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Abstract Food quality is one of the key factors
influencing zooplankton population dynamics.
Eutrophication drives phytoplankton communities
toward the dominance of cyanobacteria, which means
a decrease in the availability of sterols and long-chain
polyunsaturated fatty acids (EPA and DHA). The
effects of different restoration measures on the nutri-
tional quality of the phytoplankton community and
subsequent impacts on zooplankton biomass have
rarely been considered. We analyzed the nutritional
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quality of phytoplankton in the eutrophic Lake
Vesijarvi in southern Finland over a 37-year period,
and studied the impacts of two restoration measures,
biomanipulation and hypolimnetic aeration, on the
abundance of high-quality phytoplankton. We found
that biomanipulation had a positive impact on the
abundance of taxa synthesizing sterols, EPA, and
DHA and, concurrently, on the biomass of the
keystone species Daphnia. In contrast, hypolimnetic
aeration did not result in such a beneficial outcome,
manifested as a decrease in the abundance of Daphnia
and frequent phytoplankton blooms dominated by
cyanobacteria suggesting reduction in the nutritional
quality of food for Daphnia. Our analysis shows that
the determination of the nutritional value of algae and
the contribution of essential fatty acids and sterols is
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an effective method to evaluate the success of various
restoration measures.

Keywords Nutritional ecology - Freshwater food
webs - Daphnia - Fatty acids - Sterols - Amino acids -
Cryptophytes - Cyanobacteria

Introduction

Anthropogenic eutrophication of freshwaters is driven
predominantly by phosphorus runoff from agricultural
and urban lands (Carpenter, 2008) and typically results
in high algal biomass and blooms consisting mainly of
cyanobacteria (Jorgensen, 2001). Following tertiary
wastewater treatment and the removal of phosphorus
from sewage effluent, the concentration of phosphorus
has decreased in many European and North American
lakes (Jeppesen et al., 2005). Despite this successful
control of point source pollution, the ‘wicked prob-
lem’ of eutrophication still persists due to internal
phosphorus loading and non-point source pollution
from urban and agricultural catchments (Thornton
et al., 2013). These maintain the eutrophic state and
delay lake recovery (Carpenter, 2003). Several man-
agement measures have been applied to accelerate the
improvement of water quality and to mitigate
cyanobacterial blooms. The most important and
efficient measure is the reduction of external nutrient
inputs (Huisman et al., 2018), which is a prerequisite
for any other restoration measure applied in lakes.
However, various genera of cyanobacteria have
different total phosphorus (TP) thresholds, and some
cyanobacteria species may be abundant at relatively
low TP levels (e.g., Vuorio et al., 2020). Thus, this
hysteretic response to reduced nutrient concentrations
following restoration implies that major additional
actions are usually needed to bring a lake closer to the
original clear-water state and to prevent harmful
cyanobacterial blooms.

One of the most common in-lake restoration
measures is biomanipulation by fish removal to
decrease phytoplankton biomass through cascading
effects of increased zooplankton grazing, especially
by keystone species Daphnia, and decreased recycling
of nutrients in fish biomass (Sgndergaard et al., 2008).
Following reduced predation on zooplankton, a shift
from the dominance of small cladocerans to larger
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Daphnia implies altered nutrient recycling, as higher
amount of P becomes stored in the biomass of
daphnids (cf. Hessen et al., 2013). Cyanobacteria
species with the capability of N fixation proliferate at
high P concentrations, so abundant Daphnia can
change their competitive advantage over other phyto-
plankton taxa. Nutrient regeneration and grazing
affect autotroph stoichiometry with low biomass but
high quality under periods of high consumer biomass
and high grazing pressure (Hessen et al., 2013).
Eutrophication and the associated dominance of
cyanobacteria have cascading effects on ecosystem
functioning, such as impaired trophic transfer of
energy and essential micronutrients (Miiller-Navarra
et al., 2004; Huisman et al., 2018). In addition to
changes in phytoplankton composition, advanced
eutrophication decreases the content of essential
amino acids, w-3 fatty acids, specifically eicosapen-
taenoic acids (EPA), and phytosterols in phytoplank-
ton (Taipale et al., 2019b), simply because
cyanobacteria do not contain these micronutrients
(Miiller-Navarra et al., 2004; Persson et al., 2007;
Taipale et al., 2016a). Eutrophication also suppresses
the relative abundance of cryptophytes and chryso-
phytes, which are high-quality diet for Daphnia
(Watson et al., 1997; Reynolds, 1998; Taipale et al.,
2016a, 2019b; Peltomaa et al., 2017). In turn, non-
toxic freshwater dinoflagellates (excluding Ceratium
species) that usually have a curvilinear response to
increasing TP (Watson et al., 1997) are preferential
diet for copepods due to their high DHA content but
have a twofold effect on Daphnia growth (Peltomaa
et al., 2017, Taipale et al, 2019). Additionally,
reduced availability of essential amino acids, ®-3
and ®-6 polyunsaturated fatty acids (PUFA), and
sterols may limit the growth and reproduction of
herbivorous zooplankton (Arts et al., 2009; von Elert
and Martin-Creuzburg, 2009; Peltomaa et al., 2017;
Schneider et al., 2017) and also impact zooplankton
winter survival (Grosbois et al., 2017). Since herbiv-
orous cladocerans cannot bioconvert EPA from short-
chain PUFA (ALA, 18:3w3) efficiently (von Elert
2002; Taipale et al., 2011), they need to obtain this
physiologically essential PUFA from their diet.
Increased biomass and/or body size of Daphnia and
decreased concentration of chlorophyll a in, at least,
some lakes after restoration suggest improved top-
down control of phytoplankton (Sgndergaard et al.
2008; Anttila et al. 2013). According to the
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quantitative analysis of reported biomanipulation
studies by Bernes et al. (2015), the increased biomass
of large-bodied Daphnia following biomanipulation
may well be explained not only by reduced predation
by fish but also by the shift from the predominance of
cyanobacteria toward high nutritional quality food for
Daphnia. When large Daphnia make up the bulk of
zooplankton community, a wider part of the phyto-
plankton size spectrum is under strong grazing pres-
sure as compared to a community dominated by small-
bodied herbivores like Bosmina (Gliwicz, 2003). This
favorable change in phytoplankton community struc-
ture can result from a change of N:P -ratio or
decreased pH, but also from the fact that large-bodied
Daphnia can consume non-filamentous cyanobacteria
more efficiently than small-sized Daphnia (e.g.,
Microcystis; Triest et al., 2015).

