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Abstract: It is well-known that recent climatic changes have strongly affected aquatic ecosystems.
In this study, we examined the complex factors determining the development of phytoplankton
communities during the vegetative growth season in eutrophic lakes located in a temperate zone in
eastern Poland. Our analysis enabled us to divide the data into two different periods: years with a
cold winter and low total precipitation, and those with a mild winter and high total precipitation.
The analysis showed that the soluble and total nitrogen content, concentration of chlorophyll g, total
phytoplankton biomass, and biomasses of Cyanobacteria and Cryptophyceae were significantly
higher in the vegetative growth season in the year after a mild winter, whereas the soluble and
total phosphorus content and phytoplankton biodiversity were significantly lower in these years.
Hence, climate warming indirectly led to the loss of biodiversity in the phytoplankton communities
in the studied lakes of temperate zone. During this study, we also tested the effects of increases
in air temperature and total precipitation on phytoplankton communities over short time periods
(14 and 28 days). The results showed that the total phytoplankton biomass and the chlorophyll a
concentration were only positively correlated with the air temperature. All of the features described
in this study showed how sensitive lake ecosystems are to climatic fluctuations.

Keywords: mild and cold winter; precipitation; temperature; physical and chemical parameters;
phytoplankton community

1. Introduction

Many extreme weather events have happened in recent years. These are visible as regional climate
disturbances, as well as changes on a global scale. Higher or lower air temperatures, longer or shorter
winter periods, and droughts or intense precipitation events are all meteorological phenomena that
are part of the ongoing climatic changes occurring in the world [1]. Such events and changes have
happened naturally over the course of the history of the Earth, on a long timescale. However, recent
climate changes have happened over an unusually short timescale due to the effects of humans on the
environment. Thus, the concept of the Anthropocene has emerged to describe the time in which we are
now living, and seems to be more and more appropriate [2,3].

All of the aforementioned changes in weather conditions are difficult to forecast because there are
many factors that can affect the climate. Nonetheless, the future prognosis is for there to be successive
increases in temperature and in the frequency of severe precipitation events in Europe [4,5], which will
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affect surface water temperatures of lakes, especially in spring and summer [6,7], as well as lead to
a lack of ice, late ice formation, or early ice melting in lakes during winter [8-11]. The increases in
precipitation events may enhance the hydration of catchment basins, influence the process of water
runoff, and facilitate non-point delivery of biogenic compounds and organic carbon to lakes [12].
Consequently, the biotic elements in freshwater ecosystems will first respond through increases in the
biomass of primary producers through the intensive development of phytoplankton and macrophytes,
which leads to advanced eutrophication in lakes if it reaches very high amounts [12-14]. Hence, lakes
are treated as valuable sentinels for detecting global changes, which in turn might have major direct
and indirect effects on the biota of lakes [15].

The phytoplankton community in a lake is very sensitive to changes in abiotic parameters. This has
been clearly shown in many previous studies concerning the global expansion of cyanobacterial
blooms in lakes varying in trophic character, morphometry, hydrology, biogeography, and catchment
properties [14,16-18]. Nonetheless, independently of a lake’s type and its morphometric properties,
as well as whether studies were performed in natural habitats or in laboratory experiments, increased
temperature appears to play the most important role in the occurrence of cyanobacterial blooms [5,18-21].
This is because of the high environmental plasticity of cyanobacteria and the features that give them
a competitive advantage over other phytoplankton, such as their ability to remain buoyant in the
water column through the use of gas vesicles, form mucilaginous colonies for slower sinking, use a
wide portion of the light spectrum for photosynthesis, form nitrogen-fixing heterocysts, use diverse
reproductive strategies, multiply quickly in water, and have low susceptibility to grazing pressure [22,23]
or produce a wide spectrum of toxins [24]. All of these properties can help these blue-green algae to
hamper the development of other phytoplankton species, especially in the face of extreme precipitation
events or changes in air temperature that can cause increased nutrient inputs to the surface waters
or affect the thermal regime in the water column. Nonetheless, in lakes in temperate zones, other
phytoplankton groups, such as diatoms or mixotrophic flagellate species such as cryptomonads and
dinoflagellates, are able to grow well or even outcompete cyanobacteria during the colder months of the
year (autumn, winter, or spring) [25,26]. Winter is a very important period, which can affect limnological
processes not only during winter but also in the following growing season. However, hydrobiological
field work during cold winters with thick ice cover, extreme low temperatures, and sometimes heavy
snowfall can be very difficult. Similarly, field work during mild winters on lakes devoid of ice
but during unpleasant weather conditions, e.g., strong wind and wave action, low temperatures,
or heavy rainfall can create difficulties for researchers [27]. Nevertheless, winter limnology has been
increasingly recognised in recent years [28-35]. The winter phytoplankton may be an inoculum for
spring phytoplankton development and cause an early depletion of nutrients, and may also affect the
food web in aquatic ecosystems during spring and summer [36,37]. Thus, the role of winter periods in
shaping the phytoplankton community in a lake for the whole of the subsequent year has recently
been widely discussed [38—41]. Simultaneously, there have also been some experimental studies which
pointed out that selected chlorophytes and cyanobacteria can have similar optimum growth conditions.
However, chlorophyte growth rates at their optimum temperature might even be significantly higher
than those of cyanobacteria [42]. Thus, chlorophytes together with cyanobacteria can develop and
grow well during hot summers. Therefore, the effect of climate warming, coupled with short-term
extreme weather events (e.g., heavy rains, droughts, high temperatures, and the occurrence of a mild
or cold winter) can lead to an increase in phytoplankton biomass, especially in closed lake ecosystems.

