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Abstract We studied the responses of a food web,
especially fish and zooplankton, to summertime
aeration, pumping of oxygen-rich epilimnetic water
to the hypolimnion in Lake Vesijdrvi, southern
Finland. The aim of hypolimnetic aeration was to
reduce internal loading of phosphorus from sediment.
The population of smelt (Osmerus eperlanus L.), the
main planktivore of the pelagial area, collapsed during
the two 1st years of aeration due to increased
temperature and low oxygen concentrations in the
hypolimnion. The population recovered after the 4th
year of hypolimnetic aeration, when oxygen condi-
tions were improved. Despite elevated hypolimnetic

Guest editors: Tom Jilbert, Raoul-Marie Couture,
Brian J. Huser & Kalevi Salonen / Restoration of eutrophic
lakes: current practices and future challenges

J. Ruuhijdrvi (<) - P. Ala-Opas

Natural Resources Institute Finland, Latokartanonkaari 9,
00791 Helsinki, Finland

e-mail: jukka.ruuhijarvi@luke.fi

T. Malinen - M. Vinni

Ecosystems and Environment Research Programme,
Faculty of Biological and Environmental Sciences,
University of Helsinki, P.O.Box 65, 00014 Helsinki,
Finland

K. Kuoppamiki

Ecosystems and Environment Research Programme,
Faculty of Biological and Environmental Sciences,
University of Helsinki, Niemenkatu 73, 00014 Lahti,
Finland

Published online: 12 June 2020

temperature, smelt reached exceptionally high abun-
dance, which led to a significant reduction in clado-
ceran body size. The density of perch (Perca fluviatilis
L.) increased at first, but then decreased when the
proportion of smelt and cyprinids increased. Bio-
masses of Daphnia decreased probably as a result of
the disappearance of dark, low-oxygen deep-water
refuge against fish predation and low availability of
nutritionally high-quality algae. Occasionally filamen-
tous cyanobacteria, such as turbulence tolerant Plank-
tothrix agardhii (Gomont), were abundant, suggesting
deteriorated food resources for zooplankton. The
responses of food web were controversial with respect
to the aim of the management, which was to prevent
the occurrence of harmful algal blooms.

Keywords Lake restoration - Hypoxia - Artificial
circulation - Hydroacoustics - Diet - Cladocera

Introduction

Anthropogenic eutrophication of lakes is often man-
ifested as seasonal hypolimnetic oxygen depletion,
which may accelerate internal nutrient loading
(Schindler, 2006). Severe seasonal anoxia and hypoxia
can lead to loss of fauna through habitat compression,
emphasising the importance of oxygen for maintain-
ing fish populations (Diaz, 2001). Hypolimnetic
oxygen depletion can also intensify trophic
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interactions as fish and their zooplanktonic prey
become concentrated in layers above hypoxic waters
(Vanderploeg et al., 2009) especially if the euphotic
zone expands near or well into the anoxic water layer
(Vakkilainen & Kairesalo, 2005). In such conditions,
large cladocerans may become eliminated by fish
(Kitchell & Kitchell, 1980). Oxygen-rich epilimnetic
water can be pumped to deep water layers creating an
artificial internal circulation in order to manage
eutrophic stratified lakes suffering from hypolimnetic
anoxia and internal phosphorous load (reviewed in
Cooke et al., 2005). Mixing warm surface water to the
hypolimnion, however, can result in the warming of
deep-water layers and lead to the breakup of summer
stratification. Hypolimnetic warming by up to 6 °C
has been observed when mixing surface water to deep
water (Gauthier et al., 2014; Sastri et al., 2014). As a
result, the loss of the oxygen-low hypolimnetic refuge
can cause a major loss of Daphnia populations and a
switch to the dominance of smaller cladocerans
indicating increased planktivory by larger populations
of juvenile warm-water fish species (Gauthier et al.,
2014). Since small cladocerans have weaker control
on phytoplankton the resultant decrease in herbivory
coupled with the increasing release of nutrients from
warmer sediments may favour phytoplankton and
increase primary production during the mixing of
water layers (cf. Gauthier et al., 2014). Fish have been
shown to become more dispersed during whole-lake
mixing manipulation, likely due to a response to the
loss of preferred cold-water habitat (Heald et al.,
2017). The negative effects of artificial destratification
during summer on cold-water fish species are so
obvious that the pumping method has been tested even
to eradicate cold-water alien species (Lawson et al.,
2015). Thus, the extent of habitat expansion for fish
through oxygenation depends also on the availability
of water layers with suitable temperature for each
species (Aku et al., 1997). The artificial circulation
technique is suggested to be most applicable in lakes
that are not nutrient-limited and where oxygen deple-
tion is a threat to warm-water fish (Cooke et al., 2005).

Even though hypolimnetic aeration by pumping
epilimnetic water to the hypolimnion often does not
reduce internal phosphorus load (Cooke et al., 2005)
and can have negative effects on cold-water fish and
unforeseeable effects on the functioning of food webs,
it has been applied as a cost-effective method to
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increase dissolved oxygen in hypolimnetic water of
many eutrophic lakes in Finland.