The understanding of the importance of high
nutritional quality algae vs. predation pressure for
successful population development of Daphnia is still
poor. Fish removal from Danish lakes increased the
abundance of cryptophytes for 10 years, with some
exceptions (Sgndergaard et al., 2008). This suggests
improved nutritional quality of local phytoplankton
communities and reduced fish predation; however, the
impacts of biomanipulation on the quality of zoo-
plankton diet have not been studied. It has usually
been assumed that the top-down regulation of plank-
tivorous fish, rather than bottom-up regulation of
phytoplanktonic food, is the main driver of zooplank-
ton community structure, and especially the popula-
tions of large-bodied Daphnia. Thus, through these
positive feedbacks, increased biomass of large-sized
Daphnia might not only be the cause but also the
consequence of the decrease in the prevalence of
cyanobacteria.

Another common restoration measure other than
biomanipulation is hypolimnetic aeration, which
attempts to reduce the release of phosphorus from
anoxic sediment (e.g., Miiller et al., 2012). Air or pure
oxygen can be injected into hypolimnion, but another
approach is to destratify a lake through artificial
circulation of water by pumping oxygen-rich surface
water to hypolimnion, resulting in a great increase in
temperature at depths that were previously part of the
cooler hypolimnion (Cooke et al., 2005). This restora-
tion approach was adopted by managers of Lake
Vesijdrvi, which was estimated to suffer from high
ratio of internal to external P load (ca. 60) (Niemisto

et al., 2012). It was assumed that artificial circulation
could lead to decreased internal phosphorus cycle in
this lake. On the other hand, it can also lead to
enhanced availability of phosphorus to phytoplankton
(Cooke et al., 2005). Furthermore, deepening thermo-
cline shifts the structure of phytoplankton and zoo-
plankton communities (Cantin et al., 2011). More
specifically, because phytoplankton community com-
position is strongly shaped by physical and chemical
factors (Reynolds, 2006; Maileht et al., 2013),
increased turbulence and changes in nutrient concen-
trations may change the relative abundance of various
taxa and especially reduce the abundance of cyanobac-
teria (Webb et al., 1997; Kozak et al., 2017). This can
improve the nutritional quality of phytoplankton for
zooplankton. To our knowledge, this mechanism of
structuring lake food webs following artificial circu-
lation has not received enough attention by the
scientific community.

We studied the impacts of biomanipulation and
hypolimnetic aeration on the phytoplankton commu-
nity structure and nutritional quality of phytoplankton
as the diet for zooplankton, especially Daphnia and
Bosmina. Our study site, Lake Vesijdrvi, has been
intensively managed with the two management mea-
sures to restore the original clear-water state from the
eutrophic state characterized by cyanobacterial
blooms (Anttila et al., 2013). Several studies have
been published on the results of these management
measures (Horppila et al., 1998; Anttila et al., 2013;
Salmi et al., 2014; Ruuhijirvi et al., 2020; Niemisto
et al., 2016), but none of these takes into account that
successful bottom-up restoration should increase high
nutritional quality algae (cryptophytes, chrysophytes,
diatoms, dinoflagellates) to increase zooplankton
biomass. We calculated the contribution of ®-3 PUFA,
-6 PUFA, EPA and DHA, and sterols (sterol index)
in autotrophic seston based on laboratory culturing of
different phytoplankton genera (see supplemental
material, Peltomaa et al., 2017). We hypothesized
that biomanipulation increases high nutritional quality
algae (cryptophytes, synurophytes (silica-scaled
chrysophytes), diatoms) and Daphnia biomass and
that hypolimnetic aeration induced mixing enhances
non-motile algae other than cyanobacteria, such as
diatoms that are mostly high-quality food for
zooplankton.
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Materials and methods
Study site

The eutrophic Lake Vesijdrvi (61°04’N and 25°32°E)
is a medium-sized lake (110 km?) with low dissolved
organic carbon (DOC) concentration (5—-8 mg C Lt
color ca. 20 mg Pt L-1). The lake consists of several
basins, of which our study site, the southernmost
Enonselkd basin (mean depth 6.8 m, surface area
26 km), became strongly polluted during the 1900 s
by municipal and industrial wastewaters being dis-
charged from the surrounding city of Lahti. Sewage
was diverted from the lake in 1976, but it remained
eutrophic with frequent cyanobacterial blooms until
1988 (Kairesalo et al. 1999). Large-scale biomanipu-
lation, i.e., mass removal of planktivorous fish, was
conducted in 1989-1993 (Horppila et al., 1998§;
Kairesalo et al., 1999; Kairesalo & Vakkilainen,
2004). This major restoration effort was followed by
the collapse of cyanobacterial biomass, which doubled
water clarity (Kairesalo & Vakkilainen, 2004) and
increased the body size of Daphnia (Anttila et al.,
2013). However, the improved water quality turned
out to be only temporary, as high cyanobacterial
biomasses reappeared in the Enonselkd basin in the
21st century (> 50% of all phytoplankton in average
of summer months of 2001, 2002, 2005, 2007, 2009,
2013, 2016), despite the continuous management
fishing (Kairesalo & Vakkilainen, 2004). This sug-
gests that external non-point source loading to the lake
was still too high and beyond the threshold for high
internal loading (cf. Andersen et al., 2008). To
improve water quality, hypolimnetic aeration was
turned on in autumn 2009 and has been continued
yearly during stratification periods. The aim of this
artificial circulation of oxygen-rich surface water to
hypolimnion is to reduce internal loading of phospho-
rus from sediment. For the purposes of our study, we
divided the years 1979-2016 in five distinct stages
based on cyanobacterial bloom occasions and lake
management efforts (Table 1) to find out if restoration
affects the nutritional quality of algae and the biomass
of Daphnia and Bosmina.

Phytoplankton composition

Phytoplankton composition and abundance in Enon-
selkd basin (from the deepest point of the basin,
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Lankiluoto) were taken from the database of the
Finnish Environment Institute. The same source was
used to get data on total phosphorus concentrations.
Phytoplankton abundances at genus level were con-
verted to biovolumes according to appropriate geo-
metric formulae, which in turn was converted to
biomass by assuming that phytoplankton density
equals water density (1 g cm™). Biovolumes were
converted to carbon content according to Menden-
Deuer & Lessard (2000) and used in statistical
analysis. Phytoplankton were divided into non-EPA
and non-DHA-synthesizing (green algae, desmids,

cyanobacteria), EPA-synthesizing (cryptophytes,
dinoflagellates, chrysophytes, diatoms, raphido-
phytes), and DHA-synthesizing (cryptophytes,

dinoflagellates, chrysophytes, euglenoids) taxa, simi-
larly to our previous study (Taipale et al., 2016a).

