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Abstract. Since 1967, the temperate, shallow, pond-type
Lake Warniak has been subjected to different
biomanipulation methods including the introduction of
common carp, Cyprinus carpio L., grass carp,
Ctenopharyngodon idella (Val.), silver carp,

Hypophthalmichthys molitrix (Val.), and bighead carp,
Hypophthalmichthys nobilis (Richardson) and then their
removal in an effort to control macrophytes and
phytoplankton. Recently, pilot stocking with predatory fish,
particularly pike, Esox lucius L., has also been conducted.
Hence, an examination of the long-term response patterns of
phytoplankton to multiple fish-induced stressors was
undertaken. In recent years, Chara domination (2000-2004)
has helped to stabilize a clear-water state, high/good
ecological status, and meso-eutrophic conditions. After the
disappearance of Charales in 2004, the rapid, unstable
changes in phytoplankton biomass, structure, and
biodiversity suggested a shift toward a turbid-water state. As
a result, the phytoplankton assemblages changed from those
dominated by cryptophytes Y+X2+X1+LO (2000-2004)
through those dominated by cyanobacteria K (2005-2008),
dinoflagellates LO+Y (2009-2011), and cryptophytes
Y+LO+F+X2 (2012), to those dominated by diatoms
D+K+P+A (2013-2014) with representative taxa that occur
in nutrient-rich and/or nutrient-poor water bodies. The
1967-2014 changes indicated that four periods, two with
clear-water state and two with turbid-water state, alternately,
one after the other, resulted from different fish pressure.
Higher autochthonous fish biomass was usually accompanied

by lower phytoplankton biomass. In contrast, the introduction
of Cyprinidae fish had a stimulating effect on summer
phytoplankton dominated by cyanobateria. Among the
nutrients, only phosphorus played an important role.
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biomass, cyanobacteria, autochthonous fish, introduced
fish

Introduction

Phytoplankton growth patterns and

dominance shifts

Phytoplankton plays the main role as a primary
source of food in both classic and microbial food
webs in aquatic ecosystems. High ecological plastic-
ity allows phytoplankton to grow in various environ-
mental conditions, including when external factors
(e.g., light, temperature, CO2, nutrients) fluctuate
substantially. Phytoplankton seasonal growth pat-
terns can vary significantly, e.g., when trophic levels
or the mixing type of lakes differ and under differ-
ent-sized grazing pressure. The general trend in the
seasonal development of phytoplankton includes
one, two, or even more, similarly or differently sized
peaks of biomass (PEG model; Sommer et al. 1986,
Oleksowicz 1988, Brentrup et al. 2016). Rapidly
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increasing grazing associated with late spring zoo-

plankton biomass maximums can occur along with

phytoplankton maximums at the end of spring in

eutrophic lakes. Thus, such temporal shifts in

phytoplankton-zooplankton relations facilitate the

occurrence of clear-water state (Talling 2003, T�nno

et al. 2003, Effler et al. 2015), which may not appear

in hypertrophic lakes.

Global warming, also referred to as climate
change, can also promote phytoplankton growth,
structural changes, and dominance shifts toward
cyanobacteria species, which are symptoms of pro-
gressive eutrophication in shallow lakes (Scheffer et
al. 2003, Elliot 2012, Jeppesen et al. 2014, Rigosi et
al. 2014). Both global warming and eutrophication
can mutually reinforce the symptoms and problems
connected with them (Moss et al. 2011). The abun-
dance of relatively small-sized taxa, which also in-
cludes cyanobacteria, can increase significantly,
while large-sized diatoms decrease because of cli-
mate warming (Pulina et al. 2016). Consequently,
cyanobacteria species become phytoplankton
dominants, and since they are less edible for zoo-
plankton, this can diminish energy flow to higher
trophic levels (Elliott 2012).

According to the theory of alternative stable
states (Scheffer et al. 1993), one of two states can oc-
cur in shallow lakes: a clear-water state with the
dominance of submerged macrophytes, or a tur-
bid-water state with the dominance of phyto-
plankton. The transition from one state to another
occurs even without significant changes in nutrient
enrichment or specific steady-state assemblages.
Shifts between these two alternate states can occur
regularly or irregularly without any single critical nu-
trient level, but other factors, such as lake size or
depth and climate change, can affect thresholds
(Scheffer and van Nes 2007). However, recent stud-
ies have shown that macrophyte loss by shifts from
clear-water to turbid-water states can significantly
enrich water in nutrients, especially in carbon and
phosphorus (with increases in mobile C and P of up
to two and four times, respectively) stemming from
certain decreases in C and P storage possibilities

(Wang et al. 2016). The nitrogen content can remain

unchanged.

Moreover, according to Rojo and Álvarez-
-Cobelas (2003), such assemblages are theoretically

expected to occur in more stable and unstable, or

fluctuating, environments. There are many processes

causing assemblage bi-stability, e.g., competitive in-
teractions, mixotrophy, motility, buoyancy regula-
tion, growth rates, and shade adaptation

(Naselli-Flores et al. 2003, Salmaso 2003). Other ev-

idence suggests the importance of the food web, es-

pecially grazing pressure and mechanisms such as

allelopathy, invasions, or even parasitism, in struc-

turing steady-state assemblages. However, tur-

bid-water state can also be enhanced in warmer

years (Elliot 2012). The reasons for the establish-

ment of bi-stability assemblages could be of signifi-

cant help when considering restoration processes of

degraded shallow lakes, especially those based on

food web manipulations.

Trends in the multiple roles of

phytoplankton and solving problems with

intense blooms

The importance of phytoplankton as the basis of food
webs in aquatic ecosystems is associated with the
unidirectional flow in the nutrient-phytoplankton-
-zooplankton-fish sequence throughout the succes-
sive controls by physical, chemical, and biological
processes. All of this determines the proper or im-
proper functioning of the entire lake ecosystem. The
important phytoplankton (primary producer) role as
a nutritional source of phytonutrients and biologi-
cally active compounds in energy-flow pathways is
well-documented (Napiórkowska-Krzebietke 2017
and references therein). However, the most impor-
tant components are the fatty acids (Desvilettes and
Bec 2009, Kovaè et al. 2013, Sauvanet et al. 2013,
Terech-Majewska et al. 2016), while sterols, amino
acids, enzymes, organic minerals, chlorophyll, carot-
enoids, vitamins and trace elements, for example, are
also important as they are directly available to the
first stages of larval and juvenile fish or even as
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indirect sources through the trophic chain to fish of
more advanced stages. Determining phytoplankton
structure is also essential for assessing its nutritional
value, which has recently been identified as very im-
portant for successful aquaculture (Shields and
Lupatsch 2012) and even for human nutritional
supplementation and health (Abd El Baky and
El-Baroty 2013, de Jesus Raposo et al. 2013,
Vavilala and D’Souza 2015, Hayes et al. 2017).

Phytoplankton (composition, abundance, and
biomass) is a basic biological quality element (BQE)
that is required to assess the ecological status of dif-
ferent water bodies as stipulated by the Water
Framework Directive (WFD, European Commission
2000). Each European country is obligated to devise
its own phytoplankton method, and many methods
have been developed and inter-calibrated (Phillips et
al. 2014). In Poland, the newly elaborated
phytoplankton-based method Phytoplankton Metric
for Polish Lakes (PMPL) was tested and compared
with the other European methods (Napiórkowska-
-Krzebietke et al. 2012). Its sensitivity to
eutrophication gradients has been studied with posi-
tive results. The Polish method has been verified in
many lowland, temperate lakes including in small-
and medium-sized, shallow and very shallow, strati-
fied and non-stratified, natural and heavily modified
Central/Baltic-type (L-CB1 and L-CB2) water bodies
(Commission Decision 2013/480/EU). The PMPL
method assessed the majority of studied lakes to
have a worse than good ecological status; thus, they
did not meet the WFD requirements of at least good
ecological status (Napiórkowska-Krzebietke et al.
2012, 2016, 2017, Napiórkowska-Krzebietke 2015,
Napiórkowska-Krzebietke and Dunalska 2015,
Napiórkowska-Krzebietke and Hutorowicz 2014,
2015). Actually, following a positive inter-calibration
process, PMPL is regarded as one of the BQEs in the
national routine for monitoring water bodies in Po-
land that is formally regulated by the Regulation of
the Minister of the Environment (Regulation 2016).
The use of many other phytoplankton indices as wa-
ter quality indicators, e.g., the algal genus pollution
index, the Shannon-Weaver diversity index, the
saprobic index, the trophy index, and the new

eco-sensitivity factor, were also tested with positive

results (Napiórkowska-Krzebietke 2014, 2015,

Napiórkowska-Krzebietke et al. 2017).

The intense growth of phytoplankton, primarily

cyanobacteria, is usually a nuisance, and it can even

be harmful not only for aquatic organisms but also

for animals and humans because of the production of

cyanotoxins (Kobos et al. 2013). In order to meet

WFD goals, intensive phytoplankton blooms cannot

be present in surface water bodies. A few biological

restoration methods that primarily include removing

planktivorous or benthivorous fish, stocking with

predatory or herbivorous fish, macrophyte transplan-

tation, or introducing mussels are proposed to con-

trol phytoplankton (Jeppesen et al. 2012 and

references therein). Thus, some restoration actions,

including biomanipulation and planting submerged

macrophytes, were taken into account to limit

phytoplankton growth (e.g., Yu et al. 2016, Rosiñska

et al. 2017). A review of the literature on

biomanipulation indicates that the results of water

quality improvement by reducing phytoplankton

quantities can be both positive and negative

(Jeppesen et al. 2012, 2014, Ofir et al. 2017). In

some cases, biomanipulation leads to significant re-

ductions of nutrients (nitrogen, phosphorus) and

chlorophyll a content with increased Secchi disk

depth, but in other cases it leads to increased

phytoplankton biomass and water quality deteriora-

tion. The removal efficiency of nuisance

cyanobacteria can be very high (even up to 99.5%)

using multiple treatment technologies that are popu-

lar worldwide, e.g., coagulation and sedimentation,

dissolved air flotation and rapid sand filtration, lime

precipitation, sedimentation and rapid sand filtra-

tion, microfiltration and ultrafiltration, and dissolved

air flotation and microfiltration (Westrick et al. 2010,

Amaral et al. 2013, Huang et al. 2015). Other

well-known techniques that have produced promis-

ing results include effective microorganisms, barley

straw, plant extracts, golden algae, ultrasound, artifi-

cial water mixing, and using separators to pre-treat

stormwaters in littoral zones in combination with

fountain-based aeration in pelagial zones (Lürling et
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al. 2016, Zêbek and Napiórkowska-Krzebietke
2016, Sitarek et al. 2017).

Lake Warniak case study and historical

outline

The shallow, pond-type Lake Warniak has been sub-
jected to biomanipulation treatments for many years.
It was selected as a model lake for the International
Biological Programme (IBP) that ran from 1964 to
1974, and it was included in large-scale biological
studies with important scientific implications for hu-
mans (Westlake et al. 1998). The problem in Lake
Warniak was the high density of macrophytes (13%
emergent and 87% submerged covering the lake bot-
tom) and low water transparency (Dunst et al. 1974).
Thus, one restoration objective was to determine the
effect of the introduction of non-native fish species,
specifically grass carp, on the biocenosis.

Control catches in Lake Warniak in 1966-1971
indicated the occurrence of 14 autochthonous fish
species: Anguilla anguilla (L.); Carassius carassius

(L.); Cobitis taenia L.; Esox lucius L.; Gasterosteus

aculeatus (L.); Gymnocephalus cernua (L.);
Leucaspius delineatus (Heck.); Leuciscus idus (L.);
Lota lota (L.); Misgurnus fossilis (L.); Perca fluviatilis

L.; Rutilus rutilus (L.); Scardinius erythrophthalmus

(L.) and Tinca tinca (L.) (Zawisza and Ciepielewski
1973). The first introduction of the benthophagous
Cyprinus carpio L., a non-native, allochthonous fish
species, in this lake was in 1967. Next, herbivorous
grass carp, Ctenopharyngodon idella (Val.), and
seston-feeding Hypophthalmichthys molitrix (Val.)
were introduced for the first time in 1970. In the sub-
sequent years (1970-1984), this lake was stocked ir-
regularly with grass carp (C. idella) at varying
frequencies and in different amounts (6-1,005 indi-
viduals, i.e., 20-1,950 kg per year) (Krzywosz 1997).
The maximum biomass stocked was in excess of 6
tons in 1976. This amount decreased in subsequent
years for several reasons including progressive natural
mortality, growth inhibition, stocking cessation, and
overfishing. Seston-feeding carp, or so-called filter
feeders, such as silver carp (H. molitrix), which

preferentially consumes phytoplankton, and bighead
carp, Hypophthalmichthys nobilis (Richardson),
which preferentially consumes zooplankton, or both
species together with more or less detritus (Conover et
al. 2007) were also stocked during this period
(Ciepielewski 1985, Bia³okoz 1997, Zdanowski et al.
1999). Their biomass increased steadily along with
stocking rates up to the maximum in 1992, and then it
gradually declined from natural mortality, winter fish
kills, and intensive exploitation in 1995 and 1997
(Zdanowski et al. 1999). In 2000-2014, Lake
Warniak was subjected to experimental pilot stocking
primarily with autochthonous predatory fish species
(E. lucius and sporadically with A. anguilla and
Silurus glanis L.) (Zakêœ et al. 2015). During this pe-
riod, the ichthyofauna comprised 21 species: Abramis

brama (L.); Alburnus alburnus (L.); A. anguilla; Blicca

bjoerkna L.; Carassius gibelio (Bloch); C. carassius; C.

idella; E. lucius; G. aculeatus; G. cernua; C. carpio;

Gobio gobio L.; H. molitrix; H. nobilis; L. lota; M.

fossilis; P. fluviatilis; R. rutilus; S. erythrophthalmus;
S. glanis; T. tinca. In recent years, neither intense ex-
ploitation nor winter fish kills have been observed,
and oxygen conditions were good for fish survival
throughout the year, even during periods of ice-cover
(Napiórkowska-Krzebietke et al. 2012, Zakêœ et al.
2015, Kalinowska et al. 2017).

Long-term stocking with both herbivorous and
seston-feeding fish (primarily C. idella, H. molitrix, and
H. nobilis) changed the ecosystem significantly (Dunst
et al. 1974, Krzywosz 1997). In 1967-1974, the
phytoplankton biomass reached up to approximately
19.5 mg dm-3 (Spodniewska and Hillbricht-Ilkowska
1973, Wêgleñska et al. 1979, Zdanowski et al. 1999).
After 1975, submerged vegetation disappeared for
a period of about 17 years, the trace occurrence of hy-
drophytes was observed (Hutorowicz and Dziedzic
2008), and the phytoplankton biomass was over
two-fold higher (a maximum of 50.0 mg dm-3 in 1978)
than it had been in previous years (Krzywosz 1999,
Zdanowski et al. 1999). The first symptoms of sub-
merged macrophyte re-establishment were observed in
1993, and in subsequent years their biomass gradually
increased to values recorded in the late 1960s and the
early 1970s. The biomass of introduced fish declined
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significantly in the late 1990s because of intense fish
catches and winter fish kills, and the phytoplankton
biomass was again considerably lower, but similar to
that recorded in 1967-1974 (Zdanowski et al. 1999).
This was followed by gradual macrophyte
re-colonization dominated by Charales, primarily
Chara globularis Thuiller, C. rudis (A.Braun)
Leonhardi, C. contraria A.Braun ex Kützing, C.

filiformis H.Hertzsch, C. tomentosa Linnaeus, C. aspera

C.L.Willdenow and Nitellopsis obtusa (N.A.Desvaux)
J.Groves. The maximum growth of charophytes oc-
curred in 2002, but they almost disappeared from the
lake in 2005 (Ba³dyga 2008). Furthermore, the maxi-
mal phytoplankton biomass in 1997-1998 was only
approximately 2.0 mg dm-3.

The aim of this study was to determine the re-
sponse patterns of phytoplankton abundance, struc-
ture, and dominance changes to multiple factors in
a shallow pond-type lake under different types of fish
pressure. The key tasks focused on modelling, classi-
fying, and predicting phytoplankton growth and
biodiversity using multi-factorial approaches includ-
ing bottom-up control by food availability and
top-down control by grazing pressure exerted by zoo-
plankton and fish. The analysis of the phytoplankton
and the environment comprised primarily current
data (2000-2014), but published historical data
(1967-1999) was also used to strengthen the
phytoplankton response. Therefore, considering the
long-term (1967-2014) study period and the data
available for comparison, the following hypotheses
were formulated for the shallow pond-type lake:

– hypothesis 1: elevated temperature and nutri-
ent enrichment enhance phytoplankton
growth and shifts in structure toward
cyanobacteria domination;

– hypothesis 2: competition and selective grazing
limit phytoplankton growth and biodiversity;

– hypothesis 3: key drivers (factors/species) af-
fect phytoplankton-related changes through-
out the ecosystem.

Materials and methods

Study area

Lake Warniak is situated in the mesoregion of the
Great Masurian Lakeland (northeastern Poland,
54°7’17"N 21°48’4"E) near the village of Pieczarki
about 10 km north of Gi¿ycko in the drainage basin
of Lake Dargin and the catchment area of the
Wêgorapa River. According to Zakêœ et al. (2015),
the direct catchment of the lake comprises 70% forest
(gently sloping hills) and 30% swampy meadows.
A constant tributary (northeastern part of the lake)
delivers drainage waters from agricultural areas. The
main constant outflow in the southern part of lake
(0.7 m3 min-1) discharges water from Lake Warniak
into Lake Dga³ Wielki, whereas another small out-
flow in the northwest supplies the drainage system of
mid-forest meadows and periodically carries water to
Lake Dga³ Ma³y.

Lake Warniak is a small (surface area of 38.4
ha), very shallow (maximum depth of 3.7 m and
mean depth of 1.2 m), non-stratified natural water
body with a shoreline that has been minimally devel-
oped (Table 1). According to fishing use type, it could
be a tench-pike lake, which is an experimental lake
within the framework of the Department of Sturgeon
Fish Breeding of the Inland Fisheries Institute in
Olsztyn. According to the index of basin perma-
nence, which is the basin volume to shoreline length
ratio (Kerekes 1977), Lake Warniak is almost an ex-
tinct lake (pond-like) with the shoreline zone exert-
ing a strong effect on basin volume. The lake bottom
in both the shoreline and open water zones is com-
posed of residual sediment of limestone origin. The
shoreline zone of the lake, similarly as reported by
Napiórkowska-Krzebietke et al. (2012), is still domi-
nated by emerged vegetation. The dominant
helophyte species of Phragmites australis (Cav.) Trin.
ex Steud, Typha latifolia L., Schoenoplectus lacustris

(L.) Palla, Acorus calamus L. and floating-leaved spe-
cies of the genus Nuphar cover nearly the entire lake
shoreline and exhibit a clear tendency of expanding
their distribution. In certain period, the open water
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zone was overgrown by submerged macrophytes. In
1967-1974, the lake bottom was overgrown with the
angiosperms Elodea canadensis Michx.,
Ceratophyllum demersum L., Stratiotes aloides L. Af-
ter 1993, several tons of plant material dominated by
E. canadensis were transplanted from Lake Dargin,
and as a result only charophytes began to cover the
lake bottom. The period with dense submerged
macrophytes lasted until 2004 (Ba³dyga 2008,
Hutorowicz and Dziedzic 2008). In 2005,
charophytes suddenly almost disappeared and other
submerged macrophytes formed only residual
phytocoenoses (Ba³dyga 2008) or occurred only as
single specimens; there were primarily of the genus
Potamogeton, and they were rarely observed in sub-

sequent years (2005-2014) or recently
(Jurkiewicz-Karnkowska et al. 2017, K. Stawecki
and B. Zdanowski – personal communication). This

all indicates a certain stage of the natural process of

lake extinction accelerated by human activity (e.g.,

fisheries management and experimental stocking

with grass carp, silver carp, and bighead carp).