Lake Vesijiarvi has a long history of various
management and restoration actions, including also
hypolimnetic oxygenation that was, however, not
successful in managing the highly eutrophic state of
the lake (Keto, 1982). Later, the elimination of
cyanobacterial blooms and re-establishment of sus-
tainable fisheries were achieved with a large-scale
biomanipulation project in 1989-1993 (Horppila
et al,, 1998). Intensive trawling of roach (Rutilus
rutilus L.) and smelt (Osmerus eperlanus L.) collapsed
their populations (Horppila & Peltonen 1994; Horp-
pila et al., 1996) and perch (Perca fluviatilis L.)
became the dominant species in the fish community
(Peltonen et al., 1999a). The decreased concentrations
of nutrients and chlorophyll a, the disappearance of
cyanobacterial blooms and increased water clarity
were attributed to the reduction of fish-mediated
nutrient transfer from benthic and littoral habitats to
the pelagic zone (Hansson et al., 1998; Horppila et al.,
1998; Kairesalo et al., 1999). The smelt population
recovered gradually, and it has been the dominant
species in the pelagic area. The size of the population,
however, has fluctuated widely and collapsed tem-
porarily in the warm summer of 2002 (Ruuhijérvi
et al., 2005), which was reflected in slightly increased
cladoceran body size (Nykinen et al., 2010; Vakki-
lainen & Kairesalo, 2005). The clear-water state of
1990°s gradually turned into lower water quality with
occasional cyanobacterial blooms, decreased water
clarity and hypolimnetic hypoxia during summer
stratification (Anttila et al., 2013). This suggests that
external non-point source loading to the lake is still too
high, beyond the threshold for high internal loading
(cf. Andersen et al., 2008) and originates from e.g., the
extensive urban areas around the southernmost basin
(Fig. 1; see also Valtanen et al., 2014). Despite the
problems with water quality and algal blooms, the
fishery of the lake improved and the catches of
predatory fish, especially perch and pikeperch (Sander
lucioperca L.), increased (Ruuhijérvi et al., 2005).
Continuous yearly management fishing and regula-
tions of fishing practices in Lake Vesijarvi were
designed to maintain abundant stocks of piscivorous
fish, and thus keeping the stocks of planktivorous fish
at a moderate level.

In the present work, we studied the responses of the
most abundant pelagic fish stocks and zooplankton
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community to hypolimnetic aeration and hypothesised
that (1) the warming of the hypolimnion in summer
would collapse cold-water fish populations, essen-
tially the smelt population and (2) the vacant pelagic
niche of smelt would be filled by other planktivores,
either previously abundant roach or perch, which
increased along with the biomanipulation. Further-
more, we hypothesised that (3) the collapse of the
smelt population will result in lower predation pres-
sure on zooplankton and thus increase the body size of
cladocerans, at least until smelt becomes replaced by
another planktivorous fish species, tolerant to high
temperature—leading to the decrease of large clado-
cerans due to the lack of their hypolimnetic refuge. We
hypothesised that (4) a decrease of large-bodied
cladoceran herbivores with increased zooplanktivory
cascades to higher phytoplankton biomass and vice
versa. Because smelt is an important food source for
predatory fish, pikeperch and large perch, we also
hypothesised (5) a decline in their abundance follow-
ing the collapse of smelt.

Fig.1 The map of Lake Vesijirvi with the catchment area. The
study area was the southernmost basin, called Enonselkd, and
the map shows the locations of aerators and the station where

Materials and methods
Study site

The southernmost basin of Lake Vesijdrvi, located in
southern Finland (Fig. 1), has been treated with 9
Mixox pumps during stratification periods in summer
and winter since 2010 (Salmi et al., 2014; Niemisto
et al., 2016). Maximum water volume pumped to the
hypolimnion with nine pumps was 8000 1s~" and
estimated transport of dissolved oxygen was 6500 kg
d™", respectively. The implementation of the method
was based on the knowledge that hypolimnetic anoxia
increases internal phosphorous load and enhances re-
eutrophication of the lake. Therefore, preventing
hypolimnetic oxygen depletion by mixing the water
column was expected to reduce internal phosphorus
loading, occasional cyanobacterial blooms and reha-
bilitate the lake.
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samples were taken for zooplankton and chlorophyll a, together
with measurements of oxygen and temperature profiles
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Study strategy

The study of the food web of the Enonselka basin of
Lake Vesijérvi started in 2009, 1 year before hypolim-
netic aeration. However, in order to understand the
development of the pelagial community and water
quality during the aeration period of 2010-2017,
antecedent monitoring data since 2000, collected by
University of Helsinki, supplemented by data on
nutrient concentrations and phytoplankton obtained
from the database of the Finnish Environmental
Information Portal, were also included in this paper.
Project funding did not allow the measurement of all
parameters every year.

Physical and chemical properties of water

Water temperature and oxygen concentration profiles
in the deepest part of the Enonselkd basin were
measured at 1-m intervals from the surface to the
bottom by using the optical YSI proODO instrument.
Sampling was done fortnightly from May—-June to
October in 2000-2017 except in 2014. Composite
water samples for chlorophyll a (Chl a) were taken
from 0-5 m depth and measured in the laboratory
spectrophotometrically after extraction into ethanol.
Results on temperature, dissolved oxygen and Chl
a were supplemented by those in the database of the
Finnish Environmental Information Portal. The same
source was used to get data on total phosphorus
concentrations that have been measured from samples
taken at 1 m depth and near the bottom at 29 m depth.