In this study, we analysed the effects of climatic variability (the type of winter and changes in
temperature and total precipitation) on the physical and chemical parameters and phytoplankton
communities in eutrophic lakes in a temperate zone. We hypothesised that the physical and chemical
parameters of the water and the phytoplankton community during the growing season were linked
to the following: (1) the occurrence of cold or mild winters preceding the vegetative growth season;
(2) the changes in precipitation intensity during the year; and (3) the changes in the air temperature
during the growing season. We also wanted to check whether these changes have led to divergent
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or similar responses in recent years among the studied lakes, which differed in their phytoplankton
community compositions.

2. Materials and Methods

This study was carried out from 2010 to 2014 in four lakes—Gtebokie, Gumienek, Czarne,
and Masluchowskie—all located near the village of Uscimow in the Western Polesie region, mid-eastern
Poland. Western Polesie (latitude: 51°18’00”-51°57’00” N; longitude: 22°38'11”-24°09'00” E) is
characterised by having a great number of lakes (more than 60), marshes, meadows, and swamps,
and is part of a large geographical region referred to as Polesie and divided between three countries:
Poland, Ukraine, and Belarus [43].

The studied lakes are all small, eutrophic, and have similar morphometric characteristics (Table 1).
These bodies of water are situated in an agricultural landscape. Their catchment basins are relatively
small (Table 1), and in the case of the Lakes Gtebokie, Gumienek, and Masluchowskie these consisted
of arable land (20.5%-73.5%), forests (0.57%-23.9%), and meadows (4.67%-7.57%). Only Lake Czarne is
surrounded by an earth dyke (since the 1950s) and has a catchment basin with a largely limited area [44].
According to the Ohle’s index (the quotient that results from the division of the total catchment area by
the lake’s surface area) [45], the studied lakes should be characterised as lakes with low susceptibility
to the transport of biogenic matter (Ohle’s index values from 2.5 to 8.6).

Table 1. Morphometric characteristics of the studied lakes in the West Polesie region, as described by
Wilgat et al. [46].

Lake Coordinates Area  Length Mean Depth (m) Volume Catchment
(ha) (m) Width (m)  Max Mean (10° m3) Area (ha)
Glebokie 5212255;321; 205 585 350 7.1 34 689 1738
Gumienek glz(:?ég/lzg,’, 1]\_31 8.1 376 215 7.8 3.8 307 215
Czarne glzzégé/,giﬂ,g 24.8 596 416 10.3 3.7 915 Earth dyke
Masluchowskie ?2?586/,32’:, II\EI 26.7 861 310 9.4 4.6 1231 113.9

Climatic data for total precipitation and air temperature from a meteorological station in the town of
Wtodawa located in the Polesie region were obtained from an online service (http://www.tutiempo.net).
In this study, we included information about the total precipitation during each hydrological year,
which in Poland begins on 1 November and continues until 31 October of the next year, as well
as the total precipitation during the sampling months (from the beginning of May until the end of
August). Additionally, we tested the effect of the mean air temperature during the period 14 days
before sampling (T14) and the total precipitation for 28 days before sampling on the physical, chemical
and biological parameters of the lakes. The mean air temperature data were also used to determine the
type of winter period that preceded each sampling year. We assumed that mid-March was an average
time for winter ice cover breakup in Poland to occur [9]. The effects of a cold winter (CW) were studied
in the years when the latest ice breakup date was observed to be later than mid-March, whereas the
effects of a mild winter (MW) were studied when the latest ice breakup date occurred before this period.
The physical, chemical and biological parameters were analysed to assess the differences between
these two periods (CW and MW years).

Sampling was conducted every two weeks from May until the end of August in the years 2010-2014
(eight samples per year in each lake, 160 samples in total). Mixed water samples were collected from
depths of 0.5, 1.5, and 3 m from the deepest part of each lake, which was marked in 2010 using a GPS
receiver (Garmin 60Cx), using a Ruttner water sampler (2.0 L capacity). They were then analysed
in the laboratory with spectrophotometric methods to determine the concentration of chlorophyll
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a [47] and the total phosphorus (TP), total nitrogen (TN), inorganic phosphorus (P-POj), and nitrogen
content (DIN = N-NOy + N-NHy) in the water [48]. Additional physical and chemical parameters,
including electrolytic conductivity (EC), relative acidity/alkalinity (pH), and the depth of transparency
determined with a Secchi disk visibility test (SD), were measured in situ. Additionally, the intensity of
photosynthetically active radiation (PAR, I,) was measured with a Li-Cor 192 SA underwater quantum
flat metre. The vertical light attenuation coefficient (K4) between adjacent depth intervals (z and z +
0.5 m) was then calculated as:

K4 = [In(l.) - In(Lz4+05m)] 0.5 m ™, 1)

where I, is the PAR intensity value at a particular depth, z [49].

The chemical and biological data were used to evaluate the trophic status of each lake using
the trophic state indices TSI(CHL), TSI(SD), TSI(TP), and TSI(TN), which were calculated using the
equations described by Carlson [50] and Kratzer and Brezonik [51].