Fish stocking, catches, and biomass

Historically, different fish species were introduced
outside their native range into Lake Warniak in
1967-1984, and after 1987 (Tables 2-3). In
1967-1969, the lake was experimentally stocked pri-
marily with common carp. After winter fish kills in
February 1970 that affected stickleback, rudd, com-
mon carp, and tench (Zachwieja 1973), the lake was
stocked primarily with grass carp, silver carp, and
bighead carp (1970-1984). In the late 1980s and in
the 1990s, stocking was very infrequent. The most
intense catches were carried out in 1995 and 1997
(Zdanowski et al. 1999). In the current study period
of 2000-2014, Lake Warniak was experimentally
stocked (mainly for a pilot study) with autochthonous
predatory fish species. In 2000-2010, pike was
stocked for nine years, and both wels catfish and Eu-
ropean eel were stocked for three years (Zakêœ et al.
2015, Table 3). In subsequent years (2011-2014),
the lake was stocked experimentally only with pike
fry that had been reared in recirculating aquaculture
systems as this is a key species that regulates the
classic food web in lakes. Three different sizes of
stocking material were released: small (approximate
body length of 6.3 cm, body mass of 2.2 g); medium
(approximately 8.7 cm, 6.0 g); large (approximately
12.7 cm, 17.1 g). Generally, the pike should have had
good environmental conditions for natural reproduc-
tion and the growth of juvenile stages in this lake.
However, monitoring and experimental fish catches
in 2011-2014 indicated that stocked pike, which had
been tagged before release, were caught only occa-
sionally in this lake; this probably could have
stemmed from the fish not yet having reached catch
size (Zakêœ et al. 2015).

In 2000-2013, fish catches were not regular, but

they were highly differentiated, with peaks in 2001

and 2005 (Zakêœ et al. 2015). In 2003, 2007-2009,
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Table 1
Morphometric parameters of Lake Warniak

Parameters

Geographical coordinates 54.717 N, 21.484 E

Surface area (km2) 0.384

Maximal depth (m) 3.7

Mean depth (m) 1.2

Relative depth (m) 1.24

Volume (×103 m3) 456.7

Maximal length (m) 1000

Maximal width (m) 500

Shore length (m) 2625

Shoreline development 1.20

Development of volume 0.97

Index of basin performancea 0.17

Shore length to area ratio 6.84

Catchment area (km2)b 9.134

Schindler indexc 20

Type of stratification polimictic

Static type I

Fishing use type tench-pike
athe ratio of basin volume to shoreline length
baccording to Bajkiewicz-Grabowska and Zdanowski
(unpublished data)
cthe ratio of catchment area (plus surface area) to the lake’s
volume



and 2012 no fish catches were made in this lake, and
in the remaining years the average annual yield of
fish catches was approximately 11.1 kg ha-1. At this
time, fish biodiversity was relatively high (21 spe-
cies), and the species caught most frequently were A.

brama, H. molitrix, H. nobilis, R. rutilus, and E.

lucius, the percentage share of which in the total
catches ranged from 19% to 26%.

Generally, long-term experimental fish introduc-
tion and stocking events in Lake Warniak included
primarily the following:

1. benthophagous common carp (1967-1970);

2. herbivorous grass carp (1970-1978);

3. seston-feeding silver carp and bighead carp
(1970-1985);

4. benthophagous common carp (irregularly in
1973-1988) and predatory pike and European eel
(very rarely and irregularly in 1981-1999);

5. only predatory fish, primarily pike and sporadi-
cally wels catfish and European eel (only
autochthonous fish, 2000-2014).

Since each group of fish introduced was charac-

terized by a different diet type, developmental stage,

or body size (e.g., hatchlings, fry), the impact of these

groups on the whole aquatic ecosystem began with

the primary consumers (herbivores) through second-

ary consumers and predators (carnivores and omni-

vores), and finally, participation in nutrient

circulation.

After its introduction into Lake Warniak, grass

carp, which is the main species that directly influ-

ences macrophyte biomass, gradually increased in

biomass and reached approximately 140 kg ha-1 in

1976, and then its biomass gradually decreased in

subsequent years (Krzywosz 1997, Zdanowski et al.

1999). Simultaneously, common carp attained a bio-

mass of up to 115 kg ha-1. The distinctly high

biomasses of these two species were still recorded in

1973-1978. After ending grass carp stocking and fol-

lowing winter fish kills in February 1985 and 1987,

its biomass decreased drastically to very low level.

After 1984 despite these winter fish kills, a systemat-

ically increasing trend in silver carp and bighead carp

biomass was noted until 1992 (with a maximum in

excess of 600 kg ha-1). The oxygen demands of these

species are more or less comparable to those of grass

carp or common carp, but they do vary substantially

with fish age and size and water temperature. Fur-

thermore, asphyxiation occurs at water oxygenation

levels of 0.3 mg dm-3 for common carp, 0.4 mg dm-3
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Table 2
Historical data on experimental introduction of allochthonous
fish species for Lake Warniak in 1967-1999

Years of stock-

ings

Fish species (kg ha-1)

Common carp Grass carp

Silver carp +

bighead carp

1967 36.4 - -
1968 46.9 - -
1969 5.6 - -
1970 7.1 6.8 1.1
1971 - 25.2 -
1973 31.3 50.8 7.3
1975 - 10421 15631

1976 62.3 23.8 26.6
1977 14.3 4.4 -
1978 6.8 0.8 -
1981 4.0 - 20.1
1982 2.5 - 13.0
1984 - - 52.1
1985 - - 0.1
1988 2.3 - -

– means no introduction of these species, 1stocking rate (ind.
ha-1)
Data according to Zawisza and Ciepielewski (1973),
Krzywosz (1997), Zdanowski et al. (1999), Hutorowicz and
Dziedzic (2008)

Table 3
Stocking Lake Warniak with autochthonous fish species in
2000-2014

Fish species Years of stocking

Stocking rate

(ind. ha-1)

Assortment/size

group

Pike

2000-2005,

2008-2010
260-651 hatchlings

2004 2 summer fry
2005 4 fall fry
2011-2014 45 RAS reared fry

Wels catfish
2002, 2008,

2010
20-299 fall fry

European eel
2005, 2006,

2009
0.03-0.041 reared fry

1(kg ha-1), RAS – recirculating aquaculture systems
Data according to Zakêœ et al. (2015)



for grass carp, and bighead carp, and of 0.8 mg dm-3

for silver carp (Fei 1989). After 1992, a systemati-
cally decreasing trend was recorded in the following
years. From the late 1970s to the 1990s, the biomass
of autochthonous fish was significantly reduced (up
to half), and after 1995 their populations started to
increase to approximately 200 kg ha-1 (Zdanowski et
al. 1999, Chybowski, unpublished data).

Sampling and quantitative and

qualitative analyses of

phytoplankton

The deepest point in the lake was chosen as
the representative sampling site, i.e., the
standard monitoring site (Fig. 1). The
phytoplankton samples were collected at 1
m intervals from the surface to the bottom
(0-3 m), and then they were integrated. The
sampling period included entire growth sea-
sons (the ice-free period from March when
ice cover melted to November when thin ice
cover formed) from each year of the 15-year
study (2000-2014). Additionally, some sam-
ples were also collected in late February at
the end of ice-cover period at the moment
just before the spring phytoplankton growth
stage. Two kinds of samples were collected:
integrated samples that were preserved with
formalin and glycerine water for quantitative
analysis and live samples for phytoplankton
qualitative analysis collected with 10 ìm
mesh size net.

Both quantitative and qualitative analy-
ses of microplankton and nannoplankton
were performed according to CEN standards
(EN 14996, EN 15204, PN-EN 15204:2006,
DIN CEN 2015) that are required for
phytoplankton monitoring under the Euro-
pean Water Framework Directive. Quantita-
tive phytoplankton analysis was conducted
using inverted microscope according to the
generally accepted standard Utermöhl
method (Utermöhl 1958, Kelly 2004, CEN
EN 15204, 2006). Individuals (single cells,
coenobia, colonies, filaments) were counted

in sedimentation chambers (10 mL) at varied magni-
fications, i.e., large taxa in the whole chamber using
100x, medium-sized taxa in 2-4 strips using 200x,
and nannoplankton in 100 fields using 400x.
Phytoplankton biomass was calculated using cell
biovolume measurements (Pliñski et al. 1984) and
verified according to the latest DIN CEN standards
(DIN CEN 2015, Napiórkowska-Krzebietke and
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Figure 1. Location of Lake Warniak and standard monitoring site of
phytoplankton and environmental variables (1); bathymetric plan of Lake
Warniak according to IFI in Olsztyn (modified), dashed red line indicates fish
stocking zone after 2000 (Zakêœ et al. 2015), arrows indicate inflows and out-
flow.



Kobos 2016). Qualitative analysis was conducted us-

ing light microscope at magnifications of ×200,

×400, and ×1000 with oil immersion. Taxa identifi-

cation was based on current references (e.g.,

Huber-Pestalozzi 1983, Krammer and

Lange-Bertalot 1986, 1988, 1991, Komárek and

Anagnostidis 1999, 2005), and recognized taxo-

nomic names were confirmed at AlgaeBase (Guiry

and Guiry 2017).

Environmental variables

The water temperature and dissolved oxygen content
were measured with YSI 6600-meters (USA), and
transparency was determined with the Secchi disk
method in the field during phytoplankton sampling.
Water samples for chemical analysis were also col-
lected simultaneously, and these were analysed in
the laboratory according to standard methods
(PN-EN ISO 6878:2006p.7, PN-EN 25663:2001,
PN-ISO 10260:2002, PN-86/C-05560.02; Standard
Methods 1999). Nitrate concentrations were deter-
mined with high performance liquid ion chromatog-
raphy (Shimadzu Prominence HPLC System). Total
phosphorus, phosphates, and ammonium nitrogen
were measured colorimetrically with a Shimadzu UV
1601 spectrophotometer, and total nitrogen and ni-
trites were measured with an Epoll ECO 20
spectrophotometer. Chlorophyll a content was ana-
lysed with the method proposed by Lorenzen (1967,
PN-86/C-05560.02).

The unpublished and partially published data on

thermal, oxygen, and nutrient conditions in the water,

meteorological data (air temperature and precipita-

tion), and fish biomass data from 2000-2014 were ob-

tained from the Inland Fisheries Institute in Olsztyn.

This paper also refers to a previous study period to

present multi-year changes based on historical data

from 1967-1999 and current data from 2000-2014,

including both published and unpublished data. Se-

lected general data on phytoplankton biomass and its

structure in 2000-2008 were presented as posters

during phycological and botanical conferences

(Napiórkowska-Krzebietke and Hutorowicz,

unpublished data, Napiórkowska-Krzebietke,
Ba³dyga, Hutorowicz, unpublished data).

Multiple approaches in assessing

phytoplankton response to fish-induced

environmental changes

Selected indices, both existing and new with newly
proposed classifications, were applied to assess
phytoplankton response to fish-induced environ-
mental changes.

1. Phytoplankton biodiversity included species rich-
ness (S), which was expressed as the total number
of taxa, the Shannon-Weaver diversity index
(S-WI, Shannon, Weaver 1949), and Pielou’s
evenness index (E, Pielou 1966), which were cal-
culated using taxa biomass.

2. Functional classification included the assignment
of dominant species, those which contributed at
least 5% to the total biomass, to functional groups
(coda) according to Reynolds et al. (2002) and
Padisák et al. (2009). This concept was applied to
describe phytoplankton patterns in the commonly
shared adaptive features of various aquatic eco-
systems that permitted allocating species to suit-
able habitat templates.

3. Eco-sensitivity factor (E-SF), i.e., the biomass ratio
of all tolerant (T – tolerant, VT – very tolerant) to
sensitive (S – sensitive, VS – very sensitive) taxa
(Napiórkowska-Krzebietke et al. 2017) based on
concept of the Phytoplankton Trophic Index (PTI,
Phillips et al. 2013). This refers to trophic scores of
taxa combined with eutrophication gradients ex-
pressed as total phosphorus. The formula used for
calculations (equation 1) follows:

E-SF = (T+VT)/(S+VS) (1)

4. PMPLMOD – the modified Phytoplankton Metric
for Polish Lakes, which comprises the two partial
metrics of MTB (metric “Total Biomass“) and
MBC (metric ”Biomass of Cyanobacteria“) accord-
ing to Napiórkowska-Krzebietke (2015), was used
to determine long-term changes in the ecological
status of the lake.
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5. The potential zooplankton biomass (PZB) in sum-
mer 2000-2014 was calculated using a formula
(equation 2) that describes the linear relationship
between average long-term summer data on total
phytoplankton biomass (TB) and total zooplank-
ton biomass in 1967-1998 (according to
Spodniewska and Hillbricht-Ilkowska 1973,
Wêgleñska et al. 1979, Krzywosz 1999,
Zdanowski et al. 1999, Tunowski 2006, 2008). It
was assumed that this relationship was significant
at the level of á = 0.05 for n = 18.

PZB = 0.2484 × TB + 0.4573 (2)

r = 0.495

6. Trophic efficiency, which describes the ratio of zoo-
plankton biomass to phytoplankton biomass (ac-
cording to Hilbricht-Ilkowska and Kajak 1986),
was used for the summer data. A new trophic effi-
ciency classification was proposed and it ranges
from the lowest to the highest efficiency, i.e., class
I – 0-0.20, class II – 0.21-0.40, class III – 0.41-0.60,
class IV – 0.61-0.80 and class V – 0.81-1.00.

7. The trophic state of the lake was determined with
the Trophic Level Index (TLI, Burns et al. 1999),
which considers seasonal data on Secchi disk
depth (SDD), total phosphorus (TP), chlorophyll
a (Chl), and total nitrogen (TN) as follows (equa-
tion 3):

TLI = (TLISDD + TLITP + TLIChl + TLITN)/4 (3)

The TLI was used instead of the well-known
Carlson’s TSI (Trophic State Index), because it en-
compasses variations of trophic parameters
throughout the growth seasons, and not only in
summers as is the case with the TSI. However, the
two indices are very closely related, and they can
be used interchangeably to evaluate lake trophic
state (Napiórkowska-Krzebietke et al. 2013).

8. Fish pressure was based on biomass data (accord-
ing to Zdanowski et al. 1999, and Chybowski, un-
published data) of selected fish groups, and it was
calculated as the percentage share (%) of total bio-
mass. The type of fish pressure was proposed
based on the domination of certain fish groups,
i.e., their relative biomass. Prominent domination

was at >70% of total biomass, whereas
co-domination was over 40%; this determined the
type of fish pressure.

Phytoplankton-macrophyte relationships pro-
vided the basis for analyzing the role of competition.
Phytoplankton-zooplankton and phytoplankton-
-zooplankton-fish relationships were used to deter-
mine the role of grazing in the lake.

Statistical analysis

Modelling seasonal changes in phytoplankton bio-
mass was based on transformed data of total biomass
and the biomass of particular phyla in two main peri-
ods. The first period was from 2000 to 2004 when
submerged macrophytes (primarily Charales Chara

globularis and C. rudis) dominated distinctly, and the
second period was from 2005 to 2014 when
phytoplankton dominated, Charales disappeared,
and there were residual macrophyte phytocoenoses.
Therefore, the relative phytoplankton biomass was
calculated based on the division of each biomass
value by the maximum biomass for the entire study
period (2000-2014). The same procedures were ap-
plied to obtain transformed data on relative
phytoplankton species richness and diversity. Excep-
tionally, two maximums were noted in
phytoplankton structure; the first was in 2000-2004
and the second was in 2005-2014. These were used
to increase readability. The pattern of changes in sea-
sonal phytoplankton growth, structure, and
biodiversity were then obtained using statistical tools
to select the optimal trend lines in the polynomial
method that had the best fit to the series of data
points. The same procedure to model seasonal
phytoplankton growth dynamics was for the
1967-1974 period based on published data
(Spodniewska and Hilbricht-Ilkowska 1973,
Spodniewska 1975, Wêgleñska et al. 1979).

The non-parametric Mann-Whitney U test and
the Kruskal-Wallis test were used to compare two
and more than two independent groups
(phytoplankton groups based on biomass, and
physicochemical variables), respectively
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(STATISTICA v. 12). Hierarchical cluster analysis
using the Unweighted Pair Group Method with
Arithmetic Mean (UPGMA) that reflected the
phytoplankton structure in pairwise similarity ma-
trixes (Percent Similarity) (Multi-Variate Statistical
Package, MVSP, Kov. Comp. Serv. 1985-2009) was
applied to determine the similarity of phytoplankton
assemblages. The coefficient of variation (CV, ex-
pressed in %) was calculated to characterize selected
physicochemical and phytoplankton variables.

Phytoplankton was correlated with environmen-
tal variables using the Spearman rank coefficient
non-parametric method because of a lack of nor-
mally distributed data. Additionally, principal com-
ponent analysis (PCA), original and after applying
orthogonal varimax rotation (maximizing the sum of
the variances of the squared loadings; Kaiser 1958),
was used to strengthen the interpretation in
phytoplankton-environment relations (STATISTICA
v.12). The so-called Kaiser’s (1960) cri-
terion, i.e., an eigenvalue-greater-than-
-one rule, was applied to interpret the
results. Canonical correspondence anal-
ysis (CCA) was also used to confirm
these relationships. The Monte Carlo
test with 999 random permutations
(P < 0.05) was then applied as a forward
selection procedure to reduce the num-
ber of variables. CCA results were illus-
trated in biplot graphs using Canoco for
Windows 4.5 software. A regression
model was used to obtain possible esti-
mations and/or predictions of expected
fish biomass along with summer
phytoplankton biomass that included
fish data (Zdanowski et al. 1999,
Chybowski, unpublished data) and
phytoplankton data (Spodniewska and
Hilbricht-Ilkowska 1973, Spodniewska
1975, Wêgleñska et al. 1979,
Zdanowski et al. 1999, this study) in
1967-2014.

Results

Environmental variables

The average annual air temperature (AAAT) in
2000-2014 was 8.4°C, and it increased by 1.5°C
compared with the previous period of 1953-1999
when the mean temperature was 6.9°C (data from
Napiórkowska-Krzebietke 2004). After 2000, an-
nual deviations from the 46-year (1953-1999) AAAT
were positive at an amplitude of 0.3-2.2°C through-
out the studied period (Fig. 2a). The highest devia-
tions (over 2°C) were recorded in 2002, 2007, 2008,
and 2014, whereas the lowest was in 2010. When
considering the seasons in detail, the deviations were
almost always positive for spring, summer, and fall.
The sum of the average annual precipitation (AAPS)
was 625.8 mm in 2000-2014, which was slightly
lower than the 1953-1999 mean sum of 636.8 mm.
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Figure 2. Deviations from the 1953-1999 mean annual air temperature of 6.9°C (a)
and precipitation sum of 636.8 mm (b).



