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Abstract

The paper presents the impact of pollutants from areas intensively used for agriculture on the
quality of shallow groundwater in the drainage basin of Lake Miedwie, which is the main sour-
ce of potable water for the city of Szczecin. This groundwater, due to the poor insulation against
the penetration of contaminants from the surface, is a good indicator of the environmental
pressure level from agriculture. The aim of the study was to analyze the chemical composition
as well as the pH and electrolytic conductivity of waters of the first Quaternary aquifer in the
catchment area of Lake Miedwie, located in the municipality of Warnice, which is characterized
by intensive farming. The results indicate that there has been a noticeable improvement over
the last ten years in the quality of groundwater, and periodic increases in the levels of certain
chemical parameters such as ammonium nitrogen (6.070 mg dm), nitrate nitrogen (225.1 mg dm),
phosphate phosphorus (2.635 mg dm™) or potassium (452.0 mg dm™) can be explained by negli-
gence or insufficient knowledge of farmers with respect to manure storage and rational use of
mineral fertilizers. Correlation analysis of the sum of chemical parameters regarding conducti-
vity demonstrated a virtually absolute relationship (r = 0.948 at p = 0.001), confirming a close
relationship of groundwater’s chemical parameters with the properties of the physical parameter
such as specific electrolytic conductivity. Moreover, it was shown that the specific electrolytic
conductivity of groundwater of 8 piezometric intakes tested was mainly shaped by the concen-
trations of sodium (Na), potassium (K) and magnesium (Mg) for all chemical parameters analy-
zed.
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INTRODUCTION

Pollution of the aquatic environment causes many adverse changes in
aquatic ecosystems and in all environmental components that make use of
their resources. There is a long-term tendency observed of groundwater qu-
ality deterioration (SAPEK 1996, PIETRzAK, SAPEK 1998, BROERS, VAN DER GRIFT
2004, DracoN 2006, ONoORATI et al. 2006), particularly the waters located in
the shallowest layers and poorly insulated by soil formations from contami-
nation sources.

A major challenge for Poland as well as for whole Europe is how to pro-
tect water resources from contamination with biogenic compounds, particu-
larly nitrates from agricultural sources (SAPEK 1996, PIETRZAK, SAPEK 1998,
MiopuszewsKI et al. 2008, SApEK 2014). Actions needed in this aspect are re-
gulated by the Nitrates Directive, which obliges the European Union Mem-
ber States to identify waters vulnerable to pollution by nitrates from agricul-
tural sources, i.e., characterized by the content of nitrates above 50 mg dm
(waters contaminated with nitrates), or within 40-50 mg dm (waters endan-
gered with pollution), and subsequently to implement repair programs where
the occurrence of sensitive waters was found (the so-called Nitrate Vulnera-
ble Zones) (91/676/Council Directive... 1991).

The adoption of the Nitrates Directive, established for the protection
of waters against nitrate pollution from agricultural sources (Council
Directive... 1991), in Polish law necessisated designation of Nitrate Vul-
nerable Zones (NVZ) in Poland (Regulation... 2002). In 2004, 21 such
areas were established in 6 regions of Poland (representing 2% of the
country’s area). In the following years, during regular evaluations
of the degree of water pollution, 19 NVZs were established in 2008-2012
(1.480% of the country’s area), and 48 NVZs in 2012 (4.460% of the coun-
try’s area). The catchment of Lake Miedwie has been considered a nitrate
vulnerable zone from agriculture sources throughout the whole period
(since 2004). This is important because the waters of Lake Miedwie have
been used since 1976 to supply the inhabitants of the city of Szczecin
with drinking water.