The samples collected for phytoplankton analysis were fixed in Lugol’s iodine solution and a
formalin-glycerine mixture. The abundance of phytoplankton was determined according to standard
methods [52], and the algal biovolume was calculated using the formula described by Hillebrand et al. [53].
Next, the phytoplankton biomass was calculated as a quotient of abundance and biovolume of
individual species. The water samples were transferred to a settling chamber with a 5-50 mL capacity.
After sedimentation, the algal abundance was evaluated using an inverted microscope (Zeiss Axiovert
135). In each chamber, small phytoplankton species were counted on the belts at 400x magnification (at
least 200 individuals); larger forms (filamentous or coccal colonies) were counted on the entire bottom
of the chamber at a magnification of 200x. A length of 100 um and a surface of 300 um? were assumed
for each individual filamentous and coccal colony, respectively. Additionally, samples for the taxonomic
analysis of phytoplankton were collected using a plankton net (20 um mesh size) and were left without
fixation to observe live specimens under a light microscope (Nikon Eclipse 80i). For each of the two
periods (CW and MW years), values of the Shannon-Wiener diversity index [54] and the Pielou’s evenness
index [55] were calculated based on the abundances of the different phytoplankton species in the community.
For better ecological interpretation of the phytoplankton communities, the species were also divided
into the appropriate morphological groups proposed by Reynolds [56], with some modifications and
clarifications of the concept proposed by Padisak et al. [57].

The data were logjo-transformed prior to analysis, or non-parametric tests were used if the data
did not meet the assumptions of parametric tests after transformation. The normality of the residuals
of the data was tested with the Lilleforst test, and the homogeneity of their variances was analysed
with Levene’s test. Detrended correspondence analysis (DCA) was employed using the MultiVariate
Statistical Package (MVSP 3.11, Kovach Computing Services, Pentraeth, Isle of Anglesey, Wales, U.K.)
to find the main factors or gradients that typified the ecological community data and could differentiate
among the analysed lakes. Two-way analysis of variance (ANOVA) was then employed to test whether
there was an interaction between the two independent variables, the type of winter (CW or MW) and
the group to which each lake belonged (group A or B, based on the DCA results), and with the physical,
chemical and biological parameters as the dependent variables. After the ANOVA, Tukey’s honest
significant difference post-hoc test (Tukey’s HSD) was used to compare different treatment groups’
means to one another. The relationships between the parameters describing water transparency (SD
and Kg), climatic variability (T14 and PPyg), chemical parameters (soluble and total nitrogen and
phosphorus content), and phytoplankton community parameters (the concentration of chlorophyll a
and the phytoplankton biomass) were evaluated with Spearman’s rank correlation test. All of these
calculations were performed according to Sokal and Rohlf [58] using Statistica 10.
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3. Results

A successive increase in mean air temperatures in the Western Polesie region across several years
was noted (Figure 1a). This tendency was even greater during the study period (2010-2014; Figure 1b).
Based on the mean air temperature data, we determined that there were two main winter periods that
affected the physical and chemical, as well as the biological, parameters of the studied lakes; these
were years that followed a cold winter (CW), when the latest ice breakup date was observed to be
after mid-March, and those that followed a mild winter (MW), when the latest ice breakup date was
observed to be before this period. According to this, a CW was noted in the years 2010, 2012, and 2013,
and a MW occurred in the years 2011 and 2014 (Figure 1b). The amplitude of the ice duration during
the five years of this study was high. The earliest ice breakup was observed in the second 10-day period
of February after the winter of 2014 (a MW), and the latest ice breakup was observed in the second
10-day period of April after the winter of 2013 (a CW). Hence, the difference between the earliest and
the latest ice breakup date observed was around 60 days.
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Figure 1. Monthly mean air temperature for two periods: (a) 2004-2014; (b) 2010-2014. The dashed
line represents the trend line of changes in air temperature over time.

The total precipitation also showed an increasing tendency over the last decade (Figure 2a), as well
as during the studied period (Figure 2b), and the amount of total precipitation corresponded to the
type of winter that occurred. During hydrological years with a MW, the mean total precipitation was
717.4 mm, whereas in hydrological years with a CW, the mean total precipitation was much lower
at 579.8 mm. Similarly, the mean total precipitation during the studied months (from the beginning
of May until the end of August) differed greatly between the periods after a MW and after a CW,
with 456.4 and 292.9 mm, respectively (Figure 2b). This large difference resulted from some extreme
precipitation events that took place during the vegetative growth season in the hydrological years after
a MW, specifically in July 2011 and May 2014 (Figure 2b).
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Figure 2. Monthly precipitation totals for two periods: (a) 2004-2014; (b) 2010-2014. The dashed line
represents the trend line of changes in precipitation over time.