The amplitude of deviations from AAPS was high

(from -160 to +138 mm) (Fig. 2b). Ten years were

characterized by negative deviations (less precipita-

tion) and five years by positive deviations (more pre-

cipitation). The wettest year was 2013 and the driest

year was 2014.

Considerable variation in physicochemical vari-
ables from period to period was observed in Lake
Warniak (Table 4). The higher mean Secchi disk
depth was accompanied by lower chlorophyll a con-
tents in 2000-2004 than in 2005-2014. The only the
slight tendency toward lower contents of total phos-
phorus and phosphate and higher contents of total
nitrogen and mineral nitrogen were in the first pe-
riod, but not in the second. The coefficient of varia-
tion was the highest at up to 125% for nitrates in both
periods. The concentration of dissolved oxygen had
the lowest CV at 17%. Compared with earlier data
(Table 5; data from 1967-1998 according to
Zachwieja 1973, Spodniewska and Hilbricht-
-Ilkowska 1973, Wêgleñska et al. 1979, Karpiñski
1994, Zdanowski et al. 1999), Secchi disk depth was
one of the most variable parameters and fluctuated

on average as follows: 2.7 m in 1967-1974; 1.0 m in

1975-1984; 1.3 m in 1985-1994; 2.3 m in

1995-1998; 2.5 m in 2000-2004; 1.9 m in

2005-2014. The differences among the first three pe-

riods and the 2000-2004 period were significant.

The concentrations of chlorophyll a, TP, and TN de-

creased from 24.8 µg dm-3 to 8.1 µg dm-3 (signifi-

cantly), from 0.100 mg dm-3 to 0.070 mg dm-3 and

from 1.6 to 1.2 mg dm-3, on average, respectively.

The average seasonal water temperature in

1967-1998 ranged from 12.1°C to 13.7°C, whereas

it was 14.6°C and 15.7°C, on average, in 2000-2004

and 2005-2014, respectively. The concentration of

dissolved oxygen and pH were similar throughout

the period analysed, and the averages were 10.6 mg

dm-3 and 8.2, respectively. The alkalinity and con-

ductivity results were similar, with average values of

2.6 mval dm-3 and 278 µS cm-1, respectively, in

1967-2004, but higher values of 3.8 mval dm-3 and

342 ìS cm-1, respectively, were recorded in

2005-2014. Long-term changes in total seston con-

tent were very similar to those in chlorophyll a con-

tent. The highest value of 29.0 mg dm-3 was also
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Table 4
Selected physicochemical parameters (average seasonal data ±SD and coefficient of variation CV, %) in Lake Warniak in
2000-2004 and 2005-2014

Variables

2000-2004 2005-2014

Mean ± SD CV (%) Mean ± SD CV (%)

T (°C) 14.6±7.4 50 15.7±7.5 48
DO (mg dm-3) 10.9±1.9 17 10.2±1.9 18
Oxygen saturation (%) 105.4±18.1 17 102.6±23.4 23
SDD (m) 2.5±0.5 22 1.9±0.8 40
Chl-a (µg dm-3) 8.1±5.0 61 12.4±8.9 72
TP (mg dm-3) 0.080±0.036 46 0.092±0.033 36
PO4-P (mg dm-3) 0.016±0.015 93 0.025±0.012 47
Porg (mg dm-3) 0.064±0.027 43 0.067±0.033 49
TN (mg dm-3) 1.292±0.515 40 1.150±0.391 34
NH4-N (mg dm-3) 0.181±0.084 46 0.153±0.118 77
NO2-N (mg dm-3) 0.009±0.007 71 0.006±0.004 65
NO3-N (mg dm-3) 0.087±0.085 97 0.087±0.109 125
Norg (mg dm-3) 1.017±0.401 39 0.914±0.365 40
TN:TP ratio 16 - 13 -

SD – standard deviation, T – water temperature, DO – dissolved oxygen, SDD – Secchi disk depth, Chl-a – chlorophyll a, TP – total
phosphorus, PO4-P – phosphates, Porg – organic phosphorus, TN – total nitrogen, NH4-N – ammonium nitrogen, NO2-N – nitrite
nitrogen, NO3-N – nitrate nitrogen, Norg – organic nitrogen.
Database also includes partially published data (Napiórkowska-Krzebietke et al. 2012, Zakêœ et al. 2015).



noted in 1975-1984, following which the values
were much lower.

Phytoplankton growth patterns and

dominance shifts

Multi-year comparisons of seasonal phytoplankton
growth focused on the two main periods of
2000-2004 with Charales domination and
2005-2014 with phytoplankton domina-
tion. In the former, the total
phytoplankton biomass ranged from 0.1
to 4.7 mg dm-3 (1.79 mg dm-3, on aver-
age; Fig. 3). In the latter, the total bio-
mass fluctuated within a wider range of
0.1 to 20.3 mg dm-3, and it was signifi-
cantly higher (approximately three-fold,
Mann-Whitney U test = 511;
P = 0.00002) than in 2000-2004. The
overall variation in biomass values was
also higher in 2005-2014 (CV 92%) than
in 2000-2004 (CV 72%). Furthermore,
phytoplankton growth in the second pe-
riod was characterized by four
sub-periods with high amplitude
changes. The first sub-period with maxi-
mum total biomass of approximately
20.0 mg dm-3 and a CV of approximately

100% was noted in 2005-2008. The second
sub-period was in 2009-2011 with lower biomass at
a maximum of up to 16.1 mg dm-3, followed by the
2012 period with a decrease of up to 8.7 mg dm-3, and
the last period in 2013-2014 with an increase of up to
15.3 mg dm-3. Comparing the overall multi-year
changes in total biomass from 2000 to 2014, the dif-
ferences were statistically significant (Kruskal-Wallis
H test (14;104) = 28.0378; P = 0.0141).
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Table 5
Selected environmental variables (average seasonal data) in Lake Warniak in 1967-2014

Periods

T DO

pH

SDD Chl-a TN TP ALK COND SES

(�C) (mg dm-3) (m) (µg dm-3) (mg dm-3) (mg dm-3) (mval dm-3) (µS cm-1) (mg dm-3)

1967-1974 12.1 10.4 7.8 2.7ab n.d. n.d. 0.060 2.7 275 n.d.

1975-1984 13.7 10.8 8.2 1.0ac 24.8ef 1.6 0.100 2.7 272 29.0

1985-1994 12.3 10.6 8.1 1.3bd 18.4 1.6 0.080 2.6 291 7.8

1995-1998 13.5 10.5 8.4 2.3 8.6 1.4 0.070 2.5 274 4.3

2000-2004 14.6 10.9 8.3 2.5cd 8.1e 1.3 0.080 2.3 n.d. n.d.

2005-2014 15.7 10.2 8.2 1.9 12.4f 1.2 0.092 3.8 342 5.3

T – water temperature, DO – dissolved oxygen, pH – potential of hydrogen, SDD – Secchi disk depth, Chl-a – chlorophyll a, TN –
total nitrogen, TP – total phosphorus, ALK – alkalinity, COND – conductivity, SES – total seston, n.d. – no data
Data for 1967-1998 according to Zachwieja (1973), Spodniewska and Hilbricht-Ilkowska (1973), Wêgleñska et al. (1979),
Karpiñski (1994), Zdanowski et al. (1999)
Letter indexes (a, b, c, d, e, f) indicate statistically significant differences between each period marked by the same letters: for SDD
(n=39): a – P = 0.0001, b – P = 0.0008, c – P 0.0050, d – P = 0.0212 and for Chl-a (n=29): e – P = 0.0054, f – P = 0.0108
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Figure 3. Total phytoplankton biomass in Lake Warniak in 2000-2014; SM – sub-
merged macrophytes.



Long-term comparisons of summer

phytoplankton biomass confirmed the high amplitude

of changes from period to period (Table 6). In the sum-

mers of 1967-1974, the phytoplankton biomass was

approximately 3.5 mg dm-3, on average. Summer bio-

mass increased significantly to approximately 14.8 mg

dm-3 in 1975-1984, and then it decreased to approxi-

mately 10.3 mg dm-3 in 1985-1994. This downward

trend continued in the subsequent two periods, but an

increasing trend was noted later. In 2000-2004, the

average biomass was relatively low and was most sim-

ilar to that in 1967-1974, and it was significantly dif-

ferent from that in 1975-1994. After 2004, summer

biomass was comparable with data for 1985-1994,

but it was significantly higher than in 2000-2004.

Changes in phytoplankton structure were also

very dynamic. The overall taxonomic pattern was

similar, and the assemblages were formed by taxa

belonging to the following eight phyla in each of the

years studied: Cyanobacteria; Bacillariophyta;

Charophyta (planktonic microorganisms, primarily

desmids and conjugating green algae previously be-

longing to Chlorophyta); Chlorophyta; Cryptophyta;

Euglenozoa (previously Euglenophyta); Miozoa (pre-

viously Dinophyta); Ochrophyta (including primarily

Chrysophyceae, while Synurophyceae and

Eustigmatophyceae were noted rarely). Distinct dif-

ferences were noted in the domination structure of

the phytoplankton assemblages.

In 2000-2004, which was the period dominated
by Charales, cryptophytes were the dominant
phytoplankton group, and they formed from 40%
(2000) to 72% (2001, 2004) of the average seasonal
total biomass (ASTB) (Fig. 4). The main representa-
tives were the nannoplanktonic species Cryptomonas

curvata Ehrenberg, C. marssonii Skuja, Plagioselmis

nannoplanctica (H.Skuja) G.Novarino, I.A.N.Lucas &
S.Morrall, and Rhodomonas lens Pascher & Ruttner
(Table 7). Chlorophytes (from 6% in 2004 to 32% in
2003), represented primarily by Chlorella vulgaris

Beyerinck and Oocystis marssonii Lemmermann,
were also abundant and included nannoplankton-
-sized species. Cyanobacteria formed up to 15%, dia-
toms – 13%, and dinophytes – 12% of ASTB with
Microcystis aeruginosa (Kützing) Kützing, Ulnaria

acus (Kützing) Aboal, and Peridiniopsis sp. as the
main representatives, respectively. The share of the
rest of taxonomic groups did not reach 10%.

In 2005-2008, the period during which Charales
disappeared, cyanobacteria were exclusively domi-
nant in phytoplankton assemblages at approximately
65% of ASTB. The colony-forming chroococcalean
picoplanktonic Aphanocapsa incerta (Lemmermann)
G.Cronberg & Komárek was then the dominant spe-
cies with a share of approximately 60%.
Chrysophytes (belonging to Ochrophyta), primarily
Dinobryon divergens O.E.Imhof and Uroglenopsis

americana (G.N.Calkins) Lemmermann, reached
a share of up to 18% in 2008, but, on average, they
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Table 6
Long-term changes in summer phytoplankton biomass and structure (average and % of total biomass in brackets) in Lake
Warniak in 1967-2014

Periods Total biomass Cyanobacteria Nannoplankton Cy:Nan ratio

1967-1974 3.46a 0.62 (18%) 2.39 (69%) 0.26

1975-1984 14.83ab 6.42e (43%) 4.84 (33%) 1.33

1985-1994 10.30c 3.72 (36%) 5.46 (53%) 0.68

1995-1998 6.53 1.36 (21%) 0.78 (12%) 1.74

2000-2004 2.57bcd 0.18e (7%) 1.29 (50%) 0.14

2005-2014 9.90d 3.90 (39%) 1.19 (12%) 3.28

Cy:Nan ratio – a ratio of cyanobacteria biomass to nannoplankton biomass
Letter indexes (a, b, c, d, e) indicate statistically significant differences between each period marked by the same letters for total
biomass (n=42): a – P = 0.036, b – P = 0.019, c – P = 0.040, d – P = 0.046 and for cyanobacteria biomass (n=42): e – P = 0.016
Data according to Spodniewska and Hilbricht-Ilkowska 1973, Spodniewska 1975, Wêgleñska et al. 1979, Zdanowski et al. 1999,
current data



were only 8% (Table 7). Diatoms, primarily U. acus

and Fragilaria crotonensis Kitton, accounted for up

to 13% in 2006 (on average 6%). Dinoflagellates,

with dominant the Peridinium willei Huitfeldt-Kaas

and Ceratium hirundinella (O.F.Müller) Dujardin,

contributed the highest share in 2008 (10%), but the

average was lower in 2005-2008. While in

2009-2011 (31-74%, on average 53%) they prevailed

in the assemblages. Next, chrysophytes (with a maxi-

mum of 26% in 2009) and cryptophytes (18% in

2009, 26% in 2011) also had a relatively high share.

These two phyla were represented primarily by

Mallomonas lychenensis W.Conrad, M. elegans

Lemmermann, and C. curvata, and P.

nannoplanctica, respectively.

In 2012, when the lowest mean and maximum

total biomass values for the second period

(2005-2014) were noted, the structure of

phytoplankton assemblages was most similar to that

in 2000. Thus, there was a short-term shift back to-

ward the taxonomic structure observed during the

clear-water state. Nannoplanktonic cryptophytes of

the genera Cryptomonas, Plagioselmis, and

Rhodomonas once again dominated, but this time

dinoflagellates (P. willei) and chlorophytes (Oocystis

lacustris Chodat) were also relatively abundant. The

phytoplankton structure shifted again over

2013-2014 toward diatom domination (49%). Simi-

larly to the sub-period of 2005-2008, U. acus and F.

crotonensis were the most abundant among

Bacillarophyceae. The relatively high biomass of

small-sized Pantocsekiella comensis (Grunow)

K.T.Kiss & E.Ács and Asterionella formosa Hassall

was also noted. The share of cyanobacteria, repre-

sented primarily by A. incerta and Aphanothece sp.,

was relatively high at approximately 22%.

Generally, the phytoplankton changes after 2004

deviated from the assemblages of a clear-water state

with the domination of Charales in total biomass and in

that of particular groups (Fig. 5). The highest positive

amplitude of deviations from the mean biomass in

2000-2004 was recorded in 2014 because of the domi-

nation of diatoms. High deviations were also recorded

in 2007-2008 and in 2010 primarily because of the oc-

currence of cyanobacteria and dinoflagellates, and in

2013 because of the high share of diatoms.

Cryptophytes dominated in 2000-2004, but their bio-

mass usually deviated negatively, except in 2012.

Comparisons of long-term summer phytoplankton

structure also confirmed considerable changes from
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Figure 4. Average structure of phytoplankton assemblages in Lake Warniak in 2000-2014; Char+Eug+Ochr – planktonic Charophyta,
Euglenozoa, and Ochrophyta, SM – submerged macrophytes.
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Table 7
Main representatives in phytoplankton assemblages throughout the growth seasons in 2000-2014, based on relative biomass (%
of average seasonal total biomass)

Species

Growth season

2000-2004 2005-2008 2009-2011 2012 2013-2014

CYANOBACTERIA

Aphanocapsa incerta 1.4 60.0 2.1 0.6 9.0

Aphanothece sp. 0 0 2.5 0.6 6.4

Chroococcus minutus <0.1 <0.1 <0.1 7.7 0.2

Merismopedia tenuissima <0.1 2.5 <0.1 0 0.1

Microcystis aeruginosa 3.3 2.2 1.0 0.1 2.5

Woronichinia compacta <0.1 <0.1 0.2 <0.1 1.1

BACILLARIOPHYTA

Acantoceras zacchariasii 0 0.4 1.2 0 1.0

Asterionella formosa <0.1 0.7 0.9 <0.1 2.1

Fragilaria construens 0.6 0.8 1.2 2.3 2.2

Fragilaria crotonensis 0.3 1.3 0.4 0.2 10.2

Iconella linearis 0 0 0.1 0.4 1.3

Pantocsekiella comensis <0.1 0.1 0.6 0.8 8.6

Ulnaria acus 2.2 2.4 2.1 1.7 19.5

Urosolenia longiseta 0 0 <0.1 0 1.4

CHLOROPHYTA

Chlorella vulgaris 8.0 <0.1 0.1 0.9 <0.1

Coenococcus planctonicus 0.6 0.8 0.4 0.8 3.1

Oocystis lacustris <0.1 0 0.1 7.9 0.2

Oocystis marssonii 3.5 0.2 0.1 0.1 0.2

Pseudopediastrum boryanum 1.0 0.2 0.1 0.3 0.5

MIOZOA

Ceratium hirundinella <0.1 1.1 4.1 2.0 1.7

Parvodinium inconspicuum 1.0 <0.1 0 <0.1 <0.1

Peridiniopsis sp. 5.4 0.1 0.1 0.5 0.1

Peridinium volzii 0 0 3.1 0.7 0.2

Peridinium willei <0.1 3.2 45.8 11.7 1.1

EUGLENOZOA

Euglena viridis 1.0 0.1 <0.1 <0.1 0.2

Trachelomonas volvocina 1.0 0.3 0.7 0.3 0.1

CRYPTOPHYTA

Plagioselmis nannoplanctica 6.1 2.1 4.2 6.1 1.9

Cryptomonas erosa 0.5 0.4 3.3 12.4 0.7

Cryptomonas marssonii 5.8 0.5 2.6 2.1 0.6

Cryptomonas curvata 45.0 2.6 6.5 24.9 1.5

Rhodomonas lens 2.7 0.1 <0.1 2.0 0.1

OCHROPHYTA

Chromulina elegans 1.1 1.1 <0.1 0 <0.1

Dinobryon bavaricum 0 0 <0.1 0 2.1

Dinobryon crenulatum 0.1 0.1 0.1 1.4 0.1

Dinobryon cylindricum 0 0 0 0 2.0

Dinobryon divergens 0.1 4.4 1.5 0.2 2.4

Mallomonas lychenesis 0 0 3.5 0.1 <0.1

Mallomonas elegans 0 0.8 3.5 0.1 0.3



period to period (Table 6). The highest share in the total

phytoplankton biomass was either of cyanobacteria or

nannoplankton-sized algae. In 1967-1974,

nannoplankton (69%) dominated the phytoplankton,

but in 1975-1984, cyanobacteria constituted 43% of

the total phytoplankton biomass. In 1985-1994,

nannoplankton again attained the highest

phytoplankton biomass at 53%, but in the next period it

was only 12%. The same tendency in changes was re-

corded in the next two periods; in 2000-2004

nannoplankton prevailed, whereas in 2005-2014

cyanobacteria prevailed. These relationships were

illustrated by calculating the cyanobacteria-to-nanno-

plankton biomass ratio, which ranged between 0.14

and 3.28 (Table 6).

