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Abstract

A bacteriological study was conducted in late summer (early September 2018) in
the deepest postglacial reservoir in the central lowland depression — Lake Haricza
(northeastern Poland). The aim of the study was to determine the spatial variationin
the density of planktonic bacteria, the level of their hydrolytic activity and the ratio
of live to dead bacterial cells. During the fieldwork 92 water samples were collected
from thirteen stratified sites located in different parts of the lake. The bacterial num-
ber ranged from 0.57 to 3.97 (10° cells ml™). No horizontal or vertical changes in bac-
terial number were observed in a uniform pattern. The highest bacterial abundance
was recorded at two coastal sampling points, both located in the southern part of
the lake at the direct catchment area with commercial development (“agroturism”
guesthouses). There was little difference in bacterial number across the horizontal
gradient (F = 1.865; p = 0.170). Many water quality parameters appeared to be sig-
nificant factors correlating with bacterial abundance in Lake Haricza. There were
no statistically significant differences in hydrolitical bacterial activity and live/dead
ratios between investigated sites and across horizontal gradient. Our results indicate
that bacterial activity in deep lakes is affected by many water quality parameters,
such as temperature (r=0.667), Ca** (r=-0.4510), Mg*(r=0.511), NO, (r=-0.587) and
oxygen saturation (r=0.582).). Taking into account previous hydrobiological studies,
Lake Haricza was found to be very patchy in terms of bacterioplankton abundance.
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Introduction

Lake Hancza (LH) is considered to be a homogeneous natural water res-
ervoir due to its structure — the shape of the lake basin and shoreline of little
variety. Despite the increasing anthropopressure in the catchment area, the lake
still maintains its water quality level. It retains a fairly natural character and
low trophy. Differences in environmental conditions in the presence of human
activity in various parts of the lake can lead to significant changes of water qual-
ity across the reservoir. It is usually assumed that those differences are negli-
gible for small, shallow lakes with a more compact shape and greater stability
of water masses (Lopata et al. 2014). In the case of large lakes with an extensive
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shoreline, the differences in water quality in individual parts of the reservoir are
very well documented, e.g. as recorded for Lake Wigry (Gérniak and Zieliriski
2006). However, even lakes such as LH, with poorly differentiated lake basin
morphology, may also have significant spatial variation in water quality. This
may be influenced by the hydrological character of the lake, through which the
Czarna Haricza River flows. The distribution and activity of bacteria may be a
good indicator of spatial variation in water microbiological quality. According
to Bergstrom and Jansson (2000) the contribution of allochthonous bacteria can
account for up to 70% of the internal bacterioplankton production in the lake’s
epilimnion. Since there is such a high proportion of these allochthonous bac-
teria, there is a differential distribution of bacterioplankton in the epilimnion
related to organic matter availability (Lindstrom and Bergstrom 2004).

Bacteria play a substantial role in shaping water quality through cycling of
organic and inorganic matter of freshwater ecosystems (Chrést and Siuda 2006).
The rate of this circulation depends on chemical, physical and biological fac-
tors. Recent studies show that bacterioplankton can also be an indicator of the
trophic state of a lake in relation to anthropogenic factors and their influence
on water quality (Zielinski et al. 2006). LH is well investigated in terms of zoo-
plankton (Jekatierynczuk-Rudczyk et. al 2014; Karpowicz and Ejsmont-Karabin
2017; Ejsmont-Karabin et al. 2020), phytoplankton (Napiérkowska-Krzebietke
and Hutorowicz 2013; Karpowicz et al. 2016) and bacterioplankton (Nie-
wolak and Gotkowska-Plachta 1999; Gotkowska-Plachta et al. 2003; Zieliriski
et al. 2006; Gotkowska-Ptachta 2008), hydrochemistry (Hillbricht-Ilkowska and
Wisniewski 1993; Pyka et al. 2007), macrophytes (RIEP 2017) and fish (Bryliriska
et al. 2002, Kotusz et al. 2004; Dziekoriska-Rynko et al. 2018).

The aim of the study was to determine the spatial variation in the occurrence
of planktonic bacteria density, the level of their hydrolytic activity and the ratio
of live to dead bacterial cells, which was crucial for establishing whether LH is
homogeneous in terms of microbiological and hydrochemical water quality on
the vertical and horizontal scale.