We wanted to check if there were any relationships between the changes in meteorological factors,
i.e., the presence of extreme precipitation or temperature events, measured over short periods of time
and the reaction of the aquatic environment. Hence, the effects of temperature and precipitation on
the biological and chemical parameters of the lakes were also studied over short intervals of 14 and
28 days before sampling, respectively. The chlorophyll 2 concentration and the phytoplankton biomass
increased with the mean air temperature (T14 days), Whereas no effect of total precipitation (PP2g days)
was found (Figure 3). The T4 qays Was positively correlated with the chlorophyll 4, concentration,
total phytoplankton biomass, and biomasses of Cyanobacteria and Chlorophyta, with Spearman’s
correlation coefficients (p) of 0.37, 0.38, 0.34, and 0.28, respectively (p < 0.001, n = 159). The consequence
of the high amount of phytoplankton biomass at high temperatures was an increase in water turbidity,
as was shown by the negative correlation of T14 qays with the SD values found (Spearman’s ¢ = —0.20,
p <0.01, n = 159), and the positive correlation of T14 days with the Ky values (Spearman’s ¢ = 0.17,
p <0.01, n =159). The total precipitation (PP2g days) had indirect effects on the phytoplankton biomass
and chlorophyll a concentration through inducing changes in water chemistry. The PPpg qays wWas
positively correlated with the DIN (Spearman’s ¢ = 0.30, p < 0.001, n = 159) and negatively correlated
with the P-POy (Spearman’s ¢ = —-0.19, p < 0.05, n = 159), which was positively correlated with
chlorophyll a concentration and phytoplankton biomass (Spearman’s ¢ = 0.24 and 0.22, respectively,
p <0.001, n = 159).
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Figure 3. Relationship between the concentration of chlorophyll a (Chl-2) and the phytoplankton
biomass (TB) and the mean air temperature (T14 days; upper panel) and total precipitation (PP2g days;
lower panel) in the studied lakes during the investigation period (2010-2014).

The physical and chemical parameters measured had strong influences on the development of
the phytoplankton communities and the concentration of chlorophyll a. Hence, large discrepancies
were noted due to biological parameters that resulted from differences among the studied lakes.
Generally, high concentrations of chlorophyll 2 and phytoplankton biomasses were observed in Lake
Glebokie, whereas very low values of these were found in Lake Czarne, although an extremely high
concentration of chlorophylla (114.5 ug L=!') and phytoplankton biomass (44.3 mg L.=!) was seen in Lake
Masluchowskie in July 2011 (Figure 4). The phytoplankton community was dominated by three groups:
Cyanobacteria (mainly from codon Hl—dinitrogen-fixing nostocaleans, or S1—cyanobacteria of turbid
mixed layers), Cryptophyceae (codon Y—cryptomonads of small enriched lakes), and Chlorophyceae
(mainly from codon F—chlorophytes of clear epilimnion, P—chlorophytes of eutrophic epilimnion,
or J—chlorophytes of shallow enriched lakes) (Figures 4 and 5). The highest biomasses of Cyanobacteria
and Cryptophyceae were found in Lakes Glebokie and Gumienek, whereas the biomasses of both
these groups were lower in Lakes Czarne and Masluchowskie (Figure 4a,b). However, an extremely
high biomass of Cyanobacteria (28 mg L™!) was seen in July 2011 in Lake Masluchowskie (Figure 4d).
During this study, the Cyanobacteria group was dominated by filamentous species, including Limnothrix
planctonica (Woloszynska) Meffert and Planktolyngbya limnetica (Lemmermann) Komarkova-Legnerova
and Cronberg in Lake Glebokie, and Limnothrix redekei (Goor) Meffert, Limnothrix planctonica,
and Planktothrix agardhii (Gomont) Anagnostidis et Komérek in Lake Gumienek, all belonging to
functional group S1 (Figure 4a,b). In Lakes Czarne and Masluchowskie, the most abundant blue-green
alga was Aphanizomenon gracile (Lemmermann) Lemmermann, belonging to codon H1. Among the
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Cryptophyceae group, Cryptomonas marssonii Skuja and Cryptomonas curvata Ehrenberg (belonging
to codon Y) were present in all lakes (Figure 4). Only one more group, Chlorophyta, with the
dominant species being Coenococcus planctonicus Korshikov (codon F), made up large portions of the
phytoplankton biomass in all lakes throughout this study. There were also other green algae present at
higher biomasses representing codon ] from the genera Pediastrum, Stauridium, Coelastrum, Scenedesmus,
and Desmodesmus, or representing codon P from the genera Staurastrum and Clostridium; however,
none of the species in a particular genus dominated in the communities (Figure 4). The proportion
of the community biomass composed of other phytoplankton species found in the analysed samples
belonging to the groups Euglenophyta, Dinophyceae, Chrysophyceae, and Bacillariophyceae (Figure 5),
and representing codons C, D, E, G, K, Ly, MP, N, W1, W2, X1, X2, and X3, was negligible.
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Figure 4. Temporal variation in the biomass of different phytoplankton functional groups and the
concentration of chlorophyll a during the investigation period (2010-2014) in the studied lakes:
(a) GLebokie; (b) Gumienek; (c) Czarne; (d) Masluchowskie. Explanations: S1—cyanobacteria of turbid
mixed layers; Hl—dinitrogen-fixing nostocaleans; F—chlorophytes of clear epilimnion; J—chlorophytes
of shallow enriched lakes; Y—cryptomonads of small enriched lakes; P—chlorophytes of eutrophic
epilimnion; Lo—various species typical of summer epilimnion in mesotrophic lakes.
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Figure 5. Temporal variation of percentage shares of phytoplankton groups based on biomass during
the investigation period (2010-2014) in the studied lakes: (a) GLebokie; (b) Gumienek; (c) Czarne;
(d) Masluchowskie.