The taxonomic structure included 339 taxa (only

this which contributed to the total phytoplankton

biomass), belonging to 161 genera, and eight phyla

were recorded in the phytoplankton. Multi-year com-

parisons of species richness indicated changes in the

total number of taxa from 77 to 124 in 2000-2004

and from 125 to 155 in 2005-2014, at averages of
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Species

Growth season

2000-2004 2005-2008 2009-2011 2012 2013-2014

Uroglenopsis americana 0 1.5 0 0 0

Functional groups1 Y, X1, X2, LO
K LO, Y Y, LO, F, X2, D, K, P, A

K, LO, Y, D

Eco-sensitivity factor2 0.33 (0.19-0.69)
3.85 0.10 0.23 1.36

1.59 (0.03-3.85)

1Functional groups based on �5% relative biomass of representatives according to Reynolds et al. (2002) and Padisák et al.
(2009); habitat characteristics: A – clear, deep, often well-mixed, base poor, D – shallow turbid, F – clear epilimnia, deeply mixed
meso-eutrophic, K – shallow, nutrient-rich, P – shallow eutrophic epilimnia, LO – summer epilimina, deep and shallow, oligo-,
meso- and eutrophic, X1 – shallow, eu-hypertrophic, X2 – shallow, meso-eutrophic and Y – small enriched water bodies
2Eco-sensitivity factor as a biomass ratio of tolerant to sensitive taxa according to Napiórkowska-Krzebietke et al. (2017); an
average summer and range in brackets
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Figure 5. Deviations in the phytoplankton components from a clear-water state in 2000-2004 in Lake Warniak based on an average sea-
sonal biomass; Char+Eug – planktonic Charophyta and Euglenozoa.
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103 and 136 taxa, respectively. Seasonally, the num-

ber of species ranged from 12 to 77 and from 16 to

87 in the two periods, respectively (Fig. 6a). Diversity

indices indicated slightly higher biodiversity in

2005-2014 than in 2000-2004, i.e. S-WI = 2.03 and

E = 0.52, S-WI = 1.75 and E = 0.48 on average,

respectively (Fig. 6b-6c). The hierarchical clustering
of similarity-based taxonomic structures confirmed
this distinct division (Fig. 7). The first group with
highly similar (77%) phytoplankton assemblages was
from 2002 and 2004, and it formed the “center of the
aggregation“ in a coherent group, which also con-
tained samples from 2003 and 2000. Moreover,
phytoplankton similar to this group developed in
2001 and 2012, when the samples created a new
sub-group with a mutual similarity of 64%. In these
years, cryptophytes were the most abundant in the
phytoplankton. The second group, with the highest
similarity of 83% between 2006 and 2007 contained
samples from 2005-2008 period, which means that
second coherent group of samples were dominated
by cyanobacteria. The most similar to this group was
the phytoplankton structure in 2013-2014 (31%)
when mainly diatoms dominated, but there was also
a high share of cyanobacteria. Another separate
group that was relatively highly similar (over 50%)
was created by converging samples from 2009-2011.
Furthermore, this third group with a high share of
dinophytes was more similar to the first group (34%)
than to the second group (18%).

Modelling seasonal changes in

phytoplankton growth patterns, structures,

and biodiversity

During the 2000-2004 period of Charales domina-
tion, seasonal phytoplankton growth patterns re-
vealed a clear tendency of the occurrence of two total
biomass peaks; the first was in spring (March) and
the second in summer (August), with the minimum
usually observed in May (Fig. 8). Both biomass peaks
were comparably relatively low and formed primarily
by small-sized cryptophytes in early spring and by
the co-domination of cryptophytes and chlorophytes
in August (Fig. 9a). A distinct presence of diatoms
and cyanobacteria was also observed in the spring
and summer phytoplankton assemblages, respec-
tively. Generally, phytoplankton dominated by
cryptophytes developed abundantly throughout the
growth season in the first study period.
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Figure 6. Species richness (a) and diversity indices (b, c) in the
phytoplankton assemblages in Lake Warniak throughout the
growth seasons in 2000-2014; dashed vertical line separates two
periods: 2000-2004 and 2005-2014.



In the next period (2005-2014, after the disap-

pearance of Charales), the general phytoplankton

growth pattern exhibited only one peak of total bio-

mass that usually occurred in July (Fig. 8). However,

high biomass values were also sporadically recorded

in June and September. The spring maximum and the

typical minimum in May, which were observed during

the previous period, were suppressed. Furthermore,

the summer biomass maximum was also postponed.

From June to September, cyanobacteria dominated

phytoplankton assemblages with an average relative

biomass of 40% (Fig. 9b), and the co-dominant groups

were Miozoa (22%) and Bacillariophyta (16%). In

spring and fall, Bacillariophyta, Cryptophyta, and

Ochrophyta were the main structural components of

the phytoplankton assemblages.

In both of the analysed periods, the

phytoplankton assemblage species richness (SR)

trends were similar (Fig. 10a). Generally, the highest

values were recorded in summer (July, August, and

September). The values of SR were usually higher in

2005-2014 than in 2000-2004 throughout the

growth seasons. Biodiversity indices (Shan-

non-Weaver index and evenness) were more differ-

entiated; higher values were recorded in spring and

late fall, whereas lower values were recorded in

summer during 2005-2014 than in 2000-2004 (Fig.

10b-10c).

Models of seasonal phytoplankton growth in pre-

vious years were created based on published histori-

cal data (Spodniewska and Hilbricht-Ilkowska 1973,

Spodniewska 1975, Wêgleñska et al. 1979). In the

late 1960s, when primarily common carp was exper-

imentally introduced into Lake Warniak, the sum-

mer maximum biomass usually occurred in August,

and, exceptionally, once in July (Fig. 11a). The sec-

ond biomass peak, which was lower than the first,
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Figure 7. Hierarchical cluster analysis based on UPGMA (Unweighted Pair Group Method with Arithmetic Mean) and percent similarity
matrix of phytoplankton taxa in Lake Warniak throughout the growth seasons in 2000-2014; dashed horizontal line separates two peri-
ods: 2000-2004 and 2005-2014.
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Figure 8. Seasonal phytoplankton growth pattern based on the
transformed total biomass in Lake Warniak in 2000-2004 and
2005-2014.



was in June (1967) and May (1969). In 1968, the

biomass peaks in May and August were similar, but

lower than those in 1967 and 1969. The early 1970s

period of grass carp introduction was characterized

by one phytoplankton biomass maximum in August

(1973, 1974), but there was a tendency for a second

maximum to form in early spring, or there were two

maximums with one in May/June and the second in

October (1970, 1971) (Fig. 11b). Compared with the

current data, the changes in seasonal phytoplankton

growth in 2000-2004 (pike and wels catfish stock-

ing) were the most similar to 1968 (Fig. 11c). In the

next two periods with the stocking of pike and other

fish species (2005-2010) or only pike (2011-2014),

the seasonal phytoplankton growth models were

similar with a maximum occurring in July and two

other, but lower, biomass peaks in April and

September. This tendency was not recorded in previ-
ous years.

Phytoplankton response to fish-induced

environmental changes

The phytoplankton response to fish-induced envi-
ronmental changes was primarily a result of experi-
mental introductions of specific fish species into
Lake Warniak beginning from the late 1960s (Ta-
ble 2). In 1967-1969, the benthophagous common
carp was first introduced into the lake. In
1970-1984, introductions were primarily of herbivo-
rous grass carp, but there were also high stocking
rates of common carp. In this period, seston-feeding
carps, namely silver carp and bighead carp, were also
introduced into the lake; however, in the 1970s
stocking with these species was only occasional
whereas in the 1980s it was as high as 52.1 kg ha-1.
Their biomass peaked in 1993. The next years in-
cluded some irregular stocking, primarily with com-
mon carp and pike. Intense exploitation in 1995 and
1997 and winter fish kills in 1985 and 1987 influ-
enced the ichthyofauna in the lake considerably. The
next fish stocking was of predatory autochthonous
fish (primarily pike) in 2000-2014 (Table 3). The key
vectors shaping the phytoplankton response to
fish-induced environmental changes were: (1)
abiotic variables, mainly temperature, light, and nu-
trient enrichment; (2) competition and grazing, (3)
nutrient-phytoplankton-zooplankton-macrophyte
-fish interactions.

Abiotic variables

Considerable changes were recorded in trophic pa-
rameters SDD, TP, TN, and chlorophyll a. The values
of partial components of the Trophic Level Index
(TLISDD, TLITP, TLIChl, TLITN) ranged between 4.2
and 5.8 in the 2000-2004 and 2005-2014 study pe-
riods (Table 8). Throughout the growth season, the
mean TLI values were 4.9 and 5.1 in 2000-2004 and
2005-2014, respectively. The slight increase in the
TLI value in the second period suggests changes in
trophic conditions from meso-eutrophic to eutrophic.
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Figure 9. Models of a seasonal phytoplankton structure in Lake
Warniak in 2000-2004 (a) and 2005-2014 (b); Char+Eug+Ochr
– planktonic Charophyta, Euglenozoa, and Ochrophyta.



A similar tendency in trophic state change was re-

corded between the periods of 1967-1974 and

1975-1984 (calculated from historical data) when

primarily herbivorous grass carp was introduced to

the lake and contributed to the disappearance of sub-

merged macrophytes.

The functional traits of dominant taxa and some

links between the main environmental drivers (mix-

ing, light, nutrients) and phytoplankton, permitted

identifying a clear change in the phytoplankton
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Figure 10. Models of seasonal changes in species richness (a) and
diversity indices (b, c) in Lake Warniak in 2000-2004 and
2005-2014.

0

0.2

0.4

0.6

0.8

1.0

Feb Mar Apr May Jun Jul Aug Sep Oct Nov

Pike+catfish (2000-2004)

Pike+eel+catfish (2005-2010)

Pike (2011-2014)

0

0.2

0.4

0.6

0.8

1.0

Feb Mar Apr May Jun Jul Aug Sep Oct Nov

Control'67

Common carp'67

Control'68

Common carp'68

Control'69

Common carp'69

0

0.2

0.4

0.6

0.8

1.0

Feb Mar Apr May Jun Jul Aug Sep Oct Nov

Grass carp'70

Grass carp'71

Grass carp'73

Grass carp'74

Tr
an

sf
or

m
ed

bi
om

as
s

da
ta

Tr
an

sf
or

m
ed

bi
om

as
s

da
ta

Tr
an

sf
or

m
ed

bi
om

as
s

da
ta

(a)

(b)

(c)

Figure 11. Models of seasonal phytoplankton growth based on total
biomass in periods of experimental fish introduction of common
carp (a), grass carp (b), and stocking with pike, wels catfish and Eu-
ropean eel (c), data according to Spodniewska and
Hilbricht-Ilkowska (1973), Spodniewska (1975), Wêgleñska et al.
(1979), current data.



domination structure. The functional group recorded
most often, i.e., throughout the growth seasons in
2000-2004, was Y, the main representatives of
which were Cryptomonas curvata, C. marssonii and
C. erosa (Table 9). Group X2, which included the
nannoplanktonic cryptophytes Plagioselmis

nannoplanctica and Rhodomonas lens, was the sec-
ond most common group in the phytoplankton as-
semblages. The groups X1, with Chlorella vulgaris,
and LO, with species of the genus Peridiniopsis, were
the third and fourth most common groups. The spe-
cies Ulnaria acus (group D), Oocystis marssonii

(group F) and Microcystis aeruginosa (group M) were
noted only sporadically in higher abundances.

After 2004, the phytoplankton assemblages were
more differentiated. In spring 2005-2008,
chrysophytes representing the functional groups
U (Uroglenopsis americana) and E (Dinobryon sociale)
with diatoms (group D – Ulnaria acus) were the most
common (Table 9). In summer, the most abundantly
developed cyanobacteria and dinoflagellates belong-
ing to groups K (Aphanocapsa incerta) and LO

(Peridinium willei). The nannoplanktonic Plagioselmis

(X2) played an important role in the fall assemblages
together with D. divergens (E), A. incerta (K), and
Asterionella formosa (C). In subsequent years
(2009-2011), spring and fall phytoplankton assem-
blages were dominated by similar representatives of
groups Y, X2, and D as they were in 2000-2004 and
2005-2008. In summer, group LO (with the same rep-
resentatives) was the most abundant and was

accompanied by groups E (primarily Mallomonas

elegans, M. lychenensis), Y (C. curvata), and LM

(Ceratium hirundinella). The phytoplankton assem-

blages in 2012 were represented primarily by taxa be-

longing to groups Y, X2, E, LO (in spring), F, LO, Y, LM,

MP (in summer), and Y and X2 (in fall). During the

growth seasons in 2013-2014, the most important

were diatoms representing groups MP (Iconella

linearis), A (Pantocsekiella comensis), D (U. acus), and

P (Fragilaria crotonensis, F. construens). An important

contribution to the spring and fall assemblages also

included taxa characteristic of groups X2, W2 (spo-

radically noted Trachelomonas volvocina), E, C, and

Y, whereas in summer K, F, and LM (with Microcystis

aeruginosa and C. hirundinella) made an important

contribution.

The general trends in the functional traits of

phytoplankton that clearly characterize the

phytoplankton response to environmental changes in

both study periods were as follows (Table 7):

Y + X2 + X1 + LO (2000-2004) � K + LO + Y + D

(2005-2014).

The phytoplankton assemblages then changed

primarily from small-sized taxa:

Cryptomonas/Plagioselmis+Rhodomonas/

Chlorella/Peridiniopsis (2000-2004)

into colonial picoplanktonic cell size and

large-sized taxa:
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Table 8
Trophic state assessment according to Trophic Level Index (TLI) in Lake Warniak in 1967-2014 calculated from historical and
current data

Periods TLISDD TLIChl TLITN TLITP TLI1 Trophic state2

1967-1974 4.1 n.d. n.d. 5.4 4.7 meso-eu

1975-1984 5.1 5.8 6.0 6.1 5.7 eu

1985-1994 4.8 5.4 6.0 5.8 5.5 eu

1995-1998 4.2 4.6 5.9 5.6 5.1 eu

2000-2004 4.2 4.4 5.5 5.6 4.9 meso-eu

2005-2014 4.5 4.7 5.5 5.8 5.1 eu
1TLI – Trophic Level Index according to Burns et al. (1999) and partial indices based on Secchi disk depth (TLISDD), chlorophyll
a (TLIChl), total nitrogen (TLITN) and total phosphorus (TLITP), n.d. – no data
2meso-eu – meso-eutrophic, eu – eutrophic according to Parparov et al. (2010)
Data for 1967-1988 according to Zdanowski et al. (1999)
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Table 9
Main functional groups with typical representatives of phytoplankton in Lake Warniak

Date

Functional groups1 and the main representatives

2000-2004 2005-2008 2009-2011 2012 2013-2014

Feb X2, X1, LO, Y no data no data Y, X2, F, X3 MP, A, X2, W2
Plagioselmis nannoplanctica

(41%)

Cryptomonas curvata

(46%)

Iconella linearis (21%)

Chlorella vulgaris (20%) Rhodomomas lens (19%) Pantocsekiella comensis

(15%)
Peridiniopsis sp. (17%) Coenoccocus planctonicus

(8%)

Plagioselmis

nannoplanctica (15%)
Cryptomonas curvata (16%) Koliella tenuis (7%) Trachelomonas volvocina

(11%)
Fragilaria construens

(10%)
Chlamydomonas sp.

(10%)
Mar Y, X2 U, E, D, C Y, D, X2 no data no data

Cryptomonas curvata (76%) Uroglenopsis americana

(45%)

Cryptomonas curvata

(20%)
Plagioselmis nannoplanctica (5%) Dinobryon sociale (22%) Nitzschia palea (17%)

Ulnaria acus (11%) Plagioselmis

nannoplanctica (14%)
Asterionella formosa (7%) Ulnaria acus (9%)

Apr Y, D, X2, LO U, D, Y Y, X2, D E, X2, Y, J, D D, A, E
Cryptomonas curvata (37%) Uroglenopsis americana

(31%)

Cryptomonas curvata

(37%)

Dinobryon crenulatum

(20%)

Ulnaria acus (23%)

Ulnaria acus (16%) Ulnaria acus (30%) Cryptomonas marssonii

(12%)

Plagioselmis

nannoplanctica (15%)

Pantocsekiella comensis

(14%)
Plagioselmis nannoplanctica (7%) Cryptomonas erosa (6%) Plagioselmis

nannoplanctica (11%)

Cryptomonas curvata

(14%)

Dinobryon cylindricum

(14%)
Peridininiopsis sp. (7%) Ulnaria acus (7%) Tetraëdron minimum (9%) Dinobryon divergens

(14%)
Cryptomonas marssonii (5%) Cryptomonas marssonii

(8%)
Nitzschia palea (6%)

May Y, X2 U, X2, MP, K, Y X2, Y, D, W2 LO, Y A, P, C, Y, X2, K
Cryptomonas curvata (55%) Uroglenopsis americana

(12%)

Plagioselmis

nannoplanctica (18%)

Peridinium willei (58%) Pantocsekiella comensis

(20%)
Plagioselmis nannoplanctica

(30%)

Plagioselmis

nannoplanctica (11%)

Cryptomonas curvata

(16%)

Cryptomonas curvata

(18%)

Fragilaria crotonensis

(12%)
Cryptomonas marssonii (11%) Pseudoanabaena

mucicola (10%)

Ulnaria acus (12%) Asterionella formosa (7%)

Oscillatoria tenis (6%) Cryptomonas marssonii

(9%)
Aphanocapsa incerta (5%) Trachelomonas volvocina

(6%)

Cryptomonas curvata

(7%)
Cryptomonas curvata

(5%)

Plagioselmis

nannoplanctica (7%)
Fragilaria construens (5%) Aphanothece sp. (5%)

Jun Y, X2 K, LO E, LO, X2 F, LO, Y, LM P, K, F
Cryptomonas curvata (61%) Aphanocapsa incerta

(75%)

Mallomonas elegans

(36%)

Oocystis lacustris (33%) Fragilaria crotonensis

(24%)
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Date

Functional groups1 and the main representatives

2000-2004 2005-2008 2009-2011 2012 2013-2014

Cryptomonas marssonii (13%) Merismopedia tenuissima

(6%)

Peridinium willei (16%) Peridinium willei (27%) Aphanothece sp. (22%)

Plagioselmis nannoplanctica (8%) Dinobryon divergens

(12%)

Cryptomonas curvata

(11%)

Aphanocapsa incerta

(16%)
Plagioselmis

nannoplanctica (8%)

Ceratium hirundinella

(8%)

Coenoccocus planctonicus

(7%)
Jul Y, X2, X1, LO K LO, E, LM no data D, K, P

Cryptomonas curvata (56%) Aphanocapsa incerta

(78%)

Peridinium willei (59%) Ulnaria acus (26%)

Plagioselmis nannoplanctica (5%) Mallomonas lychenensis

(12%)

Aphanocapsa incerta

(11%)
Chlorella vulgaris (6%) Ceratium hirundinella

(6%)

Ulnaria ulna (9%)

Peridiniopsis sp. (5%) Fragilaria crotonensis

(8%)
Aug Y, X1, F, M, LO K, LO, P LO, Y LO, MP, Y, D D, LM, K, P

Cryptomonas curvata (24%) Aphanocapsa incerta

(54%)

Peridinium willei (54%) Chroococcus minutus

(42%)

Ulnaria acus (31%)

Chlorella vulgaris (19%) Peridinium willei (7%) Cryptomonas curvata

(8%)

Fragilaria construens (9%) Microcystis aeruginosa

(12%)
Oocystis marssonii (9%) Fragilaria crotonensis

(5%)

Peridinium volzii (7%) Cryptomonas curvata

(6%)

Aphanocapsa incerta (9%)

Microcystis aeruginosa (8%) Merismopedia tenuissima

(5%)

Ulnaria ulna (6%) Ceratium hirundinella

(6%)
Peridiniopsis sp. (7%) Fragilaria crotonensis

(6%)
Sep Y, X1, M, X2 K, LO, LM LO, Y Y D, K, P

Cryptomonas curvata (36%) Aphanocapsa incerta

(68%)

Peridinium willei (68%) Cryptomonas curvata

(90%)

Ulnaria acus (31%)

Chlorella vulgaris (9%) Peridinium willei (8%) Cryptomonas curvata

(15%)

Aphanocapsa incerta

(11%)
Microcystis aeruginosa (9%) Microcystis aeruginosa

(5%)

Fragilaria crotonensis

(10%)
Plagioselmis nannoplanctica (9%)
Cryptomonas marssonii (5%)

Oct Y, X2 E, X2 Y, X2 X2, Y A, X2, MP, K, C, Y
Cryptomonas curvata (70%) Dinobryon divergens

(68%)

Cryptomonas curvata

(61%)

Plagioselmis

nannoplanctica (82%)

Pantocsekiella comensis

(24%)
Cryptomonas marssonii (8%) Plagioselmis

nannoplanctica (13%)

Plagioselmis

nannoplanctica (18%)

Cryptomonas curvata

(9%)

Plagioselmis

nannoplanctica (10%)
Plagioselmis nannoplanctica (8%) Cryptomonas marssonii

(6%)

Iconella linearis (9%)

Aphanocapsa incerta (7%)
Asterionella formosa (7%)
Cryptomonas curvata

(7%)
Fragilaria construens (5%)

Nov Y, LO, X3, D K, X2, C, MP MP, X2 no data A, Y, E, K, MP
Cryptomonas curvata (43%) Aphanocapsa incerta

(37%)

Fragilaria construens

(68%)

Pantocsekiella comensis

(34%)

Table 9, cont.