Materials and methods

LH, commonly regarded as a model mesotrophic lake, is the deepest water
reservoir not only in Poland, but in the European Lowlands, with depth reach-
ing 105.6 m (Borowiak et al. 2020). The surface area of the lake is 303.6 ha and
the volume of the lake is 0.1186 km® (Popielarczyk and Templin 2014). LH is
a part of the East Suwalskie Lake District and it is a flow-through lake, with
the Czarna Harcza River (CHR) flowing through it. CHR is a tributary of the
Nemen River and is characterised in its upper section by a very natural, mean-
dering riverbed (Kotodziejczyk 1999). The main factor in the exchange of lake
water, which takes about 144 years, is rainwater and water from surface runoff
(Mitrega et al. 1993). The lake lies within the Suwatki Landscape Park. It has
been protected in its entirety, along with its shores, as the Lake Haricza Natural
Reserve, since 1963. It is a unique body of water, located in a post-glacial trough,
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the catchment area of which is mostly occupied by agricultural and agrotourism
areas. The rest of the catchment area consists mainly of forests (Figure 1).

farmland and agro-tourism

=1 comiferous and deciduous forests

Figure 1. Management map of the Lake Haricza and its direct catchment.

Considered one of the cleanest lakes in Poland (Gotkowska-Ptachta et al.
2003), due to its unique structure and depth, it has been listed as a UNESCO
Aqua Project since 1974. It is estimated that LH, with a maximum length of 4.5
km, a width of 1.2 km and a total shoreline length of 12.6 km, was created dur-
ing the Late Weichselianglacier outburst floods in North-Eastern Poland around
15-17 thousands years ago (Weckwerth et al. 2019).

It is assumed that the oldest rocks forming the deep bedrock surrounding
LH are the highly fractured and fault-cut Precambrian anorthosite and norite
rocks of the so-called Suwatki Anorthosite Massif. The sediments shaping the
surface of LH’s surroundings are Quaternary formations reaching the thickness
of up to 281 m and differentiated into glacial, fluvioglacial and limnoglacial
sediments and form an organic sediment of the Eemian interglacial. The surface
formations are represented mainly by peats, silts and sands of river terraces and
bottoms, lacustrine organic and mineral sediments (gyttjas), as well as sands
and deluvial clays. Along the lake shores there are accumulations of boulders
constituting a layer often exceeding 2 meters (Pochocka-Szwarc et al. 2013).

In our study, all water samples were collected on one day during the sum-
mer stagnation period (September 2018), using a Ruttner apparatus, from 13
sites designated for the deep lake sites (no 1-3) and the coastal sites (no 4-13),
according to the bathymetric map (Figure 2). In this study, sampling points were
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delineated taking into account the lake’s direct catchment area, including the
community beach (station 4).

A total of 92 samples was obtained, 62 of which were collected at deep lake
sites, every meter from a depth of one meter to 15 meters and then at 10 meter
intervals to the bottom. Water transparency level was measured at these sites
using a Secchi disk. The remaining 30 samples were collected at coastal sites
from the three stratification layers of the studied lake. Water for microbiological
analysis from each site was collected into sterile containers.

750 1000

Figure 2. Map of the location of research sites (red circles — deep lake sites; green
circles — coastal sites) on the background of the bathymetric map of
Lake Haricza (based on: Popielarczyk and Templin 2014).

Directly in the field, in-situ measurements were performed with the Hach-
Lange multi-parameter probe (HQ-40) taking into account: water temperature,
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electrolytic conductivity, pH and dissolved oxygen concentration and oxygen
saturation. The main hydrochemical parameters were quantified using standard
procedures as described by WEF and APHA (2005) approximately 24 hours af-
ter collection to ensure that the sample did not deteriorate significantly during
storage. Dissolved organic carbon (DOC) and total nitrogen (TN) were deter-
mined in the laboratory using a high temperature combustion method with the
Shimadzu TOC-L analyser. Specific UV absorbance (SUVA) was used to evalu-
ate the aromaticity of dissolved organic matter. UV absorbance normalized to
the DOC concentration of the sample was computed using the formula:

Ab5254 x 1000
DOC

SUVA =

(Chin et al., 1994, modified). Parameters such as different nitrogen (NH,* and
NO,) and phosphorus (PO,*) ions and content of Ca** and Mg* were deter-
mined using the HPLC method using an ion chromatograph Thermo Dionex
ICS-1100. The determination of total phosphorus has been made with the mo-
lybdenum method measured according to standard methods (APHA 1998).