Detrended correspondence analysis (DCA) was employed to check whether some factors or
gradients existed that could be used to differentiate the studied lakes. The results of the DCA clearly
showed that the lakes could be divided into two groups: group A, composed of the samples from
the Lakes Gtebokie and Gumienek, and group B, composed of the samples from Lakes Czarne and
Masluchowskie (Figure 6). The main factor that differentiated the groups was the phytoplankton
functional groups present in them. In both groups, large portions of the phytoplankton biomass were
made up of Cyanobacteria. However, in group A, the cyanobacterial species present belonged to codon
S1, while those in group B belonged to codon H1. Additionally, the green algae from codon F were
often present in the group B lakes, but only sporadically in group A. This analysis also found that the
values of the phytoplankton biomass were important, as these were generally much higher in the lakes
from group A than in those from group B (Figure 4, Table 2).
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Figure 6. Detrended correspondence analysis (DCA) of the phytoplankton communities in the studied
lakes during the investigation period (2010-2014).

On the basis of the results of the DCA, we decided to test whether the interaction between
the type of winter (CW or MW years) and the lake group (group A and B lakes) had a significant
effect on the physical, chemical and biological parameters of the lakes” water and phytoplankton
communities. Hence, we tested the effect of this interaction using two-way ANOVA. The results of these
analyses showed that variations in most of the physical and chemical parameters were independent
of the group to which the lakes belonged but were highly dependent on the type of winter that
preceded the sampling year (Table 2). This is shown in Table 2, with there being small differences
between groups A and B after particular winter types, and large differences within each group of lakes
between different winter types (CW vs. MW years). After a MW, the content of total and soluble
nitrogen (TN, DIN, and the DIN/TN ratio) and the TSI(TN) were higher, and the content of total and
soluble phosphorus (TP and P-PO,) and the TSI(TP) were lower, than after a CW. Hence, the TN:TP
ratio was also higher after a MW (Table 2). This relationship was clearly shown by the deviation
between the trends in the TSI(TN) and TSI(TP) values (Figure 7). Nonetheless, no differences in
the electrolytic conductivity, pH, and water temperature were found between the compared periods
(Table 2). Among the biological factors, the results of two-way ANOVA showed that there was a
significant effect of the interaction between the group of lakes and the type of winter. However, despite
the fact that groups A and B considerably differed in their values of particular biological factors,
the general effect of the type of winter still remained significant. Hence, the concentration of chlorophyll
a, TSI(CHL), total phytoplankton biomass, and biomasses of Cyanobacteria and Cryptophyceae varied
with the type of winter, and were all significantly higher after a MW than a CW. The biomasses of
other phytoplankton groups, including Chlorophyta (mainly represented by codons F, ], and P), which
made up large portions of the phytoplankton biomass throughout this study (Figure 4), did not show
significant differences between the two winter periods. However, the number of species, phytoplankton
diversity (Shannon-Wiener index), and the evenness (Pielou’s index) were significantly lower after
a MW than after a CW. In accordance with the trends in the concentrations of chlorophyll a and
phytoplankton biomass, the values of the attenuation coefficient (K4) were higher and the values of
water transparency (SD), expressed also in the values of TSI(SD), were lower after a MW than after a
CW (Table 2). Moreover, the Ky values were positively correlated with the concentration of chlorophyll
a and the phytoplankton biomass (Spearman’s ¢ = 0.82 and 0.80, respectively, p < 0.001, n = 159).
Conversely, the values of SD were negatively correlated with the aforementioned biological parameters
(Spearman’s g = —0.88 and —0.87, respectively, p < 0.001, n = 159).
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Table 2. Mean values (+standard deviations) of the biological, physical and chemical parameters
compared between the growing seasons after a cold (CW) and mild winter (MW) in the best-fitting
two-way ANOVA model. Selected effects related to the types of winter are presented below.
Explanations: A—mean values for Lakes Glebokie and Gumienek; B—mean values for Lakes Czarne
and Masluchowskie.