Aphanocapsa/Peridinium/Cryptomonas/Ulnaria

(2005-2014).

However, the phytoplankton assemblages in the
period after 2004 were more differentiated than in
the years before 2004. Aphanocapsa-dominated
phytoplankton (2005-2008) shifted forward to being
dominated by Peridinium (2009-2011), then to being
dominated by small-sized cryptophytes (2012), and
finally to being dominated by diatoms with a high
share of colonial picoplanktonic cyanobacteria
(2013-2014). Thus, the shifts in functional traits
were as follows:

K (2005-2008) � LO + Y (2009-2011) � Y + LO

+ F + X2 (2012) � D + K + P + A (2013-2014).

The eco-sensitivity factor (E-SF), which identifies
taxa sensitivity along eutrophication gradients (ex-
pressed as TP concentration), was also used to deter-
mine changes among study periods. In 2000-2004,
E-SF values ranged between 0.19 and 0.69 (0.33, on
average) when sensitive taxa dominated the
phytoplankton (Table 7). In 2005-2014, its values
were higher, ranging between 0.03 and 3.85 (1.59,
on average). The highest values (over 3.00) were re-
corded in 2005-2008, when tolerant taxa such as A.

incerta, M. aeruginosa, U. acus, and U. ulna domi-
nated the phytoplankton distinctly.

Competition and grazing

Competition for light and nutrients and possible

allelopathic activities in phytoplankton-macrophyte

relations occurred very often in the lake ecosystem.

Assessments of long-term changes in the modified

phytoplankton multimetric (PMPLMOD) using both

historical and current data confirmed considerable

changes in water quality. These had a direct relation-

ship with the changes in submerged macrophyte

(SM) communities because of competition and po-

tential allelopathy and diversified fish pressure be-

cause of grazing. During the 1967-2014 period, with

the very strong temporal influence of fish, the sub-

merged macrophytes tended to dominate, disappear,

re-colonize, and then re-dominate. PMPLMOD values

indicated that the ecological status of the lake was

high and good simultaneously with the domination

of submerged macrophytes, primarily the angio-

sperms C. demersum and E. canadensis in

1967-1974 (Fig. 12), when common carp and even

grass carp introductions began. The next lake stage

included the disappearance of SM (1976-1992) from

the high pressure of grass carp with biomass of up to

140 kg ha-1 in 1976, and silver carp and bighead

carp with biomass of up to 600 kg ha-1 in 1992. The

lake ecological status was primarily moderate with
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Date

Functional groups1 and the main representatives

2000-2004 2005-2008 2009-2011 2012 2013-2014

Cryptomonas marssonii (11%) Plagioselmis

nannoplanctica (17%)

Chlamydomonas sp. (8%) Cryptomonas curvata

(7%)
Peridiniopsis sp. (15%) Asterionella formosa

(12%)

Dinobryon sociale (6%)

Chromulina sp. (10%) Fragilaria construens (9%) Aphanocapsa incerta (5%)
Ulnaria acus (7%) Iconella linearis (5%)

1Functional groups based on �5% relative biomass of representatives according to Reynolds et al. (2002) and Padisák et al.
(2009), habitat characteristics: A – clear, deep, often well-mixed, base poor, C – eutrophic small- and medium sized, D – shallow
turbid, E – small, shallow, base poor or heterotrophic, F – clear epilimnia, deeply mixed meso-eutrophic, J – shallow, mixed,
highly enriched, K – shallow, nutrient-rich, P – shallow, eutrophic epilimnia, LM – eu- to hypertrophic, small- to medium-sized, LO

– summer epilimina, deep and shallow, oligo-, meso- and eutrophic, M – eu- to hypertrophic, small- to medium-sized, MP –
frequently stirred up, inorganically, turbid, shallow, U – oligo- and mesotrophic, exhausted nutrient resources in the upper layers
but still available in the darker deep ones, W2 – meso-eutrophic, even temporary, shallow, X1 – shallow, eu-hypertrophic, X2 –
shallow, meso-eutrophic, X3 – shallow, well mixed oligotrophic and Y – small enriched water bodies

Table 9, cont.



a few periods when it was either good or even poor.

After the re-colonization of submerged macrophytes

(primarily the charophytes Chara globularis and C.

rudis) in 1993-1996, the lake ecological status re-

mained either good or moderate. However, in

1997-2004 when the charophyte phytocoenoses

were dense and fish pressure was significantly re-

duced, the PMPLMOD indicated that the lake status

was high or good. In 2005, the Charales disappeared

and the ecological status of the lake immediately

worsened to moderate or poor, and this situation

lasted until 2008. This shift toward a worse status

was connected with cyanobacteria-dominated

phytoplankton. In subsequent years, the

phytoplankton structure shifted again toward

dinoflagellate, cryptophyte, and diatom domination,

and the ecological status of the lake fluctuated be-

tween good and moderate.

Phytoplankton-zooplankton relations were also
affected by high or low fish pressure, which came pri-
marily from silver carp and bighead carp. The
long-term average summer zooplankton and
phytoplankton biomass determined using historical
published and current data showed that changes
were of a relatively high amplitude (Fig. 13). In the
summers of 1967-1998, the average phytoplankton
biomass ranged from 1.3 to 27.5 mg dm-3

(Spodniewska and Hillbricht-Ilkowska 1973,
Wêgleñska et al. 1979, Krzywosz 1999, Zdanowski
et al. 1999), and the average zooplankton biomass
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Figure 12. Phytoplankton response to changes in submerged macrophyte in 1967-1998 (historical data according to Spodniewska and
Hillbricht-Ilkowska 1973, Wêgleñska et al. 1979, Krzywosz 1999, Zdanowski et al. 1999, Ba³dyga 2008, Hutorowicz and Dziedzic 2008)
and 2000-2014 (current data) against the background of main fish introductions and stocking (horizontal lines: continuous for regular
and intermittent for irregular) and fish pressure (horizontal line segments); PMPLMOD – modified Phytoplankton Metric for Polish Lakes
(according to Napiórkowska-Krzebietke 2015), classification of ecological status: 0-1 – high (blue); 1-2 – good (green); 2-3 – moderate
(yellow); 3-4 – poor (orange). Black arrows indicate years with maximum fish biomass, blue arrows – winter fish kills, dashed black ar-
rows – intensive fish exploitation. A – domination of submerged macrophytes, primarily Ceratophyllum demersum and Elodea

canadensis; B – disappearance of submerged macrophytes (only isolated specimens); C – re-colonization of submerged macrophytes and
dense phytocoenoses with dominant Chara globularis, C. rudis, C. demersum; D – disappearance of Charales, residual phytocoenoses of
other submerged macrophytes or single specimens. Fish pressure type: AF – autochthonous fish; CC – common carp; GC – grass carp;
S-FF – seston-feeding fish.
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Figure 13. Average summer phytoplankton and zooplankton biomass against the background of fish introductions, stocking and pressure
based on historical (1967-1998; Zdanowski et al. 1999) and current data (2000-2014; Zakêœ et al. 2015), calculated potential zooplank-
ton biomass (PZB) in 2000-2014. Black arrows indicate the year with maximum fish biomass; blue arrows – winter fish kills; dashed
black arrows – intensive fish exploitation. Fish pressure (horizontal line segments) type: AF – autochthonous fish; CC – common carp; GC
– grass carp; S-FF – seston-feeding fish.

Table 10
Zooplankton representatives recorded during the quantitative analyses of phytoplankton samples in selected years

Taxonomic group Species1 2009 2010 2011 2012

Cladocera Bosmina cf longirostris + - - -

Daphnia sp. - - - +

Diaphanosoma sp. - + - -

Copepoda Cyclops sp. + + - +

unidentified nauplii + + + +

Rotifera Ascomorpha sp. + + + +

Asplanchna cf priodonta + + - +

Brachionus angularis + + - +

Filinia longiseta - - + -

Kellicottia longispina + - - -

Keratella cochlearis + + + +

Keratella tecta + - - +

Keratella quadrata + + + -

Polyarthra sp. + + + +

Synchaeta sp. - + - -

Trichocerca sp. + + - -

1Current taxonomic names according to World Register of Marine Species (WoRMS Editorial Board 2017) and Rotifer World Catalog
(+) present or (-) absent taxon in phytoplankton samples



ranged from 0.3 to 14.1 mg dm-3 (Tunowski 2006,
2009, Zdanowski et al. 1999). This period included
both low and high seston-feeding fish pressure, and
the linear relationship (r = 0.495) between
phytoplankton and zooplankton recorded was signif-
icant. These relationships permitted devising a for-
mula to calculate the potential zooplankton biomass
(PZB) that was applied for the 2000-2014 period
when the seston-feeding fish biomass was reduced
and stocking was done primarily with pike. Gen-
erally, the higher phytoplankton biomass in
2005-2014 than in 2000-2004 was accompanied by
higher zooplankton biomass, which was similar to
that of the 1970s, when the biomasses of both intro-
duced Cyprinidae species were relatively low. With
regard to the potential zooplankton structure, some
representatives of filter feeders, such as large-sized
cladocerans of the genera Daphnia, Diaphanosoma,
and Bosmina and copepods of the genus Cyclops,
were noted only sporadically (only single specimens
were noted in phytoplankton samples) during quan-
titative phytoplankton analyses (Table 10). On the
other hand, small-sized rotifers of the genera
Keratella (primarily K. cochlearis (Gosse)),
Ascomorpha, and Polyarthra were noted very often in
phytoplankton samples. Other species, such as K.

tecta (Gosse), K. quadrata (Müller)), Brachionus

angularis Gosse, and Asplanchna priodonta Gosse,
were noted relatively often, while Filinia longiseta

(Ehrenberg) and Kellicottia longispina (Kellicott)
were noted only occasionally.

The analyses of long-term changes in the average
summer biomasses of phytoplankton and zooplank-
ton indicated that they were the highest in
1975-1984 (Table 11). In subsequent years,
phytoplankton biomass gradually decreased to the
level of approximately 2.6 mg dm-3, which was re-
corded in 2000-2004, after which time it increased to
above 9.0 mg dm-3. Zooplankton biomass was char-
acterized by a rapid drop from 8.9 mg dm-3 to ap-
proximately 1.0 mg dm-3 in the 1980s and 1990s. In
subsequent years, summer zooplankton biomass
(expressed as PZB) was 1.4 and 3.0 mg dm-3, on av-
erage, in 2000-2004 and 2005-2014, respectively.
The trophic efficiency (TE) of the planktonic food
web was calculated as the ratio of zooplankton bio-
mass to phytoplankton biomass in the summer pe-
riod (Table 11). TE values ranged between 0.10 and
0.89 in all periods with considerable changes in
eutrophication proxies (for example, expressed as TP
and SDD). Thus, a new trophic efficiency classifica-
tion was proposed: class I – 0-0.20; class II –
0.21-0.40; class III – 0.41-0.60; class IV – 0.61-0.80;
class V – 0.81-1.00. According to the proposed

238 Agnieszka Napiórkowska-Krzebietke

Table 11
Trophic efficiency based on average summer phytoplankton and zooplankton biomass with eutrophication proxies and fish
pressure (% of total biomass) in Lake Warniak in 1967-2014

Periods

TP SDD PB ZB Trophic

efficiency1 Class2

Fish pressure (%)

(mg dm-3) (m) (mg dm-3) (mg dm-3) All AF CC+GC S-FF Type

1967-1974 n.d. 2.0 3.46 3.06 0.89 V 72 27 1 AF
1975-1984 0.141 0.6 14.83 8.93 0.60 III 48 41 11 AF+CC+GC
1985-1994 0.111 0.8 10.30 1.03 0.10 I 15 2 83 S-FF
1995-1998 0.087 1.7 6.53 0.76 0.12 I 56 2 42 AF+S-FF
2000-2004 0.074 2.2 2.57 1.103 0.43 III 84 1 15 AF
2005-2014 0.095 1.8 9.90 2.923 0.30 II 89 >1 10 AF

TP – total phosphorus, SDD – Secchi disk depth, PB – phytoplankton biomass, ZB – zooplankton biomass, AF – autochthonous
fish, CC – common carp, GC – grass carp, S-FF – seston-feeding fish
1Trophic efficiency (TE) – the ratio of zooplankton biomass to phytoplankton biomass in summer (according to Hilbricht-Ilkowska
and Kajak 1986)
2Proposed classification of trophic efficiency: I – 0-0.20, II – 0.21-0.40, III – 0.41-0.60, IV – 0.61-0.80, V – 0.81-1.00
3PZB – potential zooplankton biomass calculated for 2000-2014
Data on TP, SDD, PB and ZB for 1967-1998 according to Spodniewska and Hilbricht-Ilkowska 1973, Zachwieja 1973,
Spodniewska 1975, Wêgleñska et al. 1979, Karpiñski 1994, Krzywosz 1999, Zdanowski et al. 1999, Tunowski 2006, 2009



classification, four of the five TE classes (I, II, III and
V) were identified in Lake Warniak. The lowest TE
value (0.10, class I) was recorded in the 1985-1994
period because of the higher TP content and lower
Secchi disk depth, while the pressure of
seston-feeding fish (S-FF) was the highest. A very
similar TE value was also in the next period with
a high share of S-FF in ichthyofauna but with less TP
content and higher SDD. The 1975-1984 period,
with the highest average summer biomass of both
phytoplankton and zooplankton, the highest TP con-
tent, the lowest SDD and relatively high TE of 0.60 –
class III, was exceptional because of the high pres-
sure of benthophagous common carp and herbivo-
rous grass carp. A TE value of 0.43 (class III) was
recorded in 2000-2004 when the lowest TP content
and the highest SDD were noted, and the
ichthyofauna was dominated by autochthonous spe-
cies. The highest trophic efficiency (0.89, class V)

was in 1967-1974 when water quality was good and
autochthonous fish dominated.

Nutrient-phytoplankton-zooplankton

-macrophyte-fish interactions

Interrelations between phytoplankton features includ-
ing the biomass of each phylum, the total biomass,
and chlorophyll a content based on current data (from
2000-2014) were tested with Spearman’s rank corre-
lation coefficient. The results indicated statistically
significant positive dependencies in almost all cases
(Table 12). The only exception were cryptophytes,
which were significantly (but negatively) correlated
with cyanobacteria, diatoms, and planktonic
charophytes, whereas correlations were not significant
with regard to other phytoplankton features. Positive,
significant correlations in phytoplankton relationships
with selected environmental parameters during
2000-2014 were identified primarily for water
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Table 12
Spearman correlation coefficient between phytoplankton and environmental parameters in Lake Warniak (2000-2014)

CYA BAC CHA CHL CRY EUG MIO OCH TB Chl-a

CYA - 0.50 0.77 0.67 -0.36 0.50 0.48 0.35 0.68 0.47
BAC 0.50 - 0.54 0.50 -0.22 0.46 0.36 0.62 0.56 0.51
CHA 0.66 0.54 - 0.67 -0.30 0.42 0.35 0.30 0.60 0.48
CHL 0.67 0.50 0.67 - n.s. 0.50 0.60 0.37 0.67 0.51
CRY -0.36 -0.22 -0.30 n.s. - n.s. n.s. n.s. n.s. n.s.
EUG 0.50 0.46 0.42 0.50 n.s. - 0.44 0.26 0.43 0.41
MIO 0.48 0.36 0.35 0.60 n.s. 0.44 - 0.37 0.68 0.42
OCH 0.35 0.62 0.30 0.37 n.s. 0.26 0.37 - 0.51 0.47
TB 0.68 0.56 0.60 0.67 n.s. 0.43 0.68 0.51 - 0.62
Chl-a 0.47 0.51 0.48 0.51 n.s. 0.41 0.42 0.47 0.62 -
T 0.61 n.s. 0.50 0.61 n.s. 0.34 0.46 n.s. 0.47 n.s.
DO -0.38 n.s. -0.42 -038 n.s. -0.25 n.s. n.s. n.s. n.s.
SDD -0.59 -0.57 -0.62 -0.66 0.26 -0.54 -0.40 -0.43 -0.64 -0.61
NH4-N n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
NO2-N n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. -0.22 n.s.
NO3-N n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
TN n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Norg 0.33 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 0.32
PO4-P 0.30 0.23 0.33 n.s. -0.22 n.s. n.s. n.s. 0.27 n.s.
TP 0.23 n.s. 0.23 n.s. n.s. n.s. n.s. n.s. n.s. 0.23
Porg n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 0.26
TLI 0.58 0.57 0.60 0.58 -0.28 0.39 0.36 0.45 0.64 0.81

Statistically significant correlations at P<0.05; n = 100, n.s. – not significant
CYA – Cyanobacteria, BAC – Bacillariophyta, CHA – planktonic Charophyta, CHL – Chlorophyta, CRY – Cryptophyta, EUG –
Euglenozoa, MIO – Miozoa, OCH – Ochrophyta, TB – total biomass, Chl-a – chlorophyll a, T – water temperature, DO – dissolved
oxygen, SDD – Secchi disk depth, NH4-N – ammonium nitrogen, NO2-N – nitrite nitrogen, NO3-N – nitrate nitrogen, TN – total
nitrogen, Norg – organic nitrogen, PO4-P – phosphates, TP – total phosphorus, Porg – organic phosphorus, TLI – Trophic Level Index



temperature and cyanobacteria, charophytes,
chlorophytes, euglenophytes, dinoflagellates, and to-
tal biomass. Positive relationships were also noted, for
example, between phosphorus and cyanobacteria, di-
atoms and chlorophyll a, and also among almost all
phytoplankton groups (except for cryptophytes with
negative correlations), total biomass, chlorophyll a,
and trophic index TLI. Significantly negative correla-
tions were noted for Secchi disk depth (SDD) and
phytoplankton features, except for cryptophytes (posi-
tive correlations). Phytoplankton-environment rela-
tionships throughout the growth season in 2000-2014
were also verified using CCA analysis. The
eigenvalues of the first two axes were 0.252 and
0.213, respectively. The first two axes represented
25% and 22%, and 28% and 24% of the total variation
for phytoplankton groups and phytoplankton-
-environment relations, respectively. This analysis pri-
marily confirmed that SDD was negatively correlated
with cyanobacteria, planktonic charophytes, diatoms,
and chlorophytes, and it was positively correlated with
cryptophytes (Fig. 14). In contrast, positive relations
were noted with dinoflagellates and ochrophytes, and
the negative impact of temperature on cryptophytes
was stronger.