Epifluorescence technique was used to determine the total bacterial num-
ber (BN) after staining the bacterial cells with 4’6-diamidino-2-phenylindole
(DAPI). To count the bacteria deposited on 0.2 pm filters, they were placed on
basal slides with immersion oil and observed using an epifluorescence micro-
scope (Olympus BX43).

The bacteria hydrolytic activity (BHA) was determined using fluorescein di-
acetate and analysed at an excitation light wavelength of 480 nm and emission
of 505 nm with the modified method described by Adam and Duncan (2001)
following Burkowska-But et al. (2014).

To determine the ratio of live to dead bacteria (LD), samples were stained
with LIVE/DEAD® Bacterial Viability Kit (BacLight™) according to the manu-
facturer’s instructions and then counted using an epifluorescence microscope
(Olympus BX43). The final LD values were computed using the formula:

. F cell,emi
Ratiogr = F cellem2

Various statistical models have been used to investigate relationships be-
tween BN, BHA, LD and the hydrochemical parameters at each site and at dif-
ferent depths. Statistical analyses were performed using Statistica ver. 13.3 for
analysing the level of statistical significance with importance level p < 0.005.
The standardised coefficients of variation (CV = [SD / m] 100%, where SD is the
standard deviation and m is the sample mean), were also calculated and used
for comparison of bacterial and hydrochemical parameters from all collected
samples. To determine if there was a significant difference between studied pa-
rameters, the Kruskal-Wallis test was used. Spearman’s rank correlation analy-
sis, with the level of statistical significance of p < 0.05 and p < 0.01, was used to
show the relationship between hydrochemical and bacteriological parameters.
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Results

The highest visibility level measured with a Secchi disk for LH during the
sampling period was 4.2 m. The average temperature of the lake was 12 °C, the
average temperature of surface water was 17.7 °C, electrical conductivity 266 puS
and pH 7.5. The nitrate extreme values ranged from 0.001 mgN 1" to 0.27 mgN
I and both of them were detected at sampling site No 3. The ammonium value
was the lowest at 6 meters of the first sampling site — 0.0002 mgN 1", the high-
est in the thermocline of site No 9 — 0.31 mgN 1". Soluble reactive phosphorus
(PO,*) ranged from 0.0002 mgP I"" in metalimnion at No 7 sampling site to 0.02
mg 1" in surface water from the first sampling site — where the dissolved organic
carbon was also the highest —7.14 mg I". Average total phosphorus was 0.05 mg
I and the average total nitrogen — 0.88 mg 1! (Table 1).

Table 1. The hydrochemical characteristic of Lake Haricza — mean values for all
samples (September 2018).

Parameter Mean value gzi?:t?;i Min -Max
n=92
Temperature (°C) 12 59 4-20
Electrical conductivity (uS cm™) 266 5.4 254 - 279
pH 7.5 0.42 6.45-8.37
Oxygen saturation 102.8 13.8 67.7-119.8
Ca? (mg 1) 4249 3.38 28.17 — 47.55
Mg? (mg1?) 8.55 0.35 8.54 - 8.66
NO, (mgN 1) 0.1 0.11 0.001 -0.27
NH,* (mgN 1") 0.02 0.05 0.00002 - 0.31
PO (mgP 17) 0.003 0.003 0.0002 - 0.02
Total phosphorus (mg 17) 0.05 0.04 0.0001 -0.17
Total nitrogen (mg 17) 0.88 0.15 0.64-1.24
Dissolved organic carbon (mg1?) 5.69 042 498-7.14
Specific UV absorbance (Abs,, gC") 20.4 3.02 14.8 - 28.8

On average, the highest BN was recorded in the epilimnion layer — 2.38 10°
cells ml* in coastal sampling sites and 2.34 10 cells ml” in deep lake ones. The
lowest average BN value was recorded at site 1 where it was 1.33 10° cells ml’,
and the highest at site 4 with the count of 3.08 10 cells ml" (Figure 3).
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The average bacterial number (BN) (+SD) of 13 sampling sites in Lake
Harncza. Letters indicate statistically significant differences.