Zooplankton analyses

Zooplankton sampling was carried out in the deepest
part (30 m) of the Enonselki Basin fortnightly during
the growing season from late May or early June to
October in 2000-2017 (no sampling in 2014). Samples
were taken with a Limnos tube sampler (length 1 m,
volume 6.9 1) from the entire water column and pooled
into 5 m samples. After filtering through a 50-um
mesh, samples were preserved in 70% ethanol.
Samples from 2001-2006, 2009, 2011, 2013, and
2015-2017 have been analysed. Upon analysis, sub-
samples were pooled into composite samples from
epilimnion (0-10 m) and hypolimnion (10-30 m).
Zooplankton identification, enumeration and length
measurements were taken with an inverted
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microscope at x 100 and x 40 magnifications.
Leptodora kindtii (Focke, 1844) were counted and
measured by using a dissecting microscope. At least
100 individuals of the most numerous species were
counted and the lengths of 30 individuals of the most
abundant cladoceran species in each sample were
measured, while all individuals of the less abundant
species were measured. Length measurement was
taken from top of the head or, in daphnids from top of
the eye, to the base of the carapax tail. Three
individuals of each copepodid stage were measured
from top of head to the base of furca. Species-specific
biomass estimates were obtained as described in
Vakkilainen et al. (2004).

Hydroacoustic fish density and biomass estimation

Pelagic fish density and biomass were estimated with
hydroacoustics and simultaneous trawling on two
occasions, in the beginning of July and at the end of
August, during years 2009 and 2011-2017. The first
occasion represents the state of pelagic fish assem-
blage during the ‘midsummer’ biomass peak of
zooplankton. At that time, the very small-sized
[15-35 mm total length (TL)] young-of-the-year fish
strongly prefer the near-surface layer (blind zone);
therefore, hydroacoustic estimates represent the den-
sity and biomass of older fish. The second occasion
represents the state of fish assemblage during the
possible hypolimnetic oxygen depletion near the end
of summer temperature stratification. During that
time, the young-of-the-year fish have achieved
detectable size (length range 30-70 mm TL), may
inhabit the whole water column and prey on clado-
ceran zooplankton.

Hydroacoustic sampling was done during the day
along 6-10 equidistant transects (from north to south)
at intervals of 500-1000 m covering the areas > 6 m
deep of the Enonselkd basin. The location of the first
transect was randomized. In order to determine species
composition and fish length distribution, 3-8 trawl
hauls were conducted in the layers where fish density
was highest during each survey. In addition, to exclude
the possibility that the surface ‘blind’ zone of echo
sounder would have been a considerable source of
bias, 1-2 surface trawl hauls were conducted. These
swept area estimates, however, revealed that the fish
density in the blind zone was negligible (< 2.5% of the
acoustic density estimate) in all study occasions.
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Echo soundings were done with a SIMRAD EY-
500 echo sounder equipped with a split-beam trans-
ducer ES120-7C (operating frequency 120 kHz and
beam opening angle 7° at -3 dB level). Pulse duration
was set to 0.3 ms, pulse interval to ‘minimum value’
and target strength threshold to — 65 dB. The
transducer was calibrated using a standard copper
sphere (target strength — 40.4 dB) with SIMRAD
LOBE-program. The small pelagic trawl used had a
height of 3.5 m and width of 8 m, and cod-end mesh
size 3 mm. The trawl was towed with a 370-hp vessel
and the speed of trawling was ca. 3 km h™'. From
each haul, a random sample of 5-20 kg was taken for
species composition and length measurements.

Hydroacoustic fish density estimates were com-
puted by echo integration (Simmonds & MacLennan,
2005). The analyses extended from 3 m depthto 0.5 m
above lake bottom. The total backscattering coeffi-
cient (s,, MacLennan et al., 2002) was calculated by
EP500 software and the mean cross-section (G) was
determined either (1) by using the length distribution
of trawl catches and a relationship between fish length
and target strength (Peltonen et al., 2006; Malinen,
2018), or (2) by using the target strength distribution
obtained with the echo sounder. These methods are
complementary: the method (2) is superior at low fish
densities (Kocovsky et al., 2013) but produces biased
results at high densities (Sawada et al., 1993). At very
high densities only the method (1) is appropriate. The
fish density was computed as s,/c (Simmonds &
MacLennan, 2005). The methane ebullition from
sediment, which occasionally biased s,-value in the
1990s (Peltonen et al., 1999b), was almost negligible
in the present study. Only some bubble trails were
observed, and they were readily screened out manu-
ally. The fish density was divided into species-specific
estimates based on species distributions of trawl
catches. These were converted to biomass estimates
based on the mean weights of each species. The
average density and biomass in the study area were
computed using transect lengths as weights (Shotton &
Bazigos, 1984) and their 95% confidence limits were
estimated based on Poisson distribution (Jolly &
Hampton, 1990).

Fish community structure

The structure of fish community of the Enonselka
basin (> 1.5 m deep areas) was studied annually by

stratified random sampling with NORDIC multimesh
gill nets (Appelberg et al., 1995; Olin et al., 2002) in
2009-2017. The NORDIC gill net is 1.5 m high, 30 m
long and it consists of 12 panels (2.5 m each) having
mesh sizes 5, 6.25, 8, 10, 12.5, 15.5, 19.5, 24, 29, 35,
43, and 55 mm (bar length). The sampling took place
in July—August for four nights. The Enonselkd basin
was divided in four depth zones and the total sampling
effort was 60 net-nights every year. For details of
sampling and measuring the fish catch see Olin et al.
(2002). Catch per unit effort (CPUE, kg net™ 'night ™!
and NPUE, number of fish net™ 'night ') was used as
index of fish abundance. CPUE and NPUE were
calculated as arithmetic means of the 60 replicates of a
sampling year.

Diet analyses

Diet samples of the most abundant planktivores
(smelt, perch, and roach) were collected from the
catch of trawl hauls made during hydroacoustic
surveys in years 2009, 2011, 2013, and 2015. In cases,
when the diet sample of certain species from trawl
catch was smaller than 20 individuals, it was supple-
mented with samples from simultaneous gill net
fishing having about 4 h soak time. If the number of
individuals remained below 20, the results were
omitted.

