,
without possible confounding effects of phosphorus
release.

No difference was observed in nitrogen concentration
and dynamics except for nitrite nitrogen. NO,-N
increased in both mixed and calm mesocosms. Nitrite
accumulation usually results from differential inhibition
or disruption of the different steps in nitrification and/
or denitrification processes (Philips, Laanbroek & Ver-
straete, 2002). High pH, as found in our experiment,
values are often cited as a major cause for nitrite
accumulation through the inhibition of nitrite-oxidising
bacteria (NOB) in case of nitrification or through
decreasing denitrification (Merkel, Bohler & Frimmerl,
1993; Wetzel, 2001; Kim, Lee & Keller, 2006). Further-
more, NO, accumulation was greater in calm as
opposed to more turbulent conditions. The lack of oxy-
genation of the sediment in unmixed mesocosms could
impair the nitrification activity in this compartment and
lead to greater accumulation in calm mesocosms at
lower pH values than mixed mesocosms (Chen, Keeney
& Konrad, 1972). Similar results were found in the
resuspension experiment of Kang, Song & Liu (2013),
where nitrites accumulated in mesocosms without resus-
pension, an effect that was less pronounced when mix-
ing was applied.

Mixing effects on phytoplankton and chlorophyll a
concentrations

After 3 weeks of the experiment, we observed a clear
divergence in green algae Chl-a concentrations between
mixed and calm mesocosms. Detailed observations of
algae class-sizes show that (i) both size classes of algae
respond positively to mixing and (i) the general
increase in Chl-az concentration observed after the fourth
week in mixed mesocosms is mainly attributable to
algae greater than 30 um. In contrast, algae counting by
flow cytometry, which accounts only for algae smaller
than 30 um, revealed a different pattern. First, cell num-
bers were similar between mixed and calm mesocosms.
Second, we observed a decrease in phytoplankton cell
number in both mixed and calm mesocosms from week
3 up to the end of the experiment. This decrease in small
phytoplankton abundance could be easily explained by
the development and top-down control of a rather

dense population of rotifers in all mesocosms. However,
these results raise the following questions (i) why do we
observe a difference in chlorophyll a concentration
between mixed and calm mesocosms? (ii) why do we
observe an increase in Chl-a in mixed mesocosms while
the cell number is decreasing?

Field
between mixing and chlorophyll a (Carrick et al., 1993;
Schelske et al., 1995; Hamilton & Mitchell, 1997; Ogilvie
& Mitchell, 1998; Schallenberg & Burns, 2004) explained
this result by an increase in algae abundance through

studies that found a positive relationship

the recruitment of meroplanktonic algae. In our case, the
increase in chlorophyll a concentration in mixed enclo-
sures is not linked to any increase in algae abundance
for small algae (<30 pm). Moreover, it is fairly unlikely
that any meroplanktonic population would have the
time to settle in the mesocosms before the onset of the
experiment. We therefore propose two non-exclusive
hypotheses to explain this discrepancy: (i) a shift in spe-
cies composition towards larger species with higher
chlorophyll content; (ii) a physiological response of algae
cells to mixing.

The duration of this experiment is enough to observe
shifts in algae community composition (Harris 1986).
Mixing is known to alter phytoplankton community
composition (Fraisse, Bormans & Lagadeuc, 2015) and
usually enables larger and heavier species to stay in sus-
pension, therefore it is likely that, within ‘small’ algae
(<30 pm), the increase in chlorophyll a is due to a higher
proportion of large species (Visser et al., 1996; Felip &
Catalan, 2000). The continuous increase in chlorophyll a
observed for ‘large’ species (between 30 and 100 pm)
also supports this first hypothesis. This could be easily
verified in further experiments by studying the evolu-
tion of the phytoplankton composition, either through
sequencing or microscopic identification and measure-
ment of algae sizes.