The contribution of EPA and DHA

The contribution of EPA and DHA in the phytoplank-
ton community composition was estimated based on
the genus-specific fatty acid composition, so-called
reference data obtained from cultured algae (Ahlgren
etal., 1992; Volkman et al., 1999; Boechat et al., 2007;
Burns et al., 2011; Bigelow et al., 2013; Taipale et al.,
2013, 2016b; Slocombe et al., 2015; Peltomaa et al.,
2019; Strandberg et al. 2015; Soares et al., 2019). The
full genus-specific fatty acid data used in the estima-
tion is found in the Supplementary Material. In cases
where the reference data did not contain fatty acid
profile for a specific genus, the fatty acid profile of the
phylogenetically closest relative was used. Algal fatty
acid composition is known to be phylogenetically
determined and the effects of environmental factors,
e.g., temperature and nutrient levels are less pro-
nounced (Galloway & Winder, 2015). The contribu-
tion of EPA or DHA in each taxon in the
phytoplankton sample was estimated by calculating
the percentage of EPA or DHA from the algae
percentage in one sample. For example, the percentage
of Rhodomonas was 3.1% in the sample collected on
the 28th of July, 2008 and in Rhodomonas the
proportion of EPA from all fatty acid is 12.5%
(obtained from the reference library and constant for
Rhodomonas), thus about 0.4% of the fatty acids in the
phytoplankton was EPA from Rhodomonas
(0.031 x 0.125 = 0.0038, i.e., 0.4%). The same cal-
culation was made for each taxon to achieve the
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Table 1 Years 1979-2016 of Lake Vesijdrvi (Enonselkd Basin) divided into five stages based on lake restoration measures and

cyanobacteria bloom occurrence

Stage Years TP (ng P Notices

17h

1979-1988 43.6 + 4.2°
1989-1993 37.9 & 5.6
1994-1999 27.0 + 2.9°
2000-2009 26.5 + 3.3°
2010-2016 25.2 + 3.1°

First blooming
Biomanipulation
Clear-water
Second blooming

Hypolimnetic

aeration summer

One oxygenation station 1979-1984, high abundance of cyanobacteria
Removal of cyprinid fish, planting

Clear-water, no cyanobacteria blooms

Cyanobacterial blooms excluding some years

Period of aeration of 8 oxygenators varied from couple of weeks to whole

percentage of EPA (or DHA) in the whole phyto-
plankton sample. Subsequently, the contributions of
EPA (or DHA) from different algal taxa were summed
to achieve an estimate of EPA (or DHA) contribution
in the entire sample. Percentages were directly
summed up since they came from the same group,
i.e., phytoplankton assembly.

Sterol index

Sterol index was calculated as in Peltomaa et al.
(2017). We used the sterol content (ug STE mg C™ 1)
of cultured phytoplankton strains to calculate the
phytoplankton-derived concentration (ug STE 17") of
analyzed sterols in Lake Vesijirvi based on phyto-
plankton carbon biomass (ug C 17"). The content (pug
STE mg ™' C) of each sterol in one sample was based
on the cumulative sum of each phytoplankton genus:

STE, x CBM, STE, x CBM,
TCBM TCBM
STE, x CBM,,

TCBM

Z ug STEmgC =

where STE denotes the content of sterol (sterol in mg
C) and CBM the carbon biomass (ug C 171) of each
phytoplankton genus (a, b, ..., n), and TCBM denotes
the phytoplankton total carbon biomass (ug C 17" of
the corresponding lake sample. If the sterol content for
a specific genus was not available, the average sterol
content of corresponding phytoplankton class was
used for the calculation.

Sterol index for each sample was calculated by
dividing the total sum of each sterol (g STE/mg C) by
the threshold (Martin-Creuzburg et al., 2014):

STE, STE,

n STE,
TH, TH, '~

TH, ’

Sterol index =

where STE is sterol content (ug STE mg C™ ') of each
sterol (a, b, ..., n) in the lake sample and TH is
corresponding threshold value for each sterol (a, b, ...,
n). Sterol index values <1 were considered as
limiting.

The threshold values for the sterol index determi-
nations were obtained from Martin-Creuzburg et al.
(2014) who determined dietary threshold concentra-
tions for ten different phytoplankton-derived sterols.
We categorized sterols into two groups: (1) low
threshold sterols with values similar or even lower
than cholesterol and (2) high threshold sterols with
values higher than cholesterol. Thresholds were
3.9 ug STE mg C~! for fucosterol, 5.48 ug STE mg
C~' for brassicasterol, 8.25 ug STE mg C~' for
stigmasterol, 15.0 pg STE mg C~' for campesterol,
and 21.7 pug STE mg C ' for fungisterol, chondrillas-
terol, dihydrochondrillasterol and schottenol, and
22.0 ug STE mg C~! for b-sitosterol. For untested
sterols we used the thresholds of the most similar
sterol based on the number of double bonds and carbon
chain length.

Zooplankton biomass

Zooplankton biomass comprises the sum of all Daph-
nia species (D. cristata, D. longiremis, D. cucullata,
D. galeata) and Bosmina (B. crassicornis, B. long-
ispina, B. longirostris) in the deepest part (30 m) of
the Enonselkd basin (Lankiluoto), measured at the
University of Helsinki. Daphnia biomass was counted
in only two years (1991 and 1993) during the
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biomanipulation stage and thus we combined stages of
biomanipulation and clear-water stages (zooplankton
samples counted in 1994, 1997 and 1999) as one group
(called as clear-water stage in Fig. 3C). Daphnia
biomass was counted eight times during the second
blooming stage (2001-2006, 2009) and three times
(2011, 2013, 2015, 2016) during the hypolimnetic
aeration. We used the average of summer months
(June—August) and full seasonal data (May—October)
in the statistical analyses. Cladoceran biomasses were
calculated from length-carbon regressions like
described in Vakkilainen et al. (2004).

Data analysis

We used PERMANOVA (Primer 7) analysis and Bray
Curtis similarity to compare phytoplankton commu-
nity structure at genus level (ug C L™") using the five
lake stages and month as factors. We used non-metric
multidimensional scaling NMDS (Primer 7) to sepa-
rate phytoplankton communities of the stages. The
interactions between MDS1 and MDS2 and phyto-
plankton biomass at genus level were analyzed with
Spearman correlation analysis. The differences in
variances (the mean distance to the centroid) of the
phytoplankton community were examined with anal-
ysis of multivariate homogeneity of group dispersions
(PERMIDISP, Primer 7). Similarity percentages
(SIMPER, Primer 7) were used to identify the
characteristic phytoplankton genus of each stage and
to find out phytoplankton taxa for dissimilarities
between stages.