The vertical and horizontal changes of BN in LH ranged from 0.57 10° cells
ml?! at a depth of 14 meters at one of the central sites to 3.97 10° cells ml* at
depths of 1 and 15 meters of the nearshore site designated as site 6 (Figure 4).
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Figure 4. The extreme values (Min, Max) of bacterial number (BN) of all inves-

tigated sampling sites in Lake Harncza.
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The average abundance of bacteria in LH was 1.66 10° cells ml™ for deep lake
sites and 2.02 10°cells ml™ for the coastal sites at the end of the growing season
(September 2018) (Figure 5).

2,5 1

# Deep lake sites ® Coastal sites

BN (106 cells ml-1)

0,5

0 m

Figure 5. Average bacterial number (£ SD) on deep lake sites and coastal sites
in Lake Haricza.

The most statistically significant differences in BN were observed between
shore sampling point No 4 and deep lake sites: 1 and 2 as well as north eastern
sites, near the forested shore: 10 and 12 (p<0.005). Mean bacterial abundance
varied considerably among the strata of the deep lake stations. The coastal sites
were less diverse in mean BN values. In both cases, the highest BN was recorded
in the epilimnion layer, but the lowest number of bacteria of deep lake stations
was in the hypolimnion layer, in contrast to coastal stations — metalimnion. The
greatest difference in mean BN was noted in the hypolimnion at 1.05 10° cells
ml™* for deep lake stations and 1.9 10°cells ml* for coastal stations (t = 3.8036
p=0.0005) (Figure 6).

The highest bacterial number at the deep lake sites was recorded at site No
3 in the epilimnion — 3.7 10°cells ml". Each deep site was characterized by large
BN fluctuations both in the epilimnion and in the metalimnion. Only after the
thermocline passes, in the hypolimnion, the bacterial abundance decreased sig-
nificantly, fluctuating between 0.7 and 1.8 10°cells m1* (Figure 7).
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Figure 6. Average bacterial number (BN; % SD) in different stratification layers
on deep lake and coastal sites of Lake Haricza.

The BN reduces in hypolimnion by up to three times, compared to epi- and
metalimnion. The biggest differences are between site 1, closest to the inflow,
and site 3, closest to the outflow. The greatest rise of BN at each of the deep lake
sites was recorded in the metalimnion (Figure 7).

One of the most varied factors examined in this study was BHA, averaging
813 pgFl. ml* h for the entire lake (CV=31.2%). The lowest average BHA in LH
was found at site No 2 - the deepest sampling point — 648 ugFl. ml1"'h! and that
was also the station with the lowest hydrolytic activity in all samples tested,
with a value of 239 nugFl. ml* h'. The highest average value of all the coastal
sampling sites was in the north-eastern part of the lake (No 9) with a rate of 1004
pgFL ml'h'. The most significant differences were found between the deepest
sampling site and coastal sites numbered 8, 9, 11 and 12 (Figure 8), located on
both sides of the northern part of the lake.
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Figure 7. Vertical changes of bacterial number in three deep lake sites of Lake
Haricza.
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Figure 8. The average bacterial hydrolytic activity (+ SD) in Lake Harcza at
each of 13 investigated sites.

There was also a significant difference in BHA between the most southern
deep lake site located nearest to the lake outflow and both other deep lake sam-
pling sites. The two deep lake sites furthest from the lake centre (No 1, 3) also
displayed the most significant differences in BHA between stratification layers
of the lake (Figure 9).
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Figure 9. The mean bacterial hydrolytic activity ( & SD) in the different ther-
mal layers of Lake Haricza measured in deep lake sites 1, 2 and 3.
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The highest average live and dead bacterial cells ratio was noticed at north-
eastern forested coastal sites (No 6) with a value of 0.081, while the lowest at
station No 1, which is the deep lake sampling site closest to the inflow of river
Czarna Harncza, with a value of 0.064. There was also a substantial difference
be een the two furthest deep lake si es numbered 1 and 3. The study showed
no statistically significant differences in the ratio of L /D within the studied lake.