Studies carried out thus far in the catchment area of Lake Miedwie focu-
sed on determining the load of pollutants flowing into surface waters and the
relationship between the chemical potential brought to the area and water
pollution. The results of these studies showed a significant impact of agricul-
ture in the area on water quality, as reflected by a high content of biogenic
compounds in the tested waters (WoroNIECKI, RuMasz-RubpNicka 2008, BRySIE-
wicz et al. 2013). Therefore, measures have been taken to monitor groundwa-
ters within the NVZ by the Institute of Technology and Life Sciences (ITP)
under the Multiannual Programme — Action 1.3, which involves the assess-
ment of the chemical status of groundwater and trends of changes in it.
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The aim of this study was to analyze the chemical status of the first Qu-
aternary aquifer waters of the catchment area of Lake Miedwie, located in
the municipality of Warnice, which is characterized by an intensive farming.

MATERIAL AND METHODS

The catchment of Lake Miedwie is located in the mesoregion called the
Pyrzycko-Stargard Plains (Durkowski et al. 2004). It is a typical agricultural
catchment with intensive methods of farming. Reclamation works, carried
out several times in the seventeenth, eighteenth and nineteenth centuries,
resulted in significant changes in the hydrology and shape of the lake’s ba-
sin. The current shape of Lake Miedwie is a product of the reclamation
works carried out about 230 years ago. In order to enlarge the area of grass-
lands, the water level in the lake, which then covered 72 km?, was lowered,
After partial drainage of the area, today’s shape of Lake Miedwie was achie-
ved. It is now a flow-through reservoir, with an area of 39.13 km?, average
depth of 19.30 m, maximum depth of 43.80 m, length of 16.20 km and width
of 3.200 km. The capacity of the lake basin is about 696.6 million m?® (KALI-
SINSKA et al. 2011). The lake is the fifth largest lake in area and second one
in volume of water in Poland. Since 1976, it has been the main source of
drinking water for Szczecin, with an average daily intake of about 90 000 m?.

The municipality of Warnice covers part of the catchment of Lake Mied-
wie. It comprises very good soils called the Pyrzyce black earths, represen-
ting almost 96% of agricultural land, of which 86% is and 14% is grassland.
There are no forests in this area. Therefore, the catchment has favorable
agroclimate conditions for the cultivation of cereals, such as wheat and bar-
ley, and industrial plants like beet and rapeseed. NPK mineral fertilization
is in the range of 60-350 kg ha'. The most popular fertilizers are cattle ma-
nure and liquid manure. Natural fertilizers are used in the fertilization of
agricultural land in the following doses: manure 30-35 t ha, liquid manure
20 m® ha' (DurkowskKI et al. 2007).

The study was conducted in 2012-2013 and comprised an area used by
agriculture in the municipality of Warnice, within the catchment of Lake
Miedwie. It was carried out under the framework of the Multiannual Pro-
gramme — Action 1.3, which is run in this area by the West Pomeranian
Szczecin Research Centre of the Institute of Technology and Life Sciences in
Falenty. Piezometers from which groundwater was collected for chemical
analysis were located on agricultural land and at rural farms (Figure 1).
During the study period, water samples were collected from piezometers to
polyethylene bottles once a month from April to October. Chemical analyses
were conducted at the Research Laboratory of Environmental Chemistry I'TP
in Falenty.
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Strozewo WV piezometers

Fig. 1. Location of piezometers in the municipality Warnice

Water quality parameters were determined by the following methods:
pH — potentiometrically; EC electrolytic conductivity (uS ¢cm™) — conducto-
metrically, in both cases a SevenMulti instrument (Metter Toledo) was used.
Nitrogen (N-NO,, N-NH,) and phosphate phosphorus (P-PO,) were deter-
mined by colorimetry with segmented flow analysis (SFA) using a SKALAR
measuring instrument, according to the methodology described by the man-
ufacturer (SKALAR). Potassium (K), sodium (Na), magnesium (Mg) and cal-
cium (Ca) were determined by inductively coupled plasma optical emission
spectroscopy (ICP-OES) using a Thermo Scientific spectrometer. Results for
nitrogen and phosphorus are expressed as the concentration of elements.