We used PERMANOVA as univariate analysis for
comparing the summer (June, July, August) mean
values of the sterol-synthesizing, non-EPA/DHA,
EPA-synthesizing and DHA-synthesizing taxa, sterol
index, the contribution of -3 PUFA, 0-6 PUFA, EPA
and DHA, and the biomass of Bosmina and Daphnia
among the five stages, having lake stage as a factor.
Pairwise PERMANOVA was used to explore if the
stages differ statistically from each other and identify
possible differences. Since we used PERMANOVA as
univariate analysis, we used Euclidean distance as
resemblance matrix (Anderson 2017). Additionally,
we used monthly averages of each response variable
with lake stage and month as factors in two-factor
PERMANOVA.
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Results

Phytoplankton community structure
among different stages

Total phosphorus concentrations (TP) were signifi-
cantly higher during the first blooming and biomanip-
ulation stage (ANOVA: F437; = 38.8, P < 0.0001) in
relation to any other stages (Table 1). In all, 62
phytoplankton genera occurred during at least 15 of
the 38 years studied and these genera were used in
further statistical analyses. According to the PERMA-
NOVA, phytoplankton community structure at genus
level (as carbon content, pg C L™") differed among
stages (F4, 37 = 4.14, P = 0.001). Nevertheless, phy-
toplankton community of the second blooming stage
did not differ from communities during the stages of
clear-water or the hypolimnetic aeration (hereafter
referred to as aeration stage). Stage alone explained
33% of differences in the phytoplankton community
structure. When month was used as an additional
factor for phytoplankton community analysis in
PERMANOVA, stage (Fy 136 =2.49, P =0.046)
explained only 5% and month (F7 3¢ = 0.37,
P = 0.001) 1% of variation in phytoplankton commu-
nity structure. Pairwise comparison (P < 0.05)
showed that the clear-water stage differed from the
stages of first blooming, biomanipulation, and aera-
tion. Additionally, the first blooming stage differed
from the biomanipulation stage.

Analysis of NMDS separately clustered phyto-
plankton communities (as pg C L™') of different
stages (Fig. 1A) along axes of MDS1 and MDS2
excluding the second blooming stage which over-
lapped with all stages. MDSI1 correlated positively
with non-EPA and non-DHA-synthesizing phyto-
plankton taxa (Pearson r=0.90, P < 0.001) and
negatively with EPA-synthesizing taxa (Pearson
r=—0.90, P < 0.001). MDS1 correlated positively
most strongly with the genera Planktothrix, Pseudan-
abaena, Aphanizomenon and Monomastix, and nega-
tively with Mallomonas, Pseudopedinella, Dinobryon,
and Asterionella (Table 2). MDS2 correlated posi-
tively with many taxa (e.g., Microcystis, Fragilaria,
Table 2), but negatively only with Planktothrix.
PERMDISP indicated that there was significant
unequal dispersion among the stages (F33 = 4.20;
P < 0.028, Fig. 1B), with clear stage having lower
dispersion from centroid than others. However,
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A First blooming stage W Clear stage ® Hypolimnetic aerotation
® Biomanipulation B Second blooming stage
Resemblance: $17 Bray Curtis similarity 2D Stress: 0.14

>

Microcystis
Fragilaria

'
-
1

Kircheneriella

Planktothrix
+——————— NMDS 2

-2 | T
-2 1

EPA- synth Non-EPA / DHA synth.
—_—

NMDS 1
Mallomonas Planktothrix

Fig. 1 A The output of non-metric MDS of quantitative
phytoplankton community structure (ug C 17'). The strongest
Spearman correlations are represented above the arrows.
Remaining correlations are presented in Table 3. Numbers

pairwise comparison showed that dispersion of the
clear stage differed statistically only from the first and
second blooming stage. Analysis of similarity (SIM-
PER) showed highest similarity among phytoplankton
community of the years of the clear stage which
according to similarity followed the order aeration
stage > first blooming stage > second blooming
stage (Table 3). Tabellaria, Cryptomonas, Rhodomo-
nas, Mallomonas and Ceratium formed together 60%
of the cumulative similarity on the clear stage,
whereas high biomasses of Planktothrix and Aphani-
zomenon formed most similarity of first blooming
stage (Table 3). Highest dissimilarity was found
between the first blooming stage and other stages
(dissimilarity 77-87%) as a result of higher biomasses
of Planktothrix and Aphanizomenon in the first
blooming stage compared to any of the other stages.

Phytoplankton quality at different stages

According to the PERMANOVA (Pseudo-
F437 = 11.21, P = 0.001), the contribution of sterol-
synthesizing taxa differed among stages (Fig. 2A),
and stage as a factor explained 57.6% of all variation.
The contribution of sterol-synthesizing taxa was lower
in the first blooming than in any other stage

Second blooming stage (10)

First blooming stage (10)

Biomanipulation (5)

Clear stage (6)

Hypolimnetic aeration (7)

0o 10 20 30 40 50 60

Mean distance-to-centroid

inside circles refer to different stages (see Table 1). B Distance
from centroids (Distance-based test for homogeneity of
multivariate dispersions) of phytoplankton community structure
in different stages. Number of n is in parenthesis

(t = 4.29-14.26, P = 0.001-0.005). The contribution
of sterol-synthesizing taxa was significantly higher
(t=1.70-2.11 P =0.027-0.042) during the clear-
water stage than during the biomanipulation stage or
the aeration stage. According to the pairwise PER-
MANOVA, the clear-water stage and the second
blooming stage did not differ from each other
(P > 0.073). The contribution of non-EPA and non-
DHA-synthesizing taxa differed among stages (PER-
MANOVA Pseudo-F4 37 = 10.26, P =0.001,
Fig. 2A) and the stage explained 55.4% of all varia-
tion. Pairwise PERMANOVA (¢ =3.12-10.17,
P = 0.001-0.007) showed that the first blooming stage
had significantly higher contribution of non-EPA and
non-DHA-synthesizing taxa in relation to any other
stage. The contribution of non-EPA and non-DHA-
synthesizing taxa was the lowest during the clear-
water stage, which significantly differed from both the
biomanipulation stage and the aeration stage (t = 1.89,
P = 0.07). The contribution of EPA- (PERMANOVA:
Pseudo-F4 37 = 10.1, P = 0.001) and DHA-synthesiz-
ing taxa (PERMANOVA: Pseudo-F,3; =9.85,
P =0.001, Fig. 2A) was lowest during the first
blooming stage. The contribution of EPA- and DHA-
synthesizing taxa was highest (81 & 6.9% and
55 £ 8.6% of all phytoplankton, respectively) during
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Table 2 Pearson

