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Abstract: Dissolved oxygen in water (DO) is one of the priynparameters determining its quality. It remaims i
close relation to water temperature. The articlesents results of DO and water temperature measatem
performed for five stratified lakes in Poland iretiiears 2007-2014. The measurements were perfowitbd
monthly frequency in the summer half-year (May-®@et9 in the deepest place of each of the lakes. The
compared data show the complex character of theseaf both of the parameters. The analysis oftdppifiles
revealed the prevalence of a decreasing tendeney tendency was recorded - both in the case oabB®water
temperature. Due to the incoherent character ofwihter in the case of stratified lakes, a more idbeta
comparison was performed, referring to changesrdoguin zones developed during summer stratifaratit was
determined that the temperature of the epilimni@s directly dependent on air temperature, andlinaaes it
showed an increasing tendency. Simultaneously galdth an increase in temperature, in the majaftgases,
DO concentration in the zone decreased. In referemthe waters of the hypolimnion, increasingreasing, and
no tendencies were recorded. The above distribuisordetermined by individual factors of the lakes -
morphometry, trophic status, groundwater alimeatatietc. Several years of measurements of DO andrwa
temperature in depth profiles of several lakes wlafd constitute valuable information on the cutrren
transformations of the environment of this parEofope. In the future, the information can provide basis for
long-term analyses over the next decades, enridioigal knowledge on those parameters of key inanoe for
water ecosystems.
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Introduction

Oxygen is the most important gas in waters. Its@mee determines not only the life
functions of plants and animals, but also the gangrculation of organic and inorganic
matter. Dissolved oxygen in water (DO - dissolvexiygen) is one of the primary
parameters determining its quality [1]. In lakesygen is used among others for the
mineralisation of organic matter. Therefore, inuaitons of a high trophic status of lakes,
its deficits may occur. The content of DO influesitlee conditions of circulation of carbon,
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nitrogen, phosphorus, iron, and manganese in therwaass [2]. DO remains in close
relations to water temperature - its solubility @eses with temperature increase. In
extreme cases, in the summer period, oxygen deficty cause so-called oxygen squeeze,
ie dying of aerobic organisms. DO and water tempeeatare important in the
implementation of the Framework Water Directive @imat the improvement and
maintenance of the quality of European waters T8le concentration and distribution of
oxygen in lakes depends on a number of factorataglamong others to the trophic status
and water pollution, morphometry, climatic conditsp intensity of biological processes,
etc. The observed climatic changes, and partigutartcessive increase in air temperature,
have consequences in the functioning of lake etesys Numerous papers from many
regions of the world show the correlation of wargniwith the course of physical and
chemical [4, 5] and biological processes [6-8]dkds. Also in the case of lakes in Poland,
a considerable effect of climate changes on theirctioning was recorded [9-11].
In reference to changes in water temperatureskiesla.e. one of its basic parameters,
a need exists to expand systematic observatiodeeper sectors of lakes - particularly in
the context of a larger group of objects for theppse of a more complete understanding of
the occurring thermal changes in the lakes of G¢lurope. The gap can be successively
filled by observations conducted over the last swears by the Institute of Meteorology
and Water Management - State Research Institut&\{WMPIB).

The objective of the paper is to analyse changesywgen-thermal conditions of five
lakes located in various parts of northern Polandhe years 2007-2014, and to identify
tendencies and correlations occurring between weeperature and oxygenation and
meteorological conditions and morphometric pararsatélakes.

Research methods

The paper employed data concerni@ [mgO, - dnm| and water temperatufe[°C]
measurements for five lakes in northern Poland. (BigTheir morphometric characteristics
are presented in Table 1.