The stomach contents of smelt and perch were
analysed using a volumetric proportion method (Hy-
nes, 1950; Windell, 1971). Because cyprinids do not
have a distinct stomach, the proportions of ingested
food items by roach were analysed from the anterior
third of gut (Vgllestad, 1985; Rask, 1989). Since perch
larger than 15 cm feed mostly fish in the Enonselka
basin (Horppila et al., 2000), they were dropped from
the present diet analysis. The length distributions of
young-of-the-year smelt did not overlap with those of
older smelt and the diet composition for these groups
are presented separately. The diet analyses of young-
of-the-year smelt caught in midsummer were difficult
and time-consuming due to their small size (mean
length 20-30 mm), and they were done only in year
2015.

Data analyses

Water temperatures, oxygen concentrations and zoo-
plankton biomasses measured during the years of
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hypolimnetic aeration were compared to those mea-
sured before aeration by using paired samples t-test. If
data was not normally distributed even after In-
transformation, we used related samples Wilcoxon
signed rank test. Three measurements per year
(between mid-July and mid-August) were used, i.e.
n = 18 before aeration and n = 18 during aeration.
Density-weighed cladoceran body size before and
after the appearance of exceptionally high populations
of smelt was tested accordingly but by using 3 years (3
dates per year in midsummer and 3 dates per year in
late summer), i.e. n =9 before and n = 9 after the
proliferation of smelt. All data analyses were done
using IBM SPSS Statistics version 25.

Results
Physical and chemical properties of the lake

Hypolimnetic temperature at the end of summer
increased significantly after 2009, when epilimnetic
water was pumped into the hypolimnion, compared to
the previous years without hypolimnetic aeration
(paired samples t-test; t= — 7.737, P < 0.001;
Fig. 2). In 2013, however, temperature was much
lower, since after a very warm spring (air temperature
in May 3.1 °C higher than 1981-2010 average) the
water column became strongly stratified in early
summer with a steep thermocline at 7-8 m with cool
(< 10 °C) oxygen-rich (> 4.5 mg 17') water below
until mid-July. This was the reason why lake managers
turned the pumps on only on the 12th July, 1 month
later than in the other years. Pumping was delayed also
in 2015 and 2016 due to good oxygen conditions in the
hypolimnion. The first two summers of aeration were
warm (2 °C warmer than 1981-2010 average) and
characterised by low hypolimnetic oxygen concentra-
tions (Fig. 2). At its worst, hypoxic (< 2 mg O, 1_1)
water layer extended from the 30 m deep up to the
depth of 7-10 m, where also water temperature was
> 18 °C (Fig. 3). Thus, hypolimnetic aeration
resulted in an unfavourable environment for cold-
water fish, i.e. predominantly smelt. Thereafter, the
volume and duration of hypolimnetic hypoxia
decreased, while water having temperature of
> 18 °C often extended deep in the water column,
especially in August 2015-2017, when this warm
water reached down to 20-30 m depth (Fig. 3).
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and hypolimnetic (10-30 m) temperature (top) and hypolim-
netic dissolved oxygen concentration (down) from mid-July
until mid-August in 2000-2017. The grey bars indicate the
period of hypolimnetic aeration

Oxygen concentrations in hypolimnion did not
increase significantly during the aeration period com-
pared to the previous period of equal length (Wilcoxon
signed rank test P = 0.157). Concentrations of total
phosphorus (TP) neither near the surface (1 m depth)
nor near the bottom (29 m depth) have decreased
during the period of hypolimnetic aeration and
recently a slightly increasing trend has been observed
especially in surface water (Fig. 4). Algal biomasses,
measured as Chl a concentration, have remained at the
same level (ca. 10 pg 1™") during the study period
except for high algal biomasses in 2009, when
cyanobacteria proliferated at the end of summer
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to Lantry & Stewart, 1993) and dissolved oxygen concentration
(2 mg 17" according to Keskinen et al., 2012) for smelt during
May—June to October in 2009-2013 and 2015-2017. The arrow
indicates the collapse of the smelt population in 2010 and grey

(Fig. 4). A similar cyanobacterial peak occurred also
in 2002 but was not detected as elevated levels of Chl
a. Cyanobacteria were abundant also in 2016. Plank-
tothrix agardhii (Gomont) was among the dominating
species.

Zooplankton

The midsummer cladoceran biomass peak consisted of
Bosmina [B. crassicornis (Liljeborg, 1887) and B.
longirostris (O. F. Miiller, 1785)] and Daphnia [D.
cucullata (G. O. Sars, 1862) D. cristata (G. O. Sars,
1861) and D. longiremis (G. O. Sars, 1862)]. Another
lower peak often occurred in August and early
September and was built up mainly by D. cucullata
(G. O. Sars, 1862), Limnosida frontosa (G. O. Sars,
1862), Diaphanosoma brachyurum (Liévin, 1848) and
Chydorus sphaericus (O.F. Miiller, 1776). Especially
midsummer biomasses of Daphnia experienced a drop
from early 2000s’ to 2009 and thereafter remained at a

lower level (Fig.5). Also, Bosmina biomasses

areas indicate when hypolimnetic aeration was in operation.
Zooplankton sampling and, thus, the concomitant 1-m interval
measurements of temperature and oxygen were not done in 2014
and therefore there are not enough data to calculate isopleths
(aeration was done from 4th June until 25th September 2014)

declined in early 2000s’ and thereafter have varied
without a trend. Epilimnetic predatory cladoceran
Leptodora kindtii (Focke, 1844) increased in biomass
after the start of aeration, though temporal variation
was high (Fig. 5). Biomasses of copepods (predomi-
nantly Eudiaptomus gracilis (Sars, 1863) and Cyclo-
poida in the epilimnion, Limnocalanus macrurus (G.
O. Sars, 1863) in the hypolimnion) differed very little
between midsummer and late summer. They increased
in early 2000s’ and, like Daphnia, declined strongly in
2009 but have thereafter been slightly increasing
(Fig. 5). Biomasses of Daphnia and total herbivorous
cladocerans have been 50% and 74% lower during
hypolimnetic aeration compared to the preceding
period. However, changes in zooplankton biomass
were not statistically significant probably as a result of
temporal variation.