Statistical analysis was performed using Statistica software (StatSoft
Inc., version 10). The Shapiro-Wilk test was used to evaluate the distribution
of variables. The results were logarithmized (log10) in order to obtain a nor-
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mal distribution. Differences in the parameters between the two study pe-
riods analyzed were determined using one-way Anova. The relationships
between the studied parameters were determined by the Pearson’s correla-
tion coefficient (r).

RESULTS AND DISCUSSION

Groundwater sampled from piezometers located in the municipality of
Warnice in two years (2012-2013) had neutral pH with an increasing tenden-
cy to become slightly alkaline (Table 1). At that time, the pH ranged from
6.780 - 8.280 and low standard deviations SD possibly indicated a significant
stability of the pH of these waters. Higher pH values close to 8 were recor-
ded in August of 2012 and 2013, while slightly lower pH values (approxima-
tely 7) were recorded in July. In addition, differences were observed in the
water pH between the two years, 1.e., slightly lower average pH values oscil-
lating in the range of 7.100-7.600 were recorded in 2012, while slightly hi-
gher values in the range of 7.390-8.160 were measured in the consecutive
year. These differences were statistically significant (p < 0.05) for waters
from piezometers 9 and 10.

The electrolytic conductivity of groundwaters sampled for analysis
varied throughout the entire period (2012-2013) — Table 1. The highest mean
value of 3003 uS cm™ was recorded in 2012, in a water sample collected from
piezometer 9, located at a farm, near livestock buildings. The values of this
parameter exceeded 3000 pS cm, and classified this groundwater to the fifth
(last) quality class of groundwaters (Regulation... 2008). In 2013, groundwa-
ter collected from the same piezometer (No. 9) was characterized by lower
electrolytic conductivity, 2284 puS cm™ on average, which corresponds to the
third class of groundwater quality. Statistical analysis confirmed that the
waters tested in piezometers 9 and 14 had significantly (p < 0.05) higher
conductivity values in 2012 than in 2013. Paradoxically, a reverse situation
was observed in the waters of piezometric wells 10 and 13, and these results
were also statistically significant. In 2013, the highest average value of spe-
cific conductivity for the entire period of the study was observed in the
groundwater collected from piezometer 13 (3792 pS cm™). Well number 13
was located on intensively fertilized arable land. The resulting value of this
parameter classified the water to the fifth quality class (Table 1). In contrast,
low electrolytic conductivity was found in piezometer 12, located at a dairy
farm near a barn and close to a manure plate, liquid manure tank and ma-
nure water. Conductivity values of groundwater from that piezometer were:
1164 pS cm'in 2012 and 1280 pS cmin 2013, which meant that the grand-
water belonged to the second class of quality (Regulation... 2008).

Ammonia nitrogen (N-NH,). The results of chemical analyzes conduct-
ed in 2012 - 2013 of waters collected from eight piezometers for the content
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of ammonium nitrogen (April-October) were distinctly varied and ranged
from 0.170 to 6.070 mg dm™ (Table 1). Significantly higher values of average
ammonia nitrogen concentrations were recorded in the waters of piezometers
11 and 16 in 2012 (6.070 and 5.160 mg dm™, respectively) than in 2013,
when the concentrations were 0.220 and 2.260, mg dm, respectively (Table 1).
High concentrations of ammonia nitrogen in the waters from the piezometers
tested can be partly explained by the fact that piezometer 11 was located in
a heavily fertilized arable area, while piezometer 16 was installed in a farm-
yard, near a manure plate. The study carried out in this area by researchers
headed by DurkowskI (2004) in 2001-2003 showed high concentrations of this
parameter reaching 69.00 mg dm. Having compared the maximum average
ammonium nitrogen concentrations (6.070 mg dm?) from the two years we
analyzed (2012 and 2013) with the maximum average value (29.40 mg dm™)
calculated by the above team, a marked improvement in the quality of
groundwater in this area was noticed. Statistical analysis of the two consec-
utive years (2012 and 2013) confirmed significant (p < 0.05) improvement of
water quality in terms of nitrate nitrogen concentrations determined in sam-
ples collected from piezometers 8, 11, 13 and 14. Many authors (Rossa 2003,
Durkowskl et al 2006, 2007, BurzyNska 2011) demonstrated experimentally
that high concentrations of ammonium ions in groundwaters were found
near places of livestock manure storage. Lower average concentrations of
ammonia nitrogen for the period between April and October were determined
in groundwaters collected in 2013 from piezometers 8, 9, 10, 11 and 14,
where they reached 0.260, 0.220, 0.170, 0.220 and 0.280 mg N-NH, dm?, re-
spectively. Fairly high average concentrations of ammonia nitrogen in
groundwater obtained in 2012 from piezometers 11 and 16 qualified the
groundwater to the fifth quality class (concentrations above 2.330 mg dm™ by
the limit value calculated for the fifth class of groundwater quality, specified
in the Journal of Law of 2008 No. 143, Item 896, while the N-NH, concentra-
tions in the waters from the remaining piezometers were mostly within the
first class quality for groundwaters.