Fig. 1. Location of study objects: 1 - Bachotek, -2Dadaj, 3 - Nieslysz, 4 - Powidzkie,
5 - Slawianowskie. Meteorological stations: A - @ieyr B - Olsztyn, C - Zielona Gora,
D - Powidz, E - Pila, Dotted line - maximum randete last glaciation
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Table 1
Morphometric data of the studied lakes
Area Volume Depth Depth
No Lake [ha] [10° mY max [m] mean [m]
1 Bachotek 215.0 15.3 24.3 7.2
2 Dadaj 975.0 120.7 39.8 12.0
3 Nieslysz 526.0 34.4 34.7 6.9
4 Powidzkie 1,097.5 134.7 46.0 11.5
5 Slawianowskie 269.0 18.3 15.0 6.6

DO and water temperature measurements performeatieinyears 2007-2014 were
performed in the warm half-yeare. from May to October - each time in each of the
months (210 times in total). The measurements werormed every 1 m in the deepest
place of each of the lakes. This permitted obtgimiery detailed data concerning the
distribution of both of the parameters (for examfile Lake Bachotek in the analysed
multiannual, 2016 records were taken). The measemesmwere performed by means of
YSI Professional and YSI ProOdo sondes.

In the case of Poland, the majority of lakes apated in its northern part. This has to
do with the range of the last glaciation. Lakessitered in the paper are also located
within the range (Fig. 1). Moreover, the paper ewpt information concerning air
temperature (www.tutiempo.com) for a given month viilich measurements were
performed in the lakes. The location of meteoralabistations is also presented
in Figure 1.

All of the analyses and statistical calculationsreveperformed in computing
environmentR version 3.3.1 (2016-06-21). If not specified othiee, results of all
significance tests are evaluated in comparison h® ¢ustomarily adopted level of
o = 0.05. The analysis of trends related to the ldgwveent of mean annual temperatures
and oxygen content applied a Mann-Kendall test dotime series determined by the
Yue-Pilon method. This permitted the eliminationpaftential disturbances related to the
autocorrelation of time series. The slope of thgassion line was determined by means of
a Theil-Sen resistant estimator [12]. Implementataf the techniques available &yp
package forR environment was applied [13]. Box-plots were aggblifior comparisons
between groups.

Results and discussion

The analysis of changes in oxygen-thermal conditidiscussed in the paper was
conducted twofold. At the first stage, the disttibn of DO and water temperature was
analysed for particular months of the summer ha#ry In the second approach, changes
concerning both of the characteristics in the y2a@&7-2014 were determined.

Based on the performed analyses, the mean higbastuotration of DO in water (as
the mean from the entire profile in the analysedltiamnual) was recorded in Lake
Powidzkie 6.1 mg © dn>, and the lowest in Lake Bachotek - 3.0 mg @ni>. In the
monthly distribution, the highest DO value was releal in May 2011 for Lake Powidzkie:
11.8 mg Q- dm, and the lowest in August for Lake Dadaj: 1.2 mg @, The highest
variability of DO for the same months in the analysed period wasrded for October for
Lake Dadaj - the difference amounted to 6.3 agdd>,
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Fig. 2. The course of oxygen concentration and maraperature of the analysed lakes (mean monthly
values and means for the entire analysed periotheryears 2007-201D0 - dissolved oxygen
[mgO,- dnid, T - temperature [°C]

The highest water temperature occurred in Lake i@laawskie 14.0°C and the lowest
in Lakes Dadaj and Nieslysz: 8.9°C. In the monthjgle, the highest value was recorded
for Lake Slawianowskie, in August 2007 amountingl9°C. The lowest mean monthly
temperature was recorded in May 2013 for Lake Mgzsl it amounted to 6.8°C. The
highest variability of water temperature for thensamonths in the analysed period was



Variability of oxygen-thermal conditions in selegtiakes in Poland 64:

also recorded in October. The difference betweenhilghest and lowest mean from the
month amounted to 4.7°C. It was determined for Lakavianowskie.