Phytoplankton had a negative effect on water
transparency, submerged macrophytes and
autochthonous fish in Lake Warniak throughout the
47-year study (1967-2014) (Table 13).
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Figure 14. Biplot of Canonical Correspondence Analysis (CCA)
showing relationships between phytoplankton and selected envi-
ronmental variables (based on data from the entire growth sea-
sons in 2000-2014) in Lake Warniak; CYA – Cyanobacteria; BAC
– Bacillariophyta; CHA – Charophyta; CHL – Chlorophyta; CRY –
Cryptophyta; EUG – Euglenozoa; MIO – Miozoa; OCH –
Ochrophyta; TB – total biomass; T – water temperature; DO – dis-
solved oxygen; SDD – Secchi disk depth; NH4-N – ammonium ni-
trogen NO2-N – nitrite nitrogen; NO3-N – nitrate nitrogen; TN –
total nitrogen; Norg – organic nitrogen; PO4-P – phosphates; TP –
total phosphorus; Porg – organic phosphorus; TLI – Trophic Level
Index.

Table 13
R-Spearman correlation coefficient among phytoplankton features (including biomass, chlorophyll a content, and phytoplankton
index) and the selected parameters in Lake Warniak (1967-2014)

Phytoplankton

features T SDD NH4-N NO3-N TN PO4-P TP SMB AFB IFB S-FFB GCB

Total biomass n.s. -0.748 0.404 n.s. n.s. n.s. n.s. -0.616 -0.554 0.439 0.324 0.361

Summer

biomass
n.s. -0.686 0.400 n.s. n.s. 0.349 0.335 -0.613 -0.425 n.s. n.s. n.s.

Cyanobacteria n.s. -0.591 n.s. n.s. n.s. 0.370 0.434 -0.574 n.s. n.s. n.s. n.s.

Chlorophyll a n.s. -0.862 n.s. n.s. n.s. n.s. 0.420 -0.759 -0.484 0.484 n.s. 0.726

PMPLMOD n.s. -0.735 0.410 n.s. n.s. 0.394 0.438 -0.675 -0.432 0.394 0.330 0.339

Statistically significant correlations at P<0.05, n = 48, n.s. – not significant
T – water temperature, SDD – Secchi disk depth, NH4-N – ammonium nitrogen, NO3-N – nitrate nitrogen, TN – total nitrogen,
PO4-P – phosphates, TP – total phosphorus, SMB – submerged macrophyte biomass, AFB – autochthonous fish biomass, IFB –
introduced fish biomass, S-FFB – seston-feeding fish biomass, GCB – grass carp biomass, PMPLMOD – modified Phytoplankton
Metric for Polish Lakes (Napiórkowska-Krzebietke 2015)



Phytoplankton growth was enhanced (significant

positive correlations) primarily by the concentration

of ammonium nitrogen and phosphorus (including

both phosphates and TP). The biomass of all the in-

troduced fish and the individual biomass of grass

carp were positively correlated with total

phytoplankton biomass, chlorophyll a, and

PMPLMOD, whereas seston-feeding fish biomass was

positively correlated with TB and PMPLMOD. No sig-

nificant correlations were noted with water tempera-

ture, nitrates, total nitrogen, or zooplankton biomass

(a significant correlation was only noted for

1967-1998). The summer phytoplankton-fish rela-

tionships with a significant negative correlation

(r = -0.431; P = 0.004) for autochthonous fish and

a positive, but statistically insignificant, correlation

(r = 0.178, P = 0.259) for introduced fish were the

basis for modelling trends, as is shown in Figure 15.

Biological and physicochemical elements were

also correlated using Principal Component Analysis.

The first two components explained 62% of the total

variability (Fig. 16). Phytoplankton (i.e., total

biomass, cyanobacterial biomass) was strongly nega-

tively correlated with PC1, which explained 36% of

the total variability. Similar relationships were also

identified for chlorophyll a, selected forms of phos-

phorus, nitrogen, and grass carp biomass, whereas

opposite relationships were noted for SDD. For the

second component of PC2 (26%), positively corre-

lated parameters included introduced fish, zoo-

plankton, water temperature, and dissolved oxygen,

whereas negatively correlated parameters included

ammonium nitrogen.

By implementing the varimax rotation in PCA

and an eigenvalue-greater-than-one criterion, it was

possible to associate each variable with only one fac-

tor, or rotated component, and split it into six disjoint

factors that explained over 96% of the total variability

(Table 14). The first two rotated components ex-

plained only 46% of the total variability and empha-

sized zooplankton-fish-phytoplankton relationships.

Factor 1, which explained 25% of the total variability,

referred to strong positive loadings of zooplankton

(0.98), fish (common carp and grass carp; 0.97),
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phytoplankton, and Porg (0.62-0.65). Strong correla-

tions with factor 2, which explained 21% of the total

variability, included autochthonous fish, submerged

macrophytes, and SDD (negative), and

seston-feeding fish and phosphates (positive). The

correlations of the remaining parameters were as fol-

lows: chlorophyll a and phosphorus (TP, Porg) were

strongly positively correlated with factor 3 (19% of

the total variability); temperature and dissolved oxy-

gen were negatively and mineral nitrogen was posi-

tively correlated with factor 4 (14% of the total

variability); TN and Norg were positively correlated

with factor 5 (11% of the total variability); nitrite was

negatively correlated with factor 6 (only 6% of the to-

tal variability). CCA analysis also verified some sig-

nificant relationships among selected biological and

physicochemical variables (Fig. 17). The eigenvalues

of the first two axes were 0.583 and 0.356, respec-

tively. The first two axes represented 48%, 21% and

50%, 30% of the total variation for biological data

and biological-physicochemical relationships, re-

spectively. Significant positive correlations were also

identified between phytoplankton, zooplankton, fish,

and chlorophyll a and phosphorus, whereas the rela-

tionships with submerged macrophytes and SDD

were negative. The phytoplankton-nitrogen relation-

ship was weaker.

Phytoplankton-zooplankton-fish relations were

also checked for the arrangement of samples using

PCA. The first two factors (PC1 and PC2) explained

approximately 71% of the total variability. The PCA

plot showed a distinct grouping of the years studied
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Table 14

Principal Components Analysis loadings (after orthogonal varimax rotation and original)

Parameters
Varimax-rotated PCA components
Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6

Zooplankton (summer) 0.98* -0.01 0.01 -0.14 -0.04 0.06

Common carp 0.97* -0.01 -0.02 -0.21 0.06 0.06

Grass carp 0.97* -0.02 0.10 -0.19 0.07 0.08

Autochthonous fish 0.21 -0.91* -0.26 -0.13 -0.04 0.10

Seston-feeding fish -0.51 0.69* -0.19 -0.41 0.10 -0.23

Submerged macrophytes -0.24 -0.89* -0.20 -0.10 -0.16 0.02

Phytoplankton 0.62* 0.43 0.58 0.06 0.28 -0.01

Phytoplankton (summer) 0.62* 0.43 0.58 0.06 0.28 -0.01

Cyanobacteria (summer) 0.65* 0.18 0.50 0.28 0.44 -0.13

Chlorophyll a 0.04 0.17 0.95* 0.05 0.18 0.08

Temperature 0.21 0.03 0.12 -0.93* 0.09 0.21

Dissolved oxygen 0.47 -0.48 0.25 -0.67* -0.11 -0.13

Secchi depth -0.13 -0.72* -0.66* 0.06 0.05 0.05

Total nitrogen 0.08 0.05 -0.12 0.14 0.97* 0.04

Organic nitrogen 0.08 0.01 0.58 -0.06 0.78* 0.01

Ammonium nitrogen -0.08 0.54 0.42 0.67* 0.17 0.04

Nitrite nitrogen -0.15 0.21 0.01 0.01 -0.01 -0.95*

Nitrate nitrogen -0.16 0.01 0.37 0.76* 0.29 0.17

Phosphate 0.26 0.77* 0.06 0.25 -0.34 -0.40

Total phosphorus 0.10 0.33 0.73* 0.44 -0.26 -0.21

Organic phosphorus 0.65* -0.06 0.64* -0.20 -0.31 0.03

Eigenvalue 5.27 4.33 4.09 3.04 2.39 1.32

Variance (%) 25 21 19 14 11 6

Cumulative (%) 25 46 65 79 90 96

Parameters
Original PCA components

Factor 2 Factor 1 Factor 5 Factor 3 Factor 4 Factor 6

Zooplankton (summer) 0.75* -0.50 -0.36 0.13 0.12 -0.05

Common carp 0.78* -0.50 -0.36 0.10 0.01 -0.03

Grass carp 0.76* -0.58* -0.28 0.05 0.03 -0.03

Autochthonous fish -0.53 0.10 0.04 0.60* -0.59* -0.01

Seston-feeding fish 0.71* 0.52 0.01 -0.36 0.18 0.16

Submerged macrophytes 0.38 0.74 0.26 -0.30 0.22 0.20

Phytoplankton 0.12 -0.98* -0.04 -0.04 -0.10 -0.01

Phytoplankton (summer) 0.12 -0.98* -0.04 -0.04 -0.10 -0.01

Cyanobacteria (summer) 0.14 -0.89* -0.18 -0.32 -0.03 0.21

Chlorophyll a -0.15 -0.74* 0.59* -0.24 0.01 -0.01

Temperature 0.60* -0.09 0.37 0.36 -0.55 -0.20

Dissolved oxygen 0.86* -0.08 0.38 0.17 0.05 0.26

Secchi depth 0,31 0.82* -0.28 -0.33 0.05 0.14

Total nitrogen -0.08 -0.19 -0.37 -0.58* -0.67* 0.14

Organic nitrogen 0.01 -0.55* 0.27 -0.51 -0.52 0.20

Ammonium nitrogen -0.69* -0.61* -0.10 -0.25 0.16 -0.12

Nitrite nitrogen -0,36 -0,07 -0.06 041 -0.03 0.82*

Nitrate nitrogen -0.49 -0.29 -0.01 -0.69* 0.22 -0.05

Phosphate -0.40 -0.54 -0.33 0.60* 0.26 0.09

Total phosphorus -0.39 -0.70* 0.25 0.03 0.48 0.12

Organic phosphorus 0.55 -0.65* 0.34 0.15 0.34 -0.01

Eigenvalue 5.42 7.36 1.66 2.73 1.99 1.01

Variance (%) 26 36 8 13 9 5

Cumulative (%) 26 62 70 83 92 97

*Strong positive or negative loadings at P < 0.05, n = 48



into four periods: two periods with submerged

macrophyte domination and clear-water state

(1967-1974 and 1995-2004) and two periods with

phytoplankton domination and turbid-water state

(1975-1994 and 2005-2014), which followed one

after the other alternately (Fig. 18a). Considering the

different types of fish pressure, the PCA plot indi-

cated a high relationship between periods with

autochthonous fish pressure, primarily the periods of

1967-1974, 2000-2004, and 2005-2014 (Fig. 18b).

The 1985-1994 period with
seston-feeding fish pressure was a sepa-
rate group. The 1975-1984 period, when
multiple pressures of autochthonous fish
and introduced common carp and grass
carp were recorded, was the most vari-
able.

Discussion

Global strategies for aquatic environmen-
tal management should be based on
achieving and maintaining healthy, sus-
tainable ecosystems. Currently, the qual-
ity or ecological state of many water
bodies remains unsatisfactory, and al-
though some restoration tools for improv-
ing quality are promising (e.g., Yu et al.
2016, Dondajewska et al. 2017, Rosiñska
et al. 2017, Sitarek et al. 2017), whereas
others have failed to achieve this goal (Ofir
et al. 2017). According to Kozak et al.
(2015), applying two restoration methods
(biomanipulation with pike, pike-perch,
wels catfish and phosphorus inactivation)
in a reservoir made it possible to decrease
phosphorus concentrations, enhance zoo-
plankton grazing, and change the
phytoplankton structure, but these mea-
sures did not decrease phytoplankton bio-
mass. In another case, the effects of three
restoration methods (phosphorus inacti-
vation, aeration, and biomanipulation
with pike and pike-perch) applied to

a strongly eutrophic lake produced a distinct de-

crease of chlorophyll a, phosphorus, and nitrogen

concentrations, but water transparency only in-

creased slightly (Rosiñska et al. 2017). If measures

implemented to improve degraded water bodies are

to be successful, they should include comprehensive

protection and restoration supported by

biomanipulation (Go³dyn et al. 2014, Dunalska et al.

2015). Therefore, thorough analyses using
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considerable quantities of multi-year data and mod-

elling results are needed to evaluate the response

patterns of phytoplankton to multiple factors, espe-

cially fish-induced environmental changes in shallow

temperate lakes. This information can be very helpful

in maintaining the proper functioning of lake ecosys-

tems, which includes the functioning and develop-

ment of lake fisheries that are impeded by many

administrative, legal, natural, and socioeconomic

factors (Mickiewicz and Wo³os 2014). Recently,

worldwide fisheries management policy has focused

on fish stocking with native/autochthonous species

and introducing threatened and endangered species

primarily to increase fish abundance or to enhance

the restoration of degraded lakes (Welcomme 2016).

These same trends have also been identified in Po-

land (Zakêœ et al. 2015).

Lake Warniak timeline

Lake Warniak is an example of an experimentally

biomanipulated natural water body (IBP program,

Westlake et al. 1998). This lake has undergone sev-

eral stages of manipulation with the introduction of

fish species with various feeding strategies, varied

submerged macrophyte biomass, large fluctuations

in phytoplankton and zooplankton biomasses, shifts

in domination structure, nutrient enrichment, and

fluctuating water quality, which has made it possible

to identify several periods (Table 15):

1. The first period (1967-1974) is primarily that of
the experimental introduction of benthophagous
common carp and a densely overgrown lake bot-
tom with the dominant angiosperms of C.

demersum and E. canadensis (with a total biomass
of up to 930 tons). It included the winter fish kills
in February 1970 following which the introduc-
tion of primarily herbivorous grass carp started
and then, the first step of seston-feeding silver
carp and bighead carp introduction. This period
was characterized by relatively low phytoplankton
and zooplankton biomasses, low primary produc-
tion and destruction of organic matter in summer
(Spodniewska and Hillbricht-Ilkowska 1973,

Zdanowski et al. 1999). Copepods dominated zoo-
plankton with a prevalence of cyclopoids of the
genera Mesocyclops, Acanthocyclops, and Cy-

clops. Phytoplankton was co-dominated by
nannoplankton and cyanobacteria. This period
was generally characterized by the clear-water
state and the high/good ecological status of the
shallow meso-eutrophic lake.

2. The second period (1975-1984) included the bio-
mass of grass carp gradually increasing to 140 kg
ha-1 in 1976 (Ciepielewski 1985, Zdanowski et al.
1999). The submerged macrophytes (C. demersum,

E. canadensis) which previously overgrew the lake
bottom densely disappeared in 1975. The maximum
total phytoplankton biomass was in 1978 because of
cyanobacteria of the genera Anabaena (presently
Dolichospermum), Gomphosphaeria (presently
Woronichinia and Snowella) Aphanizomenon,
Microcystis, Oscillatoria (presently Planktolyngbya

and Pseudanabaena), which can produce
cyanotoxins (microcystins, cylindrospermopsins,
anatoxins; Kobos et al. 2013). At the same time, zoo-
plankton biomass reached its maximum because of
the large-sized cladocerans Daphnia cucullata Sars,
D. longispina O.F Müller, and Eudiaptomus

graciloides Lilljeborg (Spodniewska 1975,
Wêgleñska et al. 1979, Zdanowski et al. 1999).
Shifts from low to high primary production (from 8.4
Kcal m-2 d-1 in 1967-1974 to 17.9 Kcal m-2 d-1 in
1975-1984, on average) and destruction of organic
matter (from 7.7 Kcal m-2 d-1 in 1967-1974 to 15.1
Kcal m-2 d-1 in 1975-1984 on average) were then
noted in summer (Zdanowski et al. 1999). This pe-
riod included rapid changes and was characterized
by an evident shift in 1975 from a clear-water into
a turbid-water state, from high/good to moder-
ate/poor ecological status, and from meso-eutrophy
to eutrophy. Such drastic changes in the water qual-
ity of Lake Warniak were comparable with those in
the very shallow Lake Pogubie Wielkie, known as
a type of winter-kill-susceptibile tench-pike, after
submerged macrophyte disappearance (Hutorowicz
and Zdanowski 1993).

3. The third period (1985-1994) included the highest
biomass of seston-feeding silver carp and bighead
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Table 15
Lake Warniak timeline

Periods Introduction or stocking Fish pressure Alternative stable state Ecological status Trophic state

1967 I CC AF clear-water meso-eutrophy
1968 CC
1969 CC
1970 CC+GC+SC+BC
1971 GC
1972 - n.d.
1973 GC+SC+BC+CC
1974 GC
1975 II GC+SC+BC AF+CC+GC turbid-water n.d. eutrophy
1976 GC+SC+BC+CC
1977 GC+CC
1978 GC+CC
1979 - n.d.
1980 -
1981 SC+BC+P+CC
1982 CC+P
1983 - n.d.
1984 SC+BC
1985 III SC+BC+P S-FF turbid-water eutrophy
1986 -
1987 P
1988 CC
1989 P
1990 P n.d.
1991 -
1992 -
1993 -
1994 P
1995 IV P AF+S-FF clear-water eutrophy
1996 P
1997 P
1998 P
1999 - n.d.
2000 V P AF clear-water meso-eutrophy
2001 P
2002 P+WC
2003 P
2004 P
2005 VI P+EE AF turbid-water eutrophy
2006 EE
2007 -
2008 P+WC
2009 P+EE
2010 P+WC
2011 P
2012 P
2013 P
2014 P

CC – common carp, GC – grass carp, SC – sliver carp, BC – bighead carp, P – pike, WC – wels catfish, EE – European eel, AF –
autochthonous fish, S-FF – seston-feeding fish, – means no introduction or stocking, ecological status: high (blue), good (green),
moderate (yellow) and poor (orange), n.d. – no data



carp in 1992, winter fish kills in 1985 and 1987,
and the sporadic introduction of common carp,
pike, and European eel, among other species. Sig-
nificant decreases occurred in phytoplankton bio-
mass, including in that of cyanobacteria, and
nannoplanktonic algae dominated. Summer pri-
mary production and destruction of organic matter
(both 14.2 Kcal m-2 d-1, on average) were lower
than in 1975-1984 (Zdanowski et al. 1999). Signif-
icant changes were also noted in zooplankton that
included low biomass and the domination of
small-sized rotifers of the genera Keratella,
Polyarthra, Brachionus, and Trichocerca

(Zdanowski et al. 1999, Tunowski 2006, 2009). Af-
ter their re-introduction through human interven-
tion, submerged macrophytes began to re-colonize
in 1993 (Hutorowicz and Dziedzic 2008). Water
quality during this period was characterized by
a turbid-water state and the good/moderate/poor
ecological status of the eutrophic shallow lake.