Discussion

The hydrochemical studies carried out in this work (Tab. 1) confirm the low
trophic state of the lake. LH, being a flow-through lake of the greatest depth in
Europe (105.6 m) (Borowiak et al. 2020), should be characterised by a low tro-
phic level — currently mesotrophic (Karpowicz and Kalinowska 2018). In com-
parison with the results conducted by Jekatierynczuk-Rudczyk et al. (2014), the
TSI, value was very similar at 39.2, while the TSI, value was more than slightly
lower and reached a value of 60.6. LH is often considered to be very homoge-
neous due to its depth, the shape of the lake and the little diversified shoreline,
which is confirmed by earlier studies on zooplankton (Jekatierynczuk-Rudczyk
et. al 2014; Ejsmont-Karabin et al. 2020), phytoplankton (Napiérkowska-Krzebi-
etke et al. 2012; Karpowicz and Ejsmont-Karabin 2017) and bacteria (Niewolak
and Gotkowska-Plachta 1999; Zieliniski et al. 2006; Gotkowska-Ptachta 2008;).

However even lake Haricza, protected as a reserve and part of the Suwatki
Landscape Park, has noticeable human influence. Studies conducted by
Gotkowska-Plachta et al. (2005) show that the amount of bacteria in LH is in-
creasing, which may indicate intensification of allochtonic factors, eg. enrich-
ment with organic matter or biogenic substances. Even though our studies
clearly classify LH as mesotrophic, even if phosphorus level is relatively high,
which is common in lakes of NE Poland (Hillbricht-Ilkowska 1993; Hillbricht-
Ilkowska and Kostrzewska-Szlakowska 1996; Zdanowski 2003).

Bacterioplankton can be considered a useful factor showing the horizontal
and vertical variation of microbiological water quality. The discussed studies
indicate that LH has a diverse distribution of bacteria both vertically and hori-
zontally, ranging from 0.57 10° cells ml* to 3.97 10°¢ cells ml* for all the lake
samples with coefficient of variation (CV = 54.67%). The average BN in LH was
1,66 10¢cells ml™* for deep lake sites and 2.02 10 cells ml™ for coastal ones, which
is respectively 53.4% and 43.2% less than in studies conducted ea lier (Zieliriski
et al. 2006). This may possibly be due to seasonality — sampling took place in
a significantly colder period of the summer, but still shows the same pattern
of decreasing the amount of bacterioplankton with depth. Compared to other
oligo-mesotrophic lakes like Mamry or Przystan of the Masurian Lake District,
Lake Haricza has noticeably lower average BN (Gérniak and Swigtecki 2007).

The most of the statistically significant differences in horizontal distribution
of BN were observed between deep lake sites (1, 2, 3) and shore sites located
in the north eastern part of the lake (p<0.005) (Figure 3). While the maximum
BN values do not differ much, the values in deep lake sites were less variable.
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The minimum values are significantly lower on deep lake sites and much less
variable than coastal sites, as confirmed by the CVs, for which the values are
12.2% and 49.8% respectively. It is possible that smaller values of BN in the
northern part of LH are due to the inflow of the Czarna Hancza River. This
may be due to the character of the direct catchment area of the investigated
lake, which is covered with wetlands. The statistically significant differences in
average BN occur at the forested shoreline and the station located near the com-
munity beach (Figure 2). Statistically significant differences in BN were found
between deep and coastal sites (Figure 4), which confirms the spatial patchiness
of bacterioplankton.

The average abundance of bacteria in LH was lower at deep lake sites with
an abundance of 1.66 10° cells ml" and 2.02 10° cells ml? for the coastal sites
(Figure 5). In comparison of stratification layers of both deep and coastal lake
sites, the highest value was recorded in the epilimnion layer. The difference of
BN between types of sites was visible in comparison of metalimnion — lowest
for coastal sites — and hypolimnion — lowest for deep lake ones (Figure 6). Dif-
ferences in bacterial abundance in stratification layers between different types of
sites show that Lake Haricza is not homogenous in terms of spatial distribution
of bacterioplankton.