Body size of herbivorous cladocerans consistently
increased from 2009 until 2013 both in midsummer
and late summer, while a major reduction occurred in
2015 (Fig. 5) after the appearance of an exceptionally
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Fig. 4 The mean (+ SE) concentrations of total phosphorus
(TP) in water near the surface (1 m) and near the bottom (29 m)
of the lake (top panel) and concentrations of surface water
chlorophyll a (Chl a) and the biomass of cyanobacteria (the
panel below) in July—August during the 2000s’. The grey bars
indicate the period of hypolimnetic aeration

strong year-class of smelt. As small-bodied bosminids
were abundant in midsummer, they decreased the
mean body size of cladoceran community. Late
summer cladocerans were 78% smaller during excep-
tionally dense populations of smelt compared to
preceding period with the collapse of smelt (paired
samples t-test; t = 3.393, P = 0.009).

Fish populations

Before the onset of aeration, fish density was domi-
nated by smelt, while fish biomass consisted mostly of
roach, bream (Abramis brama L.) and pikeperch
(Fig. 6). Between autumn 2009 and midsummer
2011, > 99% of the smelt stock disappeared. The
collapse was statistically significant (P < 0.01),
because 95% confidence limits of density estimates
for July 2011-July 2012 did not overlap with those for
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2009 (Austin & Hux, 2002). The collapse happened
most likely during late summer 2010, when a
suitable water layer for smelt disappeared for 3 weeks
(Fig. 3). The catches of smelt in NORDIC gill nets
were almost equal in 2009 and 2010 but very low in
2011 (Fig. 10), suggesting that the smelt stock
collapsed at the end of sampling period in July—
August 2010 at the earliest.

The lowest smelt density (4 ind. ha_l) was
observed in late August 2011. At that time, 166 out
of all captured 167 specimens were young-of-the-year
smelt. They were also smaller (mean TL 39 mm) than
young-of-the-year in any other years (mean TL
55-62 mm) (t-test, P < 0.01). However, the smelt
population did not totally disappear but started grad-
ually to produce stronger and stronger year-classes
when oxygen depletion diminished (Figs. 2 and 3).
During the years of recovery, the population in late
August was much more strongly dominated by young-
of-the-year fish than in year 2009 (Fig. 7) and earlier
(unpublished data and Horppila et al., 1996). This
implies that either the natural mortality or migration to
other basins must have been exceptionally high.
During years 2013-2017, the smelt population size
in July was, on average, only 18% of the population
size in August of the preceding year. In 2015,
extremely strong year-class of smelt appeared, result-
ing in the density of ca. 140 000 ind. ha™' in late
August 2015, which is more than fivefold compared
with earlier density estimates (Jurvelius & Sammalko-
rpi, 1995; Peltonen et al., 1999b; Ruuhijarvi et al.,
2005). Because year-classes born in 2016 and 2017
were also larger than average, smelt biomass stayed
exceptionally high, around 100 kg ha™"', during the
years 2015-2017 (Fig. 6). Interestingly, smelt stock
did not collapse in summer 2016, when temperature
and oxygen were temporarily ‘intolerable’ in the
beginning of August (Fig. 3).

After the smelt collapse, during July 2011-July
2012, the pelagic fish density was only 1300-1900 ind.
ha™'. Perch was the only species that increased in
density and biomass in the pelagic area during
summers with the sparse smelt population (Figs. 6
and 8). This slight perch invasion proved to be only
temporary, as pelagic perch density decreased again
when the 1st abundant year-class of smelt appeared in
late summer 2012. The density of roach, another
potentially invasive species in pelagic areas, remained
at a low level during the whole study period (Fig. 8).
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There were no observable trends either in the densities
of other species. Hydroacoustic biomass estimates of
both roach and bream fluctuated widely but had a
different pattern: roach biomass was moderate in the
mid-summer 2009, 2011 and 2015, while bream
biomass was high in late summer of 2009 and 2011.
The index of fish abundance as CPUE of NORDIC
gill nets varied annually between 1.59 and 2.83 kg and
69 and 131 fish, respectively (Fig. 9). Catches (kg)
decreased from 2011 to 2017. The three most abundant
species, perch, smelt and roach showed different
changes in their abundance (Fig. 10). Perch were
usually the most abundant fish. Perch CPUE peaked in
2011 (1.53 kg), declined in 2013-2016 and reached
lowest value (0.56 kg) in 2016. Roach catches were

size of herbivorous cladocerans during midsummer (n = 3) and
late summer (n = 3) in the 2000s’. The grey bars indicate the
period of hypolimnetic aeration

about half less than those of perch during 2009-2014
but the weight CPUEs of perch and roach were rather
equal in 2015-2017. The CPUE of smelt showed the
same trend in abundance and biomass detected with
hydroacoustics: A collapse of the stock in 2011, a
gradual recovery in 2012-2014 and a very high
abundance in 2015-2017. When comparing the CPUE
of smelt to other fish species, the low catchability of
smelt with NORDIC gill nets must be kept in mind
(Olin & Malinen, 2003; Olin et al., 2009).