The other hypothesis to explain the discrepancy
between abundance data and chlorophyll 2 might be a
physiological response of cells to mixing. Photosynthetic
organisms have the capacity to regulate the amount of
pigments in response to the light climate and nutrient
concentration (Falkowski, 1984; Shin, Rhee & Chen,
1987; Longhurst & Glen Harrison, 1989; Ibelings, Kroon
& Mur, 1994; Felip & Catalan, 2000). An increase in
chlorophyll a content is usually a response to a more
turbid environment, known as shade adaptation. There-
fore, the higher global turbidity level observed in our
mixed mesocosms could have induced an increase in
chlorophyll a cell content. However, this hypothesis does
not satisfactorily explain our results as these processes
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usually occur within one or two generations of algae
cells (Harris 1986) and effects on the chlorophyll a
measurements should have appeared earlier in the
experiment.

Mixing effects on pH and primary productivity

Although not measured directly, we observed a greater
photosynthetic activity in mixed as opposed to calm
mesocosms, as shown by the higher pH values. This is
also supported by higher oxygen concentrations in
weeks 4-7 in mixed mesocosms. In summer, pH usually
increases in natural environments as a consequence of
the uptake of inorganic carbon by the primary producers
for their photosynthetic activity (Schelske et al., 1974;
Scheffer, 1998; Reynolds, 2006; Moss, 2010; Kosten et al.,
2011). Previous studies on the effects of fluctuating light
due to mixing showed diverse physiological responses,
often leading to an increase in photosynthetic rates (see
references in Litchman, 2000). Early experiments evalu-
ating the phytoplankton photosynthetic response to ver-
tical movement in oceans showed an enhancement of
photosynthesis for phytoplankton grown at fluctuating
depths compared to the same phytoplankton species
maintained at a fixed depth (Marra, 1978). The reduction
in photoinhibition experienced in clear waters and/or
the reduction in light limitation in turbid environments
are two mechanisms proposed to explain this positive
effect of mixing on primary production (Mallin & Paerl,
1992). On the one hand, regular mixing allows phyto-
plankton cells to be exposed to sufficient light by
increasing their probability of passing through the well-
exposed surface layer. On the other hand, it also
decreases the risk of photoinhibition by moving phyto-
plankton cells rapidly through the water column to less
exposed depth.

Mixing could also theoretically affect gas exchanges
at the water/air interface with an enhancement of CO,
dissolution, thus allowing greater uptake by primary
producers or alleviating any carbon limitation. How-
ever, if this was the case here, a difference in pH
should have been observed at the beginning of the
experiment (with lower pH values in mixed mesocosms
due to continuous supply of CO,). Here, the pH is the
same between calm and mixed mesocosms up until
the third to fourth week, which coincides temporally
with the divergence in Chl-a concentration between
treatments. Important impacts on gas exchanges can be
expected when mixing provokes breaking waves, vor-
texes and bubbles, which is not the presently the case.
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Mixing effects on zooplankton dynamics

Zooplankton responses to mixing varied from one group
to another. Small cladocerans, mainly Bosmina lon-
girostris, and rotifer abundances were consistent in calm
and mixed mesocosms. Nonetheless, rotifers dynamics
slightly differed with an abundance peak on week 6 in
calm mesocosms followed by a steady decline, while
rotifer abundance increased until week 8 in mixed meso-
cosms. This difference in timing might be explained by
copepod density, which was higher in calm mesocosms
during the second half of the experiment. This hypothe-
sis is in agreement with egg ratios analysis. Egg ratios
rarely dropped below 0.2 which is considered as a limit
for food limitation for Keratella (Gonzales & Frost, 1992;
Weithoff et al., 2000). Moreover, in the case of K. testudo,
the egg ratio was stable, especially in calm enclosures;
while rotifer population dropped suggesting that preda-
tion and/or mechanical interference were the main form
of control. We can exclude mechanical interference
because most cladocerans were smaller than 1.2 mm
which is the critical value for mechanical interference
(Burns & Gilbert, 1986; Maclsaac & Gilbert, 1989). Most
copepod species in their adult stages are very efficient
predators, with rotifers often being their preferred prey.
It has been demonstrated that their feeding rate on roti-
fers is high enough to produce top—down control
(Brandl, 2005).