4. The fourth period (1995-1999) included intense
fish exploitation of primarily herbivorous and
seston-feeding fish species in 1995 and 1997 and
winter fish kills in 1996 that reduced this fish
pressure, but the role of autochthonous fish be-
came more important. Submerged macrophytes
overgrew the lake bottom densely with a total bio-
mass of up to 550 tons (Zdanowski et al. 1999),
and the dominant charophytes were Chara

globularis and C. rudis (Hutorowicz and Dziedzic
2008). The maximum summer biomass of
phytoplankton dominated by dinoflagellates
(Peridinium) and cryptophytes (Cryptomonas) de-
creased considerably. The summer primary pro-
duction and destruction of organic matter also
dropped to a similar average of 7.7 Kcal m-2 d-1,
and these values were comparable with data from
1967-1974 (Zdanowski et al. 1999). The biomass
of rotifer-dominated zooplankton (primarily
Asplanchna priodonta Gosse) was also very low
(Zdanowski et al. 1999). This period was charac-
terized by a shift from a turbid-water into
a clear-water state, and from the moderate (1995)
to the high (1997-1998) ecological status of the
eutrophic shallow lake.

5. The fifth period (2000-2004) after the removal of ex-

perimentally introduced fish included pilot stocking

with autochthonous predatory fish, primarily pike

and just wels catfish in 2002. Total fish and pike

catches peaked in 2001 (Zakêœ et al. 2015). Dense

charophytes with maximum growth in 2002

(Ba³dyga 2008) and the relatively low phytoplankton

biomass dominated by cryptophytes induced

a clear-water state and a high/good ecological status,

which together contributed to the meso-eutrophic

conditions of the lake.

6. The sixth period (2005-2014) included the highest

fish catches in 2005, because of the high share of

non-predatory small fish and the lack of catches in

2007-2009 and 2012 (Zakêœ et al. 2015). No win-

ter fish kills were noted, but good oxygen condi-

tions were observed throughout the growth

seasons from as early as 2000 and also in the win-

ter of 2011-2014 (this continues to the present)

(Napiórkowska-Krzebietke et al. 2012, Zakêœ et

al. 2015, Kalinowska et al. 2017). Charophytes al-

most disappeared from the lake in 2005, and only

residual phytocoenoses of submerged

macrophytes with C. demersum occurred (Ba³dyga

2008). Currently, only single individuals are ob-

served very rarely growing on the lake bottom;

these are primarily of the genus Potamogeton (B.

Zdanowski – personal communication). This pe-

riod was characterized by phytoplankton with

a maximal biomass that was approximately

four-fold higher than in the previous period and

a phytoplankton structure that shifted from one

dominated by cyanobacteria to one dominated by

dinoflagellates and from one dominated by

cryptophytes to one dominated by diatoms. The

zooplankton was represented by the large

cladoceran Daphnia and copepod Cyclops and

also small rotifers of the genera Keratella,

Polyarthra, Brachionus, Filinia, Kellicottia, and

Trichocerca. Generally, this period was character-

ized by a turbid-water state, good/moderate/poor

ecological status, and the eutrophic state of the

shallow lake.
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Phytoplankton growth patterns and shifts in

dominance

In 2000-2004, the two similar biomass peaks in the
seasonal growth pattern of phytoplankton were con-
sistent with the original Plankton Ecology Group
(PEG) Model typical of oligotrophic (Sommer et al.
1986) or moderately nutrient-rich (Oleksowicz
1988) stratified waters. The main representatives of
the phytoplankton were primarily the large and small
cryptophytes Cryptomonas curvata, C. marssonii, C.

erosa, Plagioselmis nannoplanctica, and
Rhodomonas lens, which are typical of various habi-
tats and are able to occur in almost all lentic ecosys-
tems with low grazing pressure (Y), or they are typical
of shallow environments that range from
meso-eutrophic to eutrophic (X2) (Reynolds et al.
2002, Padisák et al. 2009). This period could be clas-
sified as a clear-water state because of the relatively
low phytoplankton biomass, the constant domina-
tion of the same cryptophytes throughout the growth
season, good water transparency, and the stage dom-
inated by Charales in shallow meso-eutrophic Lake
Warniak. Similar findings are reported, inter alia, for
a shallow lake dominated by Chara in Estonia

(T�nno et al. 2003).

Seasonal phytoplankton growth in the second
period (2005-2014) resembled patterns of one high
biomass peak that occurred in the middle of summer
with the domination of cyanobacteria. Such seasonal
development is somewhat similar to the PEG Model
that is typical of eutrophic (Sommer et al. 1986) or
nutrient-rich (Oleksowicz 1988) stratified waters
and that occurs in productive fishponds
(Napiórkowska-Krzebietke and Hutorowicz 2012).
The domination structure varied significantly from
period to period, but it was possible to distinguish
four stages of generally dominant (� 50%) groups in
the phytoplankton: those dominated by
cyanobacteria in 2005-2008; by dinoflagellates in
2009-2011; by cryptophytes in 2012; by diatoms in
2013-2014. In particular, shifts in the functional
traits of phytoplankton assemblages followed the
coda K� LO+Y � Y+LO+F+X2 � D+K+P+A.
Thus, their representatives usually occurred in

higher abundance in the shallow, nutrient-rich water

column, i.e., coda K, Y, LO, X2, D, P, or in clear, deep,

well-mixed, nutrient-poor lakes, i.e., coda A, F

(Reynolds et al. 2002, Padisák et al. 2009). The

whole period of 2005-2014 was determined to be

a turbid-water state because of the relatively high

phytoplankton biomass, the highly varied seasonal

phytoplankton domination structure, the lower water

transparency, and the disappearance of Charales.

The exception could be the structure of the

phytoplankton assemblages in 2012, which was sim-

ilar to that of 2001, and the lowest phytoplankton

biomass for the 2005-2014 period, which suggested

a short-term shift back toward the phytoplankton

taxonomic structure that occurred when there was

a clear-water state. Cluster analysis based on taxon

biomass indicated the same tendency. This phenom-

enon could be confirmation of the possibility of

a transition from one state to another without a sig-

nificant change in nutrient enrichment (Scheffer et

al. 1993). However, the findings of Wang et al.

(2016) suggest there are higher contents of mobile C

and P after macrophytes disappear, which can en-

hance phytoplankton growth.

Compared with historical data (Spodniewska

and Hilbricht-Ilkowska 1973, Spodniewska 1975,

Wêgleñska et al. 1979), the seasonal phytoplankton

growth in 2000-2004 was the most similar to that of

1968 when common carp was introduced, whereas

in 2005-2014 it was the most similar to that of 1967

at the beginning of the experiments and to 1973

when the biomass of common carp and grass carp

began to grow rapidly. The maximum phytoplankton

biomass of 19.5 mg dm-3 in 1967-1974

(Spodniewska and Hillbricht-Ilkowska 1973,

Wêgleñska et al. 1979) was similar to the maximum

for 2005-2014, when autochthonous fish dominated

the ichthyofauna with relatively low cyprinid pres-

sure. In 1976-1993, when the pressure of introduced

cyprinids, initially of common carp and grass carp

and later of silver carp and bighead carp, was high,

phytoplankton biomass increased to as high as 50.0

mg dm-3 (Krzywosz 1999, Zdanowski et al. 1999).

After the pressure of introduced fish was reduced
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significantly, phytoplankton biomass decreased con-

siderably.

The multiple approaches presented for describ-

ing phytoplankton response to fish-induced environ-

mental changes can facilitate predicting probable

changes throughout shallow lake ecosystems fol-

lowed by changes in certain quality elements. Histor-

ical data in conjunction with current data were also

used to investigate how different variables can affect

each other.

Hypothesis 1. Elevated temperature and

nutrient enrichment enhance

phytoplankton growth and shifts in

structure toward cyanobacteria domination

In phytoplankton-temperature relations, a signifi-
cantly positive correlation indicated the distinct en-
hancement of total biomass throughout the growth
seasons in 2000-2014 along with an increase of wa-
ter temperatures, which was directly associated with
climatic/meteorological seasonal changes. Water
temperatures had a similar positive effect on the bio-
mass of particular groups such as cyanobacteria,
planktonic charophytes, chlorophytes,
euglenophytes, and dinoflagellates. However, the
phytoplankton-temperature dependence was not as
clearly evident in multi-year (1967-2014) compari-
sons. The thermal regime of the surveyed lake is de-
pendent on the micro-climate that prevails in the
mesoregion of the Masurian Lake District in north-
eastern Poland, which is in the temperate zone, and
long-term variations in climatic factors, primarily at-
mospheric air temperature, precipitation, and wind.
Domination shifts toward increased cyanobacteria
biomass were recorded when the average annual air
temperature was higher by approximately 2°C than
the multi-year average (6.9°C) and in both dry and
wet years (2005-2008), which seems to confirm the
theory described by Elliot (2012), Jeppesen et al.
(2014), and Rigosi et al. (2014). On the other hand,
the dominant cyanobacteria were primarily
picoplanktonic colonial Aphanocapsa, which con-
tributed the most to the maximal phytoplankton

biomasses in the warmest years of 2007 and 2008
and in one of the driest years in 2005. Thus, these re-
sults are in accordance with the findings of Wood et
al. (2017) that indicate that climate warming, espe-
cially when it coincides with extended droughts favor
picocyanobacteria. The very good mixing conditions
throughout the water column meant that
homothermia was noted most often in the shallow
Lake Warniak. Thus, the water column was also
well-oxygenated with periods of supersaturation
during all the growth seasons of 2000-2010, except
for the early spring in 2010, when hypoxia (< 50%
oxygenation) occurred in the near-bottom layers
(Napiórkowska-Krzebietke et al. 2012). Good oxy-
gen conditions for fish survival were noted in
2000-2014 and even later, and these also included
periods of ice-cover (Zakêœ et al. 2015, Kalinowska et
al. 2017). Compared with earlier studies, oxygen def-
icits were recorded during periods of ice cover in the
1950s, then in the 1970s with winter fish kills, as
well as several times in the 1980s and 1990s
(Zachwieja 1972, Karpiñski 1994, Zdanowski et al.
1999). With regard to the II degree of staticity in Lake
Warniak (Napiórkowska-Krzebietke et al. 2012), it
was possible that production and decomposition oc-
curred in the same water layer.

Several studies have been undertaken to quantify
the key role of nutrients, primarily TP and TN, as
drivers of changes in phytoplankton growth, struc-
ture, and species domination (e.g. Smith et al. 2016,

S�ndergaard et al. 2017). In Lake Warniak, the aver-
age seasonal TP content was the highest in
1975-1984 when the submerged macrophytes dis-
appeared, which is consistent with the findings of
Wang et al. (2016). Multi-year comparisons from
1967-1998 (historical data) and 2000-2014 (current
data), indicate that the mean concentrations of TP
were very similar. However, there were significant
positive relationships among phytoplankton features
and phosphates and total phosphorus. The highest
summer biomass of cyanobacteria was noted in the
1975-1984 period with the highest TP concentra-
tions (Zdanowski et al. 1999). In summer, precipita-
tion could have played an additional important role
in P enrichment. According to Kowalczewski and
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Rybak (1981), the atmospheric deposition of phos-

phorus in Lake Warniak was calculated at 20 ìmol P

m-2 d-1. In 2000-2014, total nitrogen concentrations

were slightly lower than in 1967-1998, and they did

not play any significant role in phytoplankton growth.

However, a distinct positive correlation was noted

between ammonium nitrogen and total

phytoplankton biomass. To conclude, hypothesis 1

was confirmed in the case of phosphorus enrichment

concerning the entire 1967-2014 period; however,

elevated temperatures also contributed to

phytoplankton changes, but only in the 2000-2014

period.

Hypothesis 2: Competition and selective

grazing limit phytoplankton growth and

biodiversity

Submerged and emerged macrophytes are key stabi-
lizing factors in nutrient exchange from the immedi-
ate catchment area and bottom sediments in shallow
lakes. Furthermore, competition and allelopathy
usually play very important roles in the relationships
among submerged macrophytes and phytoplankton
(e.g., Lürling et al. 2006), and this includes the pres-
ence of allelopathically active macrophytes,
strain-specific phytoplankton taxa, and their local
adaptation to allelochemicals (Eigemann 2013).
Therefore, one of two contrasting alternative stable
states can occur; the clear-water state with the domi-
nance of submerged macrophytes or the turbid-water
state with the dominance of phytoplankton condi-
tioned by various factors (Scheffer et al. 1993,
Scheffer and van Nes 2007). Accordingly, the
2000-2004 period in Lake Warniak was most similar
to the stable clear-water state with the dominance of
submerged macrophytes, whereas the 2005-2014
period was similar to that of a turbid-water state with
the dominance of phytoplankton in which only resid-
ual phytocoenoses or single specimens of submerged
macrophytes were noted in the inshore zone of the
lake (K. Stawecki and B. Zdanowski – personal com-
munication). The first period with Charales domina-
tion was characterized by lower species richness than

the period with phytoplankton domination. This shift
to a turbid-water state could have been enhanced in
the warmer years (Elliot 2012, Bergkemper and
Weisse 2017) that were recorded, especially in
2007-2008 and 2014. Other factors triggering this
shift could also have been predator-prey cycles or
a complex of internally and externally generated
fluctuations (Naselli-Flores et al. 2003, Salmaso
2003, Scheffer and Carpenter 2003).

Significant negative phytoplankton-macrophyte
relationships were confirmed in comparisons of eco-
logical status assessments performed with the
phytoplankton based multimetric PMPLMOD

(Napiórkowska-Krzebietke 2015) for “Total Biomass“
and “Cyanobacteria Biomass“ and for periods with
and without submerged macrophytes. The PMPLMOD

values indicated high/good status in 1967-1974 and
1996-2004, when the lake was in a clear-water state
dominated by angiosperm submerged macrophytes
(C. demersum and E. canadensis) or Charales (C.

globularis, C. rudis). The maximal biomasses of sub-
merged macrophytes were also comparable in both
periods analysed (Zdanowski et al. 1999, Ba³dyga
2008). In 1976-1995 and 2005-2014, the PMPLMOD

values indicated the deterioration of water quality to
poor ecological status when distinct increases were
noted mostly of cyanobacteria in the phytoplankton
biomass, and chlorophyll a content increased as the
submerged macrophytes disappeared. The maximal
values of total phytoplankton biomass recorded in
2005-2014 and 1976-1995 were characteristic of
a phytoplankton bloom intensity of 8-21mg dm-3 and
21-100 mg dm-3, which were characteristic of the
moderate and poor ecological status of the lake, re-
spectively (Napiórkowska-Krzebietke and Dunalska
2015). Cyanobacteria, represented mostly by the
chroococaleans Aphanocapsa incerta and Microcystis

aeruginosa and nostocaleans of the genus
Dolichospermum (previously Anabaena) co-domi-
nated in the summer phytoplankton assemblages.
Most of these species are well-known as toxic or po-
tentially toxic (Kobos et al. 2013). Some symptoms of
changes toward a turbid-water state in Lake Warniak

were visible. According to S�ndergaard et al. (2017),
macrophyte loss can be exacerbated by the abundant
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growth of filamentous algae in winter and by
phytoplankton and periphyton in summer, which is
consistent since expected allelopathy trends increase
with climate warming (Jeppessen et al. 2014).

The studies on zooplankton in Lake Warniak in
the summers of 1967-1998 proved that there were
significant changes in its biomass, numbers, and
composition (Zdanowski et al. 1999, Tunowski
2006, 2008). Starting from the co-domination of
cladocerans, copepods, and rotifers in 1967, subse-
quent zooplankton dominants were as follows:
cladocerans (1968, 1978); copepods (1970-1974);
rotifers (1976, 1984-1997); rotifers and copepods
(1998). Similar high variations were also noted in
phytoplankton biomass and structure, which were
exhibited in shifts from cyanobacteria and
nannoplankton co-domination through
nannoplankton domination to cyanobacteria domi-
nation, including well-known toxic or potentially
toxic species of the genera Microcystis and Anabaena

(currently Dolichospermum) (Spodniewska and
Hillbricht-Ilkowska 1973, Wêgleñska et al. 1979,
Krzywosz 1999, Zdanowski et al. 1999). The highest
zooplankton and phytoplankton biomasses were re-
corded in the 1975-1984 period, with the maximum
in 1978. These were accompanied by the high
co-pressure of autochthonous fish and introduced
common carp and grass carp. There was a significant
linear relationship between phytoplankton and zoo-
plankton in 1967-1998. The functioning of the
planktonic food web, including the short grazing
chain, can be described by trophic efficiency. The
highest trophic efficiency was in the 1967-1974 pe-
riod in parallel with low phytoplankton biomass, the
high share of large filtrators of Cladocera and
Copepoda (Daphnia cucullata, D. longispina and
Eudiaptomus graciloides), good water quality,
a clear-water state dominated by macrophytes, and
the domination of autochthonous fish in the
ichthyofauna, all of which indicated that the func-
tioning of the ecosystem was stable. The lowest
trophic efficiency was recorded under the following
conditions: high cyanobacteria dominated
phytoplankton biomass; low rotifer dominated zoo-
plankton biomass; a turbid-water state; the highest

pressure of seston-feeding fish in 1985-1994. This
low trophic efficiency was also noted in the next pe-
riod of 1995-1998 during clear-water state. During
this period, the zooplankton comprised small-sized
species of the genera Keratella, Polyarthra,
Brachionus, and Trichocerca, and their pressure on
phytoplankton was very limited. Similar findings that
indicate the reduced impact of zooplankton charac-
terized by the low abundance of large cladocerans on
phytoplankton were observed in the hypertrophic
Lake Uzarzewskie (Dondajewska et al. 2017). Re-
duced zooplankton grazing pressure on
phytoplankton can also be exacerbated by climate
warming when a higher share of small-sized zoo-
plankton taxa is expected (Meerhoff et al. 2007). The
next phase in Lake Warniak that was dominated by
Chara, when the biomass of “edible“ phytoplankton
of nannoplankton origin was approximately 50% of
the total biomass, was similar to that in the shallow

eutrophic Lake Prossa in Estonia (T�nno et al. 2003)
where zooplankton pressure was high. In Lake
Warniak, both zooplankton and phytoplankton
biomasses were low at this time, which indicated
moderate trophic efficiency. The next changes to-
ward higher planktonic biomass (after 2004) were
characterized by rather low trophic efficiency be-
cause of the high share of either cyanobacteria or
large dinoflagellates. While cyanobacteria cannot al-
ways limit zooplankton abundance, according to Jia
et al. (2017), large-sized cladoceran species can even
be positively correlated with cyanobacteria.