The catches of the main fish groups in NORDIC
nets, percids [perch, pikeperch and ruffe (Gymno-
cephalus cernua L.)] and cyprinids (Fig. 9) were
characterized by the dominance of percids in
2009-2014. Thereafter, the share of cyprinids and
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Fig. 7 The length-
distribution (total length) of
smelt in the trawl catches in
late August from 9—15 m
depth (the layer which
typically had the highest
smelt density) in 2009 and
2012-2017. In 2011, only
one smelt was caught from
that depth and panel
represents the distribution of
all captured smelt
individuals from the
different depths (diagonal
rasters). Numbers of
measured fishes are also
mentioned
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other fish, mainly smelt in the catches, increased. The
NORDIC net catches of piscivorous fish, mainly >
15 cm perch and pikeperch, were in a high level
(0.60-0.94 kg net_l) in 2009-2014 but a decline
could be observed in 2015-2017, with catches of
0.56-0.49 kg net™! (Fig. 9).
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Diet of fish

The diet of all putative planktivores, smelt, small
perch and roach consisted mainly of zooplankton
(Figs. 11 and 12). However, there were large differ-
ences in prey selectivity between species. Young-of-



Hydrobiologia
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the-year smelt fed mostly on copepods (50-65% of
stomach content) but utilized also cladocerans Daph-
nia, Limnosida and Bosmina depending on sampling
occasion. In the diet of older smelt, herbivorous
cladoceran zooplankton were more important prey
than copepods, especially in July during the midsum-
mer peak of cladocerans (Figs. 5 and 11). Daphnia and
Bosmina were the most important cladocerans in the
diet of older smelt. Small perch (< 15 cm) fed mainly
on cladocerans, but the proportion of predatory
Leptodora was even higher than that of herbivorous
cladocerans (mostly Daphnia, Limnosida and Bos-
mina) in 4 out of 7 studied occasions (Fig. 12). Perch
preyed also on copepods but clearly less than smelt. In
addition, the analyses revealed that relatively small
perch (< 15 cm) are capable to feed fish, as over 50%
of their diet consisted of young-of-the-year smelt that
was exceptionally abundant in August 2015. Roach

Pikeperch Smelt Roach

fed almost exclusively on herbivorous cladocerans,
especially Bosmina that consisted 60-95% of their diet
(Fig. 12).

Discussion

The short-term response of the smelt population on
hypolimnetic aeration was quite expected, while the
long-term response was the opposite to our hypothesis.
Our study revealed that cladoceran body size readily
responds to changes in planktivorous fish community
and that especially the presence of very dense smelt
stock relates to small size of herbivorous cladocerans
in the zooplankton community.

The hypothesis that hypolimnetic aeration would
collapse the smelt population was based on the
knowledge that aeration increases the hypolimnetic
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temperature which is harmful for this cold-water fish
species (Lantry & Stewart, 1993; Kangur et al., 2007).
The collapses in warm summers 2010 and 2011 were
caused by low hypolimnetic oxygen concentrations
accompanied with excessively high epilimnetic tem-
peratures. A similar collapse in corresponding phys-
ical conditions was documented also in 2002
(Ruuhijidrvi et al., 2005). Horppila et al. (2015) noticed
that due to higher oxygen solubility in the cooler
surface water and weaker warming effect of aeration
in 2012, aeration was able to maintain a higher O,
concentration in the hypolimnion than in 2011.
During summers 2012-2017 with tolerable
hypolimnetic oxygen concentrations for smelt, the
increased hypolimnetic temperatures were expected to
prevent the recovery of the stock. However, the late
summer temperature (ca. 17-18 °C) appeared to be
tolerable for young-of-the-year smelt, and the popu-
lation reached even a much higher density than before
aeration. The density and biomass during the last three
years of aeration were even multifold compared with
those in other smelt-dominated eutrophic lakes in
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southern Finland (< 35,000 ind. ha™!
and < 35 kg ha~!, Malinen & Tuomaala, 2005; Mali-
nen, 2018). The present smelt biomass is also much
higher than those documented in other large Finnish
lakes (Jurvelius et al., 2005) and North American lakes
that have been invaded by rainbow smelt Osmerus
mordax (Mitchill) (Warner et al., 2009; Stockwell
et al., 2007; Gaeta et al., 2015). It appears that the
variation of smelt abundance in Lake Vesijdrvi during
the aeration experiment is much higher than that of
smelt stocks without such disturbance suggesting that
aeration changed smelt stock dynamics.
Hypolimnetic aeration probably created optimal
thermal conditions for young-of-the-year smelt, which
prefer warmer water and are not as dependent on
thermal stratification as adult smelt (Ivanova, 1982).
For instance, in nearby Lake Hiidenvesi, young-of-
the-year smelt occur regularly at 18-20 °C in late
summer (Malinen et al., 2005). Mixing surface water
with deep water has been shown to raise hypolimnetic
temperature and increase the populations of juvenile
warm-water fish (Gauthier et al., 2014). In the
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Enonselkd basin of Lake Vesijirvi, the temperature
regime was unsuitable for older smelt, leading to their
high mortality or migration to other basins with more
favourable environmental conditions and, conse-
quently, the age-distribution became strongly pre-
dominated by young-of-the-year fish. This kind of
plasticity of population parameters according to
physical environment is typical for smelt (Kriksunov
& Shatunovskiy, 1979; Ivanova, 1982; Volodin &
Ivanova, 1987). Smelt populations in non-stratifying
shallow lakes have typically high mortality and are
dominated by young-of-the-year fish. The smelt
populations of this kind can fluctuate dramatically
depending on summer temperature and developing
year-class, which took place also in Lake Vesijérvi.
Similar smelt population dynamics has been docu-
mented in another Finnish lake, shallow (max. depth
10 m) Lake Tuusulanjirvi, which has been managed
by aeration (Rask et al., 2020).