CwW MW
Parameter Group of Lakes Group of Lakes af F-test
All All
A B Lakes A B Lakes
29.39 13.79 21.51 36.05 20.62 28.34
_ -1 %k
Chl-a(MgL™)  ([450) (£109) (£152) (2163) (4217)  (£20.6) 1 6.95
Total Biomass 11.79 5.55 8.64 13.51 8.49 11.01 1 6.47 *
(mg L (£6.3) (£3.6) (£6.0) (+£6.5) (£8.2) (£7.7) '
Cyanobacteria 443 1.39 2.89 5.54 2.52 4.03 1 447 *
(mg L1 (£3.4) (£2.1) (£3.2) (£5.0) (£5.1) (£5.2) ’
Cryptophyceae 2.18 0.78 1.47 2.92 1.35 2.14 1 14.65 +++
(mg L™ (£1.2) (£0.7) (£1.2) (£1.5) (£1.2) (£1.6) '
Euglenophyta 0.32 0.03 0.17 0.29 0.05 0.17 1 0.02
(mg L1 (£0.3) (0.0) (£0.2) (£0.3) (x0.0) (£0.2) ’
Dinophyceae 0.87 0.31 0.59 0.79 0.44 0.61 1 0.15
(mg L) (+0.8)  (+0.5) (20.7) (09)  (£0.9) (+0.9) :
Chrysophyceae 0.11 0.06 0.09 0.14 0.05 0.09 1 0.02
(mg L1 (£0.2) (£0.1) (£0.2) (£0.3) (x0.0) (£0.2) ’
Bacillariophyceae 0.51 0.26 0.39 0.47 0.19 0.33 1 0.9
(mg L) (£0.6)  (+0.4) (+0.5) (0.6)  (£0.3) (+0.5) :
Chlorophyta 3.38 2.71 3.05 3.38 3.88 3.63 1 203
(mg L1 (£3.0) (£1.8) (£2.5) (£2.4) (£2.9) (£2.7) ’
o 416 32.0 36.7 34.4 26.4 30.4
Species richness (+8.1)  (£77) (£9.2) (£93)  (+8.3) (£9.7) 1 2245
Shannon-Wiener 2.05 2.15 2.10 1.92 1.74 1.83 1 739 %
diversity index (H')  (£0.6)  (x0.6) (£0.6) (0.6)  (£0.6) (£0.6) :
. , 0.55 0.61 0.59 0.54 0.53 0.53 N
Pielow'sevenness () (1) (401) (+0.1) (+0.1)  (£0.1) (+0.1) 1 3.94
633 62.3 62.8 73.9 71.1 72.5 -
TSI(TN) (+77)  (£77)  (#77)  (£59)  (£69)  (65) T esol
72.7 69.3 71 59.7 54.1 56.9
TSL(TP) (£11.6) (£13.6) (£12.7) (+4.9) (£7.2) (£6.7) 1 68.59
62.6 54.0 58.3 64.8 56.9 60.9 o
TSI(CHL) (+48)  (+66)  (£73)  (x44)  (277) (7.4 1 7.03
56.8 46.3 51.5 58.1 48.2 53.2 N
TSL(SD) (£3.2) (£5.2) (£6.8) (+4.9) (£6.9) (£7.8) 1 3.94
1.67 0.97 1.32 1.86 1.25 1.56
-1 *
Ka (m™) (£09)  (x04)  (£07)  (07)  (£0.8)  (x08) ! 446
1.28 2.75 2.03 1.21 2.51 1.86
SD (m) (£0.3) (£0.9) (£1.0) (£0.4) (£1.1) (£1.0) 1 1.76
Water temperature 22.16 21.74 21.95 21.5 21.0 21.2 1 271
Q) (£2.9)  (£27) (£2.8) (£2.6)  (£2.5) (£2.6) :
266.1 186.8 226.1 271.9 195.8 233.9
-1
EC (1S em™) (£68.4) (£59.6)  (£75.2)  (£812) (£649)  (+82.4) 1 046
H 7.75 8.01 7.89 7.88 7.96 7.93 1 0.03
P (£0.3) (£0.3) (£0.3) (£0.3) (x£0.3) (£0.3) ’
2.09 1.94 2.02 4.12 3.49 3.80
-1 *X%
N (mg L) (£09)  (20.8)  (x0.9)  (x13)  (x15)  (x14) L 9688
0.16 0.15 0.16 0.05 0.04 0.04
-1 Xk
TP (mg L) (+01)  (£02)  (£02)  (x0.0)  (£0.0)  (0.0) 1 3066
P-PO4 (mg L) 0.03 0.02 0.03 0.01 0.01 0.01 . -

(x0.0)  (x0.0) (£0.0) (0.0)  (£0.0) (0.0)
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CW MW
Parameter Group of Lakes Group of Lakes af F-test
All All
A B Lakes A B Lakes
0.53 0.61 0.58 2.54 2.09 2.18
-1 wkk
DIN (mg L) (04)  (£0.5) (+0.5) (x12)  (£1.1) (x1.1) b 14478
. 0.28 0.32 0.30 0.52 0.58 0.55 o
DIN:TN (:02)  (202)  (£02)  (x0.2)  (£02)  (0.2) L
0.24 0.29 0.27 0.28 0.37 0.33
P-PO&TP (£0.2) (£0.2) (£0.2) (£0.2) (£0.2) (£0.2) 1 34
. 25.3 34.0 29.7 94.9 110.2 102.6 et
NP (£252)  (£304)  (£282)  (+499) (#551) («327) b 12917
*p < 0.05,* p < 0.01, ** p < 0.001.
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Figure 7. Temporal deviations in the values of trophic state indices (TSI(TN)-TSI(TP)) during the
investigation period (2010-2014) in the studied lakes: (a) Glebokie; (b) Gumienek; (c) Czarne;
(d) Masluchowskie.

4. Discussion

In the eutrophic lakes studied here, we examined the complex factors determining the development
of their phytoplankton communities, which were affected by changing weather conditions, as well as by
changes within the lakes” aquatic environments. All of these transformations happen naturally, but today
they are becoming much more intense and difficult to predict [39]. The study of microorganisms in winter
under the ice and snow cover, or lack thereof, concerns the specificity of this season in the context of
microorganism development, concurrently and also in the following seasons, that can strongly affect
the aquatic food web [28-35,40]. Our study showed that the winter period had profound effects on the
functioning of both the biotic components on a different level of organisation, as well as the abiotic elements
of aquatic ecosystems during the vegetative growth season. Hence, the whole year should be treated as
a continuum.