All of the lakes are dimictid,e. double mixing of the entire water mass occurfient
over a year: in spring, followed by the developmehstratification lasting until autumn,
when the entire cycle of mixing of the water massrépeated. The comparison of
measurements of the concentration of oxygen dissolin water as well as water
temperature in particular lakes is presented imféi@, and their distribution in Figure 3.
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Fig. 3. Distribution of temperature and dissolvegygen values. The thresholds of the box are
designated by®land ¥ quartile, and the middle bar - the median. Whisksignate thresholds
+1.5 IQR (difference betweer?'and &' quartile) from the bottom and top of the box, mpsat
the maximum/minimum observation. Observations ediceethresholds designated by whiskers
are marked with single points (outlier in relatiorthe entire distribution)

Bachotek Dadaj Nieslysz Powidzkie Slawianowskie

Curves of theDO distribution in the majority of the analysed lakieke form of
a clinograde, where the concentration of dissotwegyen decreases with depth. A different
situation was only observed in the caseDdd distribution in May and June in Lake
Powidzkie. In May, the curve is approximate to asifjee heterograde (where the
maximum oxygen content occurs in the metalimnionaasesult of wave action and
movement of oxygen from the epilimnion), and indtime curve takes form approximate to
an ortograde (no gradient).

The analysed lakes are distinguished by considembtgen deficit. The mean values
obtained from measurement profiles suggest thabxlggen deficit varies from 48% (Lake
Powidzkie) to 70% (Lake Bachotek). Among all of tiealysed months, the lowest oxygen
deficits were recorded in May - the lowest valueswacorded in the case of Lake
Powidzkie - 14.5%. The highest deficits occurredAingust - the highest value was
recorded for Lake Dadaj, and amounted to 81.4%.

Tendencies of changesXO in water and water temperature are presentedjur&i4.
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Fig. 4. Tendencies of changes in water temperaamd<DO in lakes in the years 2007-2014 in theenti

profile

Figure 4 shows that the course of both of the dtaristics was not variable in
reference to all of the analysed lakes. In the aafs&vater temperature, a decreasing
tendency was prevalent (although it was not siedilty significant for any of the analysed
lakes), as well as lack of any tendency. Similauls were obtained for changesDO -
decreasing tendencies prevailed (at no statigtigaificance), as well as lack of any trend.

The characteristic feature of the analysed lakethdésdevelopment of stratification,
correlated with water temperature and the relatedsidy. In the period of summer
stratification, theDO concentration reflects the course of metabolicgsses the best. The
thickness of particular zones during stratificativas determined as mean temperature in
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July and August for the entire study period. Thisvied the basis for the determination of
the range of the epi-, meta (thermocline)-, and olignion, and determination of
tendencies of changes in water temperaturelddh the zones (Fig. 5). Moreover, Figure
5 includes the course of the mean air temperatuduly and August for meteorological
stations the location of which is presented in Fégli. The trend analysis is presented
in Table 2.

1 1 L L
Bachotek Bachotek

30 18
25 === 1L e — 2 F
o T e e—
20 4= -4
151 s v  ZoD0EE £ ey Ee e v.I 5 -
10 - - — S | _sozze e +
* - AN o AL ST e <ot
5 o= B 3 5 AL S s L
0 L
Dadaj Dadaj

TI°C

R

0 - "
T T T T T T T 7 T T T T T T T T
2007 2008 2009 2010 2011 2012 2013 2014 2007 2008 2009 2010 2011 2012 2013 2014
airo  epilimion+ metalimnionv hypolimnion o epilimione metalimnion+  hypolimnion =

Fig. 5. Changes in water temperature and oxygenerdration in particular zones of the analyseddake
during summer stratification (July-August) in theays 2007-2014

Similarly as in the case of tendencies of changesdter temperature a2 in the
entire profile, also in reference to layers devetbpduring summer stratification,
differentiation of particular lakes is observed.the case of temperature in the epilimnion,
data from the years 2007-2014 suggest the prevalehimcreasing tendency. The system
generally refers to the distribution of air tempera, and the observed deviations result
among others from higher thermal stability of watkr reference to the metalimnion,
a decreasing tendency was prevalent - three of fikkes showed such a tendency.
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The observed trends were statistically significamiy in the case of Lake Nieslysz (Table
2). The temperature of the waters of the hypolimriio three cases showed no tendency,
and in two cases the tendency was negative, althoagstatistically significant.