We hypothesised that hypolimnetic aeration would
result in environmental conditions highly adverse to
smelt, leading to a population collapse and the

replacement of the pelagic fish community by other
species. In the worst-case scenario, the pelagic fish
assemblage could have turned into the dominance by
roach, which was the case in the 1980s, when
cyanobacterial blooms were very common (Peltonen
et al., 1999a). Roach may be the most adverse species
in terms of water quality, being an effective plankti-
vore and capable of utilizing both pelagic and littoral
resources (Horppila, 1994; Horppila et al., 2000; Riha
et al., 2015). Roach-mediated phosphorus movement
from littoral to pelagial was interpreted as the main
mechanism supporting algal blooms before the large-
scale biomanipulation (Kairesalo et al., 1999). In
addition, roach has a long lifespan and grows much
larger than smelt. It is capable to form a large and
constant fish biomass and is less vulnerable to
predation by piscivores compared to smelt and young
perch. Therefore, roach and bream have been effec-
tively managed by fishing also during the years of
hypolimnetic aeration to prevent the increase of their
stocks (Ruuhijirvi & Ala-Opas, 2014; Ruuhijérvi
et al., 2018).
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Despite the collapse of the smelt population being a
short-term phenomenon, we documented an increase
in perch density in the pelagial habitat of Enonselkd
basin. This was an expected response, as perch is a
generalist species capable of living in various habitats
in a stratified lake. Perch larvae have a pelagic period
when they disperse widely in the lake area (Urho,
1996). Perch fry can survive in pelagial, even in deeper
water layers (Sajdlova et al., 2018) with hypoxic
waters offering refuge from predators and often rich in
zooplankton prey (Vejiik et al., 2016). Young perch
feed mainly on large cladocerans Daphnia, Limnosida,
Diaphanosoma and Leptodora in the pelagial of Lake
Vesijarvi. The elevated biomasses of Leptodora
during the aeration period probably also favoured
perch. However, as perch readily shift to piscivory,
even at smaller size than 15 cm in length, it is probably
among the least adverse species in terms of top-down
control. Moreover, its diet consists of herbivorous
cladocerans to a lesser extent compared to that of
roach and smelt. The density of roach in pelagial did
not increase during the low density of smelt. Young
roach live in the littoral zone in Lake Vesijdrvi, while
adult individuals reside also in pelagial areas (Horp-
pila & Peltonen, 1994). However, roach was less
abundant during this study than before the biomanip-
ulation period of the Enonselkd basin in 1980s,
probably due to the recovered pikeperch stock and
management fishing targeted at cyprinid species
(Ruuhijdrvi et al., 2005; Salonen et al., 2020). Based
on the fluctuating pelagic biomass estimates of roach,
it appears that the present, less abundant roach stock
utilises the pelagic habitat only during the mid-
summer peak of cladocerans. The diet of pelagic
roach consists largely of Bosmina, which is generally
abundant in late June-early July, and this may favour
Daphnia in terms of competition for food. In late
summer, roach utilize most likely other food resources
in shallow areas.

The variation in pelagic bream biomass, on the
other hand, appears to be driven by oxygen depletion
episodes in hypolimnion. During tolerable oxygen
concentration, bream stay near-bottom-layer where
they cannot be found by hydroacoustics and trawling
but during depletion episodes, they are forced to
ascend to epilimnion where they can be readily found.
This suggests that hydroacoustics and pelagic trawling
may bias bream abundance estimation and the validity
of estimates should be evaluated against prevailing
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hypolimnetic oxygen conditions. Recent studies in
August 2018, when severe oxygen depletion prevailed
in water column deeper than 10-15 m, and at the same
time abundant pelagic bream populations were
detected, give further support for this phenomenon
(unpublished data).

Prior to the present study, smelt was considered a
less adverse species for top-down control than
cyprinids. It has typically more versatile diet also
consisting of copepods and small fish (Vinni et al.,,
2004, this study). In addition, as a small-sized fish, it is
a suitable prey for pikeperch and perch (Peltonen et al.,
1996; Horppila et al., 2000; this study) and does not
typically build up high biomasses (Malinen, 2018).
Moreover, it inhabits only the pelagic area and does
not transfer nutrients from littoral to pelagial. How-
ever, the aeration experiment revealed that exception-
ally high smelt densities may be harmful for the top-
down control of phytoplankton through decline in
cladoceran body size and, therefore, grazing potential.

The main predatory fish, > 15 cm perch and pike-
perch were very abundant in 2010-2011 when aera-
tion was started. The collapse of smelt stock reduced
the prey resources of predatory fish and thus the
production of the stocks. Good catches of pikeperch by
recreational fishermen in 2010-2011, 5-9 kg ha™!
measured in a fishing questionnaire (Ruuhijirvi &
Ala-Opas, 2014), increased the fishing pressure lead-
ing to too heavy exploitation of the stock in
2012-2013. Despite the recovery of smelt stock in
2014-2017, the abundance of predatory fish continued
declining. The NPUE (number of fish net ™ 'night ") of
NORDIC ¢gill nets has a positive but non-linear
relationship to perch density in the sampling area
(Olin et al., 2016). The saturation of the NORDIC gill
net by caught fish is, however, not remarkable when
the CPUE (kg net 'night™") is less than 3 kg
(Prchalova et al., 2011). Thus, sampling with NOR-
DIC gill nets can be considered as a reliable method to
estimate the changes in the abundance of perch and
pikeperch in the Enonselki basin of Lake Vesijérvi.