On the basis of the DCA results, the lakes were divided into two groups, A and B. It is interesting
that these groups were separated according to the functional groups of phytoplankton present
in them [56,57], whereas such a division did not occur according to classical taxonomic analyses.
However, this “artificial division” in the DCA was based on assemblages of species reflecting the
autecological and synecological characteristics of the phytoplankton community [56], which enabled
us to differentiate between the phytoplankton communities of the studied lakes. Nevertheless, there
were no further effects of these two separated groups (A and B) on the results analysed by two-way
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ANOVA. Hence, the main effect of the winter period (the CW and MW years) was the same, regardless
of the group (A or B). In our study, most of the physical and chemical parameters considered (i.e.,
soluble and total nitrogen, TN:TP ratio, TSI(TN), and TSI(SD)) were significantly higher after a MW,
whereas the values of soluble and total phosphorus content were significantly higher after a CW.
The TN and TP content had opposite values, in the lakes” water during the vegetative growth season
after a CW and a MW (Figure 7), as was expressed in the deviation model proposed by Havens [59],
suggesting that nitrogen was a limiting factor for phytoplankton development after a CW, whereas
phosphorus was a limiting factor after a MW. Low values of TP after mild winters and low values
of TN after cold winters were also previously reported in an Estonian lake [37]. This finding is also
supported by other studies, which pointed out the role of a lake’s internal supply of nitrogen in the
process of sediment resuspension, which might be very intensive after a MW as an effect of permanent
water mixing [60]. Moreover, MW years were coupled with periods of high precipitation during the
hydrological year, which could be another source of inorganic nitrogen from the atmosphere [15].
A similar effect was previously found with regard to the annual entrainment of suspended particulate
matter and total phosphorus, which both increased linearly with the duration of the ice-free period [61].
However, this previous study was done in a large, shallow, polymictic lake that was well-exposed to
the wind and had restricted macrophyte growth. In our study, high values of TP, and therefore nitrogen
limitation, in the vegetative growth season were measured after a CW. This finding can be linked to
the intensive runoff from the catchment basin caused by snow and ice melting after a cold winter [62].
Additionally, Blank et al. [63] found that high concentrations of TP in the spring after long-lasting ice
cover, corresponding to periods with severe winters, were a possible effect of the internal release of
phosphorus from deoxygenated lake bottom sediments. On the contrary, Sickman et al. [64] pointed
out that there is high export of total nitrogen to lakes from the catchment soils during snowmelt runoff.
Therefore, the amount of biogenic compounds in the water depends on both types of sources, internal
and external, which can play more or less important roles depending on the occurrence of a specific
type of winter (CW or MW).

In our study, both types of winter were coupled with differences in total precipitation, which
was much higher during the hydrological years with a MW than in those with a CW. The same effect
was found over a shorter period of time, restricted to only the vegetative growth season after either a
MW or CW. This suggested that the occurrence of a MW or CW was linked with there being higher
or lower total precipitation during the hydrological year, as well as with more or less precipitation
during the vegetative growth season. Hence, the total precipitation, together with the type of winter,
had profound effects on the abiotic and biotic parameters of the studied lakes in the context of long-term
interactions. However, we also tested the effects of precipitation restricted to a shorter interval of
28 days (Figure 3), and we did not find any significant differences between the precipitation totals
and the biological parameters expressed in the concentration of chlorophyll a or total phytoplankton
biomass. However, we found positive relationships between increasing air temperature and both
the chlorophyll a concentration and total phytoplankton biomass over a short interval of 14 days
(Figure 3). This could suggest that the phytoplankton community is more susceptible to temperature
increase than to precipitation events over short time intervals. In our study, only the biomasses of
Cyanobacteria and Chlorophyta were positively correlated with increases in temperature (T14 days),
with Spearman’s correlation coefficients of 0.35 and 0.32, respectively (p < 0.001, n = 159). This supports
the conclusion that warmer climates boost the percentage of the total phytoplankton biomass composed
of Cyanobacteria, which is closely related to the effects of temperature increases [20]. On the other
hand, previous experimental studies of selected species of Cyanobacteria and Chlorophyta showed
that both phytoplankton groups can have similar optimum growth characteristics, with high growth
rates at higher temperatures [42]. However, Rasconi et al. [65], on the basis of mesocosm experiments,
suggested that the effect of temperature on the phytoplankton community should be considered on a
long-term and multi-seasonal scale. Therefore, it is also well-known that cyanobacterial dominance
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is closely linked to eutrophication and global warming [5], which affect freshwater ecosystems on
long timescales.

The characteristics of the phytoplankton community in the vegetative growth season were
correlated with the type of winter, and as we mentioned above also with the precipitation totals, which
were significantly higher after a MW than a CW. In our study, we showed that the values of chlorophyll
a concentrations and the phytoplankton biomass were significantly higher after a MW than after a
CW (Table 2). As a consequence, the values of Carlson’s indices associated with the phytoplankton
community, such as TSI(CHL) and TSI(SD), as well as parameters describing the light climate in the
water column, such as the values of the attenuation coefficient (K4) or Secchi disk visibility (SD),
were also higher after a MW. Hence, we found significant correlations between the values of K4 or
SD and the phytoplankton biomass or chlorophyll a concentration that indicated a strong effect on
the phytoplankton community of the light conditions in the water column, and negligible effects of
suspended particulate matter on the process of light absorption.