Nitric nitrogen (N-NO,). Annual average concentrations of nitrate ni-
trogen in the waters of all piezometers for the period from April to October
were: 1.100-225.1 mg dm™ in 2012, and 1.210-205.6 mg dm?3 in 2013. In the
two-year study period (2012-2013), the highest average concentration of ni-
trate nitrogen was found in the water from intake 9 located near livestock
buildings, where it equalled 225.1 mg dm?® in 2012 and 205.6 mg dm™
in 2013. The values of N-NO, concentrations in water from piezometer 9
exceeded 22.59 mg dm™, corresponding to the last, fifth class of groundwater
quality. The waters from wells 11 and 13 located in arable lands, and well
10 located at a farm were also of the lowest class. Studies of SAPEK (1996),
WIATER, SKOWRONSKA (2001), Durkowskl (2004), Miopuszewskl (2008), and
BurzyNska (2011) confirmed that the largest groundwater pollution, particu-
larly with nitrates, occured in areas of rural homesteads and intensively
farmed arable lands.



454

Demonstrably lower concentrations of nitrates were found in the ground-
waters collected from the remaining piezometers (8, 12, 14 and 16). The
concentrations of nitrate nitrogen in the waters from these piezometers were
mainly within the first and second class of groundwater purity (Regulation...
2008). Statistical analysis showed no significant differences (p < 0.05) in the
concentrations of nitrates in the water samples collected from all the control
wells during the study period.

Phosphorus phosphate (P-PO,). Annual average concentrations of
phosphate phosphorus in the groundwaters in all the analyzed piezometers
with the exception of piezometers 16, 11 and 14 were low (in the range of
0.033 - 0.156 mg dm™?), and thus falling within the first class of groundwater
quality (Regulation... 2008). Waters from piezometric intake 16, located in a
farmyard, belonged to the fifth class of groundwaters due to the high average
concentrations of phosphate phosphorus, such as 2.635 mg dm?in 2012 and
2.045 mg dm?3 in 2013 (>1.630 mg dm™). These results are consistent with
the results reported a few years ago in the same area (DURKOWSKI et al. 2004,
2007), when high concentrations of phosphate in groundwaters were due to
negligence in the collection and storage of solid and liquid animal manure.
Noteworthy is the noticeable improvement in the quality of water from the
intake No. 14 for the parameter discussed. During the two-year period of the
study, a decrease in the concentration of P-PO, was reported from the aver-
age level of 0.186 mg dm™ in 2012 to 0.057 mg dm™ recorded in 2013. How-
ever, these differences were not statistically significant (p < 0.05). The result
achieved in the last year of the study meant that the groundwater belonged
to the first class of groundwater quality (Regulation... 2008).