Group/Class Genus MDS1 MDS2
correlation between
different phytoplankton Non-EPA and non-DHA synth Chroococcus - 0.1 0.362%
iﬁgui/[glsd Zaxes of MDSI Cyanobacteria Gomphosphaeria 0.323* 0.2
Microcystis 0.2 0.516%*
Aphanizomenon 0.495%%* 0.417%*
Dolichospermum 0.444%%* 0.397*
Planktothrix 0.704%%* — 0.352%
Pseudanabaena 0.562%%* — 0.1
Snowella 0.0 0.485%%*
Woronichinia 0.2 0.373*
Green algae and desmids Pediastrum - 02 0.418%**
Closterium 0.1 0.393*
Cosmarium — 0.1 0.338%
Staurastrum 0.0 0.439%%*
Botryococcus - 02 0.379%
Monomastix 0.528%*%* 0.3
EPA and DHA synth. Dinobryon — 0.401* 0.2
Chrysophytes Pseudopedinella — 0.473%* - 02
Chrysochromulina — 0.391* — 0.1
Synyrophytes Mallomonas — 0.397* — 0.1
Cryptophytes Cryptomonas 0.485%%* 0.2
Diatoms Fragilaria 0.1 0.515%*
Asterionella — 0.324% — 0.1
Cyclotella 0.376* - 0.1
Dinoflagellates Peridiniopsis 0.1 0.362*
Glenodinium 0.2 0.344%*
Peridinium — 0.1 0.340%*
Euglenoids Trachelomonas 0.598%*%* 0.2

the clear-water stage. The contribution of EPA-
synthesizing taxa was higher than during the aeration
stage (t =2.03, P =0.026) and the contribution of
DHA-synthesizing taxa was higher than during any
other stage (t = 1.77-1.93, P = 0.03-0.044). Stage
alone explained 55.0% and 54.3% of variation in the
contribution of EPA- and DHA-synthesizing taxa,
respectively.

The contribution of ®-3 and ®-6 PUFA and sterol
index at different stages

Based on phytoplankton composition at genus level,
we calculated (Taipale et al., 2016) the contribution of
®-3 and ®-6 PUFA of all FAs for each sampling date
using summer averages (Fig. 2B) and monthly aver-
ages (Fig. 3). The contribution of ®-3 PUFA was
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33.2 + 5.1% of all FA and did not vary among stages
(PERMANOVA: Pseudo-F,, 37 = 1.54, P = 0.213),
whereas the contribution of w-6 PUFA varied among
treatments (PERMANOVA: Pseudo-F4 37 = 7.62,
P =0.001). The contribution of w-6 PUFA was
lowest in the first blooming stage (Pairwise PERMA-
NOVA:t =3.47-5.21, P = 0.001-0.004) and highest
in the biomanipulation stage (Pairwise PERMA-
NOVA: t =2.72-2.92, P =0.014-0.015). However,
the contribution of -6 PUFA was equally low during
stages of first blooming and aeration (Pairwise
PERMANOVA: t =147, P =0.171). Stage as a
factor explained 48% of variation in ®-6 PUFA. The
contribution of EPA and DHA followed a parabolic
trend, having the highest contribution during the clear-
water stage (9.6 £ 1.8% and 4.5 £ 1.2%, Fig. 2B).
According to the PERMANOVA, the contribution of



Hydrobiologia

Table 3 Similarity percentages (SIMPER) of phytoplankton
community structure of different stages

Stage / Genus Mean Similarity ~ Contrib%
First Blooming Stage 32.5

Planktothrix 30698  11.85 36.45
Aphanizomenon 151.65 6.07 18.67
Cryptomonas 40.72 3.92 12.07
Dolichospermum 101.26 3.07 9.44
Biomanipulation 34.23

Cryptomonas 40.58 7.66 22.37
Dolichospermum 31.96 4.5 13.15
Microcystis 28.71 3.94 11.52
Tabellaria 13.38 2.24 6.54
Clear Stage 55.45

Tabellaria 22.59  10.61 19.14
Cryptomonas 19.82 103 18.58
Rhodomonas 11.03 5.06 9.12
Mallomonas 7.69 3.74 6.74
Second Blooming Stage 329

Cryptomonas 15.64 7.29 22.15
Tabellaria 23.93 6.26 19.02
Rhodomonas 7.74 2.5 7.61
Ceratium 8.87 2.25 6.83
Hypolimnetic aeration 42.43

Rhodomonas 14.4 10.99 25.91
Cryptomonas 8.81 6.89 16.23
Dolichospermum 7.36 4.58 10.81
Asterionella 6.16 2.67 6.3

Mean indicates phytoplankton biomass (g C 17") of the four
genera that contributed most to the similarity of each stage

EPA (Pseudo-F, 3; =6.52, P =0.002) and DHA
(Pseudo-F,, 37 =3.36, P =0.025) varied signifi-
cantly among stages, and stage as a factor explained
44% and 29% of variation, respectively. Pairwise
comparison showed that the contribution of EPA
(t =3.25-7.24, P = 0.001-0.006) was higher during
the biomanipulation, clear-water, and second bloom-
ing stages than during the first blooming stage. The
contribution of DHA (r = 2.3-3.0, P = 0.008-0.031)
was higher in clear-water and second blooming stage
than in the first blooming stage. The contribution of
DHA was equally low during the stages of the first
blooming, biomanipulation, and the aeration. Sterol
index differed among stages (PERMANOVA:
Pseudo-F4 37 = 9.94, P = 0.001), being lowest (Pair-
wise PERMANOVA:¢ = 3.6-5.4,P = 0.001-0.003)

in the first blooming stage and highest (Pairwise
PERMANOVA: ¢ =2.2-2.6, P =0.021-0.033) dur-
ing the biomanipulation stage (Fig. 2C).

Seasonal patterns of the contribution of ®-3 and ®-
6 PUFA and sterol index

Monthly averages of the contribution of ®-3 and ®-6
PUFA to all fatty acids (Fig. 3) differed significantly
among stages (PERMANOVA: Pseudo-F3 15, = 2.13,
P =0.084, Table 4) and among months (PERMA-
NOVA: Pseudo-F3, 15, = 2.13, P = 0.084, Table 5).
However, stage and month explained only 6-11% and
9-11%, respectively, of the variation in ®-3 and -6
PUFA contribution. Nevertheless, it is notable that the
contribution of m-3 PUFA differed between the first
blooming stage, the biomanipulation stage and the
clear-water stage (Table 4). Additionally, the bioma-
nipulation stage differed from the clear-water stage
(Table 4). Month explained 14% and 15% of variance
of the contribution of EPA (PERMANOVA: Pseudo-
F7 187 = 5.23, P = 0.001) and DHA (PERMANOVA:
Pseudo-F7 137 = 6.16, P = 0.002). Stage explained
10.6% and 7.7% of variance of EPA (PERMANOVA:
Pseudo-F7, g7 = 7.0, P = 0.001) and DHA (PERMA-
NOVA: Pseudo-F;, 137 =5.40, p =0.002), respec-
tively. Pairwise comparison showed that the first
blooming stage had lower contribution of EPA
throughout the open-water season than any other stage
(Table 4, Fig. 3). The contribution of EPA was higher
during the clear-water stage than during any other
stage (Table 4). The contribution of DHA differed
between the first blooming and all other stages
(Table 4). The clear-water stage differed from the
aeration stage when the whole growing season (May—
October) was taken into account (Table 4).