In terms of the phytoplankton community, we found that the biomass of only two groups,
Cyanobacteria and Cryptophyceae, significantly increased after a MW. The effect of winter type was
non-significant for the other phytoplankton groups examined. Taking into consideration the functional
classification of phytoplankton used [56,57], we determined that the most important cyanobacterial
species belonged to codons S1 and H1. Interestingly, the species from codon S1 dominated in
Lakes Glebokie and Gumienek, whereas those from codon H1 dominated in Lakes Czarne and
Masluchowskie. Both functional groups are “typical” constituents of the phytoplankton communities
of shallow, eutrophic lakes. However, the codon H1 is composed of N,-fixing cyanobacteria, and is
thus favoured in lakes with nitrogen depletion (“less eutrophic”), whereas the codon S1 is composed of
species with gas vesicles, which are resistant to the water mixing and changes in light intensity that are
common in hypertrophic lakes in temperate regions (especially those exposed to wind mixing) with a
high nutrient content [16,56,57]. Cyanobacterial biomass was significantly higher after a MW, and this
change was coupled with elevated concentrations of soluble and total nitrogen. This is consistent with
the previous results obtained by Havens et al. [66], as well as with the observation of Jankowiak et al. [67]
from a field experiment, in which the cyanobacterial abundance significantly increased in response
to elevated concentrations of nitrogen, or combined high nitrogen and phosphorus concentrations,
and temperature treatments that concurrently suppressed the development of green and brown algae.
These characteristics clearly reflect differences between the studied groups of lakes (groups A and B),
that were also seen in the values of K4 and SD describing the light climate in their water columns
(Table 2). Such adaptations make cyanobacteria highly plastic to environmental changes and can help
them to outcompete other phytoplankton groups in an unpredictable world [39]. Cryptophytes (codon
Y) were present in both groups of lakes (A and B), but independently of the effect of winter period, their
biomass was always much higher in group A than in group B. Cryptophytes are tolerant to low light
intensity, have the ability to change their position in the water column, and are able to ingest organic
particles, which makes them largely independent of ambient nutrient concentrations [68]. All of these
features allow them to compete in aquatic ecosystems with other phytoplankton species, including
cyanobacteria. In the studied lakes, one other group, Chlorophyta, maintained high values of biomass,
but the changes in its biomass between the CW and MW years were statistically non-significant.
The species belonging to Chlorophyta were generally represented by the codons F, J, and P, which
are typical species of shallow, meso-eutrophic or eutrophic lakes with well-mixed waters [56,57].
Chlorophytes from codons E, ], and P, as well as cyanobacteria from codons H1 and S1, belong generally
to the assemblage of large-sized species that can develop well in eutrophic ecosystems, and due to their
size they are able to avoid heavy grazing by zooplankton [56]. Moreover, Liirling et al. [42] focused
on the competitive advantages of cyanobacteria that enable them to migrate vertically and prevent
sedimentation in warmer waters, as well as their resistance to grazing, especially when warming
reduces zooplankton body size. These advantages might be a reason that cyanobacteria can outcompete
chlorophytes, despite them having similar growth rates in warmer (optimal) conditions, especially in
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the face of the likely intensification of cyanobacterial blooms as a result of global warming [42]. On the
other hand, cyanobacterial blooms can influence lake nutrient cycling and constitute an internal source
of nitrogen and phosphorus in the water column, thereby increasing nutrient availability to other
phytoplankton and microbes [69]. This seems to be very important in the development of chlorophytes,
which can also undergo optimum growth at higher temperatures.

In this study, we also tested the effect of winter type on phytoplankton biodiversity. According to
the results, the species richness, values of the Shannon-Wiener diversity index, and evenness (Pielou’s
index) of the communities were lower in the vegetative growth seasons after a MW than in those after a
CW. This suggests that the occurrence of a mild winter coupled with higher amounts of precipitation in
the vegetative growth season negatively affects phytoplankton biodiversity. Hence, climate warming
coupled with frequent mild winters could facilitate the mass development of phytoplankton blooms,
although in the biomass produced only a few species (sometimes one or two) would be dominant.
Consequently, climate warming can indirectly affect the biodiversity of phytoplankton communities in
lakes in the temperate zone.

5. Conclusions

1. The changes in weather conditions, defined as fluctuations in air temperature and total
precipitation, significantly affected the functioning of the aquatic ecosystem in the studied
lakes in the temperate zone.

2. The occurrence of a cold or mild winter affected both the abiotic and biotic parameters of the
studied lakes during the vegetative growth season.

3.  The content of soluble and total nitrogen, concentration of chlorophyll 4, total phytoplankton
biomass, and biomasses of Cyanobacteria and Cryptophyceae were significantly higher in the
vegetative growth seasons following a mild winter, whereas the content of soluble and total
phosphorus and phytoplankton biodiversity were significantly lower in these years.

4. All of the features described in this study showed how sensitive lake ecosystems are to climatic
fluctuations. The functioning of the lake ecosystems during the vegetative growth season was not
only affected by climatic variability during the season itself, but also as a consequence of changes
that took place earlier. Hence, climatic effects on lake ecosystems should always be considered
over an extended period of time.

5. Climate warming coupled with frequent mild winters could promote the mass development
of phytoplankton blooms, which could indirectly affect the biodiversity of phytoplankton
communities in lakes in the temperate zone.
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