The thermocline depth is known to be an important factor for bacterioplank-
ton structuring in aquatic ecosystems and it is natural for the BN to be highest
there (Mieczan 2008, Gotkowska — Ptachta et al. 2003). The overall distribution
of bacterioplankton differs a lot between station 1 and 3 (Figure 7), the epilim-
nion layer has a higher BN in epilimnion, probably due to the nearer outflow.
Vertical changes in BN at the deep sites of LH are comparable to those in other
lakes of similar trophy (Mieczan 2008). It is likely that the hypolimnion BN dif-
ference effect is due to the influence of bottom sediments in shore sites with
relatively higher temperature. Research by Bajkiewicz-Grabowska (2004) shows
that LH is heavily fed by groundwater and it is possible that the movement
of groundwater may influence the bacterial number derived from the external
environment, or from bottom sediments located near the water supplying sites.

Differences were also found in the hydrolytic activity of bacteria in LH. The
most significant differences in BHA were found between the deepest sampling
site No 2 and coastal sites located on both sides of the north part of the lake
(nr 8,9, 11 and 12), where the BHA was the highest (Figure 9). All mentioned
sites are located in the part of the lake with river inflow (Figure 1). It can be
assumed that wetlands are an important source of metabolically active bacte-
ria from the direct Czarna Haricza River catchment during the full growing
season, although the study was conducted at the end of the growing season.
Unfortunately, no correlations were found between the type of management of
the direct catchment area and the BHA. Perhaps this type of analysis requires
further study in full summer and with denser shoreline sampling sites. We as-
sume that the forested catchment may be the main source of active bacteria for
the northern part of the lake. Statistically significant differences in BHA indicate
vertical differentiation of the BHA even between deep lake sites (Figure 8) and
may be caused by the close outflow location of the third sampling station, which



VERTICAL AND HORIZONTAL CHANGES IN THE ABUNDANCE AND ACTIVITY... 117

showed very little BHA differences between the stratification layers, as opposed
to the other two deep lake sites. The BHA is a very important indicator and is
used to assess the condition of bacterioplankton and distinguish water types
(Zieliniski et al. 2020).

The dependence of investigated bacterial parameters on water quality was
confirmed in the study. The development of bacteria in LH is influenced by dif-
ferent hydrochemical factors at deep and coastal lake sites. For the first type, the
most important parameters influencing BN were temperature (r=0.623), oxygen
saturation (r=0.588) and concentration of Ca** (r=-0.607), NO, (r=-0.539) as well
as dissolved organic carbon (r=0.534). There were no significant correlations at
the coastal sites between BN and hydrochemical parameters, as confirmed by
the highly variable habitat of bacteria assemblages in coastal zones, while the
deep lake sites are more stable. Some other correlations were also noted for BHA
at deep lake stations: temperature (r=0.667), oxygen saturation (r=0.582) Ca*
(r=-0.451), Mg**(r=0.511), NO, (r=-0.587). BHA at coastal sites showed correla-
tions with temperature (r=0.545), oxygen saturation (r=0.520) and specific UV
absorbance (r=-0.556). The negative correlation found between BHA and SUVA
confirms the great importance of organic matter quality in the rapid growth of
bacteria in the aquatic environment. Both BN and BHA at deep lake sites were
correlating negatively with Ca*", which indicates that the hardness of the water
is not conducive to bacterial growth. Maybe it is the precipitate — bacteria may
sink to the bottom with it. We assume that the alkalising effect may be caused
by the groundwater phase of water circulation.

Most of the bacteria were metabolically inactive and the proportion of live
bacteria did not exceed 8%, averaging 6.79%. That might be caused by nitrogen
and phosphorus deficits, which may result in a low proportion of viable bacte-
ria (Chrost et al. 2009). There were no significant differences in spatial L/D ratio
distribution in LH.

Although thelakeis considered to be very homogeneous, the study does not
confirm this and indicates that the water quality, including the microbiological
one, varies considerably — especially between the central part of the lake and its
shores, but also between the northern and southern parts. The conducted study
shows many differences in both vertical and horizontal changes of BN as well
as BHA. As a result of the study it was established that LH is heterogeneous in
terms of hydrochemical water quality and microbiological quality.
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