Sterol index showed a more apparent seasonal trend
during the biomanipulation stage than in any other
stage (Fig. 4A). When month and stage were both used
in a two-factor PERMANOVA analysis, they
explained 4.0% and 12.2% of variance, respectively.
However, sterol index differed significantly only
among stages (PERMANOVA: Pseudo-
F4 152 =7.14, P =0.002) and not among months
(PERMANOVA: Pseudo-F5, 15, = 1.88, p =0.11).
Pairwise PERMANOVA revealed that the sterol index
was lower during any month of the first blooming
stage when compared to months during other stages
(Table 4).
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Fig. 2 A The contribution (average of summer months) of
sterol-, non-EPA- and non-DHA-, EPA- and DHA-synthesizing
phytoplankton in different stages. B The contribution of ®-3
PUFA, o-6 PUFA, EPA, and DHA of all fatty acids, C Sterol

Relationship between Daphnia and Bosmina
biomass with the biochemical parameters

The relationship between the total biomass of Daphnia
and Bosmina with sterol index was significant
(Fy15 =729, =032, P= 0.014), and this regres-
sion was even stronger (F,s= 14.14, ” =0.52,
P =0.002) when the highest cladoceran biomasses
were excluded from the analysis (Fig. 5). Regression
between the contribution of ®-6 PUFA and the
biomass of Daphnia and Bosmina was also significant
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Bosmina Daphnia

index, and Bosmina and Daphnia biomasses in different stages.
Different letters refer to the statistical difference (p < 0.05,
a < b<c) by pairwise PERMANOVA

(Fi,5 =522, »=027, P=0.038), though -6
PUFA did not explain variation in the biomasses as
well as sterol index. Among the contribution of ®-3
PUFA, EPA and DHA, the regression between the
cladocerans and DHA was the strongest and margin-
ally significant at 0.05 level (F ;5 = 4.25, r* =023,
p =0.058). The contribution of ®-3 PUFA
(Fi15 =094, r*=0.063, P=0349) and EPA
(Fy15 = 2.08, ”=0.13, P = 0.171) was not related
to the biomasses of Daphnia and Bosmina.
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Fig. 3 A The contribution of ®-3 PUFA, B -6 PUFA, C EPA, D DHA during open-water months in different stages. See statistical

difference among stages and months from Tables 4 and 5

Changes in Daphnia and Bosmina biomass
over different stages

Since zooplankton studies started only in 1991, after
two years of intensive management fishing, we did not
have any Daphnia or Bosmina biomass data from the
first blooming stage, and only two years of data was
available during the biomanipulation stage. Therefore,
the biomanipulation stage was merged with the clear-
water stage in their biomass analysis. The biomass of
Bosmina was almost equal during the stages of
biomanipulation, the clear-water, and the second
blooming. The summer average biomass of Bosmina
was higher during the biomanipulation stage and the
clear-water stage (30.5 + 11.5 pg L™') and the sec-
ond blooming stage (30.1 & 13.8 pg L") than during
aeration (23.9.1 £ 14.1 pg L™"), but due to the high
standard deviations this difference was not significant
(PERMANOVA: F, ;5=0.36, P =0.73). Daphnia
biomass was two times higher during the summers of
biomanipulation and the clear-water stage than during
aeration (PERMANOVA: F, 5=6.8, P =0.009).
Pairwise PERMANOVA showed that Daphnia bio-
mass was also higher (f = 2.4-4.3, P = 0.018-0.043)
during the second blooming stage than during the
years of aeration. According to the PERMANOVA

analysis, stage explained 51% of the variation in the
Daphnia biomass.

According to the two-factor PERMANOVA (stage
x month), Bosmina biomass differed among months
(PERMANOVA: F5 o4 = 18.31, P = 0.001), but not
among stages (PERMANOVA: F, o,=6.38,
P =0.009). Month explained 50.1% of Bosmina
biomass variation (Tables 4, 5). Two-factor PERMA-
NOVA found difference among stages (PERMA-
NOVA: F, 94=635 P =0.003) and month
(PERMANOVA: Fs5 94 =1097, p =0.001) when
monthly averages of Daphnia biomass were used in
analysis. Month and stage explained 32.4% and 7.5%
of the variation in Daphnia biomass, respectively.
Pairwise PERMANOVA showed a significant differ-
ence among the stages of aeration, clear-water, and
second blooming (Table 4).

Discussion

Biomanipulation and hypolimnetic aeration alter
phytoplankton community structure

To our knowledge, the abundance of high nutritional
value phytoplankton has not been taken into
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difference among stages and months from Tables 4 and 5

consideration when judging the outcome of lake hypolimnetic aeration, on phytoplankton nutritional
restoration. We studied the impacts of two lake value and subsequent correlation with Daphnia and
management  measures, biomanipulation and Bosmina biomass. Multivariate analyses differentiated
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the phytoplankton community structure into four
separate clusters. Phytoplankton community structure
during the biomanipulation and the hypolimnetic
aeration was more similar to that of the first blooming
stage than the clear-water stage. These different
phases detected with non-metric multidimensional
scaling (NMDS) may be useful in future evaluations of
lake stages and the direction of the applied restoration
acts in Lake Vesijirvi. According to the SIMPER
analysis, the cyanobacterial genera Planktothrix,
Pseudanabaena, Aphanizomenon and Dolichosper-
mum were characteristic for the first blooming stage.
These four genera contributed most to the dissimilar-
ities between phytoplankton community of the first
blooming stage and the other stages. This corresponds
with the initial observations that described the high
biomass of cyanobacteria.

The effectiveness of biomanipulation can be seen in
the total absence of cyanobacterial blooms during the
clear-water stage, which occurred 1-5 years after the
fish removal in Lake Vesijarvi as previously reported
from other lakes (Bernes et al., 2015). A previous

study explained the success of biomanipulation in
Lake Vesijarvi in terms of reduced fish-mediated
internal loading, recycling and translocation of nutri-
ents from littoral to pelagial rather than grazing rate of
zooplankton (Horppila et al., 1998). However, the
zooplankton data of Horppila et al. (1998) did not
cover the period before biomanipulation. Later, sub-
fossil evidence showed that the body size of Daph-
significantly after the
removal of fish (Nykédnen et al., 2010), suggesting
enhanced control of phytoplankton by zooplankton.
As the concentration of TP was similar during the
clear-water and the second blooming stage, it cannot
explain the occasional blooms of cyanobacteria during
the second blooming stage. However, there are
multiple other stressors, such as intensified lakeshore
building, exceptional weather conditions and
hypolimnetic oxygen deficiency which probably con-
tributed to deteriorating water quality (Nykénen et al.,
2010; Anttila et al., 2013).