Potassium (K). An average annual concentration of potassium in the
waters from piezometers (for the April-October period) in the study period
(2012-2013) was mostly very high, in the range from 169.7 to 452.0 mg dm™3
(Table 1). High levels of potassium were found in the waters collected from
piezometers 9, 11, 13 and 16, most of which, except piezometer 13, were lo-
cated at farms in the vicinity of livestock buildings. Likewise, Rossa (2003),
MarcIiNKOWSKI (2014), BarszczEwskl et al. (2001) and WoroNIECKI and Ru-
Masz-RUDNICKA (2008) reported in their studies that the proximity of livestock
facilities and supporting infrastructure designed for storage of animal ma-
nure caused an increase of potassium concentrations in groundwaters, which
tended to decline with an increasing distance from such structures. High
levels of potassium reported in the waters from these piezometers corre-
sponded to the fifth class of quality. It should also be noted that very low
potassium levels were recorded in one piezometer (No. 12) in both 2012 and
2013 (3.500 mg dm™, and 4.300 mg dm, respectively). The concentrations of
potassium in piezometer 12 qualified this water to the first class of ground-
water purity. The measured potassium level in the waters of piezometer 8
located on arable land was 17.90 mg dm in 2012 and 19.00 mg dm™ in 2013.
Average values of potassium concentrations in water from the control well
were of the fourth class of groundwater quality (Regulation... 2008) and were
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at a slightly lower level than the results of the study conducted previously by
Durkowskr et al. (2007), which were 20.20-23.50 mg dm™. The statistical
analysis showed significant differences (p < 0.05) in potassium levels in the
successive years of research for waters derived from piezometric wells 10, 11
and 13, which indicated a clear inflow of this element to groundwaters with-
in the last year of the study. This may have been caused by intense mineral
fertilization with fertilizers containing potassium in their composition.

Sodium (Na). Average annual concentrations of sodium (for the period
from April to October) in the waters from the eight analyzed piezometers
located in the municipality of Warnice were low and ranged from 14.80 to
178.5 mg dm™ (Table 1). The results correspond to concentrations obtained
by SzymaNska-PuLikowska (2008) in experiments carried out in the vicinity of
Wroctaw. The lowest sodium concentrations, in the range of 14.80-45.80 mg
dm=3, were found in the groundwaters collected from piezometers 8, 10, 12
and 16. The measured concentrations were in the first class groundwater
quality. Slightly higher sodium levels were recorded in the waters sampled
from piezometers 9, 11, 13 and 14, reaching the values of 178.5 mg dm™,
thus within the second class of groundwater quality (Regulation... 2008).
Control wells number 1 and 13 demonstrated significant differences
(p < 0.05) in the results of sodium concentrations in water samples collected
between the years 2012 and 2013. The average annual concentrations in the
waters were as follows: 88.6 mg dm™, 154.6 mg dm™® and 37.90 mg dm,
178.5 mg dm?.

Magnesium (Mg) Average annual magnesium concentrations in the
waters from the following eight piezometers: 8, 9, 10, 11, 12, 13, 14 and 16,
varied and were in the range from 20.6 to 146.1 mg dm™ (Table 1). Most re-
sults are consistent with those present in the available literature (Kozrowski,
Komisarek 2013; Orzepowski, PuLikowskr 2008), and the elevated values of
this parameter are believed to be related to the local geological structure.
The magnesium concentrations in the waters of piezometers 8, 10, 12 and 16
were very low and did not exceed the limit of 30-50 mg dm™, thereby they
were the first and second class of groundwater quality. In the remaining
piezometers ( 9, 11, 13, and 14), the concentration of magnesium in the wa-
ter fluctuated within the limit range (100-150 mg dm®) of the third and
fourth class groundwater. The statistical analysis showed significant differ-
ences (p < 0.05) in magnesium levels in the successive years of research for
waters derived from piezometric wells 11 and 12. It should be emphasized
that the concentration of sodium (Na) and magnesium (Mg) in the waters
from these piezometers did not exceed the limit of the fourth (penultimate)
class of groundwater quality (Regulation... 2008).