Table 2
Trend analysisN = 8) concerning mean air and water temperatunethee layers) anbO in the period of
summer stratification in the years from 2007 to201

T[°C DO [mg O, dm™]
Lake Layer Tilt aregression Tilt aregression
line p line p
Air 0.080 0.368
Bachotek Epilirnio_n 0.274 0.764 —0.142 1.000
Metalimnion 0.063 0.548 —0.035 0.548
Hypolimion -0.016 0.764 -0.032 0.133
Air 0.060 0.368
Dadaj Epili_mio_n 0.156 1.000 —0.287 0.072
Metalimnion —0.175 0.548 —0.016 1.000
Hypolimion —0.058 1.000 0.111 0.548
Air -0.024 0.368
Nieslysz Epilimiqn 0.238 0.072 -0.213 0.368
Metalimnion —0.360 0.016 —0.157 0.764
Hypolimion —0.084 1.000 0.080 0.368
Air 0.146 0.133
Powidzkie Epili_mio_n 0.116 0.764 —0.180 0.035
Metalimnion -0.727 0.548 —0.176 0.230
Hypolimion -0.143 0.368 -0.163 0.230
Air 0.146 0.548
Slawianowskie Epili_mio_n 0.135 0.230 —0.205 0.133
Metalimnion —0.380 0.230 —0.345 0.133
Hypolimion —0.140 0.368 0.001 1.000

p - trend significance

Changes irDO in the epilimnion zone showed a negative tendendgur cases. The
observed trends were statistically significant anlyhe case of Lake Powidzkie (Table 2).
Only in the case of Lake Bachotek no tendency vemrded. Lack of a decreasing
tendency ofDO at a simultaneous increase in water temperatunebeacaused by very
intensive processes of photosynthesis. The layenedélimnion showed a decreaseD@
in three cases, and no tendency was recorded irethaining two. The deepest zones of
the lakes including the hypolimnion were also déiféed in such terms - in two cases no
tendency of changes was recorded, in two casetetiteency was increasing, and in one
case - decreasing, although they were not statilstisignificant.

The analysis of changes in oxygen-thermal conditidor five lakes in Poland,
presented in the paper, shows the complexity of ifsele. Changes in temperature
dynamics of the surface water layers are direatiyethdent on climatic factors, and in the
majority of analysed cases they showed an incrgagémdency. Such a state is in
accordance with the current studies concerning #iiee of lakes. The analysis of
approximately a dozen lakes in Poland in the y&861-2010 showed that warming of the
surface water layers in lakes is particularly emidm spring (April, May) and summer
months (July, August), whekeg. in the case of Lake Lubie, in May an increase 2C
per decade was recorded [14]. A similar situatioaswbserved in the case of lakes
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analysed in Estonia [15]. An increase in surfacéewgemperature is also in accordance
with that in other lakes in Europe [16-18] as veadlin other regions of the world [19, 20].

A more complicated course concerns water temperatudeeper parts of lakes. The
temperature of hypolimnion waters can be subjedidtihh warming and cooling, and the
changes depend on the morphometry and season pé&ing18]. In the analysed cases, the
temperature of the hypolimnion showed no tendeocyhe tendency was decreasing. The
results generally refer to earlier studies of thgpetin Poland [21]. This fact can be
accounted for by groundwater alimentation, in tasecof the analysed lakes requiring more
detailed research in the future in order to vettiky thesis.

The observed climatic changes will have consequeitethe functioning of lake
ecosystems [22]This statement can be referred both to biotic didte aspects. The
element combining both of the issues is the comémixygen in water, showing a strong
correlation with its temperature.