It was possible to calculate the biodiversity indices
only for the current period of 2000-2014 to determine
the effect of competition and selective grazing on
phytoplankton biodiversity. S-WI, evenness, and spe-
cies richness were higher in 2005-2014 with the tur-
bid-water state and even moderate/poor ecological
status compared to 2000-2004 with a clear-water
state dominated by Chara and a high/good ecological
status. To conclude, hypothesis 2 was confirmed with
regard to both competition between macrophytes and
phytoplankton and the short grazing chain during the
stage when autochthonous fish dominated the
ichthyofauna, which in turn, significantly limited
phytoplankton biomass and biodiversity.
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Hypothesis 3: Key drivers (factors/species)

affect phytoplankton-related changes

throughout the ecosystem

Nutrients

The functional traits of dominant taxa as a response
to nutrient-related environmental changes confirmed
the high fluctuation and the lack of stability in
phytoplankton assemblages where the main repre-
sentatives of coda Y + X2 + X1 + LO (2000-2004) �

K (2005-2008) � LO + Y (2009-2011) � Y + LO + F
+ X2 (2012) � D + K + P + A (2013-2014) are typi-
cal of both nutrient-poor and nutrient-rich lakes
(Reynolds et al. 2002, Padisák et al. 2009). The role
of phosphorus was important for phytoplankton
growth manifested primarily by significant positive
correlations and also by changes in the values of the
eco-sensitivity factor, which describes taxa sensitivity
along with the eutrophication gradient expressed as
TP concentration (Phillips et al. 2013,
Napiórkowska-Krzebietke et al. 2017). The highest
values of the eco-sensitivity factor recorded in
2005-2008 revealed the distinct domination of the
tolerant taxa A. incerta and M. aeruginosa in the
phytoplankton, which occurred simultaneously with
higher TP. It coincides with the bottom-up control by
food availability that only phosphorus plays an im-
portant role and that of nitrogen was diminished.

Submerged macrophytes

The changes in macrophyte communities and the ac-
companying environmental changes primarily due to
the introduction of herbivorous grass carp in 1970
were noted on a large scale, and they were of a high
amplitude. Their durability was also variable and un-
stable. Regardless of the long-term relations between
phytoplankton and submerged macrophytes, they
were negative and statistically significant. The phase
when macrophytes were dominated primarily by C.

demersum and E. canadensis and a clear-water state in
1967-1974 (Krzywosz 1997, Zdanowski et al. 1999)
was characterized by relatively small phytoplankton
biomass and low chlorophyll a contents and good

water transparency. The water quality in the lake in

this period was at least of a good (high plus good) eco-

logical status based on PMPLMOD, which corre-

sponded to the I-II water quality class. The

disappearance of submerged macrophytes for 17

years (1975-1992) was caused mainly by high grass

carp pressure and was associated with significantly in-

creased phytoplankton biomass and the phase domi-

nated by phytoplankton in the turbid-water state.

The Chara re-domination, after its first occur-
rence in 1958-1959 (Bernatowicz 1969, D¹mbska
1969, Hutorowicz and Dziedzic 2008) in the sub-
merged macrophyte communities evidently stabi-
lized the clear-water state and the high ecological
status in the meso-eutrophic Lake Warniak in
1997-2004. These findings are similar to those of
Tõnno et al. (2003) in a Chara lake. The positive re-
sults of macrophyte recovery and improvement of
light conditions following biomanipulation as a res-
toration tool were confirmed by Yu et al. (2016) and
Rosiñska et al. (2017). After the disappearance of
Chara in 2004, the role of C. demersum in the
macrophyte community increased (Ba³dyga 2008),
but this species can also occur under enhanced
eutrophication conditions. Such changes, including
the rapid loss of Chara and the gradual loss of other
macrophytes were accompanied by decreasing water
quality exemplified by a decrease of SDD, an in-
crease of chlorophyll a content and phytoplankton
biomass, and the TLI-based eutrophic state in 2005
that persisted until 2014. Generally, charophytes are
very sensitive to decreases in water transparency and
increases in trophic levels (e.g., Krupska et al. 2012).
Thus, Chara species played a significant role in
maintaining a clear-water state in Lake Warniak in
1997-2004.

Fish fauna

Some multiple metrics of fish demonstrated an in-

creasing trend along with autotrophic activity and

a variety of fishery activities (Deines et al. 2015,

Ritterbusch et al. 2017). However, a certain deviation

from positive relationships can be expected because

of the regional climate. Some significant correlations
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were noted in the positive role phytoplankton played
on fish production (Napiórkowska-Krzebietke et al.
2016). For example, in Egypt, the enhancement of
primary and secondary production (primarily of
phytoplankton and zooplankton) as natural fish food
is one of the potential strategies for increasing fish
production (Hussian et al. 2015). In the late 1960s,
a study on food resources and fish stocking in Lake
Warniak confirmed that the basic food for pike was
usually roach and perch (Ciepielewski 1973). Com-
mon carp, bream, and tench fed on bottom fauna,
and the fauna fed on the plants; crucian carp fed on
zooplankton, and roach fed on macrophytes (95%)
and algae (4%) (Prejs 1973). Some literature reports
suggest that phytoplankton are important food re-
sources for fish larvae or even for adults like silver
carp and bighead carp (Conover et al. 2007,
Sauvanet et al. 2013, Anderson et al. 2017,
Napiórkowska-Krzebietke 2017 and references
therein); however, phytoplankton may not fully sup-
port proper growth in larger individuals (Malzahn et
al. 2007). Temporary oxygen deficits near the bottom
sediments in 1967-1974 (Zachwieja 1973,
Wêgleñska et al. 1979) and then sporadically
(Zdanowski et al. 1999) and winter fish kills in 1970,
1985, 1987, and 1996 contributed to serious reduc-
tions in both autochthonous and allochthonous fish
biomasses in Lake Warniak. These uncontrolled
events can have a cascading effect on the functioning
of food webs in lakes (Balayla et al. 2010, Sayer et al.
2016). Additionally, the intense fish catches before
2000 that exceeded 150 kg ha-1 in 1995 and 1997,
and those after 2000 of approximately 50 kg ha-1 in
2001 and 2005 (Zdanowski et al. 1999, Zakêœ et al.
2015) lowered fish biomass considerably.

Grass carp was first introduced outside its native

range of occurrence after 1945 (Kirka�aç 2011), and it

was first introduced in Poland in 1964 (Giera³towski
1967). These were done for both aquatic manage-
ment and aquaculture purposes (Opuszyñski and
Shireman 1995). Earlier studies indicated that grass
carp introduction significantly impacted aquatic en-
vironments, including both physicochemical and bi-
ological water quality parameters (e.g., Rose 1972,

Lembi et al. 1978, Krzywosz et al. 1980, Shireman et

al. 1985, Krzywosz 1997, Kirka�aç and Demir 2006,

Krupska et al. 2012). In the 1970s, grass carp was the

key species that indirectly, but significantly, affected

phytoplankton abundance and structure in Lake
Warniak (Spodniewska 1975, Wêgleñska et al.
1979). Then, two other cyprinids, silver carp and
bighead carp, took over this role by reducing the
top-down control by zooplankton on phytoplankton,
and, contrary to assumptions, they enhanced
phytoplankton biomass. This is consistent with the
findings of Opuszyñski (1978, 1987), Radke and
Kahl (2002), and Zhou et al. (2011) that
biomanipulation with silver carp and bighead carp
can be ineffective in limiting the phytoplankton bio-
mass and cyanobacteria cannot be successfully di-
gested. Furthermore, these two cyprinid species are
known to be difficult fish to catch, and they are not
attractive to anglers; thus, their biomasses are hard to
control. The successful removal of herbivorous and
seston-feeding fish species from Lake Warniak was
only possible by intense fish catches and winter fish
kills. Similar to the results of the meta-data-analysis
on 128 biomanipulations in 123 lakes by Bernes et
al. (2015), average Secchi disk depth significantly in-
creased and average chlorophyll a concentrations
significantly decreased in Lake Warniak. These posi-
tive effects persisted for as long as seven years after
the successful removal of the herbivorous and
seston-feeding fish, but they were also supported by
the submerged macrophyte re-colonization.

After the period of the more or less intense intro-
duction of herbivorous and seston-feeding fish spe-
cies and irregular winter fish kills, pilot stocking with
an autochthonous population of predatory fish was
initiated in Lake Warniak. Throughout the
2000-2014 period, Lake Warniak was regularly
stocked with pike, whereas with wels catfish, and Eu-
ropean eel only for three years. The same fish species
and also pikeperch were used as a biomanipulation
tool to improve water quality in Maltañski Reservoir
(Go³dyn et al. 2014, Kozak et al. 2015). Furthermore,
pike is the most popular, well-known fish species
used to maintain proper ichthyofauna structure and
appropriate food web equilibrium, and it is impor-
tant worldwide in biomanipulations applied to
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restore degraded water reservoirs (e.g., Jeppesen et
al. 2012, Go³dyn et al. 2014) by significantly reduc-
ing planktivorous and planktophagous fish (Skov et
al. 2003, Skov and Nilsson 2007, Bernes et al. 2015).
Presumably, this management strategy should be
helpful in facilitating clear-water state by enhanced
grazing pressure on phytoplankton. In Lake
Warniak, a clear-water state and high/good ecologi-
cal status persisted only from 1997 to 2004, which
was the period directly after the removal of herbivo-
rous and seston-feeding fish in the first years of regu-
lar pilot stocking with predatory pike when
submerged macrophyte biomass was high. A shift to-
ward deteriorating water quality after 2004 did not
coincide with any further fish stocking, but it is im-
portant that the share of pike in total monitoring
catches declined. This, in turn, appears to confirm
the general decreasing tendency in the share of pike
along with the deteriorating environmental condi-
tions noted in Polish polymictic lakes during the
WFD intercalibartion on Lake Fish Index systems
(Ritterbusch et al. 2017). Furthermore, shares of
perch, tench, and large roach also decreased,
whereas those of pikeperch and crucian carp in-
creased as the ecological status of polymictic lakes
worsened.

Multi-year relationships between phytoplankton
and fish were significant in Lake Warniak. They were
negatively correlated with phytoplankton for
autochthonous fish. Thus, top-down control by the
grazing pressure of the large filtrators Cladocera and
Copepoda and fish was important in periods when
autochthonous fish dominated the ichthyofauna of
Lake Warniak. On the other hand, positive
phytoplankton-fish relationships were noted for all
introduced fish, but also separately for two
seston-feeding fish species and grass carp. Such pos-
itive inter-correlated quantitative dependencies con-
firm a low or even the lack of their importance for
top-down control in this lake.

Furthermore, similarly to the Maltañski Reservoir
that was subjected to biomanipulation mainly with
pike (Go³dyn et al. 2014), colonial cyanobacterial
blooms also occurred in Lake Warniak in 2005-2008.

The biomass of the dinoflagellate Peridinium in
2009-2011 increased considerably. This was similar
to the results of Ofir et al. (2017) and suggested that
biomanipulation could fail to improve water quality or
to significantly decrease phytoplankton biomass. Con-
versely, an increase in Peridinium biomass and water
deterioration were both noted. Thus, after 2004,
rather symptoms of ichthyoeutrophication, similar to
those in 1976-1994, were detected again in Lake
Warniak (Opuszyñski 1987) with high pressure from
grass carp, silver carp, and bighead carp than im-
proved water quality. These findings provide impor-
tant insight for future lake management, which should
focus on the overall food web structure and effective
energy flows; in short, an ecosystem based approach
should be applied. A mass balance model that de-
scribes food web functioning against the background
of ecosystem properties was elaborated for a shallow
macrophytic lake (Guo et al. 2013). The results sug-
gest that the stocking should be directed at increasing
predatory diversity using piscivorous and omnivorous
species, and, furthermore, at developing eco-friendly
fisheries together with the utilization and protection of
submerged plants. To conclude, hypothesis 3 was
confirmed with regard to phosphorus, Chara species,
large filtrators of Cladocera and Copepoda, and
autochthonous fish species. These are the key drivers
that affect changes associated with phytoplankton
throughout the shallow lake ecosystems.

The case study of the shallow pond-type Lake
Warniak is a good example of natural process of lake
extinction accelerated by human activities associated
with unsuccessful biomanipulation measures, in-
cluding experimental stocking with the cyprinids
common carp, grass carp, silver carp, and bighead
carp. Furthermore, fisheries management can either
decelerate, if appropriate, or accelerate, if inappro-
priate, this natural process that is also accompanied
by significant changes related to the environment,
such as shifts in phytoplankton biomass and struc-
ture, slower or faster rates of helophyte and float-
ing-leaved plant spread, and the colonization or
disappearance of submerged macrophytes.
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Summary and conclusions

Historically, the shallow pond-type Lake Warniak

was subjected to restoration measures including the

introduction of herbivorous grass carp and

seston-feeding silver carp and bighead carp to con-

trol submerged macrophytes and phytoplankton.

The state of the lake shifted from a clear-water

(1967-1974) to a turbid-water state (1975-1995) as

the result of this biomanipulation. Then, after reduc-

ing fish pressure, through the significant removal of

introduced fish and submerged macrophyte

re-colonization, there was another shift from a tur-

bid-water to a clear-water state that persisted until

2004. Then, another turbid-water state occurred

during the period when there was significant

Charales decline and substantial reductions in sub-

merged macrophyte biomass.

In comparison to historical data from the
1967-1998 period when non-native fish were experi-
mentally introduced into the lake, the current data
from all the growth seasons during the 15-year study
(2000-2014, with predatory fish pilot stocking) indi-
cate that long-term changes occurred in the
phytoplankton. In 2000-2014, the phytoplankton as-
semblages, which included representatives that usu-
ally occur in both nutrient-rich and nutrient-poor
lakes, were characterized by changes from period to
period as follows:

a) cryptophyte dominated (2000-2004) and func-
tional Y + X2 + X1 + LO assemblages with a max-
imum biomass of 5.0 mg dm-3;

b) cyanobacteria dominated (2005-2008) and func-
tional K assemblages with a maximum biomass of
20.0 mg dm-3;

c) dinoflagellate dominated (2009-2011) and func-
tional LO + Y assemblages with a maximum bio-
mass of 16.0 mg dm-3;

d) cryptophyte dominated (2012) and functional Y +
LO + F + X2 assemblages with a maximum bio-
mass of 9.0 mg dm-3;

e) diatom dominated (2013-2014) and functional D
+ K + P + A assemblages with a maximum bio-
mass of 15.0 mg dm-3.

Rapid changes in the biomass and structural
components of phytoplankton assemblages after the
disappearance of Charales in 2004 were character-
ized by:

a) a lack of stability or distinct tendencies in biomass
size until 2014;

b) successive, high-amplitude, impermanent changes
in phytoplankton structure approximately every
two or three years or even from year to year;

c) high shares of cyanobacteria in summer
phytoplankton indicating shifts toward
cyanobacteria domination in 2005-2008 and then
their subsequent decline;

d) high fluctuation in domination structures from pe-
riod to period;

e) increases in total biomass and species richness;

f) a return to typical phytoplankton-dominated state
after the decline of macrophytes that were typical
of a turbid-water state.

The multi-year (1967-2014) analysis of
phytoplankton responses to fish-induced environ-
mental changes in a temperate shallow lake identified
a strict dependency. In verifying all of the study hy-
potheses, it was possible to draw more conclusions.

1. The total phytoplankton biomass increased with
increasing water temperatures throughout all of
the seasons of the studied period (2000-2014).
A phytoplankton domination shift toward
cyanobacteria was recorded in warmer years when
the average annual air temperature was higher by
approximately 2°C than the 1953-1999 mean of
6.9°C. The phytoplankton-temperature depend-
ence was not as evident in multi-year (1967-2014)
comparisons.

2. Only phosphorus played an important role in bot-
tom-up control of food availability. The role of ni-
trogen was limited considerably.

3. The phytoplankton-macrophyte (primarily sub-
merged) dependence can suggest the occurrence
of strong competition in Lake Warniak. C.

demersum and E. canadensis in 1967-1974 and
Chara species in 1997-2004 played key roles in
maintaining a macrophyte dominated clear-water
state with at least a good ecological status and
meso-eutrophic conditions in Lake Warniak.

Phytoplankton response to fish-induced environmental changes... 255



4. The higher biodiversity indices in 2005-2014 with
a turbid-water state, moderate/poor ecological
status, and eutrophy than in 2000-2004 with the
Chara dominated clear-water state, high/good
ecological status, and meso-eutrophy suggest that
submerged macrophyte competition together with
a lower trophic state can accelerate the loss of
biodiversity.

5. Four distinct periods were identified—two with
macrophyte dominated clear-water state, low
phytoplankton biomass, and high shares of
nannoplankton (1967-1974 and 1995-2004) and
two with phytoplankton dominated turbid-water
state, macrophyte loss or their residual
phytocoenoses or single specimens, and relatively
high shares of cyanobacteria (1975-1994 and
2005-2014)—that confirmed the transition from
one state to another occurring only with slight
changes from meso-eutrophy to eutrophy, but
with substantial shifts in fish pressure.

6. A significant positive relationship between
phytoplankton and zooplankton, especially in
1967-1998, confirmed the important role of the
short grazing chain in top-down control. Further-
more, the highest trophic efficiency in 1967-1974
was concurrent with low phytoplankton biomass,
the high share of large cladoceran and copepod
filtrators Daphnia cucullata, D. longispina, and
Eudiaptomus graciloides, good water quality,
macrophyte dominated clear-water state, and the
domination of autochthonous fish in the
ichthyofauna. In contrast, the lowest trophic effi-
ciency in 1985-1994 was associated with high
phytoplankton biomass dominated by
cyanobacteria, low zooplankton biomass domi-
nated by rotifers, turbid-water state, and the high-
est pressure of silver carp and bighead carp.

7. The multi-year significant negative relationships sug-
gest the importance of phytoplankton top-down con-
trol exerted by grazing pressure in the periods when
autochthonous fish, which also include predatory
fish, dominated the lake ichthyofauna. In contrast,
positive relationships with all introduced fish and
also separately with seston-feeding fish and grass
carp suggest their weak influence or even the

absence of it on the top-down control of
phytoplankton, and periods in which they exerted
high pressure were more similar to
ichthyoeutrophication than to improved water qual-
ity.

8. The recent study period (2000-2014), during
which predatory fish pilot stocking with pike was
performed, suggests that the role of this fish in the
control of phytoplankton growth is important, but
only in concert with the domination of Charales
and the removal of herbivorous and
seston-feeding fish. The unstable phytoplankton
growth and structure recorded after the disappear-
ance of Charales in 2004 suggests that any im-
provement in water quality was only temporary
despite continued stocking with pike.
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