Abundant stocks of predatory fish are essential for
trophic cascades to control planktivory on herbivorous
zooplankton in eutrophic lakes suffering from algal
blooms. In Lake Vortsjirv, Noges et al. (2016) found
negative correlation between the abundance of pike-
perch and blooms of filamentous cyanobacteria.
However, perch and pikeperch are the main target
species of recreational fishermen in Lake Vesijérvi



Hydrobiologia

and high fishing mortality, together with natural
variation in recruitment, can hamper the ability of
these piscivores to control the rapidly increasing stock
of smelt and other planktivores. Recent studies on
growth, maturity and fishery management of the
pikeperch in Lake Vesijédrvi suggested raising the
minimum size limit from 42 to 50 cm and fishing
restrictions as sustainable management options (Vai-
nikka et al., 2017; Olin et al., 2018).

As hypothesised, the collapse of the smelt popula-
tion both after 2002-2003 (Ruuhijérvi et al., 2005) and
2010 (this study) resulted in increased cladoceran
body size (Vakkilainen & Kairesalo, 2005; this study),
indicating reduced predation pressure on zooplankton.
Smelt density was very high also at the turn of the
century, before 2002, but not as massive as in 2015,
when the increase in planktivory by smelt population
caused a major drop of cladoceran body size especially
in late summer. The reason why very low planktivory
in 2011 was not reflected as increasing size of
cladocerans in late summer may be explained by
hypolimnetic aeration, which has been suggested to
lead to a loss of hypolimnetic refuge and stronger
predator—prey interactions with fish (Gauthier et al.,
2014, Sastri et al., 2014). In the Enonselki basin, the
pumping of epilimnetic water to hypolimnion was
initiated only after hypolimnetic oxygen concentration
decreased below 4 mg 17! and, therefore, water
columns were mixed by using the Mixox pumps from
early June until the end of August. Thus, during this
period even minor populations of planktivorous fish
may have effectively preyed on large-bodied clado-
cerans, which suffered from the lack of their hypolim-
netic refuge and the turbulent environment (cf. Cantin
et al., 2011, Sastri et al., 2014). This assumption was
supported by increasing cladoceran body size despite
the recovering smelt population in 2013, when the lake
stratified strongly, leaving hypolimnetic water cold
and rich in oxygen. Because of this beneficial situa-
tion, aeration was started over a month later than usual,
12th July.

Hypolimnetic aeration by mixing epilimnetic water
to the hypolimnion has not decreased phosphorus
concentrations in the epilimnion of the Enonselkd
basin. Increased turbulence and the exposure of a
larger amount of lake sediment to higher temperature
has shown to lead to enhanced recycling of organic
material, greater mineralisation rate and associated
nutrient release (Cantin et al., 2011; Niemisto et al.,

2016). It has been argued that the old paradigm on
phosphorus release from anoxic lake sediments is only
valid in some special cases (Hupfer & Lewandowski,
2008) and that increased hypolimnetic dissolved
oxygen concentration does not reduce phosphorus
release from sediments, not to mention permanent
phosphorus retention (Gichter & Miiller, 2003). Even
if the expected results would have been observed, the
effect would only be temporary and the primary
measure to achieve long-term improvement of lake
water is the reduction of external nutrient loading
(Liboriussen et al., 2009). In the Enonselkid basin TP
concentrations increased during the last years of this
study, despite hypolimnetic aeration. This has prob-
ably contributed to the occasionally elevated levels of
cyanobacterial biomasses with filamentous species,
such as Planktothrix agardhii (Gomont) (> 60% of
phytoplankton biomass in 2016). Mixing water
columns may favour the turbulent tolerant species of
Planktothrix (Cooke et al., 2005; Visser et al., 2016).
This, in turn, has been detrimental to food-collection
mechanisms of larger Daphnia individuals (Gliwicz,
2003) and has caused low availability and utilisation
of high-quality food, essential for the growth and
reproduction of Daphnia (Taipale et al., 2019). The
keystone species Daphnia therefore suffer from mul-
tiple adverse disturbances in Lake Vesijérvi, including
the loss of the hypolimnetic refuge from predation by
fish, a phenomenon documented also previously as a
response to lake mixing (Gauthier et al., 2014). The
increase of phosphorus, dominance of cyanobacteria
and less control of phytoplankton by zooplankton have
been listed as possible undesirable effects of artificial
circulation (Cooke et al., 2005). These kinds of
outcomes were detected, though not significantly in
the Enonselké basin of Lake Vesijdrvi after the onset
of hypolimnetic aeration.

Concluding remarks

The structure and dynamics of the pelagic food web in
Enonselkd basin were altered remarkably by the
pumping of water from epilimnion to hypolimnion.
One of the most conspicuous results was the develop-
ment of an exceptionally dense smelt population that
was strongly dominated by young-of-the-year indi-
viduals. This induced high predation pressure on
zooplankton and a decline in cladoceran body size.
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Lake productivity, measured as phosphorus levels,
remained unaltered during years of aeration, so the
decreased control on phytoplankton by smaller-bodied
zooplankton probably contributed to high algal
biomasses with occasional blooms of cyanobacteria.
These blooms, in turn, could reinforce the eutrophic
system regime through further reducing the control of
phytoplankton by zooplankton.
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