Positive impacts of hypolimnetic aeration on phy-
toplankton = community were not seen, as

nia and Bosmina increased

@ Springer



Hydrobiologia

Table 4 Permutational Unit Factor (stage) t P(perm)
multivariate analysis of
variance (PERMANOVA) Sterol index Stage
Z?)Srlrlll;erg(r)nza(l)rf\?tseiol index. First blooming stage, Second blooming stage 2.4491 0.023
the contribution of ®-3 First blooming stage, Biomanipulation 5.0782 0.001
PUFA, -6 PUFA, EPA, First blooming stage, Hypolimnetic aeration 3.8887 0.001
and DHA, the biomass of First blooming stage, Clear stage 4.1495 0.001
Daphnia when stage was
used as a factor ®-3 PUFA Stage
First blooming stage, Biomanipulation 2.1311 0.043
First blooming stage, Clear stage 3.3341 0.004
Second blooming stage, Clear stage 2.0791 0.047
-6 PUFA Stage
First blooming stage, Biomanipulation 4.5528 0.001
First blooming stage, Clear stage 3.9501 0.001
Hypolimnetic aeration, Biomanipulation 2.7191 0.007
Hypolimnetic aeration, Clear stage 2.4739 0.013
EPA Stage
First blooming stage, Hypolimnetic aeration 24613 0.019
First blooming stage, Second blooming stage 2.3383 0.015
First blooming stage, Biomanipulation 4.6642 0.001
First blooming stage, Clear stage 6.6758 0.001
Hypolimnetic aeration, Clear stage 2.4204 0.025
Second blooming stage, Clear stage 2.0698 0.045
Biomanipulation, Clear stage 2.1341 0.031
DHA Stage 1.7224 0.089
First blooming stage, Hypolimnetic aeration 2.5415 0.013
First blooming stage, Second blooming stage 3.2088 0.012
First blooming stage, Biomanipulation 3.2741 0.003
First blooming stage, Clear stage 4.5702 0.001
Hypolimnetic aeration, Clear stage 2.3339 0.018
Daphnia Stage
For Daphnia biomass, Clear stage, Hypolimnetic aerotation 4.0909 0.002
biomanipulation and clear Second blooming stage, Hypolimnetic aerotation 2.2734 0.046

stage was merged as one

cyanobacterial blooms occurred during the aeration
years, in contrast to what was assumed when this
restoration measure was launched by lake managers.
Planktothrix was the most common cyanobacterial
genus, which in fact are tolerant to water-column
mixing (Reynolds, 1994) and are shown to increase in
abundance when water columns are mixed (Visser
etal., 2016). The mechanisms behind this are probably
increased hypolimnion temperature, turbulence, and
enhanced recycling of P and organic material (Salmi
et al., 2014; Niemisto et al., 2016). Of the Planktothrix
species, P. agardhii is known to be abundant in
turbulent water (Dokulil & Treubner, 2000). However,
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some years during the aeration stage were similar to
the clear-water stage, which resulted from variation in
thermal stratification during the years of mixing.
Dispersion analysis showed that phytoplankton com-
munity structure was most stable during the clear-
water stage. This is mainly because slowly growing
large-sized K-strategist species (large cryptophytes,
chrysophytes, dinoflagellates and diatoms) are more
common in stable and mature environments than faster
growing r-strategist species (e.g., many cyanobacteria
and small diatoms) that can gain high biomasses
(Kilham & Hecky, 1988; Reynolds, 2006). This is in
congruence with our results, since the large bush-like
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Table 5 Permutational multivariate analysis of variance
(PERMANOVA) results for pairwise comparisons of sterol
index, the contribution of m-3 PUFA, w-6 PUFA, EPA, and
DHA, the biomass of Bosmina and Daphnia when month was
used as a factor

Table 5 continued

Unit Factors (month) t P (perm)
»-3 PUFA Month
September, July 2.2571 0.05
June, August 2.8635 0.006
June, November 2.4999 0.015
June, May 2.2584 0.028
November, May 2.0434 0.05
®-6 PUFA Month
September, May 2.3583 0.023
June, July 2.3068 0.025
June, May 4.858 0.001
August, May 3.2509 0.003
July, May 2.8906 0.003
EPA Month
September, May 4.6996 0.001
June, May 3.2699 0.002
August, May 4.891 0.001
July, May 4.2419 0.002
May, October 2.5359 0.019
DHA Month
September, May 2.2049 0.043
June, November 2.7934 0.006
June, May 3.301 0.003
June, April 7.0094 0.001
August, May 2.3014 0.026
August, April 4.1396 0.007
July, May 2.9027 0.006
July, April 6.1162 0.001
October, April 6.3808 0.002
Bosmina Month
May, June 4.4343 0.001
May, July 2.929 0.01
June, August 6.8763 0.001
June, September 5.813 0.001
June, October 5.196 0.001
July, August 4.4944 0.001
July, September 3.453 0.001
July, October 3.1022 0.003
Daphnia Month
May, June 4.0018 0.001
May, July 4.6069 0.002
May, August 5.6073 0.001

Unit Factors (month) t P (perm)
May, September 6.2988 0.001
May, October 2.7023 0.015
June, July 2.8357 0.006
June, October 2.4372 0.028
July, August 3.0716 0.002
July, September 2.9261 0.009
July, October 4.1756 0.003
August, October 3.1458 0.004

colonies forming chrysophyte Dinobryon, the synuro-
phyte Mallomonas, the diatom Asterionella, and the
cryptophyte Cryptomonas were most abundant during
the clear-water stage, whereas cyanobacteria and the
diatom Cyclotella were most abundant during the
blooming stages.