As to why copepod densities are significantly higher
in calm mesocosms, we propose three non-exclusive
hypotheses that might explain these results. First, the
turbulent flows caused by mixing could hinder the kine-
matics of copepods. It might therefore be more difficult
and energy-consuming for individuals to maintain their
position in the water (Yen, Rasberry & Webster, 2008),
leading to reduced feeding and growth rates. Second,
copepods in mixed enclosures could proportionally
ingest more resuspended material that is lower in nutri-
ent content as compared to low turbidity environments,
thus reducing the efficiency of food assimilation (Gas-
parini, Castel & Irigoien, 1999). Copepods could also
expend more energy sorting food from sediment,
although according to Levine et al. (2005), NTU levels
around 15 NTU as in our mixed mesocosms reduce
clearance rates by only 3-8%. Kang (2012) also showed
non-statistical differences in the ingestion rates of food
particles by a marine copepod at suspended sediment
concentration of 10 mg L™". Third, it is possible that sus-
pended sediments could interfere with the mechanical
or chemical signals from both copepod preys (Levine
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et al., 2005) and their predators which could in turn
lower their feeding success, growth rates and reproduc-
tion rates (Paffenhofer, 1972; Oviatt, 1981; Turner & Tes-
ter, 1989, Gasparini et al., 1999; Kang, 2012). For
instance, predation by the planktivorous fish in our
mesocosms could be responsible for the difference in
copepods density between calm and mixed conditions.
Harkonen et al. (2014) showed that under turbulent con-
dition with low visibility, planktivorous fish increase
their predation on copepods. They explain this result to
a lower escape ability of copepods, thus making them
more vulnerable to fish predation. This could have
major consequences on top—down regulations in lakes
with different turbulence and visibility levels.

Mixing effects on prokaryotes and viruses

Bacteria are a crucial component in limnetic food webs,
yet, very little is known about the impact of mixing on
this community in lakes. Weithoff et al. (2000) showed
that bacterial abundance increases strongly after mixing
events due to the nutrient input in the water column. In
our experiment, we did not observe any differences in
abundance between mixed and calm enclosures, which
is not surprising considering that we did not observe
any changes in nutrient content. However, bacteria are
also dependent on other factors such as biological
interactions.

In the last decades, viruses have been recognised as
an important component in the microbial food web and
can have a strong impact on bacterial mortality and
diversity (Wommack & Colwell, 2000; Weinbauer & Sta-
nier, 2004; Meunier & Jacquet, 2015). Our results on the
VRP ratio (generally considered as a proxy of the inter-
actions between viruses and hosts, e.g. Parikka et al.,
2016) could suggest that the lysis activity was stronger
in mixed compared to calm conditions. We hypothesise
that this result could reflect enhanced contact rates in
mixed conditions, which is a key process to explain
virus-host interactions. A similar effect of water motion
was proposed by Hudnell et al. (2010) regarding the con-
trol of cyanobacteria by cyanophages. Further studies
using precise genomic tools would be necessary to con-
firm our finding, which could have important conse-
quences on ecosystem microbial functioning.

Ecosystem level

This medium-term experiment reveals that mixing may
have multiple impacts on shallow waterbodies, either
directly through mechanical action or turbidity levels or

indirectly through the food web. Our results show how
mixing changes the conditions of the water column
through either direct physical effects (e.g. sediment
resuspension, copepod kinetics, virus and prokaryote
interactions, green algae chlorophyll a content and pro-
ductivity) or indirect effects (e.g. increasing green algae
productivity, which in turn causes the pH to rise, or
resuspension of sediments, leading to a more turbid
environment for algae and possibly impairing copepod
feeding activity).

The first important result is that mixing impacted the
phytoplankton and possibly its primary productivity as
indicated by pH and oxygen variations. Yet, it also chan-
ged the structure of the community by differently affect-
ing the zooplankton functional groups and possibly
strengthening the viral impact on the prokaryotes. This
could have an important impact on energy pathways
from lower to upper trophic levels. Mixing and resus-
pension events are common features in shallow lakes
that demand a broader analysis on multiple trophic
levels to fully comprehend their action on the ecosystem
functioning. The inclusion of abiotic factors and different
types of interactions, albeit challenging, gives a better
understanding of how the food-web behaves and adjusts
to different environmental conditions.
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