Calcium (Ca). Average annual concentrations of calcium in the water
from the eight piezometers analyzed, as in the case of magnesium, varied
and ranged from 29.30 to 139.4 mg dm= (Table 1). Calcium values corre-
sponded to the results of studies carried out on groundwaters of the Poznan
Lakeland by Kozrowski and Komisarek (2013), and groundwaters from the
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vicinity of Wroctaw investigated by Orzepowskl and PuLikowskr (2008). The
level of calcium in the water from piezometer 14 did not exceed the limit
value of 30 mg dm3, and thus belonged to the first class groundwater quali-
ty. In the other piezometers, the concentration of calcium in water did not
exceed the limit value of 100-200 mg dm™ for groundwaters, thereby falling
within the second and third class of waters. Comparing calcium concentra-
tions in the individual years in which our study was conducted, a distinct
reduction was recorded in the last year. Although this trend was observed
in all the sites of groundwater sampling, it was statistically significant
(p < 0.05) only in the waters of piezometers 9 and 13.

The Pearson’s correlation analysis (r) was performed in order to determi-
ne the relationships between the parameters studied (Table 2) The analysis
demonstrated that the specific electrolytic conductivity of groundwater from
the eight piezometric intakes tested was shaped mainly by the concentra-
tions of sodium, potassium and magnesium.

Furthermore, a significant correlation (r = 0.717) was observed between
the concentration of sodium and magnesium, a moderate correlation appe-
ared between potassium and sodium, nitrate nitrogen and potassium, and a
significant negative correlation was revealed between sodium and calcium. In
addition, a correlation analysis of the sum of chemical parameters regarding
conductivity was carried out, which unsurprisingly proved to be a virtually
absolute relationship (r = 0.948 at p = 0.001), confirming a very close rela-
tionship of groundwater chemical parameters with the properties of the phy-
sical parameter such as specific electrolytic conductivity.

Recaptulating the results of physicochemical parameters, it can be noti-
ced that the groundwaters of the first Quaternary aquifer from the
catchment area of Lake Miedwie demonstrate similar parameters to those
described by authors conducting research on groundwaters from other Polish
regions. In addition, when comparing the results with the data from the past
decade, a marked improvement in the quality of these waters can be ob-
served, while periodic increases in the levels of certain chemical parameters
can be explained by negligence or insufficient knowledge of farmers with re-
spect to manure storage and rational use of mineral fertilizers.

CONCLUSIONS

1. The pH of groundwaters in all the piezometers was neutral througho-
ut the two-year study period with a slight trend of becoming alkaline.

2. The highest values of electric conductivity (EC) were determined in
groundwaters from piezometers located in rural farms (piezometer No. 9 —
3003 uS cm) and intensively fertilized arable land (piezometer No. 13 —
3792 uS cm™).
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3. There was a demonstrable improvement in the quality of groundwa-
ters observed in the parameters such as ammonium nitrogen (N-NH,) and
potassium (K) compared to previous findings by other authors pursuing rese-
arch programs in the same area.

4. Elevated concentrations of nitrate nitrogen (225.12 mg dm) and pho-
sphate phosphorus (2.635 mg dm™) may indicate the use of excessive doses of
fertilizers in the area and improper handling of manure during storage. This
indicates the need to make farmers aware about environmental hazards,
both locally and globally, resulting from the application of excessive amounts
of nitrogen and phosphorus to the environment.

5. Concentrations of the macronutrients potassium (K), sodium (Na),
calcium (Ca) and magnesium (Mg) varied in the groundwaters of the study
area, but they mostly corresponded to the first quality class of groundwater.
Even the highest values of these parameters did not implicate that the gro-
undwaters studied belonged to the worst, fifth quality class.

6. Statistical analysis demonstrated that the specific electrolytic conduc-
tivity of groundwaters from the eight piezometric intakes tested was more
distinctly shaped by the concentrations of sodium (Na), potassium (K) and
magnesium (Mg) than by the other chemical parameters analyzed.
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