The impact of restoration measures
on the nutritional value of phytoplankton

In terms of the nutritional value of phytoplankton,
non-sterol, non-EPA, and non-DHA-synthesizing
phytoplankton taxa dominated during the first bloom-
ing stage, which is the typical situation in eutrophic
lakes with cyanobacteria blooms (Taipale et al. 2016).
Previous studies have shown low availability of
physiologically essential EPA and DHA in the seston
of eutrophic and hypereutrophic lakes. Positive impact
of biomanipulation resulted in high contribution of
sterol-, EPA-, and DHA-synthesizing taxa that pre-
vailed during the clear-water stage, similarly as seen in
oligotrophic and mesotrophic lakes (Miiller-Navarra
et al. 2004; Persson et al. 2006; Taipale et al. 2016,
2019). During the biomanipulation period, the contri-
bution of DHA-synthesizing taxa was higher than
during any other stages, whereas the contribution of
sterol- and EPA-synthesizing taxa did not differ
between the clear-water and the second blooming
stage due to the high abundance of diatoms. Hypolim-
netic aeration did not have a similar positive impact as
biomanipulation on phytoplankton community struc-
ture, as the contribution of sterol-, EPA-, and DHA-
synthesizing taxa was lower than during the clear-
water years.
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When summer averages of phytoplankton bio-
masses were converted to -3 and ®-6 PUFA and
sterols, the clearest difference was found in the ®-6
PUFA and the sterol index, which were higher during
the clear-water stage than during any other stage.
Similar differences were not found with ®-3 PUFA,
EPA, and DHA when using summer averages, but
monthly comparison suggested a positive impact of
biomanipulation on their seasonal development during
the clear-water stage. Therefore, it may be more
beneficial to use monthly averages than to use one
value for the whole summer. For example, the
contribution of EPA was equally high during spring
and fall mixing at each stage due to high diatom
biomass. Therefore, the initial situation in the spring
was approximately similar during all the years and
could have resulted in the development of high
biomasses of Daphnia and Bosmina. The availability
of EPA in the summer was lowest during the first
blooming stage, when EPA contributed only 2% of all
FA. Previous studies have suggested that both EPA
and sterols limit Daphnia growth and carbon transfer
in systems with high abundance of cyanobacteria (von
Elert et al. 2003). Here, monthly averages showed
lower availability of sterols and EPA during first
blooming stage than in the any other stage. Moreover,
the contribution of EPA was higher in the clear-water
stage than in any other stage, whereas similar differ-
ences in the availability of sterols were not found.
Daphnia biomass was higher during biomanipulation
and the subsequent clear-water stage than during the
hypolimnetic aeration. The difference was greatest in
July, when Daphnia biomass was highest during the
clear-water stage unlike during other stages. Daphnia
biomass was drastically lower in the aeration stage
than before. Therefore, it can be assumed that
biomanipulation enhanced the availability of EPA
for Daphnia, especially in July. One possible reason
for the decline in Daphnia biomass during aeration
may have been the reduced availability of high-quality
food, i.e., the prevalence of non-motile species over
motile EPA and DHA-synthesizing taxa as a result of
aeration induced mixing of water column. Altogether,
it seems that phytoplankton community structure rich
in -3 and w-6 PUFA is beneficial for Daphnia and
can be considered as one of the desired goals of lake
restoration.
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Factors and measures influencing on the success
of Bosmina and Daphnia

Laboratory experiments have shown that Daphnia can
reproduce only in the presence of green algae,
cryptophytes, chrysophytes or diatoms (Peltomaa
et al., 2017; Taipale et al., 2019). The clutch size of
Daphnia can be even 2-4 times higher when feeding
on cryptophytes than with chrysophytes, diatoms, or
green algae. Cryptophytes contain all essential
biomolecules, whereas other phytoplankton taxa are
low or lack some biomolecules. Fatty acid mixing
modeling of Daphnia diet from different boreal lakes
has also shown that Daphnia prefer feeding on
cryptophytes (Taipale et al., 2016, 2019) and that a
small addition of cryptophytes in their diet can
multiply Daphnia clutch size (Taipale et al., 2019).
Therefore, successful lake restoration targeting to
enhance the biomass of Daphnia should enhance the
biomass and the relative contribution of cryptophytes,
especially during the summer months. The absolute
biomass of cryptophytes was highest during the first
blooming stage and biomanipulation and then in the
order of clear-water stage > second blooming
stage > hypolimnetic aeration. The contribution of
cryptophytes was increased by biomanipulation, con-
firming the positive impact of fish removal on the
abundance of cryptophytes (Sgndergaard et al., 2012).
Even though the abundance of cryptophytes was low
during hypolimnetic aeration, the contribution of
cryptophytes did not differ statistically from the
clear-water stage. This might be a result of stronger
stratification during some years of aeration, such as
2013, when mixing was initiated over a month later
than usual, because the lake was well stratified with
oxygen-rich hypolimnion. Only in late July, the
hypolimnion became hypoxic, and aeration was turned
on (M. Kotakorpi, pers. com.).

In Lake Vesijirvi, biomanipulation increased the
biomasses of Daphnia and Bosmina, most likely
because of both bottom-up and top-down regulation.
Lower predation pressure can be attributed to larger
size of Daphnia (Kuoppamiki et al., manuscript in
preparation), and their growth and reproduction rates
were enhanced by abundant cryptophytes. When
turning cryptophyte biomass into biomolecules, high
amounts of amino acids, ®-3 and w-6 PUFA and
sterols were available. The availability of sterols
correlated with Bosmina and Daphnia biomass, which
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is typical in eutrophic lakes with cyanobacterial
blooms (von Elert et al., 2002; Peltomaa et al.,
2017). Sterol index was highest during the biomanip-
ulation period and most likely partly enabled the
increase in the biomass of Daphnia. Regression
between Bosmina and Daphnia biomass and sterol
index showed that year 2001, when their biomass
peaked, did not fit to the regression, suggesting other
factors besides sterols restricted their biomass. Based
on the results obtained in our previous laboratory
experiment (Peltomaa et al. 2017), they probably
shifted from potential sterol limitation toward amino
acid and/or ®-3 PUFA limitation. Martin-Creuzburg
et al. (2009) found strong colimitation of sterols and
EPA for Daphnia growth and reproduction. Here, we
were not able to do quantitative comparison, since
only contributions were used in our analyses. Never-
theless, the contribution of ®-3 PUFA including EPA
and DHA was high at that time, too, suggesting an
important role of these w-3 PUFA in supporting the
growth of cladocerans.

Daphnia biomass decreased during the second
blooming stage and the aeration stage, even though
phytoplankton community structure or summer aver-
ages of EPA and DHA did not suggest such a high
decrease. Therefore, some additional factors may have
hampered the performance of Daphnia, such as
aeration induced turbulence and the loss of the dark,
oxygen-poor hypolimnetic refuge from predation by
fish, a phenomenon documented as a response to lake
mixing (Gauthier et al., 2014; Ruuhijérvi et al., 2020).
In our study lake, small-sized smelt (Osmerus eper-
lanus) built up exceptionally high populations follow-
ing aeration, and they obviously preyed heavily on
Daphnia, evidenced by drastically reduced body size
(Ruuhijarvi et al., 2020). Mixing may have also made
it difficult for Daphnia to find high-quality diet
(Taipale et al., 2019). Explaining the development of
Daphnia biomass requires understanding of the avail-
ability of EPA and DHA throughout the open-water
season. In addition to nutritional quality, the morphol-
ogy of planktonic algae affects zooplankton grazers.
Abundant large colonial and filamentous algae, such
as Planktothrix, which increased in biomass during
aeration, can hamper the feeding of Daphnia (Gliwicz
2003).

Conclusions

Our study showed that biomanipulation had a positive
impact on the abundance of EPA- and DHA-synthe-
sizing phytoplankton taxa, such as cryptophytes and
silica-scaled chrysophytes (synurophytes), which are
beneficial food for zooplankton grazers, especially for
the keystone species Daphnia. On the other hand, such
positive impacts were not seen with hypolimnetic
aeration and, rather, this restoration measure seemed
to have undesirable effects on both phytoplankton and
Daphnia. Our analysis shows that the determination of
nutritional value of algae and the contribution of
physiologically essential fatty acids is potentially an
efficient method for evaluating the success of various
restoration practices at the zooplankton—phytoplank-
ton interface.
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