In reference to DO, the highest differences invigstical distribution occur in the
period of summer thermal stratification, due to if@ation of the lower water masses. The
developed thermocline layer constitutes a barmermovement of oxygen between the
epi- and hypolimnion [23]. A more rapid increasewater temperature will contribute to
the accelerated development of summer stratifinatemd therefore to a longer term of
using up oxygen (by living organisms and minerailisaprocesses) at a simultaneous lack
of possibility of its supply to the deepest partsttee lakes. Factors responsible for the
observed oxygen deficits are not solely relatedatural processes in the form of climatic
changes. An increase in human activity in the catit and increasingly extensive
adaptation of lakes for various economic purposssilt in a successive change of their
trophic status. Oxygen concentration over a peobdeveral decades was disturbed as
a result of anthropopressure. This contributedring eutrophication, causing increasingly
frequently observed in many lakes algal bloomsinguexygen for breathing, which is then
necessary for their decomposition [24]. The effettanthropopressure can change the
trophic status of lakes, even those resistant gyadiation over a period of several years
[25]. Lake sediments are a particular threat toedakin certain conditions, elements
contained in the sediments can pollute the watpthde[26]. Due to biogene compounds
deposited in bottom sediments, even in the caseatfralisation of external sources of
threats, the ecological state of a given lake dadsalways improve. An example of such
a situation is Lake Goreckie (in the Wielkopolskatdnal Park). Its trophic status is
maintained on a high level [27]. In the case of aadiing oxygen resources in the
hypolimnion, increased release of phosphorus comg®uirom bottom sediments is
observed, followed by increased production of organbstance in the next season in the
surface water layer [28]. Therefore, a frequenggleed solution for reclamation of lakes is
artificial aeration of near-bottom waters whichaagesult of oxygen supply is supposed to
hinder secondary supply of biogenes to the watessnfaue to the morphometric variability
and the related water mixing system, the lakesreapond in different ways to climatic
factors in various regions [29] as well as in tlaene climatic zone [30]. The course of
changes in oxygen in the analysed lakes in theedteyater layer turned out to be variable.
As indicated above, it was dependent on not orimatic parameters (similar within the
discussed area for all of the lakes), but also mmmmetric and local parameters (land use in
the catchment). The differences declined in theasibn of distribution of dissolved oxygen
in the entire profile.
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Research on water quality (in accordance to thenagsons of the Framework Water
Directive) conducted in recent years by particagendas of Provincial Inspectorates for
Environmental Protection showed that three of thalysed lakes (Powidzkie, Nieslysz,
and Dadaj) were distinguished by good (class lijd ahe two remaining ones
(Slawianowskie and Bachotek) by moderate ecologatatus (class IIl). The worst
ecological status was recorded for two lakes whigh lowest maximum depth. The most
unfavourable parameters in these terms are thodeakd Slawianowskie. Next to the
lowest depth among the cases studied in the paperalso distinguished by a substantial
contribution of agricultural land (more than 80%}le direct catchment.

Conclusions

The distribution and changes in DO and temperatutbermal profiles presented in
the paper suggest their complex course. In viewnaintaining the current tendencies of
climatic changes, many components of the environméhbe subject to transformation of
the current parameters. Lakes are considered texbeptionally prone to such changes.
Due to the string correlations of atmosphere wittfaxe waters, the response of the latter
to changes in air temperature is obvious. Analggeshanges in temperature in the entire
study profiles in the deepest places of the lakesved, however, that in such a system
they show a decreasing or no tendency. The fact&laged to the course of temperature in
deeper parts of lakes. The distribution of tempeeats of more complicated character
there - not dependent particularly on air tempeeatbut also on morphometric parameters,
groundwater supply, etc. Issues concerning oxydemuld be discussed in an analogical
way. The dominant decreasing tendency of DO isidensd unfavourable. It suggests the
deterioration of the trophic status of lakes. taaentration is strongly dependent on water
temperature. The correlation was only evident eahilimnion zone, where in the majority
of cases an increase in temperature correspondadiéarease in oxygen concentration. In
deeper parts of water, the pattern was not recorfiach a situation was related to both
reduced oxygen supply to the lowest sectors ofslak® a result of the development of
a thermocline, and mineralisation processes ocwion the bottom.

DO and temperature measurements conducted overategrears in depth profiles of
the studied lakes constitute valuable informationtbe current transformations of the
environment in this part of Europe. In the fututeg information can provide the basis for
long-term analyses over the next decades, enriajimigal knowledge on these parameters
of water ecosystems.
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